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Polytetrafluoroethylenes (PTFEs) and their composites are a special class of fluorocarbons
with very high chemical resistance and wide service temperature. This makes them good
candidate materials for load-bearing components exposed to harsh environments,
including some space applications. In the present work, fatigue crack propagation (FCP)
behavior of four materials from the fluorocarbon family, including PTFE without filler
(virgin PTFE), PTFE with 15% glass fiber, PTFE with 15% graphite particles, and PTFE with
25% glass fiber, were studied. Tension/tension FCP experiments were carried out using
single-edge notch (SEN) specimens under load control. The maximum stress was kept
constant at 8 MPa for each material at a frequency of 3 Hz. The minimum to maximum
stress ratio was 0.27. FCP data such as the number of cycles, crack length, and hysteresis
loops were recorded in order to establish the crack speed, the energy release rate, J*, and
the change in work W;. Parameters that characterize the resistance of PTFEs to FCP have
been successfully determined by the modified crack layer (MCL) model. These parameters
are y’, the specific energy of damage, which reflects the FCP resistance of the PTFE
materials, and the dissipative characteristic of the materials, 8. It has been found that the
MCL model describes the behavior of the PTFEs over the entire range of the energy release
rate and discriminates the subtle effects introduced by changing the filler type and dosage
as well as the processing conditions. The values of the specific energy of damage y’ have
been found to decrease by increasing the dosage of the fiberglass fillers. Graphite
particulate filler also reduced the value of y’ more than fiberglass filler for the same
dosage. Microscopic analysis of the fracture surface in the stable crack propagation region
of each material revealed that there exists a strong correlation between the value of ¥’ and
the amount of damage energy manifested by different mechanisms and species during the
fatigue process. © 1999 Kluwer Academic Publishers

1. Introduction Blended with other plastics, metals, non-metallic fi-
Polymeric solids are being used in the manufacturing obrous materials (such as glass fiber) and fillers (such as
an increasing number of load-bearing structural comgraphite particles), PTFE-based composites are impor-
ponents such as gas transport systems, gears, hing#ant materials for self-lubricating bearings and energy
springs, and mechanical arms. In part this has beetransmitting devices such as clutch plates. Graphite par-
driven by the trend toward lightweight engineering sys-ticles are also added in some applications to improve the
tems and the steady improvement in the mechanicgboor thermal conductivity of PTFE. This improvement
properties of many polymers or plastics. Fluorocarborin conductivity is critical to the PTFE system since the
polymers have proved to be a very good choice for usenechanical properties of PTFE are highly temperature
in motor seals, airplane gaskets, bearings, and O-ringdependent. PTFE composites can also provide other de-
[1-3]. PTFE is a self-lubricating fluorocarbon with an sirable properties, such as toughness, resiliency, and oil
extremely low friction coefficient (below 0.1) that is resistance, that make them good candidate materials to
used with or without fillers for diversified application meet NASA requirements for space applications [6].
purposes [4, 5]. PTFE has a working temperature range To provide assurances that PTFE parts will withstand
from —260°C to 260°C. Itis chemically inert and does the rigors associated with their service life, more de-
not absorb water, resulting in excellent dimensional statailed characterizations of their deformation and frac-
bility. Its melting temperature is 32T, whichis much  ture properties are demanded. Since many loads are
higher than that of most other semicrystalline polymersgcyclic in nature, the deformation and fracture response
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to cyclic loads (fatigue) is of particular interest. En-  One of the typical failure modes of polymers is for-
gineers and designers are well-aware of the insidiousnation and propagation of crazes, owing to strain-
nature of structural damage resulting from repetitivehardening of fibrils that span the craze [29, 30]. Most of
loadings. Although one load excursion may not causehe studies on crazing are based on monotonic load con-
fracture, repeated stressing or straining to the same levditions such as tensile and creep test conditions. Since
(even less than the nominal yield strength or strain) willcrazes can also form under small-scale yielding con-
precipitate damage and eventual failure. Failure themlitions [31], however, their formation and propagation
occurs when some critical level of damage is accumuare also very significant in the fatigue failure of poly-
lated to either fracture the component or render itincamers. Criteria for the fracture of polymeric materials
pable of satisfactorily performing its intended function. have been investigated by Brown [32], who presented
The actual service life of a PTFE product will then de- a stress intensity approach on craze failure. The craze
pend strongly on the number of stress or strain cycless assumed to fail under different temperature and the
experienced during its intended life span and the exteribad frequency or rate of deformation by scission of the
of damage accumulated per loading excursion. firstfibril directly ahead of the crack tip. The failure cri-
As compared with metallic materials, the fatigue be-terion is
havior of advanced polymeric systems has been studied K.
less. Plumbridge [7] treated the fatigue of polymers and W _
metals together; this attempt of generalization is useful (wd)t/2
in view of the need to bring together different kinds whereKgj, is the local crack tip stress intensity factor,

