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How the work of adhesion affects the
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An equation correlating work of adhesion (W) with Young’s modulus and tensile strength of
silica-filled polymer composites is derived. It shows that the logarithms of Young’'s modulus and
tensile strength are inversely proportional to W,. Fourier transform infrared (FT. i.r.) results of the
composites show that the silica interphase thickness increases with increased W} values (the
hydrogen bond component of W,). The logarithmic correlation between interphase thickness and
W, is similar to that found for both Young's modulus and tensile strength. These similarities
suggest that W, can be used to quantify interfacial bonding. Our study further shows that the
composite with the lowest W, value follows the Guth-Smallwood equation for predicting
Young’s modulus. However, as the interphase layer becomes thicker (increased W, value),
Young’s modulus increases more than predicted from the Guth—Smallwood equation. Thus, an
extension of the Guth—-Smallwood equation is introduced to account for the effect of W, on the

Young's modulus value.

1. Introduction
Extensive work has been done to correlate mechanical
properties of composites with the strength of the inter-
facial bonds [1--38]. These interfacial bonds are often
described as being good or poor. Early studies con-
cluded that the strength of composites is maximized
when the interfacial bond between the filler surface
and the polymer matrix is optimized [1-12,18-33].

Interfacial bond strength can be determined from
fibre pull-out studies. However, the complex shape of
particulate filler particles makes such model studies of
fibres questionable (39). Consequently, very few stud-
ies have quantitatively correlated the mechanical
properties of particulate filled composites with their
interfacial bond strength values [1-4,32]. However,
without a quantitative approach, the nature of the
interfacial bond cannot be fully understood. To quant-
ify the interfacial bond strength, it is hypothesized that
the mechanical properties of particulate filled com-
posites can be correlated with the work of adhesion
(W,) values of their filler particles. The rational for this
hypothesis is that in several silica-filled polymer com-
posites, inter-molecular forces exist between the
silanol groups of the silica filler and the carbonyl
groups of the polymer matrix [1, 32]. Separating these
molecules requires that a certain work is done. This
work is the work of adhesion (W) and its detailed
computation has been given elsewhere [1, 32].

The main objective of this study is to test the hy-
pothesis that the W, values can be used to predict the
strength properties of composites. To do that, the first

objective is to correlate the work of adhesion with the
mechanical properties of a filied polymer. Such cor-
relations will be determined by plotting both Young’s
modulus and the tensile strength values of silica-filled
composites as functions of W,. The success of these
correlations will be used to test the validity of the
proposed hypothesis. The second objective is to deter-
mine whether the thickness of the composite inter-
phase correlates with W,. Such a correlation is ex-
pected, since a stronger filler—polymer interaction
should result in more molecular interactions and
a thicker interphase. A thicker interphase layer, reflec-
ted in a higher W, value, would facilitate the formation
of interpenetrating networks. The interpenetrating
network would enhance the strength properties and
support our hypothesis that there are correlations
between W,, interphase thickness and the strength
properties.

2. Experimental procedure

2.1. Materials

Spherical silica particles, 0.6 or 0.014 um in diameter,
were used as fillers in an ethylene-vinyl acetate (E-Va)
copolymer (72 wt % ethylene and 28 wt % vinyl acet-
ate). The 0.6 um silica particles were prepared accord-
ing to the method described by Stober et al. and
Tai et al. [40,41]. The fine MS-7 grade fused
silica (0.014 pum) was obtained from Cab-o-sil Division
(Cabot Corporation).
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2.2. Surface treatment

Amorphous fused quartz plates were used as a model
filler to characterize the surface properties of silica
[42]. The properties of the plates were assumed to be
similar to the surface properties of the silica filler
particles. Two surface treatment procedures were used
to modify the silica particles or the quartz plates. They
were: (a) heat, and (2) heat combined with trimethyl-
chlorosilane, [(CHs); — SiCl] (TMCS), treatments
[1,32,42].

2.3. Determination of work of adhesion

Work of adhesion (W,) was determined to quantify the
interfacial bond strength between the silica surface
and the E-Va copolymer matrix, and where W, was
written as [1, 20, 24,26-28,32]:

W, = Wi+ wy 1)

In Equation 1, W¢ represents dispersion forces and
Wh hydrogen bonds and polar forces [20,24, 26-28].

