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ARTICLE |INFORMATION ABSTRACT

Original Research Paper Unlike metals for which the fracture characterization methods have been standardized in the cc
Received6 October2016 linear elastic and elastic plastic fractureechanics theories, for polymeric materials the linear
Accepted24 November2016

especially nonlinear theories of viscoelastic fracture mechanics have not been completely develc
to complexities regarding the viscoelastic nature of these materials. For rubbers, evetet
independent theories based on nonlinear finite elasticity have not been widely used. In practic
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Keywords:

Rubber researchers make use of the same methods as applied for metals to rubbers. In this paper, the
Ductile fracture toughness methods of fracture characterization of rubbbesed on J integral and the different challen:
Jintegral regarding them are reviewed. Specificly, the energy dissipation effects in regions far from the ci

Multiple specimen method

and the correction methods proposed to compensate for these effects are discussed. Perforngn
Locus method

toughness tests on SENT specimens of a rubbery material based on polybutadiene, it is showr
well-known multiple specimen method for determination of Jc has a strong sensitivity to experil
errors that presents itself as initial crack lendgpendence of Jc values and is just useful when tes
numerous specimens and removing the experimental errors. On the other hand, the locus m
dissipation correction gives a single reliable Jc value using a fewer number of specimens anc
corsiderably lower sensitivity to the experimental errors. Also, using this method the specimen
dependence of Jc values reported in the literature is removed, and hence, it is possible to

dimension independent Jc value
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Fig. 7 Magnified view ofcrack tip region just before therack initiation
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Fig. 8 Load-displacementcurves obtained from SENT spmens of
120mm length and different initiarack length

Jsb L SENT ladiges (yiulesl 5l edel oy oloul>— b glo e 8 61
il adol slas 5 Jsb 9 120mm

S oo S9m Gitaoasld g late Sl s

¢[°pPO
6551 s 3k Jgl 8 o 50 S5k s, Jo sl aig
el polio U by sbodige JS6,0ss Cqga odd Bro 455
5.....»; 6))"‘ 61.&&.7&40 aS ol r:)Y O ool [WYWRY) JJ\)L@.A wLuJ‘ »
b Sloslre (ol g ooy ol olmlr polis p8 S5 Job U
plsl YU slawlre o b glaiizgd (gooe (6,8 1Sl el 51 oolainl
IS ol ol ool sols Lt 9 S 50 sl Cewdy gl g oud
loads ools olas 5 [EYSINY O'.’.| pooad sl LSLa";‘-’L"" e
ools &l yedd W, 0ads (35l o gixie 055 oo canlive a5 jobojlen
WS oo Jlos (s B SausTy L) csle cdo b,

oy ol 8 el S (S ab ol 38 & jsboles

pPeX

wigmi 055 Jsb U s sl 55 Jsbo 53, 5 sesgime @b Jlosl 05

.0)91 [SSWRY)

EEwUg¢j
3 S 00l G (Jo) 5SSl (Koyiz et (iR Ol 5l Bon
O 0del Cawds ol duslie fized § Cund bl p diged Job ]
sy ool s 5 o ol b b i oS Dl s, Sl
125 (B) cwls L SENT sladisei 9, 5 Giulej] ol o >l
120 5 90mm 60 mm (L) Jsb jlade 4w 5 30 mm (W) slyy mm
5 i ol 4 Lt dntigad sl o 53 Jslo olia .ay05 ol MM
BRIRY S JPPI - ICHA S L SO IPR I KVS S P Y0 C R I ESP SO PP 9N
2 Jsb ol (s Ll sl polia ol 51 555 Laisas IS Job ol
T sl Jsb (s ,uSeslail o Jds ek 4 g S5 o ufio loSE 9,0
SERIRINER RPN

b aolie diges (ppaizr ol oY (gldigas Al S by, ,0 45 L]
Sl K5 5 e 5 el 090 Slite adyl a8 Jsb
50 8,laibwl g, b gllas G 28,5 oolel Hlus diges 5 cosds (e
5 4 S5 L 029,28 6 rels Sl (59, Sl SlKe slaiube)]
1S 50 50 (8) (rre (Boo) Jsb b adsl S5 S (0.1 MM il L)
aS W8 Gl Siee 4 LS 5 Jsb 008 oll st slodiges
bople oo @ diged gy sl @MW) aiges Gl @ S5 Jsb oo
(6 JS) Wl cwns 0.7 40.6 .05 0.4 0.3

diges ;o adgl S5 ool 5 G celos 2 jiSTos alols jo Lo ioles]
&585 L 1OMM/MIN Wl #5 b ool Jhel cod baiges 28,5 ol
Oliee 92572 C oogaze ;0 lasrs glos .l esls I3 LS SislS
b sleylogai oS S5 5 (65l 0% I eS lams oo Zugh,
2 S by & gy i) 5 onsS S b 1 Al bl ey
S5 oy 00 yS (Sadil 4 4z b ad g IS cdle b logei (nl s,
Sl ) 0 ead aslin (She S a5l 4 go,d 5l LB
3 a8 ) s diged Gl oles 7SS sl awis BB g ya
oanlice Sl 53 0925 (Sajl s o ylid o)l 18 55w, ailiw]
oad Liwlyen sloaius 5 bo,is 5l JSate a5 1, S5 Ll 4ol atugey
b bl S5 o, g0 aliod S oo ool p el (JoSIge (slae oo )