of _speC|aI|sts. Shortly_t_hereafter_, In & precursor to thIS|sthe diameter of the fibrik is the number of entangled
article, the authors critically reviewed the field of fa-

tigue in polymers, with emphasis on the role of moIec—Strands per nominal unit craze area, & the force
9 boly ‘ p needed to break the backbone of a polymer chain.

ular structure and composition, and micromechanisms . .
: ; Probabilistic models have been successfully applied
[8]. Recently, Stachurski [9] reported the deformation . . . ;
to treat the failure of elastic materials such as metallic

mechanisms and strength in amorphous polymers. The ' : . . :
X . : materials and fiber-reinforced composites with defects
essentials of continuum mechanics, phenomenolog

and molecular theories of yield have been presente 33]. These models are based on some stringent as-
y P .~ sumptions, however. Limitations in the application of

o A Shese models in polymer fatigue failure analysis still
some fundamental aspects in failure initiations of pon—remain a big problem

mers are also given. Historically, the earliest report on . . . .
Energy consideration, in some cases, is more ac-

fatigue in polymers was published in 1950. SUperpos"curate than other approaches are to assess the fail-

tion principle and the fracture mechanlcsapproachwerere behavior of polymers. Stet al. [34] performed

used, and an outline of fatigue testing was presente .

by Dillon [10]. Following Dillon's work, Rosen [11] SCN. thrée-point-bend fracture toughness measure
. ) ents. The critical strain energy release rd@g) is

presented theoretical and phenomenological aspects Q

e . Obtained based on the relationship [35]
the kinetics, energitics, and morphology of polymer
fracture. In particular, Worlock and Newman [12] and K2(1— v?)
Landel and Fedors [13] discussed fracture surface to- Ge= 7, (2)
pography and failure in amorphous polymers, respec- E
tively. Following an overview of fracture (including fa- whereE is the Young modulus andis Poisson’s ratio,
tigue) in polymers [14], Andrews published a clear ex-K . is the plane strain critical stress intensity factor. This
position of his view on static and fatigue failure [15]. model is based on brittle materials complying with lin-
In later reviews, Andrews also described the distinc-eagr elasticity, however, and is only applicable to cases
tion between creep and thermal and mechanical asfsmall-scale yielding or deformation, such as the fail-
pects of fatigue (a distinction not always recognized)ure of carbon and carbon composites [36]. For failure
and outlined fracture mechanics approaches to the chagnalysis of polymers with considerable non-linear de-
acterization of fatigue [16]. Some effects of composi-formation, limitations are obvious.
tion were also discussed by Bucknetl al [17]. An Fracture driving force or fracture energy may also be
interesting discussion of fatigue is given in a chapterdetermined by tear test for elastomeric materials. The
on fracture by Vincent [18] and in a review by Hearle energy can be expressed as tear stre@ghand the

[19] of fatigue in polymers, especially fibers. Later related model was proposed by Ahogon and Gent [37]
reviews by Beardmore and Rabinowitz [20] and bygas

