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High interface-derived dissipation has been discovered by instrumented indentation in carbon black and
fumed alumina. Both materials comprise nanoparticle aggregates that interlock mechanically upon
compaction without a binder. The high dissipation is attributed to the high deformability and the
abundance of interfaces. Compared to carbon black, similarly 600-kPa compacted 100-mN maximum-
load tested fumed alumina gives lower dissipation (2.1 vs. 4.1 pJ, both values being higher than the
highest previously reported value for any material, 0.175 pJ for dental enamel), lower maximum
displacement (72 vs. 134 pm), higher fraction of displacement that is permanent (0.74 vs. 0.59), higher
modulus (41 vs. 7 MPa), higher fractional dissipation (0.80 vs. 0.70), and lower solid content (12 vs. 18
vol.%). These differences are attributed to the greater compressibility of carbon black. The relative
movement of the particles of carbon black or the graphite layers of exfoliated graphite becomes less
reversible as the degree of compaction increases. Microwave-exfoliated graphite (5.25-MPa compacted,
37 vol.% solid) gives lower dissipation (1.0 yJ) and higher modulus than carbon black or fumed alumina.
Furnace-exfoliated graphite (5.25-MPa compacted, 43 vol.% solid) gives even less dissipation than
microwave-exfoliated graphite, due to its greater compressibility and consequent greater deformation
reversibility.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction alleviate the noise pollution that increasingly erodes the quality of

life of most people.

The dissipation of mechanical energy occurs when the
stress—strain curve during loading does not overlap with that
during unloading. The area between these two curves gives the
dissipated energy (i.e., the energy loss) per unit volume. The energy
loss involves the conversion of mechanical energy to another form
of energy, which is commonly heat. Energy dissipation is not the
same as the toughness, which refers to the mechanical energy input
(per unit volume) needed to deform a material up to fracture.

Mechanical energy dissipation is important for passive vibration
damping and sound absorption. Vibration damping is needed for
essentially all structures, including wind turbines, airframe, cars,
buildings, helmets, ski boards, etc. Sound absorption is needed to

* Corresponding author.
E-mail address: ddichung@buffalo.edu (D.D.L. Chung).
URL: http://alum.mit.edu/www/ddIchung
! permanent address: Global Aqua Innovation Center, International Center for
Science and Innovation, Shinshu University, 4-17-1 Wakasato, Nagano-shi, Nagano
380-8553, Japan.

http://dx.doi.org/10.1016/j.carbon.2016.03.033
0008-6223/© 2016 Elsevier Ltd. All rights reserved.

Mechanical energy dissipation requires a degree of viscous
character in the material. The viscous character is commonly pro-
vided by bulk viscous deformation, as in the case of rubber and
other polymers. However, an unconventional mechanism for
providing viscous behavior is dynamic low-amplitude interfacial
sliding that involves friction [1,2]. This unconventional mechanism
can be significant when the material has a large amount of interface
area, as in the case of an appropriately nanostructured material.
Conventional carbons (such as carbon fiber) and ceramics (such as
alumina) that are not in the form of polymer-matrix composites are
not viscoelastic. In contrast, polymers and polymer-matrix com-
posites are viscoelastic. However, significant viscous behavior
based on the interfacial mechanism has recently been reported for
exfoliated graphite [1] (not a composite), with the interfacial
mechanism supported by dynamic flexural testing results and
analytical modeling [2].

The interfacial mechanism mentioned above is expected to be
less dependent on the temperature than the conventional bulk
viscous deformation mechanism. For example, in the case of
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polymers involving the bulk viscous deformation mechanism, the
viscous character depends considerably on the temperature,
particularly for temperatures around the glass transition temper-
ature. Furthermore, polymers have limited elevated temperature
resistance and limited chemical resistance compared to materials
such as graphite. The concept of non-polymeric materials with
strong viscous character is novel and transformative.

The plastic deformation of steel is commonly used to provide
energy dissipation in steel traffic barriers, which encounter high
loads during automobile impact. However, there are other appli-
cations that require energy dissipation under low loads; examples
include microelectronic packages, medical devices, mechatronic
devices, micromachines, robots and loudspeakers.

An effective method for evaluating the mechanical energy
dissipation ability of a material is instrumented indentation
(nanoindentation) during loading and subsequent unloading. This
method allows tests to be conducted at different locations on the
same specimen, thus allowing investigation of the spatial distri-
bution (if any) of the energy dissipation. In addition, the specimen
for nanoindentation can be small, in contrast to the relatively large
specimens for conventional mechanical testing (such as tensile
testing) under dynamic loading. In nanoindentation, the area be-
tween the loading and unloading curves of load vs. displacement
gives the dissipated energy per loading cycle. However, comparison
of this quantity for various materials should be conducted either at
the same maximum load or the same maximum displacement. In
the following comparison of various previously reported materials,
comparison was conducted for the same maximum load. Since the
maximum load values differed for different pieces of prior work,
scaling of the energy dissipation was conducted in the following
comparison so as to compare at the same maximum load. This
scaling assumes linearity between the dissipation and the
maximum load. This linearity occurs when both the loading and
unloading curves of load vs. displacement are linear. However,
these curves deviate from linearity, so the scaling gives only
approximate dissipation values.

Based on nanoindentation results, the highest energy dissipa-
tion values previously reported [3—7] are listed in Table 1. Not listed
in Table 1 due to the unclear testing conditions are the following
low values of the energy dissipation (listed in order of decreasing
energy dissipation): (i) 22 nJ for dentin (which is the calcified tissue
underneath the dental enamel and is a composite comprising hy-
droxyapatite and a minor proportion of an organic material, mainly
collagen, such that the proportion of organic material is higher than
that of enamel) 8], (ii) 5.5 nJ for nanocrystalline glass [9], (iii) 4.1 n]
for metallic glass [10], (iv) 0.2 n] for indium tin oxide (ITO) [11] and
(v) 0.1 nJ for cement [12,13]. The high value for TiN-coated steel or
TiN-coated cemented carbide [3] suggests the importance of an
interface such as the coating-substrate interface in contributing to

the energy dissipation.

This work provides the first report of the high mechanical en-
ergy dissipation of carbon black (a nanostructured material [14])
and fumed alumina (a similarly nanostructured material [15]). The
energy dissipation is up to 4.6 and 4.1 pJ for compacted carbon
black and compacted fumed alumina respectively. These values are
much higher than all of the abovementioned values at comparable
values of the maximum load (Table 1).

Both compacted carbon black and compacted fumed alumina
are in the form of aggregates of primary particles, such that the
aggregates are compressible and interlock mechanically upon
compaction, thereby forming a monolithic porous solid. Compacted
carbon black in the absence of a binder is a viscoelastic material
[14], as recently shown by dynamic mechanical testing, with its
viscous character increasing and its elastic character decreasing
with increasing aggregate size. The relative movement of the par-
ticles in an aggregate contributes to the viscous deformation, while
the connectivity among the aggregates contributes to the stiffness
[14]. However, the viscoelastic behavior of compacted fumed
alumina has not been previously reported.