The W3¢ value was determined from the dispersion
component of the surface energies of both the filler (tf)
and the polymer (t§).

Wi = 2fcdcd) @

The tf and 1§ values were determined from Owens’
equation [43],

L +c0s® = 2t 2(xf 2 /n) +2(H) 2 (V) (3)

by contact angle measurements. 1represents a liquid,
and s a solid. Thus, contact angle values of water and
iodine on surfaces of either quartz plates (simulating
the silica filler) or E-Va copolymer blocks (simulating
the polymer matrix) were used in Equation 3 to calcu-
late t¢, that could be either tf of the quartz or the 13 of
the E-Va polymer.

The WP of surfaces with poor interfacial bonding
was determined by

Wi = 2(py)? “

while the W of surfaces with strong hydrogen and
polar bonds was determined from Fowkes’s equation
[1,27,28,32]. This equation is written as:

Wt = f-AH*® moles of acid-base pairs/unit area
4)
AH®(kJmol™!) = 1.00 Av(kImole™*/cm™") (6)

where AH®® is equal to 8.3 kcal mol ™! of acid-base
pairs, and Av is the peak shift seen in the i.r. spectrum
due to hydrogen bond formation.

2.4. Determination of surface
characteristics

The surface properties were measured with a contact
angle goniometer. In addition, the number of hydroxyl
groups present on the silica powder surfaces [44—46]
was determined by titration with n-butylamine con-
sisting of 0.1 M n-butylamine dissolved in benzene
[47-49]. To determine the equilibrium value between
the hydroxyl groups and the amine group, an indi-

cator dye was added. This indicator dye consisting of
1.5 g neutral red dissolved in 40 ml benzene. To deter-
mine the equilibrium value, samples containing differ-
ent amounts of the n-butylamine were prepared
[47-49]. The indicator dye was added to these sam-
ples. The two sample concentrations where one could
identify a change from a constant colour to a colour
change represented the equilibrium value.

2.5. Polymer adsorption on silica surface

Tt was assumed that the quantity of polymer adsorbed
on the silica surface from the polymer solution would
simulate the composite interphase thickness. Based on
that assumption, we quantified the interphase thick-
ness by measuring the amount of polymer adsorbed
on the silica filler surfaces. -

The amount of polymer bonded and/or adsorbed
on silica [50-54] was determined with a Nicolet 60SX
Fourier transform infrared (FT-ir.) spectrometer
equipped with a mercury—cadmium-telluride (MCT)
detector. A diffuse reflectance accessory (Model DRA-
350) was used during spectra collection. During these
collections, KBr powder was used both as a reference
powder and as a medium with which silica powder
was mixed [55-64]. The diffuse reflectance infrared
Fourier transform (DRIFT) spectra [55, 60,617 were
acquired at a nominal resolution of 4 cm ™!, From the
DRIFT spectra the amount of hydrogen bonding and
interaction energy between the silanol groups of the
silica filler and the carbonyl groups of the polymer
could be determined [1,32].

Both the heat and heat/TMCS surface modified
Cab-—O-Sil silica particles [65—70] and their ability to
absorb polymer [53, 54] were studied. This was done
by preparing different (0.5-6.0%) volume concentra-
tions of E-Va dissolved in benzene and letting 100 ml
of these solutions adsorb onto 0.3 g Cab-O-Sil silica
powder. During the absorption period, the silica pow-
ders were stirred in the polymer solution for 1 h. The
polymer-absorbed silica particles were then centri-
fuged for 5 min at 5000 r.p.m. and dried in air.

The quantity of E-Va adsorbed on the silica was
determined-by DRIFT. This determination was done
by first relating the amount of silica to the intensity of
the siloxane (Si-O) peak at 1100 cm ™! [65,66]. The
quantity of the adsorbed E—Va could then be deter-
mined from carbonyl peaks (both hydrogen and non-
hydrogen bonded C=O groups). The peak at
1739 cm™' was assigned to non-hydrogen bonded
C=0, while hydrogen bonded C=0 has a peak at
1704 cm~* [27,28,71]. The integrated peak ratio
(C=0 versus Si-O) was used to determine the quanti-
ty polymer adsorbed per unit area silica surface. Even
though this only provides the relative amount of poly-
mer adsorbed onto silica surfaces, the amount of poly-
mer could be determined as the amount of silica pow-
der was known.

