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[l the fatigus to telure tests with respect fo thelr minlmum load decsndsnce.
rorsssing minimu loads at 8 constent siraln (depleacement) smpliluds unde
s as well 88 sinusoidal exciation decrease fhe cmack growth
cartvon black filed rubber materal snd, thue can lead 'o & higher sevics its of
wipecied appoeis sffect on an Increese of ihe minimum load at corstant stwein
ampliuds wiish corfirms the findings of the Rtigue % fellurs sxperiments, It
sl e nafed that mesdmum stress and madimum sfrain oritena as no ool
ey descrive the crack plopegation
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A sscond objectve ie o chartly the question of which oriere (eiress, strain,
using frecturs mechanios concaots as well a8 FEA, depend sntirely on the use
of fhe comeet eritede end thelr chametersstion.
The thind objeciive s (o devalop a fetigus citericn which can be used in FEA.
softwere and e chamclersetion of a maleriel naremeler 1o desoribe (he
straining.
A fourth possibls objective could be ic find an inesivice criterion which will
sliow % the mplacement of & rubber component juei befors fallure. This
oifterion ehouid be capabie of ‘msgration Mo an online Messursment eysisn,
mnding of slestomenc faligue behaviour s very Ymporian for the
inenesased fsiigus lives and o design smalier, lighter snd cheaper parts with
If for exarmnipie the suomative industry could ues the resuits of this reesarch i
e devalopment of eisstomenc pers, it wil racucs costs, slzes and weights

gmm ﬁﬂ-__‘p Eraractsns

tmeieried will fave io e ecycied, lpurmee! o durmpec,
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stafus of &n in servics elestomaric part will incresss the safsty of vehicles and
machines and also R will educs the nurmber of paris 1B be mpieced and

ST,

Ons oiher alm % the comparison of resulte of difierent lesting procsdurss,
was reviously made by Bent ot al [8) and Lake & Lindiey [@]. The fstigus o
“sllure properties of the sisstomeric matersls should be compansd with the
undisr & varistion of minimum loads. The conclusions of thie research wil
neress he knewledsge of matedais and thelr dependency on different tssting
Trie sl of this ressarch has ths powwsntial 10 heave a large posiive influsnce
dnaigmes and compounden fo Mol e service fives andjor educe the




Slastomens have e sbiilty to wihatend very lerge straing withow! permenen
snginesring sppllcations. For eisstomers il 8 possible o work & high stalic
are used dynumicsily i many difisrert anglnesding components. The fimt
ragson lor this s cartsinly thelr univalled fesdbillty, combined with the peteniial

i m w EarEla Ve
unction over & broad range of tempansiures, Additionally verlous types of
niers are resistant o fulds including very aggresaive fluis, which

ITHCHLIE,

sonditions dynainic loads are appiled 1o sisstomens pare |
wind only & few are used under displacemant conitrol, Typlesl sxampies for
synamically loated componsne are timing befs, Vsel, comveyor bk,
i i 8re daformed Rcoonding ko el stifiness.
& vary Impoitsn propedy I feady el applicaions i iatigus. The designer is
A BN 16 toeele an slestomenc SoMponent o Imprecisty described
sonvics condiiions. A component should aitain & csvisi servios ife bul should
9 oty abime ang ceriain 208 106 heavy B sxoeneve o i funclisma.
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A the mement, no scoepisble method edsis to caloulats the fatigus Iives of
under senvice conditions and this ie very spensive and tims conauming, Thars
oroiabilly thet the part has o be optimisss by an inemctive design
procsss. Allemelivaly e componedt 8 aver designed 80 thet the sxpected
servics life s saslly cbiained, but this results In the protiem of produsing pers
thet are oo heavy, ergs oF sxpeneive for mass procuction. |
“enics; thers s & preat need o7 calculaiion/simuiation of the faligue behaviaur
of technical rubber components. At the moment it is not clesr how senvice e
can be sstermined. One poeaibilly i& the meximum sirain sriteron [10],
(18, 14 heve besn suggested for ues.
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Fesults of tests on & iyme iread vulcenisels have aisc shown thet most of the
pofiening oucurs i he frst mdension and efter thres of four succsssive
betwesn the surisces of the filer perticles. and the rubber as well s the
piciown of filler aggragelss.

alisstion of ihe stress sohsning in Alled slastormers In shown In Figum 10,
The reaull of the melecuisr slipsge ls an slignment of the shains Wit 8n
incresse in length which prevenis thelf napture and so incresses the strangih.
tributes the spplied siress and brings about & relnforcement
sund, Secandly thie process leads 1o a seftening of the whole

networl st small strains,
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1A Uereore Searsh — Feligue snd Fractune Mechanics