¥ Jo CRO{ ORBYR( 6UA € Wl oG BEZLs |5 JsSge (sloo i) ool 5l 4y ods) (St

EE WU |

120mm 6 ASBNTwW £AWAEA G ¥
a5 Jsb b aigas 5 e 5l o] cansay bul> - b la e
Oeed b gl 5,y lead coly ol 8 IS o calisee adsl
sboled Ceul 3 ,F atiie ji S ab, £9,0 s b Ll bl
adsl S5 Jsb il b e 5 Ul gllas 5 09 e oonlin af
Ciz Cobyb rmmes 5 (G sl (ot 4l cd) beiged i
S abulr e 5wl alS (e ) glw) Lol @yl
Oezed bor Rl 55 (S ab) g90 abad b blie olulz)
S 1S 5 a8, 9,0 bl a5 basomie 393 o0 45 395 o0 onalie

a € wgey

p avwi EWpyorwdg € %Y %& | Ane

fsw-yv °

% C [

E@WU ¢ 2 ¢


file:///C:/Users/Desert%20Rose/dropbox/MME/Dey%2095/0065/Enew%20170065P.docx%23_ENREF_28
file:///C:/Users/Desert%20Rose/dropbox/MME/Dey%2095/0065/Enew%20170065P.docx%23_ENREF_29

Hiabsgals 303 9 lali L) puel

ISl Ginle 3T g, Slse s b SuianY sl olgd cyuss

S5 ol a5 (et 45 Ghgy ool 4 bgrpe Slasle pldl L
Gk sl Sy uj) 31590 g 5o (B (g5, 51 (Ug) sl SIS (g5,
i o pouie g gbule - L gt e jgame maw dulbe

a5 gy cnl 5l edel Casas Jo lade 84 o odslive 45 jeblen
Gty LO0AKIIME 1y s e Waools s oads Lijlp das oo a8
Syl aly g, 5l el Casay polie b (eslio 3ldail a7 ol oial
60mm 6 ASBNTW £ w &
slS Job b diges 5 s jl sl cassy plul> - b sla i
B8y p S5 oAb, gonh alaxd b blie bli b oo jer caliee adgl
Aged (oo o wdleads ol las 12 IS o Sl ol o s
el 0035,5 Budaie AW=0.3 e (59, p el M5, a5 @/W=0.4
5 zlzsel shls AMED.4 diges a5 aas o (lid iales] (sladiges 5l oo
i o las Lics godge et 5 039 adgs aild 5l b solul Gl ol
oialesl LSS L om0 slallas cpl siz e ol 0050,F diged (pl s

25
L
L ~
20 T s -
~~ ~ .\
E 154 S
= i »=-1004x +31.8 AN
3 ; R =0.983 e
S 10 F :
5 -+
0+ t ' } }
0 0.005 0.01 0.015 0.02 0.025
a (m)

Fig. 11 Essential fracture energy{) per unit thicknessersus crack
length for SENT speimens of120mm length

Sy S5 Jsb canm p cals axly j0 (Uo) cunSts 518 65,0 Hlogei 11 6 T
120mm Job L SENT (slo aiges

100
aw
1, 03
80 T ----04
PN 0.5
2 60 T './f \\ _—_06
a /,— = = ‘\ —-—-07
40 T .x"- /./.-— — \. M
[ a4 y
[ 7 s Vo
20 + A//' | [
Wla S I
: 1 :
0 t | .. +
0 10 20 30 40
u (mm)

Fig. 12 Loaddisplacementcurves obtained from SENT spmens of
60 mm length and different initiadrack length

L SENT ladiges Liulesl 5l oasl sty olul> - b sl o= 12 6 T
calises adgl sl 5 Jsb s 60MM Jsbo
P aYwy & Wpyolw g cH&ALYI A0 U

CAopAu

P Cywi o

Ay Au(g(s Eé

S gosls 5 B B b pla e 55l )l 52s o dlxe
b ol 5l s 0ed e pp Sk Waosls dlaws ol eS b 4 cul
MNV&M“‘N}%Q‘&%}WQ%%&HQ
S eieghy ol 50 edal Casay oy laesls S Wis, asl oglate
e e L |y Gl & 3y B b bt Sl 55
slaei 51 eolatwl b e 5l gy S5 S Azl oyl Como ol
plil Sglate AW polie b (4505 5 (glow diges 20) jiin sladiges
YOIV PO T JUSK PESC oty

W.JUQK}.JHO Ji&%avyﬁi% Cawdy 9 IS oa 35l slo oo
5 Foml) S5 Jsb G 5 (iS4 bse slaoie wload
el s ol bl 4y Ly o a5 |z i liabsl (BB (imie VL
S 095l (ot a5 el gy g ki 9 IS jo e 5l 05l
b g s 90 oyl 5l Hhid o b s slazel LB (65,0 bl cpl ;o ould
Loply iy @ Jo polie (JS0 sillae oailendl siovie a1 ol p
Sy lee Ceway 1188 KIINT 4 1.071 kI/n? 1.056 kJ/n?
el Jysb 1B Lol 55 Lol eSilon Jlahe & o it SST,,
dpdy |y adgl S5 Jsb Sl s Jo waly e S5 352 Gl o0

