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The presented work reports on reactive processing aimed at improving mechanical properties
of polyolefine/magnesium hydroxide-based composites. Three different polymer matrix materials
(polypropylene homopolymer (PP), polypropylene block copolymer (PPBC), and linear low-density
polyethylene (LLDPE)) have been studied in combination with plate-like and spherical magnesium
hydroxide particles (60 mass %). m-Phenylenedimaleimide (DMI) has been used as a reactive mod-
ifier and it became apparent that DMI is very effective in this role. In addition to the actual level
of DMI used, the extent of reaction of matrix chains and filler surface with DMI, is heavily de-
pendent on the reactive processing conditions, especially temperature. The enhancement in major
mechanical properties, i.e. tensile strength, elongation to break and impact strength, afforded by
DMI modification exceeds the improvement afforded by silane pretreatment systems. When the
optimal DMI and processing temperature was applied, improvement of mechanical properties in all
studied composites was higher than 100 % relative to the respective unmodified composites. This
paper also affords insight into the mode of action of DMI and how the use of DMI together with a

lubricant can be optimized to tailor composites to specific end-use applications.

Over the past decade fillers have moved a long way
from their traditional and historical role as cheap ex-
tenders and shrinkage reduction agents for polymeric
materials. It is now widely recognized that fillers can
be very useful functional additives; a good example
being the use of metal hydroxides to impart halogen-
free flame retardancy [1, 2].

Highly flammable polymers, such as polyolefins
and polystyrenes, can be made flame-retardant by ad-
dition of organo-halogen compounds combined with
antimony oxide. However, the use of these flame re-
tardants results in evolution of thick smoke together
with highly acidic hydrogen halide gas. Magnesium
hydroxide, along with other materials such as alu-
minium hydroxide and mixtures of Huntite and Hy-
dromagnesite, is a very effective halogen-free flame re-
tardant and smoke suppressant. As a result of these
attractive properties, together with the environmental
reasons, the use of these additives (known collectively
as flame-retardant fillers) has been steadily increasing
(3].

The most significant disadvantage of flame-retard-
ant fillers is the amount of the additive required to

attain acceptable flame retardancy which can exceed
60 mass % (40 mass %). Such high filler levels ne-
cessitate modification of the interface region that ex-
ists between the filler particles and the bulk matrix,
as this component of the composite dominates their
mechanical and processing characteristics. This paper
focuses on the use of m-phenylenedimaleimide (DMI)
as a potentially cost-effective “one-step” reactive in-
terface modifier for highly filled composites based on
the magnesium hydroxide (Mg(OH):) and a range of
polyolefins.

The resulting properties of composites based on
thermoplastic matrix materials and inorganic particu-
late fillers are influenced by many factors. Whilst the
physical and chemical nature of the filler will deter-
mine its effectiveness in a functional role, the presence
of solid additives in the matrix melt will inevitably
have an impact on their processability. The extent to
which this occurs depends on many factors including
the amount of filler present, possible interactive effects
between the filler and polymer, or between the filler
particles themselves [1]. With increasing filler content
the influence of the above-mentioned factors is intensi-
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fied and results in deterioration of composite mechan-
ical properties and rapidly increasing composite melt
viscosity.

Use of magnesium hydroxide as a halogen-free
flame-retardant and smoke-suppressant additive is a
notably important example where a high-filler volume
fraction (2 0.40) (corresponding to = 60 mass %) is
required to realize the desired composite property, i.e.
flame retardancy to UL94 VO or V1 specifications.
The environmentally attractive feature of halogen-free
flame retardancy is therefore offset somewhat by the
high filler loadings required, which cause a significant
reduction in toughness-related mechanical properties
and an enormous increase in composite melt viscosity.
By interface modification wia chemical treatment of
filler surface and/or use of a specially modified matrix
mentioned above disadvantages can be overcome [2].