To characterize E-Va, the E-Va was first dissolved
in benzene. One drop of the E-Va solution was added
to the KBr in the sample cup of the DRIFT. The E-Va
carbonyl (C=0) peak was recorded after the solvent
had evaporated.
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2.6. Ratio of hydrogen bonded to
non-hydrogen bonded carbonyl
group
The ratio of hydrogen bonded C= O to non-hydrogen
bonded C =0 peaks was determined, and the original
overlapped peaks of 1739 and 1704 cm ~ ! were decon-
voluted. Each deconvoluted peak area was then integ-
rated by the Nicolet software.

2.7. Composite sample preparation and
mechanical testing.

E—-Va composites of different volume fraction fillers
(1,3,5,10,15 and 20%) were cast from benzene/E-Va
solutions. Dumb-bell shaped tensile specimens were
prepared according to ASTM specification 1822 from
compression moulded composite sheets. The com-
posite specimens were first annealed to 100°C for 3 h,
and then conditioned at 25 °C for 3 days before they
were tested in tension. The testing procedure was
conducted at 25°C by using an Instron testing ma-
chine Model 1122 and a crosshead speed of
50.8 mm/min (2 in/min). At least six specimens per
group were tested. The tensile strength and Young’s
modulus were determined from the charts.

2.8. Tensile fracture surface studies

Scanning electron microscopy (SEM) was used to
study the morphology of the fractured composite sam-
ples. The matrix and the Stdber silica particle inter-
face, either heat or heat/TMCS treated, were exam-
ined by SEM.

3. Results and discussion
3.1. Effect of silica particle size and volume
fraction on Young's modulus
Figs 1 and 2 show Young’s moduli of composites, E,
containing Stober silica and Cab-O-Sil silica versus
silica filler volume fraction, respectively. The com-
posites had a higher Young’s modulus than the unfil-
led E~Va copolymer matrix. The modulus increased
with increased silica fraction. The heat treated silica
composites had higher Young’s moduli than the
heat/TMCS treated silica composites. For identical
filler volumes, the Cab—O-Sil composites were stron-
ger than the StGber silica containing composites. Since
Cab--O-Sil consists of smaller silica particles than the
Stober silica, Cab—0O--Sil silica has more surface area
available to bond and adsorb polymer for a given filler
volume. These bonded and adsorbed polymer chains
become stiff due to loss of their flexibility. The in-
creased number of stiffened molecules explains why
the Cab—O-Sil composites had higher Young’s
modulus than the Stéber composites. Consequently,
smaller filler particles result in better reinforcing abil-
ty.

3.2. Effect of silica particle size and

volume fraction on tensile strength
Figs 3 and 4 show the tensile strength of composites,
o,, containing Stober silica and Cab—O-Sil silica ver-
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Figure 1 Effect of volume fraction and surface properties of Stéber
silica filler on Young’s modulus, E, of polymer composites. Surface
treatment: (O) 110°C, (1) 500°C, (A) 750°C, (A) 750 °C/TMCS,
(M) 500°C/TMCS, (@) 110°C/TMCS. Diameter of Stober silica, 0.6
pm.

sus filler volume fraction. The Stéber composites had
a lower tensile strength than the unfilled E-Va
copolymer, suggesting that Stéber silica weakened the
composite [1]. In contrast, the Cab—O-Sil composites
were stronger than the unfilled polymer, at least as
long as the filler fraction did not exceed 15% silica. At
lower Cab—O-Si filler fractions, the tensile strength of
the composite increased with increased silica volume,
reaching a maximum around 4 vol % filler [1]. Com-
posites containing heat treated silica had higher ten-
sile strength than those containing heat/TMCS
treated silica.

As a general finding, the larger Stdber silica par-
ticles were less effective as a reinforcing filler than the
finer Cab-O-Sil filler. These conclusions are in line
with other findings suggesting that the reinforcing
ability often decreases with an increase in filler particle
size [72-74].