Because the particles in an aggregate can move relative to one
another quite easily, carbon black is compressible. Because of the
compressibility, carbon black spreads under compression and
conforms to the topography of the sandwiching surfaces. The
spreading promotes the formation of a carbon network, even
though the carbon black aggregates do not form a network before
the spreading. As a consequence, carbon black is highly effective as
an additive for enhancing the electrical connectivity and hence the
electrical conductivity of a composite comprising nonconductive
particles [16]. An example involves manganese dioxide particles,
which are nonconductive and are commonly used as a cathode
material in batteries. Carbon black is commonly added to this
electrode in order to render the electrode conductive [17,18].

The surface topographic conformability resulting from the
compressibility allows carbon black to be valuable as a constituent
in thermal interface materials, which are used to reduce the ther-
mal resistance of thermal contacts [19—23]. The improvement of
thermal contacts is much needed for alleviating the problem of
overheating in microelectronics. In addition, the conformability
makes carbon black effective as an interlaminar filler for improving
the thermal conductivity of continuous carbon fiber polymer-
matrix composites in the through-thickness direction [24].

Carbon black is widely used as a reinforcing filler in rubber tires
[25—27]. The spreading of the carbon black during the composite
material fabrication tends to cause the carbon black to develop a
fibrous morphology, which promotes the reinforcing ability. The
viscoelastic behavior and energy dissipation ability of carbon black
is expected to contribute to these characteristics of composites
containing carbon black. However, such characteristics of carbon

Table 1

Mechanical energy dissertation of various materials tested by nanoindentation at various maximum loads.
Material Maximum load (mN) Energy dissipation scaled to maximum load 100 mN® (nJ) Ref.
TiN-coated steel or cemented carbide®” 5000 94 [3]
Fe-18Cr-8Ni austenitic stainless steel 500 127 [4]
Nickel-tungsten alloy 400 60 [5]
Dental enamel® 100 175 [6]
Carbon fiber (axial) 70 34 [7]
Carbon black 100 4600 This work
Fumed alumina 100 4100 This work

2 The scaling conducted in this work is based on the assumption of linearity between the energy dissipation and the maximum load.
b The TiN coating thickness of 10 um and the maximum displacement of 4 um indicate that the energy dissipation involves not just the coating but also the substrate and the

coating-substrate interface.

¢ The dental enamel comprises crystalline hydroxyapatite and a low proportion of organic material. The organic component contributes substantially to the energy

dissipation ability.
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black (as opposed to polymers containing carbon black) have
received little prior attention [14].

Carbon black and fumed alumina are similar in the micro-
structure, as both are in the form of porous aggregates of nano-
particles. Thus, they are both compressible and are thus
conformable. As a result, carbon black pastes [19—23] and fumed
alumina pastes [28] are excellent thermal interface materials.

Mechanical energy dissipation also relates to the rheological
behavior. This behavior of organic-based carbon black paste and
fumed alumina paste has been previously reported [29]. The carbon
black paste exhibits double yielding (i.e., yielding occurring at two
yield stresses), whereas the fumed alumina paste exhibits single
yielding [29]. This is attributed to the presence of both the relative
movement of the particles and the relative movement of the ag-
gregates in compacted carbon black, and the presence of the rela-
tive movement of the aggregates with relatively little relative
movement of the particles in compacted fumed alumina. The more
difficult relative movement of the particles in compacted fumed
alumina compared to compacted carbon black is due to the dif-
ference in chemical bonding; the bonding is polar in alumina and
non-polar in carbon. The polar bonding in fumed alumina con-
tributes to causing greater affinity between the primary particles in
fumed alumina than carbon black [29]. Both the relative movement
of the particles at the interface between adjacent particles in an
aggregate and the relative movement of the aggregates at the
interface between adjacent aggregates involve friction. Thus, the
movement causes mechanical energy dissipation. The greater is the
extent of movement or the frictional force, the higher is the energy
dissipation. The abovementioned structural difference between
carbon black and fumed alumina suggests that the viscous char-
acter and energy dissipation are more significant in compacted
carbon black than compacted fumed alumina.

Exfoliated graphite refers to the cellular low-density graphite
resulting from the rapid heating of intercalated graphite flakes [30].
Compacted exfoliated graphite has been shown by instrumented
indentation to provide energy dissipation of up to 0.012 n] for a
maximum load of 250 uN [31]. This energy dissipation is low, at
least partly because of the low value of the maximum load. In order
to compare the energy dissipation of exfoliated graphite compared
to carbon black and fumed alumina, it is necessary to test all three
materials at the same value of the maximum load.

The objectives of this work are (i) to advance the field of me-
chanical energy dissipation materials, particularly in relation to
dissipation that is derived from interfacial movement and the
associated friction, (ii) to provide materials with extraordinarily
high mechanical energy dissipation, (iii) to investigate the energy
dissipation ability of compacted carbon black, and (iv) to compare
the energy dissipation ability of compacted carbon black, com-
pacted fumed alumina and compacted exfoliated graphite.

2. Experimental methods
2.1. Materials

The carbon black was Product Vulcan XC72R from Cabot Corp.,
Billerica, MA, U.S.A., with DBP 188 ml/100 g, average pH 7.5, specific
surface area 254 m?/g, primary particle size 30 nm, bulk density
0.09 g/cm?, and aggregate size 36—1122 nm. The true density was
1.8 g/cm>. The bulk density depended on the extent of pelletization,
if any. This material was a furnace black, as derived from a petro-
leum feedstock and exhibiting a quasi-graphitic microstructure.
The manufacturing process involved injecting the feedstock into a
high-temperature reactor where the hydrocarbon was cracked and
dehydrogenated.

The fumed alumina was Product SpectrAl 51 from Cabot Corp. It

was in the untreated state and was in the form of a white fluffy
powder. Its specific gravity was 3.6 at 20 °C and its melting point
was about 2000 °C. The production of fumed alumina occurred in a
flame, with the associated reaction [32] commonly being

2 AlCl3 + 3 Hz + 1.5 02 — Al,03 + 6 HCL.

The material exhibited specific surface area 55 m?/g, aggregate
size 100—200 nm, and Al;03 content >99.8 wt.%. Moreover, it had a
positive surface charge, which was probably due to the dissociation
of ionogenic groups on the particle surface and/or the differential
adsorption from solution of ions of different charges into the sur-
face region during the material fabrication. The mass loss on
heating was <1.5 wt.% at 105 °C. The fumed alumina consisted of a
mixture of crystalline and amorphous phases, with the crystalline
phases consisting of theta, delta and gamma alumina.

The exfoliated graphite (known as worms) was obtained by the
rapid heating of intercalated graphite flakes, which is known as
expandable flakes, as provided by Asbury Graphite Mills (Asbury,
NJ, Product No. 3772) [31]. The intercalate was sulfuric acid. The
intercalation compound is known as graphite bisulfate. After the
intercalation process, the expandable flake (not yet exfoliated) was
rinsed by the manufacturer to remove the residual surface acid. The
rinsed flake was then washed by the manufacturer with an alkaline
material in order to deacidify (partially neutralize) the flake. Thus,
the expandable graphite supplied by the manufacturer was not
high in the intercalate concentration and had little surface residue
[33]. The rapid heating of the expandable flake was conducted in
this work by either (i) a microwave oven in air for a period of about
45 s, or (ii) a resistance-heating furnace at 900 °C for 2 min with
flowing nitrogen. The worms obtained by either exfoliation method
had not been washed. The furnace method (without washing) is the
original method for obtaining exfoliated graphite and is the same as
the method used in prior work [31], but the microwave method is a
more convenient method and has been used quite commonly in
recent years [34—36]. Comparison of the exfoliated graphite made
by the furnace method and the microwave method has not been
previously reported. The worms made by either method were
similar in morphology and were of length 2—4 mm.

