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º £

.�; ¾¦>æ/[ç
Ò&�Þ ¾���Ú(RPLSNs)
j Ï[ã«»ö ~� B�~�, [ç
Ò&�Þ~ ·ö V� ã

z³ê�ö &~� ��~&
. ¾���Úº [ç
Ò&�Þ~ ·� 3 wt%�~öBº ¦ª'b� ;ÒB ��&b¾, 5 wt%

öBº oöê 
Ò&�Þ~ ·� Ã&~&
. 
Ò&�Þ~ ·� Ã&�ö V� ãz>w³ê¢ ÚÚ� Ö" �Wz ö.

æº B>� ¾¦>æf jÝ~&�, nê�¶(frequency factor)º B>� ¾¦>æö j� 7V ·~
. V¢B ¾� ��Ú

¢ ãz�Ê� 
Ò&�Þ~ «ÚË�� �� ¾¦>æ~ j*� 3Nö' �ç�� ;Wö O�& Nj r > ®î
.

Abstract − Resol type phenolic resin/layered silicate nanocomposites(RPLSNs) were prepared by melt intercalation method

and the cure kinetics was studied as a function of the amount of layered silicate. The partially exfoliated structure was found

below 3 wt% of layered silicate, while more stacked silicates were found at 5 wt% of layered silicates. The result of FTIR

experiment for cure reaction of phenolic resin showed that the RPLSN had almost the same activation energy as pristine phe-

nolic resin but it had 7 times lower frequency factor than pristine phenolic resin as the amount of layered silicate increased.

Therefore, the steric hindrance of layered silicate in the nanocomposite affected the cure kinetics and disturbed the formation of

three dimensional network structure of phenolic resin during cure reaction.
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1. B �

�ª¶ Ï[ ã«»(polymer melt intercalation)f V�~ �ª¶ &�O

»j �&� �Ï~�B �ª¶/[ç
Ò&�Þ ¾� ��Ú(polymer/

layered silicate nanocomposite)¢ B�~º O»�
. � O»j Û~�

�ª¶f [ç
Ò&�Þ~ b�bj �ª¶~ FÒ *� Nê¾ Ï[

Nê �çb� �j &~� ¾���Ú¢ B�� > ®
. �ª¶/[ç


Ò&�Þ ¾���Úº V� ÏêB(filler)¢ �Ï~º ©�
 'f

·~ 
Ò&�Þ¢ ÒÏ~�Bê ¸f Vê' bW(�Ë ;ê, �Ë Î

î�Ê)[1-2], ¸f heat distortion temperature(HDT)[3], Ôf �cc ê

>[4-5], Ôf VÚ R"ê[6], ¸f ÚÏBW(solvent resistance)[7], ̧f

�N *êê[8] �~ ßûj ��&
.

�ª¶ Ï[ ã«»ö ~� B�B �ª¶/[ç
Ò&�Þ ¾���

Úº �ª¶f 
Ò&�Þ Ò�~ ���'� ç^·Ïb� �~� �

ª¶ÒÒ� §f 
Ò&�Þ [*b� ã«>º ;êö ~� � ��

& Ö;B
. ¾���Ú~ ��º ã«; ��(intercalation)f ;Ò;

��(exfoliation)� ¾2 > ®
. �
 ��º 
Ò&�Þ~ X-ray

diffraction(XRD) b� NZ, ¯ V&².(basal diffraction) b�~ *~,

Î·, �V �ö ~� �ê� > ®
. ã«; ¾���Úº �ª¶ Ò

Ò� [*ö ã«>Ú 
Ò&�Þ~ [*j 9&B XRD b� NZç

(2θ=~10o)ö 9Úê [* �Òö ��>º î�Ú *~ö b�& ¾æ

¾º ©b� {�� > ®�, ;Ò; ¾���Úº 
Ò&�Þ [ç �

�& j*® ZîB~² ªÖ>Ú XRD b� NZçö b�& ¾æ¾

æ pº ©b� {�� > ®
.

