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Abstract. While the key damage processes for focusing on the macrosecgehanical be-
havior of amorphous glassy polymers are already well idesttj relevant deformation mecha-
nisms for fatigue damage are not yet established. The widgrstudy was born from the wish
to gain some better understanding of how said mechanisnisilwate to the fatigue damage
in amorphous glassy matrix. In order to investigate the ésan approach suitable for mod-
eling fatigue in amorphous glassy polymers is proposed. agpgoach is calibrated to data
taken from isothermal fatigue tests on dumbbell shaped pimens. To investigate fatigue
versus inhomogeneous deformation behavior, the appraachplemented in a finite-element

program.
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1 INTRODUCTION

Manufacturers of polymer materials are being intereste@ssurance of components’ life-
time, especially when the lifetime cannot be easily inspéatr may lead to a catastrophe in
service, [[30]. Examples of mechanical components that areufiactured from polymers and
may experience fatigue during their service life are fourgd #om medical industry, automo-
tive glazing, aeronautics, and armour, [317],/[24]. The gesif such constructions could benefit
from capable models and the strong computational capahitdilable nowadays.

The knowledge of the ultimate behavior of amorphous glasgéynpers has been developed
rapidly while only a little of this work has been devoted ttidae. Specific features of fatigue
failure development are found e.g. from[40], [3], and [3Th explore materials’ microstruc-
tural characteristics with regard to fracture toughnesdr@ng attention has been paid on the
damage mechanisms ahead of the crack tip, cf. [39], [36]ad [16] to mention a few. Much
research has also devoted to the investigation of fatigaekgoropagation in polymer compos-
ites having strong directional mechanical properties,ecfy. [12], [20], [19]. However, those
fracture mechanics approaches neglect the crack iniiatimge which may cover over 90% of
the total fatigue life of amorphous polymers,|[18].

Fatigue failure of amorphous polymers in their glassy qt@tened amorphous glassy poly-
mers) is generally due to a two-step process. In the firdiatiun step failure is typically
attributed to deficiencies or impurities affecting sigrafit stress concentrations which exceed
the strength limits of the material, [12], [23]. Under refeehloadings, those defects can nucle-
ate and grow during the service life even at stress levelshe&w the nominal yield strength,
[7], [27]. This part of fatigue is influenced by the localizgebld-like deformation process
which provides fatigue crack initiation sites controllifagigue life (number of cycles N to fail-
ure) and thus being of a specific interest in the applied diatistress S (S-N curve), [23], [22].
The second, propagation step is characterized by the gadfwidimage through the coalescence
of micro-cracks and propagation of small cracks to formdargacks which ultimately cause
component failure, [21], [22]. However, the duration of thaiation step is typically orders
of magnitude greater than the propagation time and thus ptayst important role on fatigue
behavior, [[18]. Based on this observation the influence atkpropagation in the material
behavior is often omitted in the fatigue models.

Fatigue failure of polymers is generally due to either meatslly or thermally dominated
mechanisms. Mechanical modes that occur relatively loassts and frequencies are charac-
terized by the two step process described above. The magigsoechanical behaviour under
such conditions is primarily (visco)elastic being influeddyy the defects or inhomogeneities
in material, [3], [17]. The fatigue life is relatively longhile the ultimate fracture mechanism
is rather brittle and influenced by combined mechanisms @fpthstic dilatation and coales-
cence of inclusions or voids, [23], [28]. In thermally doraied mechanisms, at relatively high
stresses and frequencies, the physical and mechanicargespof the polymer change due to
hysteretic heating. This characteristic results from dhigernal damping and low thermal
conductivity of polymers when heat generated from mecladfétigue cannot be dissipated to
the surroundings, [41], [40], [18]. The time to thermallyndioated failure is often rather short
and the failure mode ductile, [4],/[3], [17].

From a mesoscopic point of view, shear yielding and craznfgsequent crack initiation and
propagation are assumed to be major mechanisms for fatepedapment in amorphous poly-
mers. However, through existing literature of the field, kegrphological or microstructural
mechanisms that could explain their origin and subsequegiress of fatigue damage both in
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homogenous and in toughened amorphous polymers are uatkds moment.