A weighed amount of carbon black, fumed alumina or exfoliated
graphite was compressed in a steel cylindrical mold (31.7 mm in
inner diameter) with a fitted steel piston, using a pressure of
ranging from 200 to 800 kPa for carbon black and fumed alumina
and a pressure of 5.25 MPa for exfoliated graphite.

The density, as determined by measurement of the mass and
volume, is shown in Table 2 for each combination of material
(carbon black or fumed alumina) and compaction pressure. The
porosity (i.e., the volume fraction of air in the compact) was ob-
tained from the measured density. Table 2 shows that the com-
pacted carbon black had porosity ranging from 0.80 to 0.83 while
the compacted fumed alumina had porosity ranging from 0.86 to
0.91. The higher porosity of the latter is consistent with the ex-
pected lower compressibility of the fumed alumina compared to
carbon black. For both material types, the higher was the
compaction pressure, the slightly lower was the porosity, as ex-
pected. The compression resulted in a monolithic disc with sharp
edges and pore size mainly below 50 nm. The disc was then sub-
jected to instrumented indentation testing, with the indentation
conducted on a surface in the plane of the disc.

The compaction pressure of 5.25 MPa was chosen for the exfo-
liated graphite because this was one of the pressures used in prior
work [31]. In the present work, for the furnace-exfoliated graphite,
this pressure gave a compact with density 0.97 + 0.01 g/cm?, i.e.,
43.0 vol.% solid; for the microwave-exfoliated graphite, this pres-
sure gave a compact with density 0.85 + 0.01 g/cm?, i.e., 37.0 vol.%
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Table 2

Density of compacted carbon black and compacted fumed alumina prepared at various compaction pressures. Density of carbon black = 1.8 g/cm®. Density of alumina = 3.95 g/

cm?®.

Compaction pressure (kPa) Compacted carbon black

Compacted fumed alumina

Density (g/cm®) Volume fraction

Density (g/cm®) Volume fraction

Carbon

Air Alumina Air

200 - -

400 0.31 +0.01 0.17 + 0.00
600 0.33 +0.01 0.18 + 0.00
800 0.37 + 0.01 0.20 + 0.00

— 0.36 + 0.01
0.83 + 0.00 0.42 +0.01
0.82 + 0.00 0.47 +0.01
0.80 + 0.00 0.57 + 0.01

0.09 + 0.00
0.11 + 0.00
0.12 + 0.00
0.14 + 0.00

0.91 + 0.00
0.89 + 0.00
0.88 + 0.00
0.86 + 0.00

solid. These values of the exfoliated graphite compact density are
higher than the values for the compacted carbon black and com-
pacted fumed alumina in Table 2, and are also higher that of the
exfoliated graphite compact of prior work [31].

2.2. Instrumented indentation testing

Instrumented indentation testing (known as nanoindentation
testing) was conducted under load control using a nanoindenter
system (MTS Systems Corporation, Model XP) that included a dia-
mond Berkovich indenter tip. This tip had a triangle-pyramidal
shape and exhibited an angle of 77° between the indenter axis
and each of the three side faces of the indenter tip. A high-
resolution actuator was used to apply the load on the specimen
surface for the purpose of forcing the indenter into the surface. The
maximum load ranged from 10 to 150 mN. The load resolution was
0.05 uN. The loading rate was 1.0 uN/s. A high-resolution sensor
was used to measure the penetration into the surface in real time
during loading and subsequent unloading. Thus, a plot of load
versus displacement was obtained for each cycle of loading and
unloading. In each loading cycle, the maximum load was held for
3 s before unloading; in this period, the displacement was due to
creep. The contact area under the load was obtained from this in-
formation. In this work, the indentation direction was the direction
of the pressure used in forming the compact, which was the
specimen. The indentation testing was conducted at >3 different
points for each specimen in order to confirm the reproducibility of
the results.

The reduced modulus, E,, was obtained by using the equation®

_Svm
S 28VA

where S is known as the contact stiffness, i.e., the stiffness of the
indenter-specimen contact, and is given by the slope of the initial
portion of the curve of load vs. displacement during unloading
(Fig.1).In Eq. (1), 8 is a constant that depends only on the geometry
of the indenter tip (8 = 1.034 for the Berkovich tip used) and A is the
projected contact area. The elastic modulus E of the specimen was
then obtained by using the equation

1 (1-)  (1-12)

E, (1)

where E; and »; are the elastic modulus and Poisson's ratio of the
indenter tip. For the diamond indenter tip used, E; = 1141 GPa and
v; = 0.07. In Eq. (2), v is the Poisson's ratio of the specimen and is
taken as 0.22 and 0.18 for alumina [37] and graphite [38]
respectively.

2 http://www.msm.cam.ac.uk/mechtest/docs/XP%20User's%20Manual.pdf, p. 29,
as viewed on Jan. 24, 2014.

B 2

dp
dh

load, P

displacement, A

Fig. 1. Schematic illustration of the curve of load (P) vs. displacement (h) for a nano-
indentation test during loading and subsequent unloading. The maximum load is Prqy.
The initial slope during unloading (dP/dh) is the contact stiffness S.

The energy dissipated in a loading cycle was given by the area
between the loading and unloading curves. The input energy was
given by the area under the loading curve. The fraction of input
energy dissipated was given by the energy dissipated divided by
the input energy.

3. Results and discussion
3.1. Carbon black

Table 3 and Fig. 2(a) show that the energy dissipation of com-
pacted carbon black increased with increasing maximum load, as
expected, due to the increase of the displacement with the load. For
the same value of the maximum load, the values of the energy
dissipation were similar for the compaction pressures of 400 and
600 kPa, but the value was smaller for the compaction pressure of
800 kPa. This suggests that a high degree of compaction resulted in
less easy movement between the particles in carbon black. A
similar effect had been previously reported for exfoliated graphite
[1], the viscous character (derived from the movement of the
graphite layers relative to one another) of which decreased with
increasing degree of compaction of the exfoliated graphite.

Table 3 also shows that both the maximum displacement and
the permanent (irreversible) displacement increased significantly
with increasing maximum load, as expected. The effect of the
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Table 3

Mechanical energy dissipated in a loading cycle, the fraction of input energy dissipated and the modulus at the maximum load for compacted carbon black prepared at various
compaction pressures ranging from 400 to 800 kPa, as obtained by instrumented indentation at various maximum loads ranging from 10 to 100 mN.

