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Abstract

Hollow glass microspheres HGM are light, round, hollow, hydrophilic microspheres used to produce polyolefin
composites with reduced density. To maintain mechanical strength, it is necessary to improve the adhesion between
the polymer matrix and the microspheres, which is done by a compatibilizer. For polypropylene composites a maleic
anhydride grafted polypropylene copolymer PP-g-MAH is employed. The melt mixing is done in a reactive extrusion
when the maleic group of the compatibilizer reacts with hydroxyl groups present at the microspheres’ surface, grafting
a long PP chain. The aim of this work is to quantify the esterification grafting conversion and its efficiency during the
reactive extrusion to the formation of PP/HGM composites compatibilized with PP-g-MAH. Techniques like TGA,
FTIR and SEM were used to quantify the grafted PP content formed and the efficiency of the esterification reaction,
which is mainly dependent of the compatibilizer concentration and reactive extrusion temperature.
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1. Introduction

Reactive extrusion takes place when the synthesis or
modification of a polymeric material happens at the same
time of its processing and shaping into an intermediate
or finished plastic product!l. A common way to promote
polymer compatibility in a blend or composite is through
copolymers with segments capable of specific interactions
and/or chemical reactions with the other components.
The copolymers may be added separately or formed in situ
by blending suitably functionalized polymers.

Functionalized polyolefin, and more particularly
functionalized polypropylene (PP), were used to
compatibilize a large number of polar polymers such as
polyesters and polyamides, thus improving the properties and
stability of immiscible polymer blends*.. Polypropylene
compatibilization with polar polymers can be due to
specific interactions, such as hydrogen bonding, or as the
formation of graft copolymers by reactions between the
functions grafted over the PP and others existing in polar
polymers. These reactions can be made through reactive
extrusion processing.

Radical functionalization of PP by reactive extrusion
is one of the common ways to graft functional groups to
the PP chains. Among possible reactive monomers, one
of the most important for PP is maleic anhydride (MAH).
It generally improves the adhesion of PP to metals, glass
fibers, or other polymerst®®. The grafting of maleic
anhydride to PP has been prepared successfully in the
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melt state, by reactive extrusion®!'), and in the presence
of liquid solvents 12, which creates the problem of
removing the organic solvent after reaction. It is generally
accepted that chain scission occurs during the peroxide
initiated functionalization, and the maleic anhydride is
grafted to the PP backbone!'?.

The use of this grafted PP as a compatibilizer on fiber
composites has been widely reported in the literature!®'3-15),
and also specially on glass fibers!'®!”. Works done on natural
fibers, such as from Felix et al.l'8], show that esterification
reactions can occur between the maleic anhydride grafted
to the PP chains and the hydroxyl groups present on the
surface of such fibers. These applications lead to the
polypropylene grafted to maleic anhydride (PP-g-MAH)
also to be used as a compatibilizing agent on hollow glass
microspheres composites.

The use of hollow glass microspheres (HGM) in different
polymeric composites has been continuously explored by
both scientific and industrial means. Its influence in a wide
array of properties, such as reducing density!'”’, thermal
conductivity®-?2, dielectric propertiesi?*?*, and increasing
sound dampening!®! have created important benefits to
industrial sectors such as automotive, electronics, mechanical
and aerospace.

Despite its versatility and capacity to tinker several
properties, using HGM in thermoplastic compounds usually
diminishes the mechanical properties of the final product,
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such as tensile strength and impact resistance®*?7, unless
either a surface treatment and/or compatibilizers are used to
enhance the interaction between HGMs and the polymeric
matrix!">228], The works of Patankar et al.*'*’!, show that
the use of 1% in weight of PE-g-MAH in a PE/HGM
composite can positively influence toughness, yield strength
and maximum strain of such composites. Kumar et al.'*),
reported that the use of surface treated HGMs on PP and
fiber composites improve mechanical properties while
also reducing density. Patent literature of 3M?], shows an
increase of approximately 40% on the tensile strength of
PP/PP-g-MAH/HGM composites in comparison to composites
without the compatibilizing agent. Even though these works
show such effects, the content of PP grafted over the HGM
and its efficiency has not been fully studied in PP/HGM
composites compatibilized with maleic anhydride grafted
polypropylene PP-g-MAH.

