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Abstract: The effects of maleic-anhydride-grafted polypropylene (PP-g-MAH) and montmorillonite (MMT) on the wear
resistance of polypropylene (PP) were investigated. The surface of MMT was modified with 3-aminopropyltriethoxysilane,
and the interfacial interaction between PP and MMT was improved using PP-g-MAH. Fourier-transform infrared spec-
troscopy was used to confirm that silane was grafted on the surface of MMT. The Taber abrasion test and scanning electron
microscopy were used to determine the wear resistance and observe the surface morphology of PP, respectively, after wear
testing. Energy-dispersive X-ray spectroscopy was used to compare the effects of PP-g-MAH and silane modification of
MMT on the dispersion of MMT. The results indicated that silane was successfully grafted onto the surface of MMT. More-
over, the wear resistance of PP was improved by the addition of MMT. The wear resistance of PP composites comprising
silane-modified MMT and PP-g-MAH was higher than those of other PP composites. This was attributed to silane improv-

ing the interfacial interaction between MMT and PP.
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Introduction

Polypropylene (PPy= A3t 712, colourability, WSF&HA],
UV QP34 5 29 AT 1A 24T He hRaen &
FE& YR G4 g SEE T Qo ol 5 AgE
HZ9] instrument panelst} door panels2 ARE-E 739 2F>
AMEO® QIEE mtETE HA ojuA Hof wimtRAy SHel
el Axo] L ashe

B2} nfr AL SFALA 7] 7] €18k MoS,, monmorillonite
(MMT), whisker 5ttt vju|d F2|7} Wo] o] &= ¢l
t}.57 Xue: polyphenylene sulfideo] MoS,S A7}slH upz
A3k 2A) AL 4 kT BRehRo0], Wang in-
situ A% polyoxymethylene (POM)/MoS, nanocomposite®]
=% POMo] H]gto] e mprzlo| 5 7H2th= A& B3
o}. 3t Aminix= in-situ $413F MoS,/UHMPES] 7-¢ EAF
H MoS,02 yokza g 4N 4 olckn waehaict.
Dasari= organo-MMT/UYU E-62 MMT/LU}LUE-60] H|5l
A Yohm A S B IEg o, o] organo-MMTS] 23
e w4t FAE organo-MMTE}F LU & 7He] A 29
71015t Ao g2 Btslgth? 3 Ling o Z A< organo-
MMTE 4 $%F% 71 o) 7HA] & vp2 A7 FAER e
L, I o] F e 2 M7 ¢ 25]8 agtvhar Bargk vt gl
t}.’ Gatos= MMT$} organo-MMT9]| w2 HNBRI} EPDM
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o] Yote/dE A7-%t 23 EPDMY] organo-MMTE 37}t
785 Uuke /g o] A E o, HNBRE 49 283 wntx
dol oehe S Bkt o|¢h &2 itjE = 2= A2
AE oA MMTe| Wk at 53t Abed/re] @4l 7141
3= Aoz Bustychl?

PP= M54 S 2 8 23S H7HE A5 Z2e} PP
kel AHAE-S 71dist] o2 S48t 5ol UEhH,
ol& FE3L] fJsto] Fddolito] T2t EH PP (PP-g-
MAH)2} Zo] S5 Ad A&3AE H7Ish7| = . PP-
g-MAH| %9 PP Akl ISZEE o o)t MMT
EHY| SA7| ST J5Age] g8l 48Ede = + A
om 3 PP chain®] 7 AHUE FAE & Y
Quintanillax=  PP/PP-g-MAH/org-MMT  nanocomposite®]] 4]
org-MMT®} PP-g-MAHE ZHo] AFERL W MMT HAH=9}
ARG 2re] F7tste 741" EAo| Aedhe Btk
E3] Xu: PP/PP-g-MAH/org-MMT compositeo]| A PP-g-
MAHZE 54 9 o4 ZA1slof 27t Abslo] AT o
ot A WG, A FE AT A PP-eMAH
of YA} org-MMTE 24} 25131 374 41%lo] Lolut
A ek Hagh uf glohR

