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Polymer microlayer structures with
anisotropic conductivity
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Continuous layer-multiplying coextrusion offers a new approach for processing metal-filled
polymers into conducting structures. In this process, filled and unfilled polymers are
combined into unique structures with many alternating layers of two or more components.
The total number of layers can range from tens to thousands. The ability of microlayering
to “organize” anisotropic particles was used to obtain metal-filled polypropylene tape with
highly anisotropic electrical properties. Orientation of metal flakes by microlayering
increased the anisotropy in resistivity by two orders of magnitude over compression
molding. Isolation of individual filled layers by alternating filled and unfilled layers resulted
in materials with many independent conducting pathways. Filled layers with 10% (v/v)
copper flakes or 15% (v/v) nickel flakes were conductive only if the filled layers were thick
compared to the thickness of the flake particles. When the thickness of the filled layers
approached the particle thickness, the conductive properties were lost. This behavior was
understood by comparing the three-dimensional arrangement of flakes in thick conductive
layers with the two-dimensional particle layout of thin non-conductive layers. © 7999
Kluwer Academic Publishers

1. Introduction ferromagnetic particles have been aligned in a magnetic
Interest in conductive plastics has been stimulated bfield, although this requires a low viscosity thermoset-
the numerous opportunities afforded by the rapidlyting matrix to permit particle alignment and connec-
developing electronics industry, particularly for EMI tivity [10]. Alternatively, polymer particles have been
shielding, in low temperature heaters, and as transdueoated with metal [11-13] and the mixture compression
ers. Although most polymers are insulators, conductivenolded or compaction-sinter molded in a way that the
properties can be achieved by blending with a metapolymer does not flow enough to disrupt the metal par-
filler [1-3]. Metal-filled polymers undergo a sharp tran- ticle network. A segregated polymer network has also
sition from an insulator to a conductor at a critical filler been obtained by taking advantage of the natural seg-
concentration. The sharp change is due to the formaregation of submicron filler particles in semicrystalline
tion of a network among the conducting filler particles. polymers and phase-separated blends [14, 15].
This network does not necessarily imply physical con- Continuous layer-multiplying coextrusion offers a
tact between adjacent particles; hopping or tunnelingnew approach for processing metal-filled polymers into
i.e. the processes by which an electron jumps across aronducting structures. Inthis process, filled and unfilled
insulator gap, can also produce the network. Networkpolymers can be combined into unique structures with
formation is frequently treated as a percolation procesgany alternating layers of two or more components
[2, 4]. [16-18]. Typically, the total number of layers ranges
Dispersions of spherical particles typically require from tens to thousands. The submicron layer thick-
a volume fraction between 0.20 and 0.40, dependingpesses can be precisely controlled by varying the melt
on size distribution, to achieve electrical conductivity feed ratio, the final sheet or film thickness, and the num-
[5-7]. Dimensionally oriented filler particles (flakes ber of layers. If the filler particles are anisotropic, for
and fibers) induce conductivity in a random dispersionexample platelets, flakes, or short fibers, the geometric
at much lower concentrations than spherical particlesonstraints imposed by layer multiplying promote ori-
or irregular particles having an aspect ratio of 1 [3, 8,entation of the particles in the plane of the layers. The
9]. The critical volume fraction, typically in the range advantages of microlayering include the ability to pro-
of 0.10, strongly depends on the aspect ratio. cess many thermoplastic matrices with almost any type
An alternative approach for reducing the volume con-of filler.
centration of conductor is to segregate the conductive In the present study, the ability of microlayering to
filler from the matrix into a conducting network. This “organize” anisotropic particles was used to obtain me-
approach relies on special processing techniques t@l-filled microlayered polypropylene tape with highly
form conductive paths through the matrix. For example anisotropic electrical properties. Individual filled layers
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Figure 1 Scanning electron micrographs of compression molded, metal-filled polypropylene: (a) 10% (v/v) copper; and (b) 15% (v/v) nickel.

were isolated from each other by alternating filled andand 20% (v/v) silver-coated copper flakes and with 5,
unfilled layers. In this configuration, it was anticipated 10, 15, 20 and 25% (v/v) nickel flakes were prepared in
that conductivity would follow many independent path- a Haake Rheometrix 600 by mixing at 19D for 8 min
ways through the interior of the tape. The study focusedt 60 rpm under dry nitrogen. The blends were com-
on the effect of layer thickness and composition onpression molded into 2 mm thick plaques at 180

the anisotropic conductive behavior of the new mat- Two types of microlayers were extruded using the

erials. methodology described previously [17,18]. Micro-
layers with 128 layers were coextruded with filled
2. Experimental polypropylene in both extruders (F-F microlayers).