Given the need to create light and mechanically strong
composites, and the economic advantage of the high yield
provided by reactive extrusion, the goal of the present work
is to assess both conversion and efficiency of the grafting
reaction during reactive extrusion of a PP/PP-g-MAH/HGM
composite, while analyzing the effect of the extrusion
temperature in the process.

2. Materials and Methods
2.1 Materials

The major component of the composite is a commercial
isotatic homopolypropylene (H301) with medium flow
rate (MFI 10 g/10 min), and normal molecular weight
distribution, produced by Braskem. Hollow glass microsphere
(BM™ iM16k) is an injection molding grade HGM, with
high pressure resistance, produced by 3M Company and
donated by 3M do Brasil LTDA. The PP-g-MAH (Polybond®
PB 3200), produced and donated by Addivant™ has a
nominal content of maleic anhydride of 1% weight, and MFI
of 115 g/10 min. Materials were used as received without
any further purification.

2.2 Methods
2.2.1 Reactive extrusion

The reactive extrusion was carried out in a co-rotating
twin-screw extruder from HAAKE, Rheomex OS PTW24
model, with a 24 mm screw, L/D = 25 and a side feeder at
L/D =12. The screw was designed to have only conveying
screw elements between the side feeder and die exit, to help
diminish the breakage of HGMs!'). The rotation speed was
50 rpm and extrusion temperatures, kept constant along
the whole barrel, were set at 200 °C, 220 °C and 240 °C.
All components were oven dried for 12 hours at 80 °C prior
to melt mixing. Manually mixed formulations of PP and
PP-g-MAH pellets were fed through the main feeder and
HGMs were fed on the side feeder. The content of HGM
was fixed at 10% (w/w) in all formulations, the content
of PP-g-MAH varied from 2% up to 14% (w/w), adding
up with the PP main component. The polymer melt while
flowing inside an extruder spreads over many different path,
with different length and shear histories, which results in a
distribution of residence times. The shear level encountered
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by the melt and the residence time it stays inside the extruder
directly affect the reaction conversion and so the breath of
the residence time distribution RTD curve is important to
be known, particularly when reactive extrusion is under
study. For that the extrusion RTD curve was measured by
adding a single pellet of colored PP tracer in the aperture
of zone #4, while the compositions were being prepared.
To represent the RTD curve three main residence times
were measured: initial time corresponding to the moment
of'the first sign of color exits the extruder which represents
the fastest route the polymer melt flows, the peak time that
of maximum color intensity when the biggest fraction of
molten polymer exit the extruder and the final time when
the slowest melt fraction exits the extruder, represented
by the disappearance of the color in the extruded strands.
This last fraction have taken the longest rote and probably
faced the highest shear. A control composition containing
only PP-g-MAH and HGMs (10% w/w) was prepared in a
HAAKE torque rheometer at 200 °C for 10 minutes.

2.2.2 Solution extraction of reacted hallow glass microspheres

After reactive extrusion, 1.5 g of each compound was
solubilized in 300 ml hot xylene at 90 °C for two hours,
enough to dissolve completely all soluble components.
The suspension was then filtered with the help of a vacuum
pump, leaving the PP grafted HGMs on the filter. The whole
solution/filtering process was repeated twice for each sample.

2.2.3 Quantification of the polypropylene grafted over the HGM
microspheres using thermo-gravimetric analysis, TGA

The PP grafted HGM samples were pyrolyzed ina TGA
model Q50 from TA Instruments, available at the laboratories
of 3M do Brasil LTDA, Sumaré, SP. The heating scans
went up to 600 °C at 10%min under a flow of compressed
air. At least two samples were tested for each composition.

2.2.4 Quantification of the polypropylene grafted over the HGM
microspheres using infrared analysis, FTIR-ATR

FTIR-ATR was performed in a Thermo Scientific,
model Nicolet iS50, under Attenuated Total Reflectance,
available at 3M do Brasil LTDA. Extruded strands were
chopped and the fresh surface measured. Each composition
was measured ten times, discarding the outliers, in order
to attenuate the intrinsic limitations of the ATR technique.
Reference PP/HGM compositions were prepared to produce
the calibration curve by dissolving known amount of pristine
PP in a round flask with hot xylene at 90 °C, until complete
dissolution. Enough amount of HGM was added to prepare
compositions with PP content varying from 1% to 12.5%
(w/w) and well stirred. The mixture was poured on a glass
plate and dried at 75 °C for 12 hours. Portions of the dried
mixture was squeezed over the ATR crystal window and the
spectra taken. The known added weight’s ratio between both
components were related to the area under the absorbance
bands present between 2970 cm™ and 2840 cm! (referring
to the symmetric and asymmetric stretch of the aliphatic
CH, and CH,, taken here as an indication the organic PP
content) and the area of the bands present between 1300 cm!
and 880 cm! (referring to the hollow glass microspheres
inorganic phase content) as Peak Area Ratio = (Peak Area
from 2970 to 2840)/(Peak Area from 1300 to 880). Area
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instead of the absorbance at peak maxima was chosen because
the PP content in the extrude grafted compound is low and
the silica band is quite broad. A straight line was obtained
and used to quantify the grafted PP content on the solvent
extracted HGM after the reactive extrusion.

2.2.5 Electron microscopy SEM and elemental analysis EDS

Micrographs of the extruded compounds were taken
by a scanning electron microscope FEI Inspect, model
S50, available at 3M do Brasil LTDA. Extruded strands
of PP/PP-g-MAH/HGM composites were cryogenically
fractured, silver glued, gold sputtered and examined under
various magnifications. The atomic concentration of C, O,
Na, Si and Ca on the surface of the HGM particles in some
selected areas was quantified by energy-dispersive X-ray
spectroscopy EDS analysis.

3. Results and Discussions

3.1 Simulation of maximum PP grafting content over
glass microspheres

To simulate the maximum amount of polypropylene
that could be attached to the surface of the HGM spheres
a simple model was built. The area to be covered can be
obtained from the mean diameter of the spheres (20 pm)
and the density of the spheres (0.46 g/cm?). The maximum
number of PP chains that could graft at the surface of one
HGM can be estimated assuming that the minimum average
cross section area of an extended single PP chain is that of
the maximum packing of its crystalline unit cell. Knowing
that its unit cell parameters are a = 6.65A and b = 20.96A
and that there are four PP chains per unit cell we reach to the
minimum cross section area of a PP chain is 34.85A2, i.e. a
diameter of 6.66A. From this we get that the maximum weight
content of grafted PP chains that could fit over the surface of
HGM is wiiyap (%) =3.11%107 * M, By assuming that the
number average molecular weight of the PP-g-MAH is in the
range of M,, = 70,000g / mol, one can find that the maximum
weight content of grafted PP chains is wigiay = 22%w / w.

3.2 Average residence times during extrusion

Table 1 shows the average residence times during the
extrusion of the composites measured from the entrance
port (feeding hoper) of the HGM particles (L/D = 12) until
the die exit, at three different extrusion temperatures. The
increase of extrusion temperature reduces the melt viscosity
and so facilitates the particle/polymer melt mixing, which,
in turn, reduces the average residence time. This shorten the
time the reactive processing has to graft the PP chains over
the HGM surface. The neat final time/temperature effect in
the grafting efficiency will be discussed later and is one of
the objectives of this paper.

Table 1. Average residence times measured from the HGM’s
extrusion entrance port (zone #4).

Extrusion temperature 200 °C 220 °C 240 °C
Initial residence time (s) 65 60 55
Peak residence time (s) 90 85 75
Final residence time (s) 180 140 110
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3.3 PP grafting content quantified by thermo-gravimetric
TGA measurements

The dried HGMs after solvent extraction were pyrolyzed
in a TGA to quantify their organic content, which is assumed
to be made solely by grafted PP chains. Pyrolyzed dried
pristine HGM shows a maximum weight reduction of less
than 0.4% w/w. Figure 1 shows TGA curves for PP grafted
HGM after solvent extraction, that have being made by
reactive extrusion of PP/PP-g-MAH/HGM composites at 200
°C, with varying PP-g-MAH content, ranging from 2% up
to 14% w/w. The drop in weight starts at approximately 300
°C spanning the pyrolysis up to almost 500 °C. The burning
process happens continuously and in only one degradation
mechanism, above 500 °C the residue weight keeps constant
indicating that all organic component has being pyrolyzed.
The higher the PP-g-MAH content in the initial extruded
formulation the higher the weight loss, i. e. the higher the
grafted PP chains content.