Compaction pressure (kPa) Maximum load (mN)

10 30 50 100
Energy dissipated (n]) 400 69 +0 504 + 13 1286 + 21 4614 + 97
600 73 +1 543 + 22 1185 + 49 4101 + 198
800 58 +2 383 +13 911 + 13 /
Fraction of input energy dissipated 400 0.47 + 0.01 0.59 + 0.01 0.62 + 0.01 0.70 + 0.01
600 0.50 + 0.02 0.57 + 0.00 0.63 + 0.01 0.70 + 0.00
800 0.55 + 0.01 0.60 + 0.00 0.63 + 0.00 /
Modulus at maximum load (MPa) 400 7+0 6+0 6+0 5+0
600 7x1 5+0 7+0 7+0
800 15«1 11 +£1 11 +1 /
Maximum displacement (um) 400 31107 65.8 + 1.0 92.0 + 0.7 1519+ 1.9
600 311+ 1.0 703 £ 2.1 88.5+3.0 133.8 +4.0
800 236+03 499 + 19 68.1 + 1.1 /
Permanent displacement (pum) 400 103 £ 0.5 293+ 0.5 437 +19 753 £5.6
600 12.1 £ 0.2 31.0+08 417 + 2.1 793 +24
800 102+ 04 235+ 1.1 333+12 /
Fraction of displacement that was permanent 400 0.331 + 0.023 0.445 + 0.001 0.475 + 0.024 0.496 + 0.043
600 0.390 + 0.019 0.442 + 0.025 0.472 + 0.039 0.593 + 0.036
800 0.433 + 0.022 0.472 + 0.040 0.489 + 0.025 /
100 F
50 F N s
- - = 400 kPa , ;'" !
4 h
’ o'
80 | w0 b T 600 kPa /,' v /: !
—— 800 kPa R ! !
= | — ) ., A
E 60 E 30 } g K
- — oy ;.
3 k: e J &
= 40t S} Pl s,
el P
—.';‘ e .’
20 } 10 k ”’_rf "f'./
g -
‘,r"’ R
0 . 0 . o=l L M
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(a) ©
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0 2o . )
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Fig. 2. The representative curves of displacement vs. load of compacted carbon black, as obtained by instrumented indentation during loading and subsequent unloading. (a)
Compaction pressure of 400 kPa and various maximum indentation loads (10, 30, 50 and 100 mN). (b) Compaction pressure ranging from 400 to 800 kPa and maximum indentation
load of 10 mN. (c) Compaction pressure ranging from 400 to 800 kPa and maximum indentation load of 50 mN.

pressures and tended to increase slightly with increasing
compaction pressure (particularly clear for the lowest maximum
load of 10 mN). This means that a higher degree of compaction, as

compaction pressure on these quantities was small, if any. The
fraction of displacement that was permanent increased with
increasing maximum load for any of the three compaction
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provided by increasing either the compaction pressure or the
maximum load, caused the deformation to be less reversible. This
further means that the relative movement of the particles of carbon
black became less reversible as the degree of compaction increased.

For the same value of the maximum load, the values of the
modulus at the maximum load were similar for the compaction
pressures of 400 and 600 kPa, but the value was higher for the
compaction pressure of 800 kPa (Table 3). That the modulus was
higher for the higher compaction pressure is expected, due to the
higher density for the higher compaction pressure.

A low value of the energy dissipation correlated with a high
value of the modulus (Table 3), as expected, since a high modulus
(as obtained at a high compaction pressure of 800 kPa) was asso-
ciated with a low displacement (Fig. 2(b) and (c)). The fraction of
input energy dissipated increased with increasing maximum load
for each value of the compaction pressure, since an increase in the
maximum load promoted the proportion of the deformation that
was permanent (Table 3). For the same maximum load, the fraction
of input energy dissipated essentially did not vary with the
compaction pressure. This is consistent with the abovementioned
small effect of the compaction pressure on the fraction of the
deformation that was permanent.

For compacted carbon black, the highest dissipated energy of
4.6 J was obtained for the compaction pressure of 400 kPa and
tested at the highest maximum load of 100 mN (Table 3). This
corresponded to the highest value of 0.70 for the fraction of input
energy dissipated. As shown in Fig. 2(a), this corresponded to a
maximum displacement of 152 um and a permanent displacement
of 75 pm after unloading. This large maximum/permanent
displacement contributed to causing the high energy dissipation.

3.2. Fumed alumina

Table 4 shows the results for compacted fumed alumina. For the
same compaction pressure, the energy dissipation increased with
increasing maximum load, as expected (Table 4 and Fig. 3(a)). For
the same maximum load of 10 mN, the energy dissipation was

Table 4

highest, the modulus was lowest and the maximum displacement
was highest for the lowest compaction pressure of 200 kPa (Table 4
and Fig. 3(b)). For the same maximum load ranging from 30 to
50 mN, the energy dissipation was highest, the modulus was lowest
and the maximum displacement was highest for the compaction
pressures of 200 and 400 kPa. These observations mean that a high
energy dissipation correlated with a large maximum displacement,
which is enabled by a low modulus, as in the case of compacted
carbon black (Sec. 3.1). However, for the same maximum load of
100 mN, the energy dissipation was essentially the same for the
compaction pressures of 600 and 800 kPa, while the modulus was
much higher and the maximum displacement was slightly lower
for 600 kPa than 800 kPa. The very low modulus (7 MPa) suggests a
degree of compaction-related damage for the compaction pressure
of 800 kPa.

In relation to fumed alumina for a maximum load ranging from
10 to 50 mN, in spite of the low modulus for the compaction
pressure of 800 kPa compared to that of 600 kPa, the maximum
displacement was slightly smaller and the energy dissipated was
lower for the compaction pressure of 800 kPa than that of 600 kPa
(Table 4). This suggests that the probable damage in the case of a
compaction pressure of 800 kPa hindered the mechanism of energy
dissipation up to a load of 50 mN. This mechanism probably mainly
relates to the movement of the aggregates of fumed alumina rela-
tive to one another [25]. The larger data scatter in the energy
dissipation, modulus and maximum displacement for the
compaction pressure of 800 kPa compared to that of 600 kPa
(Table 4) is consistent with the notion of damage in the material
prepared at the high compaction pressure of 800 kPa. The extent of
damage is likely different among the different points tested on the
specimen surface, thus resulting in a relatively large data scatter. On
the other hand, at a maximum load of 100 mN, the compaction
pressures of 600 and 800 kPa gave essentially the same dissipated
energy. This suggests that the higher maximum load of 100 mN
reduced the abovementioned hindrance.

For compacted fumed alumina, the fraction of input energy
dissipated ranged from 0.3 to 0.8 (Table 4). Among the compaction

Mechanical energy dissipated in a loading cycle, the fraction of input energy dissipated and the modulus at the maximum load for compacted fumed alumina prepared at
different compaction pressures ranging from 200 to 800 kPa, as obtained by instrumented indentation at various maximum loads ranging from 10 to 150 mN.