The polypropylene was Pro-Fax 6523 supplied byThis type of microlayer was prepared from the blend
Himont Co. Silver-coated copper flakes with an av-with 10% copper and from the blend with 15% nickel.
erage thickness of 3m and average aspect ratio of Additional microlayers were prepared with layers of
15 were obtained from Degussa Co. Nickel flakes withunfilled polypropylene alternating with layers of filled
an average thickness ofudn and average aspect ra- polypropylene in a 1:1 ratio (U-F microlayers). This
tio of 10 were obtained from Novamet, Wyckoff, NJ. type of microlayer was prepared with 8, 16, 64 and 128
Blends of polypropylene with 2.5, 5, 7.5, 10, 12.5, 15layers using the blend with 10% copper, and with 64,
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Figure 2 Scanning electron micrographs of F-F microlayers: (a) 10% (v/v) copper-filled polypropylene with 128 layers; and (b) 15% (v/v) nickel-filled
polypropylene with 128 layers.

128 and 256 layers using the blend with 15% of nickel. To measure resistivity, contact faces were polished
A control was prepared by microlayering polypropy- and a 100@ gold layer was deposited for a good elec-
lene with 128 layers. The overall microlayer tape thick-trical contact with the polymer surface. The contacts
ness was about 1 mm. were applied either to the surfaces of the plague or tape
The metal filler content after microlayering was de-to measure the cross-plane resistivity, or to the edges
termined by thermogravimetric analysis using a Perkinto measure the in-plane resistivity. The contact area
Elmer 7 TGA. The particle orientation and distribu- was about 4 céhfor specimens taken from compres-
tion within the layers and in the compression moldedsion molded plaques, and 0.3 €for both cross-plane
blends was carried out using a scanning electron microand in-plane configurations of the microlayers. Voltage
scope (JEOL JCM 840A). To observe the layer mor-was applied through conductive tape contacts attached
phology and particle distribution and orientation, theto the contact faces. This procedure gave good elec-
microlayers were cryogenlcally fractured through thetrical contact and eliminated the need to apply pres-
cross-section and coated with A®f gold. sure to the specimen. This was an important feature of
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the specimen design because application of pressure 82 Results and discussion

metal-filled polymers in order to obtain good contact3.1. Structure of compression molded

can significantly alter the measured resistivity [19]. The blends and microlayers

experimental setup used to measure the volume resihe two micrographs in Fig. 1a and b shows compres-
tivity consisted of a power supply as a voltage sourcesion molded blends of PP filled with 10% copper and
and an electrometer (Keithley 616) to measure electrid5% nickel. Different magnifications are shown be-
cal current through the sample as a function of the apeause the copper particles with average thickneasn3
plied voltage. All conductors were isolated with Teflon and average diameter 4%8n were substantially larger
standoffs. The specimen surface temperature was cotthan the nickel flakes with average thicknegsm and
tinuously monitored during the voltage-current mea-average diameter 0m. The particles in both blends
surements. A temperature rise of no more than°®-3 were well-dispersed and were noticeably oriented in the
at the maximum applied voltage was allowed. plane of the compression molded plaque. It is known

< a

(b) U-F nickel,

o
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Figure 3 Scanning electron micrographs of U-F microlayers with thick layers: (a) Alternating 10% (v/v) copper-filled polypropylene and unfilled
polypropylene with 16 layers; and (b) alternating 15% (v/v) nickel-filled polypropylene and unfilled polypropylene with 64 layers.
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Figure 4 Scanning electron micrographs of U-F microlayers with thin layers: (a) Alternating 10% (v/v) copper-filled polypropylene and unfilled
polypropylene with 128 layers; and (b) alternating 15% (v/v) nickel-filled polypropylene and unfilled polypropylene with 256 layers.