Iri the Tersiuns, oty @ lmited mumibsr of pepers heve been published dsaling
it taigLies ot of Slastomenc mAMsTals.

smeric maleriake mhibh very high staing for relathely srmail
simeses, Taking them sporoprsie for meny commensiel, Industiel and

mateigls. In paricuer ey have 8 Tmiting sirength end tend o fatigie.

nenical fiigue of elestormers & manifeeted in & progrese

e phyeical propeies as a result of crask DropegElio:
dyramic sxciiation, Wl feundad resserch inlo metals [27, 28] has shown thet
kmee Ik & & very sssly stage, becaues of the complny inemction between
polyrers, filers, sofienes and oftee additves. Prediclions of the fetigus
wopetiss of slestomere matedals and componsnts are sureily partially
ermpirical in netuws. Though thens ar levels of siress o sirain below which
slastorrans il not suffer faligue drmege, such limite are not well sstabilahed,
There are few Wobier cufves (28] in ihe lisnalurs for ubbers dus fo the
onenie, desplis the inorsesing use of FEA, Temains a
coalibrige. The auestion of delemmining & sole orierion for predieting
stancs s dependent on siress (11, 12], sirein [10] and aiss dynamic strain
ansigy et unit volume (18, 141, All spergy concepts are based on e stisin




slasiic snergy of & cracked plats would be entirely corverned Into crack surfas

snergy. The Griffin criterion can be spplled to metsls bit the work is based on
tests on gisss,

pretleme unksie to siestomens thel must be surmounted for & computer
mulation o model faigus:
f Fetigue properties of rubber are not only dependent on the basic
kg sywiem and the sgeing orotection sppiled to .
behave with senmiivily to the spplicstien of diflersrt modes of lomsing,
Each of thess problems proves the Impormice of opiimising & metsrial
ssfinition so thet )t can represent the Mwmm:m
mpresent in-service behesiour fo allow scourate determinglion of m
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! INTRODUCTION/LITERATURE SEARCH

1.4.1 Tearing Energy

Early theoretical approaches to the crack growth rate in rubbers were
published by Rivlin and Thomas [13, 31]. They defined the tearing energy ‘T’
as the decrease of elastic strain energy caused by the growth of the crack per
unit area, with ‘W’ as the total elastic energy and ‘A’ as the crack area of the
crack surface. In equation (1 .1) the index ‘/* indicates that the specimen is held

under constant deformation so that applied external forces do no work.

T =(—), (1.1)

The tearing energy ‘T’ has the same definition as ‘G’ the “strain energy release
rate” or the “fracture energy” which is used for plastics and metals. In Figure 16
the most commonly used test specimens are shown. For the “tensile strip” or
‘single edge notched” SEN-specimen (Figure 16a) the tearing energy can be

calculated using the following relations [32, 33, 34).

T=2:-k-W,-c (1.2)
k=-—f7 (1.3)

‘W, is the strain energy density at distance from the crack (i.e. strain energy
divided by the specimen volume), ‘c’ is the crack length and ‘k’ a constant.
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The tearing enegy of the pune shee mammmmh
calculetad with sgusiion 6 whers '~ is the heigii of ths un

T =W,k










1.4.2 FATIGUE CRACK GROWTH

" is a constant independent of ‘T’, while ‘F’ is part of the load cycle during
which the material is loaded at ‘' the testing frequency. ‘q’ is the ozone
concentration in the surrounding medium (usually air) and ‘«’ a material
constant equal to the static crack growth rate per unit ozone concentration in
air. ‘T," denotes the fatigue threshold and is the limit below which no mechano-
oxidative crack growth will occur.

If the tearing energies are immediately above the threshold, the following

relation applies for most rubbers, were ‘A’ is a constant:

de
E=A.(T—To)+r To<T<T, (1.8)

A linear relation between crack growth rate and tearing energy exists in this
region.
At intermediate and high tearing energies a power law relation often applies.

Similar relations hold for many polymers and metals.

ﬂ: B-T? T,<T<T, (1.9)

‘B’ and ‘B‘ are material constants.

The highest tearing energies follow from this equation:

% T>T, (1.10)

29
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A uneisile crack piowit secuns In this region, The megnituds of 7, can be
aeiermined by A ensiis test Neing the gecmsiry described sarier.






Fer ihe first tests an siylens propylens rubber (EFDM) wes used becauss of

e non strein crestalising behavio
Buna EP & 5450, The chemicsl compaeltion 8 desardbed in Teble 1. The
perbon biacie used for the filled materal wers chossn (0 represent a mstersl
with & low o medium lewvel 5f relrfiorcsment.

