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Abstract © Toughening mechanisms and mechanical properties of three different polyolefin—based com—
posite systems are studied using the tensile , Izod impact and double—notch four—point—bending (DN—
4PB) test, which is well known be an effective tool for probing the failure mechanism(s) around the sub—
critically propagated crack tip. Microscopy observations such as optical microscopy and transmission
electron microscopy were carried out for the test samples. A detailed investigation clearly shows that a
variety of toughening mechanisms, i.e., shear yielding, craze, particle—matrix debonding, rubber particle
cavitation, crack deflection and bifurcation, are observed around crack tip damage zone. These toughening
mechanisms are responsible for the observed, improved fracture toughness. Based on this study,
DN-4PB technique is sufficient to obtain the information needed to describe the fracture behavior of
polyolefin—based composites as well as their corresponding toughening mechanisms.
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£ Agehs dle] H1 vk AL 3o mEd, A39x] £
9] 74 glo] Eelgeln A9 RS wole iEe] uek
A AEE 1 ek 1 F g o] £71E YAHinorganic
filler) & Zel&9W Al FAAA 734 (rigidity) ¥ o2}, o)
T S7R7IE Aolth 53], 2 B0 &3] AvHI 9l
= YB3 7]% (nanocomposite techriology) ©] £8=o] v}
X ABH AL 7o) olFolA T kB ol2fst AR B
4e) T A b QAR Z7), Bk #AVE, a1 &
A -QJAZe] AR 5 o] 7 2910 s Agwc P

2 a79 B3 29280 FAE IAYoE W= A4
7] %t 71z oz, sdst AT E4E Al A
A 5 Qs S AREE] A8l rlolAE £ (micro—scale)
o] Y WAUET 71AE] ATS Yot B31At Fic) we}
A, 2 @AFeMe Al 7 2l EFAEE o83l 1A
A BAS wrsly, o288 S84l sl WAUSE Est
A s, e ERse daeid 5798 1A s
DN—4PB 7I¥je] 291511, tjkst dnl o] RpH0% 5
FER) w3 A x| 9 Aq A BAE BAl0 AN
e Aol EojEIck

4 ¥
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(1) System I :BP ChemicalsA 258 Al3dre Ag 2]
Z2)-2-9 9 (elastomeric polyethylene—toughened polypro—
pylene; e—TPO), (2) System II : Z2]9 4%)= BP Chemicals
Ate] & AR3e Ze)Z2 YA (Accpro® 9346, high cry—
stallinity PP; hcPP), %718 2= LuzenacAk] ¥ X2)¥ talc
YAHR7 —talc, p : 2.780 g/ce, Bw YA=A7]: 2F 2 ym), 1]
i (3) System III: Z¥)¥ <A+ Baselr}d) W4 ZE=zZg
A, ¥71E YA= Guang Ping Nano Technology I&° 2%
B AT CaCOz W=8lAHp : 2.660 g/cc, B QA=) : ¢k
44 nm).

System 113} System I 22} 11.7 vol%2) talc} 11.9 vol%
2] CaC038] ko7 o]F(twin—screw) YE71F 0|83l &%
EgE. FEL5E 180 Tl 2H £EE 60 rpme]ith

71H™ 24 3. ASTM D 6389 we} o13A| o] 4315
ok Al¥HA 371 63.5X5.2 mmolH, Alo)X) ol &= 254 mm
oltk. &Y W} FPsh vk AlgHo] Fu|HA v
AHEAIR7)(Sintech [DE 01831 0.085 mm/s2] $52 A EH
Ak #Has 571) AlgHo] A|ER F Bk TEEA gro] BA
=it

ot F4 AlFL A2 4 AP (TML 43-02) & o183t
o ASTM D 25601 w} M= gleh Al & AlEHe] 74 9
& E7sielth A 571e] AlgHe] A 8E F Haakd 2R
A} Zko) A= ST

ool miIZLIE U Sinld & 2:X]-4878 (DN-4PB)
AHBL 63.5X12.7%x3.5 mm IV2 713 F, 9=|E0] 250

g2/, #3148 A2z, 2007d
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Figure 1. Details of the DN—4PB test specimen.