3.3. Work of adhesion

Fig. 5 shows the values of work of adhesion (W) for
different silica/E—Va interfaces. These values include
the ratio of the hydrogen component, WZ, to the
dispersion component of work of adhesion,
WS11,32]. From Fig. 5 it is seen that Stober silica had
a slightly higher W than Cab-O-Sil silica. This can
be explained from earlier studies which showed that
Stéber silica has more hydroxyl groups per unit are
a silica surface [1,32]. In addition, heat treated silica
had a higher W, than heat/TMCS treated silica. Heat-
ing to 110, 500 and 750°C reduced the number of
hydroxyl groups present on the silica surface. Fig.
6 confirms this by comparing contact angle measure-
ments of water on quartz plates. The contact angle
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Figure 2 Effect of volume fraction and surface properties of
Cab—O-Sil silica filler on Young’s modulus, E, of polymer com-
posites. Surface treatment: (O) 110°C, (O) 500°C, (A) 750°C, (A)
750°C/TMCS, () 500°C/TMCS, (®) 110 °C/TMCS. Diameter of
Cab—0O-Sil silica, 0.014 pm.

values increased as the quartz plates were heated at
higher temperatures. The change of W, mainly comes
from the variation in the W The W% increased with
an increase in silica surface hydroxyl groups [1,32].

Only a limited number of hydroxyl groups existed
after the silica surface had been heated to 110, 500 or
750°C and then treated with TMCS [1,32]. Fig.
6 shows that the heat/TMCS treated quartz had
a higher contact angle value than the heated quartz
This suggests that the silica surface changes from
being hydrophilic to become hydrophobic when it is
heated and TMCS treated. The W values also con-
tributed less to the W, values than the W?¢ values did.

3.4. Effect of W, on Young's modulus

After the silica/E—Va interface is quantified in terms of
W,, the effect of ¥, on Young’s modulus and the
tensile strength of these composites could be deter-
mined.

3.4.1. Young’s modulus
In Fig. 7, Young’s moduli (log E) of Cab—~O-Sil and
Stéber composites are plotted against the reciprocal of
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Figure 3 Effect of volume fraction and surface properties of Stéber
silica filler on the tensile strength, o, of polymer composites. Sur-
face treatment: (O) 110°C, ([0) 500°C, (A) 750°C, (A)
750°C/TMCS, (B) 500 °C/TMCS, (®) 110°C/TMCS. Diameter of
Stober silica, 0.6 pm.
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Figure 4 Effect of volume fraction and surface properties of
Cab-0-Sil MS-7 Silica filler on the tensile strength, o, of polymer
composites. Surface treatment: (O) 110°C, (O) 500°C, (4A) 750°C,
(A) 750°C/TMCS, (M) 500°C/TMCS, (@) 110°C/TMCS. Dia-
meter of Cab—O-Sil silica, 0.014 (um.

W, (1000/W,) in a semi-logarithmic co-ordinate sys-
tem. This figure shows an exponential relationship
between log E and W, ! at a given volume fraction
silica, and that Young’s modulus of a silica composite
increases as W, increases. The results depicted in Fig.
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Figure 5 Caloulated work of adhesion, W, = W¢ + W, at different silica/E-Va interfaces: (a) stober silica/E~Va composites, (b)

Cab-O-Sil/E-Va composites.
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Figure 6 Contact angles of water on the surfaces of the fused quartz
plates treated by heat(O) or heat/TMCS(().

7 can be written as:
E. = Cexp[ - Kg(1/W,)] (M

where E, is the modulus of the composite, and C and
K¢, are constants. The Kg_term represents the slope of
log E. versus W, ! and is determined from the experi-
mental data.

3.4.2. Quantitative relationship of Young's
modulus

For the same volume fraction silica, but where the

different fillers have different silica surface properties,

the constant C in Equation 7 can be deleted and the

ratio of two moduli written as:

E,

= exp{ — Ke [(1/W,) — (/W.)1}  (8)
where E., is the modulus of the silica composite with
the weakest interfacial bond (110°C/TMCS treat-
ment, W, = 63x 1077 Jem™?). The W,, is the work
of adhesion of the material with the weakest interfacial
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Figure 7 Effect of work of adhesion, W,, on Young’s modulus, log
E, of polymer composites containing different silica particle sizes
and volume fractions. MS-7 grade silica. (A) 15 vol %, () 10 vol
%% (Q) 5vol%. 0.6 um silica: (#) 20 vol %, (A) 15vol %, (M)
10 vol %, (@) 5 vol %.

bond. When Young’s modulus of a composite with its
corresponding W, is known, Equation 8 can be used
to predict Young’s modulus of another composite
with another W, but with the same silica content.



