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SINTERED METALS AND ALLOYS

CONDUCTIVE FILM MATERIALS BASED
ON THERMALLY STABLE FLUORINE-CONTAINING
POLYAMIDE AND NICKEL BORIDE
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The development of resistor materials science and, namely, the feasibility of developing a composite

film material based on the thermally stable polyamide and nickel boride as current-conducting filler,
is considered. A process for producing films is developed: the films are obtained by coating the glass
substrate with polymer solution with a pre-dispersed filler, followed by forming at 80°C with
subsequent drying at 150 °C until constant weight. The microstructure and topography of the film
surface is studied by SEM and AFM. The formation of two-layer composite with the formation of
conducting cluster (when the content of the conducting phase is >30 wt.%) from the substrate side is
shown. Volt-amps diagrams are studied and analyzed by the differential method. The R(T)
dependence is obtained and the temperature resistance coefficient is determined; the latter is
positive and its value is 1.67 - 103 C.

Keywords: polyamide matrix, filler, nickel boride, conductivity, volt-ampere characteristics,
temperature resistance coefficient.

INTRODUCTION

Conducting polymer materials are complex heterogeneous systems where fine conducting phase (CP) is
distributed in the polymer matrix [1-4]. Due to low price and chemical inertness [5], the most common coal—
graphite filers are carbon black and graphite. Recently, the electrical and physical properties of polymers filled with
ultrafine particles, such as carbon nanofibers and nanotubes, are intensively studied [6-8].

Since low operating temperature is the major deficiency of conductive polymer systems, thermally stable
polymers (such as polyimides, aromatic polyamides, polyester maleimides, etc.) are the most commonly used as
polymeric matrix [9—-11].
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It should be noted that the technology for producing the above composites is complicated by the stages of
long-lasting pre-dispersing of components followed by hot cure and pressing. For example, polypropylene matrix-
based composites [6—8] are produced by the melting technology: at first, the components are mixed in a twin-screw
mixer at 200°C for 5 min and, then, the fibers are formed through the heated microholes. Polyimide- and carbon
black-based composites [9] also undergo the stage of mixing of the filler with polyamide acid followed by high
temperature dehydration at 300°C for 1 h. The thermal treatment of pressed samples is foreseen during the
formation of epoxy composites with graphite and kaolin (7=250-270°C, ¢t=8-12 h) and, also, with carbon
nanofibers in the presence of hardener at 50°C for 12 h [7, 9]. Similarly, hot pressing and sintering are the necessary
stages for producing filled composites based on aromatic polyamides or polytetrafluoroethylene [10, 12]. A film
resistive heating element based on the maleimide ether binder has been developed [11]. Different types of carbon
black and graphite were used as CP. The heating element is formed at 7= 200°C for 20 min in a conveyor furnace,
then the obtained conductive layer is protected with silicone lacquer.

The above examples show that the production of filled composites generally requires long-time dispersion,
hot-pressing, and thermal treatment. Less time-consuming is the production of conductive cellulose-ether materials
by coating the substrate with graphite suspension in cellulose acetate solution [13].

It is equally important to select CP components combining optimal electrical and physical characteristics
with availability and relatively low price, compared to precious metals used in resistor production. Such fillers
include borides of refractory metals, which are used as CP in conductive and resistive pastes [14]. Thick-film
heaters, resistors, and other passive components of hybrid integrated circuits are manufactured on their basis using
the screen-printing technique of the pastes [15]. The necessary stage of the thick-film technology is a high-
temperature firing of the paste (consisting of CP and glass binder) deposited on the dielectric substrate (alumina
ceramics, glass ceramics or enameling steel) [15]. For example, the temperature of firing Ni;B- or LaB4-based
pastes is ~800°C [16, 17].

The studies [18, 19] have investigated some properties of nickel boride Ni;B, which is used as CP for
producing thick-film heating elements, due to the metallic behavior of its conductivity [20]. The study [21] has
described how to obtain ~36 wt.% Ni;B- and phenol formaldehyde-based pastes as a low-temperature treated
dielectric matrix (157°C). A quadratic temperature dependence of electrical resistivity R(7) in the 213-333 K
temperature range was established; the temperature resistance coefficient (TRC) being (4-7) - 103 K1,

The purpose of this study is to assess the feasibility of forming the films based on thermally stable polymer
matrix (fluoroplastics) and Ni;B powder, as CP, and to examine the electrical and physical properties of the

composite films produced.
MATERIALS AND EXPERIMENTAL PROCEDURE

The polymer matrix was fluorine-containing aromatic polyamide (AP): poly-1-tetrafluorethoxy-2.4-phenyl-
eneisophthalamide [22], which is Phenylone™ modified by the tetrafluorethoxy group. Figure 1 shows its chemical
structure. The following physical and chemical properties are typical for fluorine-containing AP [22]:

Point of destruction, °C. .. ....... ... . . . ... 390
Density, g/em3. . ... ... ... 1.484
Tensile strength, MPa. . .. ........................... 117-127
Volume resistivity, Q-cm............................ 2.7-1014
Dielectric dissipation factor, x103Hz. . . ................ 0.0086
Dielectric strength, kV/mm. . . . .. ... ... ........ 200
Freezing resistance, °C. . . ... ... -196

Typical for polyfluorinated radicals, the hydrophobic effect contributes to the reduction of moisture
absorption and the increase in dielectric characteristics of polyamide. Composite films were obtained through
preliminary mechanical (SilentCrusher S disperser, Heidolph Instruments GmbH & Co. KG, Germany; number of
revolutions 7 =75000 min~!, #=1.5 min) or ultrasound (UZDN-2T, NPP Akadempribor, Ukraine; operating
frequency v =22 kHz) dispersing of the Ni;B powder (TU 06664-86, specific surface area Sy, =0.15-0.25 m?/g)
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Fig. 1. Polyamide chemical structure

in 5% polyamide solution (DMFA solvent: dimethylformamide) and forming the film at 80°C (on a glass former)
for 3 h with subsequent drying at 150°C till the mass is constant. The amount of filler was 30, 40, and 80 wt.% of
the polymer charge, which was constant in all cases, which allowed forming up to 100 um thick films (averaging
75—-80 pm).

Thermal and mechanical research was conducted under a load of 2 MPa and a heating rate of 6 deg/min.
The structure of conductive layers was studied using a JEOL JSM-6490 LV scanning electron microscope
(JEOL Ltd., Japan), while the surface morphology of composite films was examined using a NT-206 atomic force
microscope (ODO Mikrotestmashyny, Belarus) in static mode.

Volt-amps characteristics (VAC) were determined during bench test using a 14TKS-100 automated tester
(JSC Test Technical Center NPO PM, Russia). The voltage was increased step by step at 150 msec intervals for
each step and the measuring time of 90 msec. The subsequent data processing was carried out using the differential
method [23].

Temperature dependences of electrical resistivity were measured using a computer-assisted installation by
the amperemeter-voltmeter method. An UT70D multimeter (UNI-T, China) with RS-232 interface was used as a
measuring and interface instrument. To reduce errors in determining R caused by the nonohmicity of contacts, the
survey current passed through the sample in two directions. The accuracy of measurement of the electric potential
drop between measuring probes amounted to 1 pV. During measuring, the temperature of the sample was supported
using a RIF-101 precision software heat regulator. The residual gas pressure in the working chamber of the
installation was ~2.67—4.00 Pa.

RESULTS AND DISCUSSION

Figure 2 show the thermal-mechanical curves of the composite films. Adding 80 wt.% Ni;B (compared to

40 wt.%) increases the temperature when the composite begins to deform. Thus, even with so much filler, the strain
strength of the composite remains high enough and, therefore, this very sample has been selected for further
research.

The determination of surface resistivity has revealed that the top layer of the film is dielectric and the
conductive layer is that on the substrate side. Figure 3a shows a secondary-electron microscope image of the
microstructure of the conductive layer. Conductive layer is a composite with Ni;B grains (0.1-5.0 pm) evenly

distributed in the polymer matrix (Fig. 3b).
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Fig. 2. Variation of the film relative elongation A/ with temperature under 2 MPa
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Fig. 3. Microstructure of conductive layer (a) and polymer matrix (b) in 80 wt.% Ni;B composite

Figure 4 shows 2D topography, cross-section 1-2 of the upper surface of the composite, and 3D image
obtained using the atomic force microscope. This surface roughness was R, = 3.0 nm, and the width of individual

pimples varied from 14 up to 16.7 nm.

substrate during forming that leads to greater film surface roughness (R, = 100 nm) on the substrate side (Fig. 5).