that particles of high aspect ratio can be rotated andhe uniform alternating layers of filled and unfilled PP
aligned by even the moderate shear forces that arise agere clearly discernible and the particles in the filled
the melt spreads out in the press [20]. Therefore, somkayers were well-aligned in the plane of the layer. The
particle orientation was anticipated in the compressioraverage layer thickness in these microlayers was large
molded plaques. compared to the particle thickness. The copper system

Micrographs of copper-filled and nickel-filled F-F had 16 layers with average layer thickness of@3and
microlayers are shown in Fig. 2a and b. Geometric conthe nickel system had 64 layers with average layer thick-
straints imposed by layer multiplying produced very ness of 15um. Because of the particle size difference,
strong shear stresses which, in turn, caused remarkabl@yer thicknesses were chosen so that the lagrt¢
particle orientation in the plane of the extruded lay-particle f) thickness ratiok = H/h, was comparable,
ers. Compared to Fig. 1, particles were extremely weli.e. K =28 for the copper system with 16 layers, and
oriented in both nickel and copper systems. K =15 for the nickel system with 64 layers.

Two examples of U-F microlayers with alternating The U-F copper system with 128 layeks$ & 10um,
filled and unfilled layers are displayed in Fig. 3a and b.K ~ 3) and the U-F nickel system with 256 layers
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Figure 5 Voltage-current relationship of compression molded, metal-filled polypropylene: (a) 5% (v/v) copper; (b) 7.5% (v/v) copper;

nickel; and (d) 15% (v/v) nickel.

(H ~4um, K ~ 4) are depicted in the micrographs in
Fig. 4a and b, respectively. In this case, where par-
ticle and layer thicknesses became comparable, only
one or two particles fit in the thickness of the filled
layers and the filled layers appeared as thin strips of
well-aligned particles. The planar or two dimensional 7
particle arrangement of U-F microlayers with a high
number of layers was distinctly different from the three-
dimensional particle structure in the U-F microlayers
with fewer number of layers.