Compaction pressure (kPa)

Maximum load (mN)

30 50 100 150
Energy dissipated (n]) 200 84+5 466 + 75 993 + 190 / /
400 66 +5 479 + 106 871 + 51 / /
600 69 +3 332+4 628 + 19 2118 + 83 4095 + 489
800 20+ 5 196 + 33 383 + 25 1660 + 257 /
Fraction of input energy dissipated 200 0.58 + 0.04 0.69 + 0.03 0.75 + 0.04 / /
400 0.53 + 0.03 0.65 + 0.12 0.44 + 0.03 / /
600 0.77 + 0.02 0.76 + 0.04 0.75 + 0.02 0.80 + 0.01 0.83 + 0.01
800 034 +0.10 0.50 + 0.02 0.44 + 0.06 0.41 + 0.03 /
Modulus at maximum load (MPa) 200 8+3 11+1 19+1 / /
400 10+2 10+6 4+0 / /
600 36+3 33+1 38+2 41«3 46 +9
800 32+5 27+6 24 +5 7+1 /
Maximum displacement (pm) 200 30.2 +4.2 48.4 + 8.7 53.2 + 4.6 / /
400 247 +1.9 543 +10.2 883 +£6.9 / /
600 20.1+0.3 382+1.0 496 + 1.4 723 +3.0 845+76
800 148 £ 05 265+ 2.6 378 +46 839+ 8.0 /
Permanent displacement (pm) 200 162 +1.9 273 +25 36.5 + 4.7 / /
400 118 +1.2 320+55 356+ 1.0 / /
600 13.6 £+ 0.4 273 +0.5 322+ 1.0 533 +09 64.3 +5.3
800 33+04 81+05 13712 26.0 +2.0 /
Fraction of displacement that was permanent 200 0.556 + 0.140 0.592 + 0.158 0.699 + 0.149 / /
400 0.484 + 0.086 0.630 + 0.220 0.407 + 0.043 / /
600 0.677 + 0.030 0.715 + 0.031 0.650 + 0.038 0.739 + 0.043 0.773 £ 0.132
800 0224 + 0.034  0.310 + 0.049 0.372 + 0.077 0315+ 0.054 |
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Fig. 3. The representative curves of load vs. displacement for compacted fumed
alumina during loading and subsequent unloading, as obtained by instrumented
indentation. (a) Compaction pressure of 600 kPa and various maximum indentation
loads (10, 30, 50, 100 and 150 mN). (b) Compaction pressures ranging from 200 to
800 kPa and maximum indentation load of 10 mN.

pressures ranging from 200 to 800 kPa, this fraction tended to be
highest and the modulus was highest for the intermediate
compaction pressure of 600 kPa.

The fraction of input energy dissipated was considerably lower
for the compaction pressure of 800 kPa than that of 600 kPa. The
high energy dissipation for the case of a compaction pressure of
600 kPa corresponded to the large fraction of input energy dissi-
pated for this compaction pressure. Furthermore, the low energy
dissipation for the case of a compaction pressure of 800 kPa at a
maximum load ranging from 10 to 50 mN corresponded to the
small fraction of input energy dissipated for this compaction
pressure. On the other hand, there was no systematic trend for the
effect of the maximum load on this fraction, though this might be
partly due to the large data scatter in this fraction (Table 4).

For compacted fumed alumina, the highest dissipated energy of
4.1 pJ was obtained for the compaction pressure of 600 kPa and
tested at the highest maximum load of 150 mN (Table 4). This
corresponded to the largest value of 0.83 for the fraction of input
energy dissipated. As shown in Fig. 4(b), for the material prepared
at a compaction pressure of 600 kPa and tested at a maximum load
of 150 mN, the maximum displacement was 85 pm and the per-
manent displacement after unloading was 64 pm. This large

maximum/permanent displacement contributed to causing the
high energy dissipation. The second highest dissipated energy was
2.1 yJ, as obtained for this material at a maximum load of 100 mN;
this corresponded to the second largest value of 0.80 for the frac-
tion of input energy dissipated.

3.3. Comparison of carbon black and fumed alumina

For the compacted fumed alumina, the fraction of input energy
dissipated did not vary significantly with the maximum load
(Table 4), in contrast to the increase of this fraction with increasing
maximum load for the compacted carbon black (Table 3). This is
consistent with the notion that an increase in the maximum load
promoted the relative movement of the particles in compacted
carbon black, whereas this increase in the maximum load essen-
tially did not result in this promotion in case of compacted fumed
alumina, due to the ionic bonding and consequent greater difficulty
for the relative movement of the particles in case of compacted
fumed alumina. On the other hand, the values of the fraction of
input energy dissipated were comparable for the two types of
material.

For a compaction pressure of 600 kPa and a maximum load of
100 mN, the fraction of input energy dissipated was 0.70 and 0.80
for compacted carbon black and compacted fumed alumina
respectively. In spite of the higher fraction for the compacted
fumed alumina, the dissipated energy was only 2.1 pJ (Table 4),
compared to 4.1 uJ for compacted carbon black (Table 3). The higher
dissipated energy for compacted carbon black was mainly due to
the larger displacement. The permanent displacement was 134 pm
for carbon black and was 72 um for compacted fumed alumina; the
permanent displacement after unloading was 79 um for carbon
black and was 53 pm for compacted fumed alumina (Fig. 4(a)).

For compacted fumed alumina, the highest value of the energy
dissipation was 4.1 pJ (Table 4), which is below the value of 4.6 1 for
the compacted carbon black (Table 3). At the same maximum load
of 100 mN, compacted carbon black gave much higher values of the
energy dissipation than compacted fumed alumina (Fig. 4(a) and
Tables 3 and 4). Comparison of Tables 3 and 4 also shows that the
modulus is higher for compacted fumed alumina than compacted
carbon black. Thus, the relatively low energy dissipation of the
compacted fumed alumina compared to the compacted carbon
black is attributed to the high modulus of the former.

For fumed alumina (Table 4), the fraction of the displacement
that was permanent did not show a consistent systematic depen-
dence on the compaction pressure or the maximum load, at least
partly due to the large data scatter, which was larger than that for
carbon black (Table 3). However, this fraction for fumed alumina
was lower for the compaction pressure of 800 kPa than the lower
compaction pressures (200—600 kPa). This means that, for fumed
alumina, the deformation was more reversible for the high
compaction pressure of 800 kPa. This behavior for the compaction
pressure of 800 kPa is consistent with the low fraction of input
energy dissipated for this compaction pressure. In contrast, for
carbon black, the fraction of displacement that was permanent
increased monotonically with increasing compaction pressure up
to 800 kPa (Table 3), due to the greater difficulty of relative
movement of the particles when the degree of compaction was
high (in spite of the greater degree of mechanical interlocking
among the particles for the high compaction pressure).

The relatively large data scatter for fumed alumina compared to
carbon black is attributed to the less easy movement of the particles
relative to one another for the case of fumed alumina and the
consequent lower degree of smoothness of the movement. The
mechanical interlocking among the particles of fumed alumina
probably occurred to a greater degree at the high compaction
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Fig. 4. Representative curves of load versus displacement during loading and subsequent unloading, as obtained by instrumented indentation, for compacted carbon black,
compacted fumed alumina and compacted exfoliated graphite in comparison. (a) Compacted exfoliated graphite (microwave exfoliated, compaction pressure 5.25 MPa), compacted
fumed alumina (compaction pressure 600 kPa), and compacted carbon black (compaction pressure 600 kPa), with the curves obtained at a maximum load of 100 mN. (b) Compacted
microwave-exfoliated graphite (compaction pressure 5.25 MPa, dashed curve) and compacted fumed alumina (compaction pressure 600 kPa, solid curve), with the curves obtained
at a maximum load of 150 mN. (c) Furnace-exfoliated graphite compact and microwave-exfoliated graphite compact, both with compaction pressure 5.25 MPa.

pressure of 800 kPa, thereby enabling the deformation to be more
reversible. For compaction pressures other than 800 kPa, the frac-
tion of displacement that was permanent ranged from 0.48 to 0.77
for fumed alumina (Table 4) and from 0.33 to 0.59 for carbon black
(Table 3). This means that, for both carbon black and fumed
alumina, the extent of permanent deformation and extent of
reversible deformation are comparable. The permanent deforma-
tion is due to the substantial irreversible part of the compressibility
of these materials, whereas the reversible deformation is due to the
substantial elastic character of the compressibility of these mate-
rials. Furthermore, carbon black exhibited greater reversibility of
the deformation than fumed alumina for compaction pressures
other than 800 kPa. The greater reversibility for carbon black was
consistent with the higher degree of mechanical interlocking
among the particles for carbon black. The connectivity of the par-
ticles was necessary for the deformation to be reversible. Due to the
lower degree of deformation reversibility for fumed alumina
compared to carbon black, the highest value of the fraction of input
energy dissipated was greater for fumed alumina (0.83) than car-
bon black (0.70). A greater degree of reversibility of the deforma-
tion is attractive for repeated use of the material for energy

dissipation.

