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Abstract The effects of temperature on the damping

behavior of bulk graphite were investigated and some

novel phenomena were observed. The internal friction (IF)

background of the bulk graphite has small temperature

dependent and the IF value is much smaller than that of

reported data. Moreover, two IF peaks were found in the

IF-temperature spectrums. The first is proved to originate

from the sweeping motion of in-plane dislocations and is a

relaxation-type IF peak. The average activation energy of

the peak is around 1.10 ± 0.06 eV and the pre-exponential

factor s0 is 10-14 s. The second is a transformation peak,

resulting from the transformation of asphalt that was used

as binder in preparation of bulk graphite.

Introduction

High damping materials allow undesirable mechanical

vibration and wave propagation to be passively suppressed.

This proves valuable in the control of noise and the

enhancement of vehicle and instrument stability. Accord-

ingly, the scientific community is continually working

toward the development of high damping metals and high

damping metal matrix composites (MMCs). The MMCs

are particularly attractive in weight-critical applications

when the matrix and reinforcement phases are combined to

provide desirable property combinations, such as high

damping and low density. This class of materials, which

incorporates a nonmetallic reinforcing phase into the

matrix alloy, may exhibit high damping through the addi-

tion of reinforcing phases that possess high intrinsic

damping or that dramatically modify the matrix micro-

structure [1–4]. More recently, particulate reinforced

MMCs have shown promising improvements in damping

and other mechanical properties [1–7]. Among the mate-

rials that are available as particulate reinforcement, SiC,

Al2O3, and graphite particulates are most frequently used

in MMCs. Graphite particulates, unlike SiC and Al2O3

particulates, are found to exhibit a relatively high damping

capacity when measured in its bulk form [8]. The addition

of graphite particulates of various sizes to aluminum alloys

has been proved to produce a substantial increase in

damping capacity [6, 9–13]. However, we have, as yet,

little understanding of what damping behavior the bulk

graphite has and how the testing conditions influence this

behavior. Undoubtedly, this knowledge is extremely

important for us to understand the operative damping

mechanism in graphite particulate reinforced MMCs. The

objective of the present work was therefore to apply

internal friction (IF) to the study of damping behavior of

graphite. Damping measurements are carried out over a

wide range of temperatures, frequencies, and strain

amplitudes on the bulk graphite.

Experimental

Bulk graphite specimens in the present study were cut by

electric sparking machine from graphite electrode used in

arc furnace. During the fabrication of the electrode, some

asphalt used as binder was mixed with the graphite
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particulates. The density of the bulk graphite specimen

studied in this work is 1.72 g/cm3. The theoretical density

of graphite is 2.265 g/cm3 [8]. The chip-shaped specimens

were used for damping measurements that have a dimen-

sion of 2.1 9 2.5 9 65.0 mm3.

The multifunctional internal friction apparatus (MFIFA)

was used to measure the damping capacity and relative

dynamic modulus of the bulk graphite through forced

vibration [3]. This apparatus consists, basically, of an

inverted torsion pendulum, a temperature programmer, and

a photoelectron transformer. An IBM PC486 computer and

an 8087 processor control the whole measurement, and the

data can be processed in real time. The calculations of the

inverse quality factor Q-1 and the relative dynamic mod-

ulus by the MFIFA is based on the following forced

vibration equation:

m
d2x

dt2
þ k�x ¼ F ð1Þ

k� ¼ k1 þ ik2 ¼ k1ð1þ i tan /Þ; ð2Þ

where m denotes the vibrating system mass, x the

displacement, t the time, k* the elastic constant, F the

external sinusoidal time-varying force, k1 and k2 the real

and imaginary parts of the complex modulus of the

specimen, respectively, and tan / the loss tangent. From

the values of k1 and k2, the damping capacity Q-1 is

calculated by:

