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ABSTRACT: The relationship between interfacial adhesion and mechanical response in
discontinuous glass-fiber-reinforced thermoplastics (GFTP) was investigated using
low-density polyethylene (LDPE) as a matrix. It was found that the presence of acid
groups in the matrix enhances the mechanical strength as well as the interfacial adhe-
sion, to a great extent, especially with the glass fibers (GF) treated with basic coupling
agents. However, some degradation in mechanical properties of the GFTP resulted
when excessive interfacial adhesion was achieved with large amounts of the acid groups.
The results of diverse characterization suggest the existence of an interphase of bound
polymers at the GF surface, whose physical entanglement with the matrix plays a
critical role in the mechanical response of the GFTP. © 1997 John Wiley & Sons, Inc. J

Appl Polym Sci 65: 143-153, 1997
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INTRODUCTION

The importance of glass fiber—matrix interfacial
adhesion on mechanical performances of glass-fi-
ber-reinforced thermoplastics (GFTP) was recog-
nized in the early days of the composites; there-
fore it merited the attention of plastics engineers.*
The interfacial strength plays a major role in the
composite properties when other factors such as
fiber strength, fiber orientation, fiber aspect ratio,
volume fractions, and the stress sensitivity of the
matrix material are the same.? Different from
thermosetting glass fiber (GF') composites, the in-
terfacial adhesion is usually not strong enough in
GFTP for lack of chemical bonds or specific inter-
actions across the interface of the relatively im-
miscible components. One of the most common
approaches to overcome this defect consists of in-
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troducing acid molecules as pendant functional
groups in polymer backbone or side chains to
allow interactions with polar groups on filler sur-
face.

The acid—base interactions may be important
in improving the interfacial adhesion of GFTP
and effective, especially for apolar polymer matri-
ces, such as polyolefins.>* It has been reported
from many researchers that a variety of acidic
functionalities, including acrylic acid, methacrylic
acid, crotonic acid, maleic acid, citraconic acid, ita-
conic acid, and their anhydrides in a polyethylene
(PE) or polypropylene (PP) matrix were to en-
hance adhesion to the GF treated with aminosi-
lane coupling agents.®® In previous studies,
however, the polymers containing only very low
concentrations of the functionalities, hardly ex-
ceeding 1 wt %, were used as a matrix; and the
stronger interfacial adhesion obtained by the
more functionalities was reported to be bound to
result in the better mechanical strength as far as
the range of the acid concentration was concerned.
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Studies addressing the interrelationships be-
tween the degree of matrix functionalization and
the mechanical properties of GFTP with highly
functionalized matrices are still incomplete. Lit-
erature on the subject is hardly found up to this
day, but with a few exceptions.? Understanding of
the interphase structure for the GFTP possessing
strong interfacial adhesion is also not complete.

The primary objective of this study is to identify
and measure the effects of acid—base interactions
on interfacial adhesion and to correlate them with
the physical properties of the discontinuous GF-
reinforced low-density polyethylene (LDPE) con-
taining acrylic acid groups in the matrix over 10
wt %. Of particular interest are the variations in
mechanical responses expressed in stress—strain
behavior as a function of the interfacial adhesion.
Therefore, the material configurations investi-
gated in this study are specifically chosen to allow
the comparison of the mechanical responses and
properties as the interfacial characteristics are
changed. Further, the experimental results are
employed to evaluate the degrees of interfacial
adhesion using existing theories that predict the
composite properties from the interfacial strength
along with constituent properties. Finally, a cor-
relation between mechanical response and in-
terfacial adhesion is made in an attempt to eluci-
date a probable interphase structure of the GFTP
around the GF surface.

EXPERIMENTAL

Materials

The matrix materials chosen to produce different
degrees of interfacial adhesion in this study were
four kinds of LDPE containing the following dif-
ferent levels of acrylic acid molecules as como-
nomer: 0, 6.2, 9.0, and 11.0% by weight (PEO0O,
PE06, PE09, and PE11, respectively, hereafter).
The PE0O was Lacqtene 1070MN18 from EIf Ato-
chem; and PE06, PE09, and PE11 were Escor
5000, 5050, and 5100, respectively, from Exxon
Chemical. Their specific gravities were around
0.93, and all of them had nearly the same melt
flow rate at 190°C under ASTM D1238 testing
condition.