The urfiiled EPDM test specimens, (eatsd to establieh ihe influsnce of the
sctive filler, conalned all the chemicals swsol cerbon biack and all.

All sormpourde wers miked in & GK 1,8 E (7.5 litres) isboraion imemel mixer

and ffhe cuing agents were adaed ¢n & lEsorlsy oller mill. The vulcanissies
ot @l meterials were meds uning & compression mould 8t & auwEing eThparatne
of B0PG. Twe betches were prepared for sach maerial, ane for the dumbbell
mst apscimens and onea for the Bnslie sirip wpeclmens.

EPDM
/| Sunpar 2230

on

Tallie - Cheamien sosmpestion of the Tled ERPDIE metsdal.

This materisl s not ivplcel for dynamic appiications, bl & & used in DIK to
sicws the fiuenes of differsnt mining procedures on the physical propertiss of
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the cursd rubber. For the fatigue test apecimens, an optimissd mikng
mioosdus assurse & gocd carbon black dispavsion. Previous investigetions
Rewe shows that well mixed and scfisr melerial show an Ihoresss In senios e
under dmplecemant santrel, sompered with jese thorougihly miked EPDM [48].
rrilemd commpound under load commoiled lesls.

A non srain-oyetaising siseio
Styrene-Butarliens Poiymer, SBR 1712 ls & stlandaid

T fafter harder malstial aimoest rsaches

s, wae sieo ussd for the sscond i8sl series.

E-SBR comaining $7.5 piw
softener oll. The chemical compoaifon of the carbon black filled SBR s

described i Table 2 The N2S4 used rsormeaents an acive carbon biack with

The wnfliied SBR tesi apecimans, ussd i establish the influsnce of the active
filler, comained all the chemicals sweent cartor blagk,

The resiite of the Gues! siefic ienslie tests are shown in the following diagrems,
The testing fscility for the tenslls tests uitised & 2wick tensiis tester with an
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it
ootical devios fior mal sirein measursment. The same durmbbe!l test specimens
were used for the tensile tests as hoss for the feligue tasis in prefemncs 10 &
flat S2-4881 spwciman. A destripion of the dumbbell test speckmen can be
feund In Baction 2.2 Methods uf Feligue Tests (page 38). Two reflecting dols
wers gluad or, the oyindricsl suriscs of ihe small dismetsr of the dumiblei! st
speciien and & laser tievise Incomponslsd Inte the Zwick tensils tee mechine
#irain can be measured and clamping effecis do net influence the resulte,

TSARLTSE ﬂ.’h@ RS SICSTET

The plots of e tersile tes! meults for ths urililed EPDM meterial are shown in
Figure 19. it can be seen thal both curves are aimiler with & vary emali

o = a2 & 80 0 w0 40 |
Birala i %

Figure 19 Pl o Thas et skl venalbe Yewd oy T undilieg EROM reisnel. ¢ ‘

Ly |

Arwr i 20, AcoRionaly (e seste for the unfiles meleral are plotiee |

1
I'll
i

The mesulis of Tie cussl sitic lensie test o fihe carbon bleck filled EPOM are o
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Proeedure 2 Each tssi-piece WA Subjecind 1o one or wa load rangss. The
rrinimm) load for emch aet of tests was infiielly strongly In compraesion, rising
i & (Tl of 2800.

soadure 3:  Each lesi-plecs was subjectsd 1o one or two joad ranges. The
mirimum load fior sach set of lesis wes Inillally zam, fising fo & matersl
depencert minimur load in tension.

Load sy i fnal Lo oycha (i firal Lesd ayoie i final
meﬂehﬁmj mﬁwm mhm

'Th-

eduns 1 Taet provcedure 2 Tes! procedurs 3

o—— S —— -

To aewnmine the infiusnce of fillers on taligus e, sach test procadure was

slso caried out on specimens thai did not contaln carbon black and oll. Thess , |
lesta umed smaller load ranges for tesl procedurs | end aaty one load range of
180N fo7 test procedures 2 and 3. The smaller joad renges wers necessry
becausa of the lowst stiffness of the unfilled slastomers.