—_

cm

3.2. Electrical properties

3.2.1. Compression molded specimens

Fig. 5a—d exhibits typical voltage-current behavior of
compression molded specimens with various copper or
nickel content. The current was measured in the cross-
plane direction. In all cases, non-linear voltage current
behavior was observed when the voltage was applied
for the first time. The non-linear effect was especially
noticeable in systems with low conductivity. This be-
havior is shown in Fig. 5a and c for 5% copper and 10%
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nICk_eI' respectlve]y. In|t|aIIy, Wheljl a small VOItage. was Figure 6 Logarithm of the volume resistivity versus filler volume frac-
applied, the_ specimens had neg.“g'ble CQHductIVIty- AStion of compression molded copper-filled (solid circles) and nickel-filled
the voltage increased, the behavior acquired the featuréspen circles) polypropylene.
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of electrical break-down, i.e. the current changed verycoated copper flakes compared to nickel flakes. How-
slowly with increasing applied voltage until the elec- ever, the similar resistivity of both systems with high
tric field strength reached a critical level at which the particle content indicated that the aspect ratio differ-
current increased dramatically indicating a significantence was probably responsible for the lower percolation
drop inresistivity. The effect was less pronounced in thehreshold of copper-filled polypropylene.
systems with higher initial conductivity as illustrated in
Fig. 5b and d for 7.5% copper and 15% nickel. Regard-
less of the conductivity, the voltage-current character3.2.2. F-F microlayers
istics during the second run were essentially linear irThe resistivities of F-F microlayers measured in-plane
the voltage range studied. Third and succeeding runand cross-plane are compared with the resistivities of
were identical to the second run if the applied volt-the corresponding 10% copper-filled and 15% nickel-
age did not cause a temperature raise in the specimefilled compression molded specimens in Table I. The
The slope of the linear voltage-current relationship intable also includes the average layer thickness of mi-
the second and succeeding runs was used to determineolayers calculated from the number of layers and the
the resistivity R). Specific resistivity ) was calcu- overall tape thickness. The F-F copper-filled microlayer
lated from the sample contact area and thicknepsas  exhibited about an order of magnitude anisotropy in the
RA/L whereA andL are contact area and thickness, conductive properties. The cross-plane resistivity was
respectively. comparable to the resistivity of the compression molded
The effect of copper and nickel filler content on vol- specimen and was higher than the in-plane resistivity.
ume resistivity in the cross-plane direction of com- Particle orientation decreased the in-plane resistivity
pression molded specimens is shown in Fig. 6. Thef F-F microlayers with 15% nickel by more than an
resistivity of 15% nickel was also tested in-plane to de-order of magnitude compared to the compression
termine any anisotropy in conductive properties causedolded specimen with the same composition. The
by compression molding. The measurements revealecross-plane resistivity increased slightly. This produced
only slight anisotropy of conductive properties; the re-about two orders of magnitude anisotropy in the con-
sistivity in-plane was about 4-5 times higher than crossductive properties of the F-F nickel-filled microlayer.
plane. Compared to compression molding, where the par-
Compression molded specimens with low metalticle orientation was not enough to produce more
content were almost nonconductive. However, at ahan slight anisotropy in the resistivity, microlayer-
critical volume fraction, about 4% (v/v) for copper ing was extremely effective for orienting the metal
and 8% (v/v) for nickel, the resistivity fell sharply to particles.
10°-10° Q@ cm which corresponded to the resistivity ~ Typically, the analysis of conducting fillers in a
of a good semiconductor. Increasing the copper odielectric matrix is based on assumptions of random
nickel content further did not appreciably reduce theparticle distribution and orientation. However, the pub-
resistivity. Assuming that the critical volume fraction lished results for an ordered array of isotropic elon-
corresponded to a percolation threshold, a value ofjated particles provide some insight into the behavior
4% for copper and 8% for nickel was significantly of aligned platelet particles [21]. From the prediction
lower than 20-40% (v/v) for spherical particles. Thethat the anisotropy reaches a maximum at the percola-
higher specific surface area of platelet particles comtion threshold and rapidly declines thereafter, it is poss-
pared to spheres, which increased the probability ofble to understand why the copper-filled microlayer
particle-particle contacts, could have accounted for thenight have a lower anisotropy than the nickel-filled
low percolation threshold. The lower value for copper,microlayer even though the particle aspectratio is simi-
compared to nickel, probably should be attributed tolar. From Fig. 6, it is evident that the F-F microlayer
its higher aspect ratio. An additional factor may havewith 10% copper is well above the percolation thresh-
been the better intrinsic conductive properties of silver-old; therefore the anisotropy should not be large, and

TABLE | Resistivities of metal-filled microlayers and blend controls

Filler content Number of Layer thickness K (Layer to particle Volume resistivity

Filler System % (VIv) layers «Um) thickness ratio) @ cm) x10? Direction

Ni Blend 15 — — — 27+12 Cross-plane
Ni Blend 15 — — — 6+ 4 In-plane

Ni F-F 15 128 7 7 5411 Cross-plane
Ni F-F 15 128 7 7 0.430.11 In-plane

Ni U-F 7.5 64 14 14 (12e-28) In-plane

Ni U-F 7.5 256 4 4 Non-conductive In-plane
Cu Blend 10 — — — 21 Cross-plane
Cu F-F 10 128 10 3 0.2¢0.05 In-plane

Cu F-F 10 128 10 3 2512 Cross-plane
Cu U-F 5 8 171 57 0.240.01 In-plane

Cu U-F 5 16 86 29 0.910.14 In-plane

Cu U-F 5 64 21 7 Non-conductive In-plane
Cu U-F 5 128 12 4 Non-conductive In-plane
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Figure 7 Scanning electron micrographs at higher magnification to show the particle orientation in the nickel-filled layers of U-F microlayers: (a) 64
layers; and (b) 256 layers.

furthermore the anisotropy can not be increased by inin the U-F microlayers (Table I). The U-F nickel-filled
creasing the filler loading. This is confirmed by the microlayer with 64 alternating layers and a total nickel
experiments. In contrast, the F-F microlayer with 15%content of 7.5% by volume were conductive in the in-
nickel is within the transitional composition range. The plane direction with the resistivity comparable to that of
maximum anisotropy that can be expected is equal teompression molded specimens above the percolation
(I/d)? wherd andd are particle length and thickness re- threshold, and displayed highly insulative properties in
spectively. The observed anisotropy of the nickel-filledthe cross-plane direction with a resistivity similar to
microlayer (two orders of magnitude) would require that of unfilled polypropylene. In contrast, no in-plane
particles of aspect ratio 10, which closely coincidesconductivity was detected for the U-F nickel-filled mi-

with the aspect ratio of these particles. crolayer with 256 layers. Copper-filled U-F microlayers
with 8 and 16 layers and a total copper content of 5% by
3.2.3. U-F microlayers volume were also conductive in the in-plane direction