Table T shows the Ky values of Stdber and
Cab-O-Sil silica composites with different silica con-
tents. This table shows that the Kz value is indepen-
dent of volume fraction silica. The Cab—O-Sil com-
posites have a higher K _value than the Stéber com-
posites. These K values show how Young’s modulus
changes with W 1. Since the K;_value is a function of
silica particle size, the change in K with particle size
change proves that the effect of the interfacial bond on
Young’s modulus depends on filler particle size.

3.4.3. Extension of Guth-Smallwood
equation

For composites containing Stéber silica, Young’s

modulus of the composite with the weakest interfacial

bond (the 110°C/TMCS composite) followed the

Guth-Smallwood equation [15,16]:

E,(1 +25V: + 141VE) (9

Eii0 °C/TMCS =

In Equation 9, E;19°c/tmes 18 the modulus of that
composite, which is equivalent to the E_, in Equation
8. E, is the modulus of the unfilled E-Va copolymer.
Vt is the volume fraction Stdber silica. Equation 8 can
be combined with Equation 9 to yield:

E. = E,(1 +25V; + 141V?)x
exp{ — Kg[(1/W) — (1/W,,)1} (10)

Equation 10 then becomes an extension of the
Guth-Smallwood equation accounting for the effect of
W, on Young’s modulus. At a given V;, Young’s
modulus of Stdber silica composites increases as
W, increases.

Equation 10 predicts the modulus of the Stober
composites tested for the different experimental condi-
tions. Good agreements are obtained for all values
of W, and V; calculated from Equation 10, except
for the case with the highest interfacial bond
(W,=301x10"7 Jem~2). The predicted modulus
value for the latter case is lower than the experi-
mentally obtained value. Guth-Smallwood’s equation
correctly predicts the relatively modest increases in
modulus caused by the addition of inactive or non-
reinforcing fillers. However, the Guth-Smallwood
equation is relatively unreliable for predicting highly
reinforced systems [31]. Therefore, for composites
containing Cab—O-Sil silica, Equation 10 cannot be
applied; however, Equation 8 gave good agreements
for all composites.

3.5. Effect of W, on tensile strength
Fig. 8 shows that the tensile strengths (log o) of
Cab—O-Sil and Stéber composites can be plotted

TABLE I Slope (Kg, x 1000, 1077 Jem™?) of Young’s modulus
versus W, ! of silica-filled composites

Silica (vol %) Stober silica Cab—O-Sil silica

5 7.6 10.8
10 7.9 10.7
15 71 10.3
20 7.2 -
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Figure 8 Effect of work of adhesion, W,, on the tensile strength of
polymer composites, log &, containing different silica particle sizes
and volume fractions. MS-7 grade silica: (O) 5 vol %, () 10 vol
% , (&) 15 vol %. 0.6 pm silica: (@) 5 vol %, (M) 10 vol %, (A)
15 vol %, (@) 20 vol %.

against 1000/, in a semi-logarithm co-ordinate sys-
tem. The correlation is similar to that obtained for
Young’s modulus (Equation 7), in that an exponential
relationship exists between log o and W, !. The tensile
strengths of silica composites increased as W, in-
creased, which can be expressed as:

= CXp{ - ch[(l/Wa) - (I/Wao)]} (11)

co

where o, is the tensile strength of a silica composite

having W, at the interface. The o,, is the tensile
strength of the silica composite having the weakest
interfaciai  bond  (110°C/TMCS  treatment,
W, =63x10"7 Jcm~2). The W,, is the work of
adhesion of the weakest interfacial bond. When the
tensile strength of a composite and its corresponding
W, is known, Equation 11 can predict the tensile
strength of silica containing composites of a certain
Ve, but where the fillers have different W, values.
The K, in Equation 11 is the slope of log & versus
W, '. Table II shows the values of K. The K_value
depends on both silica particle size and volume frac-
tion. At a given volume fraction silica, the Stéber
composite had a higher K, value than the Cab-O-Sil
composite. The K, values increased as silica content
increased, especially for the Stéber silica composites.
This suggests that for the tensile strengths of silica
composites, the interfacial bond strength has a more
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TABLE II Siope (K, x 1000, 1077 Jem™2) of Tensile strength
versus Wt of silica-filled composites

Sitica (vol %) Stober silica Cab—O-Sil silica

5 6.4 4.6
10 9.6 6.1
15 12.1 7.3
20 14.2 -

pronounced effect on the Stéber composites than on
the Cab—O-Sil composites.

