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Abstract: The abjective of this study was to obtain the damping factor (& )as well as the elasticity modulus (E) of two
kinds of synthetic graphite (HLM and ATJ), using the modal analysis technigue. Prismatic beams of square section (~
11 x 11 mm) and length over thickness rano(L/t? of about 22.7 were tested in the free - free condition. The first four
modes of vibration were taken into account in the analysis. In addition, numerical simulations were also carried out
inthisinvestigation. The agreement between the theoretical and the experimental results was quite good. The averaglle
values of E and & for the HLM graphite were 20% and 90% higher , respectively, than those presented by the ATJ

graphite.
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1. Introduction

Graphite is a material that has shown a history of continuelly widening tecinological applicaions. Originaly
developed for use in eledrodes, it now has many uses which include neutron moderation in nuclea power reactors,
nozzle throats of rockets and space vehicles, brushes of eedrical machines; crucibles to gperate at high temperatures;
and sdf lubricating bearings.

Natural graphite isan al otropic form of the dement carbon that shows, in an ided lattice shown in Figure 1, a well
devel oped layered structure, stacked parallel to each other, and to the plane (X,Y), in the sequence ABAB... , in which
the @oms are hexagonally arranged forming the so called basal planes (Reynolds, 1968, Marsh, 1989). Due to the fact
that the dhemical bonds within the layers are cvalent, but, on the other hand, those between the layers (i.e. in the
diredion Z) are weak forces of van der Waals, natural graphite is anisotropic. In the diredions X and Y, for instance
the material is stiffer, sronger, and conducts dedricity as well as heat. Along the diredion Z, on the other hand, the
material is an insulator of heat and eledricity. So, it presents higher medhanical strength and stiffnessin basal planes
and, in comparison, poor medanicd behavior perpendicularly to the basal planes. Synthetic graphites manufactured
in hydrostatic presses, which garts from a mixture of coke and hinder (i.e. particulate mwmposites), present a smaller
degreeof discrepancy among the mechanical properties, and so, macroscopically, they exhibit a mechanical behavior
closer to theisotropic. However, synthetic graphites that are extruded, present some degreeof anisotropy.

Synthetic graphites can be obtained from amixture of coke and binder (e.g. pitch), in different proportions, whichis
subjeded to a series of thermal and medanicd treatments that ends with a graphitization processat a temperature of
approximately 3000°C (Friedrich et a. 2002). Despite the fact that the medhanicd properties of graphite, at about 20
°C, can be mnsidered only moderate ( 10 < E < 12 GPa, tensile datic strength of about 40 MPa), they can maintain
such properties up to temperatures of about 2000 °C, in the absence of an oxidizing atmosphere (Polidoro, 1987,
Pardini, et al., 2001). In addition, the spedfic massof graphite is normally very low, typically below 2 gem®, which
make this material suitable for aerospace applications. Depending on the @nditions of the treatments during
processin?, there ae different kinds of synthetic graphite. In this investigation, the dadicity modulus (E) and the
damping factor (&) of two kinds of synthetic graphites (HLM and ATJ) wil | be evaluated, using the technique of modal
anaysis. Such parameters (E and % among ahers, are important for the design of nozzle throats of rocket engines
which, in particular, are subjeded to mecdhanical vibrations and high temperatures.

Despite the fact that details of the static behavior of graphites are available in some publicaions (Reynolds, 1968;
Blackman, 1970; Marsh, 1989), no publications concerning with the dynamical behavior of these materias were
found in the literature, so far. Graphites can be dassfied, according to the raw materials, as coarse, medium or fine
grain, and, depending on their processing technique, as extruded o molded grades. In the present study, two kinds of
commercial synthetic graphite will be investigated: (i) extruded graphite with coarse grains, designated as HLM; and
(i) a graphite which was subjected to isotropic compresson during the manufacture process presenting fine grains and
designated as ATJ. In this context, one of the oljedives of this reseach was to cary out experiments and numerical
simulations, in order to oldain the damping factor as well as the dasticity modulus of prismatic beams of synthetic

graphite.

2. Materialsand Methods

The spedmens used in this study consisted of prismatic beams of HLM and ATJ gnthetic graphite, which were
machined to the nominal dimensons 11 x 11 x 250 mm, andtested in the verticd position (diredion Z), with athe free
free boundary condition, using two elastic strings at each extremity of the test spedmens (four in total), as shown in
Figure 2.

