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ABSTRACT: Two organofunctional silanes and three functionalized copolymers were
used as adhesion promoters in glass fiber/polyethylene-reinforced composites. The
performance of the coupling agents was investigated by mechanical property measure-
ments, scanning electron microscopy, and dynamic mechanical analysis. Coupling
achieved with the poly(ethylene-g-maleic anhydride) copolymer proved to be the most
successful compared with the other copolymers (ethylene/vinyl alcohol, ethylene/acrylic
acid) and silane agents (y-methacryloxypropyltrimethoxy, cationic styryl). The com-
bined coupling performance of the silanes and copolymers examined in this study
appears to be controlled by the coupling performance of the copolymer. Effective
coupling was reflected in increased mechanical properties. Increased fiber/matrix ad-
hesion is not always associated with effective coupling because structural changes
occurring at the interface region can result in a deterioration of the material property.
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INTRODUCTION

Low density polyethylene (LDPE) is a nontoxic,
recyclable polymer with excellent processibility
and low cost. Because of its high elongation at
break, its main application is in blown film pro-
duction. The recycling of such materials is very
difficult, however, because of the high degree of
recyclate purity required. The high cost of recy-
cling LDPE makes its industrial use limited.
LDPE could be used for applications in which
recyclates of lower purity can be utilized. Even in
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these applications, its use is limited because of its
poor tensile strength and very low resistance to
elevated temperatures. In addition, the recycling
process is associated with polymer degradation,
decreasing further the tensile strength and ther-
mal stability of the material.

In the case of polyolefins, the addition of inor-
ganic or organic additives and especially of or-
ganic fibers provides an attractive means of en-
hancing the mechanical and thermal properties of
the polymeric matrix. Many studies have been
published concerning the properties of polyethyl-
ene (PE) with glass beads,’ CaCO,? talk,*
mica,® wood fibers,%” sisal,® kenaf,’ pineapple,°
etc. Most of the efforts, however, focus on the
incorporation of short glass fibers (GFs), which
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increases the stiffness, strength, and thermal sta-
bility of PE.}"1® Raj et al.'! found that as the
amount of GF increases, there is a small increase
in the tensile strength of PE up to 40 wt% fiber
concentration. However, PE cannot react with
GFs and does not have compatibility with the
inorganic additive. This poor adhesion results in
only a small increase in the tensile strength of the
composite compared with the initial strength of
PE. Another negative effect caused by fiber incor-
poration is the decrease of elongation at break
and impact strength.

Good adhesion between the fibers and matrix
results in efficient stress transfer from the con-
tinuous polymer matrix to the dispersed fiber re-
inforcement and can increase its ability to absorb
energy,'®!” resulting in a material with increased
mechanical properties. So, the importance of good
adhesion between fiber and polymer matrix has
been long recognized. It has been demonstrated
that for some types of composites and polymer
blends, the concept of adhesion is the same. For
instance, graft or block polyolefin copolymers are
equally effective as adhesion promoters in com-
posites or blends containing a polyolefin compo-
nent.'® In the case of PE, compatibilizers such as
maleated ethylene and a few acrylic acid copoly-
mers are reported to enhance the adhesion be-
tween the fiber and LDPE matrix'® The carboxy-
lic groups are grafted on the surface of the GF,
followed by bonding of the polyacrylic acid mac-
romolecules to the PE matrix by heating.2°

Another way to increase the compatibility be-
tween GFs and polyolefin matrix is the use of
organofunctional silane compounds as GF surface
modifiers.?21:22 The improvement of adhesion is
based on the reactivity or compatibility of the
silane compounds segments with the fibers and
the polymer matrix.?® Fiber length, orientation,
distribution, and diameter also play an important
role in the improvement of adhesion. It has been
shown that by increasing the fiber diameter, the
shear strength of the composite decreases.?*