Schultz [21] emphasize the phenomenological aspects

and micromechanism involved. General discussions Ge = 2f A%/, 3

of fracture in multicomponent systems are provided

by Bucknell [22, 23]; Owen [24] and Harris [25] where f is the force to propagate a tears the torn
emphasize fatigue in fibrous composites. Critical rethickness, and. is the swelling ratio that is equal to
views of the molecular aspects of fracture and of cur-unity for dry specimens. For cracked specimens, the
rent fracture mechanics approaches are provided bigar energy can also be calculated from the following
Andrews and Reed [26] and Williams [27], respec-equation [38]:

tively; these topics are also discussed in detail by

Kausch [28]. Gc = 2kWa, 4

§F, )
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where k is a material constant depending on the expardata over the entire range of the crack driving force
sion rate,W is the strain energy density, aadis the  as indicated by Aglaret al. [46] as well as by San-
crack length. It has been found [39] that for the first 20%caktar [47]. This reveals the difficulties encountered in
of the specimen width, the value of the energy releaséeveloping a unified unit of measuring the entire range
rate (0*) and the tearing energ®. agree reasonably of crack propagation and failure. Thus, the power law
well with each other when the model was applied forequation cannotadequately describe fatigue crack prop-
fluoroelastomers, whereas significant discrepancy exagation over the entire range of energy release rate for
ists for the rest of the specimen width, which means thatany kinds of materials, especially polymers such as
there is limited applicability of the use of tearing energy PTFESs.
to describe the failure behavior of elastomers. Wang and The present work deals with fatigue crack propaga-
Chang [40, 41] proposed a cutting and pulling methodion analysis of PTFE and its composites. The MCL
based on the studies of styrene-butadiene-styrene blockodel is employed to extract the specific energy of
copolymers. The fracture ener@ is calculated from damage characteristic of the composites’ resistance to
the sum of energies expended in both pulling and cutfatigue crack propagation. The MCL model requires the
ting: measurements of crack length and the hysteresis loop
at a different number of cycles during fatigue testing.
G.=P+C, (5)  Anoutline of the MCL model will be presented in the
next section. The currentinvestigation deals with the fa-
tigue behavior of different PTFE materials with differ-

whereP is the pqlling energy f_;mG‘, Is the cutting €N ent compositions and processing conditions. The MCL
ergy. The essential consideration of this approach is thﬁmdel can provide a basis on which the relationships

sameas t_ear_lng energy approach and thus undergoes tLt}@tween the structure or the processing conditions, or
same limitations.

Hornsby and Premphet [42] investigated the fraC_both, and the resistance of the materials to fatigue crack

¢ £ ol | A q to determine th propagation can be established. This is critical because

Juriﬁ tggrg‘lj \%glrl?g)]coernc?r.ackpirnoit(i::tigl:ewgs srg\r/?&glj Inethe mechanical and fracture properties of polymers are
. . ) L " strongly dependent on the composition and processin

their work, J. is defined as the crack initiation energy gy dep P b 9

. conditions [48]. Such relationships can provide guide-
or the energy required to create new surfaces. To deteﬁ’nes for the development of novel PTFE systems with
mine this parameter, a graphical approach, called “th

I . .~ superior resistance to fatigue cracking and aid in their
blunting line concept” was adopted, using the following IifeFt)ime assessment g g
expression: '

vJ == ZayAa, (6) i
2. Modified crack layer model

The development of fatigue crack—resistant polymers
such as PTFEs necessitates a thorough understanding
of their viscoelastic behavior. Recently, the MCL model
Yas been proposed [49]. The capability of this approach
to discriminate the subtle effects introduced by differ-
ent chemical structures and processing conditions in
various materials has been demonstrated [50-55].

The MCL model is expressed as

whereoy is the yield stress anda the incremental
growth in crack length. In this method, the crack tip
is assumed to be blunted with a semicircular geometr
prior to initiation. The crack initiation energyg, is the
value ofJ at intersection of the crack blunting line and
the resistanceR, curve. This technique is suitable for
describing failure criteria in many ductile or impact-
resistant polymers. It is very difficult to obtaif in
some cases, however, because crack blunting cannot be . i} D
observed totally. TS=("-yaa+D, (8)
To predict long-term performance or durability of .
polymers, investigation of the slow crack mechanismswvhereT is the “ambient” temperature ar®is the rate
is necessary. Generally, fatigue tests on polymer spe@f change of the entropy of the system comprising the
imens are applied. Fatigue crack propagation in specierack and the surrounding damad@kis the rate of en-
mens of different geometries can be related by a meticergy dissipation on material transformation associated
ulously designed fatigue test [43, 44]. Generally, thewith active zone evolutiom is the crack lengtha is
kinetics of fatigue is described by a power law pro-the crack speed, which can be expressedicgsl N for
posed by Harris and Erdogan [45] in the following cyclic fatigue,N being the number of cycles; and
equation: is the specific energy of damage characteristic of the
material’s resistance to fatigue crack propagation.
da/dN = A(AK)", @) _ At minimum entropy, the ternT S = 0 and Equa-
tion 8 can be written as

whereda/d N is the average crack speefiK is the :
crack driving force, and A and n are fitting parameters a—= L
that depend on both the material properties and the fa- (y'a—J%)
tigue test conditions, including the test stress amplitude

and frequency. A major limitation of the power law is  The energy release ratE can be evaluated exper-
that the constants A and n do not fit the experimentalmentally. For stress control fatigue whekRe is the