During sl tesis the dynale visco-siastie piopanties of the ls) specimens ware
scordsc 0 wweluste the ifuence of the dWersnt smpitces and test
procsdures as well as the changes duing the time of syeling. : o b
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e same condiiors, Tre same proasdurs wes applisd o celeulas the mean
values of siressss, awigies el
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Equations 2 snd 3 In chepier 1,4.1 were used fior ihe calculation of the ieerng
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3 RESULTS OF FATIGUE TESTS ‘

3.2 Fatigue in Unfilled EPDM
The fatigue results for unfilled EPDM are shown in Figure 41. The test proce-
dures were as for the filled rubbers (Figure 25) although the load ranges were

smaller to reflect the lower stiffness in the unfilled material.

02 +—— - 3 ; NI B s
- | | ‘ R? = 0,9363
@ l\
@ o1 N i
- ‘
(7]
o . |
§ 0 i
i, /
o \
&= |
£ -01 %
2 \
£ | A ®
- |
x | | |
£ .02 | ® Test procedure 1 . | |
3’ B Test procedure 3 (180N range) ‘ { ‘
b

A Test procedure 2 (180N range) | ‘ r
-0,3 : : f : :
10 100 1000 10000 100000 1000000
Service life in cycles
Figure 41 Fatigue test results for unfilled EPDM, showing maximum stress

dependence (Wohler curve).

The reduction in fatigue life with increase in stress range in tests using the first
procedure is comparable with the behaviour exhibited by the filled EPDM.
However, the fatigue lives using the second and third procedures decrease if
the minimum load is non-zero. The fatigue life correlates well with the maximum
engineering stress. The maximum stress is shown to be a reliable predictor of

fatigue life for unfilled EPDM subjected to uniaxial loading (Figure 41),

58
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(Figure 38), ihe
T cyrmiio straln can be used as & eriterion for deissmining faigus e

st o caribam biaok filled EPDM

Flgurs 48 indicaies, et in sonn

i cartar black, flled SBR for el teet conditions, In the cass of e carbon bisek
filles SBR the dynemic strain can be used as & Tatioue e predizisr for cyties
Wil 5., = § and for load spplicstions where 5., = zero. I pariculsr, the
strair: critarion can be ussd If the minkmum load are ot in teneion,

2 A e g 7 == =
1 ] [} t ' L}
i (] P ' .
| ] i ] 1 i
t } Ny i |

] ¥ RN (] §

i i Vi i
| i { i
i ] s I

i’E o To S RS T [ e W

X ] L] i
[

’ @-’Taiaem T
& T prescwicm = (SO0 i) |
A Ta, pesensen £ (SN s !
® Towal avasune 3 (2AOM rmred) | ]
1 Vil o i (%400 rangw) :

e P e
Barvics It in cysies

el CmpRASTES,

108

Figurs 48

The plet of the etored energy speinsi istigus ife (Figure 47) fe quile similsr s
that fior the meximum strass depenoence shown i1 Figure 8. AL minimum
irasgss in tenslon the storse snergy doss not maish the line with zsro minlk-

i stresses (o), while the minknium loads in compreseion give &n siimost 8-
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T total anergy cepencency is shown i Figum 48, Minlmom stresess in si-
sion show e same behsvieur as sbove. But the comprsseion date f very wall
i e diegre of the tolal snergy &l 2ero minlium sineeesd.
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fig for the carbon biagk filked EPDM (3.1 Feiigus in Carbon Black Flled EPDM.

page 58, none of the nemmally accepted criterie for the prediction of inligue e

i sppiicatis for carbon biack fiked SBR I nem-zsre minimusm loads ars apolied
shpicisly & dhe mialmum loade ar in tenskon
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These new crsdicion ere a8 ihose described surlier In Section 2.2 Mstheds of
Faligue Tests, pege 38 but having the valus of the stelically stored snergy
yecied, The valus of the ststically siored energy is represented by the
shasied porton In Figurs 58 and only exists when minkmum loads In tension ane
sppied. For minkmum leads In compression or squsl 1o 2870, the dynamie
stormd end total srergy are squal 1o the oversll stored and totel anergy
sl
Thie pick < the dymwmic stoted anengy againe! ihe fatigus e of the carkon
binck filisd EPDM & shown In Figus 54, in contrast fo the normal sioned
snsngy ahosn It Figuns 38 the comeletion with the number of eycles to isliurs is
imipravad i miniu ioeds in lenalon are apoilst.
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alowm i Figure 58, It can be seen thet the comeistion sosfficient is lowsr (F* =
L7, Tests with & hgher minmisn losd in tension W feidy weli, whlle the deis

pirde |7 comoression ars mceplonally well reprasertsd as for zeroc rinimum

naless boll new pradictons give & Nighsr comslation for feligus e
urier alll Thinee test procsdume had The ususl ones desoribed sreviclaly (Seo-
them 4.1 Fasigue i Carbon Black Fliled EPDM, page 52).
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The phet of the dynamic stered anengy v8 Sendes L s the uriilled EFDM &
st i Pl 56, The unfilss EPDM is sdequaiely charscisresd (7 = 0,84)
aven if the cormelaiion cosfficlent is alightly armaller than in MM m

in Urifiled EPON (page 58) Mwhmmmm--
mmmwrwwﬁuwmwmmwuﬁﬁ
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Ehgne 87 Cymradamicn o the presiclor dymanic lotel saergy ve. faligues iife for an

sl s shown i Figurs B8, 1t can be see thit the igus iHe sropsriss & wall
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Figure B8 (TS

