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ABSTRACT: Polyethylene-based composites have been prepared by ethylene polymeriza-
tion with a Al/Ti/Mg catalyst previously deposited on the surface of kaolin (Satintone
W/W and Satintone 5) or barite.! Molecular weight (M,,) of the polyethylene matrix
has been estimated from melt viscosity under steady shear flow and compared to the
value measured by size exclusion chromatography. Tensile stress and strain, Young
modulus, and impact energy have been measured in relation to the matrix molecular
weight and the filler content. The effect of the main polymerization parameters, such
as the Al/Ti/Mg composition, the addition of a transfer agent, e.g., an a-olefin or hydro-
gen, have also been investigated. These tensile and impact properties have been com-
pared to composites of the same composition but prepared by melt blending of the filler
and the preformed polyolefin. As a rule, the polymerization-filled composites have an
improved mechanical strength compared to the analogues prepared by melt blending.
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INTRODUCTION

Synthesis of homogeneous polyethylene-based
composites by a highly active Al/Ti/Mg catalyst
anchored on the surface of a mineral filler has
been previously reported.’ A catalyst efficiency as
high as 300 kgPE/(gTi X h) has been observed
for a Al/Ti/Mg catalyst of a 120/0.75/10 molar
composition and deposited onto kaolin particles
(Satintone W/W). The addition of transfer agent
such as hydrogen or 1l-octene has proved to effi-
ciently control the matrix molecular weight. For
instance, melt indices of 32 wt % (15 vol %) kaolin
containing composites have been varied in the
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range from 0.01 g/10min up to 2.1 g/10 min when
measured with a 2.16 kg load (MI,).

Although the MI, values remain low, these po-
lymerization-filled composites (PFCs) can be pro-
cessed and shaped into articles by standard pro-
cessing techniques. The polymerization-filling
process is an alternative one-step route to compos-
ites containing uniformly dispersed fillers in a
wide composition range from 5 wt % to 95 wt %.
It is noteworthy that the highly filled composites
prepared by this technique cannot be produced by
melt blending the preformed polyethylene and the
filler. In the early 1980s, ultrahigh molecular
weight polyethylene (UHMWPE) was synthe-
sized from a filler-supported catalyst and showed
an unusual combination of high stiffness and high
impact resistance even for a filler content as high
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as 60—70 wt %.2~* In spite of these valuable me-
chanical performances, the interest in these UH-
MWPE composites was limited by a very poor pro-
cessability, either by compression moulding at
high temperature or by blending with low molecu-
lar weight polyethylene so as to reach an accept-
able melt viscosity. The latter strategy was used
in Russia for producing the “Norplastic” compos-
ites.*?

The mechanical properties of polymerization-
filled UHMWPE composites have been reported
for different types of mineral fillers such as
chalk,®” kaolin,® ' talc,’* calcium carbonate,'?
calcium sulfate,'® and perlite.? As a rule, the elon-
gation at break decreases when the filler content
is increased. No information has, however, been
made available on the possible dependence of the
mechanical performances on size, shape, and dis-
persion degree of the filler, the filler—matrix in-
terfacial adhesion, and the matrix molecular
weight.

This article aims at at least partly filling this
gap. Special attention will be paid to the impact
and tensile properties of polymerization-filled
composites in relation to the polyethylene molecu-
lar weight, the catalyst composition, the filler con-
tent, and the main characteristics of the filler
(chemical composition, shape, and size). The ten-
sile and impact properties will be related as
closely as possible to the known models for com-
posites.'*?2 They will be compared to the compos-
ite analogues prepared by melt blending.

EXPERIMENTAL

Polymerization-filled composites were prepared
in a batch reactor at 60°C, as reported elsewhere.’
A (BuO),Ti/BuMgOct/EtAICl,/Et;Al system was
anchored onto the surface of a deaggregated inor-
ganic filler. Hydrogen (99.999%, 0—6 bar) was
used as received, and ethylene (99.5%, 4 bar) was
previously dried on 4 A molecular sieves. 1-Octene
(99%, Aldrich) was dried overnight over alumina
previously activated by heating at 240°C for 24 h,
further treated overnight with powdery CaH, and
freshly distilled under vacuum just prior to use.

The main characteristics of kaolin (Satintone
W/W and Satintone 5; Engelhard Co.) and barite
(Blanc fixe N; Sachtleben) were reported in the
first article in this series.’

For the sake of comparison, the commercially
available Translink 445 (Engelhard Co.) was

melt blended with neat polyethylene (Table I).
Translink 445 is an aminosilane treated kaolin of
the same average particle size (1.4 um) as Sat-
intone W/W.

Polyethylene (HDPE) of various molecular
weights were used in a combination or not with
10 wt % of maleic anhydride grafted PE (MAGPE)
as detailed elsewhere.?® Melt blending was carried
out with a two-roll mill in the presence of Irganox
1010 (Ciba-Geigy) at 190°C for 5 min. Samples
for tensile and impact testing were cut out of 2-
mm thick plates prepared by compression mold-
ing at 200°C.

Tensile properties were measured at room tem-
perature with an Instron universal tensile tester
(model DY24 ) in accordance with the ASTM D638
test. The gauge length was 20 mm and the cross-
head speed 20 mm/min. From the stress—strain
curves, the following properties (based on the av-
erage of five samples) were calculated: Young’s
modulus (E, GPa), yield strength (o,, MPa) and
yield elongation (¢,, %) (at the first maximum),
ultimate tensile strength (o,, MPa) and elonga-
tion at break (e¢,, %).

Charpy impact tests were carried out at room
temperature with a 4J hammer in order to break
U-notched samples in accordance with the ASTM
D 256 B test procedure. The impact energy (I.E.)
was the average of five samples of 50 mm length,
6 mm width, 2 mm thickness, and 0.35 mm notch
depth. Impact energy, L.E., is given in kJ/m?.