CAepa owiA{ [
Jate b puain e (poie ST o e (39, 50 sl
0.25
r u
024 *1mm S,
[ A2.5mm e
~ 015§ -4mm ..,
= i -
S [ ®=55mm .
0.1 -- * 7 mm Hoveanss b TR ...
[ #85mm B, — AR
0.05 + 10 mm e
0 : Q..‘I ..... e ‘, . g ------ 2 ...... ! .
0 5 10 15 20 25
a (mm)

Fig. 9 Strain energy values obtained from ledidplacementcurves for
SENT speimens 0f120mm length ploted versusack length

dloms )b 5l sl Cands S5 Jsb cans p (5,5 (655 polin9 O 1
120mm Job L SENT slodiges olbul> - b slo coxin 55 haws

1.4
O n
': L s X :," _‘.._ - -’
1 ¥ S
= g 4 alw
£ T 0.3
% 0.6 —o—0.4
S o4 —8—05
—4—0.6
0.2 ——0.7
0 : -
02 15 20

u (mm)
Fig. 10J versus displeementcalibrationcurves for SENT spm@Emens
of 120mm length

L SENT (sladiges sl U bl o p J gl ol slo ixia 10 6 1
120mm Jeb

Pt



Hiabsgals 303 9 Silalis L) psel

ISl Ginle 3T g, Slse s b SuianY sl olgd cyuss

Sllas g g 48,5 slowl ools Ll& (gogame olaws 5 i B3l
Sl ol 50 a4 0,8 o0 Djge ol il Sonie Aol 1 (6,5 Bide
ol |y 055 ol aoms )0 (g ige SO 4 baosls ST ST o Uas 042y
O (sotie paw 5 50 0ols bl ¢ pwain e b, 0 blae 0 080 oo
5B wols Sy o e sgmg g onl 5l AT Wad e 418 S IS cwain
Ay 0 N0 Gaw W ol cwaie 6 ey Slodes
IS o b Bl Jo e i 5 ISy gy 59 Sloabre L
2 wloe Canny K0Sl Iz Sjgar (U gl IS slo ieie

0.3
u
025 T %i1mm o Bl
42.5mm o
= 02 1 =4 mm i
= " 5.5 mm
R e T y *
o1 £ 8.5 mm . b LTI
: ® 10 mm eeeieees A - Tty
..... n,
0.05 4 e —— -
...... oo
0 I ‘e”..: ..... ﬁ..:.::t{. ...... e...-é
0 5 10 15 20
a (mm)

Fig. 13 Strain energy values obtained from ledidplacementcurves
for SENT speimens of60 mm length ploted versusack length

— b sla smie 5l ool Cawds S5 Jsb con p (o255 (55, polia 13 O T
60mm Jsb L SENT slo aigas oll>

25
a
2 A1 —03
—e—04
a 1.5 4 —a—05
g —a— 0.6
',_3 1 1 ——07
~
0.5
0 4 +
15 2
-0.5

1 (mm)
Fig. 14 J versus displeementcalibrationcurves for SENT speimens
of 60 mm length

b SENT (b ages 15 U bols o J oyl ol sln i 140 T E

60mm Jsbo
35
30 T P
I ~.
=R ~.
g [ Sa
=20 1 »=-1092x + 38.7 .
) r R*=0.925
S 15 - ¢
10 A
5 4
L I S S
0 0.005 0.01 0.015 0.02 0.025
a (m)

Fig. 15 Essential fracture energy{) per unit thicknessersus crack
length for SENT speimens of60 mm length

Sy S5 Jsb cans s axly 50 (Uo) cunSts 515 65,00 5090515 O 1
60mm Jsb L SENT slo 45ges

pPow

&l osls O | ‘..\Mabsn g slalbs 4 cens Jg e slo b,
sl 0090 5 soliiw] cwiie 5o g 50 9 SK 3, 90 w0 I 2! S

¢l °phPO
Shoael casdy @ S Jsb ey U i3,5 65,50 gloosls logas
Ol peads (il glo pioxie b ol yan 12 S0 olnl> - b slo e
30 S5 0 odlive 4S5 jshiles el oo sols ylas 13 s o eols
S 8 e @ cas oass il g Sl baesls  SausTy cdls )
Lo, U lade b s ples o (e ay) sloS 5 Job o iSsS b
b sl (bl oo (59, sl plea 5 (B0 cal a5 b GLuSs
e UK e Jole ol ailb 0 @WF0.3 5 aWF0.4 sladiges olul>
e dolae 3l oolial 1) 5 ol 0l 51,3 13l o SLlST 1 oty 33l 0
4 slesel BB smie cpl sbrosls Ol poss (ol dwlone (gl 0als i3l
S by ol oslail 1 iy Camslus sasmalis LBl o ced LS
ol b YL a5 el g, ol el o0 slallas Jlis o 50 4
S aSsle sl wms J1E 5t couv ot | ead i3l e alolae
2 5en 5 s ols Gl 1) GralesT gladiged slass wuly b g5 ! 55
wged 5y sl Galojl e 5o Szl gl