The GF treated with aminopropyltriethoxysi-
lane coupling agents (GF.A hereafter) were used
as cointeracting GF with an acidic polymer ma-
trix; and the GF treated with octyltriethoxysilane
(GF.B hereafter) were also used to serve as non-

interacting, control formulations. Both of them
were noncommercial products of European Owens
Corning Fiberglass treated purely with 0.2 wt %
of the respective coupling agents, excluding size
or other auxiliary additives. They were provided
as 6 mm chopped strand with a diameter of 10 ym,
and the E-glass reportedly have a bulk specific
gravity of 2.54.

Composite Preparation

Melt compounding was carried out in a Brabender
Plasticorder PL2000 equipped with a 50 CC mix-
ing chamber at the rotor speed of 60 rpm. Pre-
weighed quantities of the polymeric ingredients
were melted down at 200°C through sequential
feeding over 10 min, followed by adding 30 wt %
of GF in a single portion to continue the com-
pounding another 5 min at the temperature. The
size of each lot was deliberately adjusted to attain
80% of the mixing chamber in volume in an at-
tempt to assure of a good dispersion and collect
reasonable torque values. All the parameters, in-
cluding the temperature, rotor speed, and mixing
time, were precisely controlled by a built-in com-
puter program; and the torque moment necessary
to turn the mixer blades was continuously re-
corded during the compounding.

The melt compounded materials were then
transformed into sheets of 1.5 mm thick by com-
pression molding at 200°C under 50 kN. The ma-
terials were preheated for 5 min in the mold be-
fore applying pressure for 1 min, followed by wa-
ter cooling to ambient temperature maintaining
the pressure upon the mold. The specimens for
the measurements of mechanical properties and
swelling were cut from the obtained sheets using
a die punch cutter. The sheets were kept at 100°C
for three minutes in an oven just prior to the speci-
men cutting in order to attenuate their brittle-
ness.

Testing Procedures

Uniaxial tensile tests were conducted at room
temperature with a constant crosshead extension
rate of 5 mm min ! (strain rate ~ 2.8 10 *s™!)
using dog bone specimens on a Zwick 1456 univer-
sal mechanical testing machine equipped with
71005 version software. Tensile strength was the
yield peak stress, which was the fracture stress,
at the same time in some cases.

Flexural tests were carried out on the same
machine as the tensile tests using a span distance
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of 30 mm with a constant flexural rate of 20 mm
min '. The maximum stress attained either at
yield or at fracture was taken as flexural strength.

In performing the rheological study, a Bra-
bender Plasticorder was considered as two adja-
cent coaxial cylinder viscometers in which the vis-
cosity (n) meets a relationship, n = C M/N, (C,
M, and N are the coefficients related to mixer,
measured torque moment, and rotor speed, re-
spectively).'® The relative viscosity (7,) was de-
fined as the ratio of the composite viscosity (7.)
to the viscosity of its matrix (,,), 7, = 1./m,,; and
this can be directly obtained by substituting the
corresponding torque values in place of the viscos-
ities when the rotor speed is identical. The torque
moments just prior to complete the melt com-
pounding were taken for the calculation of the 7,.

Stress relaxation tests were realized using the
same machine and specimens as the tensile tests.
The dog bone specimen was subjected to 1% strain
with a strain rate of 2.8 10™* s, and the stress
change was followed to the calculated percentage
of residual stresses as a function of time. The mea-
surement of residual stresses for predetermined
time intervals was continued until the stress
reached 50% of its initial stress within the limit
of 200 min.