9)
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potential energy (area above the unloading curve) a3. Materials and experimental
each crack length, andB is the specimen thickness, Four materials from the PTFE family were used in the
present study. These are

1/0P -
J* = —(£> (20) Virgin PTFE

B 15% glass fiber—reinforced PTFE

, . : 15% graphite-filled PTFE
Under strain control fatigue] can be used instead of 25% glass fiber—reinforced PTFE

J*, and it is expressed as
Specimens for the fatigue testing were cut to the di-
1 /90U mensions 178 mm in length by 22 mm in width. A
J= B <£) (11) straight notch was made with a very sharp razor blade
at the center of one free edge of the specimens. The
notch depth was 2 mm. The gauge length of the spec-

whereU is the strain energy (area under the loading -
curve at the corresponding crack lengjh imens was 100 mm. These samples were tested using

It has been shown [49, 50] that the cyclic rate of en-20 MTS 810 hydraulic testing machine equipped with
ergy dissipatiorD, associated with stress control load- a 4450 N load cell. Tension-tension fatigue tests were

ing can be expressed as conducted at room temperature under load control con-
ditions using a frequency of 3 Hz. The maximum tensile

) dW ) stress applied to all materials was 8 MPa with a mini-

D=g 9N = B'W; (12)  mumto maximum stress ratio of 27%. The crack length

at various intervals of number of cycles was recorded
wherep' is the coefficient of energy dissipation. The dur|_ng thetest.At_raveImg optical microscope was used
p to view the crack tip region to measure the crack length

quantity W, is the change in work expended on dam- . i
age formation and history dependent viscous dissipa"EmOI Capture the damage associated with the crac_k ad-
ance. Typical samples were used for both the fatigue

tive processes within the active zone of the propagatin 4 .
ropagation analyses and the fracture surface examina-

crack. Itwas also shown [50] that tions. In order to compare the results among different
_ 1 materials, the testing conditions were kept the same.
W = —(H; — Hy), (13) The stress was calculated based on the original cross-
B sectional area before testing.
K The fracture surfaces and associated damage zones
were cut away from fatigue-failed specimens for the
four PTFE materials and sputter coated with gold—
palladium alloy using an Hummer 6.2 coating system.
The fracture surfaces were examined using a Hitachi
S-2150 scanning electron microscope. The micro-
graphs were recorded on Polaroid 55 film.

where H; is the area of hysteresis loop at any crac
length andH, is the area of the hysteresis loop before
crack initiation.

Substituting Equation 12 into Equation 9 and rear-
ranging gives

J* oW
(el o
a (an)a
4. Results and discussion

The quantities)*, da/d N, W, anda can be measured In the following section, experimental FCP data will
during fatigue crack propagation experiments as previbe used to obtain the crack propagation mégd N,
ously reported [49-55]. It was also shown that if thethe energy release rafe, and the change in wory.
quantities between brackets in Equation 14 are plotThe specific energy of damage’, a material parame-
ted in thex—y domain, a straight line is obtained that ter characteristic of the resistance to FCP, can be then
attests to the fact that the theory is in accord with ex£extracted from the MCL model using Equation 14. The
perimental results. This will directly give the value of analyses necessary to evaluate these parameters are pre-
the specific energy of damagé' which is the intercept sented next. It should be mentioned that the data re-
of the straight line. The value ¢ is the slope of the Ported here are an average of three fatigue specimens
straight line. and that the scatter in the data was about 10%. Detailed
It should be emphasized that thecriterion is based experimental results and the related analysis will be
on the measurement of more fundamental parametegven in the five parts as below.
related to the fracture behavior of materials than any
other fatigue law. These are the change in wivk
expended on damage formation and history dependert 1. Fatigue crack propagation rate
viscous dissipation processes, the volumetric amoums described in the experimental section, the crack
of damage that is taken as a linear function of the crackength was measured from the edges of the notched
length, the conventional crack speed, and the energgrack using a traveling optical microscope, at various
release rate)*. Equation 14 will be employed in the intervals of number of fatigue cycles. A plot of the crack
current work to evaluate the fatigue fracture resistance@ropagation lengtha, versus the number of cyclel,
of four PTFE materials with various reinforcement or for the four precracked PTFE materials under consid-
filler and processing conditions. eration is shown in Fig. 1. The slope of the curves in
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Figure 1 Fatigue crack length versus the number of cycles for four PTFE materials.