S g )l S Ee b aS U s I gul IS gl e
Wlooyo 8 wlyl 14 IS j0 wnlce cawdy 13 JSG 50 sads i3l
oAonk g AV S5 gk nteS g Grder 4 by glasizie
Sy )b cnl el g) (3 sladiges sln oad S5 Jds Gles 4 (G
o 00,138 LS Jlo 5 L8 > ajlie g usus Uz gl ls (g

bl oo 4 de polie (JS3 Billae S0 (e Sl alsgn b
aals a5 Wl coway 1731 kT 5 1.391 kI/n? .0.686 kJ/n?
o ol o Jo e @dly o ams e i Ty Jod Llye SwsSl,
&l 0 85 Sl epdge plen (nl ablioe adsl S5 Jsb @ ans
4 el o 00ly e (65,1 AW &l ST a4y g o oLl UT 4o LS
Sl J6 5 oolical Bl azti 0y50 cnl 0 5040 5 ISy Gy, (S5 50
AB o ey Jo sl |

CRopa oAk A { At

Job o Ue polie cquwain olSe (g, @ bgrpe Slawbro bl L
ol b il el alo e o ol oe sy 15 S5 oy @ S
ol 0025 428 5 18310 AIWE0.4 diges a5 Logy e ools (JSo Bl aools
osls SaSTy ol g dol> o> (o5l 068 oo canliv a5 jsblen
Oy ol ) ool Caay Jo e el Joub BB L Las ol Jo>
L aS wiboe 1.092 KM L ol (Wosls oo oyl o oo 4z 3)

Ol csllas 55 (L8 digad glp odel oy yolie
oz oS il 5 ISy (g, WS oS sl (59,0 G5l 4 4z
s M U 1, el 4t JS wlsi o Laeols (S o (g5 s
SRSy 4 ool bl Saly cwai S s, j0 was 13 )_...L, Sz
Oilejl o o U 925 ) o (57505 Conmibi W 5 el 1205l
ol Jpglie (225 slallad blie )3 (B9, ool @8ly 55 00 3525 9>lg
Ol 35 85 00,5 o sl 5 (S gy (Slemlre 02,55 @ ol cal Sl

P avwy &EWyolwd ¢ 1 %y %A | Ao

y J. Cho{ofmpe(6UA & w ~



Hiabsgals 303 9 lali L) puel

ISl Ginle 3T g, Slse s b SuianY sl olgd cyuss

IS a0 coailedl yuine ools blis &l wig, ol sllas ablb e
ools i g Cenl B canlie 33l b LS5 (gl Sliebl b
Jo e lgsran a8 cos JShue jlad | owiin S LBy, «puinels

S oo a1 Eadge onl 5 (LB polie b odel o

o ladte S pwiin e g, 50 Slaslxe SLL A e o o5 >
Sz opl 5l aS 0sd so Jol> S5z g0 slrosls den 5 o i3l b aslg

A3 o Al ools ahati S Bl 4y o 1) (55T ol o2
6 ASBNTW £ w &

90 mm Ay Au(g(e

+W—|S/GIWI:If<',V\jé AYAU 0 ¥ag v w e(d(a A@M%ﬂbmw5w)l odel Cawas sbul - b slo e

a°E

Sl slaialeyl 5l oanl cassy (J) pp Sl Kejh> polie
L oS Gl glaJsb b SENT latiges g5, 5 ood plnil conSs
(i S b9, 5 50 5 S il Gig)) Sliie (2, 50 51 eoli

Ll 0030 F ganzez 1 Jgaz ;o clond dulxe
PO ¥ PRI SN PG PO VU IR IR RO Soal G,
95 lp )l 257y o bl ez 4 S gy (nl (Sleslxe
sl 00185 sy Jgud BB ks 90 MM 5 60 MM Jsbo L aiged (5 m
0.686kIINT) I (511 ooel sy polia BOMM Jobo L sladigas sl
Jade a4 o g0l Sassly lls (1731 KIINT 4 1.391 kI/nt?
Sglaie Jo Jlade SO adgl ST Job e gl &dly yo s 35 2Kl
90 MM Jsb b aigei glp il gos Joud b a5 ol ool sy
Syt ol Sloslns 5 050 oolisial B peé 5 peiad IS sk 55, ool
Casdy yolie 120 MM Jsb b aigas (gl baid .canl o0y0, 55 plonil )]

0.3
L u
025 ¥ %1mm ..,
E e,
02 £ J:iS mm
s 3 mm
S 015 £ ®55mm
f X7 mm ..
01 £ *85mm ko SO
r e l0mm LSTP =
S ST u,
005 + L TTTT OO
0 : $”.“”$‘:“.'g“”! Q
0 5 10 15 20 25

a (mm)
Fig. 17 Strain energy values obtained from ledidplacementcurves
for SENT speimens 0f90 mm length ploted versusack length

25k sla oo 5l osel Cands S5 Job e g o855 55,0 polia 17 O T
90mm Jsb L SENT (sl aigas olxl>

35
30 T .
- ‘!-...
~ 25 T \.‘-'\
= [ »
= 1 -~
= 07 y=-1064x+37.7 T~ _
S 154 R*=0.973 -
10 +
5 4
O e e
0 0.005 0.01 0.015 0.02 0.025
a (m)

Fig. 18 Essential fracture energy{) per unit thicknessersus crack
length for SENT speimens of90 mm length

Sy S5 Jsb canm p calirs axly 10 (Uo) cunSss 515 65, Jloges 18 0 1
90mm Jsb L SENT sla 45505

