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ABSTRACT

Coutrol of the mechanical propertics of CVD dismond is cssential w0 achieve opumal
performoance is various applications. 'While scveral methods have been appliad o the measurernent
of the Young’s modulus of thick-film CVD dinmond, in genoral these methods are not suitabie for
dizmond chamacterization on a production scale. In sddition, many of these methoxds cannot
determine the shear wodulos (o Paisson's ratio), which is necessary for & complete description of
the elastic propertics. We have developed a simple dynamic resonance method for desecnining
both the Young's and shear modulus of free-standing CVD Gamond in the shape of recuangular
plates or roundl disks. The specimen is supported along nodal lines of flexuml or srsional modes.
Oscillarions ave induced by impact from a falling coramic bead, are sensed by & microphone, and
the resonant flequencics are determtined by a signal analyzer. The Young™s and shear modulus are
culculated fiom the frequencies of the fundemental flexural and sorsional modos, Tespectively,
using quasi-analytic formulas, CVYD diamond grown by scveral methods rowincly schicves
Young's and shear modulus values above 1000 GPa and 500 GPa, respectively, in good acoond
with theoretical values for pure polycrysialline diansond.

INTRODUCTION

The cxaeue propertics of dismond, together with the capability for growth of thick, high-
Quality polycrystalline diamond films by chemical vapor deposition (VD) developed oves the past
decadc-and-a-half, has motivated the development of 8 numbes of CVD diamond products. Many
of these products, including heat sinks, optical windows, machine wol inserts, and wire dics,
involve thick, firoe-standing polycrysialline distnond plsves rather than a thia film of diamond on &
substrate. