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Flexible graphite under repeated compression studied by
electrical resistance measurements
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Abstract

Flexible graphite (a gasket material) under repeated compression was studied by real-time measurement of the electrical
resistance perpendicular to the flexible graphite sheet, which was sandwiched by copper. The resistance decreased reversibly
upon compression perpendicular to the sheet, due mainly to the reversible conformability of flexible graphite and the
consequent reversible decrease of the contact resistivity between flexible graphite and copper. Two cycles of compression
largely eliminated the irreversible resistance and strain changes. A low stress amplitude (,4 MPa) and a low strain
amplitude (,25%) were necessary in order to minimize irreversible deformation of the flexible graphite itself.  2001
Elsevier Science Ltd. All rights reserved.
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1. Introduction electrically and thermally conductive in the direction
perpendicular to the sheet (although not as conductive as

Flexible graphite is a flexible sheet made by compres- the plane of the sheet). These in-plane and out-of-plane
sing a collection of exfoliated graphite flakes without a microstructures result in resilience and impermeability to
binder [1–11]. Due to the exfoliation, flexible graphite has fluids perpendicular to the sheet. The combination of

2a large specific surface area (e.g., 15 m /g [12]). As a resilience, impermeability and chemical and thermal resist-
result, flexible graphite is used as an adsorption substrate. ance makes flexible graphite attractive for use as a gasket
Due to the absence of a binder, flexible graphite is material for high temperature or chemically harsh environ-
essentially entirely graphite (other than the residual amount ments.
of intercalate in the exfoliated graphite). As a result, Resilience in terms of the dimensional change upon
flexible graphite is chemically and thermally resistant, and compression being reversible is key to the repeated use of
low in coefficient of thermal expansion (CTE). Due to its flexible graphite as a gasket material. Conformability in
microstructure involving graphite layers that are preferen- terms of the surface topography being able to conform in a
tially parallel to the surface of the sheet, flexible graphite is reversible fashion is also important. Much more attention
high in electrical and thermal conductivities in the plane of has been given to the resilience than to the conformability
the sheet. Due to the graphite layers being somewhat of flexible graphite.
connected perpendicular to the sheet (i.e., the honeycomb Previous work in characterizing the gasketing ability of
microstructure of exfoliated graphite), flexible graphite is flexible graphite mainly involved mechanical and leakage

tests [3–11,13–27]. In contrast, this work used electrical
resistance measurement during repeated compression to
characterize flexible graphite. As the resistance was in the
through-thickness direction and included the contact resist-
ance between the flexible graphite and each of the two*Corresponding author. Tel.: 11-716-645-2593; fax: 11-716-
metal surfaces sandwiching it, the measurement provided645-3875.
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2. Experimental methods tween B and C), as the volume resistance of each cylinder
is negligible. This resistance measurement was conducted

Flexible graphite sheets (Grade GTB, EGC Enterprises, while cyclic compression (load control, crosshead speed
Inc., Mentor, OH) of thicknesses 1.6 and 3.1 mm had 0.5 mm/min, screw-action mechanical testing system,

24electrical resistivity 7.5310 V.cm in the plane of the Sintech 2/D, Sintech, Stoughton, MA) was applied along
sheet; that perpendicular to the sheet is 0.01160.001 and the cylinder axis. The strain of the graphite between B and
0.03760.011 V.cm for thicknesses 1.6 and 3.1 mm C along the cylinder axis was obtained by dividing the
respectively. crosshead movement of the mechanical testing system by

A rectangular piece of flexible graphite was sandwiched 1.83, as the stack contained three graphite pieces and the
between two copper cylinders (diameter512.8 mm, graphite area between B and C was about half of the
height59.9 mm, mechanically polished by using 200-grit cylinder area. The graphite strain was directly related to
sandpaper) labeled B and C (Fig. 1). Two larger pieces of the displacement (change in height of sandwich).
flexible graphite cut from the original sheet (thus same
thickness) as the above-mentioned smaller piece were
sandwiched between copper cylinders A and B and be- 3. Results and discussion
tween copper cylinders C and D. These larger pieces
extended beyond the circumference of the copper cylin- Fig. 2 shows the fractional increase in resistance (DR /
ders, whereas the smaller piece was within the circumfer- R , negative for decrease), strain (negative for shrinkage)o

ence. Silver paint was applied at the interface between and stress (negative for compression) simultaneously ob-
each piece of graphite and its adjacent cylinder. A copper tained during the first 10 loading cycles at a constant stress
wire was soldered to each of the four cylinders. The wires amplitude of 20.42 MPa for a flexible graphite sample
to A and D were for current (DC) to pass, whereas those to (7.637.1 mm) of thickness 1.60 mm. The resistance
B and C were for voltage measurement. The resistance (initially being 0.27 V) decreased during loading and
between B and C thus measured consisted of the volume increased during subsequent unloading in every cycle, such
resistance of the graphite between B and C along the that the resistance change was mostly reversible, but had
cylinder axis and the contact resistance at each of the two an irreversible portion at the end of the first cycle.
interfaces between cylinder (B or C) and graphite (be- Furthermore, the maximum magnitude of DR /R waso