The melting endotherms were measured with
a Dupont 2000 calorimeter. Melting temperature
(T,,) and degree of crystallinity (X,.) were reported
from the first heating scan (T,,;, X.;) and from
the second scan recorded after sample quenching
in liquid nitrogen (T,,5, X.2). The heating rate
was 25°C/min. X, was calculated on the basis of
a melting enthalpy of 2.93 10°J-kg ' for 100%
crystallinity PE.'* T, was reported as the temper-
ature at the maximum of the melting endotherm.

Melt flow measurements were carried out at
190°C with a CEAST 6542 apparatus, according
to the ASTM D 1238 norm. Three different loads
were used: 2.16, 10.00, and 21.60 kg, as referred
to as MI,, MI,o, and MI,,, respectively. The re-
sults was expressed in g/10 min. The MI,,/MI,
ratio was referred to as the melt flow ratio (MFR).

The filler content was calculated from the ash
weight released by a well-known amount of com-
posite (ca. 0.5 g) upon air calcination at 500°C.!

Polyethylene was extracted from composite
samples (1.0 g) with 1,2,4-trichlorobenzene (100
mL) at 160°C under stirring, followed by hot fil-



Table I Characteristics of HDPE Used in This Study
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No. Code Producer M,2 (1073 MWD? MI, (g/10 min)
1 Eltex B 5924 Solvay Co. 12 14 0.1
2 HDPE 10062 The Dow Chemical Co. 20 3 9.4
3 MAGPE The Dow Chemical Co. 21 3 0.1
4 Eltex B 3925 Solvay Co. 7 21 0.1
5 Eltex B 2015 Solvay Co. 10° 15P 1.2
6 Al6 The Authors® 10-17 9-7 1.6
7 A21 The Authors® 9-22 8-6 2.1

# As determined by SEC (see Experimental section and ref. 1).

> From Solvay data sheets.

¢HDPE synthesized with a high activity MgCl,-supported Ti catalyst, as reported in ref. 14.

tration of the filler. No further extraction was re-
ported to occur after 4 days.

Molecular weight (M,,, M,,, M,, and M,) and
molecular weight distribution (MWD ) were mea-
sured in 1,2,4-trichlorobenzene with a SEC equip-
ment operating at 140°C and calibrated with poly-
styrene standards (see ref. 1).

RESULTS AND DISCUSSION

The mechanical performances of high-density
polyethylene (HDPE) containing 32 wt % kaolin
depends on the filling technique. Figures 1 and 2
compare the elongation at break (¢,) and the o,/0,
ratio for a polymerization-filled composite (PFC)
and the analogues prepared by melt blending with
or without interfacial agent, and the correspond-
ing unfilled matrices.

The elongation at break of the polyethylene ma-
trix is reduced by the introduction of filler. However,
the elongation at break of the PFC sample is by far
higher than e, for all the unmodified blends by melt
blending HDPE of different molecular weights (Ta-
ble I) with 32 wt % Satintone W/W.

The same conclusion holds for the impact resis-
tance, that is, for the PFC sample, even higher
than the corresponding matrix (Fig. 3), and to a
lesser extent for the o,/0, ratio (Fig. 2).

The poorest performances of the unmodified
composites prepared by melt blending are ob-
served when a HDPE of a narrow MWD and a
very high melt index is processed. The filler is
supposed to be easily dispersed in this matrix of
a low melt viscosity very fluid at the processing
temperature. A poor interfacial adhesion is also
thought to be responsible for the poor perfor-
mances of the melt-blended composites. In order
to support this hypothesis, HDPE has been melt

blended with either an aminosilane surface-
treated kaolin (Translink 445) or in the presence
of 10 wt % of maleic anhydride grafted PE
(MAGPE). Reaction of the anhydride group of
MAGPE with the surface silanol groups of kaolin
are supposed to increase the filler—polymer in-
terfacial adhesion.

Comparison of Figure 1 to Figure 3 shows that
kaolin pretreatment with an aminosilane only
slightly improve the mechanical properties of the
composite. This pretreatment may favor the filler
deagglomeration and give the small increase in
the tensile properties.

In contrast to the aminosilane interfacial
agent, MAGPE significantly improves the me-
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Figure 1 Elongation at break (¢,) of HDPE matrices,
PFC, and melt-blended composites with unmodified
and modified fillers (32 wt % kaolin). Code: (a) PFC
B36 unfilled (after filler removal by HF treatment) and
PFC B36 (entries 1 and 2, Table IV); (b) melt-blended
composites: D/0.00 matrix, D/0.15 (modified with 10
wt % of MAGPE), D/0.14 (unmodified ) (entries 20, 23,
and 22, Table IT); (c) B/00 matrix, C/0.15 (modified
with 10 wt % of MAGPE), B/0.15 (modified kaolin
Translink 445), B/0.15 (unmodified) (entries 6, 17, 11,
and 10 in Table II).
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Figure 2 Tensile strength ratio (o,/0,) of HDPE ma-
trices, PFC, and melt-blended composites with unmodi-
fied and modified fillers (32 wt % filler; code: see
Fig. 1).

chanical performances, as shown in Figures 1-3.
As discussed elsewhere,?? this effect must result
from the strong anchoring of the filler particles to
the matrix due to the entanglements of the
MAGPE chains attached to the filler within the
matrix HDPE chains. Comparison of b and c indi-
cates that this effect is more effective for a matrix
of broader molecular weight distribution and,
thus, of a higher weight average molecular weight
(M, is two times higher in blend b compared to
blend c). From the experimental data collected
in Figures 1-3, it appears that a combination of
several beneficial parameters, such as filler dis-
persion, interfacial adhesion, and HDPE molecu-
lar weight would be at the origin of the superiority
of the PFCs over the melt-blended analogues. In-
deed, quite similarly to the aminosilane treat-
ment, the catalyst preparation reacts to the sur-
face silanol groups of the filler with an organomet-
allic compound in such a way that the filler is
deagglomerated as supported by sedimentation
experiments, i.e., a sharp increase in the sedimen-
tation time upon addition of triethylaluminum to
the filler slurry in an hydrocarbon.’

The alkylation of the filler surface as a result
of the deposition of the Al/Ti/Mg catalyst makes
the filler particles less hydrophilic, and thus prone
to be wetted by the HDPE chains growing from
their surface. In addition to an increased filler—
polymer interfacial adhesion, the coating of the
filler particles by the growing polymer chains
must prevent these particles from reagglomerat-
ing. Finally, the HDPE molecular weight might
also influence the PFC mechanical performance.