3.4. Exfoliated graphite

Tables 3—5 and Fig. 4(a) show a comparison among compacted
microwave-exfoliated graphite, compacted carbon black and com-
pacted fumed alumina. The energy dissipation of compacted

microwave-exfoliated graphite was 1.1 pJ for a maximum load of
150 mN. This energy dissipation is much lower than the value of
4.6 1 for compacted carbon black (tested at a lower maximum load
of 100 N) and the value of 4.1 pJ for compacted fumed alumina
(tested at the same maximum load of 150 mN). For the maximum
load of 100 mN, the energy dissipation was 0.98, 4.61 and 2.12 ] for
compacted microwave-exfoliated graphite, carbon black and fumed
alumina respectively. Hence, the energy dissipation was highest for
compacted carbon black, lower for compacted fumed alumina and
much lower for compacted microwave-exfoliated graphite. The
exceptionally low energy dissipation of compacted microwave-
exfoliated graphite was related to the exceptionally low value of
the maximum displacement (which decreased with increasing
maximum load) and the exceptionally high value of the modulus
(which increased with increasing maximum load) (Tables 3—5). As
for carbon black and fumed alumina, high energy dissipation
correlated with a large maximum displacement. The decrease of
the maximum displacement with the maximum load and the in-
crease of the modulus with increasing maximum load for com-
pacted microwave-exfoliated graphite suggest that the increased
load caused additional compaction of the microwave-exfoliated
graphite, thereby stiffening the compact. This notion is consistent
with the previous report that commercial flexible graphite (fabri-
cated at a compaction pressure that was much higher than those
used for making compacted microwave-exfoliated graphite) gave
less energy dissipation, less maximum displacement and higher
modulus than compacted microwave-exfoliated graphite [31].
The high energy dissipation of compacted carbon black
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Table 5

Mechanical energy dissipated in a loading cycle, the fraction of input energy dissipated and the modulus at the maximum load for compacted exfoliated graphite (microwave
exfoliated, 37 vol.% solid) prepared by compaction at 5.25 MPa, as obtained by instrumented indentation at various maximum loads ranging from 0.10 to 150 mN.

Maximum load (mN) 0.10 0.25 1.00 2.50 10.0 50.0 100 150

Energy dissipated (nJ) 0.00918 + 0.00025 0.0415 + 0.0022 0.665 + 0.046 5.76 + 0.45 69.0 + 4.1 877 +71 980 +230 1110+90
Fraction of input energy dissipated 0.50 + 0.00 0.707 £ 0.057  0.657 = 0.020 0.630 + 0.041 0.620 + 0.029 0.77 +0.02 0.81 +0.01 0.83 +0.01
Modulus at maximum load (MPa) / / 220 + 21 45 + 17 17 + 4 29+ 6 224 + 89 472 + 65
Maximum displacement (um) 0.327 + 0.011 0.396 + 0.013 171 £+ 006 640 +0.77 20.6+23 63.2 +3.9 465+ 139 292+18
Permanent displacement (um) 0.127 + 0.009 0.232 + 0.019 0.840 = 0.060 2.90 + 0.08 9.80 +0.28 35.0+24 31.8 +6.8 238+14
Fraction of displacement that was 0.389 + 0.041 0.588 + 0.067 0.493 + 0.052 0.461 + 0.068 0.483 + 0.067 0.558 + 0.072 0.799 + 0.385 0.822 + 0.098

permanent

compared to compacted microwave-exfoliated graphite was prob-
ably due to the greater ease of movement of the constituents in
compacted carbon black than that of the constituents in compacted
microwave-exfoliated graphite. The cellular structure of compacted
microwave-exfoliated graphite might hinder the movement of the
graphite layers in a cell wall relative to one another. In contrast,
there was no cellular structure in compacted carbon black. On the
other hand, the fraction of input energy dissipated was similar for
compacted microwave-exfoliated graphite, compacted carbon
black (600 kPa compaction pressure) and compacted fumed
alumina (600 kPa compaction pressure) for a similar maximum
load of 100 mN. This similarity is consistent with the notion that all
three materials derived their energy dissipation from the interfacial
mechanism.

An abrupt change in slope of the curve occurred at 30 mN during
loading of compacted microwave-exfoliated graphite up to a
maximum load of 100 mN (Fig. 4(a)). A similar change in slope
occurred at 20 mN during loading of compacted microwave-
exfoliated graphite up to a maximum load of 50 mN (curve not
shown). However, no such abrupt change in slope occurred for
compacted microwave-exfoliated graphite tested by nano-
indentation in prior work up to a maximum load of only 250 uN
[30]. In addition, no such abrupt change in slope occurred for
compacted carbon black or compacted fumed alumina (Fig. 4(a)).

The abrupt increase in slope for compacted microwave-
exfoliated graphite at 30 mN during loading to a maximum load
of 100 mN was probably due to a change of the mechanism of
deformation from an easy mechanism to a more difficult mecha-
nism. An easy mechanism might possibly involve the stretching of
the cell walls through the sliding of the graphite layers in the wall
relative to one another, whereas a more difficult mechanism might
possibly involve the sliding of the cell walls that had converged at
an extremity of a cell relative to one another.

No abrupt change in slope occurred for compacted microwave-
exfoliated graphite tested up to a maximum load of 150 mN
(Fig. 4(b)). This might be due to the further compaction of the
microwave-exfoliated graphite during loading to the high
maximum load of 150 mN and the consequent gradual stiffening of
the compact as loading progresses. This stiffening effect was less
significant for lower values of the maximum load. The increasing
stiffening at high values of the maximum load is supported by the
increasing modulus (measured upon unloading at the maximum
load) with increasing maximum load above 100 mN (Table 5). This
trend is attributed to the increasing degree of mechanical inter-
locking among the worms and the consequent increasing difficulty
of relative movement of the graphite layers in the exfoliated
graphite as the maximum load increased. In contrast, for com-
pacted carbon black (Table 3) and compacted fumed alumina
(Table 4), the stiffening with increasing maximum load was negli-
gible, as shown by the modulus essentially not varying with the
maximum load. Due to its cellular structure, exfoliated graphite had

the capacity to undergo a high degree of mechanical interlocking. In
contrast, carbon black and fumed alumina did not have a cellular
structure, so their capacity for mechanical interlocking was rela-
tively small.

For microwave exfoliated graphite (Table 5), the fraction of the
displacement that was permanent tended to increase with
increasing maximum load. This means that the relative movement
of the graphite layers in exfoliated graphite became less reversible
as the maximum load increased. This is consistent with the relative
movement of the particles in carbon black becoming less reversible
as the maximum load increased (Table 3).