T cyrsmie slored snedgy dependence fer the unfiled SBR materal s shown
fin Figune 80, The svarsll comaleiion cosfiicient of 7 = 0,98 Indicate thes the
i siored enegy con be uesd i the prediction of the letigue proparti

of uniiied S8R, ‘s

The dyramie olal anergy cepencency o the uniillad SBR & shown In Elgure
for dynamic total anergy & quile

81, Like the unflled EPDM, the comsiatio

similer o ted for the dynamic siored snsngy.-

feeslingly the resulis for the uriilled EPDM matsrial give & siighily befler cor-
reistion fur the elored snergy of tolal srergy for predicling ths faligue proper-
tes of the unfilied SBR. Meveriheises both dynamic anergy witers can b used
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The midutue of flied nubbars i known o decrsess signilcantly during the first
liewy i of @ physicsl (8st a8 & TeBult of the siress aofisning (Mulline eflec,
Seclion 1 ). Mowewer thase feigue taste ahow that the stifiness anc the foss
angls (8 of lces facior (en & of the meterisl decrsess throughout the whsle
wst, urtl frecturs (Figurs 83 and Figure 84). Therslore the relative dlissipaied
anergy Gecraeses after pre cyeling. The dissipaied enargy per cyole reaches &
phetes) dtar & few Hundred cycies as shown in Figure B5 89 & conseguencs of
the straif beheviour and iiw changs In ien 5 R le only knmedissly betore
sondittons whsn test spacimens Tl afer & few hundred thousend oycies.

%T : i e nil-t __‘E'-lrﬂ‘i

fraciure, & e crack propageiss,

i {l(ﬂ' ‘dﬂ b ‘w $ S @;w.

Figtere 83 Wil convms. oF 3 il ERDM during wlEue teeting
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[Flgeiw 84 Dol mediiue surve and e delte surve of 8 Tled EPDIM dureg

Figuve 86 Stoaln wnl walpates snwegy Dor susi o o Biled EPOM dursg
g g

Figuie, 86 shows the camplex motius turves for differsnt test specimens
imsled whder dverss faeting conditiors and protsdurse, & can be seen fhal
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i, nowsver, e dyramic complec mogulue during the fefigue lests s
comparad e he infisl velve, the snc of service ife e mached when the
sd sppnmdmetaly 78 % of the ane obaerved
dependent o the lomd cese [Amplfeds. minimum ioad, compression o
teraton). The stendard devietion for all difarem ampliudes and preloads /s
mrerely & %, ane ihis value ocoure irespeciive of the lesl conditions and for

giffersnt iest specimans.













419 Dymemic Creck Propegsiion in Cerbon Black Filled EPDM

The crack propagetion propeniss of carbon black lled EPDM unde® dissisce-
mer montral with ulsss of GOME and & repetiior; rate of 10 Sz are shown In
Figure 70. The members in all ceck propagetion captions indicase the appiied

i o,

A" &1 S8 HAF =8 43 A9 <498 47 08

Al disracivds I dhis diagram spreser mean values of the results of discrate
imsgnal straln smpitudes (0%, 25%, 30%) with & constard, minkmum loes of
2N, The linw, besext o the dismonas, shows The ssiabllehed Wokisr bahaviour
ff ore cabouleine the cycies uniil & mm of crack iangt is resched or sitemative
Ul cuginn sasaring e STeck Qrowsh reies ware conetart. With Incrsssing

N I M —— W
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and the number of cycies Wil rughurs decresses.