A% ABYAL 2] olel w871 7AYol $714
29 271428 QPSR FNLREA SolF BUR 0|2
Ag3to] Bele Aol B4 8712 /1A AL, 5
e WA AREE. F71HE & AIde= s
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organicat A]9}e] WAL ZAAI AL, B 21879
steh whg-E B AFS AT Foh" Rajie 3-
aminopropyltriethoxysilaen ~(APTES),
(VIMS) 52 MMT 9| AA| %2 © PP nanocomposite
9] Young’s E2AE F7HAZIcHE & B3l uf 9lem o]
£ organosilanco] claySh PP47] Aole] ARAIE Z7HA]
7] g&olgta A= 9ict.” =3t 2§92 3-aminoprop-
yltriethoxysilane2. 2 MMT FH-E 7J2%t 7L o] ZA]of| 4
71AH A Fo] 7R Ae B oH ol= APTES /&=
MMTS} o ZA|7k9] 5k wjEoletn Ay gict o

2 Ao A= PP =29 APTESZ 72 E MMT$} PP-g-
MAHE §7 27k B 22 A28k T MMTe] A2i7ja
2 MMT H7bgol| whg Wrke/d o] #sks ARk

triethoxyvinylsilane

Experimental

1. Materials

ATl AFEE 1EXZE melt flow index7}F 8.5 g/10 min
¢l PP(Korea petrochemical IND, 4017)& AMEstE o, A2
SR 2 A melt flow index”?} 70 g/10 min®] PP-g-MAH (Irubond
130, Iruchem Co)E AFE-3}4 T & 3 2= Na-MMT (Southern
Clay Products, Cloisite Na+)E AF2-3}H 2w, MMT7)| & o] A}
£ AP AZYA = (3-aminopropyl)triethoxysilane (APTES,
99%, Mw 221.37 g/mol, Aldrichy& AR5}t o g2 o
ASFFALS] 94.5%, Extra pure A& ARESIETH

2. APTESE 0|88t Na-MMT 7HZE

Na-MMT 5 g& 90°C JFLEA 1247 AZ F sieve
(mesh size 140 um)E ©]-&3}o] F U3 Alo]|2RE ZEhd o]
T ANEe AP A-ELAE 085k MMT S gt
ogtE 500 mLe 70°CollA 1083 mRlsto] BAMAZ F
APTES 5 g& 3] =5 FHi= o= H7iet & 1A%t
¢ HEg2 ARt Hhgo] grE ¥ EE MMTE
ofetE2 o83t 53] AT £ 90°C ZF- &4 124]3F
AxAR o, o] F sieved 0]-§3t] H AT 719, ofl7]
2 7§-" APTES-grafted MMT (A-MMT)E 3|3} %t}

3. PPIMMT Eizliz M= H LHOIZHAE AIH HZE

Internal mixerE ©]-83}o] PP, MMT, PP-g-MAHE 58 7t
Ao Yol % 1587k 190°Col A Huked & Askgct of
o] A+23}1A|¢] PP-g-MAHE 3 phr, MMTE 5-30 wt.%= Hj
g5ttt ©] % hot press (190°C, 5 miny& ©]&3to] AJE &
B2 3 &, A2olA -] YAAA AHE HEUL

o] ol Taber kR 27]9] 2o WA 7Hgstel nhAH
& At vhRARY 27] FAL 2g02 SUsitt

4. Characterizations

MMT®| APTES 7 o7 24l 9 Hub2 g Al APTESS}
MAH9] vk 8}0l-& 9]3}] FTIR-ATR (Perkin Elmer, Spectrum
One system, 500-4000 cm™, Scan number 32)& AR5 7
Aol w2 MMTe] 27k # 2] 15k Cu target (40 kV, 40 mA,
Kol = 1.54 A)& zk% XRD (D8 Advance, Bruker) & o]-&3}
o] 6 deg/minF A O 2 431%™ Bragg’s laws ©o]-83}¢
SUAARE A Ut dss S45H7] $15to] Taber
nb I =2 7] (T5135 abraser, Taber Industriesy& AR5} T}, oh

52 H-18& AHE3}9 2™ 500N load, 72 rppm RAO 2
50003]7HA] mFEAIHE S et & vt SA5H o ot
HAlY 2 ¥ FE-SEM (Emcraft, Genesis 2020)2 ©]-8-3}¢
nteEe] mERXE BAs1gon, EDS (X-Max, Oxford)
248 T3 MMTS| 2448 stelstaint. 28 B4 A
ZFAME A (DSC, NETZSCH, DSC214)E o] &319e
$2aT L 10 K/min, 252 A2-250°CE 3t4Th.