3.6. SEM micrograph of the tensile
fracture surface

Fig 9a and 10a show the tensile fracture surfaces of
a composite containing 5% filler preheated to 110°C,
and another composite containing 15% filler pre-
heated to 750°C, respectively. These SEM micro-
graphs show that most Stéber silica particles remain
embedded in the polymer matrix after fracture. These
composites are examples of good interfacial filler
bonding. In contrast, Fig. 9b shows the fractured
surface of a composite containing a 110°C/TMCS
treated silica filler, while Fig. 10b shows a composite
containing a 750 °C/TMCS treated silica filler. These
composites are examples of materials with weak inter-
facial bonding. The Stdber silica particles are nearly

1 pm

Figure 9 SEM micrograph of the tensile fracture surface of 5 vol %
Stober silica fillers in B-Va matrix. Silica treatment at: (a) 100 °C, (b)
110°C/TMCS.
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Figure 10 SEM micrograph of the tensile fracture surface of
15 vol % Stéber silica fillers in E-Va matrix. Silica treatment at: (a)
750°C, (b) 750°C/TMCS.

free from polymer matrix. From these SEM micro-
graphs, it can be concluded that the silica surface
properties strongly influence the interfacial bond
strength.

3.7. Hydrogen bonds at the interface

Fig. 11 shows the FTIR spectra of 110 and
750 °C/TMCS treated silica, on which E-Va polymer
is bonded and/or absorbed. The spectra have two
carbonyl group (C=0) peaks. One is at 1739 ¢cm ™~ ?,
and the other is at 1704 cm ™ 1. Spectrum A shows the
C=0 peak at the E-Va copolymer at 1739 cm ™.
Spectrum B shows E-Va bonded and absorbed on the
750°C/TMCS treated silica surface, and where the
C=0 group shows up as a small peak at 1704 cm ~*
and a large peak at 1739 cm ™. Spectrum C shows
how the C=0 group of E-Va is absorbed on silica
preheated to 110°C as both a large peak at 1704 cm ™!
and a small peak at 1739 cm ™.

When hydrogen bonds form between the C=0
groups of E~Va and the isolated hydroxyl groups of
the silica surface, the C =0 peak shifts from 1739 to
1704 cm ™! (27, 28, 71). Fig. 5 shows that the heat
treated silica interface has a higher W? value than the
heat/TMCS treated silica. A higher W? is due to more
hydrogen bonds at the silica/E-Va interface. Thus, the
hydrogen bond density at the interface is the domi-
nant component that determines the interfacial bond
strength.
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Figure 11 FT-i.r. spectra of E-Va bonded and adsorbed on differ-
ent Cab-O-Sil silica surfaces. The C-O shift to a low wave number
as hydrogen bond formed at the interface. (A) pure E-Va
copolymer, (B) E-Va absorbed on to silica with 750 °C/TMCS
treatment, (C) E-Va absorbed onto silica with 110°C treatment.

3.8. Polymer adsorption onto silica surface
from various polymer concentrations

Fig. 12 shows FT-ir. spectra of E-Va bonded and
adsorbed onto both 110 and 750°C/TMCS treated
silica from either 0.56, 0.8 or 4.2% polymer solutions.
Changes in peak intensity of C=0 at 1704 and
1739 cm™! are shown, and relate to variations in
either silica surface properties or polymer solution
concentrations.

The isolated hydroxyl group of silica [65-70],
shown as a peak at 3747 cm™1, is responsible for
forming hydrogen bonds with the E-Va carbonyl

0.56 vol %
(A)

0.8 vol %
(A)

4.2 vol %
(A)

0.56 vol %
(B)

0.8 vol %
(B)

Absorbance
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Figure 12 FT-ir. spectra of E-Va bonded and adsorbed from dif-
ferent polymer: concentrations on (A) 110°C, (B) 750 °C/TMCS
Cab-O-Sil silica surfaces.