Therefore, it can be concluded that the devel-
opment of methods for controlling the interfacial
adhesion between chemically and physically dif-
ferent, incompatible phases has been the subject
of considerable research effort. However, there is
a lack of studies examining comparatively the
effectiveness of silane and copolymer agents and
especially their combined effect. One objective of
this work was to investigate the use of different
silane coupling agents containing different reac-
tive groups, such as +y-methacryloxypropyltri-

methoxy silane (y-MPS), cationic styryl silane,
and ethylene copolymers [e.g., poly(ethylene-g-
maleic anhydride), ethylene-co-vinyl alcohol, and
ethylene-co-(vinyl acetate)]. Some of these adhe-
sion agents were used successfully in other poly-
mers, like polystyrene and polypropylene.?5-26
The main purpose of this work was to study the
combined effect of silanes and copolymers as ad-
hesion promoters in PE/short GF-reinforced com-
posites. Mechanical and dynamic mechanical
measurements and scanning electron microscopy
(SEM) were used for evaluating the adhesion ef-
fect of these agents on the composites.

EXPERIMENTAL

Materials

A Borealis low density polyethylene (LDPE), with
a melting point of 113 °C, degree of crystallinity of
25%, and melt flow index of 2 g/10 min at 190 °C,
was used as the matrix material. Short glass fi-
bers (GF) and E-glass, with average length and
diameter of 6 mm and 13 um, respectively, were
obtained from Cristaleria Espanola (Madrid) and
used as reinforcement. Silane agents were used to
modify the GF surface. The fibers were classified
as follows according to the surface treatment: M4
is the as-received GF that was heat-cleaned for
4 h at 500 °C, M6 is a treated M4 fiber with
v-methacryloxypropyltrimethoxy silane (y-MPS)
and cured for 12 h at 100 °C, and M8 is a treated
M4 fiber with a cationic styryl silane that was
cured under the same conditions. The following
copolymers were used as interfacial adhesion pro-
moters: poly(ethylene-g-maleic anhydride) (PE-g-
MA), kindly supplied by Du Pont — Canada (MB-
226D), with 0.9 mol% maleic anhydride content
as measured by a titration technique; ethylene-
co-(vinyl alcohol) (EVOH), with 7.5 mol% vinyl
alcohol content, obtained by hydrolysis—saponifi-
cation of a commercial ethylene-co-(vinyl acetate)
(Alcudia), and with 8 mol% vinyl acetate content;
ethylene/acrylic acid copolymer (Primacor 5981,
Dow), containing 20 wt% acrylic acid (EAA) and
with a weight-average molecular weight (M) of
~18,000 and a number-average molecular weight
of ~7000.

Preparation of Composites

A series of GF/LDPE composites was produced
with each of the three types of fiber (M4, M6, M8),
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at a fiber content of 20wt%. Another series was
also prepared in which the fiber and copolymer
(PE-g-MA, EVOH, EAA) type was varied, with
the same fiber content and the copolymer content
being 10% of the fiber weight. The fibers and the
polymer were mixed in a Haake Buchler Rheo-
mixer, model 600, with roller blades and a mixing
head with a volumetric capacity of 69 ¢cm?®. Prior
to mixing, M4 fibers and all polymers were dried
at a vacuum oven for 24 h at 75 °C. M6 and M8
fibers were also dried under vacuum for 6 h at 50
°C. The components were physically premixed be-
fore being fed into the Rheomixer. Blending was
performed at 200 °C and 60 rpm for a period of 15
min. The melt temperature and torque were con-
tinuously recorded during the mixing period on a
Haake Rheocord, model 5000. After preparation,
the blends were immediately removed from the
mixer, cooled to room temperature, and placed in
tightly sealed plastic containers to prevent any
moisture absorption.

Mechanical Properties

Tensile strength, Young’s modulus, and elonga-
tion at break were measured on an Instron me-
chanical tester, model 1122, according to the
ASTM D638 method. The crosshead speed was 5
mm/min. Six measurements were conducted for
each sample, and the results were averaged to
obtain a mean value. The specimens for mechan-
ical property measurements were prepared by hot
press molding at 200 °C for 5 min at a pressure of
250 bar.

The Izod impact measurements were per-
formed on a Tinius Olsen instrument according to
ASTM D256. Six measurements were conducted
on each composite. Prior to mechanical measure-
ments, the samples were conditioned at 50 = 5%
relative humidity for 48 h at ambient tempera-
ture in a closed chamber containing a saturated
Ca(NO;), - 4H,0 solution in distilled water
(ASTM E-104).