The article continues by introducing a novel model suitdbtepredicting fatigue in amor-
phous glassy polymers. The governing constitutive modeglleyed is an extension of the
celebrated Boyce-Park-Argon (BPA) model, ¢f. [5], for potithg inhomogeneous plastic de-
formation in glassy polymers. Thereafter, Seclion 2.1 dless the proposed fatigue model and
its numerical treatment in detail. Modeling of fatigue be@ba per se is based on an appeal-
ing model introduced in [33], which model is formulated imtauum mechanics framework
by using evolution equations that make the definition of dgenghanges per cycle redundant,
i.e. cycle-counting techniques do not need to be appliece agproach is calibrated to data
taken from both cold drawing experiments and isothermajdattests on dumbbell shaped PC-
specimens. Section$ 3 aind 4 are dedicated to the evaludtibe proposed approach through
tangible examples where the model results are comparecewerimental observations.

2 Themodd

The governing constitutive model employed here has beeadnted in a previous study
[13]. The model is a three dimensional extension of the BPAlehd5]. The extended model
is aimed at long-term investigations of the mechanical benaf amorphous glassy polymers
under repeated loadings. Since amorphous polymers showabledime dependent behavior
under loading cycles, i.e. the polymer chains need a retaxéime to attain their equilibrium
state after deformation, both viscoelastic and viscopasgredients need to be included in the
model. A more detailed account of the applied constitutivelel and its numerical treatment
is given in [13] and|[14].

2.1 Fatigue model

When dealing with fatigue under variable complex loadirggsuitable damage rule con-
stitutes an integral part of the analysis. The stress approahich has been reported to be
suitable for the modeling of mechanically dominated, reédy brittle and high-cycle fatigue,
is considered as a basis of the proposed fatigue model. Magirthe those approaches rep-
resents fatigue-limit criteria in which the fatigue limége described under infinite number of
identical cycles, [34],[26]. For finite life predictionspWwever, those models are equipped with
cumulative damage theories, which describe the damageasemper cycle and thus require that
the loading consists of well-defined cycles, [29],[34],][ZBo define equivalent, representative
cycles for load histories, cycle-counting methods neecetafiplied, cf.|[9]. However, it is of-
ten challenging to extract equivalent cycles from comptead| spectrum, which characteristic
makes the cycle-counting approaches difficult for demamdpplications in practice. Another
way is to formulate the fatigue damage model within contmudamage mechanics (CDM)
framework without need to measure damage changes per tpeylites, [32],[35],/[19],.[22].
However, those approaches as such are not suitable for mgdatigue in amorphous poly-
mers.

An appealing model suitable to describe a long-term fatigilare behavior was proposed
by Ottosen et al. [33]. According to this model, uniaxial anditiaxial stress states are treated
in a unified manner for arbitrary loading histories, thusidvg cycle-counting methods. Ex-
ploiting this evolution equation based fatigue modelingia@Ept, a model for predicting the
fatigue life of amorphous glassy polymers is proposed. Thdehuses only few macroscopical
guantities and a single parameter set, which property maeesrodel simple and suitable for
applications in practice.
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Figure 1. Alternating uniaxial stress state. The endurawéace will track the stress point and then moves
between the state$ and B (generally not fixed). Peripheries of the endurance susfacthe initial and final state
are highlighted by the dashed and solid line, respectively.

Due to crazing and the existence of voids around the chairentds and inclusions, the
microscopic yield of amorphous glassy polymers may depentyalrostatic pressure, [38],
[8]. In that context, any flow rule where the volumetric def@tion is suppressed is not solely a
sufficient rule for modeling fatigue. In the proposed moties, plastic deformation and fatigue
damage are defined by the two evolution equations, respéctiThe evolution equation for
the plastic deformation does not include volumetric effewhile for the fatigue damage it
does. The model for fatigue is based on the concept of a maymyirance surface in the
stress space and on an evolving damage variable, [33]. Fay araorphous glassy polymers
such an endurance surface can be identified, i.e. the cifelicrie increases with a decreasing
accumulation of applied stress suggesting well-define@alawhen ultimate failure can finally
reached at finite numbers of cycles just above the enduranite\Wohler curves are commonly
used to illustrate those characteristics and identify palss’ endurance limits.

The endurance surface is considered as a function of thesgtigtory and it can move in the
stress space. In contrast to the plasticity theories foalmethere the endurance surface may
lie inside the yield surface, the fatigue damage developmmesamorphous glassy polymers is
always induced by the propagation of plastic deformatiolsoAsince the polymer chains start
align with the loading direction already at relatively lotvesses and plastic strains, polymer
materials show an anisotropic response which is in the maesdribed by the backstregs,
Due to that reasoning, the backstress is included to therande function. The expression of
the backstress is defined adopting the BPA model, [13]. Tdecalso volumetric damage
effects, use is made of the endurance surface as

B:Si(f—FCL]l—SQ):O (1)
0

where the effective stregsis defined in terms of the second invariant of the reducedatienic
stresss — B4 — a as

7 =/3h(s—B% —a)= \/g(s — B —a) : (s — B — a). (2)
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Figure 2:Alternating uniaxial loading. The damage development andement of the endurance surface
during cycling is indicated by a double curve.