In order to evaluate the dynamic parameters of the beams, the experimental modal analysis was carried out exciting
the structure, a prismatic beam in a freefree boundary condition and endowed with eleven equidistant nodes along the
longitudina diredion, with an instrumented hammer (PCB Piezotronic), according the set up represented in Figure 2.
The hammer had a sengbility of 0.18 mV/N and its plastic tip was chosen in order to generate awell-defined spedrum
in the band varying from O to 5 kHz, consdered in this gudy. The average massof the tested beams was about 55,2
grams, and the chosen accderometer (Piezotronics 353B16, sensibility of 10.31 mV/g) had a massof 1.5 grams. The
ratio o the massof the accderometer over the average massof the tested beams was 0.027, which corresponds to less
than 3% of the massof the spedmens.
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Figure 1 — Representation of an ideal |attice of a graphite
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Figure 2 - General view of the test asembly.

Taking into account the relative dimensions of the accderometer and the graphite beams, the number of drive
points adopted in the experiments for the dynamical measurements was eleven. Briefly, for each one of the 11 drive
points, successvely, the following steps were exeauted during the course of the experiments:

1. Fixation of the accderometer in the first drive point, with itslongitudinal axis perpendicularly to the surface of
the beam, using wax;

2. Excitation of thefirst test point with the instrumented hammer, verifying after the impact, by inspedion of the
temporal response signa, if multipleimpacts did not occur;

3. Repeat step 2fivetimes,

4. Processng of the Frequency Response Function (FRF) and the coherence between excitation signal of the test
point (i.e. the force from the hammer) and the accderation from the drive point, based on the average of the

fiveimpacts (step J); and
5. Repstition of steps 2, 3 and 4, for theremaining 10 test points.

The processng of the data oltained from the tests was exeaited by the commercial software STARmodal from
Structural Measurements Systems Inc.  The dynamical analyzer used in the experiments the Hewlett Packard (HP)
model 35665A and the first four modes of the beams were mnsidered in this sudy. For the initia validation of the
experiments, the test results were ompared with classcd solutions for the dynamicd behavior of beams found in the



literature (Rao, 1995. In addition, theresultswere also compared with numerical simulations of the problem using the
finite dement (FE) code ANSYS/ED, using an eight nodes plane stress element of constant thickness In such
simulations it was posshble to obtain the natural frequencies and the modes of vibration. These two spedral parameters
were analyzed and also compared with those obtained experimentally.

Based on k natura frequencies obtained experimentally, the dasticity modulus of a prismatic beam can be etimated
by equation (1).( Rao, 1995; and Adorno, 2002
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where: pisthe spedfic mass A isthe cross €dion areg « isthe natura frequency associated to the order of the
vibration mode; | isthe length of the beam; | isthe moment of inertia; and (B¢1) isthe mnstant aswociated to the order
of the vibration mode and the boundary conditi on. For the freefreeboundary condition, the (3¢1) congtants are ejua to
3.9265 in the 1% mode, 7.0685 in the 2™ mode, 10.2101 in the 3 mode, and 133517 in the 4" mode.

Thetypical characteristics of the beams used in the experimenta study are show in Table 1. The density of the HLM
and the ATJ graphite beams was estimated using their dimensions and the weights, while the variation range of the
elagticity modulus (E) was obtained in the literature (Pardini et a., 2001).

Table 1 —Characteristics and Elasticity Modulus of the synthetic graphite beams.

Graphite Length (mm) Height (mm) E (GPa) Density (kg/m°)
HLM 250 1110 10<E<12 173143
ATJ 250 1145 10<E <12 174083

In order to evaluate the qudity of the experimental results, the degree of correation between the experimental
modal shapes and those obtained numericdly were compared using the Modal Asaurance Criterion (MAC), which is
also known as Mode Shape Correlation Coefficient (MSCC) (Sreanivas, 1997; Ewins, 1984). Thiscriterion generates a
parameter that indicaes the degree of correlation between the mode j of the first test and mode k of the second test;
varying their values from 0to 1.0 with O for no correlation and 1for total correation. Let @, and @z be the first and the
second modes of vibration written as @a[n x m] and @s[n x m], where m is the number of modes and n is the number of
nodal pointsanayzed. The MAC isthen defined for j and k as foll ows:

MAC(j, k)= (Z’ 0.00.)/ (Z{’ (100 f 057 0 ¥) e

where: ¢, isthe coordinatei of the awlumnj of @. and ;g the coordinatei of column k of @s.