Results and Discussion

Figure 1> APTESE 7J&% MMT (A-MMT)} 7] & MMT
(Na-MMT)9] FT-IR spectraS YEMNIL QIth. MMTL} A-
MMT 2% 3628 cm” 18|31 MMTE 3400 cm” 23 oA
broad$t 337} 2 E =1 o]+ silicate®} E2] O-H stretching
© 2 QlajA Yeht Aolth” AAMMTE} MMT 2% F534
©2 1632-35 e’ W27} PEEW o] FrE Bof gt
-OH bending mode& <13 Vet A o]t 1118 em™, 998
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Figure 1. FT-IR spectra of MMT and A-MMT.
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cm oA YER}E 13L& Navratilovadl] €8] MMTS] Si-O
stretching© 2 Q13 B 1% vz} 9lem, 935, 797, 708 cm!
oA YeEld 13 Al-Al-OH, Al-Mg-OH bending vibration
of o3 ettt A= MMTY| 7|2 2 2HE 5202
Uette v 3aks RS 301 = Utk A-MMTo A& 5
7H 02 1562, 1403 cm' o)l A 7] 27} Yep=d], o) 42
APTES®] o}717]9} APTESS] Si-CH2 2o 2 Q3] Yehdt
¥ 3 o]m* 1635 cm™ WA A of| ofFl o2 QI3 WAL F
% £9] -OH bending &2 Q1% 129} HA 5T 5= ¢l
9th 3 A-MMTE] A% 3400 cm™ 23 9] broaddl o 37} A}
2 A2 1T 5 =T, o= W&ol A3 H | w2t O-
H groupo| AltR| 1L Agto] £om 7= A4S E Rajizh
MMTE APTES®} vinyltrimethoxysilane(VIMS)2 EH 7J2&
< AYPgof et oot 22 IS Bt vt ok o] &
&3l APTES7} Na-MMTof| A3st3la2 & 4 AUslh
Figure 2= AZ7id o & MMT 3717H4 9] ¥3E ot
R7] 93+ XRD E4 A uto]th, A-MMT)] 2 theta Z+-2 7.1005
2 Na-MMT9] glo] 8.047631 Aof v|3|| At 2Ho] & H
t}. Bragg’s lawo]] w2} 57t A2 & A4t A3 Na-MMT9}
A-MMT®] S7HAE= Zb2F 11 A9} 12.4 AS YeERYQle. &
Aol o8 FAZIE S ¢ & AdTh
Shanmugharaj'= MMTE APTESZ 7J|&g A] silaneo] -&0ff
o] oA whet 4742] FEl- E2]4 g2, intercalated,
Y O+ E| clay platelets7te] 3}8t& Ot T EZ ZA%H
ok A3t vl Qlck. MMTE] EHO|Y A 44 ml/m?® B}
S 9 o |YA7 IAY 2 A MMT7E §ufof 9
3l wet 7] 4] Agko] MMT ¥ 9] edge F-iof A5}
+ hydroxyl groupat ZAgHst7| A%, &3 Zo] FHH A
7h o 2 3¢ ZHIEo] & YojuhA] ¢eH, intercalated ]
= 97 gota BaEick oebgo] HouxE 22
mN/m’2 MMTe] v|3] W& ghe =i glom, o] uka} 4l
o] YR intercalated =AU, A edgee] Agto] AFs}t
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Figure 2. XRD of MMT and A-MMT.
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Figure 3. FT-IR spectra of PP/PP-g-MAH/A-MMT Composite.