Fig. 1 is taken as the average crack speed at each cra: Potential energy Potential energy
length. Both the initiation and propagation lifetimes atcrack length (a) atcrack length (a + da)
are the highest for the virgin PTFE compared with the /

other three PTFE composites at the same stressleve |~/ _______ _ __ _/_ ____ _
The total lifetime of the virgin PTFE is nearly 1.5 mil- /

at about 17,000 cycles and advanced steadily, reachin
its fatigue life at about 85,000 cycles. Cracking started
at about 20,000 cycles in both the 15% graphite PTFES
composite and 15% fiberglass PTFE composite. The
15% graphite PTFE composite cracked more rapidly
than did the specimens containing the same content ¢
fiberglass. The 15% graphite PTFE has a total fatigue
life of about 235,000 cycles. The PTFE composite spec
imens containing 15% fiberglass reached the fatigue life Displacement

of more than 700,000 cycles, which is about three times

that of 15% graphite PTFE. The slope of the curves irFigure 2 Schematic representation of the potential energy measure-
Fig. 1, at each crack length or at the Correspondingnentsfrpmthe hysteresis loops for stress-controlled fatigue of the PTFE
number of cycles, will be calculated to obtain the FCPOmPosites:

rate.

The crack propagation speed can be ranked, from fastddition of filler. In some cases, special physical prop-
to slow, as 25% fiberglass PTEE15% graphite PTFE erties such as electrical conductivity and thermal con-
> 15% fiberglass PTFE virgin PTFE. From this re- ductivity can also be improved by introducing fillers
sult, it seems that the inclusion of fillers in the compos-into the PTFEs. In addition, cost reduction is also a
ite materials increased the fatigue damage sensitivityconsideration for filler addition. For the PTFE compos-
Generally, adding fillers into the PTFE materials canites containing fiberglass filler, the higher the content
enhance thier compressive static load-bearing abilitpf fiberglass, the less the FCP resistance, correspond-
and improve their thermal stability and creep resistancengly, the shorter the fatigue life. It is also obvious that
The hardness of a PTFE can be also increased by tibe shape of the filler is another factor that determines

lion cycles. The figure also indicates that for the PTFE \&
composite containing 25% fiberglass, cracking begar \

Hysteresis Loop
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Figure 3 Energy release ratd/*, versus the fatigue crack length for four PTFE materials.
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Figure 4 Changes in work\M, versus the fatigue crack length for the PTFE materials.
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Figure 5 FCP data for the specimens to obtainusing the MCL model. (a) virgin PTFE, (b) 15% fiberglass PTFE, (c) 15% graphite PTFE and 25%
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Figure 5 (Continued)