The topography (2D, 3D) of the surface on the substrate side indicates the sedimentation of Ni;B on the

Pimples up to 800 nm in height and 9.7-18.5 um wide dimples are observed on such surface.

Also, CP sedimentation has been establishhed, when examining the microstructures of the cross-section of
composites, as evidenced by the occurrence of conductivity of the thick film on the substrate side at different CP
contents. A good example is the microstructure of the cross-section of 80 wt.% CP composite (Fig. 6), confirming

the formation of conductive layer on the substrate side resulting from the Ni;B sedimentation.
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Fig. 4. Topography (a), cross-section 1-2 (b) and 3D-image (c) of 40 wt.% Ni;B composite
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Fig. 5. Topography (a), cross-section 1-2 (b) and 3D-image (c) of 40 wt.% Ni;B composite (on the

substrate side)

Study on the variation of content with the resistivity of film surface pg, on the substrate side has shown that
a conductive cluster (Fig. 7) is formed, when the Ni;B content is >30 wt.%. CP sedimentation and changes in the

phase composition across film thickness, when studying ruthenium-containing resistors, are described in [24, 25].

Surface resistivity of the layer on the substrate side was 280, 75, and 10 Q - mm?%/m, which corresponds to
the 30, 40, and 80 wt.% content of the filler in the polymer charge. Such composite can be used as resistive film
with a dielectric layer of the same polymer. Since Ni;B-based thick films are used as heating elements, bonding pad
for multiple-level boards, thermistors, the study of these composites with 30-80 wt.% content of CP (where higher
conductivity is seen) was of particular interest.

Figure 8 shows 40 and 80 wt.% Ni;B composite film VAC measured in the slit geometry. Conductive layer
side VAC are ohmic.
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Fig. 6. Microstructure of the cross-section of Fig. 7. Variation of film resistivity with Ni;B

80 wt.% Ni;B film content
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Fig. 8. VAC of 40 (/) and 80 wt.% Ni;B (2) composite films in linear (a) and logarithmic (b)

coordinates on the conductive layer side; picture insert (Fig. 8a) shows VAC of composite / in slit
geometry on the dielectric side at both electrical polarities
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Fig. 9. Variation of value o with voltage for 40 (/) Fig. 10. Variation of resistivity with temperature
and 80 wt.% (2) Ni;B films of 80 wt.% Ni;B composite

The analysis of experimental VAC was conducted using the differential method [23], where dimensionless

value a (U) was determined:
d(gl udl
a(v) =D _ vdl
d(lgU) 1dU (D

where U is the voltage (V), [ is the current (A). This allowed determining the areas with a constant value of a(U).

Also, this dependence allows identifying the area where values o are almost equal to 1, indicating VAC
linearity and, therefore, an optimal working of the composite film. This interval covers the voltage range from 0.1
to 10 V (Fig. 9).

Figure 10 shows the variation of temperature with resistivity of 80 wt.% Ni;B composite. Temperature

resistance coefficient was calculated based on the famous formula [26]:
Rr — Ry

HET R @)

where R and R, are the resistivity of the thick film at the temperatures 7 and T, respectively.
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CONCLUSIONS

The feasibility of producing current-conducting thick films based on the thermally stable fluorine-
containing aromatic polyamide and trinickel boride as conductive phase has been considered. The thermal treatment
of the composite produced by coating with the Ni;B suspension in polyamide solution, has been carried out at 80—
150°C, which requires no high-temperature firing.

An intensifying effect of the filler appearing in the increase of the strain strength has been observed when
80 wt.% CP, compared to 40 wt.% CP.

It has been established a CP sedimentation with the formation of two-layer composite, contributing to a
unilateral conduction on the substrate side.

The variation of the electrical resistivity of the composite with CP content has been studied. It has been
established the formation of the conductive cluster, when >30 wt.% CP content. The outer layer of the composite is
a dielectric. The films possess linear VAC: they have a constant value oo = 1 in the voltage range of 0.1-10 V,
which corresponds to the optimal performance.

The temperature resistance coefficient determined based on the R(7) dependence is positive and its
value is 1.67 - 1073 °C-1, Such composites can be used as elements for heat-variable resistors.
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