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Aluminum Reinforcement of Some Polyethylenes

R. D. BOHME, Plastics Department, Research Laboratory,
Dow Chemical Company, Midland, Michigan 48640

Synopsis
Filler reinforcement by aluminum powder was correlated to filler-matrix adhesion and

was found to be a simple exponential function of the volume fraction for a series of
polyethylenes.

INTRODUCTION

Polymer composites are potentially valuable structural materials,
especially if, through the type of filler, some unusual improvement in
properties can be realized. A filler which shows exceedingly large rein-
forcement would be of considerable importance. Synergistic reinforce-
ment has been achieved in carbon black-filled rubbers where a high degree
of dispersion and good chemical or physical interaction of the filler with
the matrix has improved the matrix properties. In these systems the
extent of dispersion of the filler particle and the strength of the filler—
matrix bond affect the reinforcement obtained by the addition of filler.

A large variation in peel adhesion to aluminum has been observed
between high-density polyethylene (henceforth abbreviated HDPE) and
its copolymers, the high-density polyethylene-acrylie acid graft copolymer
(HDPE-AA), and the random copolymer of ethylene and acrylic acid
(PEAA).! Without prior treatment of the metal surface, HDPE will
adhere to aluminum only very weakly, HDPE-AA will give about 6 1b./in.
peel, while PEAA will show as much as 50 1b./in. peel, based on 89, acrylic
acid in the copolymers. The reinforcement obtained by the filler will be
compared to the reinforcement obtained by noninteracting fillers in an
amorphous matrix as deseribed by accepted equations.

Since good adhesion of matrix to filler is realized in the random copolymer
of ethylene and acrylic acid filled with aluminum powder, a synergistic
reinforcement might be observed.

EXPERIMENTAL

Materials
Materials -used were a high-density polyethylene (HDPE), density
0.95 g./cc.; a high-density ethylene-acrylic acid graft copolymer (HDPE-
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AA), density of 0.95 g./cc., graft level 8%,; and an ethylene-acrylic
acid random copolymer (PEAA), density 0.925 g./cc., acrylic acid con-
tent 89.

Aluminum powder was Alcoa 101 aluminum powder, 100 mesh or 19 p
average particle size. The shape of the individual particles varied from
spherieal to oblong.

Procedure

Composites of HDPE, HDPE-AA, and PEAA with aluminum were
prepared by blending on a roll mill with roll temperatures of 165-185°C.
and milling times of 10 min. The composites were then compression-
molded in a window mold at 180°C. and 20,000 psig to /s in. thickness.

From the molding rectangular bars of 0.7 em. width and 10 cm. length
were cut for the evaluation of the dynamic properties on a torsion pendulum.
Test rate varied from 0.1 to 2.0 eps over the test range of —150 to 4150°C.2

The 10-sec. shear modulus,® G(10), was determined on a specially con-
structed apparatus in which the angular deflection of a horizontally
mounted, rectangular bar could be measured under constant torque as a
function of time. The method was based on ASTM D1043-51, but the
horizontal placements of the specimens in a constant temperature air bath
permitted the simultaneous measurement of four samples. Temperature
control and air circulation were obtained by a Tenney temperature con-
troller. G(10) in dynes/square centimeter was derived from the torque
(T in inch-pounds) and the angle of deflection (x in degrees) by eq. (1):

G(10) = (6.33 X 10° TL)/(ab® ux) Q)

where a, b, and L are sample width, thickness, and length in inches; u is a
shape factor based on a/b and tabulated in Table IV of ASTM D1053-54T.
A temperature range of —20 to 4+110°C. was covered.

RESULTS AND DISCUSSION
Shear Properties

The measured dynamic shear modulus G’ and 10-sec. shear modulus G(10)
are summarized in Table I for the filled polyethylenes at 25°C. G’ as
listed here should correspond to the shear modulus, G, within 1%, for HDPE
and HDPE-AA. The maximum difference between G’ and G for PEAA is
49, based on the value A, the logarithmic decrement.

Equations (2) and (3) express these relations:

tan § = A/m = G"/G' 2
G = Gcosé 3)

where G” is the loss modulus and G’ the dynamic shear modulus. G(10)
also should be close to the actual shear modulus, since creep in this tem-
perature range and for this time interval is quite negligible. The values
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TABLE 1
Shear Moduli of Composites at 25°C.
Dynamic
shear modulus Logarithmic Shear modulus
Aluminum, @ X 1078, decrement G(10) X 1077,
Sample vol.-% dyne/cm.? at 25°C. dyne/cm.?
HDPE 0 0.74 0.29 0.53
5 0.85 0.28 0.48
10 0.95 0.26 —_—
20 1.20 0.25 —
35 1.99 0.25 1.72
50 2.68 0.35 3.22
65 3.38 0.42 6.43
HDPE-AA 0 0.80 0.28 0.59
5 0.90 0.27 0.59
10 1.05 0.24 —
20 1.50 0.26 _—
35 2.15 0.27 2.15
50 2.80 0.31 3.70
65 4.0 0.34 4.80
PEAA 0 0.108 0.66 0.05
5 0.137 0.69 0.05
10 0.15 0.70 —
20 0.22 0.74 —
35 0.41 0.78 0.19
50 0.80 0.83 0.42
65 1.30 0.87 0.95

of G(10) and G’ should therefore be very close and seem to be within a
factor of two or better.

Figures 1-3 show the dependence of G’ on the temperature from —150
to 4+150°C. for the three matrix polymers and various filler contents.
Similarly Figure 4 depicts G(10) as a function of temperature for the
polymers and filler contents of 5, 35, 50, and 65 vol.-%, aluminum from
—20°C. to about 100°C. Both sets of data show that an inflection tem-
perature? exists for all composites in the vicinity of 0°C. and from then on
the materials traverse the region from glassy (modulus > 10 dyne/cm.?
to rubbery (modulus ~ 10° dyne/cm.2) behavior. HDPE and HDPE-AA
behave in the typical fashion of a erystalline polymer—a very gradual
decrease in modulus up to the melting point, while the much less erystalline
PEAA shows a steeper decline in modulus. Breakdown of the modulus
oceurs at the crystalline melting point which is relatively unaffected by
filler content. HDPE-AA filled with 65 vol.-%, aluminum does, however,
seem to melt at 145°C., according to the temperature dependence of G/,
although, differential thermal analysis showed a normal melting point at
132.5°C., somewhat lower than the 136.5°C. melting point measured on
the unfilled sample.

The aluminum filler, as Figures 1-4 show, has no other effect on the
modulus-temperature curve than to shift it vertically at all temperatures
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Fig. 1. Dynamic shear modulus of HDPE filled with aluminum powder: (A4) un-
filled polymer; (B) 5 vol.-%, Al; (C)35vol.-% Al; (D) 50vol.-9, Al; (E): 65 vol.-%,
AL

up to the melting point of the erystalline fraction in the matrix. The shift
is to higher moduli with filler, contrary to the shift to lower moduli over
the same temperature range, when HDPE is chemically crosslinked.*
Accordingly, the filler has only a minimal disrupting effect on the crystalline
properties of the matrix, except perhaps at the 5%, filler level, where a
decrease in G(10) was observed for HDPE-AA and for HDPE; G’ and
G(10) were virtually unchanged for PEAA.

Evaluation of Compesites in Terms of a Non-Interacting Filler

There exist several equations,®=® theoretical as well as semiempirical,
which predict the increase in tensile modulus with filler coneentration.
Most of these are particle size dependent, and apply to an amorphous
matrix in thorough contact with a well-dispersed inclusion.

The polyethylenes under study have, in contrast to the above, a semi-
crystalline continuous phase. In a first approximation, the crystallites in
the polymers represent one type of crosslink, which contributes to the
strength of the material. If the filler were to interfere by reducing the
crystalline fraction, a modulus less than predicted should be observed.
Initially, at low filler levels, an actual decrease in modulus may take place.
The aluminum particle, however, replaces to some extent the lost erystalline
crosslinks by strong adsorption of ethylene to its surface. The extent of
this adsorption should be related to the peel strength of the respective
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Fig. 2. Dynamic shear modulus of HDPE-AA filled with aluminum powder: (A)
unfilled polymer; (B) 5 vol.-9%, Al; (C) 35 vol.-9, Al; (D) 50 vol.-%, Al; {E) 65 vol.-%
Al.

matrix material. With acrylic acid in the polymer, hydrogen bonding
between carboxyls of two chains represent another potential crosslink.
In addition, the acid chemisorbs to the aluminum particles. However,
the predominant strength-giving factor in the polyethylenes is still the
crystallinity, as evidenced by the breakdown of the modulus at the melting
point, and, if filler were to interfere with it, a reinforcement less than the
expected should be observed. A comparison then to the predictive equa-~
tions may reflect the extent of filler—particle interaction.