As shown in Table 6 and Fig. 4(c), compared to the furnace-
exfoliated graphite compact, the microwave-exfoliated graphite
compact gave greater energy dissipation (except for the lowest
maximum load of 0.25 mN, for which the values were close for the
two types of exfoliated graphite compact), greater fraction of input
energy dissipated, higher modulus, smaller maximum displace-
ment and greater permanent displacement (except for the lowest
maximum load of 0.25 mN, for which the values were close for the
two types of exfoliated graphite compact). For the same maximum
load, microwave exfoliated graphite gave a higher fraction of the
displacement that was permanent than furnace exfoliated graphite
(Table 6). These differences between the two types of exfoliated
graphite mean that the deformation was more reversible for the
furnace-exfoliated graphite than the microwave-exfoliated
graphite. The greater reversibility of the deformation for the
furnace-exfoliated graphite resulted in a lower fraction of input
energy dissipated. The greater reversibility of the deformation was
associated with a lower modulus, though the lower modulus for the
furnace-exfoliated graphite compact was only observed for the
maximum load of 1.00 mN. A high degree of deformation revers-
ibility of furnace-exfoliated graphite had been previously reported
[31].

The two types of exfoliated graphite compact also differed in the
surface morphology. The surface was smoother (more shiny) for the
furnace exfoliated type than the microwave exfoliated type, as
shown both visually and by microscopy (Fig. 5). This suggests a
higher degree of mechanical interlocking among the worms for the
furnace-exfoliated type. The higher degree of mechanical inter-
locking presumably resulted in greater reversibility of the defor-
mation, as the interlocking provided the connectivity that enabled
the dimensions to be restored upon unloading. On the other hand,
the higher degree of interlocking did not result in a higher modulus,
because the modulus is an elastic property, which does not have to
relate to the elastomeric behavior [31].

Comparison of Fig. 5(a) and (c), which are for furnace-exfoliated
graphite and microwave-exfoliated graphite at the same low
magnification, shows that the surface is smoother, with less dark
defective regions, for the former. The defective regions are
graphite-deficient regions that are probably due to the local inad-
equate mechanical interlocking of the worms. (Such defects would
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Table 6

Comparison of furnace-exfoliated graphite compact (43 vol.% solid) and microwave-exfoliated graphite compact (37 vol.% solid) in terms of the mechanical energy dissipated in
a loading cycle, the fraction of input energy dissipated and the modulus at the maximum load. The compaction pressure is fixed at 5.25 MPa. The results are obtained by

instrumented indentation at various maximum loads ranging from 0.25 to 10.0 mN.

Maximum load (mN) 0.25 1.00 10.0

Furnace Microwave Furnace Microwave Furnace Microwave

exfoliated exfoliated exfoliated exfoliated exfoliated exfoliated
Energy dissipated (nJ) 0.0462 + 0.0044 0.0415 + 0.0022 0.462 + 0.004 0.665 + 0.046 46.0 + 8.4 69.0 + 4.1
Fraction of input energy dissipated 0.345 + 0.061 0.707 + 0.057 0.242 + 0.026 0.657 + 0.020 0.467 + 0.026 0.620 + 0.029
Modulus at maximum load (MPa) 162 + 8 / 30+3 220 + 21 14+4 17+ 4
Maximum displacement (um) 1.03 + 0.18 0.396 + 0.013 391 +0.25 1.71 + 0.06 213 +28 206 +23
Permanent displacement (pm) 0.228 + 0.022  0.232 + 0.019 0.603 + 0.012 0.840 + 0.060 6.53 +1.23 9.80 + 0.28
Fraction of displacement that was 0.230 + 0.062  0.588 + 0.067 0.155 + 0.013 0.493 + 0.052 0.319 + 0.100 0.483 + 0.067

permanent

®)

@

Fig. 5. Optical microscope photographs of the surface of exfoliated graphite compacts. (a) Furnace-exfoliated graphite at low magnification. (b) Furnace-exfoliated graphite at high
magnification. (c) Microwave-exfoliated graphite at low magnification. (d) Microwave-exfoliated graphite at high magnification (A color version of this figure can be viewed online.).

be less if the worms have been shaken, so that they are distributed
more uniformly prior to the compaction. No shaking is performed
in this work.) Comparison of Fig. 5(b) and (d), which are for these
two materials at the same high magnification, shows that the
microstructure is coarser for the former. Both the greater smooth-
ness and the coarser microstructure of furnace-exfoliated graphite
are attributed to the higher degree of mechanical interlocking of
the worms.

The scientific origin for the lower degree of interlocking for the
microwave-exfoliated graphite is attributed to the observed greater
difficulty for the worms to adjust their positions relative to one
another during compaction. It was visually observed that the
microwave-exfoliated worms were more sticky than the furnace-
exfoliated worms in relation to the worms clinging to one
another and the worms sticking to the compacting surfaces.

Presumably, due to the relatively short time for the heating during
microwave exfoliation, the amount of surface residue was greater
for the microwave-exfoliated worms than the furnace-exfoliated
worms, thus causing more stickiness for the former. The effect of
processing on the surface characteristics of exfoliated graphite is a
subject that should be investigated further.

3.5. Further discussion

Fig. 6(a) shows that, for any of the materials studied, the energy
dissipated increases with increasing maximum load, as expected.
For the same maximum load of 100 mN, the energy dissipated is
highest for carbon black, lowest for exfoliated graphite (microwave
exfoliated) and intermediate for fumed alumina. On the other hand,
for the same maximum load from 10 to 100 mN, the fraction of
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input energy dissipated is lower for carbon black compared to
fumed alumina or exfoliated graphite, as shown in Fig. 6(b). The
high energy dissipated of carbon black (Fig. 6(a)) in spite of the low
fraction of energy dissipated (Fig. 6(b)) is due to the high maximum
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Fig. 7. The effect of the maximum displacement on the energy dissipation. (a) The plot
of the energy dissipated vs. the maximum displacement. (b) The plot of the fraction of
energy dissipated vs. the maximum displacement. Fumed alumina and carbon black
were compacted at 600 kPa. Microwave-exfoliated graphite was compacted at
5.25 MPa.

displacement that carbon black provides. Carbon black gives the
highest maximum displacement, which results in high energy
dissipated (Fig. 7(a)), though carbon black gives a relatively low
value of the fraction of input energy dissipated (Fig. 7(b)). Fig. 8
shows that, at the same maximum load ranging from 50 to
150 mN, the modulus is highest for exfoliated graphite, lowest for
carbon black, and intermediate for fumed alumina.

Both values of 4.6 pJ (for compacted carbon black at a maximum
load of 100 mN and a maximum displacement of 152 um) and 4.1 pJ
(for compacted fumed alumina at a maximum load of 150 mN and a
maximum displacement of 85 um) for the dissipated energy are
extraordinarily high compared to those of prior work (as reviewed
in the Introduction); the highest energy dissipation previously re-
ported is 630 nJ (i.e., 0.63 pJ), as observed in stainless steel at a
maximum load of 500 mN and a maximum displacement of 3.5 pm
[4]. Even at a much higher maximum load (500 mN) than this work,
stainless steel gave much lower energy dissipation (634 nJ) [4] than
compacted carbon black (up to 4600 n]) or compacted fumed
alumina (up to 4100 nJ). At the low maximum load of 10 mN, the
energy dissipation values of 73 nJ (for compacted carbon black) and
69 nJ (for compacted fumed alumina) for the compaction pressure
of 600 kPa (Tables 3 and 4) are still high compared to the values of
Ni-W, carbon fiber (axial), dentin, nanocrystalline glass, metallic
glass, indium tin oxide and cement (as reviewed in the Introduc-
tion). The displacement is lower in prior work than this work.