In the equation(2)s := 79 is the deviatoric part of the Kirchhoff stress, of which the first
stress invariant is given bfj = tr 7, cf. [13]. « is a fatigue backstress defined subsequently.
The invariant/; reflects the effect of mean stress, i.e. the hydrostatiaderenhances the
fatigue development while fatigue is suppressed underdsgdtic compression. The parameter
a in (@) is considered as positive and dimensionless whichiaxial cyclic loadings determines
the slope of the Haigh-diagram. The last paraméteis the endurance limit for zero mean
stress. Shape of the endurance surface in the deviatorie @aircular as illustrated in Figl 1.

When low-cycle fatigue is studied, the impact of the badss#3 on fatigue is significant
since its magnitude in relation to the stress is large. Tlies,backstress is considered as
a driving force for fatigue damage through the localizedstitadeformation in the material.
When reducing stresses and strains, the effect of the haskstecreases and another backstress
guantitya dominates the fatigue damage development. In high-cyglene the presence of
a in the fatigue model is mandatory in order to govern fatigixgrually elastic responses (cf.
e.g. steels).

The center point of the endurance surface is defined bythe3 tensor as depicted in
Fig.[d. Once an alternating loading is applied, the endwancface will track the current stress
point since the movement ef always is in the direction 0§ — 3% — a. Itis thea + 3
tensor which memorizes the load history and results in theement of the endurance surface
in the stress space. The evolutionmis governed by a hardening rule similar to the Ziegler's
kinematic hardening rule in plasticity theory, i.e.

a=C(s - B - a)p, 3)

where(C' is a non-dimensional material parameter. The volumetnoatge effects are included
into (3) through the endurance surfaCé (1). Sinces considered an overall driving force for
fatigue damage, it evolves only if the current stress stateliside the endurance surface, i.e.

>0, >0 = D>0, a#0. 4)

Referring to Fig[R for an alternating uniaxial loading, tt@cept is further demonstrated,
see also [33] for a more detailed account. During loadingftbe state 1 to 2, the stress state
lies outside the endurance surface and damage evolves] i-e0 and3 > 0. Between the
states 2 and 3, the stress path has crossed the endurarazee sanfl the stress state enters the
space within the endurance surface. Then; 0 and3 < 0 when damage and the backstress
do not evolve, i.eD = 0 and& = 0 until the stress path crosses again the current endurance
surface at the state 3. It then follows that = a,. From the state 3 to 4, damage again
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evolves. In accordance with the stress path between tlesgand 3, the damage development
is inhibited until the state 5 is reached, icg. = ay4.

Damage evolution

Despite possible strain hardening and subsequent dinattadamage fields especially in
large deformations, the fatigue behavior is described lmakasvalued quantity so as to keep the
model simple. Assuming damage increases nonlinearly Wehdistance from the endurance
surface, an exponential form

D = K exp(f(B; L1, L», 9)) B, (5)

with the value®) < D < 1, is chosen for the damage evolution law. [Ih (B), L, L, andv
are material parameters.

Many amorphous glassy polymers (such as PC) show only a redacrease of the applied
stress as the cyclic lifetime reduces. To capture such avimeha functionf having two linear
asymptotes for positivg is defined, i.e.

f(B; Ly, Ly, 9) = L1B — Ly | B+ % (exp(—UB/L2) = 1)|, (6)

which has the asymptote; 5 when3 — 0 (HCF-regime) and L, — L,)5 when g is large
(LCF-regime). The curvaturé determines how rapidly the second asymptote is reached.

Since damage never decreases, it appears fiom (5) thal, i.e. damage rate increases with
the distance from the endurance surface. Furthermore,gadevelops only if stress states lie
outside the endurance surface, jJe> 0 and the conditior (4) is fulfilled.

3 Calibration of the modé

The governing constitutive model was first calibrated tadattained from cold drawing
experiments on dumbbell shaped PC-specimens. Fatigue wieted at this phase. A more
detailed account for the test program involving repeatedilrg cycles is found from [13]. The
calibrated parameters are listed in Tdble 1.