As one can observe in Equation (2) the MAC is based on the scalar product between two unitary vedors. So, if
such measure isequal to zero it can be assumed that the vedors are orthogonal.  1f the MAC between two modal shapes
isequd to 1.0, then such vedors are perfedly correlated. In practice, any value between 0.9 and 1.0 is considered to
be a goad correlation (HP Applicaion Note, 1986]. If the value of the wefficient is smaller than 0.9, then there will be
a degree of inconsistency which will greaer the smaller is the value of the wefficient. So, the MAC is important to
evaluate the correation between the numericd and experimental modal shapes.

In addition to the MAC, the Modal Scale Factor (MSP (HP Applicaion Note 243-3, 1985; Ewins, 1984) was also
used in order to evaluate the agreement between the estimates experimental and numerical natural modes of vibration.
Put in a smple way, the MSF represents the inclination of the best-fitted straight line that represents the points of the
graphic. The quantification of this parameter can be oltained from equation (3):
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3. Results and Discussons

The perimental and numericd (FE) natural frequencies, aswell as the experimental damping factor of the HLM and
ATJ graphite beams, for the first four vibration modes, are presented in Tables 2 and 3, respectively. The damping factors
presented in these Tables suggests that the damping characterigtics of the HLM graphite, in the range of frequencies
covered in the experiments (from about 440 to 4300 Hz), are better than those presented by the ATJ graphite. The average
damping factor of the HLM graphite (0.724 + 0.135 %) was about 90% higher than the average damping factor of the ATJ
graphite (0.331 + 0.061%). The HLM graphite was al so stiffer than the ATJ and, quantitatively, in the experiments carried
out so far, presented an dadticity moduuswhich, in average, was 20% higher.

In order to evaluate the dynamic parameters of the beams, the experimental modal analysis was carried out exciting
the structure with an instrumented hammer (PCB Piezotronic), acoording the set up represented in Figure 2. The
hammer had a sensibility of 0.18 mV/N and its plastic tip was chosen in order to generate a well-defined spedrum in
the band varying from 0 to 5 kHz, considered in this dudy. The average mass of the tested beams was about 55,2
grams, and the chosen accderometer (Piezotronics 353B16, sensibility of 10.31 mV/g) had amassof 1.5 grams.

Table 2 —Dynamical characteristics estimated for the HLM graphite beam.

Hz
Vitration Modes (——— ch (He) — £ - (%) B ;[;Zﬂtion "
1° mode 51244 47552 0.62274 1250
2° mode 137100 129600 0.81372 1178
3° mode 274545 250300 0.56600 10.99
4° mode 431818 405900 0.89503 11.26
Table 3 —Dynamical characteristicsestimated for the ATJ graphite beam.
Vibration Modes ch (He) & - (%) E [GPd] .
Exp. FE Based on Equation (1)
1° mode 463.93 44174 0.45066 10.25
2° mode 122909 120360 0.34874 9.47
3° mode 246455 23218 0.29796 9.91
4° mode 392727 376100 0.42998 9.21

Comparing the numerical and the experimental results of the first four natural frequencies of the graphite beams,
shown in Tables 2 and 3, it can be verified that the maximum difference observed between them is equal to 9% , while
the average difference was about 6%. Thisindicaed that the finite dement simulation mode was fairly accurate in the
range of frequencies investigated in this sudy, which included the fist four modes of vibration of the graphite beams.
Based on Equation (1) and the frequencies presented on Tables (2) and (3) the mean values of the dasticity modulus of
the graphite HLM and ATJ were estimated, respedively, equal to 11.9 and 9.7 GPa.

