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Interfacial Characteristics of Epoxy Composites Filled
with y -APS Treated Natural Zeolite
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ABSTRACT

Epoxy composites filled with natural zeolite was prepared to investigate the effects of silane
coupling agent, 7y -APS (7 -aminopropyltriethoxysilane)on the surface free energy, tensile prop-
erties and interfacial morphology. The value of Lifshitz-van der Waals component, y £ for apolar
was 1922 mJ/m" and increased, while that of Lewis acid-base component, v 2 for polar was
16.27 rml}‘nr;2 and decreased with the increasing content of y -APS treatment. It is due that the
surface of the zeolite is more coated hy hydrophobic alkyl group than hydrophilic amine or
hydroxyl groups. The tensile strength and Young's modulus of epoxy system were improved by
the treatment with » -APS due to the strong interfacial bonding, which was confirmed by SENML
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INTRODUCTION

Manvy polvmer composites filled with
inorganic materials have been studied to
improve their properties in various appli-
cations, such as polymer composites,
paints, cosmetics, ete..'™ The properties
of them are dependent not only upon the
each characteristics of the polymer and
the filler but alsc upon the character-
istics of the interface. However, those of
them are =o dissimilar that repulsion acts
on the interface between the organic
polvmer and the inerganic filler. There-
fore, when external force is given to the
polvmer composite, the stress concentrate
on the most weak point, that 13 the
interface between organic and inorganic
materials, from which ecrack initiates to
break up the bulk composites So, the
interface characteriztics are much more
important especially, and many researchers
have investigated to characterize the dis-
similar materials and they find that the
surface of them are clasgified into two
categories: one ig hvdrophilic whose surface
free energy i1s high and the other is
h}'dl'np_hohic whose surface free energy is
low."® To facilitate the adhesion of two
different materials, the apolar surface
should be modified inte a high-energy
polar surface or the polar surface should
be changed to apolar surface by a number
of medifving methods. Generally, the hydro-
philic surface of inorganic fillers such as
clay minerals, zeolites, alumina, silica,
ete. are treated with coupling agents in
order to decrease the surface energy of
them,

In this system, natural zeolite as an
inorganic filler is treated with silane cou-
pling agent with amine end-group in
order to give them similarity of surface
characteristics. and the surface energy,
tensile propertiezs and morphology of the
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interface were investigated.

To get surface free energy, the contact
angle method as shown in Figure 1 is
used with the equilibrium among the
interfacial tensions of solid/liquid ysr.

solid/vapor 75 and ligquid/vapor iy

expressed by the following Young's
equation’ =L
Yrv s = ra — Yev (1)

Where, & is contact angle. However, the
contact angle for a particle cant be
measured, so column wicking method is
used by determining the rate of penetra-
tion of probe liquids{usually methylene
iodide, water and formamide) through the
packed beds of the powder, using the
following Washburn's equation. o

o R Yry cos f

h = 7 7 (2)

where, h {cm) is the penetrated distance
of the probe liquid in a selected time ¢
{sec), R (em) is the effective interstitial
pore radius between the packed particles
in column and 7% (cP} is the viscosity of
the probe liguid.

It has been well-known that the surface

free energy of a solid, yg 13 consisted of
Lifshitz-van der Waals component, v &
for apolar and the Lewis acid-base com-
ponent, ¥ ¢ for polar. The Lewis acid
component, 5 is acted as an electron

acceptor site and the Lewis hase compo-
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Figure 1. Contact angles between liquid and solid
surface.
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nent, 7‘«,?1 iz electron donor site.'g'm To
get the values of these components, the
values of the probe liquids in Table 2
were applied to Eq.ﬂ.l”'J Methylene iodide
was used as a probe liquid to determine
the 7 _f;;“-’ component of the zeolite surface
free energy and water and formamide were
for y§, and y §- components.

" ¥ LW W 5 :
el +cosg) = 2060 ¥i0 viv + V75 A

+ ¥ rSee v (3)

The polar component, :r?.lf and the total
surface free energy, yqr were calculated
from Eq.4 and 5,

v = 2Vrhrs (@)

rov = 75 + o (5)

Il

EXPERIMENTAL

The materials for epoxy matrix were
diglycidyl ether of bisphenol A (DOEBA},
4.4 -methvlene dianiline (MDA, curing
agent) and malononitrile (MN, reactive
additive).""™ The inorganic filler was
clinoptilolite tvpe natural zeolite from
Kampo area in Korea whose average
particle size was 9.9 ,um”” and the cou-
pling agent whose trade name is A-1100
was y-aminopropvitriethoxvsilane { y-APS)
supplied by Union Carbide and the for-
mulation is

HaN—CH:2)—Si—H0C:Hs )3
{ ¥ ~aminopropyltriethoxysilane)

The silane treatment of the natural
zeolite was as follows, 0, 0.5, 1.0, 1.5 and
20 wt% silane coupling agent was
hyvdrolyzed in the mixture of ethanol/
water = 953/6(vol%) for 15 mins at room
temperature, and then the natural zeolite

was treated with the hvdrolyvzed solutions
for 30 mins at 50T and dried for 24 hrs
at 1207T. The dried zeolite was grinded
and sieved into 325 mesh under. They
were stored at desiccator to prevent
water molecules from being adsorbed,