A i losd varelion with & constant strain smgiifucse of 28% 8 mpirs-

aentad [y the clrcise i Sigure 70, The results show that with an ncreass of the

dinplscament smpifiugs the crack growth rals is

raduced by & factor of B within this parsmetsr rangs. This resembles the fnding
esed minlmum load n Tetigus fests.

minimum oed 8l & conslae

A8 -

¥, A8 i 9.8

Fhgrars: 77

e Gyrsmie sirgin depencency of this teet ssres is shown in Figune 71. The
sigmonde show the straln ampintude verisiion st & consiant Mminkraem loed of

S, The resulte of the strain smpltude varation ghe a sraight line In e

L | | |

i i : :

y ¢ - T 9 .!T
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e minimn iosed varation & & constant ampitude of 25% is sihown a8 clrcles
(moaordsl lne) in the dlagram. Thie piot ehows thet the comck growth rats fs

saawsd with Incressing minimum load, Mete the permensni eet s Hot rs-
conted by the Tear Arsly=sr and therefors the depandencs on medimum atrairn

Flgurs 72 shows 8 plot of the calculeied twarfig snergy mean vaiues of the te-
bhe Srack propagstion regian, The results of fest procsdurs 1 ghow the well
rvenaer incrmems of the craek growth rale with Meressing strain ampiiude and
imaring energy. Test proceduie 3 centrasts with this result Naving inomesing
sl &mpitude leating (© & decresss in the crack

sl load ot ool
gromaly rate wilth incresirg iearing anergy.
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4.2 Dynamic Craek Progegetion in Untiled EPDM

T crack proprgeticn properties of urilied EPDM under the seme canditions
In thie dlegram reprensrds e mean
walums of the results of & discrete styain smpiitude (8%, 10%, 14%, 20%) for &
sorstart i loee o 1. The plotied sunm showe the Wihier beheviour
axthiboited by (e flled EPDM.

we shown n Figue 73 Eash dismentd

x\g
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™ TMM_
| ol o e o C%M

F5 & 8 < vl B o o B
- Loy daitdr: tn winfayele

A, i joed variation with a constant strain ampiitude of 10% s repre.

ssmisd by the circies in Flgure 73, An Inoresse of the minkmur losd o somstant

1o the filled EPGM tests,

The dyeamiec smin depsndency of Hhis st serse Is shown in Figuns 74. The
e s i gioain sriitude varietin 9t & constant mirimum load of

@it raie (i comiess




i, The results of the strmin smpiiuds veriation prduce & ereighi line in the
doubie opEihiEe dagrer. Tne crack growllh rabs increases with [noiassing

sirmpliuce.
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Sgure 75 shows & plot ol the mesn velues of the caicuisied tearing snegy ve.
oiftude amd teming snergy (lest orocedurs 1), Test procedure 3 ahiows In-
mrsmaing minbmun inads at chnstart sirain amplituds end the Mm‘rrw
incraanes simulanssusly with increeses 0 lsaring snergy. The tearng w
values of iest procedune 3 are some whal higher & similer crask growih rates

compansd wil lash oreoeduna |




4.3 DYNAMIC CRACK PROPAGATION IN CARBON BLACK FILLED SBR

4.3 Dynamic Crack Propagation in Carbon Black Filled SBR

The crack propagation properties of carbon black filled SBR are shown in
Figure 76. Each diamond in this diagram represents the mean value of the re-
sults of a discrete strain amplitude (20%, 30%, 40%) of a constant minimum
load of 2N. This curve shows the well known Wéhler behaviour for the crack
propagation properties, with increasing strain amplitude and hence increasing

maximum stresses the crack growth rate increases.

O S SR N SRR TRE SR AG MG i G R r X
| |
- -0,02 | ‘ |
o 8N | |
- 0,04 . J
g I 1 ‘
2 6N \NN
% e | BN | N
& 008 | |
2 } /
x |
© [
E, 0.1 14 Test procedure 1 WA /
o |
-1 ® Test procedure 3 (30% range) k /
0,12 x o-1N
O Test procedure 2 (30% range) 2N
-0,14 ! ! ! [ | . .

-4,5 -4 -3,5 -3 2,5 -2 -1,5 -1 -0,5 0
Log dc/dn in um/cycle

Figure 76 Crack propagation rate results for carbon black filled SBR, showing

maximum stress dependence.

Test procedure 3 where minimum load is varied at a constant strain amplitude
of 30% is represented by the circles in Figure 76. An increase of the minimum
load reduces the crack growth rate by a factor of 213 within the parameter
range used. The carbon black filled SBR was also tested at a minimum load of

-1N with a consequent small tendency to buckle (test procedure 2) at 30%
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sirain amptiuvde showr in Figurs 74 a8 an unfilled oircde. it can be seern il
with the greatly decmassd madmum stress e omck Diepagation is sighty
raIced.

