Polymer (Korea), Vol. 31, No. 2, pp 123-129, 2007

M

clSdE Sz ool HFLUE 2 714E =4

)
(2006 114 8¢ A<, 20079 24 1549 A=)

Toughening Mechanism and Mechanical Property in
Thermoplastic Polyolefin-Based Composite Systems

Jong-1l Weon'
Reliability Assessment Center, Korea Research Institute of Chemical Technology,
P.O. Box 107, Yuseong, Daejeon 305—343, Korea
(Received November 8, 2006;accepted February 15, 2007)

& A TR BN BIAR JAZ B4 shalely viAUZe] ATHUL /AN S5 24}
sP7] S1al Q1 A% 9 ofols B2 Aldle] SAET A At 7919 sk uAUZE e8] 2k 9)
al 2447 §9 7Pl E/AGHGIh YA Fay AR AL ol galel, Eelgdn BaAR)
it A1 S SRl SA1a)y Sl BRI, oI B AN L, FelLe Hipse) 4
Ak o] AT, Felo)=, QlA-Sgk B2l elate] uleleld, 2 B W 29 ] F3) e v
& shale)g oA o] RS welESlth, olelat A AAUEES ool F2 Aol el )
s ghel F7h ek A A0 oA B ATE MO R, 2wA—4 7Y 7S Eefsd B
AR s A%} 19 P H3 Nt ol FRE ARE AT

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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S Agksh= @Qlo] S Qlrk i F3lol =, A% 54
glo] Ee)&ua A9 T3S =ol= WHEo] TRk
B AlE T QIeEP#E 7 2 gk o] F7)E YAHinorganic
filler) & F&]&eld FAol A A A (rigidity) ¥ ok}, Ik
IR E ST Aot 53], H 5o s A= 9l
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A 2SS WUkt 2e0] SRl 3 WAYSS st
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(1) System I :BP ChemicalsAF25E] AFuke A& 2 0]
%2]27 ¥ (elastomeric polyethylene—toughened polypro—
pylene; e—TPO), (2) System II : Z&]" 4=%]+= BP Chemicals
AL =o AR e ZeZ 2@ (Acepro® 9346, high cry—
stallinity PP; hcPP), 571 $1Ak= LuzenacAe] 324 |2} tale
UAHR7 —talc, p : 2.780 g/ce, B YA oF 2 um), 18
3 (3) System II: W FA):= BasellAle] 98 Z2=2
A F7]E U&= Guang Ping Nano Technology 150 2%
H AlFE CaCOz WA p: 2.660 g/ce, Hat YAA7] « oF
44 nm).

System 17} System 112 212} 11.7 vol% 9] talc®} 11.9 vol%
9] CaC039] o2 o]F (twin—screw) $&7|5 olg3lo] -6
E3y)Qir), £ r= 180 Colal EE] £5+= 60 rpm©| YTt

ZIAE M &3, ASTM D 638l wjg} QA go] 3=
th AIEHE F7]= 63.5%5.2 mmolu, Alo]A] Ao]= 254 mm
olt}y. &Y Wk} Fyst ko] A|@Ho] Fh|E ik vbE
AZA137] (Sintech IDE ©]-&3te] 0.085 mm/se] £E= A3Y
ST} #5702 Aol AR - gk EEEAF gho] B4
=3t

ofo]xTE A AlFL XA} 224 A|F7(TMI 43-02) & o]}
©] ASTM D 25601 we} X13w itk Al & Algse] 5 2
& Stk Ha 5719 Ao AHE = Hargket e
2} ghol AAF=E At

Zfjole MFAHLIE Y S0jH BE 21:-X]-47%3 (DN-4PB)
AFHEL 63.5x12.7x3.5 mm A2 78 F, vExEe] 250

Zo/H, A3148 A2z, 20074
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Figure 1. Details of the DN—4PB test specimen.

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

x| AEE o] g31o] Zlo] 3.18 mm2 F Y =XE A
3 7H4:8 11.2 mmetk 78 oks, dA12
2ol =4 Fo] & wrkx] @t WS olgst] F A
F&of -2 Zole] JIt2 R <L (sharp cracks) S AJAIHTE
DN—4PB Al 8] 2pAek 2]4= 3l 372 Figure 101 YERAS
tl. DN—4PB A8 0l e 53R skesel
& 9953E 1Este, ThsAlEAIE 7] (Instron Model 1125) ¢l
A1 0.508 mm/min §%9] 744 3% (quasi—static loading)
I F 719 e AEOIAE 7 XAF T4 AR (TMI 43—
02) ellA Ak=3] %2815 (Charpy impact loading) S sl Al
A=At Figure 2). WA ke #9 W2 Wy, vl A, =
URHog n4st 4o A ek @ (crack tip) 9
/47 (damage zone) & Thol]olEE AwtV] (saw) & ©]-8-3510]
Figure 3%} o] 74 W3R weh 24207 A 3180 o]
ol AFE] T, S fdEAEe] ZHAEZ A (plane strain)
Z71Q1 o] 381n| 7 (optical microscopy, OM) ¥ F34
A& 7 (transmission electron microscopy, TEM) #&-&
St v AlgsH o g FHjEh