the FCP behavior of the PTFE composite materialsthe 25% fiberglass-filled PTFE is the lowest of the four
Particulate filler in comparison with fiber filler, at the materials tested. Furthermore, tlié decreases with
same dosage, tends to embrittle the material. the increasing filler content in the materials. Again, the
values ofJ* at different crack lengths will be used for
the MCL model validation angt’ determination.
4.2. Energy release rate For virgin PTFE, it has the close packing of the fluo-
The potential energyp?, was calculated from the hys- rine pendant groups, which provides a high molecular
teresis loops recorded at intervals of number of cyclesohesion for the polymer chains [56]. When fillers such
as the area above the unloading curve. This is showas fiberglass and graphite were introduced, the molec-
schematically in Fig. 2. On this basis, the relationshipular chains of the PTFE partially separated from those
between the potential energy andthe FCP lermytivas  sites where fillers exist. To some extent, the close pack-
established. The energy release rdte,was evaluated ing state of the filled material is interrupted, resulting in
at increments of crack length from the area above the@ remarkable reduction in the fracture toughness. The
unloading curve (potential energf?) of the hystere- greater the filler content, the more “brittle” the mate-
sis loops of each PTFE composite. Since the fatigueial. It can be observed from Fig. 3 that the higher the
tests are performed under stress contidlcan be cal- content of fiberglass filler in the PTFE composite, the
culated from the slope of the relationship between thdower the value ofl* at the same crack length.
potential energy and the crack length as described by Particulate-shaped filler changes theof the mate-
Equation 10. In the ongoing analysis, the valuedtf rials more than fibrous filler does. In Fig. 3, the 15%
were measured experimentally from the actual tests ographite particle PTFE shows smaller valuedbdthan
the five PTFE materials. This would make it more rep-does the 15% fiberglass PTFE. Since fiber fillers or re-
resentative of the fatigue failure behavior of the cho-inforcement in the composite materials tend to bridge
sen PTFE materials than the calculated elastic energihe matrix, whereas patrticles cannot, crack propagation
release rate or tearing energy. Fig. 3 illustrates the avbecame easier under the same level of stress intensity
erage value of energy release rdteas a function of in the particle-filled materials.
the crack length for the various PTFE materials. This The results shown in Figs 1 and 3 are in good agree-
is based on three identical specimens for each materiament with each other. Higher values &f correspond
Ata given value of crack length, the average valudof to a longer lifetime and slower FCP speed. The above
for the virgin PTFE material is much higher than thatanalysis will be used in the MCL model to evaluate the
of the other three kinds of PTFE materials. Thieof  fatigue resistance of these PTFE materials.
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Figure 6 The FCP speed versus the energy release rate for the four PTFE materials.

4.3. The change in work damage process. It may be concluded that the virgin
The quantityW;, which is the “change in work,” is PTFE has less of a tendency to be damaged in service
calculated from the change in area of hysteresis loopsr under cyclic loading than the 25% fiberglass does.
recorded during the fatigue experiments. In this study|ntroducing graphite particles to the PTFE matrix in the
the hysteresis area was measured using a planimeter 8@me dosage as that of fiber filler leads to a greater in-
the area within the respective hysteresis loops. The hysrease in irreversibility in deformation. This indicates
teresis energy; is then used for the determination of that the deformation reversibility of the PTFE has been
change in work. In viscoelastic materialy, includes changed by fillers with different shapes and that the as-
work expended on damage processes associated wigtectratio of the filler also contributes to the deformation
crack growth and history-dependent viscous dissipaHreversibility to some extent. It also seems to be true
tion processes [49]. Both processes are irreversible. Ithat the PTFE with graphite particles becomes more
practice, thé\;, value is measured directly as the areasensitive to damage under cyclic load than do PTFE
of the hysteresis loop at any crack lengihihinus the  composites with fibrous fillers because of the higher
area of the loop just before crack initiation, divided by tendency of the particles to debond from the PTFE ma-
the thickness of the specimens as given by Equation 13rix. Indeed it is much easier for graphite particles to
The change inwork\;, versus the crack length for each debond from the PTFE matrix than fibrous reinforce-
PTFE composite material is shown in Fig. 4. ment, such as fiberglass under the same test conditions.

The four materials exhibit the same trendihover ~ This can be proved further by the results shown in both
the entire range of crack lengths. As the crack increase§;ig. 1 and Fig. 3: the 15% graphite PTFE has a much
W, increases. This indicates that the damage species figher FCP speed than 15% fiberglass PTFE has, and,
each of these four materials remain the same, and theficcordingly, it has a lower energy release rdte than
elastic-plastic behavior is similar over the entire rangel5% fiberglass PTFE has.
of the crack length. The value ®¥ for the 25% fiber-
glass PTFE, however, is the highest for the same crack
length, whereas that of the virgin PTFE is the lowest. 4.4. Fatigue crack propagation parameters

Since the fatigue tests were performed under streshe values ofla/d N, J*, andW; with respect to crack
control, the smaller th&V,, the greater the elastic be- length were established from FCP experiments for each
havior of the material should be. The molecular chainmaterial. If the experimental results are in accordance
of the material retains more integrity during the fatiguewith the MCL model, Equation 14, a plot ofi{/a)
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Figure 7 Micrograph of damage species on the fracture surface within the stage of stable crack propagation for the virgin PTEE () 300 .