Îî�Ê~ Ã&, �cc ê>~ 6², �Ò�, ;�W~ Ëç �b�

�� �� �ª¶¢ �Ï� [ç
Ò&�Þ ¾���Úö &� ��&

�B® ê¯>Ú z
[9]. ��¾, &¦ª~ �ãzW >æ/[ç
Ò&
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�Þ ¾���Úº ö�� >æ¢ V.� ��Úrb�[9-12], 
� �

ãzW >æ¢ �Ï� ��º �B~æ pf 
;�
.

¾¦ >æº &Ë J¾B �W>æ� ̧ f [B ßW(ablaive property),

~> n;W, �' n;W, Ï
 n;W �~ ßûj &æ� ®ÚB �

.�Òò, ÎÞO �2Ú�, "�, ÏÒ ÖëÏ 7OB, z+, ��Ú �

ö 6Ò ÒÏ>� ®
[13]. ��¾, ¾¦>æ~ âNö ��� �� 


Ò&�Þ [*ö ã«�Êº ©� ÚJ�
. � ^B¢ ��~V *�

Usuki[14] �f ¾¦>æ¢ �W~º ";öB 4-aminophenol hydrochloride

� FVzB ÒÎÚ�¾�Þ¢ �þ b�~� �"£; ¾¦>æ/[ç


Ò&�Þ ¾���Ú¢ B�~&�, �[15] 5 �[16, 17] �f F;

�"£ >æö [ç
Ò&�Þ¢ Ï[ ã«»ö ~� ªÖ�B [* ã

«;" ;Ò; ¾���Ú¢ B�~&
. ~æò, jçræ F;��¢

ò
V Ú[�, ª¶ï� � .� >æ~ âNö'� ��~ ßû~ B

£b� �� .�; ¾¦>æ/[ç
Ò&�Þ ¾���Ú~ ��º �

�Úææ pf 
;�
.

�ö � ��öBº .�; ¾¦>æ/[ç
Ò&�Þ ¾���Ú¢

B�~V *~�, ª¶ï� ·� �>W� .�; ¾¦>æ¢ �Ï~�

¾���Ú¢ B�~&�, [ç
Ò&�Þ~ ·� ¾���Ú~ ãz

�ÿö �~º 'Ëj �Ò~&
.

2. 
 þ

2-1. bî

� ��ö ÒÏB .�; ¾¦>æº (")zJ�FzöB B�B KSP20

b�B, �;ª .� >æ& bö ªÖ>Ú ®º �ò&
. � �òº

bö ¦ª'b� �j ®V r^ö "ï~ Ã~>¢ Î&~� �;ª

j �*�Î ê, ÿÖ��Vf ê�J6j �Ï~� >ªj B�� ê

ï¶ÒB� .j �^� &�¢ áî
. .�; ¾¦ >æº KL� «

«~&
.

[ç
Ò&�Þº Na+-montmorillonite(MMT) &�º ¢� Kunipia

Ò~ B®(CEC=119 meq/100 g)j ÒÏ~&b�, FV~~B ÒÎÚ�

¾�Þ(organically modified montmorillonite)¢ B�~V *� ÒÏ�

ω-amino acidº AldrichÒ~ 6-aminocaproic acid¢ ÒÏ~&b�, FV

~~B ÒÎÚ�¾�Þº C6M�¢ ««~&
. ªöç�~ .�; ¾

¦>æf [ç
Ò&�Þ(MMT, C6M)¢ ï¶ÒBj �Ï~� b�~

&
. �r [ç
Ò&�Þ~ �ïf 1-5 wt%&
. � b�bj hot press

¢ �Ï~� 110oCöB 1�*ÿn ãz>wj �V
. � ê 130oCöB

1�* ÿn convection ovenöB êãz(postcuring)¢ �B .�; ¾

¦>æ/[ç
Ò&�Þ ¾���Ú(RPLSNs)¢ B�~&
. B�B

RPLSNsº KLMMTw, KLC6Mw¢� ««~&
. �r wº ¾���

ÚÚ~ [ç
Ò&�Þ~ wt%¢ ¾æÞ
.

2-2. G;

.�; ¾¦>æ(KL)~ ª¶ïf ªC Ï
� tetrahydrofuran(Merck

Ò)j ÒÏ~� GPC(Waters WISP 712) G;j Û� {�~&
. &ª

¶ï~ ¾¦>æ RÒ�^~ ;WªCf MALDI/TOF/MS(Matrix Assited

Laser Desorption Ionization/Time of Flight/Mass Spectroscopy)¢ �Ï

~&
. ¾¦>æ~ �>WV¢ {�~V *~� 400 MHz solid-state
13C-CP/MAS NMR(Bruker, DSX400)j ÒÏ~&
. b�& ß~º ©

j �²z~V *� magic angle sample spinning(MAS)f 10 kH&
.