Figure 2. Geometry and fixture of the DN—4PB Charpy impact
test.

ume! A AEE o]88le] o] 3.18 mme F 7 xAE A
A}, § =& APl 7HE2 11.2 mmelth 17 ohs, JA1A
&ol 53 FHo| E w7 B AEES ol8sl F A
FHo 22 7o) IytZ2e Fd(sharp cracks) < AHAAZE
DN—4PB Alg#] AAE A5 9 B2 Figure 1 Hepi]
t}. DN-4PB Al8& £Hl8 Z2&ed BAse stssdsel
2 A3E848 vk, TReAEA187) (Instron Model 1125) 4]
A1 0.508 mm/min $%2] ¥4 3% (quasi—static loading)
3 F 2] S AEOIAE 71 2RE FF AEZ|(TMI 43—
02) o)A A2 £2A31%(Charpy impact loading)-& 738t 4
ANEFigure 2). 9A ddd 78 9 Wy, #df B, =
UHHoZ njidt g g s FBMH(crack tip) 2
247 (damage zone)S Tho]oHEE M7 (saw) & ©]-8-3te
Figure 33 o] 34 X7wske wel 2AAHA AFs)ic) o)
o APAL TR, S dEHEE] FAAEHA (plane strain)
2791 BRo] B&&n| A (optical microscopy, OM) 3 34
AAEN)7 (transmission electron microscopy, TEM) ##&
e vl AP oz Fojdch

ARAQ] ¢4 Ay &4 REEAE FFsh7] S8
Olympus BX603} Nikon SMZ—10 #&du7go] A=)
TG Aere] &AL oF 40~80 ym FEY FA=Z Avlgr vt
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Figure 3. Schematic of the DN—4PB specimen used for OM and
TEM observation.

H(thin section)& =0l bright field®}l cross—polarized
fieldz7olN 2E2AS BFspgry”

35 AxEu)E JEOL JEM1200EX) #2328 93 o 4t
S sk AL A3 276X 5 mmHE AFH s
DGEBA epoxy/diethylenetriamine s ©]43}o] TEM$ A3 =
ol IPAIFLE Z23] A3t F 7E ] aS oA 0.3 %
0.3 mm® AES 7|2 2AAHA ELWsisitt. oA Fug
B52 TEM% tlo|olE= Zhd(diamond knife) & <=492] 44
52 BeEA (face—off) 3 § RuOsS ©]-83k] A (stain) Al
Zt}, Reichert—Jung Ultracut E microtome& ©}&3k 60~
90 nm 79 dHES Aol 2982 200 mesh formvar—
coated copper gridel] R#H T}

AN 2 EE
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£/45 Table 19 Z#sc) System 19 A%, 0 C opo)x

ol B
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S 37 48e IRSNE 275 vnE £ FAREE 7}
Al

j =

o=

12 & 4 Atk AA Seto gy AEHA-Fo|EY (stress—
whitening) @47 & 24 £4EE B8 4 9ISk System I
9] 7%, hePP/tale B3 AlEE hePP A BT} ok 200% Z7}
B AT ta B FEAEE B3l o#d Al
71 tale YA] Bl A 2 Zn] (aspect ratio) ¢ AFESE
(injection—molding) IFgellx] WASH= tale YA W2 (orien—
tation) o] 7108 R 0= wrk ofd BAAITS] Sk 7EiA 9
of| thal) hePP FAIAARE tale YRR axbael 58 A
o] IS YA ES FAAE WM E hePP/tale EEAE
& hePP A8} 78] 558 3& fXlehe Srae A7E B9
o} ol ZalH ExEARlo] ¥ A2 H tale YA B F) A
%4 (tethering point) & FA3HH sk &, 2AAIRN ¢4
(molecular chain confinement) &el] 7]918 207 Wl
System M2 ¢, PP/CaCO; E3AEE PP FA|o) vls) ok
63% 7t BAAGEE o} 133% o138 =& FAUEE
BRok olefst $AAES] Tk vhe AelA OM#} TEM AR
£ Ry 28] AEEATh hePP/talc 9} PP/CaCOz EA S oM