The parameters for modeling fatigue were determined frositinmeasurements taken from
[17] and [18]. Material which has been employed in the tenfatigue test is a quenched PC
(Lexar® 101R and 161R) and a specimen geometry used for fatiguesstindiudes a common
dumbbell-shaped, injection molded tensile specimen (AI®38-1V), cf. [1], [2], and [10].
Isothermal test conditions for mechanically induced fa¢ighvolve uniaxial stress submitted to
load control at the room temperature of €3

Table 1: Constitutive model parameters for PC. The calibration ef itiodel is based on the the cold
drawing experiments on a dumbbell shaped test specimens. réfhaining viscoelastic constitutive
parameters ar& = 2550 MPa, E; = 1295 MPa,n = 1.5 - 10°> MPas, and = (.37.

Parameter  sg Sss h1 Ao A CR N o
Unit......... MPa MPa MPa s ! MPa 'K MPa
Value ......... 96 76 720 5.6-10'° 240 14 2.2 0.08
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Figure 3: Fatigue strengths,{ = o, + 2.2 MPa) for PC employed (left). The solid line denotes the moesiilt,
and the marken\ refers to data points taken from [18]. The upper and loweizbatal dashed line refer to the
static tensile yield strength and an estimated enduramit iespectively.

According to the test, the maximum stress level of a sine wavees, while the minimum
stress level is kept at 2.2 MPa. The frequency applied is 7182,

First, the slope: of the Haigh-diagram was extracted from data given_in [17¢.(FL1a).
The fatigue limitS, for zero mean stress and the remaining paraméters, L, Lo, andv
were calibrated to data shown in Figl 3. The calibrated patara are given in Tablé 2 and
the model response is depicted in Hij. 3. The results ingliteit the cyclic lifetime smoothly
decreases with increasing accumulation of applied stResducing the stress level, a transition
in the failure mode occurs from ductile to brittle, i.e. oitite failure can finally reached at finite
numbers of cycles right above an expected endurance limit.

4 Results and discussion
4.1 Uniaxial stress state

Based on the calibrated parameters in Tables 1 and 2, theitigpaf the model to predict
fatigue phenomena is discussed. The development of themeueof the endurance surface
under a sinusoidal cyclic tension is demonstrated in ElgR#ght once the periodic loading
is applied, the endurance surface reaches its periodie sitailar to demonstrated in Fig] 1.
During cycling, damage develops as the stress state igleutst endurance domain and moves
away from it, i.e damage always increases when the enduliamce Fig. 4 shows an increase
and the stress is greater than the endurance limit. Thigt&tuwas already illustrated in Fig.
[2. Since the endurance limit in relation to the maximum stiesiow low, damage increases
rapidly leading to a short fatigue life as it is depicted ig.IF4.

Table 2: Material parameters of the fatigue model for PC. The cadibanais based on the cyclic tension
experiments on a uniaxial tensile bar givenLin [17] and [18].

Parameter S; a C K-1003 Ly Ly ¥

Unit ......... MPa
Value ......... 28.0 0.95 0.05 5.8 18.0 4.0 2.0
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Figure 4: The cyclic true stress (solid thick line) and the periodicveraent of the endurance limit
(dash-and-dot line) during first few stress cycles (lefthe Hamage development during the first cycle
is indicated by the double curve. Model predictions for theosd and last (prior to failure) hysteresis
loops (right).
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Figure 5:The periodic development of the true strain (solid line) aadiscoelastic component (dashed
line) at the beginning of cycling tension. The correspogdayclic stress is shown in Fid.] 4 (left).
Development of damage variable accordind o (5) (right).

Hysteresis loops of PC demonstrated in Fi[g. 4 show a constaat indicating a non-
substantial energy-dissipation, i.e. hysteresis loopsal@how a progressive increase in com-
pliance and irreversible work during evolving fatigue, [23], [L&]. The resultis a consequence
of both neglected temperature effects and physical aginghak a relevant assumption under
the applied low frequency loading. Figl. 5 further shows agakcally increasing development
of both the true strain and its viscoelastic component atoégginning of loading. A small
difference between the strains results from constantlgeaming plastic strain. The growth of
viscoelastic and plastic strains during the cyclic loadiegd finally to a notable elongation
composed of creep and plastic stretching. Consideringsaléetiest specimen, the elongation
causes neck propagation followed by a brittle rupture as/shio [18].