P aYwy & Wpyolw g cH&ALYI A0 U CA°pAuU

P Cywi o

5y S5 ah £y alid L Bloe L | oles Glike 4yl
odline a5 jblen loads ool lis 16 IS jo cll> cpl jo e
e et Uil 3590 (S g 5 BME0.6 aiges (onie L8, 055 o0
D g Seol 8,513 AMEOT digad o 5l Somly (S 0
el s ol a5 0y e Ul L 4o elol ol Wt (o)l
ECBERRE RISt )—“L e Sl 1 5 S Dy sl Slilre
03ls Bd> Ly a5 09,0 HUaKl cwais 6 i, 5l eslanl L >
i Snosls sl Jysb b6 amas i sl gmie 0ol bline

el Jol>

¢ °phPB
Shoael Cawsy @ S Jsb e U i35 65,0 sloesly loges
Ol poad il slasmie Lol e 16 S0 plnle - L sla e
ol g o canlie o5 jshilen il e ools ylis 17 UK o laesls
s o 50 Cauly Gl pge ahai) AMF0.6 wges L bl sols
S oad Aily (Goie a5 S &5 Cuul oo b a4 (oS
e 0l Gl Cemy Wb 8 slo iz o 0us &l wlxpogi gillae
Sl cpl jo ol bl g cod polie aze jo il ools s YL
logimie i sis ol 4 dry b ol el a6 IS,
azg 2l a5 IS gy sl 2 U bl w5 J sl S

sl 033,55 1) 1) 5 o]

CAepa owiA{ fp®r
Job ez Ug (pomie om0 (B9, 0 Lgnje loalone plnil L
Gy 18 S5 & g AWE0.6 aiges b ,LLie o5ls Bio 5l ey @ S5
ools blas 3l edal Cowds o Jlade 0gi o0 cdnlice a5 jebilen .ol o
1.064 KIMA L il deosls 1 ood oyl b oot an,8) owslasdly

120
: aw
100 4 coeeeeees 03
L - ---04 ’
80 + 0.5 R P
= [ — — =06 e N
Z 60 J —— 07 .7 \
Q_. I _.'-// \
ot —_— \
I - — T
40 .)/./ \ N |‘
A |
20+ LA | \ |
rd l \
0 — L. a
0 10 20 30 40

% (mm)
Fig. 16 Load-displacementcurves obtained from SENT spmens of
90 mm length and different initiadrack length

L SENT ladiges Sialesl 5l oaal cowsy bl - )b sla e 16 6 1
Gilisee adgl sloS 5 Jsb 590 MM Jsbo

p X1

m
o

c

v J. CRo{ oRmB(6UA & W ~

C



piabgad 30 9 Hlalh Lo ) pael Jd|)£u|o“mla)Tu“n’)‘sbm)aLb\_ﬁumy\_mSAhuo|,auau3

U« v(8au
[1] ASTM E182015a, Standard Test Method for Measurement of Fracture

SENT Gladiges Giulesl 5l oaal sy (Jo) pyp conSid (Soyiz polinl O Y

ToughnessASTM International, West Conshohocken, PA, 2015.

[2] ISO 12135: 2002(E)Metallic materialsi Unified method of test of the
determination of quasistatic fracture toughnebgernational Organization
for Standardization, Geneva, Switzerland, 2002.

[38] R. S. Rivlin, A. G. Thomas, Rupture of rubber: I. Characteristic energy for

tearing,Journal of Polymer Scienc¥pl. 10, No. 3, pp. 29B18, 1953.

[4] M. Boggio, C. Marano, M. RinkTime dependence of fracture behaviour of

carbon black filled natural rubber in: S. Jerrams, N. MurphyEds.),
Constitutive Models for Rubber Ypp. 363368, London: CRC Press, 2012.

[5] P. I Vincent, K. V. Gotham, Effécof crack propagation velocity on the

fracture surface energy of PMMAJature, Vol. 210, No. 5042, pp. 1254
1255, 1966.

[6] W. Retting, Bruchverhalten von hochpolymerdfplloid-Z.u.Z.Polymere,
Vol. 210, No. 1, pp. 543, 1966.

[7] M. L. Williams, The facture of viscoelastic materialin: D. C. Drucker, J. J.
Gilman (Eds.), The Fracture of Solids pp. 157188, Washington:
Interscience Publishers, 1963.

[8] B. V. Kostrov, L. V. Nikitin, Some general problems of mechanics of brittle

fracture, Archivum Mechaniki Stosowanej/ol. 22, No. 6, pp. 74975,
1970.

[9] W. G. Knauss, Delayed failurehe Griffith problem for linearly viscoelastic
materialsInternational Journal of Fracture Mechanicgpl. 6, No. 1, pp. 7
20, 1970.

[10] H. K. Muller, W. G. Knaiss, Crack propagation in a linearly viscoelastic

strip, Journal of Applied Mechanic¥,l. 38, No. 2, pp. 48388, 1971.

[11] W. G. KnaussPn the steady propagation of a crack in a viscoelastic sheet:

Experiments and analysisin: H. H. Kausch, J. A. &bsell, R. I. Jaffee
(Eds.), Deformation and Fracture of High Polymerpp. 501541, New
York: Springer, 1973.

[12] R. A. Schapery, A theory of crack initiation and growth in vistastic
media, |. Theoretical developmenmtternational Journal of Fracte, Vol.
11, No. 1, pp. 14159, 1975.