Figure 2 shows curves of the amount of grafted PP chains
over the extracted HGM as a function of the initial content of
PP-g-MAH compatibilizer (in terms of 1/, /wppgyan ) used
during reactive extrusion, at three different temperatures.
The content of PP chains grafted to the HGM’s particles
increases with the content of PP-g-MAH compatibilizer

100%
—TGA (2%)
—DTG (2%)
—TGA (4%)
— DTG (4%)
—TGA (6%)
—DTG (6%)
80% —TGA(10%)
—DTG (10%)
—TGA (14%)
——DTG(14%)

90%

Weight (%)

70%
0 200 400 600
Temperature (°C)

Figure 1. TGA/DTG curves of PP grafted onto hollow glass
microsphere HGM compound, after solvent extraction. The organic
pyrolyzed content correspond to the grafted PP content. The grafted
compounds were extracted from PP/PP-g-MAH/HGM composites
extruded at 200 °C, with varying PP-g-MAH content, as indicated.

Grafted PP content by TGA

= 200°C
e y=-24.94x+21.63
20 - . . R?*=0.92 s 220°C
B3 N n y=-9.67In(x) - 2.84
P “m R?=0.89 e 240°C
<15 Som
= ~. y = -6.98In(x) - 0.90
o0 =
Fs R?=0.91
o
T 10
£
1] N
[C] S
5 S
&
.-
i
0
0.0 0.2 0.4 0.6 0.8 1.0

1/(PP-g-MAH)A1/2

Figure 2. Grafted PP content over the extracted HGM measured
by thermo-gravimetric analysis as a function of the initial content
of PP-g-MAH compatibilizer used during reactive extrusion.
The extrapolated value 0f21.6% is the maximum PP grafting content.
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added to the reactive extruded compound, indicating that
more ester bonds are created as PP-g-MAH compatibilizer
chains becomes more available. For reactive extrusion at
200°C the data follows a straight line which extrapolates to
the maximum weight of PP chains that can be grafted over
the HGM particles, which is wppgyang = 21.6%, a value very
close to the simulated data using MFP$MA® 70,000 g / mol.
To reach this limiting condition, it is necessary to use samples
of PP-g-MAH in which all PP chains are grafted with maleic
anhydride, which does not happens in commercial samples,
given that not all chains get grafted during its reaction!”.

Upon rising the reactive extrusion temperature of the
composite to 220 °C and 240 °C the efficiency of the PP
grafting content on the HGM particles reduces. It is known
that the monoesterification reaction between styrene-maleic
anhydride and aliphatic alcohols decreases significantly with
increasing temperature®. Another effect is that, at higher
reactive extrusion temperatures the time available to the
reaction, i. e. the average residence time during extrusion is
greatly reduced, as shown in Table 1. Together both effects
reduce the grafting efficiency of the reaction leading to a
lower total conversion.

To prepare a formulation as close as possible to the
maximum compatibilizer content in the composite, HGM
particles with pure PP-g-MAH were mixed in a HAAKE
rheometer. In doing so it was possible to get the datum at
1/ [Wopgvan =1.05 Which reaches to a PP grafted content of
wepgvian =18.72%- The HAAKE mixing time was 600s, well
above the average residence time of the extrusion, allowing
plenty of time for the reaction to occur.

The presence of organic material in the HGMs after the
hot solvent extraction indicates that it is covalently bounded
(some hydrogen bonds may be formed as well) to the surface
of the microspheres, grafted during the reactive extrusion.
Figure 3 shows such a reaction, proposed by Felix et al.®!
for grafting PP-g-MAH over cellulose fibers. The maleic
anhydride functional groups in the PP-g-MAH chains react
with the hydroxyl groups present in the HGM’s surface
forming ester bonds, grafting the copolymer. The layer of PP
chains over the HGM particles more efficiently anchor them
in the polymer matrix producing composites with improved
mechanical properties, as mentioned in various works??’), by
improving the load transfer on the composite’s interfacet®!.