Dynamic Mechanical Thermal Analysis (DMTA)

Dynamic mechanical thermal analysis (DMTA)
measurements were performed with a Rheomet-
ric Scientific Analyzer, model MKIII. The experi-
ments were carried out using the tensile mode of
the DMTA instrument over a temperature range
of —120 to 100 °C, at a rate of 3 °C/min under
nitrogen flow. The samples were scanned at a
frequency of 1 Hz, and a strain level of 0.071%

was applied. A static force was applied to prevent
buckling of the sample; its value was determined
so that the experiments could be held in the area
of linear viscoelastic behavior of the samples. The
storage (E’) and loss (E”) modulus and the loss
tangent (tan &) were recorded as a function of
temperature. The testing was performed using
rectangular bars with dimensions of ~8 X 5 X 0.5
mm. The exact dimensions of each sample were
measured before the scan.

Scanning Electron Microscopy (SEM)

The impact specimens were fractured, and the
exposed surfaces were observed with a scanning
electron microscope (JEOL, model JSM-840A).
The surfaces of the fractured specimens were
coated with gold to avoid charging under the elec-
tron beam.

RESULTS AND DISCUSSION

Mechanical Properties

To study the effect of GF content on the mechan-
ical properties of LDPE, a series of composites
containing 10, 20, and 30 wt% of fibers was pre-
pared. Two types of fibers were used: uncoated
(M4) and coated fibers with y-MPS (M6). The
variation of tensile strength, elongation at break,
and impact strength with GF content are pre-
sented in Figure 1. As expected, fiber incorpora-
tion in a thermoplastic matrix increased the ten-
sile strength of the material, whereas the impact
strength and elongation at break were decreased
dramatically. Composites prepared with coated
fibers displayed higher tensile strength values
compared with those prepared with uncoated fi-
bers. Also, the observed decrease in the impact
strength was lower with coated fibers, whereas
the decrease in elongation at break was not sig-
nificantly influenced by the fiber type. This im-
provement in the tensile strength could possibly
be attributed to an improved adhesion achieved
between the LDPE matrix and the coated fibers.
Figure 1 shows that the change in the mechanical
properties is relatively small beyond a GF content
of 20 wt%. This GF content was therefore chosen
for the preparation of the materials investigated
further in this study.

The tensile strength, modulus, elongation at
break, and impact strength of GF/LDPE compos-
ites, prepared with different coupling agents and
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Figure 1 Variation of the mechanical properties of
GF/LDPE composites with glass fiber content: (a) ten-
sile strength, (b) elongation at break, and (c¢) impact
strength.

their combination with copolymers, are presented
in Table 1. Use of untreated fibers, M4, resulted
in a slight increase in the tensile strength of PE
from 8.14 to 8.54 MPa, whereas the modulus in-
creased from 180 to 469 MPa. Fiber incorporation
was associated with a significant decrease in the
elongation at break (from 600 to 33.5%) and ma-
terial embrittlement, as seen in the low impact
strength value of 106 J/m. The significant rein-
forcing capability of the fibers could only be real-
ized in materials containing a silane or a copoly-
mer coupling agent. Stronger, stiffer, and tougher
materials were produced with silane-modified fi-
bers. The tensile strength, modulus, and impact
strength of the composites increased when
treated fibers (M6, M8) were used, the best result
being observed with M6 fiber. For the M6 fiber
composite, the tensile strength increased to 12.74
MPa compared with 8.54 MPa for the untreated
M4 fiber (49% improvement), whereas the modu-
lus increased from 469 to 707 MPa (51% improve-

ment). Increased modulus for both treated fibers
was associated with decreased elongation at
break, whereas the impact strength increased
from 106 (M4) to 125 (M6) to 128 J/m (MS).
The increase in the mechanical properties of
treated-fiber composites can apparently be at-
tributed to the improved interfacial adhesion
achieved between fiber and matrix due to the
coupling effect of the silane compounds. PE can-
not react with and does not exhibit any compati-
bility with the GF. The hydrophilic nature of GF,
due to its surface hydroxyl groups, adversely af-
fects the adhesion to hydrophobic thermoplastic
matrix and, as a result, fiber/matrix adhesion is
poor. So, to promote adhesion, the fiber should be
treated with a coupling agent containing func-
tional groups that can bridge the interface be-
tween resin and reinforcement. Organofunctional
silanes contain hydroxyl and R groups (methac-
rylate, cationic styryl, etc.); the former bond to the
mineral, whereas the latter can form covalent
bonds with the resin or, in the case of a nonreac-
tive resin such as PE, promote adhesion through
the formation of a pseudo-interpenetrating poly-
mer network at the interface region.?” Because of
the hydrophobic character imparted to fiber sur-
face by silane compounds, a treated fiber can wet
out more readily in the polymeric matrix, result-
ing in an improved interfacial adhesion. Further-
more, silanes may have the tendency to reduce
fiber agglomeration, improving the distribution
within the polymer matrix and thus resulting in
improved mechanical properties. Untreated fibers
tend to form clusters.?®
Micrographs of fracture surfaces of GF/LDPE
composites made of untreated and treated fibers
are presented in Figure 2. Figure 2a shows that in
composites prepared with M4 fiber, failure occurs
at the fiber/matrix interface as a result of the poor
interfacial adhesion existing between fiber and
matrix. Comparing the fracture surface of M6
fiber (Figure 2b) with that of the untreated glass
fiber, it can be seen that failure increasingly oc-
curs within the matrix, whereas adhesive failure
at the interface decreases. This result suggests
that fiber/matrix interfacial adhesion was im-
proved with y-MPS treatment. The micrograph in
Figure 2c¢ shows that composites prepared with
MS fiber displayed failure within the matrix. This
failure occurs to a lesser extent for the materials
prepared with the M6 fiber, reflecting the lower
interfacial adhesion achieved with the cationic
styryl silane. The extent of interfacial adhesion is
also reflected in the mechanical properties of the
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Table I Mechanical Properties of Polyethylene Composites

LDPE

Composite Impact (J/m) PE-g-MA PE-co-OH PE-co-COOH

LDPE — — — —

M4 106 170 139 94

M6 125 170 146 96

M8 128 155 134 102
Composite Tensile (MPa) PE-g-MA PE-co-OH PE-co-COOH

LDPE 8.14 — — —

M4 8.54 14.46 9.86 9.26

M6 12.74 12.81 9.49 9.36

M8 9.01 11.71 8.92 9.21
Composite Young (MPa) PE-g-MA PE-co-OH PE-co-COOH

LDPE 180 — — —

M4 469 1290 550 557

M6 707 719 568 572

M8 586 616 482 548
Composite Elongation (%) PE-g-MA PE-co-OH PE-co-COOH

LDPE 600 — — —

M4 33.5 17 22 24

M6 18 23 24 27

M8 25 28 25 26

material. These results suggest that y-MPS ex-
hibits a higher performance as coupling agent
compared with the cationic styryl silane.

Interfacial adhesion is associated with energy-
absorbing mechanisms in addition to increasing
the strength of the composite because stress
transfer from matrix to fiber becomes more effec-
tive. Such mechanisms include fiber debonding
and failure within the matrix, which lead to in-
creased toughness and impact strength. It is
worth noting that unlike y-MPS treatment, which
raises both the tensile and impact strength of the
material, treatment with the cationic styryl
silane has a significant influence only on the
impact strength. It would appear that although
the GF/silane matrix bridging system formed by
the cationic styryl silane is not very efficient at
transferring stress but is effective in consuming
energy, which results in increased impact
strength.

Use of the maleated copolymer PE-g-MA as
coupling agent in composites prepared with each
of the three fibers (M4, M6 and MS8) resulted in

increased mechanical properties independently of
surface treatment. A significant increase is noted
in the mechanical properties for composites pre-
pared with the untreated fiber M4, demonstrating
the high compatibility of PE-g-MA with both
phases of the material (i.e., polyethylene and the
inorganic fiber). The tensile strength, modulus,
and impact strength of the composite increased
from 8.54 MPa, 469 MPa, and 106 J/m, respec-
tively, to 14.46 MPa (69%), 1290 MPa (175%) and
170 J/m (60%), respectively (Table 1), reflecting
the strong interfacial adhesion achieved with PE-
g-MA. The excellent performance of PE-g-MA as
coupling agent in GF/PE composites could be at-
tributed to the following two factors: (a) the abil-
ity of the maleic anhydride groups to react with
the hydroxyls of the glass fiber, and (b) the great
compatibility of the grafted copolymer PE chains
with the main PE phase. However, the perfor-
mance of PE-g-MA as coupling agent seems to be
reduced in the presence of silanes. Although com-
posites made of M6 and M8 fibers exhibit higher
mechanical properties compared with those not
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Figure 2 SEM micrographs of fracture surfaces of
GF/LDPE composites containing different types of fi-
bers: (a) M4, (b) M6, and (c) M8 fibers.

containing PE-g-MA, these properties are still
lower than those achieved with M4 fiber and PE-
g-MA.

SEM images of fracture surfaces from compos-
ites containing PE-g-MA are shown in Figure 3.
Figure 3a (M4 fiber) shows that there is a large
contact area between the matrix and the fiber
surface. It is interesting to note that the adhered
matrix usually ends in quite long strips of mate-
rial. This result suggests that the polymer net-
work formed between the grafted PE and main
PE phase through solubility/interdiffusion®’ not
only affects a few polymeric chains but a consid-
erable part of the matrix resin. Comparing the
fracture surfaces shown in Figures 3b (M6 fiber)
and 3c (M8 fiber) with the corresponding surfaces
of Figures 2b and 2¢, indicates that improved
interfacial adhesion occurs in the presence of PE-
g-MA. However, despite the presence of improved
interfacial adhesion, the performance of PE-g-MA
is reduced in the presence of silane agents. This
reduction could probably be attributed to the lim-
ited ability of the maleic anhydride groups to
react with the hydroxyls of the glass fiber because
they have been covered with hydrophobic groups.
Another reason may be that the silanes are im-
peding the contact between the hydroxyl groups
and the anhydride. However, the increased
amount of polymer adhering to the surface of the
fibers suggests that a small percentage of the
anhydride groups must have reacted. Such con-
siderations could probably explain the lower im-
provement in the mechanical properties of the
composites coupled with silanes and PE-g-MA.

The effect of EVOH on the mechanical proper-
ties of composites prepared with each of the three
fibers (M4, M6, and M8) differs from that of PE-
g-MA. The best, although moderate, result was
achieved when untreated fibers (M4) were used.
There was an increase in the tensile strength,
modulus, and impact strength of the material
from 8.54 MPa, 469 MPa, 106 J/m, respectively, to
9.86 MPa (15%), 550 MPa (17%) and 139 J/m
(31%), respectively. Comparison of the fracture
surfaces presented in Figures 2a and 4a shows
that a relatively small improved interfacial adhe-
sion is achieved with EVOH, as suggested by the
small parts of matrix remaining on the fiber sur-
face. This result is in agreement with the ob-
served increase in the mechanical properties and
may be due to the hydrogen bonds formed be-
tween the —OH groups of the fiber and those of
the copolymer. However, the low amount of —OH
groups in the copolymer (7.5 mol%) limits the
extensive formation of such bonds.

The use of EVOH with y-MPS modified fibers
(M6) caused a decrease in the tensile strength
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Figure 3 SEM micrographs of fracture surfaces of
GF/LDPE composites containing PE-g-MA and differ-
ent types of fiber: (a) M4, (b) M6, and (c) M8 fibers.
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Figure 4 SEM micrographs of fracture surfaces of
GF/LDPE composites containing EVOH and different
types of fiber: (a) M4, (b) M6, and (c) M8 fibers.