The MAC and MSF values between the numerical and experimental modal vedors for the HLM and the ATJ
beams are presented in Tables 4. And 5 respedively. Acoording to the data presented in these Tables, there was an
excdlent correlation between the vedors, sincethe MAC and MSFvaluesin al the analyzed modes are very close to
1.0. It was aso observed that the largest deviations from the best straight line matching the experimental points and the
ideal theoreticd sraight line ohtained numericdly occur for the modes 2 and 4. However, the good correlations
obtained so far werethe result of an extensive series of experiments and smulations. Initialy, the measurements of all
the deven nodes of the tested beams, for all the four vibration modes taken into acocount, were included in the modal
andysis, and the estimations of the dasticity modulus of the graphites HLM and ATJ were not in good agreement with
those obtained from the literature. It was observed that, along the diredion Z shown in Figure 2, each vibration mode
presents points of relatively large amplitudes, and points of stagnation. Since the points of higher amplitudes tend to
present a more favorable signal to noiseratio, and for the points of lower amplitude the opposite trend takes place the
points of stagnation (e.g. points 1, 6 and 11, in Figure 3) were diminated from the analysis. As aresult, when only the



points of so called “good dsplacement” (e.g. points 2, 5, 7 and 10, in Figure 3) were mnsidered in the modal analysis,
the rreations involving the cmparison of the experimental dagticity modulus with those from the literature
improved significantly. In Figure 3, which refers to the fourth vibration mode of the beam, the paints 2, 5, 7 and 10
were mnsidered points of “good displacement”, whereas the points 1, 6 and 11, on the other hand, were treated as
points of stagnation and were diminated from the analysis.
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Figure 3. Points of “good d splacement” for the fourth mode of vibration of the beam.

Table4 —MAC and M SF values between the numerical and experimental vedorsfor HLM graphite beam.

MODE MAC M SF
1° 0.998115 0.999057
2° 0.981135 0.990623
3° 0.983119 0.991523
4° 0.97870 0.98%27

Table5 —-MAC and M SF values between the numerical and experimental vedorsfor HLM graphite beam.

MODE MAC M SF
1° 0.998120 | 0.999060
2° 0.994070 | 0.997031
3 0.979822 | 0.98%B60
4° 0.982081 | 0.991454




4. Main Conclusions

Thiswork presented the results obtained using an experimental non-destructive technique known as modal analysis,
which alows one to oltain the damping factor (§), as well asthe dasticity modulus (E) of synthetic graphites. The
elagticity moduli, aternatively, could also be measured with the use of strain gagesin beams subjeded to static known
forces. However, graphiteis avery brittle material and fractures with very low strains. So, it is not an easy task to
obtain the dasticity modulus of a graphite beam, with good predsion, from the measurement of its bending strains
under the action of a known force without destroying the test spedmen in the first place Cracks and pores are
common features that are found in graphite microstructure, and graphite beams are proneto fail when they are subjected
to very low strains. In addition, the modal analysisis cheger, andallows one to oltain bath properties, Eand &, ina
singletest.

The eperimental values of E, for bath kinds of graphite, presented good correlation with data available in the
literature (Polidoro, 1987; Pardini et al., 2001), and the scater of theresults, takinginto account all the four vibration
modes considered in the analysis, was always lessthan 5%. The HLM fine grain extruded graphite presented an
average dasticity modulus (E) higher than the one @ncerned with the ATJ (coarse grain, obtained by isotropic
compresson) by a factor of 1.20. In addition, the average damping factor () of the HLM graphite was about 90%
higher in comparison with the value ohtained for the ATJ graphite. The scatter in the values of § was in the range from
about 16to 19%. However, sincethe synthetic graphites are porous particulate mmposites with presents some degree
of residual stresses from the hea treatments which they are subjected (Reynolds, 1968, Marsh, 1989), such range of
magnitudes in the scater for the damping factors are not a surprise. Asfar asthe values of E and § are concerned, the
HLM graphite can be onsidered superior relatively to the ATJ graphite. However, an important detail must be pointed
out, which isthe fact that the HLM graphite is extruded, and was tested with the extrusion diredion perallel to the
longitudinal axis of the beam. Sincethis material is ortotropic, it is expeded that in the transverse diredion the dastic
properties will be rather lower. The ATJ graphite oltained using the process of isotropic compresson, on the other
hand, is an isotropic material and should be expeded to present the same dastic properties bath, in the longitudina a
transverse diredion. So, the apparent superior elastic properties of the HLM graphite beam must be treaed with
caution. In order to oltain bath the longitudinal aswell as the transverse properties of these two kinds of graphite, it is
necessary to test plates of these materialsandto cary out a 2-D analysis. However, this, at thismoment, is till beyond
the scope of the present 1-D analysis.
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