group. In Fig. 12, the first three spectra show the E-Va
adsorbed onto 110 °C treated silica from 0.56, 0.8, and
4.3% polymer solutions, respectively. The 0.56% (A)
spectrum (Fig. 12) shows a large peak at 1704 cm ™!,
and a very small peak at 1739 cm ™%, Due toless C=0
(ie. E-Va) available to bond to the silica surface, the
isolated hydroxyl peaks at 3747 cm ™! still remain.
However, when more E-Va polymer molecules are
available, as in the 4.2% (A) spectrum (Fig. 12), more
hydrogen bonds form at the interface shown by the
disappearance of the isolated hydroxyl group peak.
Also, due to the increased C=0 concentration, some
C=0 groups become unable to form hydrogen bonds,
shown by an increase in the non-hydrogen bonded
C=0 peak at 1739 cm ™1,

Table III shows the relative amount of polymer
bonded and adsorbed to the silica surface. The
amount of E—Va polymer bonded and adsorbed per
unit surface area of silica was determined from the
C=0 and Si-O peaks. Table III shows that the
C=0/Si-O ratio increased with an increase in poly-
mer concentration. Also, 110°C treated silica had
a higher C=0/Si-O ratio than 750 °C/TMCS treated
silica.

Figs 13 and 14 show the magnified peak intensities
of hydrogen to non-hydrogen bonded C=0 groups,
previously shown in Fig. 12. Fig. 13 shows the 110°C
treated silica, where the hydrogen bonded C =0 peak
is plotted at a fixed peak intensity. Fig. 14 shows the
750°C/TMCS treated silica spectra, where the non-
hydrogen bonded C=0 peak is plotted at a fixed peak
intensity.

0.0782-
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0.0592-

Absorbance

0.0497 -

0.0402 -

0.0307 ; . ; r - > —,
180017711742 1713 1684 1655 1626 1597
Wavenumber

Figure 13 FT-i.r. spectra of magnified peak intensity of hydrogen
and non-hydrogen bonded carbonyl groups of E-Va on the 110°C
treated silica in Fig. 12. (A) 0.56 vol %, (B) 0.8 vol %, (C) 4.2 vol %.

TABLE III Relative amount of E-Va bonded/adsorbed onto sil-
ica (C-O/Si-O) per unit area silica surface

Polymer solution Silica treatment

concentration (vol %)

110°C 750°C/TMCS
0.56 0.025 0.019
0.80 0.030 0.021
420° 0.086 0.054

2 Thin coating of E-Va on silica surface.
® Thick coating of E-Va on silica surface.
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Figure 14 FT-ir. spectra of magnified peak intensity of hydrogen
and non-hydrogen bonded carbonyl. groups of E-Va on the
750°C/TMCS treated silica in Fig. 12. (A) 4.2 vol %, (B) 0.8 vol %,
(C) 0.56 vol %.

Table IV shows the integrated peak intensity ratio
of hydrogen bonded to non-hydrogen bonded C=0.
The ratio was measured from the deconvoluted peaks
of hydrogen bonded groups to non-hydrogen bonded
C=0 groups. The 110°C treated silica had a higher
deconvoluted peak ratio than the 750°C/TMCS
treated silica. This finding suggests that 110 °C treated
silica forms more hydrogen bonds with the E-Va. As
the polymer concentration increases, the hydrogen
bonded to non-hydrogen bonded C=0O ratio de-
creases. This suggests that, at a higher polymer con-

_centration, more E-Va molecules are adsorbed and
coupled through entanglements instead of direct hy-
drogen bonds to the silica surface.

Figs 15 and 16 show spectra of E-Va bonded and
adsorbed from 2 and 6 vol % polymer solutions onto
treated silica surfaces, respectively. There were: (1)
three different heat, and (2) three different heat/TMCS
treated silica. Fig. 15 shows that on heat treated silica,
E-Va forms more hydrogen bonded C=O groups
than non-hydrogen bonded C=O0O groups. On
heat/TMCS treated silica, however, it was just the
opposite. When E-Va adsorbed from a 2 vol % poly-
mer solution onto heat treated silica, the silica had
adequate isolated hydroxyl groups available to form
hydrogen bonds. Under this condition, most C=0
groups did form hydrogen bonds. In contrast,
heat/TMCS treated silica had fewer isolated hydroxyl
groups. Fewer hydrogen bonded C=0 groups were
found at the interface. Accordingly, a higher non-
hydrogen bonded C=O peak was observed at
1739 cm ™.