The dymarmic stralt dependency of this teet sedes i@ shown In Figume 77, The
digrnonde depict ihe sinsin ampiiluds varstion st & constam minkmum loed of
20 The results of he strsin smpituts varation give & siraigit ling In the dou-
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The rririmum loed veristion & 8 constant empliiuds of 30% shown as circles
(hecizoma ns) b the degram causes a signinem eduction of the Grack
growly rabs with increasing minimurm \cad, The result of the negative mitimum
load of — 1 s indlicated by the untiled elircle in Bgurs 77.




4.3 DYNAMIC CRACK PROPAGATION IN CARBON BLACK FILLED SBR

33 T T
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log dc/dn in um/cycle
Figure 78 Crack propagation rate results for carbon black filled SBR, showing

tearing energy ‘T’ dependence.

The tearing energy dependence is depicted in Figure 78. The results of test
procedure 1 describe that with increasing strain amplitude the tearing energy
increases and correspondingly the crack growth rate increases. Test procedure
3 contrasts with this result in that with increasing positive minimum load at con-
stant strain amplitude the tearing energy is stable albeit with a very high scat-
ter, but the crack growth rate decreases significantly. The result of test proce-
dure 2 has a negative minimum load represented by an unfilled circle in Figure
78. The tearing energy and the crack propagation rate are reduced compared
with the same strain amplitude of test procedure 1. This value corresponds well
with the results of the strain amplitude variation of test procedure 1, but again

the filled SBR has a high scatter in results.
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B0me end & reoeiiion rate of 10 Hz for the unfiled S8R are shown 7 Figure 78,
Each diemond in the dagrem repressnt the maean velue of the results of a die-
comie straln ampliude (S0%, 28%, 30%) with & constant minimum load of IN.

The curve sihows the wall lirown Wahier benavicur ‘or oraok propsEallon |

sities. With inosasing stralin smpiitude and hencas higher medimum siresses

e crack @rowilh rale [Norsasss.

# mirdmr losd veriation with & constant sirsln amplitude of 20% (e mpme-
seried Iy the circles In Figurs 76, The results ahiow et an incsse of the
mirkmum load 8 & constunt load ampiude and hence Incrersed. s
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T rramdeium stness cependancy on the fetigus ife of the sarbon bleck filked
EPDM and the carbon Heck filed SBR can be seen In Figure B2. &4 comparieon
il the Feiigue lite propedies of beth metenels ahow that the filed EPDM |8 sups-
o e the Mlled SBR metenal under dynamic loadling whai the compansd on &

bagile of mexdirmuT Siressss.

VT . i = S P S —_— = — =
|00 I (e laeer lm
Barloe e in syl

Figioe &2 Conngmaisens of Hhe sigue propeiiss of sarban Bisck Bied EPOM and

“gure B3 shows the dynemic sirain depandendy of the filed EPDM and 38R
malerials. This dikgearm suggashs an cverlapoing of métsial propaties of both
meterials unde test grocedurs | The sariborn Dleck fllso S2R metaral edibhis

& lerrin Tatigiue e than the EFDM &t Righar simelns.
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Figurs &Y Conmpetasn of e ladgue mropeities of carbon Bisck filied EPDM and
carin iask Miled B35, siowing dynamic Seln GeOemEmHoE-

A compaiecn of e mexirium strese dependency on the dynamis orack

pagatien of the carben bisck Wlsd EPDM and the carbon bleck filec S8R

can be seen In Figues B4. The B8R matenel sxhibits slower ocrack cropageiios

rabee than ihe ERPDM meatane of small ampiydss, The filled EPDM shaws 8

~
Fowar Crack growth ralle for Nigher stressse ‘eading e failure aftar & few (P

sand cyoes, Inoressss 0 he minenuesn bad of the carbon black filled EFDI
maucss wery Migh stresses al relatfvaly jow creck growlh etes. InCrensas |
T loads applied © the Tiad SBR lsade o pronouncsd desrsasss in

as ¢ sl TokEE.,
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5 Discussions
neterisis EPOM and SBR are sl varience In two reapects with ihe behavieus of
omers based on pravicus thinking. Ger (68] euggesis, Iy
corparsr wilh sinsin oryetaileing nibes, no comparebie senginening
affect on relsing the minimum sirsin levels in non-crystaliising
when isinforsing fillers were added. The same result was found by Fisiding
[&ifor carbon biack filled non sineln erysialiiging 888, Hiz sperdments show
thet with Incrsesing minimum strain 8t constant dynemie strain the fatigue e
istions of Lindisy [&7] and
compared with resuite for unfillsd SBR. Fiskding [68], Lindiey [€7) wid Lake &
Jrdley [9) sxplained the absence of a minimum losd eilect for non strin
crystliising nibbens heving & fime depsndent (static) crack growih which does
ot exlst In sivsin cryshailising sthesiomens ke naturel nubber. This stetic crack