FVzB 
Ò&�Þ~ ��f KL>æ& [ç
Ò&�Þ~ [*ö ã

«>îºæ¢ {�~V *~� Rigaku X-ray generator(CuKα, radiation

with λ=0.15406 nm, 40 kV, 80 mA)¢ ÒÏ~� çNöB XF ². Ê

¿Þ¢¢ &V~&
. �r ².'ê, 2θº 1.2o-10o�� scan speedº

2o/min&
. RPLSNs~ ;��j &V~V *� 100 nm~ vþ~ �Þ

j ê² z+~� Philips CM-20 R"*¶*�ãj �Ï~&
. �r

&³*{f 160 kV&
. .�; ¾¦>æf RPLSNs~ ãz³ê�j

&V~V *~� Bomem-MB 100 FT-IR ª7V¢ ÒÏ~&
. 4 cm−1

~ �çê� 5-20² scanning~&
. RPLSNs~ FÒ*�Nê¢ G;

~V *~� DMTA(Rheometric Scientific DMTA Mark IV)¢ ÒÏ~

&
. �r, "2>º 2 Hz, strainf 0.07, �Ò� ßN ³êº 10oC/min

b� ~&
.

3. Ö" 5 �V

3-1. FV~~B ÒÎÚ�¾�Þ~ ßWz

ω-amino acid& [ç
Ò&�Þ~ [*ö ¾ ã«>îºæ¢ {�~

V *~� X-ray diffraction(XRD)¢ �Ï~&
. Fig. 1f FV~~B

ÒÎÚ�¾�Þ~ XRD b��
. B>� ÒÎÚ�¾�Þ~ b�&

7.24oöB ¾æ¾æò 6-aminocaproic acid modified MMT(C6M)~ b

�*~º 6.83o� FV~~B~ ã«j {�� > ®î
. � Ö"
f

¢�~ Usuki �[18]~ 
þÖ"f ¢~~&
. � (1)~ Bragg’s law¢

�Ï~� [* �Ò¢ êÖ� > ®
.

(1)

 

�VB dº basal spacing��, λ=0.15406 nm�æ�, MMT, C6M~ basal

spacingf '' 1.22, 1.29 nm�
.

3-2. .�; ¾¦>æ~ ßWz

�>W~ KL>æ~ ª¶��¢ rj�V *~� solid-state 13C CP/

MAS NMR
þj >¯~&
. Fig. 2öB 5-7®f ¾¦>æ~ ortho-

ortho'(29.21 ppm), ortho-para(34.93 ppm), para-para(39.67 ppm) methylene

bridge��, 8®f methylol group, 9®f dimethylene ether bridge(Ph-

CH2OCH2-Ph), 10, 11®f ¾¦�ÒöB >w~æ pf orthof para*

~¢ ¾æÞ
[19]. ¾¦�Ò~ hydroxy group~ orientation Î"r^ö

methylol group" methylene bridge
f hydroxy groupö &� ortho¾

para *~ö ¿² B
. .�; ¾¦>æº ¾¦ö &� "ï~ �ªr

�®�¢ Î&~æ� .Vö ¾¦ö �ªr�®�& ¿º >w� � ê

ö ê¯>º »�>w�
 ��V r^ö >w.Vöº methylol group

� ç�® ô� �Ò~² B
. � methylol group� 
� methylol group

6º 
� ¾¦ç~ ortho¾ para *~~ �>w >²f >w~� dime-

sinθ λ
2d
------=

Fig. 1. X-ray diffraction patterns of (a) MMT and (b) C6M.
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thylene ether bridge¾ methylene bridge� �ÖB RÒ�^¢ ò
²

B
[20]. � ��öB ÒÏB KL>æº NMR
þj Û� �>W~

methylol group� ô� �Ò�
º ©j r > ®î
.