AAH 7 Ao &4y mEIXE wEslr] g
Olympus BX603} Nikon SMZ—-10 3sreu]7o] AREE ST
T Meke] &AL ok 40~80 pm AL FAR dvlsk vt
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Figure 3. Schematic of the DN—4PB specimen used for OM and
TEM observation.

H(thin section) S WFH=o] bright field®} cross—polarized
fieldzold RE2AS FEalgich>

F3l8 A0 (JEOL JEM1200EX) B8 e w4 Ak
S et 2AES A 375X 5 mm?) 2 AFH sk
DGEBA epoxy/diethylenetriamine S ©]-4351] TEM& A3 &=
o 3’_76*/\]93‘4 3] A3t & 7d Ak &S v 0.3%
0.3 mm® %S A77 ZAAHA Ewaigit o]gA Fud
E=22 TEME yololr= L‘é‘r(diamond knife) & g2 g
5 HekshA (face—off) 3 & RuO,= ©]4-8F] &2 (stain) Al
Zi\ﬂr. Reichert—Jung Ultracut E microtome= ©]-&38to] 60~
90 nm FA2 wHe Ak v 200 mesh formvar—
coated copper gridell BH#E 3]},

2 A EE

JIAE 2Y. A8 A T e %?é Aol 71A14

= =
@] A& Table 19 F&lsldtk System 19 3% 0 C olo]x
E 34 A3s AAFSels Bk vwd] =2 %ﬁ,z}gg 7}
AL ok = Qr) AlA Selo 7T AEHA—FO|EY (stress—
whitening) @43 & 24 &39S E1E 4= 9l3ltk System 1T

©] %%, hcPP/talc &A1= thP FA BT} °F 200% 7t
H AT A W2 IEAEE BElth ol A
Z7R= tale YAk vlwA %% -’;.5 H](aspect ratio) 2} AFEATE
(injection—molding) A HASH= tale AF] & (orien—
tation) ol 7118+ A0 % Wtk o] BAIRE] F7h= 71zl £
Hof| thall hcPP AR E] tale A2 a4 S8 dd
o] A5 PAISIT) B TAME WML hePP/tale HEAR
i hePP 79} A9 558 3k fAshe SrEe A7E 29l
th ol EEH FARARle] W A7) H tale YRF W e A
44 (tethering point) & A 4dsh= &, EAAR] &7
(molecular chain confinement) &7l 71918 7107 wQlrt 0!
System M9 ¢, PP/CaCO3 H&A5+= PP —’FX]OH nl&] <o
63% Z7Fd AR olUg) 133% ©149] w2 FAUEE
HElt} olE|sh FAXES] S7R= the ellA OMJJr TEM ARz
S B AA5] AgE ek hePP/tale gt PP/CaCOs B EellA
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Table 1. Mechanical Properties of Polyolefin Composites

Experimental Elastic Yield Impact
Sample temperature modulus stress strength
(0) (GPa) (MPa) (J/m)
System I
e—TPO 0f2 - - 47.7%5.1
System II
Neat hcPP 9349 2.1£0.1 38.1£0.2 29.3%£2.2
hcPP/talc 43104 34.9%0.3 295%*1.8
System III
Neat PP 9349 1.6+0.2 27.4*04 55.2*20
PP/CaCOs3 .6F£0.1 24.3*0.2 128.6%19.9

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

HoR= FHAEY A YA-5A7F 2l (debonding) ol 4]
HEE 202 welr)

AL o] miu|Qly |1i|5"||-—|E e—TPO®] thgk 0 CeollA 33
DN—4PB A}23] Z7 Alg & A4 ¢d Ace] &das
AHH L dAn)ior B Figure 4). £33 RE2 3
A, 4L S48 W) ok Hof| HE] o] o 9] KHSth o] A2
Aol Zgk W] Zojfl (light scattering) ©] HASH= 37 9]gh
FiulElo]d ZRAA7F Y GS Sn] gttt Figure 50l KA
+= TOM (transmission optical microscope) I3 e—TPO
o] F9 AAIEE 91 wIAYFE RolFETh Bright field B&
o] TOM I8 w1 Aak F29lof FALAst sjeeld dd-&
&3] Hol=th(Figure 5(a)). ©<°], cross—polarized field &
o - Figure 5(b)+= d¥HEQl Zdo)R] dElz) tEo]
4 79 (crack wake) = wel FR913t B4 (birefringence)
S HolFt) o]H T2 e—TPO2| w4 Adke] &4
o Aehiliy wlAYSo] BANSS dEleth

TEM #2201 s 21y viAYUSY RE2X4 &
ZAkeb] Al A= i Figure
A 100 pm ol S-S HojErk T YRkek
AR} Atolel] 7 X3 Wake Fgst o= WAz
ok w3k 1 RRe] AulEolA ddEt YA-FR7Ee] g
AT BRIk SRRk o]efgt YIA—A|7e] F2] S TEM
£ 8 ) A sk Q19)F91 @3“” 7Fs/3% Stk Figure
6(b) = FFs] v Ak T RERAF @S HoETh o
g Aok T IFIAES Y] BekE 9lo] BEla A3

H ool
e 1% i

AF(morphological features) <
6+ 4
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(a)

(b)

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.
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(a)

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

crack surface. The arrow indicates the crack propagation direction.

e

(a)

(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.

gh=tElo] Qlrk 0|7l e Awkel] FLlstAl dehimg wAY
ol AL 55 HEhh o2fdt A= ckelld 7)=d
TOM Az} 2 dAsh], Aehige] Ex= %A #AlE TOM
E A vER 2 0] ddle] dch

AlI2E 119 m2|Q1 MFHLIE. hePP/tale H3HA=2] DN—
4PB A&e WESARAEY|E o &3l] 0,508 mm/min. S5
- 5)9I0). Figure 7 hePPhale BaAE DN—4PB A1 F
°] TOM ARLE HojErh TOM ARIES wtge] z1xgte] et
%4 #(crack deflection), Plo]=Z=2 27 (microcracking) %

E2|H, A31A8 A25, 20079

4 7] (bifurcation) A% & TR S wIAYUSES Ko
t}. Cross—polarized field FEolA, @d Ak Abdof ofuy

FEad e PR bt (Figure 7). 012 tale YAH
hcPP #AJo]] #415]908 uf, hePP 7415 B #1443k brittleness)
sto] BlmA] v IS YT ZoE HRlrh

Figure 8(a) = hcPP/talc E3HA|5.9] ¢)F-22E] i3t 9w
Wz oko dodo] TEM ARIS HoAFEt tale YA Hat SwH]
= oF 317 %01H, tale YA} hePP 74 Yol vz 2 BAkg)
o] Stk tl%ol, tale A= AR W3k FalletA 2 JEE

SIE

o

¢



Ze&H

)

SRR Qg AAYS B 71AH 54 127

(b)

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

(a)

(b)

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

propagates from left to right.

o] glgo] g1xgie). o]t tale YA FHL hePPiale E-3)
ANz 7IAA] B el TS & FloF Helth 53], oA
103 hePPiale B89 #4750 910, hePP 49} 5%
3 7S fAISHE Yo% o)#18t tale IAFe] A} £& HAld
71913k 3o 7 ek 3k TOM Aol Hojx|= o Fol
1 7] 59 3RV WIAYSE o]t tale iRkl A
£ Fato] kS wke- 2107 ehEt): Figure 8(b) = hePP/tale
EFARS w1 A dEATS Holerh oY vk e F
3 FEle] e WAS BRIk F Adeh I ehds] ke
A k31 XA Y= tale Z(ayer) 727} g9} B3k tale ¢
2k} hePP FA17He] Ha] AAE DAg) o]21e o159 Aey
o] ME A 252 vt dexow & Eal/gddd talc
UAB= hePP 574 WlellA] &3H2491 1 83 14 7] 2 vlo]
A7 71 T3 2 WAUSS frdste] vz e skl
= fAstk

Al2" TIo| maolY mIALZE. PP/CaCOs H¥AEE DN-
4PB A2y T4 A9 & g4 Ade] &4as P8 Hujgow
18Itk Figure 9ol DN—4PB A2 £7 AJ3He] TOM
AREE UERATE TOMo] 4233 |, kel i Aat e 3
el Fo) =9} FH e IS (plastic deformation) ™A

o] wasiglk ofdl AEe Aguse el Eoly @ n

ol ArlElold Folell Slal Eelsolnl BEd o] EA)e]

o Felelet. ole} ge ey EH vhE QB kA
PN

oM Zo} B 4= girk! ™! Akl Fajo]=9] uhy: PP 4]
el 24 W3S 47 A7 8271 Qlek TEM 222 o]
$ 355 s sb] flete] = SIch