Almost fully reversed uniaxial loading case (a low negativean stress) was also studied,
and the stress response as well as the corresponding lsystemps are shown in Figl 6. In this
situation, a reduction in the true strain is observed whegdture is due to an accumulation of
the viscoelastic and plastic strains. The developmentepthstic strain shown in Figl 7 refers
to ratchetting, i.e. constantly accumulated plastic std&velops without bound as the cyclic
loading continues, cf. [6], [21], [25]. Albeit not shownpsilar phenomenon is observed in the
load controlled cyclic tension, cf. Figl 5 (left). Companisbetween the first few loops and the
loops prior to final failure (inset plot on the right) revetiat the area of the loops significantly
increases during loading. Despite an accelerated prapag#picted in the inset plot (left),
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Figure 6: The cyclic true stress at the beginning of cycling as theueegy is 2 Hz and the maximum
and minimum stresses are 56.4 MPa and -58.4 MPa, respgcfigét). The inset plot shows damage
increase without phase shift (solid line) and with phasé d180° (dashed line). Model predictions
for the second and last (prior to failure) hysteresis loagsheghlighted by the dashed and solid line,
respectively (right).

the final value prior to fatigue failure is still relativelgw.
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Figure 7:Periodic development of the plastic strain at the beginiihg cyclic loading (left). The inset
plot shows an increase of the plastic strain up to the finhlrai Stress vs plastic strain response at the
beginning of loading and prior to failure (right).

Fatigue of a dumbbell shaped PC-specimen

Due to the localization of the plastic deformation, damag®smg unevenly in the material
leading to a reduced fatigue life somewhere in the materials, it is of interest to investigate
the fatigue damage development of the entire test specimesibg a finite-element method.
The specimen’s geometry, loading conditions as well asilddta the applied finite element
mesh are found from [13].

Fig[8 shows that the damage development progresses mastiigly in the gauge section
of the specimen. This characteristic is because of an istrgdocalized plastic deformation
and necking during drawing, cf. [13]. The predicted progresfatigue damage is in line with
experimentally observed macroscopic failure behavior®f& the same load) which shows a
stable neck growth followed by a rapid rupture, cf. e.g! [18]is largely acknowledged that
crazing is the governing micro-mechanism that triggersatigue damage at the sites following
closely the localization of the plastic deformation in theaphous glassy matrix, [11], [15],
[7], [23].
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Figure 8: Damage development in a dumbbell shaped testrspadiight after 100 cycles (right). The plot on
the left shows the damage development in the middle of theirmes. A stable damage growth initiates after
50 seconds. The minimum and maximum pressure employed dtotihem edge are 1.1 MPa and 28.1 MPa,
respectively. The corresponding average stress state iathge section is twofold.

A glance at Fig.[ B reveals that the fatigue life of the specdiraeder this loading should
remain under 400 cycles. Considering the result in Big. Blpthe calculation of the solution
for one hundred cycles took several hours. For this reastvenviong term predictions are
investigated, the fatigue life (e.g. for steels) is tramhally evaluated by using the location
of most evolving fatigue observed at the beginning of thalillg. However, due to a neck
initiation, the damage response shows a nonlinear acctionlahich feature makes a reliable
prediction of the forthcoming damage and following fatidiie somewhat challenging. The
evaluation of the fatigue life is computationally expemssince the analyzes must continue
once a stable neck and damage growth are reached.

Conclusions

The celebrated 8-chain BPA (Boyce-Parks-Argon) model weesneled to cover fatigue dam-
age behavior intrinsic to polymers of amorphous classes.en\dealing with fatigue under
variable complex loadings, a suitable damage rule comssitan integral part of the analysis. A
fatigue model proposed here is an extension of the appeaaliatpl given by Ottosen et al. [33],
which model is formulated in continuum mechanics framewwykusing evolution equations
that make the definition of damage changes per cycle redtiridarcycle-counting techniques
do not need to be applied. The model was calibrated to da¢s takim an accelerated uniaxial
fatigue testing of PC with a high mean stress.

To investigate the propagation of fatigue damage underiaxiad cyclic loading conditions,
the proposed approach was implemented in a finite elemegtagro Finite element studies
of a dumbbell-shaped test specimen were performed for zinglyhe effect of plastic insta-
bilities on fatigue damage. The proposed approach pretlttie progress of fatigue damage

10
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which was shown to be in line with experimentally observeamscopic failure behavior of

PC.

The results indicated that localized yield-like defation provides fatigue crack initiation

sites which control the fatigue propagation and eventuhbyentire fatigue life of amorphous
glassy polymers. When based solely on previous, shortdammage histories, the prediction of
forthcoming damage development and the following fatigieewas shown to be challenging
due to the plastic instabilities. The evaluation of thegiad life was reliable only once a stable
neck and damage growth were reached.
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