All these results are now discussed in more de-
tail and in relation to some predictive models.

STRESS-STRAIN PARAMETERS

Young Modulus

Inorganic fillers are currently added to polymers
for manifold purposes, such as increase in stiff-
ness (modulus), strength, impact resistance and
dimensional stability, modified electrical proper-
ties, decrease in liquid and gas permeability, and
cost reduction.?*

The tensile parameters have been extracted
from the stress—strain curves and listed in Tables
II-IV. These data have been plotted as the ratio
of the property for the composite (subscript ¢) to
the property for the unfilled polyethylene matrix
(subscript p) vs. the filler content (volume frac-
tion, ). The main characteristics of the HDPEs
used in this study are listed in Table I. In case of
PFCs, the mechanical properties of the polyethyl-
ene matrix can only be measured after the re-
moval of the filler particles. However, because of
the limited amount of PFC available, no systemat-
ical determination of the matrix molecular weight
could be achieved. For this purpose, a powdery
PFC sample, which is characterized by very high
mechanical performances (entry 2, Table IIT), has
been reacted with hydrofluoric acid, which leaves
the HDPE matrix containing less than 2 wt % of
filler (entry 1, Table III).

Modulus, which is a bulk property, mainly de-
pends on size, shape, and concentration of the fil-
ler particles.? The modulus of composites is usu-
ally discussed on the basis of theories originally
developed for the viscosity of suspensions,?* be-
cause the filler particles restrict the chain and
thus increase the rigidity of the matrix.
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Figure 3 Impact energy of HDPE matrices, PFC, and
melt-blended composites with unmodified and modified
fillers (32 wt % filler; code: see Fig. 1).
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Table II Filler Content, Tensile, and Impact Properties and MI of Melt Blended Composites. MW as
Calculated from Melt Viscosity [eqgs. (10)-(15)] and SEC

M, (-107%)
Filler ML, M, (-10°% (SEC)
No. Code wt% E o, & o, e 1E. M, (MI,,)
1 A0.00 0 07 229 9 144 147 60 0.1 1.6 177 155
2 A0.02 5 12 265 8 135 238 64 0.1 1.2 177
3 A0.05 14 14 254 7 137 77 32 01 12 177
4 A0O10 25 16 276 5 133 30 9 01 10 172
5 A020 40 22 349 5 184 25 9 00 25 172
6  B/0.00 0 12 295 7 143 170 39 94 750 66 71
7 B/0.03 7 10 306 6 148 139 24 84 700 66
8 BHOI10 26 19 313 5 16.0 2 10 79 616 65
9 BOI14 30 21 338 4 272 14 10 176 580 65
10 BO15 32 17 262 3 262 5 4 62 570 65 61
11> BO15 32 21 312 5 154 16 12
12 BO20 41 23 360 3 334 711 44 407 69
13 C/0.00 0 8.7 56°
14 C/0.03 8 15 304 6 152 33 15 3.7 368 58
15 C/0.06 15 15 304 7 163 307 14 47 441 51
16 Cco11 26 17 331 6 171 25 9 18 235 59
17  C/015 32 18 345 5 164 18 8 23 54 55
18 €020 40 25 37 5 286 11 9 05 90 76
19 €022 43 26 365 5 310 11 10 03 66 82
20  D/0.00 0 10 270 8 163 106 60 0.1 1.2 180 150
21 D006 15 1.0 218 6 174 2712 12 0.1 15 174
22 D014 31 17 257 5 120 3 8 01 13 174 153
23° D/0.15 32 18 266 7 210 84 52 0.1 1.2 180
24 D/0.16 34 20 276 5 174 40 12 0.1 1.3 172
25  E/0.00 0 288 8 140 50 61 12 90
26 E0.15 32 344 4 16 7 18 02 43 123
27 F/0.00 0 29.2 183 61 61 16 139 100 120
28 F/0.26 49 387 3 387 3 10 01 1.0 168
29 G/0.00 0 25.5 125 97 61 21 206 78 124
30 G033 58 36.1 30.1 3 10 00 06 129
31 G043 67 390 3 390 3 11 00 02 231

Filler is Satintone W/W: A) Eltex B5924, B) Dow 10062, C) Dow 10062 + 10 wt % MAGPE,?* D) Eltex B3925, E) Eltex B2015,
F) HDPE A2,** G) HDPE A16'. Code is: HDPE A-G/filler vol fraction.

2 M, value calculated from MI, instead of MI,,,.

» Aminosilane treated kaolin (Translink 445) instead of Satintone W/W.

¢ Eltex 5924 + 10 wt % MAGPE.

The Einstein—Guth—Gold (EGG) equation,?®
also designated as the Guth—Smallwood?’ equa-
tion [eq. (1)], is an interesting relationship be-
tween the composite modulus (E,), the polymer
modulus (E,), and the volume fraction of the fil-

ler (o).
E.=E,(1+ 250 + 14.1p?) (1)

Kerner has derived eq. (2) as an alternative for

eq. (1)%:
15(1 — v,) © > (2)

(8 = 10v,) (1 — o)

E, =E,,<1 +

where v, = 0.35 is the Poisson ratio for PE. In
case of rigid and spherical filler particles, Cohen—
Ishai? have proposed eq. (3).