Anisotropy in the resistivity was practically ten orders with the resistivity comparable to that found in the in-
of magnitude when layers of insulating polypropyleneplane direction for F-F copper-filled microlayers with
were alternated with nickel-filled or copper-filled layers 10% copper. However no conductivity was obtained
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in U-F copper-filled microlayers with 64 and 128 lay- cles. The network can result either from side-to-side
ers. It appeared that the filled layers were conductiveontacts of particles located in the same sub-layer or
only if they were thick compared to the thickness of from top-to-bottom contacts of particles located in ad-
the flake particles. When the thickness of the filled lay-jacent sub-layers. Based on a volume fraction of 0.15
ers approached the particle thickness, the conductivior nickel-filled layers and 0.10 for copper-filled lay-
properties were lost. ers, the probability of a side-to-side contact is much
This behavior can be understood by comparing thesmaller than the probability of a top-to-bottom con-
particle arrangement in thick and thin filled layers. tact. Because most of the contacts can be viewed as oc-
Fig. 7a and b shows high magnification SEM micro-curring from top-to-bottom, not from side-to-side, the
graphs of the filled layers of U-F nickel microlayers number of adjacent layers and consequently the layer
with 64 and 256 layers. Fig. 7a displays evidence othickness is a critical parameter for the development
three-dimensional particle arrangement in the conducef a conductive network. With increasing number of
tive U-F microlayer. In contrast, the filled layers of the layers, the layer thickness approaches the thickness of
non-conductive U-F microlayer in the Fig. 7b clearly the sub-layer, i.e. the thickness of the particle. When
resemble a two-dimensional particle layout. this occurs, conductivity can be considered in terms of
Based on the micrographs, a model for the developthe two dimensional percolation of discs located in a
ment of a conductive network in layers filled with ori- plane. The theoretical value for the critical loading in
ented particles can be imagined as sketched in Fig. &his case increases to 0.45[22, 23]. To achieve conduc-
For simplicity, the filled layer is considered as con-tivity in microlayers with thin layers, the filler content
sisting of a number of imaginary sub-layers having awould need to be significantly higher than the 0.15 and
thickness equal to the particle thickness with uniform0.10 required for thick nickel-filled and copper-filled
particles located in the sub-layers; the average particlayers, respectively.
volume fraction in the sub-layers is equal to the over- The relationship of the transition to layer thickness
all particle content in the filled layer. The conductive is more appropriately described in terms of the number
network results from geometrical contact of the parti-of oriented particles that can be accommodated in the
thickness of a filled layer. The critical layer thickness
Conductive required for conductive behavior would be thinner for
thin particles and correspondingly thicker for thick par-
ticles with the same aspect ratio. Fig. 9 illustrates the
transition from non-conductive to conductive behav-
ior for both nickel and copper U-F microlayers with
the resistivity plotted as a function of layer to particle
thickness ratio). The data appear to superpose with
a transition from two- to three-dimensional behavior at
K ~10. It can be anticipated that thé value of this
----- . transition will depend on both filler volume fraction and
A I AN particle aspect ratio.
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Figure 8 Sketch of the particle arrangement in thick and thin filled lay- Figure 9 Logarithm of the volume resistivity versus layer-to-particle
ers of U-F microlayers. The conductive pathway in the thick layer is thickness ratioK ) for copper-filled (solid circles) and nickel-filled (open
indicated. circles) U-F microlayers.
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In summary, designed structures using microlayer 3.
coextrusion to manipulate orientation and distribution
of metal flakes in a polymer matrix are demonstrated %
with copper- and nickel-filled polypropylene. The high
degree of particle orientation achieved by microlay- -
ering is not possible with conventional thermoplastic
processing methods such as extrusion or injections.
molding. The improved particle orientation is sufficient %
to increase the anisotropy in electrical resistivity by, ,
two orders of magnitude over compression molding.
New possibilities for producing designed structuresia.
by microlayering arise when two components with12.
different electrical properties are combined. This
N . . 13.
is illustrated with structures that consist of many;,
alternating layers of a conducting polymer and a non-s
conducting polymer. Isolation of metal-filled layers
by alternating them with unfilled layers results in ma- 16.
terials with many independent conducting pathways,
The versatility of microlayering makes it possible to
examine transitional behavior when the layer thickness
approaches the size scale of individual metal particlesis.
In this case, the change from a three-dimensional
particle array to a two-dimensional array produces a
loss of conductivity in the metal-filled layers. 10,
Acknowledgements 20.
The authors thank Mr. Tony Ramic for assistance with
the conductivity measurements. This work was gener-
ously supported by the Army Research Office (granty
DAAG55-98-1-0311) and the National Science Foun-