HoM ST 7] S PP
§<7S chain
°

HGM [ *< _
I chain \
HGM

Q = C=—C
0 0-c— PP_
HeH H chain

a—

Figure 3. Proposed grafting mechanisms of the maleic anhydride
functional group present in the PP-g-MAH compatibilizer and
hydroxyl groups present on the surface of the HGMs particles
(adapted!"®).
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3.4 Efficiency of PP grafting over HGM measured by TGA

The PP grafting over the hollow glass microspheres is
needed for a better anchoring which leads to an efficient
load transfer during mechanical stress. The mixing method
used here is by reactive extrusion in which the polymer
matrix and the compatibilizer are added to the extruder in
the first feeding zone and the HGM downstream by a side
feeder located at L/D = 12 to reduce, as much as possible,
the breakage of the HGM microspheres. In addition, any
high shearing screw elements, like kneading elements,
should be added in the screw profile only prior to the side
feeder entrance and having none downstream. In doing so
the PP-g-MAH compatibilizer is mixed and diluted in the
PP matrix prior to be able to get in contact with the HGM.
When it does the amount of compatibilizer is proportionally
reduced according to the initial feeding composition.
The grafting efficiency, i.e. how much the fed PP-g-MAH
content actually reacts, producing the grafted layer over
the glass microspheres, should be calculated. We choose to
quantify the efficiency by calculating the weight percentage
of grafted PP over the HGM microspheres measured by
the TGA analysis, in relation to the original total mass of
PP/PP-g-MAH/HGM fed to the extruder. The experiment
covered five different compatibilizer concentrations and
three reactive extrusion temperatures.

Figure 4 shows bar curves of PP-g-MAH compatibilizer
content (in gray) present in the initial composite formulation
and the correspondent grafted PP content (in blue), at reactive
extrusion temperatures of 200°C, 220°C and 240°C. All contents
are in %w/w, and are relative to the initial composition fed
into the extruder. Finally, a linear fitting curve is added to
the PP grafted content, obtained from the TGA analysis.

Analyzing Figure 4 one immediately observes that the
amount of PP-g-MAH grafted over the HGM is very low
compared to the amount initially added. The diluting effect
of the PP-g-MAH in the PP matrix along the extruder, until
reaching the side feeder, reduces the reagent content for the
esterification reaction to occur. As already observed the
grafting conversion reduces at higher extrusion temperatures.
Knowing that the HGM content in the original formulation
is 10% then the simulated maximum grafting content would
reach to wppiyay =2.16%. The highest grafting content
obtained was 1.66%, reacting at the minimum extrusion
temperature 200 °C and at the maximum PP-g-MAH
compatibilizer content used here of 14%. This level of
compatibilizer content is already too high, and lowering the
extrusion temperature even further would increase the melt
viscosity and so the extrusion torque, hindering the process.

In order to remedy the low efficiency various strategies
should be applied, such as: design the screw profile to
improve microspheres dispersion as well as avoiding their
breakage, feed the compatibilizer downstream as close
as possible to the feeding microspheres’ port, premix the
microspheres with the compatibilizer as a master concentrate,
set the extrusion temperature profile in the reaction zone
as low as possible, i.e. downstream after the microspheres
feeding port, and so on.
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Figure 4. Efficiency curves from TGA analysis in terms of added PP-g-MAH compatibilizer and grafted PP contents, at various reactive
extrusion temperatures, as indicated. Gray bars represent PP-g-MAH in the initial composite formulation, blue bars show the PP grafted
content. All contents are in %w/w and relates to the initial composition fed in the extruder. Linear fitting curves.