and modulus of the composite from 12.74 and 707
MPa to 9.49 (—26%) and 568 MPa (—20%), respec-
tively, whereas the impact strength increased
from 125 to 146 J/m (17%). But, looking at the
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micrographs in Figures 2b and 4b, it can be seen
that there is no deterioration of interfacial adhe-
sion with the addition of EVOH, as indicated by
the amount of matrix adhering to the fiber sur-
face. The decrease in the tensile strength might
be related to the tensile strength of EVOH (6.73
MPa), which is considerably lower than that of
LDPE (8.14 MPa). The increase in the impact
strength might contribute to the high compatibil-
ity of the PE chains of EVOH with the main PE
phase and the possible formation of hydrogen
bonds between the —OH groups of the copolymer
and those of the fiber. This hydrogen bonding as
well as the formed polymer network between the
PE chains of EVOH and main phase could be
contributing to additional energy-absorbing
mechanisms. Similar considerations could also
explain the change in the mechanical properties
of composites made with the cationic styryl si-
lane-modified fibers (M8) and the addition of
EVOH.

Using an EAA copolymer as an adhesion pro-
moter was not very successful, as indicated by the
mechanical properties (Table 1). Use of M4 and
MBS fiber led to a very small increase in the tensile
strength of the material, whereas a decrease was
observed with the M6 fiber. The elongation at
break for these materials remained similar to
that recorded for the previous composites, whereas
the impact strength decreased. In untreated fi-
bers, the hydroxyl groups of the fiber can form
ester or hydrogen bonds with the carboxyl groups
of EAA. This result is evidenced by the significant
parts of polymer matrix remaining on the fiber
surfaces (Figure 5a). In general, the effect of EAA
on the mechanical properties of the composite was
similar to that of EVOH except for the impact
strength.

The similarity between the impact strength of
the composites with unfunctionalized fibers (106
J/m) and those containing EAA (94, 96, and 102
J/m) would suggest that the absorption of energy
to fracture in these materials is similar despite
the presence of increased interfacial adhesion in
the compatibilized materials (Figures 2a and 5).
However, interfacial adhesion in fiber-reinforced
tough thermoplastics can have various effects on
the impact strength of the material. Good bonding
between fiber and matrix inhibits the flow of the
ductile matrix and hence promotes brittle frac-
ture. On the other hand, mechanisms such as
fiber debonding and failure within the matrix can
increase the fracture energy of the material.2’

18Mm WD3B

#1,088 1drm WD2B

Figure 5 SEM micrographs of fracture surfaces of
GF/LDPE composites containing EAA and different
types of fibers: (a) M4, (b) M6, and (c) M8 fibers.

The impact strength of the material is therefore

controlled by balancing these two mechanisms.
It would appear that the main factor control-

ling the impact behavior of the prepared compos-
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Figure 6 DMTA thermographs of GF/LDPE compos-
ites made with M4, M6, and MS8 fibers: (a) storage
modulus, (b) loss modulus, and (c) tan 6.

ites is lack of energy absorption. The matrix is
embrittled with the addition of EAA, which leads
to a decrease in impact strength. Matrix em-
brittlement caused by the presence of carboxyl
groups has also been observed by other research-
ers.?° Polypropylene/elastomer/short GF compos-
ites prepared with an acrylated ethylene—pro-
pylene elastomer exhibited a lower impact
strength than those containing the unfunctional-
ized component. Furthermore, EAA is a low mo-
lecular weight copolymer (M, = 18,000), and the
ability of its chains to form an effective polymer
network, as postulated by the interpenetration
theory,?” and thus provide the material with a
new fracture energy absorption mechanism is
lower compared with that of PE-g-MA and EVOH.

Matrix embrittlement at the fiber/matrix inter-
facial region could also account for the low tensile
strength values observed for all three composites
(M4, M6, and M8) coupled with EAA. During the
fracture of such materials, cracks can be formed
at the embrittled fiber/matrix interface® as fiber
debonding or pull-out occurs, and their propaga-

tion into the main matrix could lead to failure at
lower tensile strength.

The addition of EEA, as was the case with
EVOH, confirmed that factors such as the molec-
ular weight, the mechanical properties, as well as
the effect on the matrix of the adhesion promoter
can influence the coupling performance.

Dynamic Mechanical Analysis

The temperature dependence on the dynamic me-
chanical properties for materials investigated in
this study is presented in Figures 6-8.