Q�1 ¼ tan / ¼ k2

k1

ð3Þ

We define the complex shear modulus G�ðxÞ by

G�ðxÞ ¼ s=c ¼ Gj jðxÞei/ðxÞ ð4Þ

G�ðxÞ ¼ G1ðxÞ þ iG2ðxÞ ð5Þ

Gj j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

G2
1 þ G2

2

q

: ð6Þ

where x is the circular frequency of vibration, s the rela-

tive shear stress, c the relative shear strain, / the angle by

which the relative shear strain lags behind the relative shear

stress, G1ðxÞ and G2ðxÞ are, respectively, the real and

imaginary parts of G�ðxÞ, and Gj j the relative dynamic

modulus. During the temperature cycle, the specimen was

oscillated at five discrete frequencies of 0.5, 1.0, 2.0, 3.0,

and 4.0 Hz in sequence. The range of the maximum exci-

tation torsional strain amplitude is 10 9 10-6 to

40 9 10-6. The resolution of the IF measurement is 10-4.

Results and discussion

Figure 1 shows the changes of internal friction and relative

dynamic modulus for bulk graphite specimen over the

temperature range of -120–400 �C. Several interesting

trends may be noted in the figure. The most significant fea-

ture is that two IF peaks can be clearly seen in the IF curve.

Excepting the peaks, the IF background has small tempera-

ture dependent. Corresponding to the position of the low-

temperature IF peak, the modulus decreases to a minimum

value, which is close to the abnormal modulus effect [3, 5, 8],

but no modulus change can be found at the position of the

high-temperature IF peak. These results, particularly IF

peaks, are quite different from those reported by other

investigators [8]. There is no peak reported in their work. We

will discuss the mechanisms of the IF peaks in the following

sections.

To clarify the mechanisms of the two IF peaks, we

carried out further investigations. As shown in Fig. 2, the

low-temperature IF peak is frequency dependent, i.e., the

peak position shifts toward higher temperature with

increasing measuring frequency. It is clear that the peak is

relaxational type, and can be proved in following sections

to relate to the intrinsic damping characterization of

graphite. According to the fitted results to the theory of

Fig. 1 Dependence of IF and relative dynamic modulus of bulk

graphite on temperatures (measuring frequency: 1.0 Hz)

Fig. 2 Influence of frequency on the position of low-temperature IF

peak
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Arrhenius (using the frequency and the peak temperature)

[14], the activation energy associated with this relaxation

process is 1.10 ± 0.06 eV and the pre-exponential factor

s0 is 10-14 s. Figure 3 shows that the low-temperature IF

peak with subtracting IF background [14]. From Fig. 3, we

can calculate that the low-temperature IF peak has a peak

half width about 2.08 9 10-4, which is very close to the

theoretical value 2.04 9 10-4 [14]. Further experiments

showed that the low-temperature IF peak is strain inde-

pendent within the low-strain amplitudes ranging from

10 9 10-6 to 40 9 10-6.The mechanism of this peak can

be understood from the structure of graphite. The hexag-

onal lattice structure of ideal single crystal graphite

consists of parallel hexagonal net planes in an ABABA

stacking sequence. The strong in-plane covalent bonding

and weak van der Waals through-plane forces lead to a

large degree of anisotropy. This anisotropy can facilitate

sliding between graphite basal planes [15]. Under cyclic

loading, this sliding induces friction losses attributed lar-

gely to the dislocation mechanism proposed by Granato

and Lücke [16]. This mechanism, based on the sweeping

motion of dislocations from pinning points, is believed to

occur in the high concentration of glissile basal plane

dislocations found in graphite [8]. As we know, during the

specimen fabrication process, some amorphous (glass)

carbon formed and precipitated, acting as pinning points

for the dislocations. Equation 7 can be used to describe the

dislocation vibrating-string mechanism [17].

tan / � Kl2b2

12cJU

xs

½1� ðx2=x2
0Þ�

2 þ x2s2
ð7Þ

where tan / represents IF, K the dislocation density, l a

dislocation loop of length pinned firmly at its ends, b the

magnitude of the Burgers vector, x the angular frequency

of stress variation, s the relaxation time, c the effective line

tension of the dislocation, JU the compliance of the perfect

crystal, and x0 the resonant frequency. In generally, x0/2p
is on the order of 109 Hz for reasonable numbers for

physical constants [17]. This is higher than the frequencies

employed experimentally in the present work. While

x � x0, i.e., s � 1/x0, tan / takes on the form of a

Debye peak with maximum at xs = 1.