WA, PP/CaCOs H3AES] 7] Ale] ] wiAUSS &
7] 98l g Ao rRE W J9s ARISITE Figure 10(a)
& e Aoz el tigk 120 um "ol 9ol TEM ARdo]
T} CaCOs WheSiAF 0% 20t i 9jsh Aeo]=Eo]
Hok SuEe e Adlo]z=e] o] CaCOz WAt FHelA
HE] AFETRs Aotk o]31 CaCOs WellA7| PP 24| o]
A ZHAQ LEAZ=mNA (stress concentrators) 2] ¢8RS 3
U= A gusict 2% oA S IAlE E2H 4] el
A Ael=E I IFATE ek gtk sEAIEL $12] TEM At
Z19] ¥d, CaCOs; WA} Fwo]| == A4A717] S8l PP 4
A &2HE] BEYEEA obdAE W] & Gt ¢leh Avksid, &
ZH TEM A2 oln] 285 o]F-slzo] A|AE Aelo|a, £
Hals 2 A s & wE= Rl-5A7F By 4] 9
Balzzo] 27 Al PP $4]9] snap—back @A s 2HA3)
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Figure 10. TEM micrographs of DN—4PB Charpy impact—tested PP/CaCOs; specimen: (a) 120 um above the crack surface, (b)
immediately above the crack surface, and (c) undamaged region. The arrow indicates the crack propagation direction.

35 & Q7] wiEoltk 53], 7 Avke R W ol S o
1% 7FsAlo] =k whebd, CaCOs YAkel PP 4217k #2] a4t
o] Az o WAsh= A& AR flEl e A vk T
Y& TEMOE #H33ItHFigure 9(b)). o F=ellx= Z#o]
27} B AL FHolo] e Hvbile WiAUEoZ HEk
Eo] Fgo]= o] Fls] THEA] =t SR AR
L CaCOs WA}t PP FAIZN Y olgds= @S =& F
Atk o7 Figure 10 (b) ol sPakiz vepfigle). ol=sh A}
£ A% 3% dlellM CaCOs WhedA7) PP 24 245E el
9Ith= Chan 5¢] A7 Axgit}. Fx2 918, A8 2729
S 1] ke oJelo] TEM AH1E Figure 10(0) ol YERHS]
th CaCOz eI PP 4] Wiell - & #alE]o] Q& B
Qlct,

o] AxE Aal B, CaCOs WA= PP 4] WlellA 3
@Rl Fo]=o] AT S w1 2l SEFANA
AEE sit) ohA] waf, A SHo] Ak EWRAEHR] 4
oflA, HA w Aetk T2 Anjeleld o el Ll sk 24|
o|z7} WA a1, Folo] FHO|=ES ] &2 FHURE FF
g 4= Qs dvhig wAYS R deheck o] w CaCOs Wed
AR FYAFTIANAZ FeUAE PP 74 2 2 FAA7]
w F#olA] AdE Eelrth 53] CaCOs U4t FUH-(equa—
torial region) oA F#o)=7} A|ZFETR= A3} CaCO3 YAH-PP
TFARE w2l Aoz AdET] A HA gt AR
523 A o7} Qlrk o] AREE: vhea o] AiEnk vkl CaCOs
AL PP A2 o F20hd, YAk FHe] HoleExs XY
& A T o, iAF AAPZE WA Afplelo]d e A
5 AP Aot} sA|9E HAAZE CaCOs WA PP A K
o 8 o e S AYa 9l7) wizel, PP A U] Fdle)=
7} A=) o)dell CaCOs Yieizke PP AIZ5E w2ld A
otk

E2|H, A31¢ A25, 2007

o] 2:xX—-474wE 7HE ESdete] A=k Fekn| A F
g A ES Bok I FEedw SRS #E A
o] tekst waoly WiAUS e, Aehily, Feo)=, A
AR 22, ke Auelold, A2 8 9 g 2r))o] &
Aghe FRIgk 4= Sieh, olH st TN vIAYSTES Eeled
A e s gk STkl Ees oItk Qs Rk
S w2 SIS 7 tale RS A Wl & '
A2l Z715 Zslde). w3k PP Ao CaCOs WA &
& AFe] FuEe ARE ZAERItE CaCOs Wed#k= PP
FA ellA ST iAS] ks oM w2 ALY
S7Fe =HsISick PP/CaCOs H3A=e] T4 o1y wiA Y
T ARl Feol=s) 1 HE wEE Akl o ® vlwa &
WS Fuslgith oA PP/CaCO; E3HAlg ] Avl= ¥4
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