ECZEP<1+1+101/3> (3)

Dependence of the Young modulus for kaolin-
filled HDPE on the filler content () is shown in
Figure 4. At a filler volume fraction of 0.2, the
composite modulus is twice the modulus of the
HDPE matrix, whatever the technique used for
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Table III Tensile and Impact Properties, Melt Index, and Estimated M,, for PFCs Prepared as

Described in ref. 1 (see Experimental)

M, M, M,
MI,,) (MIy) (SEC)
No. Code [Til © E o, &, a, e, LE. MI, M, (1073)

1 B36* 075 001 09 248 11 355 402 82 0.1 0.5 395 406 217
2  B36 075 0.15 16 30.0 7 268 180 8 00, 02 325 357 205
3 B51® 075 0.15 18 298 5 285 18 71 0.5 1.1 207 268 144
4 Bl116 075 034 3.1 335 3 335 3 35 —c —c
5 B42 150 0.15 16 278 4 281 175 77 0.0, 0.2 384 429 300
6 B19 2.00 014 18 284 5 253 237 73 0.3 1.1 310 269
7 A61Y 2,00 026 22 345 3 313 9 19 — —c
8 B44 340 007 15 264 7 219 153 65 0.2 1.7 258 252

Catalyst composition in Al/Ti/Mg: 120/[Til/10, Pethylene: 4 bar, PH,: 1.5 bar.

2 Filler was removed by HF treatment.
b PH, = 2 bar.
¢ No melt flow.

4 C,H, used as received (without treatment over molecular sieves).

the composite production. As a rule, the experi-
mental data fit eq. (1), which predicts higher val-
ues than the Kerner equation. Previously, some
authors have proposed a linear relationship for
E./E, vs. ¢ in case of kaolin® and talc®" at low
filler contents (¢ < 0.2). The scattering of data
in Figure 4 does not allow this proposal to be re-
jected. That the modulus is essentially indepen-
dent of the preparation method confirms that this
property is not very sensitive to how far the filler
is dispersed and how strong the filler—polymer
adhesion is. This is clearly confirmed by Figure 5,
which shows that the relative modulus of melt-

blended composites is independent of the addition
of MAGPE as an interfacial agent (series C com-
pared to series B in Table II). Once again, the
experimental data agree with the Guth-
Smallwood equation [eq. (1)], in contrast to egs.
(2) and (3), which predict quite comparable but
smaller values.

Tensile Strength at the Yield Point

The yield stress (o,.) is an important mechanical
characteristic, because it indicates the maximum
load that the composite can sustain without expe-

Table IV Tensile and Impact Properties, Melt Index, and Estimated M,, for PFCs Prepared as

Described in ref. 1 (see Experimental)

M, M,
"H, (MI0) (ML)
No. Code (bar) E oy g, o, & LE. MI,, MI,, (107%)
1 B5 2.0° 1.5 29.7 5 32.9 164 85" 0.1 568
2 B7 3.0% 1.8 314 5 19.5 36 58" 0.0 0.2 481 417
3 B57 0.0 1.8 294 5 356.1 236 56
4 B15 1.5 1.8 31.4 5 15.9 36 58 0.3 1.5 234 248
5 B51 2.0 1.8 29.8 5 28.5 185 71 0.5 1.1 207 268
6 B60 3.0 1.8 28.2 5 13.6 69 44 0.6 2.1 203 228
7 B29 4.0 1.7 294 5 26.7 275 102 0.4 1.7 227 244
8 B61 6.0 1.8 25.9 5 14.0 63 23 1.0 4.0 177 198
9 B42 1.5¢ 1.6 27.8 4 28.1 175 b 0.0 0.2 384 429
10 B52 4.0° 1.9 30.8 6 16.0 60 13 0.9 3.5 180 202

Catalyst composition Al/Ti/Mg: 120/0.75/10, PH,: 0—6 bar, PC.H,: 4 bar, ¢ = 0.15 except for B7 (¢ = 0.22) and B61 (¢ = 0.12).
2 CyH, used as received (without treatment over molecular sieves).

b Underestimated value, samples bent rather than broken.
¢ Catalyst composition A/Ti/Mg: 120/1.5/10.
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Figure 4 Dependence of the relative tensile modulus
on the volume fraction of kaolin for melt-blended com-
posites (series A, B, D—G unmodified, Table II) and
PFCs, Table I11). Equations (1) and (2) are also plotted
for the sake of comparison.

riencing plastic deformation. The yield stress of
composites depends on the complex interplay of
the shape and size distribution of the filler that
controls the load transfer between the filler and
the matrix, the spatial distribution of the filler,
and the thickness of the filler—polymer interface.
Accordingly, models currently used in the compos-
ite description are not powerful enough to predict
acceptable values of 0,..*” In the extreme case of
a lack of interfacial adhesion, there is no load
transfer from the matrix to the particles. Then,
Nicolais and Narkis®® have derived eq. (4) for
spherical particles of the same size.
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Figure 5 Effect of the interfacial adhesion on the rel-
ative tensile modulus for melt-blended composites con-
taining MAGPE as an interfacial agent (series C, Table
II) or not (series B, Table II).
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Figure 6 Dependence of the relative tensile strength
at the yield point on the kaolin volume fraction (¢).
Theoretical predictions by Nicolais—Narkis (eq. (4)]
and Jancar [egs. (5) and (6)] are also shown.

Oy = pr(]_ _ (%)2/3,/7_1/3()02/3)
=0,,(1 - 1.21p*%) (4)

In the opposite situation of an optimal adhe-
sion, Jancar et al.>* have proposed eq. (5) for the
yield strength of filled thermoplastics.

Oy = 0p(1 + 0.33Fp?) (5)

where o,, is yield strength of the matrix, and F
is a constant given by:

*
(Uyci — pr)

F=ff= (6)

(o3 = o)t

where 0,5 is the yield strength of the matrix in
the presence of a very small percentage (¢ < 0.03)
of filler and is the highest yield strength observed
in the investigated range of . F' is actually the
average value of f;s calculated at various filler
contents ;. For the kaolin—polyethylene system
under consideration, F amounts to 25, which is
comparable to the value reported for CaCO3z;—poly-
propylene composites.*®

Figure 6 shows that beyond a filler content of
0.2; thus, below a critical interparticle distance,
the yield strength is maximum and levels off at a
value which is 1.33 times larger than the yield
strength of the HDPE matrix. The experimental
data completely agree with the Jancar’s model
[eq. (5)]. The failure of Nicolais—Narkis model is
more likely the result of the nonspherical shape
and the nonidentical size of the kaolin particles.