[13] R. A. Schapery, A theory of crack initiation and growth in vistastic
media, Il. Approximate methods of analysigternational Journal of
Fracture,Vol. 11, No. 3, pp. 36888, 1975.

[14] R. A. Schapery, Atheory of crack initiation and growth in visatastic
media, . Analysis of continuous growtimternational Journal of Fracture,
Vol. 11, No. 4, pp. 54562, 1975.

Sglite Cransd (b9 99 5l ool b calize sla Jobo b

Table 1Ductile fracture toughnegs.) values obtained from SENT
specimens of different length using two different extraction method:

J. (kdinf) s Jsb

sl 5 SIS s, e e s, (mm)
éé. 1.092 60
éé. 1.064 90
1.056~ 1.188 1.004 120

aels (slls (1.188kJI/NT 4 1.071KI/MT 1056 kI/MT) I (sl ool
Ol 0 OlFer 9w 093 (Silee Jlaie 4 S (J9ud JB (SosSTy
ool Glsn |y adsl S5 Jsbo Sl S 02ly Jo lade S 0929
oy L10SKINT L 4l 355 polie 5l 6,5 obee b a5 Cdpdy oobe
.QJGA
@b Sl wain (S (39, Gt 5 ISy gy D L
a2 lp ) (Jod BB @l 5 0ol plis (0,25 slalla® 2529 4 Cund
Sl el Canas Jo polie NS e ol 00ld sy diged (S
polie b auslioe ;o a5 Cnl aoy0 10 5l 1eS Siglite sla Job b ladiges
BB [62] L3 aolo 5l (S o 0o (3155 sao,0 151510 Sussly,
Sl Bde o) (pwaia e by L5 4zt ol w0 5 4 S5
Olrn 4215 Jo Jlaie S, gl il 5 S5 ol 51 50 (2l o (5551
Ol (e 395 Jsbo (izmen 9 4ol S5 Jobo 5l Jitane) oole Cunols

[15] R. A. Schapery, Correspondence principles and a generalized J integral fopos> ldail cpizren cwdin oS g, PRVYIRCHRVIN polde a0 o

large &eformation and fracture analysis of viscoelastic meldig@rnational
Journal of Fracture\Vol. 25, No. 3, pp. 19223, 1984.

[16] W. G. Knauss, A review of fracture in viscoelastic materiaitgrnational
Journal of FractureVol. 196, No. 12, pp. 99146, 2015.

[17]ASTM D156615, Standard Terminology Relating to RubpeASTM
International, West Conshohocken, PA, 2015.

[18] F. S. Wong, R. T. Shield, Large plane deformations of thin elastic sheets of
neocHookean materialZdtschrift fir angewandte Mathematik und Physik

(ZAMP),Vol. 20, No. 2, pp. 17499, 1969.

[19]J. K. Knowles, E. Sternberg, An asymptotic finiteformation analysis of
the elastostatic field near the tip of a crabbirnal of Elasticity\VVol. 3, No.
2,pp. 67107, 1973.

[20]J. K. Knowles, E. Sternberg, Finiteeformation analysis of the elastostatic

field near the tip of a crack: higherder resultsJournal of Elasticity,Vol.
4, No. 3, pp. 20233, 1974.

[21] R. A. Stephenson, The equilibrium fieteear the tip of a crack for finite
plane strain of incompressible elastic materidtsyrnal of Elasticity,Vol.
12, No. 1, pp. 699, 1982.

[22] K. C. Le, On the singular elastostatic field induced by a crack in a Hadamard
material, The Quarterly Journlaof Mechanics and Applied Mathematics,

Vol. 45, No. 1, pp. 10117, 1992.

[23] K. C. Le, H. Stumpf, The singular elastostatic field due to a crack in

rubberlike materialsJournal of ElasticityVol. 32, No. 3, pp. 18222, 1993.

[24] R. Long, V. R. Krshnan, C. Y. Hui, Finite strain analysis of crack tip fields

in incompressible hyperelastic solids loaded in plane stdesspal of the
Mechanics and Physics of Solid&l. 59, No. 3, pp. 67695, 2011.

[25] Z. Y. Wang, Finite strain analysis of cratig fields in Yeohmodetbased
rubberlike materials which are loaded in plane strefsplied Mechanics
and MaterialsVol. 127, pp. 47783, 2012.

Dibce sy 59 50 5l edal Caway gl oo suiS ol Y

Slslome 02,9801 s & Jo alne sl 50 5 S slaigaionz B,
GOU (S5 Tt 9 (Fovie (il p Al e (piiz p (e &S - 395 (01>
090 )3 epate) gz Ml S Lo Swl (025w (slaodls |
ool gy19y (W3S oo 4125 |, cgrs B g5 OB il oS oSy
Jsb o5lail 4 iulej] 5l sawel cavas Jo polie (Susly & ygu 1) 995 a5
8 Sl &) BB Goge 0 ks e (nl wesee Gl adgl S5

(s Gladiges olass Jm) CowS Lbd 4 p2 25 slas Sl

) pSolul cds g coaS blod 4y o2 g 00g oy (S (So xS
Oolee ay by adls 18 o8 BB mlaw o (Uax g5 50 il JSla>
s 095 b 5 (o225 slaoals 3:a5 @ 5l 5 (IS gy Sl S0
o 4y g 6 ol g, blae o .cenl YU Ly Waools ol jo

[26] M. Kroon, Energy release rates in rubber during dynamic crack propagation s & Gyt 5SSl LSILS &5l 3 ‘Se)U slosspl SSE ol

International Journal ofSolids and Structured/ol. 51, No. 25, pp. 4419
4426, 2014.