Versus\j\/i /[a(da/d N)] should give a straight line. In- TABLE | FCPparametey’ for the four PTFE materials

deed, this is the case, as shown in Fig. 5a, b, and .
respectively. Straight lines are obtained for the fourqy pe of materials Parametgt (kJ/n)
PTFE materials, wherg’ is the intercept an@®’ is  Virgin PTFE 4700
the slope of the lines. This attests to the applicabilityl5% fiberglass PTFE 2000
of the MCL model to describe the FCP in virgin PTFE, 15% graphite particle PTFE 1640
5% fiberglass PTFE 1150

15% fiberglass PTFE, 15% graphite PTFE, and 25%

fiberglass PTFE. The values ¢f, being a material

property-related parameter for evaluating FCP of these

four kinds of PTFE materials, are listed in Table I. higher resistance to FCP since more energy is required
It can be seen in Table | that’ decreases from to cause a unit volume of the material to change from

4700 kJ/n for the virgin PTFE to 1150 kJ/ffor the  an undamaged state to a damaged state. This analysis

25% fiberglass PTFE. A higher value pf indicates s basically in agreement with the test results of crack
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Figure 8 Micrograph of damage species on the fracture surface within the stage of stable crack propagation for the 15% fiberglass-filled PTFE
(a) 100, (b) 500x.

length @) versus fatigue cycles\) and the energy re- given in Table I. Although these four PTFE materials
lease rate versus crack length, as shown in Figs 1 and gay belong to the same fluorocarbon family, the ma-
Virgin PTFE has the greatest value of, thus show- terials themselves are considerably different in nature,
ing the greatest resistance to FCP. For 15% fiberglasdue to the differentfiller types and content, and process-
PTFE, itsy’ value ranks the second; thus, it also showsing conditions. In all of the tested materials, the MCL
a considerably great resistance to FCP. Then comes theodel closely describes FCP behavior over the entire
15% graphite particle PTFE composite. For the sameange of the crack driving force. Again the curve dis-
filler, the higher the content, the less theand hence plays the familiar S-shaped behavior, indicating three
a lower resistance to FCP. stages of FCP. A threshold stage is followed by a stage

The FCP speed versus the energy release rate for thof reduced acceleration and then a stage of unstable
four PTFE materials based on the experimental datarack propagation. This is indicative of crack tip dam-
is shown in Fig. 6. It can be seen from Fig. 6 that theage associated with FCP, which has previously been
overall tendency afla/d N versusJ* fits they’ criteria  investigated by Aglan and Moet [57].
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Figure 9 Micrograph of damage species on the fracture surface within the stage of stable crack propagation for the 15% graphite particle-filled PTFE
(a) 100, (b) 500x.

4.5. y’-Fatigue damage relationships (Fig. 7a), the ductile tearing feature of the PTFE is
Itis of greattechnical interest to relate the fatigue globaklearly shown. Microfibrils and drawn ligaments are the
behavior or macrobehavior represented here’bgf = major damage species. At higher magnification (6P0
these materials to their microbehavior as determined bin Fig. 7b, the fracture surface is covered by strong
microstructure analysis of their damage species assoditerlaced microfibrils. As can be seen from both fig-
ated with FCP. The micrographs in Figs 7-10 are takemires, a large volume of PTFE material was involved
from an area on the fracture surface corresponding to the fatigue damage process, indicating an extremely
the second stage of crack propagation in each matdygh energy dissipated in damage formation and evolu-
rial where damage is the responsible factor for crackion. This is manifested by the intensive fibrillation and
retardation. ductile tearing of the matrix into severely drawn liga-
The micrographs shown in Fig. 7 are for the vir- ments with very fine size. This is in accordance with
gin PTFE at 10& and 500<. At low magnification the fatigue data analysis that the highest value of
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Figure 10 Micrograph of damage species on the fracture surface within the stage of stable crack propagation for the 25% figberglass-filled PTFE
(a) 100, (b) 500x.