ot amenmeon Tesulis ( crack growtl wihen Just & mimimum stetic sirsin
loading Increasss the crack growifi

ged inimun srain of strein crystsiising rubbers s
preihtest by commisering e incraass in inyetaraais. Lake (68] showsd first that
7} swplsined Wl nigh sirsin hysterusls duse 1o the ccourmsncs of strain
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| IS

e crack growih date of Thie ressarch. it wae necsssary fo use an initial cresk

higger fetigue ifle jor SBR thas EPDM ant sty the spposis renking & bams
out by the agparimentsl resuls obsery

aopross) 8, howeyer, prosiematic becslss

pd or dumbbell apecmens. Thie

8 Microscaoic sxamimition of bath
matsriEe with & esoldicon of soprodmetely um geve No evidencs for initiel

fiawras fior the SBR being @ few times bigge: then for the EPDM.

e resesrch on dumbbeil specimens suggesie thel the stat of the ook
giowii process (creck Inftisilon) piem a cerElin e and ssemE 6 be
'raufclenty ispresentac by orack propagaiion tesling only. The stan of visible
Grack growih le sssompsnied by & sudden decrsese in modulus simultenscus

with an Increases I loss factor or dissipsied sowgy. From this point on e
: i »
d by e high dynamic strains (100% -

200%) mpplied for fhe eeling of the flied malsdale. Using the cmack

cravha beoome assily visible causs

propagetion approan soely might be amonepus ecauss i e sssenisl &
recict how long & rubber oroduet unctions In ite desired form as this fime:

sonstiutes more than 5% of fhe whals ssivice (e, The dsstheniage of tha

teiigue test comparsd with ihe mesaurement of crack growi I the far gresiss
iemting fime end corssduesntly Much Righer cosl,
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6 CONCLUSIONS

6 Conclusions

This research has shown that fatigue resistance of active carbon black filled
non strain crystallising EPDM and SBR rubber materials increases when
compressive or tensile preloads (minimum loads) are applied under load
controlled testing. The increase of fatigue life results from the active filler and its
filler-filler and filler-polymer interaction since this phenomenon does not occur
in the unfilled EPDM or SBR. This research has shown that a cyclic condition
where the minimum stress is zero is the most severe for an active filled
elastomer. This demonstrates that like other solids, compression is less severe
for elastomers than is tension.

The results of this research show that the established predictors, maximum
stress [10] and maximum strain [11, 12] can not be used for determining the
fatigue life of carbon black filled elastomers if non-zero minimum loads are
applied. This is potentially a critical problem because most rubber compounds
contain carbon black and they are often used under preloads. The energy
criteria [30 ,13, 14] also suggested allow a better prediction of the fatigue
properties of the carbon black filled elastomers. But even these energy
concepts are not precise enough for an accurate prediction of the fatigue
properties of elastomers in all circumstances.

As a first approximation, two new fatigue life predictors the dynamic stored
energy method and the dynamic total energy method were developed. The
fatigue life of carbon black filled SBR and less so of carbon black filled EPDM,
can be predicted by relating fatigue life to the dynamic stored energy. This is

so for situations with pre-load and no pre-load. Additionally it is possible to
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predict the fatigue life of both unfilled materials also very well with this method.
These predictors are the much used stored energy and total energy methods
applied in tests when the minimum stress is zero or compressive. Only for
minimum loads in tension the static part (dynamic displacement range times
minimum load) of the stored energy and total energy is subtracted to give a
measure of dynamic stored energy and dynamic total energy.

The new prediction criteria can be incorporated into non-linear FEA and design
optimisation software. They will allow more precise simulation of the fatigue life
of carbon black filled elastomeric components, especially for non zero

minimum loads which are those most commonly encountered in service.

During the fatigue test on carbon black filled EPDM and SBR, the stiffness of
the material and the loss factor (tan §) decrease throughout the entire test. A
component manufactured from the EPDM material tested will fail in fatigue
when the complex stiffness K* (corresponding to the complex modulus E¥)
attains a value of approximately 76% of the initial complex modulus. In the case
of the SBR material the value is approximately 71% of the initial complex
modulus. This value is independent of the applied load amplitude or variations
in the minimum load. So the loss in the complex stiffness (modulus) could be
used as an indicator close to the failure of a rubber component. This indicator
allows an “online” measurement of the actual state of rubber components
simply and online. This indicator can be used by maintenance engineers to

exchange elastomeric parts just before they fail.
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