The simplest expression,® based on a similar equation for viscosity de-
pendence on volume fraction ¢ of filler,” describes the effect of a non-
interacting filler on Young’s modulus E of a composite:

E = E1 + 2.5¢) 4)

where the subseript zero refers to the matrix. Equation (4) has been found
applieable only to ¢ = 0.1. To extend the applicability of this equation to
higher filler level, an additional term was introduced

E = Eo(l + 2.5¢ + 14.1¢?)
Fore £ 0.3 (5)

More recently the shear modulus of a composite of a hard filler in a
rubbery matrix has been described by Kerner’ and verified?® for a poly-
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urethane rubber filled with NaCl.. According to Kerner, shear modulus
is given by:

Gia + Co
G - Go (7 - 50’0)G0 + (8 - 1000)G1 15(1 - 0’0) (6)
Gocr Co

(7 —_ 50’0)G0 + (8 - 100’0)G1 + 15(1 _ 0'0)

where subscripts zero and one (0, 1) refer to matrix and inclusion, re-
spectively, and ¢ is the Poisson’s ratio. The shape of the inclusion has
been accounted for theoretically® by eq. (7):

1 1 c Go — Gy
= = 7
i-alltiT arimvan(a)] @
where
R = 3G/3K + 4G )
and
A= (Gh/Go) — 1 9)
,OII
~ ~—
— M E
;\\\\\D \\
~

~<_ N
100 e —

NN
[ovnes/so.cm.} LAY
ANNWAN

AN\

a i vA Y X
O\ N\ i
A\ Y N\
A\ AN
A\ WAV
LG A\VAWAY
WA
\\\
108 R\ ‘u
1t
i
AR
A1
I\
]
o7 ]
-150 “1eQ -50 o} 50 100 150
TEMPERATURE,’C

Fig. 3. Dynamic shear modulus of PEAA filled with aluminum powder: (4) un-
filled polymer; (B) 5 vol.-%, Al; (C) 20 vol.-% Al; (D) 35 vol.-% Al; (E) 65 vol.-%,
Al
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Fig. 4. The 10-sec. shear modulus for aluminum-filled ethylene polymers: (a) HDPE;
(b) HDPE-AA; (¢) PEAA. Numbers indicate volume-per cent of aluminum filler.
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Fig. 6. Logarithmic decrement A of HDPE filled with aluminum powder: (A) un-
filled polymer; (B) 35 vol.-%, Al; (C) 50 vol.-%, Al; (D) 65 vol.-%, Al

where the subscripts have the usual meaning and K is the bulk modulus,
relating to G by the expression:

E = 26(1 + o) = 3K(1 — 20) (10)

Figure 5 compares G’ to the above expressions for the ethylene—aluminum
composites, eq. (7), being evaluated for both ¢ = oo and o1, since the
Poisson’s ratio of the composite, though unknown, would be expected to
fall between the above extremes. As can be seen from Figure 5, the choice
of ¢ does not overly affect eq. (7). Figure 5 indicates quite clearly that
eq. (5) gives the best overall fit and actually holds for PEAA up to a 40%,
filler level. The HDPE and HDPE-AA composites, however, fall below
the value predicted by eq. (5) at 20 vol.-%, for HDPE-AA and even lower
for HDPE. Experimental data are quite well represented over a higher
concentration range, by an equation of the type:

G = GOeKc (1 1)

presumably as long as Gy > Gy It covers the entire composition range
for PEAA and is a good average for the other polymers. Further-
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Fig. 7. Logarithmic decrement A of HDPE-AA filled with aluminum powder: (4)
unfilled polymer; (B) 50 vol.-9, Al; (C) 65 vol.-9, Al

more, eq. (11) can be readily approximated by a series solution of the form
G = Go(1 + Ke + (Ke)¥/2! 4+ ...

which immediately resembles eq. (5) and in a first-term approximagtion
simplifies to Smallwood’s equation [eq. (4)].