Note that the relative tensile strength at the
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yield point for melt-blended composites con-
taining MAGPE or not is consistent with data in
Figure 6 in emphasizing that the increase in the
yield strength of the polymer does not signifi-
cantly depend on the filler—polymer interfacial
adhesion. It is then surprising that the Jancar’s
model accounts for the yield strength of compos-
ites melt blended in the absence of interfacial
agent.

Tensile Strength at Break

The tensile strength at break largely depends on
the fracture mechanism, i.e., on how far the com-
posite sample resists the applied stress, for exam-
ple, ductile or brittle fracture. This is the reason
why no convenient predictive model is reported in
the scientific literature.

The relative tensile strength (o,./0,,) of PFCs
and melt-blended composites characterized by a
ductile fracture (¢, > 30%) has been calculated.
It can be noted that at a relatively high filler con-
tent (up to ¢ = 0.25), a ductile fracture is only
observed for polymerization-filled composites. In-
deed, in case of melt-blended composites, a brittle
fracture mechanism occurred for filler content (¢)
higher than 0.06. The strength of ductile fracture
of the composites generally amounts the strength
of the unfilled polyethylene (o,./0,, = 1). How-
ever, the 0,./0,, data are very much scattered as
various catalytic compositions have been used to
prepare the PFC samples (Table III) and all were
compared to the same high performance matrix,
measured after filler removal (entry 1, Table III).

Yield Strain

Dependence of the yield strain (¢, ) on the compos-
ite composition has been scarcely reported. How-
ever, this information is of interest because it
deals with the transition from an elastic to a vis-
cous behavior.

In the particular case of a good interfacial adhe-
sion, Nielsen®® has proposed a semiquantitative
relationship between the relative elongation at
break and the composite composition. Together
with eq. (5), eq. (7) might be useful to predict the
mechanical behavior at the yield point:

eyc = 6yp(]- - ¢1/3) (7)

Figure 7 shows that the composites, whatever
their preparation technique, qualitatively agree
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Figure 7 Relative elongation at break vs. the filler
volume fraction . Comparison with the Nielsen’s
model.

with eq. (7), particularly for ¢ higher than 0.15.
This might be explained by the relatively small
strains that prevail at the yield point, keeping a
good enough adhesion between the kaolin filler
and the polyethylene matrix. In highly filled com-
posites or in composites based on low molecular
weight matrices, a brittle fracture mechanism is
observed.

Elongation at Break

The relative elongation at break of composites
compared to the unfilled matrix (¢,./¢,,) signifi-
cantly decreases with the increase in the filler
content. The decrease is very pronounced at the
low filler contents®” (i.e., up to ¢ = 0.15 or 30 wt
%) and then it levels off rapidly. Nielsen’s model
also predicts the relative elongation at break in
case of ideal interfacial adhesion [eq. (8)].

€re = (1 — 0'%) (8)

The values estimated by eq. (8) are generally
higher than the experimental data for the kaolin—
polyethylene composites (Table III). It must,
however, be noted that at very low mineral con-
tents the elongation at break for two melt-blended
composites is higher compared to the unfilled ma-
trix. Indeed, the ¢,./¢,, ratio is close to two for the
A/0.02 and D/0.06 samples (entries 2 and 21 in
Table II). Therefore, the few filler particles (¢
< 0.1) do not initiate flaws in the ductile matrix,
but rather stop the growth of flaws and cracks.

This situation is not observed for the PFC sam-
ples; the high-performance unfilled matrix used
to compare all PFCs shows a very high elongation
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Figure 8 Dependence of the impact energy on the
composition of melt-blended composites ¢ (series A and
B in Table II).

at break (see Table III, entry 1). When the filler
content is in the range of ¢ = 0.1-0.2, values for
the relative elongation at break are widely scat-
tered, showing the influence of the catalyst com-
position on the matrix molecular parameters of
the PFCs. This reflects the relationship between
€., the interfacial adhesion, and the molecular
weight characteristics of the matrix.

The Impact Energy

The impact test is a high-speed fracture test that
measures the energy to break a notched specimen.
The impact energy (I.E.) is calculated from the
loss of kinetic energy of a hammer-like weight
pendulum according to the ASTM D256 norm (see
Experimental). The Charpy impact test is per-
formed with U-shape notched specimen, the notch
of which acts as a stress concentrator so that de-
formation is initiated in the close vicinity of the
tip of the notch.?**®

Figure 8 shows the dependence of the relative
impact energy (L.E../I.LE.,) on the filler volume
fraction () for melt-blended composites of series
A (HDPE B3925) and series B (HDPE Dow
10062). LE. rapidly decreases as the filler is
added, represented by the proposed eq. (9):

1
IE. = I.E.p<1 " a(p) (9)

where a is an empirical constant estimated at 27.
In case of PFCs, the relative impact strength

POLYMERIZATION-FILLED COMPOSITES. II. 447

vs.  data leads to a complex pattern. The compar-
ison of the L.E. of PFCs with the single unfilled
matrix (entry 1, Table III) is unsuitable, and a
more interesting plot should be obtained by tak-
ing into account the molecular weight parameters
for each PFC sample.

Effect of the Matrix Molecular Weight
on the Composites Strength

Molecular Weight Analysis

The filler usually makes the traditional analytical
techniques, such as Size Exclusion Chromatogra-
phy (SEC), Temperature Rising Elution Fraction-
ation (TREF), and solution viscosity [n], unsuit-
able to composites. The quantitative separation of
the filler from the polymer matrix is also quite a
problem, which may explain why the molecular
weight that is subsequently measured by SEC is
smaller than expected and dependent of the sam-
ple preparation (i.e., dissolution temperature and
time, filtration, . . .).!

A more reliable method for the molecular
weight analysis is based on the steady shear flow
data, i.e., the melt indices.?**°

The polymer molecular weight is known to de-
pend on the melt viscosity (7,) as follows*':

M, = Knp (10)

where K is an empirical constant that depends on
the load used for the melt index measurement. K
has been estimated from the comparison of molec-
ular weight M, as measured by SEC for the
HDPE matrix of melt-blended composites (Table
V) and molecular weight calculated from melt vis-
cosity and eq. (10). Values for K and n in eq. (10)
have been optimized for the calculated values to
fit SEC data as closely as possible (see Table V,
entries 1 and 2). There is an acceptable agree-
ment between the molecular weight calculated
from the melt indices and values collected for the
polyethylene matrix, when the uncertainties on
SEC data are taken into account.