Swelling studies were made to estimate the
compactness of the interface using n-hexane as
solvent. Specimens of 10 X 10 X 1.5 mm (=170
mg) in dimension were immersed in 20 mL of the
solvent and left at the ambience for 48 h to reach
an equilibrium. The degree of swelling was deter-
mined from the weight increase of the specimen,
as it is a generally accepted method for semicrys-
talline polymers.'! The composite swelling (s.)
was calculated for the matrix component exclud-
ing the nonswellable GF fraction using the rela-
tionship s, = (m, — m,)/m,(1 — W;), where m,,
m,, and W, stand for the weights after and before
swelling, and the weight fraction of the GF, re-
spectively. The percentage of relative swelling (s,)
was the ratio of the s, to that of the pure polymer
(so) that the matrix was constituted, as defined s,
= (s./s0) X 100.

Morphological studies were also conducted by
observing the fractured surface of the composites
on a scanning electron microscope (SEM) of Jeol
120CX equipped with ASID 4D unit. The speci-
mens were broken in liquid nitrogen in order to
obtain undeformed surface followed by gold coat-
ing on a cathod pulverization under reduced pres-
sure in argon atmosphere.
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Figurel Stress—strain curves of LDPE/GF.A(30%):
Al, PE0O; A2, PE06; A3, PE09; and A4, PE11.

RESULTS

Tensile Strength

Some typical stress—strain curves for the com-
posites of LDPE/GF.A (system A) and LDPE/
GF.B (system B) made of different matrices are
shown in Figures 1 and 2. A comparison of each
curve with its counterpart across the systems
may reveal useful information about the differ-
ence in their interfacial states, while direct com-
parison between the curves within a system can-
not be made due to the different natures of their
matrices.

It was noted at a glance that the specimens of
system A produced significantly higher strengths
and moduli being fractured without noticeable
stress whitening, while those of system B were
cold-drawn after yielding at low strengths. The
ultimate strength of GFTP is a direct measure of
the interfacial adhesive strength as the applied
stress being transferred more efficiently across a
strong interface.'? The superior tensile strengths
of A2, A3, and A4, to B2, B3, and B4, respectively,
could be attributed to the strong interfacial adhe-
sion exerted by the acid—base interactions be-
tween aminopropyl functional groups on the GF.A
surface and acrylic acid groups of the matrix poly-
mers. These interactions might have stiffened the
polymer chains to resist against deformation and
to fail at the end without yielding. A2, A3, and
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Figure2 Stress—strain curves of LDPE/GF.B (30%):
B1, PE00; B2, PE06; B3, PE09; and B4, PE11. The y-
axis is on the same scale as in Figure 1. B1, B2, and
B3 were vertically shifted for a clear view.

A4 were improved to great extents in comparison
with Al in the elongations at fracture as well as
the tensile strengths; while those of B2, B3, and
B4 fell around B1. These also can serve as a proof
of the functioning of the acid—base interactions to
bring about a stronger interfacial adhesion from
which improved miscibility is to be resulted in
between the two phases.

On the other hand, the stress—strain behaviors
of the A1-B1 pair were unexpected results. The
functional groups of GF.B and the branches of the
matrix PEQO, n-octyl, and PE, respectively, being
similar in their chemical natures, might have re-
sulted in a good interfacial adhesion as a result
of interdiffusion at the interface.'® One of the most
plausible explanations for this discrepancy can be
found in the works of Hartlein,'* who reported
that the GF treated with propyltrimethoxysilane
had resulted in poorer mechanical strengths than
those treated with aminosilane coupling agents in
a polypropylene (PP) matrix. The author con-
cluded that the mechanical strength of the cou-
pling agents layer, as well as its degree of affinity
toward the matrix, are important to produce rein-
forcement in GFTP. Another possibility concur-
rent with the previous one is the plastification
effect of the LDPE matrix near the interface by
the segments of coupling agents from the outer-
most layer of the GF surface.'” The octylsilane

segments are believed to have induced a far
higher degree of plastification than aminosilane
due to the better solubility in polyolefins.