m AR 7R AL =R §jAS = Qi

Figure 32 PP/PP-g-MAH/Na-MMT®} PP/PP-g-MAH/A-
MMTS] FT-IR Z3+E Ve i gich. PP/PP-g-MAH #H XX
E 9} PP/PP-g-MAH/Na-MMT # Z 2| E o] A= 1749 cm™'oj| A
anhydride®] C=0 m=7} 2= ow, PP/PP-g-MAH/A-
MMTO AL 1649 ecm™!, 1596 e 23] 1720 cm'o|A] 1]
27} BSE ) o] 2HE A-MMTE] oyl T3¢ E 1635
cm’!, 1526 cm™ 5 3.7} PP/PP-g-MAH/A-MMT 7 Z X E o] A
= 1649 cm?, 1596 cm'e 2 o]Fdlg o, T3 MAHY]
1749 ecm'9] T =37} gojA L 1720 cm oA FFEEAIALS]
C=0 7 =27} Y= AL #ST 4= Aok JinZ maleic
anhydride®} o}qlo] Bh-g-5te] 7iguE-go] Yot 1769 cm
239 cyclic anhydride®] C=0 3 =7} 1720 cm™'¢] carboxyl
acid C=0 stretching I A2 o]F3Ittal B 13} o™, Wang
< YA E7} MAH blendo| A U4LE29| offln|ar} B} =
< wave number® ©]-53hE 545t & 7He] sFehuh-go] o
oS ¢ 4= itk B33k v} @Ik 2526 Lester:= 90°C 2 A
of 4] o1z} maleic anhydride7} RES-3tChH= S B2l vp7h
Qith?” ulebA] Figure 39] ATE E35l9] PP/PP-g-MAH/A-
MMT] 79 A-MMT$} PP-g-MAH7} a2 5= 52t 3}
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Figure 4. Reaction schematic of A MMT and PP-g-MAH.

kg0l AP HUSS & 4 At Figure 40 PP-g-MAHS}
A-MMT 7t8] dh-g-mA =5 el it

Figure 5= "l cycleof| & &A%S Yellar qich. PP
E = PP/PP-g-MAH®Q] 79 utX cycleo| F715o]| wheh nf=
FAFH R STt BE5S el vbd MMT7F 7He A
£ 3000 cycleo] o] %ol = $HALS YetH o, £3] 7HE
® MMTE] 3% s3d%do] ¥ =of Hict. PP PP-g-
MAH 3 phrE 715t A$ &4%F 571 & Wvk=EAgol fa
& & 5 =T, ol= PP-g-MAHZ} PPoj B8] ZA}3Fo] 4
iAoz zy1 R 7| glZo|t}. PP/PP-g-MAHo| MMTE
A7Fet 79 MMTE] 7 d o 5o Arglo] Wuli o] F7t
3= AARS YE @it PP/PP-g-MAHO] Na-MMTE 5 wt%
A7k A2 5000 cycle & oF 33%9] upmeF 7HAE Urel
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Figure 5. Wear loss after 5000 cycle wear experiment.
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Figure 6. Effect of filler content on the wear loss of PP
composites.
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Figure 7. SEM micrographs of (a) PP/PP-g-MAH/Na-MMT and (b) PP/PP-g-MAH/A-MMT wear surface after 5000 cycle wear test.

FLolA AT 5 SUek

Na-MMT E+= A-MMTE 333t PP/PP-g-MAH HEZAE
o thste] 50003] WERHAEES Z3P7E & npRHS SEMSE
£5) BAG AT Figure 79 Lk sich. Figure 7ask Tb
£ v|23] B u] Na-MMTE 73t 7a2] -9 A-MMT
Fheeh Tholl Wlsto] AT A Sold Hio] Bag
% 9t} o) BLRH AR Bt oRre] L7} Abstel PP
E1 PP/PP-g MAHS| TEAV} Solyy] oz sk
t}. Figure 7b9] A2 A-MMT$} PP-g-MAHZ7}F] ¥F2- 0 & A
MMTo|| 27 E 1EAte] FFo= Fojvh= Aol Hast
7] Mo 2 BekEn. Figure 82 EDSE 0|83t npi®
< Si mappinggt 2 3}o|t}. PP/PP-g-MAH/A-MMT (Fig. 8b)
o] #© PP/PP-g-MAH/Na-MMT (8a)2t} 24 =7|7} AR
A1 T2 BEek AL Belst 4 q19lth Raji PP/clay
HAEAEA clayS organosilanee @ FEH/NAFE
clay nano-particles®} PP 4=%]712] A" 2}to] 7| A 33 0]

o

Si Kal

4

T 500um !