Column wicking experiment was carried
out in the following manner. Glass tube
with 100 mm long and 9 mm diameter
was plugged at the bottom with a small
wad of cotton woel and the tube was
packed with 3g of zeolite powder at the
height of 7 em. Wicking was done with
n-alkanes{hexane, heptane, octane and
decane}, methylene iodide, water and
formamide at 20T, and the penetration
rates of the liguids were measured.,

The procedure of the preparing the
specimen for tensile test was as follows:
To disperse the zeolite filler effectively,
DCEBA and zeolite (0—~40 phr) were poured
into the agitator connected with vacuum
pump and agitated for 2 hrs at 80°C under
the vacuum condition, The melted MDA
(30 phr) and MN (10 phr) were well mixed
with the DGEBA/zeclite mixtures and
vacuumed for 20 min in the agitator. The
zeolite/epoxy mixture was poured in mold.
The viscosity of the mixture was so proper
that it can flow inte the mold easily,
however, the zeolite filler didn't settle
down, The optimum curing condition was
first curing at 80T for 70 min and second
curing at 150°C for 60 min.

The morphology of the interface was
observed by SEM (JSM 840A, England),

RESULTS AND DISCUSSION

Surface Free Energy

Fq.2 has a fundamental difficulty that
there are two unknowns (£ and cosf).
S0, R should he ascertained indepen-
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dently before determining the cosé and
this difficultv can be easily solved by
using the spreading liguids which can
completely wet the solid surface, so that
the contact angle & =0. that is cos8 =1.
Cenerally, n-alkanes are used as spread-
ing ligquids and Eq.2 can be changed as
follows ™.

B = M (6)

TLv

After ascertaining the wvalue of K, the
contact angle for each probe liguid with
the solid powder is calculated via Eq.2
and the surface free energy can be
determined,

Figure 2 shows the penetrated distances
squared, h® as a function of time, ¢
obtained by wicking of a series of n-
alkanes on 0.5 wt% y-APS treated nat-
ural zeolite. The slopes for all n-alkanes
are wholly decreased comparing with those
of untreated natural zeolite and the trend
of slope is similar. The values of Table 1
are joined to Fq.6 to determine the value
of B and the relationships between 2y hi4
and y;, are displaved in Figure 3. The
value of R calculated from the slope is
3.72x 10" em.

To get the contact angles between the
0.5 wt? »-APS treated natural zeolite
and the probe liquids by using Fq.2, each
slope of the straight line in Figure 4 are
joined to K value and the data of Table 2.
The contact angles for methviene iodide,
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Figure 2. Plots of /' vs. t obtained by wicking with
n-alkanes on the natural zeolite treated with 0.5 wit®%
y -APS.
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Figure 3. 2 g?lfﬁvs. ¥y for wicking with n-alkanes
on natural zeolite treated with 0.5 wit% ¥ -APS.

Table 1. Viscosity, 7., 71w, 7ivand » 7 of n-Alkanes at 20°C.

Lw AR & =
n-Alkanes v (cP) vEy 2 r = - ; L:E. _ ’ ) ) ’ S 3
{md/m®) (mJ/m*)  (mJ/m’) {md/m?) (mJd/m®)
n-Hexane 0.326 18.4 18.4 a a ]
n-Heptane 0.409 20.1 20.1 0 0 0
n—Octane 0.542 21.6 21.6 0 0 0
n-Decane 0.907 23.8 23.8 0 0 {
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Table 2. Viscosity, 7 .., 7 1V, r ¥ ,and 7%, of Probe Liquidsat 207T.

Probe Liquids 7 (cP) Ly vV iy riv riv
{mJ/m") {mJ/m®) {mJ/m®) {(mJ/m?) {mJ/m?)
Methvlene iodide 2.80 50.8 50.8 { 0 {
Water 1.00 72.8 21.8 51.0 25.5 25.5
Formamide 4.55 58.0 39.0 19.0 2.28 39.6
50 component decrease with the increasing
content of ¥ -APS treatment. It is due
4oL W Methylene lodide that the surface of the =zeolite is more
: f:_‘"“‘“‘ " affected by alkyl group (hydrophobic)
' than amine or hydroxy]l groups (hydro-
E1IRS ‘v
Js philic),
k=
=2
ey BOT 3.2. Tensile Properties
10 |- When silane coupling agent i3 hyvdro-
lyzed at pH=3.5, three silanols are pro-
0 i | duced {mechanism [), and the silanols
0 500 1000 1500 2000

L (sec)
Figure 4. Plots of If vs. t obtained by wicking with
probe liquids on natural zeolite treated with 0.5 wit%
» -APS.

water and formamide are ¢ =62.6°, 68.4°
and 64.2°, respectively,

By introducing the & =626° ¥ ',-"fl-
and 75 for methvlene iodide of Table 2
to Ea.3. the apolar component, y&f =
27.08 mJ/m" was obtained and the polar
components, ¥ % = 4.12 mJ/m" and ;v_“;-'r =
9.09 mJ/m” were also obtained from Table
2 and Eq.3. By substituting the value of
Eq.4, 7§7 = 12.23
mJ/m” was obtained and the total surface
free energy, yer = 39.31 mJ/m” is

ysr and yi- into

calculated from Eq.5.
The surface energy components for the

natural zeolite treated and untreated are

put together on Table 3. The value of y &

component increase, while that of 737

react with the hvdroxyl groups on the
surface of natural zeolite forming siloxane
linkage splitting out water molecules or
hydrogen bonding {mechanism [I}), And,
the amine group will react with epoxide
group of the epoxy matrix as shown in
the mechanism IIl. By these reactions,
the interfacial strength is improved and
the mechanical properties of the epoxy
composites iz affected.