[27] M. R. Ayatollahi, M. Heydari Meybodi, M. Dehghany, F. Berto, A new

criterion for rupture assessment of rubberlike materials under znodek
loading: The effective stretch criterioddvanced Engineering Materials,
Vol. 18, No. 8, pp. 13641370, 2016.

[28] ASTM D504599(2007)elStandard Test Method for Plas8train Fracture
Toughness and Strain Energy Release Rate of Plastic MateA&ISM
International, West Conshohocken, PA, 2007.

[29] ASTM D606810, Standard Test Method for DeterminingRJCurves of
Plastic Materials ASTM International, West Conshohocken, PA, 2010.

[30] ASTM D883 12el, Standard Terminology Relating to PlasticASTM
International, West Conshohocken, PA, 2012.

pPXP

4 e GFomb e Conlis WS (e ol Olle 1,63l

g I sy 45 63 )lpe 53 5 (Sl Fpglie) o)l o2 slalks

slazel 5 g Jsed b5 ames o ) 4 o8 lmed el el,SL
@ Ghlel @l (Sadly ISt ool 3B (35, nl omizman a3l
S s 4z g 0ol ()5 (L5 @2l 5l (B p p0 & badiged Jsbo
[ de gl el ggomme ;o 5 wiled S by i 1) wil e (55 SO

WS o2l)8 diged owais slal 1 e sols Cools SO lgin

P alwy EWyolwd ¢ 1 %y %A | Ao

¢ %BACayUG ¢° pz


file:///C:/Users/Desert%20Rose/dropbox/MME/Dey%2095/0065/Enew%20170065P.docx%23_ENREF_62

Hiabsgals 303 9 lali L) puel

ISl Ginle 3T g, Slse s b SuianY sl olgd cyuss

Latzko (Eds.),PostYield Fracture Mechani¢pp. 23210, London: Applied
Science Publishers, 1979.

[49]C. E. Turner,
Symposium on Fracture Mechanics , ASTM STP, 7Rhiladelphia:
American Society for Testing and Materials, pp.-3B8%, 1980.

[50] J. D. Landes, J. A. Begley, Test results fremtdgral studies: an attempt to
establish a |J testing procedureProceedings of the 1973 National
Symposium on Fracture MechanicPart Il , ASTM STP 56@Philadelphia:
American Society for Testing and Materials, pp.-188, 1974.

[51] N. Ait Hocine, M. Nait Abdelaziz, A. Imad, Fracture problems of rubbers: J
integral estimati on based wupon d
energy density disbution as a local criterioninternational Journal of
Fracture,Vol. 117, No. 1, pp. 23, 2002.

[52] N. Ait Hocine, M. Nait Abdelaziz, Fracture analysis of ruliler materials
using global and local approaches: Initiation and propagation directian of
crack,Polymer Engineering & Scienc¥pl. 49, No. 6, pp. 1074088, 2009.

[31] K. Reincke, W. Grellmann, G. Heinrich, Investigation of mechanical and
fracture mechanical properties of elastomers filled with precipitated silica

T h Rroceedingsaf the Tavelfth Nationél a ¢ t @and, nanofillers based upon layered silicat€bber Chemistry and

TechnologyVol. 77, No. 4, pp. 66577, 2004.

[32] K. Reincke, W. Grellmann, G. Heinrich, Engineering fracture mechanics for
crack toughness characterisation of elastomersceedings of The 16th
European Conference on Fractu(ECF16), Alexandroupolis, Greece, July
3-7, 2006.

[33] K. Reircke, W. Grellmann, G. Heinriclirracture mechanical investigations
of filler-reinforced elastomers in: A. Boukamel, L. Laiarinandrasana, S.

f a &1€éop E. sVerranikdls.), &Canstifutiver Balelsi for Rubbes, Nop. @21227, h e

London: CRC Press, 2008.

[34] K. Reincke, R Lach, W. Grellmann, Influence of viscoelastic material
behavior on fracture properties of elastome?spceedings of The 12th
International Conference on Fractu(éCF12), Ottawa, Canada, July 417,
2009.

[53] P. M. De Castro, J. Spurrier, P. Hancock, Comparison of J testing technique§35] W. Grellmann, K. Reincke,Technical material diagnostics- fracture

and correlation -LOD using structural steel specimensternational
Journal of FractureVol. 17, No. 1, pp. 835, 1981.

[54] R. Singh, K. Parihar, Theidtegral as a fracture criterion for polycarbonate
thermoplasticJournal of Materials Scienc&,ol. 21, No. 11, pp. 3928926,
1986.

[55] B. D. Agarwal, B. S. Patro, P. Kumar, J integ@alfracture criterion for short
fibore composites: An experimental approacEngineering Fracture
Mechanicsyol. 19, No. 4, pp. 676584, 1984.

[56] W. R. Hoover, R. E. AllredThe Jdintegral as a failure criterion for a borsic
aluminum compositein: J.N. Fleck, R. L. MeharEds.),Failure Modes in
Composite |l pp. 160187, Pennsylvania: Metallurgical Society of AIME,
1974.