3.5 FTIR-ATR spectra of PP/HGM compound and its
calibration curve

Figure 5 shows the infrared spectra of a PP grafted
HGM after solvent extraction from an extruded original
formulation with 14% of PP-g-MAH and 10% HGM at
220 °C. Two main sets of bands are present: i) bands between
2970 cm™ and 2840 cm™, referring to the symmetric and
asymmetric stretch of aliphatic CH, and CH,** bands, and
ii) a broad band, between 1300 cm™' and 880 cm!, referring
to the 1100 cm™ SiO, silica bonds of the HGM. A 10x
enlarged portion of the spectra, in the 4000 — 2300 cm'!
range, is shown to highlight the PP band, present in low
quantities in the PP grafted HGM solvent extracted compound.
The quantification is done by measuring the area under
each band, employing a horizontal straight base-line, as
shown in Figure 5.

The sensitivity of the FTIR-ATR method to
quantitatively measure the expected low levels of the
grafted PP content over the solvent extracted HGM was
checked by obtaining a calibration curve from mixtures
of PP homopolymer and HGM pristine microspheres, in
the expected grafted PP content range of the composites.
The areas under the PP and silica bands was measured
and their ratio calculated resulting the calibration curve
presented in Figure 6. The data points fit quite well in a
straight line, with R?=0.997, good enough to allow the
use of the FTIR-ATR method to quantitatively characterize
the content of the grafted PP over the solvent extracted
HGM microspheres.
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Figure 5. FTIR spectra of a PP grafted HGM after solvent extraction
from an extruded original formulation with 14% of PP-g-MAH and
10% HGM w/w at 220 °C. The spectra above 2300 cm™ is shown
enlarged 10x in the upper shifted curve. The quantification is done
taking the area under each band, as shown.
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3.6 PP grafting content quantified by FTIR-ATR
measurements

The amount of grafted PP over the HGM microspheres
was also quantified by FTIR/ATR. Figure 7 shows the same
set of curves for the three extrusion temperatures as used
during the TGA quantification. The behavior, as expected,
is almost the same. Both techniques can quantify almost
equally the grafting yield. Again data for 200 °C follow a
straight line which extrapolate to wisayay =19.4%, within the
experimental error of the value obtained by TGA. The behavior
at higher extrusion temperature (220 °C and 240 °C) also
shows a reduction in the PP grafting conversion over the
HGM particles, agreeing with the expected reduction in the

25
Grafted PP content by FTIR
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Figure 7. Grafted PP content over the extracted HGM measured by
FTIR-ATR method as a function of the initial content of PP-g-MAH
compatibilizer used during reactive extrusion. The maximum PP
grafting content is the extrapolated value of 19.8%.
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conversion of the esterification reaction between maleic
anhydride and alcohols with increasing temperature!®®..
The already mentioned reduction in the average residence
time during extrusion at higher temperatures also contributes
to the reduction in grafting efficiency.

The FTIR-ATR measurements gives higher data
dispersion, partially due to the great difference between the
band area of the aliphatic CH, and CH, of PP and the band
area of silica, when calculating their ratio. The FTIR-ATR
spectra (Figure 5) also does not show peaks at 1780 cm!,
which would correspond to the carbonyl group in cyclic
anhydrides, nor at 1746 cm™, which would correspond to
ester bonds on the HGM’s surface!'®.. This indicates that
the amount of ester bonds is below the detection, just as
indicated by Patankar et al.””!, and expected by the slow
reaction kinetics of maleic anhydride to hydroxyl groups®.
Even though, it is still possible to detect the polypropylene
chain grafted to these bonds, hence TGA and FTIR technique
were used to quantify it.

3.7 Efficiency of PP grafting over HGM measured by FTIR

The efficiency of the total reaction was calculated the
same way as done for the TGA samples. Figure 8 shows how
much of the initial compounded PP-g-MAH reacted. Again
the low grafting efficiency is also revealed by the FTIR-ATR
analysis, the reaction consumes only a small portion of the
initially fed content of PP-g-MAH compatibilizer. Even if
this technique presents a slightly more dispersed data, the
conclusions drawn from both analysis are the same, no more
than 10% of the added PP-g-MAH in the original extruded
formulation is grafted onto the HGM microspheres.
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Figure 8. Efficiency curves from FTIR analysis in terms of added PP-g-MAH compatibilizer and grafted PP contents, at various reactive
extrusion temperatures, as indicated. Gray bars represent PP-g-MAH in the initial composite formulation, blue bars show the PP grafted
content. All contents are in %w/w and relates to the initial composition fed in the extruder. Linear fitting curves.
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3.8 SEM micrographs and EDS analysis of the
composite fractured surface