GPC¢ �Ï~� �� KL>æ~ >ï� ª¶ï Mnf 1,026, Z² ï

� ª¶ï Mwº 2,473��, ªÖê(PDI)º 2.41&
. GPCöBº 
·

� «~~ &ª¶ï~ b�
� ßöB ¾æ¾æ�[21], &ª¶ï~ R

Ò�^~ ª�¢ ¦z ¶^® rj�V *� MALDI-MS
þj >¯

~&
. ¾¦>æº �Ç� RÒ�^ ç�� �Ò~V r^ö z�'�

�Wj rV ÚJÚ ©b� rJ^ ®
. �ö &� Karasf Hillenkamp

[22]º �W�ª¶¢ ªC~V *� O»b� MALDI-MS¢ B�~&


. � O»j �Ï~� &ª¶ï~ ¾¦>æ RÒ�^~ «~¢ ¦z

^ª~� r > ®º Ë6� ®
. Fig. 3f ª¶ï 1,400�~~ KL>

æ~ MALDI-MS �â�
. Pasch �� B�� ©¾" .�; ¾¦>

æ¢ ¾¦ç" ör�� �ÖB �7�Ú¢� &;~� MALDI-MS Ê

¿Þ"çö ¾æÂ .�; ¾¦>æ RÒ�^~ ��¢ ÚÚ�� ª¶

ï 1,200�~öBº ¾¦�Ò¢ &Û 4-8B ;ê� ��~� ®
º ©

j r > ®
[23].

�ç~ Ö"
�¦V KL>æº &ª¶ï~ RÒ�^¢ ��~�B


Ò&�Þf bzW� ±f �>WV¢ ô� &æ� ®
º ©j r

> ®î
.

Fig. 2.Solid-state 13C CP/MAS NMR spectrum of phenolic resin. Asterisk indicates spinning sideband.

Fig. 3. MALDI-MS spectrum of phenolic resin.

Fig. 4. X-ray diffraction patterns of (a) KLMMT and (b) KLC6M cured at 110 oC for 1 hr followed by curing at 130oC for 1 hr as a function of silicate
content.
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3-3. .�; ¾¦>æ/[ç
Ò&�Þ ¾���Ú(RPLSN)~ ßWz

�ª¶/[ç
Ò&�Þ ¾���Ú& ã«;�æ ;Ò;�æº X-ray

diffraction(XRD) NZ" Transmission Electron Microscopy(TEM)Òê

j Û� r > ®
. 
Ò&�Þ~ [ç��& ®j ãÖöº XRDç

ö � b�& ¾æ¾�, �ª¶& 
Ò&�Þ~ [*ö ã«>Ú [*

�Ò¢ {Ë�Ê� (001)�~ b�& &'öB ¾æ¾² B
. �� �

�¢ ã«;(intercalation)�¢� ö~�, [ç��& 2Z>Ú XRDç

ö ÚÆ� b�ê ¾æ¾æ pb� 
Ò&�Þ& �ª¶ 
ÞÓÊÚö

B ;Ò(exfoliation)>î
� ö�
. Fig. 4º 
Ò&�Þ~ �ïö V

� RPLSN
~ XRD NZ
� 
Ò&�Þ~ �ï 3 wt%ræ ôf ·

~ 
Ò&�Þº ;Ò>� ¢¦ ã«Nj r > ®�, 5 wt%öBº b

�~ �V& 
æº ©b� �j oö^ ®º 
Ò&�Þ~ ·� ôr

j r > ®
.

Fig. 5º 
Ò&�Þ~ ·� 3 wt%f 5 wt% Î&B RPLSN
~ Î�

�æ¢ R"*¶*�ãb� {�� Ö"�
. ÒêöB ¦f Ff 
Ò

&�Þ¢ ¾æÚ�, ²ï:ûf ¾¦>æ¢ ¾æÞ
. Òê7*ö ��

º ~¦ ¦ªf R"*¶*�ã�ò &j";öB �Z ¾¦>æ& ¾

J¾* ¦ª�
. 
Ò&�Þ~ ·� 3 wt%¢ röº *Ú'b� 
Ò

&�Þ
� 
ÞÓÊÚö ¾ ªÖ>Ú ®îb¾, 
Ò&�Þ~ ·�

5 wt%¢ ãÖöº oö^ ®º 
Ò&�Þ
� �R ô� �Ò~� ®


º ©j {�� > ®î
. C6Mf FV~~�Î ÒÎÚ�¾�Þ�

B>� ÒÎÚ�¾�Þ�
 [* �Òê 9Ú KL>æ& z ¾ [*ö

ã«F ©b� �&b¾ {�� N�¢ ��"æº p~
.