M500um !

g Atk B 03k v 9l o™ S Jesionski HA] PBTO)| A A
2]7}& APTESZ 7NA3}9S W agglomerate A7} 7F45}
Foka BHushgct? E3F Yuants EWo| NH, 150] &=
A7} e g2zt PP-g-MAHS} Zo] ukgsto] PP 2boll A
N2A BAE S-S B ok whetbA Figure 89] Fik= 2
e A9 organicdt FEOE QI3 F7HE A-MMTE} PP
o 484 B7heh W71, PP-g-MAHS} ofule] Bfaba] Aol
Z1gPeol mwat PPoA o & BAME AYES ¢ 4+ AUtk
Table 12 FHEZAES F& £ UL ot PP/PP-

Table 1. Melting and Crystallization Enthalpy of Composites.

Sample T AHy, Tc AH,
(OC) (J/g) ("C) (J/g)
PP/PP-g-MAH/
Na-MMT 5 wi%s 08 79.86 115 84.4
PP/PP-g-MAH/
A-MMT 5 wt% 168 72.51 115 80.05
Si Kal

Figure 8. EDS results of (a) PP/PP-g-MAH/Na-MMT and (b) PP/PP-g-MAH/A-MMT wear surface (Si mapping).
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Figure 9. SEM micrographs of PP/PP-g-MAH/A-MMT wear surface with various amount of A-MMT after 5000 cycle wear test (a) 5,
(b) 10, (c) 20, (d) 30 wt%.
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Figure 10. EDS results of PP/PP-g-MAH/A-MMT wear surface with various amount of A-MMT after 5000 cycle wear test (a) 5, (b) 10,
(c) 20, (d) 30 wt% (Si mapping).
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g-MAH/Na-MMT composite®] AH, %= 79.86 J/g, PP/PP-g-
MAH/A MMT composite:= 72.51 J/go.2 &3] 743 g
2 BHgon, AHZE 9A] PP/PP-g-MAH/Na MMT composite
2 84.4 J/g, PP/PP-g-MAH/A-MMT composite= 80.05 J/g©.
2 A% 32 B Yk Akinci A= PP} red mud composite
oA ZH-y7t vh-go 2 2l 8§ A9} gagS
B 113} 1,3 Bertalan 9 A calcium carbonated filled polymer
AN FARRE S AYstact” E8 Q1Y o5 %
AR Q5 AHeh AP FAPAE wo Buwo] g
Nofar =& Branched J =7} t}2 PLAS} talcE &3] A2l o]
T4 ol W 23 gy FAt HEY &5 A
T A T FFYS Hol= RS Hgt vf Qlrk. oA
AYAE A-MMTE] ofylo]7] 9} PP-g-MAHS}E] BH-g-2- F-3f
EgH A2l olFAdol AL, olF T3l &edE
o} A3t Ayt B ot Ay 4= gleke

Conclusions

APTESE o]&3}e] Na-MMT ®EWH/|R-S Z3gst Ayt
APTES7} AZxozm mwo] Ao, o= FLIR,
XRDE E3) 8ol 2= 9J9ith. PP/PP- + MAH/Z & AZAE
A 2 Na-MMTE AFESF A] 4243 PP Bt} Yulm A
Loo] gRAFS TS 2 919lom, APTESZ j&E A-MMT
S A48T Al NeMMT e} ok el B2 B4
2 9 2= 919lt}. o] MAH-0}YIZES] WhS-© & PP} MMT
2be] whgo] FAFEIL] whzo|w, ol SEME ol 8g il
IS F S 257 2ol 903 31510 DSC
PP/PP-g-MAH/A-MMT compositeo]| A S-g-<eT]

o 2AQsdgu o] HaE AT 4 Usen, o] HA
MAH-o}al7ke] Ajto 2 ol Za|n-Paj7te] AHeA 20
2 A% AadS U 4= Ui A Y mrEAS 2]
AeliA= AR L ol EAst, o] o S/ 75‘
+ SRz Q3 Wrtr/dso] HolAls AL T &
At
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