According to the phase diagram [8], asphalt is a com-

plex composite, which consists of various aromatic

compounds. A chemical condensation reaction will take

place at about 350 �C and a stable intermediate or liquid

crystal will form [15]. Figure 1 shows that the high-tem-

perature IF peak appears at around 350 �C, which is

consistent with the transformation temperature. In order to

determine the origin of the peak, further experiments were

carried out. From Fig. 2, it is shown that the height of the

high-temperature IF peak is roughly inversely proportional

to vibration frequency. In fact, the height of the peak is

linear with vibration reciprocal of frequency, as shown in

Fig. 4. As is known, any transformation is more or less

influenced by the velocity of temperature change. From

Fig. 5, it is quite clear that the height of the high-temper-

ature IF peak increases with increasing heating velocity

which is consistent with Delorme Model [18]:

Fig. 3 Low-temperature IF peak after deducting the IF background

(measuring frequency: 1.0 Hz)

Fig. 4 The relationship of the height of high-temperature IF peak

with reciprocal of frequency

Fig. 5 The effects of heating velocity on the high-temperature IF

peak
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d ¼ A

2

dM

dT
� T
:

f

 !

ð8Þ

where d is IF (d = pQ-1), A the material constant, dM the

increment of martensite with temperature change dT, T
:

the

heating velocity, and f the vibration frequency. All the

results mentioned above prove that the high-temperature IF

peak is a phase transformation peak.

The other strong evidence for the mechanisms of the

peak is shown in Fig. 6. Before measured, the chip-shaped

specimen is annealed for 2 h at 1,200 �C in order to

eliminate asphalt. In Fig. 6, the high-temperature IF peak

disappears from IF curve, while the low-temperature IF

peak still appears, which makes clear that the high-tem-

perature IF peak is an asphalt transformation peak and the

low-temperature IF peak is a dislocation peak.

The low-temperature IF peak of graphite makes the

damping capacity of MMCs rapidly increase with increasing

temperature within the low temperatures, as was observed in

our studying work [19, 20]. The difference between the coef-

ficient of thermal expansion (CTE) between the matrix and the

reinforcement results in dislocations generated at the interfaces

during cooling and solidification of MMCs. Consequently, this

becomes a possible source of high internal friction because of

the motion of the dislocations under cyclic loading. In all, the

results obtained in the present work will improve our under-

standing of the damping behavior and operative mechanisms

of MMCs, and will give some useful information on their

applications.

Conclusions

In summary, the damping behavior of bulk graphite has been

characterized by internal friction-temperature spectrum.

Some interesting results were obtained. At low temperatures

(below 100 �C), the dynamic modulus decreases with

increasing temperature, while at high temperatures, dynamic

modulus exhibits an abnormal behavior. The internal friction

measurements (Q-1) are 0.005 to 0.008 over temperature

ranging -120–400�C at 3.0 Hz. The IF value is much

smaller than those reported by other researchers [8]. In par-

ticular, two IF peaks were detected in the IF-temperature

curves. Experimental results showed that the IF background

of bulk graphite has small temperature dependent. The low-

temperature IF peak is attributed to the motion of disloca-

tions. Its activation energy is 1.10 ± 0.06 eV and pre-

exponential factor s0 is 10-14 s. The high-temperature IF

peak originates from phase transformation of asphalt.
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