3-4. .�; ¾¦>æ/[ç
Ò&�Þ ¾���Ú ãz³ê�[24]

KL>æ 5 RPLSN
~ ãz ³ê�j &V~V *� FTIRj �Ï~

� �Nãz 
þj >¯~&
. Fig. 6f KLC6M5>æ¢ 130oCöB

>w�Vj r~ �*ö V� FTIR Ê¿Þ"�
. >ÖzV~ stretching

�>Z�º 3,330 cm−1��, z�2V~ stretching �>Z�º 2,900-

2,800 cm−1�
. 1,100 cm−1ö methylol group~ stretching �>Z�¢

6� {�� > ®
. ÊFç~ C-H Z�~ deformation vibration~ �

>Z�º 770-740 cm−1�
. ¾¦>æ~ ãz& ê¯Nö V¢ � Z�

~ �>b�~ ̂ V& 6²~æ� � �~ b� �V æz¢ �Ï~� >

w~ *~Nj �� > ®
. ÊFç~ C-C Z�~ deformation vibration

f 1,500-1,400 cm−1öB �>b�& ¾æ¾�, � ��f >wö ^�

~æ pbæ� >w� ê¯Nö V¢ b� �V~ æz& ìÚ¢ ~æ

ò, 
B�º �.O 6²~º�, � �Fº >w� ê¯Nö V¢ þ2

~ ¦b& >»(contraction)~V r^� ©b� ��
. �� ¦b>»

f þ2 vþ¢ æz�B G;� �>b�~ JN¢ FB~² B
. �

� JN¢ B�~V *� � 
þöBº 1,481 cm−1~ C-C Z�~ �

Fig. 5. TEM micrographs of (a) KLMMT3, (b) KLC6M3, (c) KLMMT5 and (d) KLC6M5 cured at 110 oC for 1 hr followed by post-curing at 130oC for
1 hr.
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>b�¢ internal standard� F�~&�, ãz *ö &Ë �>b�& �

(1,2-disubstituted, 1,2,6-trisubstituted)¢ F�~&
. *~Nf 
r �

j �Ï~� êÖ~&
. 1,481 cm−1 *~~ b�f 756 cm−1 *~~ b

�º Lambert-Beer’s law¢ V�
. V¢B, Lambert-Beer’s law¢ �Ï

~� b� �Vö V¢ *~Nj �~&
.

(2)

�VB º ß; >wV~ .V �>(absorbance), º V&V~ .

V �>(absorbance), A1º �' töB >wV~ �>, �Ò� A2º �'

töB V&V~ �>�
.

Fig. 7f Fig. 6~ Ö"f � (2)¢ �Ï~� áf KL>æf KLC6M5

~ Nêf �*ö V� *~N �¾*�
. *Nê '�öB ¾���

Ú~ *~N� B>� KL>æ�
º £* ·rj r > ®
. V¢B


Ò&�Þ~ Î&� �� ¾¦>æ~ ãz>w� £* ¶Jöj .G

� > ®
. ãz³êç>(curing reaction rate constant) k¢ �~V *

� 
r" ?� nN�j ê«~&� ãz³ê ç>º Arrhenius �j

V�
� &;~&
.

(3)

k=ko exp(−Ea/RT) (4)

�VB, tº �Nãz�*, Tº .&Nê, Eaº �Wzö.æ, �Ò�

k0º nê�¶(frequency factor)¢ ¾æÞ
. 6� >wN>& 2N¢

� &;~�, (3)j 'ª~�,

α/(1−α)=kt+C (5)

�VB Cº 'ªç>�
.