As seen so far, the content of the grafted PP over
the surface of the HGM particles measured by TGA and
FTIR techniques is dependent of the concentration of the
PP-g-MAH compatibilizer added in the composite formulation.
The anchoring effect of this polymeric layer is expected
to improve the mechanical properties of the composite!?®!.
Figure 9 shows SEM micrographs of cryogenically fractured
extruded strands of the uncompatibilized PP/HGM (Figure 9a)
and compatibilized with 14% of PP-g-MAH (Figure 9b)
composites. The difference of the interface in both cases is
clearly evidenced, on the uncompatibilized composite the
interaction between the PP polymer matrix and the HGM
particle is almost inexistent, the round glass particles are
detached from the matrix, very little load transfer during
mechanical deformation can be expected. On the contrary, in
the PP-g-MAH compatibilized composite there is a smooth
change from the matrix to the glass particle, no clear interface
is seen. The particle is well immersed in the matrix, with
layers of the organic matrix covering it, an interaction that
gives a good load transfer during mechanical deformation.

Figure 9 also shows selected points (crosses) on the
surface of the hollow glass microspheres in which weight
and atomic concentrations of C, O, Na, Si and Ca were
measured by EDS analysis. The data are presented in
Table 2. The particle surface of uncompatibilized PP"HGM

composite seen in Figure 9a show low levels of carbon
and high levels of silicon and calcium atoms (marked #1).
On the other hand, the compatibilized PP/PP-g-MAH/HGM
composite (Figure 9b) shows a much higher concentration
of carbon and lower for silicon and calcium atoms (#2),
indicating the presence of an organic layer covering the
entire glass particle surface. Moreover, selecting another
area in this same compatibilized composite (#3) in which a
visible extra layer was left over the glass particle, while the
crack was propagating, the carbon concentration increases
even further, in detriment to the silicon and calcium atoms
content (see Table 2). This is a quantitative indication that
there are PP chains adhered to the HGM surface, result of
the grafting reaction occurred during the compatibilized
reactive extrusion.

4. Conclusions

This paper quantifies the conversion and efficiency of
the esterification reaction between the maleic anhydride from
a maleate polypropylene (PP-g-MAH) to graft onto hollow
glass microspheres HGM. They are dependent on both, the
initial content of available PP-g-MAH in the composite
formulation and the reactive extrusion temperature.

The reaction conversion increases with the PP-g-MAH
content in the formulation, topping near the theoretical limit
of approximately 20% w/w of grafted PP over the HGM

Figure 9. SEM images of cryogenically fractured composites: (a) uncompatibilized PP/HGM composite showing clean detached HGM
particle from the PP matrix, (b) compatibilized PP/PP-g-MAH/HGM composite with well-anchored interface matrix/HGM particle.
Crosses show approximate locations were the concentration of carbon, silicon and other atoms was measured, with data shown in Table 2.

Note that location #3 is over an extra layer of PP.

Table 2. Weight and atomic concentrations of C, O, Na, Si and Ca over the surface of the HGM particles in selected areas, as indicated

in Figure 9.
Atom Uncomp. 1 Graf2 Graf 3
w(%) Atom.(%) w(%) Atom.(%) w(%) Atom.(%)
C 14.1 232 23.0 34.9 36.9 49.8
O 34.8 42.9 33.8 38.5 329 334
Na 2.4 2.1 22 1.8 2.1 1.5
Si 37.2 26.1 31.9 20.7 22.3 12.9
Ca 11.5 5.7 9.0 4.1 5.8 2.3
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microspheres. As expected, an increase in the extrusion
temperature reduces the esterification reaction conversion,
reducing the grafted PP content.

The traditional way of adding the PP-g-MAH compatibilizer
with the polymer matrix promotes its dilution in a large
amount of material and so most of it remains unreacted in the
PP matrix, reducing its efficiency. The results also highlights
the importance in choosing the right screw profile to get a
good balance between be mild enough to avoid the HGM’s
breakage, but enough shearing to grant high efficiency to
the esterification reaction and so the grafting conversion.
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