Recent work conducted by the authors has shown
the benefits of a single-step reactive processing com-
posite formation method, where thermomechanical
production of macroradicals is sufficient for creation
of the required reactive intermediates. Therefore per-
oxides, which are often detrimental to the long-term
composite stability, are not needed. Several multifunc-
tional additives have been investigated for this role [4];
however, DMI afforded the best results by a significant
margin. Unlike the majority of surface treatment sys-
tems, particularly the silanes, it was shown that DMI
is equally effective with both acidic (zeolites and ben-
tonites [5]) and basic (calcium carbonate [6]) fillers.
These studies demonstrated that processing tempera-
ture is the major determinant of the efficiency of DMI.

Table 1. Details of Polymer Matrix Materials
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The results obtained in these studies indicate the po-
tential of DMI for use in highly filled systems being
such as that of magnesium hydroxide-based polyolefin
composites [7—10].

The objective of this work was to evaluate the
effect of addition of a reactive monomer, namely,
m-phenylenedimaleimide (DMI) on the processing
and end-use properties of magnesium hydroxide-filled
polyolefin composites. Three different polyolefin ma-
trix materials (polypropylene homopolymer (PP),
polypropylene block copolymer (PPBC), and linear
low-density polyethylene (LLDPE)) have been studied
in combination with plate-like and spherical magne-

-sium hydroxide particles. The effect of polymer matrix

structure, filler particle shape on reactive processing
efficiency has been studied along with the simultane-
ous effects of DMI level, processing temperature, filler
level, and lubricant level, on the processing character-
istics and mechanical properties.

EXPERIMENTAL

Materials: Details of the polyolefin matrix materi-
als are presented in Table 1.

Both the plate-like (Fig. 1) and spherical mag-
nesium hydroxide particles are characterized in Ta-
ble 2. Particle size and shape have been varied by
careful control of the proprietary precipitation process
which has been used to prepare these samples. The re-
active modifier, m-phenylenedimaleimide (DMI), was
obtained in a 90 % active form from VUAS Pardubice
(Czech Republic). Structol Polydis TRO-16 (a mix-

Polymer Designation Producer Commercial Melt flow ratio
designation
Linear low-density LLDPE Exxon Chemicals, Escorene LL 1004 YB 2.8 dg min—!
polyethylene USA (190°C, 2.16 kg)
Polypropylene PP Slovnaft, Slovak Tatren HPF 8.6 dg min—!
homopolymer Republic (230°C, 2.16 kg)
Polypropylene block PPBC ICI Chemicals and Propathene 10.1 dg min~!
copolymer* Polymeérs, UK GMX 216 (230°C, 2.16 kg)

*12—14 % ethylene-rich ethylene—propylene random copolymer (EPRC) which was formed in the same polymerization as the
continuous PP phase. Some of these EPRC’s form a dispersed impact modifier phase.

Table 2. Particle Characteristics of Magnesium Hydroxides Used in Compound Preparation

Particle shape Mean particle size

Surface area

Commercial Origin

2

designation

um m

Plate-like 0.8—1.0 6.9 Duhor N Duslo, a.s. Sala,
Slovak Republic

Spherical 20—40 - - Laboratory

preparation
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REACTIVE PROCESSING OF POLYMER COMPOSITES

Fig. 1. Scanning electron micrographs of lamellar (plate-like)
magnesium hydroxide (average particle size = 1 um).

ture of fatty acid amides and esters) was selected as
the lubricant. In the previous work [9] TRO-16 has
been shown to improve composite rheological prop-
erties without excessively compromising the positive
effect of DMI on composite mechanical properties.

Composite preparation: Melt blending was car-
ried out using a Brabender Plasticorder fitted with
a W50 chamber and cam blades. Mixing time was
varied from 4 to 14 min, mixing torque data were
reported after the first minute of mixing after stabi-
lization of the torque response. Mixing temperature
was varied from 160 to 240°C. All composite sam-
ples were compression-moulded at 180°C and 200°C
into plaques of 0.8 mm and 3 mm thickness for tensile
and impact testing, respectively. The moulding (us-
ing frame moulds) was carried out using a preheating
time of 3 min, pressure was applied for 2 min and
the mould was then transferred to a cooled press and
pressure was applied during cooling for 10 min.

Melt flow rate (MFR): Assessment of the melt flow
behaviour of the composites, prepared as above, was
carried out using a Chemoprojekt U. A. (Czech Re-
public) MFR apparatus with a set barrel temperature
of 190°C and 230°C and 2.16 kg load. Otherwise the
conditions were identical to ASTM D 1238.