The interfacial adhesive strengths were evalu-
ated using Suetsugu—Sakairi equation,’® which
successfully correlated the tensile strength and
the interfacial adhesion in GFTP, excluding most
of the tedious parameters in theoretical equa-
tions,

o. = KoxV;+ 0,,(1 — V) (1)

where 0., 0,,, ?, x, and V,represent the composite
strength, matrix strength, interfacial adhesion
parameter, GF aspect ratio, and volume fraction
of the GF, respectively; and K is a coefficient re-
flecting the orientation and the length distribu-
tion of the GF. Equation (1) can be rewritten as
eq. (2) in terms of ® = f(o,, 7,,) for our composite
system substituting 0.14 for V, and assuming
identical K and x values for every lot. This should
be a valid approximation considering that the ma-
trices have the same melt flow rate and all the lots
were exposed to the same processing condition.

¢ =K'(o, — 0.860,,) (2)

The interfacial adhesion of system A, according
to eq. (2), was evaluated to be much higher than
that of system B, regardless of the matrix; and
the acid—base interactions improved it even fur-
ther, as shown in Figure 3. A gradual decrease in
the adhesive strength for the matrices of higher
acid contents indicates that sufficient level of the
interfacial adhesion, from the viewpoint of stress
transfer efficiency, could be attained at an acid
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Figure 3 Interfacial adhesion of LDPE/GF (30%) as
a function of the acrylic acid content in the matrix (I).



INVESTIGATION OF GFTP USING LDPE AS A MATRIX 147

i
i)
§ 0,9 4
By
3
® 08
g
]
g
g 0,7 A
g
c _
£ mGF.A
< oGF.B
0,5 r y . .
0 3 6 9 12

Acrylic acid (wt%)

Figure 4 Interfacial adhesion of LDPE/GF (30%) as
a function of the acrylic acid content in the matrix (II).

content well lower than 6.2%. It was also noted
that the matrices with acid groups have improved
interfacial adhesions with GF.B as well, sug-
gesting that acrylic acid—silanol interactions
were taken place at the lateral surfaces of the GF.

Flexural Strength

The flexural strength is a combination of compres-
sive and tensile strength components.'” Due to the
partial compressive nature in flexural deforma-
tion, the flexural strength becomes less dependent
upon the degree of interfacial adhesion than the
tensile strength does in a composite. Conse-
quently, the proportion of tensile strength to
flexural strength, o,/0, can serve as a parameter
for the interfacial adhesive strength of GFTP.!%1?

The variations of the interfacial adhesion ex-
pressed in this parameter as a function of acrylic
acid content in the matrix are shown in Figure 4.
The coincidence of these curves to those of Figure
3 reconfirms the observations made from the ten-
sile strengths.

Viscosimetry

The relative viscosities of the composites are
shown as a function of the matrix acid content in
Figure 5. These may reveal more reliable informa-
tion about the GF—matrix interfacial interactions
than the ultimate strengths in the sense that a
completely amorphous state of the polymers in
the melt should allow a physically, as well as
chemically, homogeneous matrix. In addition, a
dynamically dispersed state of the GF under con-

stant shear force might have allowed every lot to
have the same fashion of GF orientation.

The curve patterns, which are similar to those
of Figures 3 and 4, suggest that the acid—base
and the acid—silanol interactions take place at
the interface to affect the interfacial adhesion. In-
teractions or chemical bonds at the phase bound-
ary are known to reduce the interfacial voids and
the chain mobility, hence inducing an increase of
the viscosity of multiphase flow.?° The viscosity
increase observed in the presence of the acid—
base interactions confirms the observations of Bo-
luk and Schreiber for rutile—PE composites.>* A
more persuasive theoretical explanation, how-
ever, can be found from those of Favis and Willis,
who observed immobile interface in the polymer
blends of polyamide and acid-modified PE.?? It is
supposed that the acid—base interactions between
the GF and the matrix form an immobile interface
to resist against matrix melt flow around the GF,
while a mobile interface of the noninteracting
composites leave the melt flow freely producing
interlayer slip at the interface. A slightly higher 7,
of GF.A than GF.B, even in the nonpolar matrix,
seems to be the result of the filler—filler interac-
tions for GF.A as a characteristics of polar surface.