1, used in eq. (10) can be calculated from the
composite melt viscosity and the Einstein equa-
tion*?:

e = Mp(1 4+ 2.5f¢) (11)
where fis the shape factor.

The melt viscosity of a Newtonian fluid that
flows through a capillary is defined as the ratio
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Table V Comparison of Molecular Weight Values as Determined by SEC and from Melt Viscosity

Size Exclusion Chromatography Melt Viscosity
M, M, M, M, M, M,
No. Sample (10_3) (10_3) M, (MI,) (MTI,0) (MIy,)

1 HDPE 10062 20 71 3.2 55 66
2 HDPE B3925 12 155 13.7 166 171 213
3 PFC A39* 20 127 6.0 150 136 190
4 PFC B15 37 175 7.1 235 240
5 PFC B29 28 155 5.4 227 244
6 PFC B51 40 213 5.3 153 207 268
7 PFC B61 20 149 7.5 155 177 198

[eq. (10), n = 0.244 and K = 11,000, 14,000, and 18,000 for MI,, MI,,, and MI,,, respectively]. Experimental error on SEC for
unfilled (and filled) PE: M,, = 14%, (18%); M,, = 12%, (22%); M.,/M,, = 24%, (17%).*
2 Prepared from Al/Ti/Mg: 120/2.0/10 with P ethylene: 4 bar, PH,: 1.5 bar.

of the shear stress (7,,) and the shear rate (¥, at
the wall.

Tw
Ne = T
Yw

(12)

These data are given by egs. (13) and (14). The
shear stress at the wall of fluids that flow through
a capillary is given by:

rAP
w = —— 13
T 5L (13)
where r is the radius of capillary (1.05 mm), AP
is the pressure difference over the capillary ac-
cording to the ASTM D 1238, L is the length of
the capillary (8 mm);

_4Q
7rd

Y (14)

with @ = output flow rate (m?/s) calculated from:

_ MI
(prep + (1 — ¢)p,)600,000

Q (15)

where MI is the melt index (g/10 min), p,and p,
are the filler and polymer density: 2630 kg/m?
and 962 kg/m?, respectively. ¢ is the filler weight
fraction.

(f) has been estimated from melt-blended com-
posites of various filler contents (Table II). Two
HDPEs of a different molecular weight have been
used (HDPE B5924: series A and HDPE Dow
10062: series B) and a shape factor of 3.2 + 0.5

has been calculated. The M, calculated from the
melt indices measured for increasingly high loads
are plotted as a function of the volume fraction
() in Figure 9. M,, is relatively constant in each
series and M, of the original HDPE reasonably
fits.

M, values have been estimated for melt-
blended composites (Table II) and polymeriza-
tion-filled composites and compared with SEC
data in Table III and Table V. The agreement is
reasonably good except for composites having a
very high filler content (series F and G in Table
II), and PFCs having relatively high MW, i.e.,
PFC B15 and B29 (Table V), for which M,, calcu-
lated from MI;, and MI,; is much overestimated,
compared to SEC values. This discrepancy might
confirm the inadequacy of the SEC technique for
high MW determination, especially for filled com-
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Figure 9 MW calculated from egs. (10)—(15) and melt
indices (MI,; MI;, and MI,; for two series of melt-
blended composites (series A and B in Table II).



posites. Nevertheless, the filler—polymer interfa-
cial adhesion was not taken into account in egs.
(10)—(15). Indeed, an improved interfacial adhe-
sion may increase the melt viscosity and, in paral-
lel, impact energy and e,,*® which is actually the
case for PFC B15 and PFC B29 (entries 4 and 7,
Table IV).

The knowledge of M, (estimated from MI,)
allows now a more reliable comparison of PFCs
and melt-blended composites for similar filler con-
tent.

Effect of MW on the (o,./ o) Ratio
and the Elongation at Break (e,.)

Dependence of the o,./0, ratio on M, of the
HDPE matrix has been plotted for both the melt-
blended composites and PFCs containing ca. 30
wt % filler. When the HDPE molecular weight
does not exceed ca. 350 k, an average value of 0.5
is observed for the o,./0,. ratio. Beyond this M,,,
the o,./0,. ratio sharply increases by a factor of
two. This behavior has only been reported for
PFCs that can accommodate much higher molecu-
lar weight HDPE compared to the analogues pre-
pared in the melt. In this case, an exceedingly
high melt viscosity prevents the filler from being
properly dispersed within HDPE and forms brittle
composites.

The elongation at break (¢,.) increases with M,,
for composites containing ca. 30 wt % filler (¢
= 0.15) (Tables III and IV).

However, when M, enters the range of 300 k
and more, then there may be a great scattering
in the data, indicating that PFCs of a high ductil-
ity can be prepared and that the catalytic compo-
sitions used to prepare the PFC samples again
play an important role.

Effect of MW on the Impact Energy

In good qualitative agreement with the ¢, values,
the impact energy is found to depend on the ma-
trix molecular weight,** in such a way that below
a M, of 175 k the composites are very brittle, and
attain a high toughness at M,, higher than 350 k
(Fig. 10). The available PFCs bend rather than
break, and no reliable figures can be made avail-
able.

It is clear now that the molecular weight of the
HDPE matrix is one of the key parameters that
control the mechanical properties of the parent
composites. The remarkable superiority of the
polymerization-filling technique over the conven-
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Figure 10 Dependence of the impact energy on the
estimated molecular weight of the matrix for melt-
blended composites and PFCs. ¢ = 0.15.

tional melt-blending procedure can be found in
the production of homogeneous composites made
of a high molecular weight HDPE matrix and ac-
cordingly able to attain high mechanical perfor-
mances. The poor melt processability of such a
high molecular weight HDPE (M, = 300 k)
makes the preparation of toughened composites
by blending difficult.