[57]J. D. Landes, H. Walker, G. A. Clarkéyaluation of estimation procedures
used in Jdintegral testing, in: J. D. Landes,.JA. Begley, G. A. Clarke
(Eds.),Elastic-Plastic Fracture, ASTM STP 668p. 266287, Philadelphia:
American Society for Testing and Materials, 1979.

[58] J. G. Merkle, H. T. Corten, A J integral analysis for the compact specimen,

considering axial force as well as bending effettsirnal of Pressure Vessel
TechnologyVol. 96, No. 4, pp. 28@92, 1974.

[59]J. D. G. Sumpter, C. E. Turnévethod for laboatory determination of Jc
in: J. L. Swedlow, M. L. WilliamgEds.),Cracks and Fracture, ASTM STP
601, pp. 318, Philadelphia: American Society for Testing and Materials,
1976.

[60]J. D. Landes, J. A. BegleyRecent developments i festing in: W. F.
Brown (Eds.), Developments in Fracture Mechanics Test Methods
Standardization, ASTM STP 63%. 5781, Philadelphia: American Society
for Testing and Materials, 1977.

[61] B. H. Kim, C. R. Joe, The effect of remote energy absorption in determining
Jc value, Engineering Fracture Mechanic3/ol. 32, No. 2, pp. 22232,
1989.

mechanics of filled elastomer blendsn: W. Grellmann, G. Heinrich, M.
Kaliske, M. Kliippel, K. Schneider, T. Vilgi&ds.),Fracture Mechanics and
Statistical Mechanics of Reinforced Elastomeric Blepgs 227268, Berlin
Springer, 2013.

[36] G. Ramorino, S. Agnelli, R. De Santis, T. Ricco, Investigation of fracture
resistance of natural rubber/clay nanocomposites-tegtihg, Engineering
Fracture Mechanicsyol. 77, No. 10, pp. 1521536, 2010.

[37]S. Agnelli, F. Balli, T. Ricco, A tentative application of the energy
separation principle to the determination of the fracture resistapfeof(J
rubbersEngineering Fracture Mechanic¥pol. 90, pp. 7688, 2012.

[38]B. Dong, C. Liu, Y. P. Wu, Fracture and fatigue oficaicarbon
black/natural rubber composité®lymer Testingyol. 38, pp. 4645, 2014.

[39] C. Marano, M. Boggio, E. Cazzoni, M. Rink, Fracture phenomenology and
toughness of filled natural rubber compounds via the pure shear test
specimenRubber Chemtsy and Technologyyol. 87, No. 3, pp. 50515,
2014.

[40] J. A. Begley, J. D. Landes, The J integral as a fracture crité?iooegedings
of the 1971 National Symposium on Fracture Mechaniart Il , ASTM
STP 514 Philadelphia: American Society foreSting and Materials, pp- 1
20, 1972.

[41]J. D. Landes, J. A. Begley, The effect of specimen geometry,on J
Proceedings of the 1971 National Symposium on Fracture MechaR&g
I, ASTM STP 514 Philadelphia: American Society for Testing and
Materials, pp. 2439, 1972.

[42] T. L. AndersonFracture Mechanics: Fundamentals and Applicationiird
Edition, pp. D7-119, Florida: CRC press, 2005.

[43] M. F. Kanninen, C. L. PopelaAdvanced Fracture Mechanicpp. 323324,
New York: Oxford University Press, 1985.

[44] D. Broek, Elementary Engineering Fracture Mechanigp. 240245, The
Hague, Netherlands: Martinus Nijhoff Publishers, 1984.

[62] B. H. Kim, C. R. Joe, Comparison of the locus and the extrapolation methodg45] J. Rice, P. Paris, J. Merkl8ome further results ofidtegrd analysis and

that determine the critical-idtegral in the presence of remote energy
dissipation,Engineering Facture Mechanicsyol. 30, No. 4, pp. 49303,
1988.

[63] B. H. Kim, C. R. Joe, A method to evaluate criticahteégral value: Locus
method Polymer Testingyol. 7, No. 5, pp. 35863, 1987.

[64] B. H. Kim, C. R. Joe, Single specimen test method feerdening fracture
energy (Jc) of highly deformable materialE€ngineering Fracture
MechanicsVol. 32, No. 1, pp. 15861, 1989.

[65] B. H. Kim, C. R. Joe, A method to determine the criticititdgral value
independent of initial crack sizes and specimen lengthigrnational
Journal of FractureVol. 34, No. 3, pp. R5R60, 1987.

P aYwy & Wpyolw g cH&ALYI A0 U CA°pAuU

P Cywi o

estimates in: J. G. KaufmarfEds.),Progress in Flaw Growth and Fracture
Toughness Testing, ASTM STP 5pf. 231245, Philadelphia: American
Society for Testing and Materials, 1973.

[46] J. D. G. SumptelElastic plastic fracture analysiand design using the finite
element methqdPhD Thesis, University of London, London, 1973.

[47]1J. A. Joyce, H. Ernst, P. C. Paris, Direct evaluation-idsikstance curves
from load displacement record®roceedings of the Twelfth National
Symposium m Fracture Mechanics , ASTM STP 70@hiladelphia:
American Society for Testing and Materials, pp.-238, 1980.

[48] C. E. TurnerMethods for posyield fracture safety assessmeim: D. G. H.

pX¢

strai