The existence of maximum in 7, can be under-
stood considering the mathematical balance for
two kinds of dominating interactions, the inter-
molecular acid—base interactions between the GF
and the matrix polymers, and the acid—acid inter-
actions (dimerization) among the matrix polymer
chains? involved in the system. The acid—base
interactions are to increase the 7,, forming an im-
mobile interface; while the acid—acid interactions
are to decrease it, making the matrix itself vis-
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Figure 5 Relative viscosity of LDPE/GF (30%) as a
function of the acrylic acid content in the matrix.
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Figure 6 Simplified stress relaxation curves of
LDPE/GF (30%). Designations are the same as in Fig-
ures 1 and 2.

cous. Denoting the concentrations of the acid
groups in the matrix, and the base groups on the
GF surface for a system as [A] and [B] respec-
tively, [B] is constant as long as the fraction of
the GF remains unchanged; while [A] varies ac-
cording to the acrylic acid content in the matrix
polymers. The positively contributing acid—base
interactions term becomes roughly proportional
to [A][B]; while the negatively contributing
acid—acid interactions term becomes proportional
to [A]?, thus reaching a maximum at a certain
acid concentration.

Stress Relaxation

Simplified stress relaxation curves expressed as
straight lines passing the origin and the half-re-
laxation points are shown in Figure 6. Consider-
ing the small strain within the range of the matrix
elastic deformation and the small stresses subse-
quently applied, the principal mechanisms in-
volved in the relaxation process must be interfa-
cial debonding and microfailure at a poorly
bonded region around the GF—matrix interface.?*
The relaxation behavior under this condition, be-
ing free from noninterfacial failures, is expected
to describe the interface region of the composite
more accurately than the concerned parameters
calculated from their ultimate strengths.

It was noticed that the stress relaxation behav-
iors of A2, A3, and A4 form a striking contrast to
those of B2, B3, and B4. The obvious decrease of
system A composites in half-relaxation time (¢;,5)
as a function of matrix acid content, in spite of
the interfacial acid—base crosslinks to retard the
relaxation process, suggests that the relaxation

did not occur through the GF—matrix interfacial
debonding. This can be true, supposing that the
polymer matrices of higher acid contents would
not form less interfacial crosslinks; and no doubt
exists about this plain assumption, as the swell-
ing tests will prove. Occurrence of GFTP failure
at the matrix phase very near to the interface is
a characteristic of strong interfaces achieved by
either chemical®® or physical®*® adhesion; and
these are probable for A2, A3, and A4. For all
these considerations, the question about the ad-
verse effect of excessive acid—base interfacial
crosslinks on the adhesive strength of the compos-
ite around the interface remains unexplained. We
were interested in this fact and will examine it
further in the following discussion section in con-
junction with the physiochemical structure of the
interface area.

For B2, B3, and B4, ¢,/; was extremely short,
and only trivial differences were found among
them, indicating the undergoing debonding at the
interface in the absence of acid—base crosslinks.
On the other hand, the stress relaxation curves of
A1l and B1, which do not match to their interfacial
states, could be attributed to the different relax-
ation nature of the homopolymer PE0OO from the
copolymers PE06, PEQ9, and PE11.