Fig. 8f ¾¦>æ 130oCöB α/(1−α) vs. t~ �âb�, vitrification

point�*~ .V F;'� ¦ªòj ê�� ©�
. ¾¦>æº .Vö

ãz& ¢Ú¾� ºz& >Ú z �ç ª¶
� æç¢ > ìº vitrifica-

tion pointö ��² B
. ¢>'b� vitrificationf >wNêf >wb

~ FÒ*�Nê& ?f 6j ö~�, � 6 �çöBº >wb~ 6ê

& �² Ã&~�, mobility& �² 6²~� diffusion controlled >w

� B
[25]. V¢B vitrification point�çöBº � (5)¢ ÒÏ� > ì


. Fig. 9º � (5)¢ ò�~º F;'� �*j ;~V *~� ãz�

*ö V� dα/dt¢ �Ö ©�
. ãz³ê& .Vö /Ï~² 6²~�

£ 10-12ª �êö VÞV& �~ 0ö ê��j r > ®
. Fig. 10f

KL>æ¢ 130oCöB 10, 12, 15ª ãz�Î ê, DMTA 
þj >¯

~� �� tanδ Ö"�
. tanδ b�~ �&6öB~ Nê�¦V �ª

¶~ FÒ*�Nê(Tg)¢ G;~&
. Fig. 11f KL>æ~ 130oCöB

ãz�*ö V� Tg~ æz¢ ê�� ©b� &Û 11.14ª� vitrification

pointªj r > ®î
. � Ö"º Fig. 9öB ãz³ê& �~ 0� >

º vitrification pointf �~ ¢~�j r > ®
. V¢B vitrification

α 1
A1 A2⁄

A1
0 A2

0⁄
---------------– 1 A

A
0

------–= =

A1
0 A2

0

dα
dt
------- k 1 α–( )n=

Fig. 6. FTIR spectra of (a) cure behaviors of KLC6M5 at 130oC and (b) magnified peak at the region of 700-850 cm−1 in (a).

Fig. 7. Conversions of (a) KL and (b) KLC6M5 as a function of temperature and time.
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pointræ¢ linear fit '�b� F�~� Fig. 12öBf ?� ê�~&


. �âj �� vitrification point�*öBº α/(1-α) vs. t& F;'�

�, � º*öBº ¾¦>æ~ >w� 2N�j ò��j r > ®
. 6

� ¾���Úê vitrification pointÚöB 2N�j ò��j r > ®î


. Table 1öBº Fig. 12öB �� ãz >w³ê ç>¢ ¾æÚî
.

Fig. 13f lnk vs. 1,000/T~ Arrhenius plot�
. � �âj Û� �� �

Wzö.æf nê�¶¢ Table 2ö ¾æÚî
. ãz>w³êç>º

� (4)öB ��� nê�¶f �Wzö.æ� �W>º�, �Wzö.

æº "� >wb" *� ç�*~ ö.æN¢ ö~�, � �V& �>

Fig. 8. Plots of α/(1−α) against curing time for (a) KL and (b) KLC6M5 at 130oC.

Fig. 9. Plots of the curing reaction rate α/(1−α) against time for (a) KL and (b) KLC6M5 cured at 130oC.

Fig. 10. Tan δ vs. temperature plots of KL partially cured at 130oC as
a function of time.

Fig. 11. Tg behavior of KL cured at 130oC as a function of curing time.
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Fig. 12. Linear plots of α/(1−α) against curing time for (a) KL and (b)
KLC6M5 as a function of curing temperature and time.

Table 1. Curing reaction rate constants of KL and KLC6M5 for various curing temperatures

Curing temperature(oC)
KL KLC6M5

ka) Cb) Rc) ka) Cb) Rc)

190 0.013 0.017 0.9921 0.010 0.022 0.9875
100 0.026 0.014 0.9971 0.023 0.011 0.9986
110 0.061 0.007 0.9978 0.048 0.001 0.9987
130 0.216 -0.025- 0.9996 0.149 -0.020- 0.9996
150 0.645 0.111 0.9890 0.428 -0.074- 0.9899

a)Curing reaction rate constant(min−1). b)Constant. c)Relative deviation from the perfect linearity(the value of unity).

Fig. 13. Arrhenius plot of the reaction rate constant(lnk) against 1,000/
T for KL and KLC6M5.

Table 2. The activation energy and frequency factor of KL and KLC6M5

Sample Ea(kcal/mol) ko(min−1)

KL 20.19 1.8181010

KLC6M5 18.95 2.7571090
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