Mechanical testingz ASTM D 638M Type M-
III tensile dumbbell test pieces were cut from the
compression-moulded sheets and tensile strength was
measured at ambient temperature using a crosshead
speed of 50 mm min~!. Unnotched impact strength
was measured at ambient temperature using a Charpy
impact testing instrument. Test piece dimensions were
3mm x 10 mm X 70 mm and the span was set at 50
mm.
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Fig. 2. Effect of plate-like Mg(OH)2 content on unmodified (O)
and modified (H) polypropylene homopolymer-based
composites.

Scanning electron microscopy: Fracture surfaces
were examined using a Tesla BS-300 SEM. Prior to
analysis the impact fracture surfaces were sputter-
coated with a gold layer of 40—50 nm thickness using
a Balzers SCDO050 coating machine.

RESULTS AND DISCUSSION

Fig. 2 shows the decrease in tensile strength of
PP/Mg(OH), composites with increasing level of un-
modified filler. This decrease is partly due to poor dis-
persion of the filler but the other reason for this effect
is poor filler-matrix adhesion. Increasing the aspect ra-
tio of the filler beyond that normally encountered with
particulate fillers may increase the strength slightly
but will not usually completely overcome the decreas-
ing trend observed in Fig. 2 where despite perfect dis-
persion, tensile strength is reduced by 50 % (relative
to the unfilled matrix) at 60 mass % Mg(OH),.

From Fig. 2 the effectiveness of reactive processing
with DMI is strongly evident and is manifested as an
increase in tensile strength beyond that of the unfilled
matrix. The other significant feature is that the effi-
ciency of the DMI increases as filler level increases.
These observations are clear evidence that DMI-filler
and DMP—PP interactions serve to increase the ad-
hesion between the filler and matrix and that the in-
terface formed, as a result of these interactions, is
stronger than the unfilled matrix. The latter feature
is very beneficial, as already mentioned, the filler con-
tent required to afford flame retardancy to UL94 VO
in polyolefins must be in excess of 60 mass %.

Fig. 3 presents the maximum level of tensile
strength received from optimization of DMI content
and reactive processing conditions for composites con-
taining 60 mass % magnesium hydroxide; the compos-
ite strengths obtained were higher than those of the
respective unfilled matrix materials.

It is important to note, however, that the opti-
mum DMI levels and processing conditions are highly
matrix-dependent and principally reflect the differing
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Fig. 3. Maximum tensile strength obtained for unmodified (O)
and modified (M) composites containing 60 mass % of
plate-like magnesium hydroxide.
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Fig. 4. Maximum elongation obtained for unmodified (O) and
modified (l) composites containing 60 mass % of plate-
like magnesium hydroxide.

chemistry of the matrix materials, particularly with
regard to their thermomechanical degradation char-
acteristics: PE tends to undergo crosslinking and PP
tends to undergo chain scission. In the former ma-
trix the crosslinking effect was so pronounced that the
crystalline content was significantly reduced [8], how-
ever, in PP-based composites the crystalline content
is only slightly reduced. The latter observations will
be reported in more detail soon [8—10].

From Fig. 4 it is evident that the improvement
in elongation, relative to the respective unmodified
composites, afforded by reactive processing with DMI
is particularly significant for the PE-based compos-
ite, though the improvements in elongation of PP-
based composites can still be considered commend-
able. With the former composite, the reduction in
PE crystalline content that occurs due to crosslink-
ing, is the most likely explanation for the significant
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Fig. 5. Influence of reactive processing on impact resistance of
polymer composites, unmodified ((J) and modified (H).