It is, of course, quite a problem to discriminate
the beneficial effect of M, from the effect of a
possibly improved kaolin—polymer interfacial ad-
hesion. It is worth recalling that HDPE molecular
weight has been approximated from the melt vis-
cosity on the assumption that this property is not
affected by the interfacial adhesion.

The same restriction holds for the determina-
tion of the shape factor fin eq. (11). Therefore,
if the interfacial adhesion is better in PFCs com-
pared to the melt-blended analogues, it might af-
fect the melt viscosity and value of f as well. In
order to clear up this point, f has been determi-
nated in the case of melt-blended composites mod-
ified by an interfacial agent, i.e., maleic anhy-
dride-grafted polyethylene, MAGPE (series C in
Table II). Figure 11 shows that the shape factor
is increased by at least a factor of 5 when MAGPE
is used, all the other conditions being the same ( f
= 17.6 instead of 3.2). A second or higher order
equation will be requested for fitting the experi-
mental data at the highest filler contents. It is
thus clear that M, as determined from the melt
index of PFCs might be a crude approximation in
case of a significantly improved interfacial adhe-
sion.
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Figure 11 Determination of the shape factor in eq.
(11) for melt-blended composites added with MAGPE
(series C in Table II).

Effect of the Hydrogen Partial Pressure

Hydrogen has been proved to act as a chain trans-
fer agent® of the ethylene polymerization. Control
of M,, by H, is confirmed by the increase in melt
indices (Fig. 12) and the parallel decrease in M,
estimated from MI (Table IV). The decrease in
the HDPE chain length may be correlated with
poorer mechanical properties, particularly ¢, and
I.E. This observation is reported for two catalyst
compositions (i.e., Al/Ti/Mg = 120/0.75/10,
entries 1-8 and 120/1.50/10 entries 9-10 of
Table IV).

Effect of 1-Octene

Composites were also synthesized in the presence
of l-octene (Table VI). At low octene—ethylene
molar ratios, there is a decrease in M,, and, thus,
an increase in the melt flow index, which indicates
that the a-olefin mainly acts as a transfer agent
rather than as a comonomer. This has been con-
firmed by *C-NMR analysis of the final polymer.*
This decrease in molecular weight is unavoidably
accompanied by a loss in €, combined with a o,./
o, ratio close to 0.5. When the 1-octene—ethylene
ratio is such that M, is increased, the tendency
is reversed and a ¢, value higher than 150% is
even observed. The role played by l-octene is
rather complex and requires a more detailed
study of the effect of the a-olefin on the active
sites.

SEM Observations

In order to visualize the expected filler—polymer
interfacial adhesion in PFCs, the fracture sur-

faces as produced by the tensile [Fig. 13(a)—(b)]
and impact testing [Fig. 14(a)—(b)] have been
observed by SEM. In case of PFC [Fig. 13(a)l,
small filler particles are observed that are more
or less regularly distributed and interconnected
through stretched polymer threads. The morphol-
ogy is quite different for melt-blended composites.
Much larger particles (>10 pum) are observed,
which appear to be less well adhered to the matrix
[Fig. 13(b)].

No filler particles can be observed on the frac-
ture surfaces of melt-blended composites re-
sulting from impact testing [Fig. 14(b)]. This
suggests a poor adhesion between the kaolin par-
ticles and the polymer. In contrast, Figure 13(a)
shows filler particles still attached to the poly-
meric matrix via polyethylene fibrils.

Effect of the Filler Nature

The filler nature and the particle size are also
expected to be of prime importance for both the
catalyst anchoring and the final mechanical prop-
erties.

Satintone 5 is also a kaolin filler but of a
smaller particle size (0.8 mm) compared to Sat-
intone W/W (1.4 mm). ¢, and L.E. are improved
as the particle size is decreased (entries 1 and 2
of Table VII at same ¢). PFCs of a high Satintone
5 content (up to 50 wt %, ¢ = 0.26) exhibit very
high ¢, and L.E. values and a o,./0,. ratio higher
than unity.

A still higher filler content (63 wt %, ¢ = 0.34)
has a detrimental effect on the elongation at
break and impact energy. These data demonstrate
the beneficial effect of a decrease in the average

Ml 2 T
(g/10min}

Hydrogen partial pressure (bar)

Figure 12 Dependence of the melt indices on the hy-
drogen partial pressure for PFCs (¢ = 0.15).
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Table VI Mechanical Properties, Melt Indices, and M, for PFCs Prepared in the Presence

of 1-Octene
M, M, M,
Octene—ethylene MI;) (ML) (M)
No. Code ratio 1073 E g, &, o, e, LE. MI, MI,, Ml 1073
1 B64 0.0 2.1 27.1 4 273 271 —*? 0.3 362
2 B55 4.0 2.3 32.0 3 16.6 36 9 0.6 3.2 13.8 102 144 147
3 B56 8.0 2.2 326 12 26.1 10 4 2.1 145 70.0 74 119 98
4 B63 12.0 1.9 30.6 6 15.0 42 0.1 0.4 551 341
5 B58 40.0 1.6 221 4 227 175 62*

p = 0.15 (32 wt %) of Satintone W/W.
2 Could not be accurately measured.

particle size. Barite has been also tested as a filler
in the PFC’s production.! Table VII (entries 5 and
8; ¢ = 0.10) and (entries 1, 2, and 8; +32 wt %)
shows the effect of the substitution of barite for
Satintone W/W in the same melt-blended compos-
ite (HDPE Dow 10062). There is a general de-
crease in the tensile mechanical properties of the
barite-based composites.

Figure 13 SEM of fracture surfaces as resulting from
tensile testing: (a) PFC, (b) melt-blended composites
(¢ = 0.15).

From the comparison of entries 1 and 7 and 8
and 9 in Table VII, the superiority of the polymer-
ization approach over the melt blending procedure
is obvious. €, for PFC is as high as 430% compared
to 9% of the melt-blended analogue. The more reg-
ular cubic shape of barite particles compared to
anisotropic flake-shaped particles of Satintone
might account for the smaller modulus observed.