(4700 kJ/m) is obtained for the virgin PTFE among magnification of 50& (Fig. 8b). Fibrillation, well-
all the four PTFE materials considered in the presentirawn ligament bundles, and grooves or microvoids can
work, as shown in Table I. be clearly seen. In comparison with the virgin PTFE
The micrographs shown in Fig. 8 for the 15% (Fig. 7b), less fibrillation is observed. In addition, the
fiberglass-filled PTFE, taken from the second regiondrawn ligaments underneath the fibrillation appear to be
(stage of crack deceleration) similar to Fig. 7. At thelarger in size in comparison with the underlying struc-
magnification of 10& (Fig. 8a), it can be seen that the ture in the virgin PTFE. Nevertheless, these drawn lig-
surface is covered with a considerable amount of ligaaments and the surface fibrils have dissipated a fairly
ment bundles and microfibrils. A few pulled-out glasslarge amount of energy as reflected in the specific en-
fibers can be found in the lower right part of the graphergy of damage’ (2000 kJ/ni).
in Fig. 8b. This indicates some fiber debonding from The micrographs in Fig. 9 are for the 15% graphite
the PTFE matrix during fatigue cracking. The frac- particle-filled PTFE. At the magnification of 180
ture surface features are more pronounced at highdFig. 9a), very little fibrilation can be seen on the
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fracture surface. Voids can be readily found on the
fracture surface, as shown in the left side of the micro-
graph (Fig. 9a). The weak interfacial strength results
in debonding of graphite particles from the matrix. At
higher magnification (Fig. 9b), graphite particles can
be seen in the matrix at different locations. Fibrilla-
tion similar to that of the 15% fiberglass-filled PTFE is
observed. The drawn ligaments are not so pronounc

tion, as determined by fracture surface analysis us-
ing scanning electron microscopy. Materials with
a larger amount of damage exhibit a higher resis-
tance to fatigue fracture.
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surface of the 15% graphite particle—filled PTFE ap-
pears to have a more brittle texture. The specific energy
of damage for this material is 1640 kJnwhich is
about 80% of that of the 15% glass fiberfilled PTFE
material.

Figure 10 presents the micrographs for the 25%
fiberglass-filled PTFE taken from the typical area cor-
responding to the second stage of crack propagation2.
A large amount of glass fiber pulled-out, limited fib-
rillation, and microvoids can be seen from the low
magnification (106) micrograph (Fig. 10a). At higher
magnification of 50&, the matrix shows a very lim-
ited amount of ductile tearing, and there exists quite a4.
large amount of pulled-out glass fiber. Voids or grooves >-
formed from the fiber pull-out are quite frequent. Fiber
pull-out with clean surfaces indicates the weak nature
of interfacial bonding between glass fiber and PTFE
matrix. Much less fibrillation with very little tearing
is evident in comparison with the 15% fiberglass-filled -
PTFE. Broad areas of matrix appear to pull up but do not®
continue to form microfibrils. Such fracture surface fea- g
tures indicate a low energy consumption process during
FCP. This explains the lowest specific energy of dam-0.
agey’ (1150 kJ/ni) for the 25% fiberglass-filled PTFE 11
material.

Re
1.

12.

13.

. 14.
5. Conclusions

FCP analysis was performed on four materials from the
fluorocarbon family, namely virgin PTFE, 15% glass 15.
fiber PTFE, 15% graphite particle PTFE, and 25% glasd6-
fiber PTFE. The MCL model was employed to extract,
the specific energy of damagé, a material parameter
characteristic of the FCP resistance of the materials.
Based on the current investigation, the following con-18.

clusions can be drawn: ;g

o Fillers (either short fibers or particulates) tend to
decrease the fatigue fracture resistance of PTFE1.

e The fatigue fracture resistance also decreases Witgl2
the increase in the filler dosages.

o Particulate filler tends to decrease the fatigue fracos,
ture resistance of PTFE, more than short fibrousa4.
filler at the same dosage does.

e The FCP kinetics of PTFE composites displays the?>
familiar S-shaped character. Three stages of crack>
propagation were observed. The threshold stage is;.
followed by a stage of reduced acceleration, wheress.
most damage is formed, approaching the stage of
critical (unstable) crack propagation. 29.

e There is a strong correlation between the fatigu
fracture resistancey’, and the amount of dam-
age associated with the stage of reduced accelera-
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