Examination of the present data allows us to assign some physical
significance to the exponent K in eq. (11). Theoretically® K should be 2.5
for a truly noninteracting filler. By experiment, K for HDPE is 2.6, for
HDPE-AA 3.0, and for PEAA 3.8, in direct correspondence with the
increased metal-polymer adhesion from approximately 1 lb./in. peel for
HDPE to about 50 Ib./in. peel for PEAA. From this point of view, K
reflects the reinforcement that a filler brings to the composite and is also
a measure of filler-matrix interaction. Thus the high-adhesion material,
PEAA, is proportionately more reinforced by an aluminum filler than
HDPE, in spite of the lower modulus of the former.

Loss Factor as a Function of Filler

The logarithmic decrement A as a function of filler concentration
indicates that energy loss per cycle increases with filler, since the magnitude
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of A reflects energy loss.!' Figures 6-8 depict this variable for the three
composite systems. The highly crystalline HDPE and HDPE-AA show
only small increases in A below their melting point, while a loss peak around
25°C. in PEAA is considerably enhanced. The latter peak relates to the
amorphous g relaxation of low-density polyethylene? and may thus reflect
an increasingly more amorphous material as a larger percentage of the
acrylic acid in the polymer is tied to aluminum particles. High filler
concentrations have an additional effect: they seem to raise the energy loss
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Fig. 8. Logarithmic decrement A of PEAA filled with aluminum powder: (4) un-
filled polymer; (B) 35 vol.-% Al powder; (C) 50 vol.-%, Al powder; (D) 65 vol-%
Al

associated with melting. It can only clearly be observed in HDPE-AA,
where a shift of the peak from 132 to 140°C., is noted, and in PEAA,
where a shift from 95°C. to 120°C. is observed for the 659 by volume
aluminum ecomposite. For the same systems, the DTA showed a slight
melting point decrease; for HDPE-AA a drop from 136.5 to 132°C., and
for PEAA a drop of 2°C. from 103°C. was observed with the corresponding
filler level. The energy loss is thus protracted over a larger temperature
range and is increased in magnitude by the filler. Work or energy loss per
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vibration depends on the Young’s modulus and the relaxation time® in
a Voigt model:

work _ TS (wr) (12)
cycle E(1 + «%?)

where the retardation time r is given by 7 = 9/E, n is the viscosity, » the
frequency of vibration and S, the applied stress. Since a relation similar
to eq. (12) should hold for the polymeric composite, £ and r are the
determining variables. We know that E drops precipitously at the melting
point, automatically giving rise to an increased energy expenditure as long
as r changes less rapidly during the transition from the crystalline to the
amorphous state.

In highly filled composites and above the melting point of the erystalline
phase, the filler particles can be expected to contribute more to the viscosity
of the composite, due to particle-particle interactions, than to the elastic
modulus.

The net effect of such action is a smaller decrease in 7, and correspond-
ingly a shift in the energy dissipation maximum to higher temperatures
should be observed. Better adhesion of the matrix to the filler should also
contribute to the viscosity of the composite by increasing the effective
radius of the filler particle. Accordingly, HDPE-AA shows a shift to higher
temperatures of 8 and PEAA of 25 degrees.

CONCLUSION

The dynamic shear modulus G’ of aluminum—polyethylene composites
was measured, and a simple exponential dependence of the modulus on
volume fraction was found to hold up to a filler volume fraction of 0.65.
As metal-polymer adhesion increased, the metal proved to be a more
efficient reinforcing filler and this fact was reflected in a larger exponent in
the equation:

G = GO/eKc

where ¢ is the volume fraction and K depends on the extent of filler-matrix
interaction.

It was observed that high filler levels interfered with the net erystallinity
in the polymers and that energy dissipation in the amorphous phase
increased.

The author wishes to thank S. G. Turley for the measurement of G’ and A as well as
C. B. Arends for some very helpful discussions.
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