Swelling

The relative swelling of the system A composites
continued to decrease as the matrix acid content
increased, as shown in Figure 7. The existence of
chemical crosslinks at the filler—matrix interface
were known to decrease the solvent swelling of
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Figure 7 Relative degree of matrix swelling in LDPE/
GF (30%) as a function of the acrylic acid content (n-
hexane; 48 h).
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composites,?’ increasing the number of active net-
work chains of the Flory—Rehner equation,? as
well as reducing the void volume at the interface.
The acid—base crosslinks involved in system A
composites are supposed to be rigid under the
swelling condition due to the hydrocarbon nature
of the solvent that will not compete with either of
the functional groups in the existing acid—base
crosslinks. The continual decrease of relative
swelling in the matrices of higher acid contents
suggests that the achieved degrees of interfacial
acid—base crosslinking were directly proportional
to the matrix acid content, as is the general case
for the filler—matrix specific interactions.?® The
high relative swelling of system B composites re-
gardless of their matrix could be attributed par-
tially to the solvation effect of the matrix induced
by the coupling agents segments at the interface,
as mentioned in the tensile strength. The fact that
the relative swellings of the composites were
smaller than the unit (100%) suggests that the
presence of the GF restricts, more or less, the mo-
bility of the matrix polymer chains regardless of
their interfacial natures.

Morphology

System A composites were found to consist of
fewer empty holes along with shorter GF than
system B composites in their fractured surfaces,
as shown in Figure 8. This implies that the GF
were broken near the fracture surface for system
A composites, while the GF were easily pulled out
to the bottom from either of the sides for system
B composites when the specimens were subjected
to the fracture. A strong interface was reported
to promote crack propagation across the fibers,
while a weak interface would promote failure by
fiber debonding and pull out.?* The morphologies
of A2 and A4 made remarkable differences from
that of Al; while those of B2, B4, and B1 did not
make any difference among them. A significant
decrease in the length of projected GF, as well as
the number of the empty holes, was observed only
in A2 and A4, indicating that the acidic polymer
matrices could enhance the interfacial adhesion,
provided that basic GF were matched. It could
be revealed from a close examination of the SEM
photographs that many of the projected GF pos-
sessed rough and coarse surfaces in A2 and A4,
while those were smooth without exception in the
others. In addition to that, the diameters of the
projected GF also appeared larger in A2 and A4,

affording firm proof that the coat of the projected
GF in A2 and A4 were the matrix components
torn out from the matrix phases. The fracture sur-
faces of the polymer matrices, where the bumpy
ones for A2 and A4 in contrast with the flat ones
for the others were observed, also imply the differ-
ent status in interfacial adhesion. Strong filler—
matrix adhesion is known to result in a bumpy
surface through matrix failure, while weak adhe-
sion brings to a flat surface as a result of interfa-
cial failure.?! Putting these morphological obser-
vations together, the failures were believed to oc-
curred at the matrix phases near to the GF-
matrix interface in the presence of the acid—base
interfacial crosslinks, leaving a layer of strongly
attached matrix polymers on the GF surfaces.

DISCUSSION

It may be necessary first of all to outline the inter-
face and the relevant phases to which our atten-
tion will be focused. Three easily distinguishable
layers and two consequent interfaces are found in
GFTP between the bulk glass phase and the ma-
trix polymer phase, as they are GF phase, GF-
coupling agents interface, coupling agents layer,
coupling agents—matrix interface, and matrix
phase. The GF surface and the coupling agents
layer were known to form an interface physically
and chemically stable under the favor of siloxane
bonds, where the bond energy (Si—O; 88.2 kcal/
mol) is even higher than C—C bond (83.1 kcal/
mol)?32; fajlure at this interface is unlike that for
GFTP, but like that for hydrolysis.?® For the rea-
son of simplicity, we will regard the coupling
agents layer, as well as the GF-coupling agents
interface, as the outermost part of the GF. Thus,
our attention about the GFTP interfacial adhe-
sion will be centered around the coupling agents—
matrix interface where we manipulated the adhe-
sive strength by means of acid—base interactions.
The acid—base crosslinks formed across the inter-
face are believed to be diamine salt bonds with a
minor amount of possible covalent amide bonds.**

It could also be helpful to make preliminary
conclusions from the present study about the in-
terfacial phenomena of the undergoing LDPE—
GF system before entering into an overall discus-
sion. Some interesting points, among the results
based on the independent characterization tech-
niques, that may merit a discussion, could be
drawn as follows.



150 PAK AND CAZE

(Ad4) (B4)

Figure 8 SEM photographs of the fractured surface of LDPE/GF (30%) at 300%
magnification. Designations are the same as in Figures 1 and 2.