dation (grant DMR97-05696). 22.

23.

References

1. “Handbook of Fillers for Plastics,” edited by H. S. Katz and
J. V. Milewski (Van Nostrand, Rainhold Co, New York, 1987)
p. 245.

2.D. M. BIGG, in “Metal-Filled Polymers,” edited by S. K.
Bhattacharya (Marcel Dekker, New York, 1986) p. 165.

1470

A. T. PONOMARENKO,V. G. SHEVCHENKOandN. S.
ENIKOLOPYAN, Adv. Polym. Sci(1996) 125.
S. KIRKPATRICK, Rev. Modern. Phygl5(1973) 574.

5. J. GURLAND, Trans. Metall. Soc. AIMR36(1966) 642.

S. M. AHARONI, J. Appl. Phys43(1972) 2463.

L. NIKODEMO, L. NIKOLAIS, G. ROMEO and E.
SCAFORA, Polym. Eng. Scil8(1978) 293.

D. M. BIGG, Composited0(1979) 95.

G. R. RUSCHAUandR. E. NEWNHAM, J. Compos. Mater
26(1992) 2727.

M. G. GOLUBEVA,T. I.
Kolloid. Zh.35(1973) 1145.
J. E. SCHEERandD. J. TURNER, Adv. Chem99(1971) 572.
A. MALLIARIS andD. T. TURNER, J. Appl. Phys42(1971)
614.

SHISHKINA andv. E. GUL’,

3.R. P. KUSY, ibid. 48(1977) 5301.
.D. M. BIGG, J. Rheol 28(1984) 501.
.M. NARKIS,A. RAM andF. FLASHNER, Polym. Eng. Sci

18(1978) 649.
J. IM,E. BAERandA. HILTNER, in“High Performance Poly-
mers,” edited by E. Baer and A. Moet (Hanser, Munich, 1991) p. 175.

17.C. D. MUELLER,S. NAZARENKO, T. EBELING,T. L.

SCHUMAN, A. HILTNER andE. BAER, Polym. Eng. Sci35
(1997) 355.

C. MUELLER,J. KERNS,T. EBELING,S. NAZARENKO,

A. HILTNER andE. BAER, in “Polymer Process Engineering,”
edited by P. D. Coates (The Institute of Materials, London, 1997)
p. 137.

R. P. KUSY, in “Metal-Filled Polymers,” edited by S. K.
Bhattacharya (Marcel Dekker, New York, 1986) p. 122.

A. S. KOTOSONOV, S. V. KUVSHINNIKOV,
I. A. CHMUTIN, V. G. SHEVCHENKO, A. T.
PONOMARENKO and N. S. ENIKOLOPYAN, Polym.

Sci.33(1991) 1631.
I.A. CHMUTIN,S. V. LETYAGIN,V. G. SHEVCHENKO
andA. T. PONOMARENKO, ibid.36(1994) 576.

G. E. PIKEandC. H. SEAGER, Phys. Rev. BL0(1984) 1421.
A. T. PONOMARENKO, V. G. SHEVCHENKO,
I. A. TCHMUTIN, A. A. OVCHINNIKOV andN. S.

ENIKOLOPYAN, in “Polymer Composites,” edited by B.
Sedlacek (Walter de Gruyter and Co., Berlin, New York, 1986) p. 67.

Received 13 August
and accepted 20 October 1998