improvement in elongation. It can be considered that
the DMI-crosslinked PE matrix has become similar
to a rubbery, largely amorphous, crosslinked polymer,
such as an ethylene—propylene or ethylene—vinyl ac-
etate random copolymer. This effect, together with
strong filler-matrix adhesion, results in good strength
and elongation, which occurs uninterrupted by the ex-
cessive physical crosslinking afforded by a semicrys-
talline structure. In the PP-based composites the im-
provement in elongation is hampered by retention of
a semicrystalline matrix morphology, which results in
the modified interface affording the principal contri-
bution to the improvement in elongation. The greater
improvement in elongation observed with the PPBC-
based composite (relative to that based on PP), may
be explained by encapsulation of the filler with the
dispersed impact modifier phase of the PPBC. The
latter is based on an ethylene-rich random copoly-
mer of ethylene and propylene. Its ethylene-rich na-
ture may result in more interaction with the DMI—
Mg(OH), adducts and hence an ethylene-rich encap-
sulation around the filler particles. To verify this effect
further investigations are required. Similar trends to
those observed in the elongation data are also appar-
ent for impact strength (Fig. 5) and can be explained
via the same mechanisms as for the former behaviour.
Scanning electron microscopy (SEM) of the frac-
ture surfaces affords visual insight into the nature
of the filler matrix interaction and, on a qualitative
level, can provide information on interface thickness.
In this paper SEM images of novel spherical parti-
cle Mg(OH), /PP composites are presented. It is im-
portant to emphasize that unlike plate-like magne-
sium hydroxide, the spherical particle shape affords
clearer interpretation of interfacial characteristics in
these composites. The poor filler-matrix adhesion is
highly apparent from examination of Fig. 6, which
presents a tensile fracture surface of a composite based

Chem. Papers 54 (3)177—182 (2000)
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Fig. 6. Fracture surface of polypropylene composite based on
60 mass % untreated spherical magnesium hydroxide.

Fig. 7. Fracture surface of 2.5 mass % DMI-modified polypropy-
lene composite based on 60 mass % spherical magne-
sium hydroxide.
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Fig. 8. Effect of reactive modifier (DMI) and lubricant (Struc-
tol TRO-16) composition on the melt flow rate (MFR).
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on 60 mass % unmodified spherical Mg(OH), particles
in PP. From the picture it is clear that failure of the
composite at the filler-matrix interface has occurred
together with some yielding of the matrix. Addition
of DMI completely changes the locus of the failure
(Fig. 7), which has moved away some distance from
the interface between the filler and matrix and is now
in the bulk matrix; this reflects that the interface is
stronger than the bulk matrix.

An improvement in interfacial adhesion in a
thermoplastic-based composite is virtually useless if
the rheological properties of the composite melt are
increased to an unacceptably high level. As it is effec-
tively illustrated by Fig. 8 with DMI/PP/Mg(OH).-
based composites this increase in viscosity can be over-
come by the use of a lubricant Structol TRO-16. It is
important to appreciate that the mechanical property
enhancing effect of DMI is much more significant than
the slightly detrimental effect of TRO-16 on mechani-
cal properties. This indicates that TRO-16 is likely to
act in the matrix and does not adsorb onto the filler
surface in preference to DMI/DMI—PP adducts. The
previous work [8] has shown that this is not the case
with fatty acid pretreated filler where DMI filler re-
actions are blocked by the adsorbed fatty acid with
the result that the mechanical property enhancement
effects of DMI are severely diminished.

CONCLUSION

This study highlights a novel approach for im-
provement of the mechanical properties of magne-
sium hydroxide-based polyolefin matrix composites.
The following matrix materials were used: polypropy-
lene homopolymer (PP), polypropylene block copoly-
mer (PPBC), and linear low-density polyethylene
(LLDPE) matrix.

The following major conclusions were reached:

1. Single-step reactive interface modification, using
m-phenylenedimaleimide (DMI) as the reactive modi-
fier, has been shown to be very successful at improving
composite properties at high filler loadings.

2. The enhancement in major mechanical prop-
erties, i.e. tensile strength, elongation to break and
impact strength, afforded by DMI modification can
exceed the improvement afforded by expensive silane
pretreatment systems.

3. Along with DMI content, the effectiveness of the
reactive processing strongly depends on temperature.

4. When statistically determined optimal DMI lev-
els and processing temperatures are used, improve-
ment in mechanical properties, in all composites inves-
tigated, was greater than 100 %, relative to respective
unmodified composites.

5. The detrimental effect of DMI on composite melt
viscosity has been overcome by the use of a fatty acid
ester/fatty acid amide-based lubricant.
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