A&HE 5N 9 AHAUE 2 V1A
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Table 1. Mechanical Properties of Polyolefin Composites

Experimental Elastic Yield Impact
Sample temperature modulus stress strength
() (GPa) (MPa) (J/m)

Systemn 1

e—TPO 0=x2 - - 477x5.1
System II

Neat hcPP 9349 2.1+0.1 38.1x02 29.3+2.2

hcPP/talc 43204 349%£03 295+1.8
System M1

Neat PP 93+9 1.6£0.2 274x04 552+2.0

PP/CaCO4 26101 24.3+0.2 128.6%9.9

Figure 4. Transmitted optical stereo—micrograph of e—TPO.

RoIR)= gFE7IT o] 7k 91zl-4=217F 28] (debonding) *l1A]
HEd Zo= Wl

A2 19| mjzQlM BIAHUE. e—TPO tigh 0 CeollA S8
DN-4PB Ak23 24 A § AA) 44 A & 48
2HES Avj7goz AESIHFigure 4). FH% 252 #2
A, AL SRS 3] 2 dej u]E) o ofF9] BSith o)A
&Akdo] 743t Hle] 013 (light scattering) ©] 33 H 3 91
7imlelo)d Z2AA7E 1BE S 2lvjeet. Figure 5o B.oi#]
= TOM (transmission optical microscope) 13- e—TPO
9] F0 AAE A HIFAUEE BolFH: Bright field 2=
o] TOM 18e 7o Agt Fo) Fgst Aunleleld d4-&
w3ks) BojZETHFigure 5(a)). T1%o], cross—polarized field &
CollA A= Figure 5(b)E LRHQ1 o)A el &0
79 2w (crack wake) & whet e B4 (birefringence)
AN RoIFET) o8 AL e—TPOY) A A2 <404 Ul
Fof Aehily WAL Fo] BARL-S dEFErh

TEM #2e- £ 24 9a)g dAUST REeA4 &
F(morphological features)= ZAIH] 3] A= r Figure
6@+ 794 Ak 100 um ol £4HE BojErk a7 ke
AR Alolell ¢ WA whakn FPst AHloj= WP USFe] HE
goh =gk w9l sneo)d AT YR-FARRY Y
e BoRl) SAuk ol Qix-FAIHe Rl @3 TEM
£ uhy Z=0) A S A9 AR JedE Tk Figure
6(b) &= A& 7 Met FRH BEEAA S RojFErh o
g Ak FHo yFEYAEL o] BE o] wiElal AEtA

0,
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Figure 5. TOM of DN4—PB for Charpy impact—tested e—TPO specimen: (a) bright field and (b) cross—polarized field. The crack

propagates from left to right.

(@)

(B)

Figure 6. TEM micrograph of DN~4PB Charpy impact—tested e—TPO specimen: (a) 100 um beneath the crack surface and (b) at the

crack surface. The arrow indicates the crack propagation direction.

(@)

(b)

Figure 7. TOM of DN—-4PB(0.508 mm/min) for hcPP/talc specimen: (a) bright field and (b) cross—polarized field. The crack

propagates from left to right.

siF=o] glrk o)RE wd kel IS Akg wlF Y
Fo| EAstn &-& Jehich olyd Axe gellX 7ledh
TOM Z#s} & g3, dehiide] EAe oA AXE TOM
T A Ve EFE A3 dllo] "o

Al2AE I19] )9l H|#HLUE. hcPP/talc E3A|529 DN-
4PB A3 B ARmAE71E o831 0.508 mm/min. £EF
FHE ) Figure 72 hePPitale 234182 DN—-4PB A8 &
9] TOM ARRlE BolETh TOM ARIEE Fgo] Aol we}
T4 #(crack deflection), #to]|=2 =2 I &) (microcracking) 2

E2H, A314A A2%, 20074

oY 7] bifurcation) @ 5 theFet oA AlAUSE Ko
Zt}. Cross—polarized field REAW, 74 Age] £4H ofug
3 BEZ2An #au ) gtk Figure 7(h)). 1AL tale PR}
hePP 4o 4K o, hePP 5412 tS #1443k brittleness)
st vl w3 W g 2 Ao E Helth