1. The acid—base interactions across the
GF -matrix interface enhance the interfa-

cial adhesion as evidenced from viscosi-
metry.

2. The improved interfacial strength by the
acid—base interactions was accompanied
by gradual degradation as the concentra-
tion of the interacting site goes higher,
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matrix

(b)

Figure 9 Schematic diagrams for (a) loose and (b)
compact interphases.

judging from the ultimate strengths of the
composite.

3. Stress relaxation behaviors of the compos-
ite also show the same trend as conclusion
2, resulting in easier relaxation for the in-
terfaces of higher concentration of the in-
teracting site.

4. However, the results of the swelling test
assure that the degree of interfacial com-
pactness is directly proportional to the
concentration of the interacting site,
showing a continual decrease of the rela-
tive matrix swelling as a function of the
concentration.

5. The interfacial morphologies reveal that
the failure occurred at the matrix phase
near the interface in the presence of the
interfacial acid—base interactions.

Conclusions 2 and 3, where more interfacial
crosslinks did not produce better mechanical
properties of the composite, can be partially un-
derstood considering conclusion 5, which may
suggest no relationship between the interfacial
strength and the composite ultimate strengths
as long as the composites possess a strong inter-
face enough to lead to a matrix failure. However,
questions still remain to be answered for the
degradation in reinforcement for the composites
of high interfacial crosslinking density.

It seems reasonable to take the formation of
an interphase of bound polymers® to the GF
surface into account for the discussion in con-
nection with the above questions. The interface
and the interphase in GFTP are physically dif-
ferent in nature by definition. The former is the
boundary at which the filler and the matrix
meet; while the latter is a layer of matrix compo-
nent around the interface, which has a different
morphological structure from the bulk matrix.?®
The interactions between the filler surface and
the matrix polymer chains may put the polymer
molecules around the surface under restraint to
form a polymer layer whose physical properties
are distinguished from the molecules in the bulk
matrix phase.?” The interphase has lower den-
sity than the bulk matrix phase due to the unef-
ficient packing around the filler surface caused
by reduced chain mobility.?® The interphase for-
mations were known not to be unusual for GFTP
possessing strong interfacial adhesion®>*°; and
the SEM photographs, as well as the nature of
the involved interfaces, convince us that the
acid—base interactive composites under this
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study were the case. Therefore, with the newly
made interphase—matrix interface being the
most fragile part in the composite, failure is to
occur along this interface. Considering the con-
centrations of the functional groups in the ma-
trix polymer chains, the PE06 must have formed
a loose and thick interphase in Al, while PE11
in A4 constructed a relatively compact and thin
interphase. One of the probable interphase
structures to satisfy all the requirements in our
conclusions could be the models schematically
represented in Figure 9.

It should be borne in mind before examining
the models that the mechanical responses are the
measures of physical entanglements as well as
the chemical crosslinks, while the swelling is the
exclusively the measure of the chemical cross-
links.*! It is likely a loose interphase to allow more
chain entanglements with the matrix polymer
chains through interdiffusion, while these must
be more difficult for a compact interphase due to
its smaller loops with more restricted mobility as
well as the structural closeness. In fact, a simple
mathematical calculation permits PEO6 to have a
loop more than three times larger than PE11 in
its area. The advantages in chain entanglements
for the loose interphase could give an explanation
for conclusions 2 and 3 because the more com-
pact the interphase is, the weaker the in-
terphase—matrix interface becomes. On the other
hand, more crosslinks with less void volume in
the compact interphase explain conclusion 4. The
interphases formed by the interfacial acid—base
interactions are supposed to have altered the oc-
curring place of the failure from the GF-matrix
interface to the matrix phase near to the interface,
where the interphase is partially linked with the
matrix phase through polymer chain entangle-
ments.

The authors are indebted to European Owens Corning
Fiberglass S.A. for the support provided during this
work. They also thank Dr W. H. Piret of the same com-
pany for valuable assistance.
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