Figure 5 shows the tensile strength for
epoxy/natural zecolite composite, The tensile
strength of epoxy svstem is improved by
the treatment with y-APS due to the
strong interfacial bonding, which makes
the rate of crack initiation slow. Figure 5
alao shows the decrement of tensile
strength with the increasing content of
natural zeolite regardless of the silane-
treated concentration. When natural zeolite
iz added to the epoxy matrix,
crack initiation region is formed because
of the difference of linear expansion coef-
ficient between epoxy matrix and zeolite
filler on the interface and the secondary

4a new
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Table 3. Surface Energy Components for the Natural Zeolite at 20TC.

Contents of ¥ ~APS Ysv 7§ & r S 75
treatment (wt%) (md/m®) {md/m") {m.J/m") {(mdJ/m"} {mdJ/m"}
0 34.49 19.22 15.27 4.28 13.63
0.5 39.31 27.08 12.23 4.12 9.08
1.0 41,24 29.45 11.79 4,08 8.52
1.5 42,54 31.26 11.28 3.92 8.12
2.0 42 95 32.81 10.14 3.45 T.45
H,N —(CH,), —8i —(0C,H), © 310 the increasing zeolite content.™”
) The effect of ¥-APS on the Young's
/‘3'” (1) modulus for epoxy/natural zeolite compos-
—= HN—CH), —S5i—oH * 3¢ H0H ite are shown in Figure 6. With the
\GH treatment of ¥ -APS, Youngs medulus is

H.N —(CH,},

HO
/oa
Si\—cm +
OH
HO

(1)
/()H
H,N ——(CH,), Si—0
\- OH
/mz i
; K
H N ——(CH, ), Si—o, o
N B
on H

OH
o
O, —CH, + HN—i0H,), —s8i—0
[§] gl ”.}.”
(s}
e
R CH, ——CH, —HN —i0L,), —8i—0
ilm \\-uu

|_’-Epm:} Matrix

Surlace of
Natarnl Zeolie

crack initiates ahead of the primary crack
fronts, so tensile strength decreases with

modified due to the local plastic deforma-
tion on the zecolite surface., The friction
between epoxy resin and untreated natural
zeolite  disturbed the flow of polvmer
chain and the strong interfacial strength
obtained by the chemical bonding of
coupling agent more effectively disturbed.
It also shows the increment of Youngs
modulus with the increment of zeolite
content as explained by the following Tule
of mixture,™

E, = V,+E, + V.- E, {7)

where, E iz the Youngs modulus, V is
the volume fraction and subscripts ¢, =z
and e are composite, natural zeolite
particle and epoxy matrix, respectively,
The wvolume fraction of the natural
zeolite, V., increase with the increasing
zeolite content, so the total modulus of
the composite increase,

Figure 7 shows the moerphology of the
interface and the surface of zeolite particle
untreated {A) and 1.0 wt% y-APS treated,
There is no epoxy trace on the surface of
the untreated zeolite which results in the
no adhesion at the interface as shown in
Figure 7(A), However, the surface of the
treated zeolite is coated with the polvmer
and the interface adhesion i3 modified as
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Figure 5. Tensile strength for epoxy with various
contents of 7 -APS treated zeolite.
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Figure 6. Young's modulus for epoxy with various
contents of 7 -APS treated zeolite.

shown in Figure 7T(B), So, it is the natu-
ral result that the tensile strength increase
as the surface of zeolite is treated with
coupling agent,

CONCLUSION

The effects of 7-APS on the surface
free energy, tensile properties and inter-
facial morphology of epoxy/natural zeolite

Foey S8t Hagnl Dl

IRV 4.0 20000 SE 1

(B)
Figure 7. The interface morphology between epoxy
and natural zeclite. (A) untreated and (B) treated
with 1.0 wit® 7 -APS.

composites are investigated. The wvalue of
Lifshitz-van der Waals component, 7 &
for apolar increased, while that of Lewis
acid-base component, y 4¢ for polar de-
creased with the increasing content of 7
-APS  treatment. It iz due that the
surface of the zeolite i3 more affected by
alkyl group (hvdrephobic) than amine or
hydroxyl groups (hydrophilic), The tensile
strength and Young's modulus of epoxy
svstem were improved by the treatment
with 7 -APS due to the strong interfacial
bonding, which made the rate of crack
initiation slow. The increasing interfacial
adhesion was observed by SEM.
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