Figure 8(a) & hcPP/tale BEAE] JR2RE] ofud ¥
HEz) ok gdodo] TEM ARE BT tale YAFY] Hif S9n]
E ok 314501, talc YA} hePP 457 Wioll vlma & 2w
o] 9ltt. %o, talc YA AFEAE Wakel HeskA 2 HEs
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(a)

()

Figure 8. TEM micrographs of DN—4PB(0.508 mm/min) for hcPP/talc composite: (&) undamaged region and (b) at the crack tip. The
arrows indicate the injection—molding direction in (a) and the crack propagation direction in (b).

200 pm

(a)

(b

Figure 9. TOM of DN—4PB for Charpy impact—tested PP/CaCQO;specimen: (a) bright field and (b) cross—polarized field. The crack

propagates from left to right.

o] glgo] A=) o]Hd tale A AHL hePPlale B3
A2 717172 B4 ol 28 F 0 HRITh =53], oA
HoJZ hePPhale HAIR.2] $27%00 9le], hePP 418} 55
3 3 SR Gl oj8Et tale YRt P} 2& HAld
71913 Xo7 Feket), sl TOM Aol Holx]= 7 Ho]
U 74 7] 59 F2A HAVEE ot tale YAkl FHPxt
& Aol FeS w2 A o7 JRErt Figure 8(h)= hePP/iale
E3ge 7o Ade] giASS Bofjfu) v Adk e F
A 9] 7 1AE Btk F1 D 2L ehds] Ak
A} 31 HAAA Q= tale Z(ayer) 7%7F gtk T3 tale
219} hePP #27he] B @A % vt o)4e o)5e] Aty
o) MZ e S vehdt) A2dow & Fah44Ed tale
YAE hePP 4] el &2l ¢ 89 #4 17 2 vio)
A2 79 % 2 dAUEE sk vl e el
< fAgth

AlAE e m2fQld mHLIE. PP/CaCOs; E3MAI5E DN-
4PB AF2Y] 54 Al T g Adue] sAEs g8 du)ow
PA3BIR. Figure 9ol = DN—-4PB A3 %7 A3¥e] TOM
AREE VERATE TOMe] 43 u), e 49 A 3 4
SFQ1 AFe)Z=e} 9% 28 (plastic deformation) F

Uszo] B, ofel AT 2WBE W) Told W
ol AlEel Gele] o) Seimelnl B el ZAle]
ofa) slelicy ]9k e ey BH OE ARsE wEa
oA o} 2 4 ek AeHe) Aeolze] WS PP 4
Uil 28 R A A B Sek TEM $2 o)]

o 358 st sb7] Aste] FRHEAT

A, PP/CaCOs HEAES] 27] A9 sljelg dAUSES &
7] gl ¢ Ao gRE f Jode ARt Figure 10(a)
= 74 Ao w7 dlgf 120 pm Eolx 4ele] TEM ARzlo]
t} CaCOs We§i o= Auh FY e Flo|=so] &2
Ak Fvjze JE F#e)ze] Age] CaCOs WheYAl o4
B AFErhs Folr) o)2hE CaCOs WedA} PP 4°4] Yie]
A ZaAel A2 74| (stress concentrators) & S T
e AL o3t 2% ofd SEAFAE Z2lm A Ule)
A Ao =<5 FAARAT e 8-S st ek 49 TEM At
29 B9, CaCO; WA} Fgo)| 28 37171 918 PP &
AZHE HEHeA] obdAE BEs] & 7t Jlok divkatd, #
29 TEM A8 ov] 284 2FatzEe] AAHE Adjo]x, 2]
2ol 28 A 29SS F B2 R-TAZ7 28 @) 9
Falzo] A7) A PP 4249 snap—back @Y= <13 ¢H4i3)
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Figure 10. TEM micrographs of DN—4PB Charpy impact—tested PP/CaCOs specimen: (a) 120 pwm above the crack surface, (b)
immediately above the crack surface, and (c) undamaged region. The arrow indicates the crack propagation direction.
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