Tum

Figure 14 SEM of fracture surfaces resulting from
impact testing: (a) PFC, (b) melt-blended composites
(¢ = 0.15).
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Table VII Effect of the Filler Nature

No. Code Type Sample wt % %) E oy £ o, &, LE.
1 B/0.15 Blend Satintone W/W 32 0.15 1.7 26 3.0 26 5 4
2 B/0.15 Blend Satintone 5 32 0.15 2.0 32 5.3 16 34 57
3 B117 PFC Satintone 5 52 0.26 2.7 33 3.2 39 68 145
4 B118 PFC Satintone 5 63 0.34 3.4 22 2.4 24 3 22
5 B/0.10 Blend Satintone W/W 25 0.10 1.9 31 5.0 16 2 10
6 B44 PFC Satintone W/W 16 0.07 1.5 26 7.0 22 153 65
7 B36 PFC Satintone W/W 32 0.15 1.6 30 6.8 22 180 84
8 B/0.09 Blend Blanc fixe N 31 0.09 1.3 25 2.2 12 9 8
9 B105 PFC Blanc fixe N 31 0.09 1.2 26 3.3 33 431 —*

Comparison of PFCs and melt blended composites. (HDPE 10062). PFC produced as described in ref. 1. Kaolin; density 2.63:
Satintone W/W: average size 1.4 um; Satintone 5: 0.8 um, barite: Blanc fixe N; density 4.4: average size 3 ym.

2 Could not be accurately measured.

CONCLUSIONS

The superiority of polymerization-filled com-
posites (PFCs) over melt-blended composites
emerges from the comparison of the impact en-
ergy (LLE.), the elongation at rupture (¢,), and the
o,/0,. tensile strength ratio. This superiority is
maintained even when kaolin is pretreated with
an aminosilane, which is known to deagglomerate
the filler particles (Translink 445: aminosilane-
treated kaolin), or when the interfacial adhesion
is modified by reaction of the filler with maleic
anhydride grafted polyethylene. The improved
mechanical performance of PFCs is thought to re-
sult from several parameters, such as fine filler
dispersion, good filler—polymer interfacial adhe-
sion, and high molecular weight of the matrix.
The tensile and impact properties of PFCs have
been thoroughly analyzed with reference to some
predictive models and to data reported for melt-
blended composites. The main conclusions can be
summarized as follows. The tensile modulus (E)
rapidly increases with the filler content according
to the Einstein—Guth—Gold model. E is not sensi-
tive to the technique used for the composite pro-
duction, thus to the filler dispersion and the in-
terfacial adhesion. It would, however, be depen-
dent on the filler shape as shown by the
substitution of barite for kaolin in PFCs.

At the yield point, the relative stress o,./o,,,
decreases with the filler content, in agreement
with load transfer from the matrix to the filler
particles, and therefore, with a good interfacial
adhesion as assumed by the model of Jancar et al.
Because this effect is also observed independent of
the technique used for the composite production,
kaolin appears to be a good reinforcing agent that

imparts high stiffness to HDPE and good interfa-
cial adhesion toward this polymer. Consistently,
the elongation at the yield point is in qualitative
agreement with Nielsen’s model, valid in case of
a high filler—polymer adhesion. The ultimate ten-
sile strengths of PFCs match with the unfilled
PFC matrix, even at relatively high filler loadings,
i.e., up to 35 wt % of filler (¢ = 0.16), while,
in the case of melt-blended composites, a brittle
behavior is observed above 15 wt % (¢ = 0.06).

The elongation at break drastically decreases
upon increasing filler loading, this effect being
more pronounced in the case of melt-blended com-
posites. The impact energy changes the same way
at constant HDPE molecular weight. High tough-
ness is, however, reported for PFCs when M, is
close to or higher than 300,000. In parallel, the
o,/ 0, ratio sharply increases from ca. 0.5 to 1.0.

The M,, of PFC’s matrix has been approximated
from steady shear flow measurements, because
SEC proved to be not accurate enough in case of
relatively high M, s. The irregular shape of kaolin
(Satintone W/W) has been taken into account
[shape factor (f)]in the relationship between the
melt viscosity of the composite and the parent
HDPE, respectively. The shape factor has how-
ever been determined from data collected for melt-
blended composites. Therefore, this value of f
(3.2) might only be an approximation for PFCs
because a five times higher value of f has been
calculated when the melt-blended composites are
modified by MAGPE.

The catalyst composition and the addition of
hydrogen and 1-octene to the reaction medium
can have a profound influence on the mechanical
performances of PFCs, which is actually an indi-



rect confirmation of the very important role of mo-
lecular weight.

The filler nature and particle size can also con-
tribute to the improvement of the tensile and im-
pact property as exemplified by a decrease in the
particle size of the Satintone type of filler and the
use of barite instead of kaolin, i.e., a more iso-
tropic filler.

Although direct evidence is lacking, the im-
proved mechanical strength of the PFCs is attrib-
uted to the improved wetting of the filler by the
polymer and to the filler dispersion as the result
of the filler surface treatment by the catalyst com-
ponents. The matrix molecular weight is clearly
of a prime importance. The polymerization-filling
technique has the unique capability of producing
homogeneous composites of a high filler content
and a high molecular weight matrix. The catalyst
composition and the addition of a transfer agent
allow the molecular weight of the polyethylene
matrix and, thus, the mechanical performances to
be controlled. High M, s are at the origin of high
mechanical performances but also of high melt
viscosities. Depending on the final application,
the main characteristics of PFCs can be modu-
lated by the interplay of the catalyst Al/Ti/Mg
composition and the addition of hydrogen and/or
1-octene.

A straightforward comparison of PFCs with
melt-blended composites is quite a problem be-
cause of the difficulty of matching the M, and
molecular weight distribution of HDPE in the two
series of composites. Furthermore, PFCs have
high performances in a molecular weight range
where the melt processing of composites cannot
be implemented anymore.

The authors are very much indebted to Dow Benelux
N.V. (Terneuzen) and to the “Services Fédéraux des
Affaires Scientifiques, Techniques et Culturelles” in the
frame of the “Péles d’Attraction Interuniversitaires: Po-
lymeres.” Philippe Dubois is a Research Associate of the
Belgian National Fund for Scientific Research (FNRS).
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