TABLE IV Ratio of hydrogen bonded C-O to non-hydrogen
bonded C-O of E-Va on silica surface

Polymer solution Silica treatment

concentration (vol %)

110°C 750°C/TMCS
0.56 38.50 1.25
0.80 16.45 1.02
4.20° 2.74 0.72

 Thin coating of E-Va on silica surface.
* Thick coating of E-Va on silica surface.
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Figure 15 FT-i.r. spectra of E-Va bonded and adsorbed on differ-
ent Cab—O-Sil silica surfaces from 2 vol % polymer concentrations.
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Figure 16 FT-i.r. spectra of E-Va bonded and adsorbed on differ-
ent Cab—O-Sil silica surfaces from 6 vol % polymer concentrations,

Fig. 16 shows a different C =0 peak intensity distri-
bution in a 6 vol % polymer solution. The E-Va con-
tributed with more C=0 groups than were available
from the isolated hydroxyl groups, which meant that
some C=0 groups could not form hydrogen bonds.
As a consequence, the 1739 cm™! peak was higher
than the 1704 cm ™! peak regardless of silica surface
treatments. The information presented in Figs 15 and
16 is in line with Fig. 12 and Table IV. This fact
suggests that more non-hydrogen bonded E-Va mol-
ecules are mechanically retained onto the silica surface
through entanglement with the bonded polymer when
the E-Va molecules are adsorbed from high polymer
concentrations.



Fig. 17 shows the relative C=0/Si—O ratio versus
polymer volume concentration. This figure suggests
that more polymers are bonded and adsorbed as the
polymer concentration increases. When polymer was
adsorbed from a 6vol% concentration onto the
110°C silica, the relative C=0/Si-O ratio was ap-
proximately as much as twice that of the
110°C/TMCS treated silica.

3.9. Quantitative relationship between W,
and interphase thickness

Fig. 18 shows the relative C=0/Si-O versus
W; ! values. The relative C=0/Si-O value correlates
with the W, ! value by a negative slope in the semi-
logarithm co-ordinate system. The amount of polymer
bonded and adsorbed onto the silica increased with
increased W, especially at high polymer concentra-
tions.

3.10. W, on the interphase thickness, Young's
modulus, and the tensile strength
1t is remarkable that Young's modulus, the tensile
strength and the interphase thickness show similar
mathematical correlations with W,. The exponential
correlation of the interphase thickness with W, was
similar to those in Young’s modulus and the tensile
strength. The realtionsips of W, with respect to
Young’s modulus, the tensile strength and the inter-
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Figure 17 The relative intensity of C = O/Si-O ratio versus polymer
concentration vol %. The polymer was adsorbed onto different
surface modified silica fillers.
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Figure 18 Effect of work of adhesion, W, on the relative intensity of
C = O/Si-O ratio at different polymer concentrations (1) 6 vol%,
(#) 2 vol %, (®) 0.5 vol %.

phase thickness suggest that W, can be used for quant-
itative evaluations of the interfacial bond strength of
composites.

4. Conclusions

The findings of this study supports our hypothesis
that Young’s modulus, the tensile strength and the
interphase thickness of particulate filled composites
can be correlated with the work of adhesion (W)
values of their filler particles. These results suggest
that the model employed to compute W, can be used
to quantify interfacial bonding. A correlation between
interphase thickness and the mechanical properties of
silica-filled composites was accomplished.

By increasing the density of hydrogen bonds at the
silica filler interface, the W, value increased. Thus,
more polymers were hydrogen bonded on silica sur-
faces with higher W, values, which also resulted in
a thicker polymer interphase. The hydrogen compon-
ent of W,(W") was the dominant component in pre-
dicting Young’s modulus, the tensile strength and the
interphase thickness of the composites. All three prop-
erties correlated similarly with W,. They all decreased
linearly with W ! by negative slopes in a semi-logar-
ithmic co-ordinate system. Thus, all three properties
increased with increased W,. The effect of W, on the
tensile strength was dependent on both silica particle
size and volume fraction. However, Young’s modulus
only depended on filler particle size.

For composites filled with Stéber silica with a low
W, value, which means no adhesion, Young’s modulus
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could be predicted from the Guth-Smallwood equa-
tion. As W, increased, the interphase layer became
thicker. This increase in interphase thickness corres-
ponds to an increase in filler fraction, and conse-
quently an increase in Young’s modulus. Because of
that increase, due to an increase in W,, an extension of
the Guth-Smallwood equation was developed and
tested to account for the effect of W, on Young’s
modulus.
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