Figure 6 shows data for the storage (E') and
loss (E") modulus and damping factor (tan &) of
PE and composites prepared with M4, M6, and
MS8 fibers as a function of temperature. As ex-
pected, the tan 8 curve of PE (Figure 6¢) exhibits
three relaxations located in the vicinity of —120
°C(y),0°C(PB), and 80 °C («). The nature of these
relaxations has been reviewed by McCrum and
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Figure 7 DMTA thermographs of GF/LDPE compos-
ites made with M4, M6, and MS8 fibers containing PE-g-
MA: (a) storage modulus, (b) loss modulus, and (c) tan é.
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Figure 8 DMTA thermographs of GF/LDPE compos-
ites made with M4 fiber containing each of the three
copolymers (PE-g-MA, EVOH, EAA): (a) storage mod-
ulus, (b) loss modulus, and (c) tan 6.

co-workers.?! The y-peak is assigned to chain re-
laxation in the amorphous phase. The B-peak,
almost absent in the unbranched material,?? has
been associated with the relaxations of side
groups or short branch points. The a-relaxation
was first described as vibrational and reorienta-
tional motion within the crystals. Later, this re-
laxation has also been interpreted as relaxation of
the constrained molecules with reduced mobility
located near the crystallites.?3:34

Concerning the glass transition temperature
(Ty) of LDPE, both the y- and B-relaxations are
quoted to have the properties of the glass—rubber
transition. When the alkylidene content is low,
the y-peak is more prominent, whereas B-relax-
ation is the dominant mechanism at high alkyli-
dene content. The higher modulus drop occurs in
the vicinity of 0 °C rather than at —120 °C, which
would suggest that B-relaxation is the dominant
mechanism in the PE used in this study (Figures
6a and 6¢). At relaxation temperatures, E' de-
creases (Figure 6a), whereas both E” (Figure 6b)
and tan 8 (Figure 6¢) pass through a maximum.

The introduction of GF in the PE matrix has
profound effects on the dynamic mechanical prop-
erties of the material. Both, the stiffness and heat
resistance of the composite increase over the
whole temperature range, whereas the damping
factor decreases. Figure 6a shows that the drop in
modulus on passing through «- and B-relaxation
temperatures, is comparatively less for reinforced
materials than for PE alone. In other words, the
effect of GF on modulus is larger at temperatures
>0 °C (B-relaxation) than below it. A material
with a relatively higher modulus at higher tem-
peratures is produced. This higher modulus is
probably the result incorporation of GF that re-
duces the flexibility of the material by introducing
constraints on the segmental mobility of poly-
meric molecules at relaxation temperatures,®® a
phenomenon that is more pronounced at higher
temperatures.

The plot of loss modulus as a function of tem-
perature (Figure 6b) shows that the most pro-
nounced effect of GF reinforcement is the broad-
ening of the relaxation regions, especially at tem-
peratures >0 °C (B-relaxation). Change in the
physical state of the matrix surrounding the
GFs?36 hinders molecular motion, which may be
one of the factors causing the observed broaden-
ing of relaxation peaks. A comparison of the tan 6
curves presented in Figure 6¢ further supports
that GF incorporation leads to a reduction in
magnitude of peak intensity for the B- and espe-
cially for the a- relaxation. The position of the
peaks practically remains unchanged. This result
suggests that GF incorporation does not signifi-
cantly influence the crystallization or percentage
of crystallinity because such processes are related
to peak location change.?” Existence of interfacial
adhesion results in a material with an increased
storage modulus, resistance to elevated tempera-
tures, decreased damping, and broader peaks.
The best results were observed with y-MPS-
treated fibers (M6) and are in agreement with
both the tensile strength results and microscopic
evidence. It appears that the presence of interfa-
cial adhesion hinders further molecular motion,
leading to a stiffer, stronger, and tougher mate-
rial.

Data for the storage (E’) and loss modulus (E")
and damping factor (tan §) as a function of tem-
perature for PE and composites prepared with the
three types of fiber (M4, M6, and M8) and use of
the coupling agent PE-g-MA is shown in Figure 7.
Existence of increased interfacial adhesion, in ad-
dition to improving the mechanical properties of
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the material is also reflected in improved thermo-
mechanical properties (i.e., increased storage
modulus and decreased damping factor). The best
result is achieved for the composite made with the
untreated fiber M4, which is in agreement with
mechanical property results and microscopic evi-
dence. The ability of the maleic anhydride groups
to react with the hydroxyls groups of the GF and
the compatibility of the grafted PE chains with
the main PE phase translate to better composite
properties.