The large strain (displacement) in the materials of this work
makes the materials not suitable as a structural material, but it may
be used as an energy-dissipating constituent in a structure. An
example is a structure in the form of stiff face sheets sandwiching
the material of this work, as obtained by compacting the carbon
black or fumed alumina between the face sheets. Polymers are
commonly used for this purpose, being sandwiched by stiff face
sheets in a technique known as constrained layer damping [39].
However, polymers suffer from their viscoelastic properties varying
considerably with the temperature [40], in addition to their
inability to withstand high temperatures. In contrast, carbon and
ceramics exhibit properties that are relatively independent of the
temperature, in addition to being able to withstand relatively high
temperatures.

It had been previously reported that carbon black as an inter-
laminar filler increased the through-thickness thermal conductivity
of carbon fiber polymer-matrix composites [24]. However, the use
of this interlaminar filler for damping enhancement had not been
previously reported. On the other hand, carbon black had been used
as a filler to increase slightly the temperature for a polymer to be
effective for vibration damping [41,42]. Exfoliated graphite had
been previously used as an interlaminar filler for damping
enhancement, but its inherent porosity even after compaction was
detrimental to the strength of the composite [43].

Compacted fumed alumina had recently been reported to be a
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Fig. 8. The plot of the modulus vs. the maximum load. Fumed alumina and carbon
black were compacted at 600 kPa. Microwave-exfoliated graphite was compacted at
5.25 MPa.
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low-k dielectric material, which refers to an electrically insulating
material that exhibits a low value of the relative dielectric constant,
which is needed for alleviating the problem of signal propagation
delay in a microelectronic package [15]. The energy dissipating
ability of this material is advantageous for this application, due to
the mechanical forces that microelectronics can encounter
inadvertently.

4. Conclusions

Extraordinarily high energy dissipation unconventionally based
on the interfacial mechanism was discovered in carbon black and
fumed alumina. This unconventional mechanism is in contrast to
the conventional bulk viscous deformation mechanism. The energy
dissipation is greater than that of exfoliated graphite, which also
derives its viscous character from the interfacial mechanism.

The extraordinarily high dissipated energy obtained for carbon
black was 4.6 yJ (for 400-kPa compacted carbon black with 17 vol.%
solid, tested by conducting one cycle of instrumented indentation
at a maximum displacement of 152 pum and a permanent
displacement of 75 um after unloading). The extraordinarily high
dissipated energy obtained for fumed alumina was lower, namely
2.1 Y (for 600-kPa compacted fumed alumina with 12 vol.% solid,
tested at a maximum displacement of 72 pm and a permanent
displacement of 53 um). Both materials were tested for a maximum
load of 100 mN. Compared to carbon black, similarly 600-kPa
compacted and 100-mN tested fumed alumina gave lower energy
dissipation (2.1 vs. 4.1 pJ), lower maximum displacement (72 vs.
134 pm), lower permanent displacement (53 vs. 79 pm), higher
fraction of displacement that is permanent (0.74 vs. 0.59), higher
modulus (41 vs. 7 MPa), higher fractional energy dissipation (0.80
vs. 0.70), and lower solid content (12 vs. 18 vol.%).

For carbon black, the energy dissipation was similarly high and
the modulus was similarly low (5—7 MPa) for compaction pressures
of 400 and 600 kPa. For 800 kPa, the energy dissipation and
displacement were lower, while the modulus was higher (11 MPa).

The higher dissipated energy for compacted carbon black
compared to compacted fumed alumina was due to the larger
displacement, which stemmed from the greater compressibility.
The greater compressibility resulted a lower porosity in the
compact and was enabled by the greater ease of relative movement
of the particles. This movement was in addition to the relative
movement of the aggregates. These differences between carbon
black and fumed alumina are attributed to the difference in
chemical bonding causing the primary particles in an aggregate to
move relative to one another less easily for fumed alumina than
carbon black, as supported by previously reported single yielding
for alumina and double yielding for carbon black [29]. The degree of
reversibility of the displacement showed more data scatter for
fumed alumina than carbon black.

For carbon black and exfoliated graphite, the fraction of
displacement that was permanent increased with increasing
maximum load. This means that a higher degree of compaction
caused the deformation to be less reversible. This further means
that the relative movement of the particles of carbon black or that
of the graphite layers of exfoliated graphite became less reversible
as the degree of compaction increased. Carbon black exhibited
greater reversibility of the deformation than fumed alumina for
compaction pressures lower than 800 kPa.

Compacted exfoliated graphite exhibited much lower energy
dissipation than both compacted carbon black and compacted
fumed alumina, partly due to its relatively high modulus, which
stemmed from the cellular structure of the worms and the conse-
quent high capacity for mechanical interlocking upon compaction.
The modulus tended to increase with increasing maximum load for

exfoliated graphite, due to the increasing degree of mechanical
interlocking, but was essentially independent of the maximum load
for carbon black or fumed alumina, due to the relatively low ca-
pacity for mechanical interlocking.

For the same maximum load, the fraction of energy dissipated
was lower for furnace-exfoliated graphite compact than
microwave-exfoliated graphite compact, due to the greater degree
of reversibility of the deformation for the former. The microwave-
exfoliated graphite compact was less smooth and less shiny at the
surface than the furnace-exfoliated graphite compact. These dif-
ferences between the two types of exfoliated graphite compact are
probably due to the lower compressibility of the microwave-
exfoliated graphite, as shown by the higher porosity, and the
consequent lower degree of mechanical interlocking. Compacted
(5.25-MPa pressure) microwave-exfoliated graphite (37 vol.% solid)
gave low energy dissipation (1.0 pJ, 100 mN), but high modulus
(220 MPa). The energy dissipation was even lower for furnace-
exfoliated graphite (43 vol.% solid), due to the greater degree of
deformation reversibility. The ease of movement of the constitu-
ents in compacted carbon black was apparently greater than that of
the constituents in compacted exfoliated graphite.

High dissipated energy stemmed from high maximum
displacement, so it correlated with low modulus but did not
correlate well with the fraction of input energy dissipated. This
fraction was up to 0.83 for the materials of this work. The dissipated
energy tended to decrease with increasing compaction pressure.

The high energy dissipation values obtained in this work had
not been previously obtained for any material at such a low value of
the maximum load. The highest value previously reported for any
solid material at a maximum load of 100 mN was 0.175 pJ, which
was for dental enamel [6]. The values of the energy dissipation
achieved in this work for compacted carbon black, compacted
fumed alumina and compacted exfoliated graphite all exceed this
value. In particular, extraordinarily high energy dissipation
exceeding 4 pJ was achieved in this work in compacted carbon
black and compacted fumed alumina. The high values obtained for
compacted carbon black and compacted fumed alumina are
attributed to the large displacement and the abundance of in-
terfaces in these materials. Slight slippage at the interfaces and the
associated friction resulted in energy dissipation.
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