larger in the first cycle than in subsequent cycles. The
irreversible portion at the end of a cycle slightly increased
after the subsequent cycle, but did not further change after
that. Thus, it took 2 cycles for the cyclic resistance change
to stabilize. When stabilized, the magnitude of the revers-
ible portion of DR /R was 41%, while the magnitude ofo

the irreversible portion of DR /R was 12%. The magnitudeo

of strain increased with the magnitude of stress during
each loading, such that the strain magnitude increase was
partly reversible and partly irreversible at the end of the
first cycle. Moreover, the maximum magnitude of strain
was larger in the first cycle than in subsequent cycles. The
irreversible portion of strain did not further increase in
subsequent cycles. Thus, it took only 1 cycle for the cyclic
strain change to stabilize. When stabilized, the magnitude
of the reversible portion of strain was 7%, while the
magnitude of the irreversible portion of strain was 8%. The
DR /R variation closely corresponded to the strain vari-o

ation, such that: (i) a larger magnitude of DR /R waso

associated with a larger magnitude of strain, (ii) the
irreversible portion of DR /R was associated with theo

irreversible portion of strain, and (iii) the reversible
portion of DR /R was associated with the reversibleo

portion of strain. After the initial two loading cycles, the
flexible graphite behaved reversibly.

Fig. 3 shows similar results for the same sample and
stress amplitude as Fig. 2, but right after the first 10 cycles
(shown in Fig. 2), at which the resistance was 0.23 V

Fig. 1. Set-up for electrical resistance measurement. (compared to 0.27 V before any cycling). The fractional



X. Luo, D.D.L. Chung / Carbon 39 (2001) 985 –990 987

Fig. 3. Fractional resistance increase (DR /R ), strain and stressFig. 2. Fractional resistance increase (DR /R ), strain and stress oo

simultaneously obtained during the first 11 compressive loadingsimultaneously obtained during the first 10 compressive loading
cycles (under load control) of flexible graphite of thickness 1.6cycles (under load control) of flexible graphite of thickness 1.6
mm and initial resistance 0.23 V. The sample had been prior stressmm and initial resistance 0.27 V. The stress amplitude was 20.42
cycled (as shown in Fig. 2) for stabilization. The stress amplitudeMPa.
was 20.42 MPa.

changes (DR /R and strain) shown in Fig. 3 are relative too

the values right after the first 10 cycles. Thus, Fig. 3 4, as Fig. 3, displays the behavior of flexible graphite
displays the behavior of flexible graphite which had been which had been stabilized. In Fig. 4, a reversible stress of
stabilized — a situation which is practically useful. In this 20.83 MPa gave rise to a reversible strain of 211% and a
situation, a reversible stress of 20.42 MPa gave rise to a reversible DR /R of 260%.o

reversible strain of 27% and a reversible DR /R of Similar results were obtained with the same sample aso

243%. Figs. 2–4, but at stress amplitudes of 21.25, 22.06 and
Fig. 4 shows results obtained on the same sample as 22.48 MPa. The corresponding reversible DR /R waso

Figs. 2 and 3, but at a stress amplitude of 20.83 MPa and 268%, 270% and 272% respectively; the corresponding
with a starting point which was right at the end of the reversible strain was 213%, 217% and 219% respec-
cycling in Fig. 3. At this starting point, R was 0.22 V. Fig. tively.
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Fig. 5. Fractional resistance increase (DR /R ), strain and stresso

simultaneously obtained during the first 9 compressive loading
cycles (under load control) of flexible graphite of thickness 1.6Fig. 4. Fractional resistance increase (DR /R ), strain and stresso mm and initial resistance 0.19 V. The sample had been prior stresssimultaneously obtained during the first 7 compressive loading
cycled (as shown in Figs. 2–4) for stabilization. The stresscycles (under load control) of flexible graphite of thickness 1.6
amplitude was 24.12 MPa.mm and initial resistance 0.22 V. The sample had been prior stress

cycled (as shown in Fig. 2 and 3) for stabilization. The stress
amplitude was 20.83 MPa. graphite could not serve as a reliable and reusable gasket

when the stress magnitude exceeded 4 MPa or when the
strain magnitude exceeded 25%.

When the stress amplitude reached 24.12 MPa, the When the initial resistance was too high, the DR /R ando

irreversible portion of the DR /R magnitude as well as that strain changes had significant irreversible portions, eveno

of the strain magnitude increased after every cycle and the after considerable prior cycling. Therefore, a small initial
maximum strain magnitude (most negative strain) of a resistance is preferred. This dependence on the initial
cycle increased in every cycle, as shown in Fig. 5. This is resistance is attributed to the fact that the contact resistance
due to irreversible shrinkage of the flexible graphite in between sample and the copper cylinder is an important
every cycle at the large stress amplitude. Similar behavior part of the measured resistance. As shown by calculation
was observed at a stress amplitude of 25.78 MPa. Flexible of the volume resistance of the sample based on the
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Table 1 MPa) and a low strain amplitude (,25%) were necessary
Initial electrical resistance for various combinations of flexible in order to minimize irreversible deformation of the
graphite thickness and stress amplitude flexible graphite itself.
Thickness Initial Fraction of Stress
(mm) resistance initial resistance due amplitude

(V) to volume resistance (MPa)
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