Comparison of the DMTA traces (Figure 8) for
composites made with M4 fiber and each of the
three copolymers, as well as no coupling agent,
show that the effect of adhesion on the thermo-
mechanical properties of the material is in agree-
ment with that on the mechanical properties. Use
of the copolymers, PE-g-MA and EVOH, result in
increased storage modulus (E’) and lower damp-
ing factor. The best result is achieved for the
composite containing PE-g-MA. EAA does not im-
prove the thermomechanical properties of the
composite, despite the promotion of interfacial
adhesion (Figure 5a). Use of EAA improved only
slightly the storage modulus (Figure 8a), whereas
the damping factor remained practically the same
(Figure 8c). It would appear then that improved
interfacial adhesion does not always translate to
improved thermomechanical properties.

Although coupling agents are primarily mate-
rials that improve the adhesive bond of dissimilar
surfaces by reacting to form bridges, they may
also modify the organic and inorganic boundary
layers of the interface region.?”3° Processes asso-
ciated with the action of a coupling agent, such as
structural changes, matrix embrittlement, and
differences in the expansion coefficients of the
different structures, could possibly explain the
observed behavior with the EAA. Ethylene/acrylic
acid copolymer is a low molecular weight com-
pound and is probably more readily diffusible
onto the fiber surface. The EAA can therefore
form a relatively high crosslink density at the
fiber surface, which in turn can lead to a higher
than expected stiffness level at the fiber/matrix
interface. Matrix weakening due to the effect of
steric stress®*3® is another factor related to the
action of EAA. Such considerations can possibly
explain the behavior of EAA.

CONCLUSIONS

Glass fiber-reinforced PE composites can be effec-
tively coupled by standard organofunctional si-

lane coupling agents. Silane compounds impart a
hydrophobic character to the fiber surface, and
coupling is achieved through compatibility of
their R groups with PE, whereas the hydroxyl
groups bond to the mineral. Increased interfacial
adhesion results in a material with increased me-
chanical properties. Materials coupled with the
methacrylate silane showed improved properties
compared with those coupled with the cationic
styryl silane, implying that methacrylate groups
exhibit a higher degree of compatibility with PE
than cationic styryl groups. Another reason for
this result may be that methacrylate groups
hinder the hydroxyl reaction less than the styryl
due to their smaller size.

Functionalized copolymers may be successfully
used as adhesion promoters in thermoplastic com-
posites. Of all materials investigated in this
study, the best mechanical properties were exhib-
ited by composites coupled with PE-g-MA. The
excellent compatibility of the grafted PE copoly-
mer chains with the main PE phase and the abil-
ity of the maleic anhydride groups to react with
the hydroxyl groups of the mineral can explain
the superior coupling performance of PE-g-MA.
EVOH was proved to be a less effective coupling
agent than PE-g-MA. Increased interfacial adhe-
sion is not always reflected in increased material
properties. Although EAA displayed increased in-
terfacial adhesion, there was a deterioration in
the impact strength of the material and only a
slight increase in its tensile strength. It would
appear that parameters associated with the ac-
tion of a coupling agent, such as structural
changes, matrix embrittlement at the interfacial
region, and difference in the thermal expansion
coefficients of the different structures, could pos-
sibly account for this discrepancy.

The combination of silane agents with copoly-
mers had various effects on the mechanical prop-
erties of the coupled materials. A moderate in-
crease in the material properties was observed
only with the PE-g-MA; EVOH and EAA were not
as efficient. It would appear that the combined
coupling performance of silanes and copolymers is
significantly influenced by the coupling perfor-
mance of the copolymer.

Interfacial adhesion, in addition to affecting
the mechanical properties of the composites, af-
fected similarly their viscoelastic behavior. In
general, improved interfacial adhesion in GF
composites meant an increase in the storage mod-
ulus and a lowering of the damping factor.
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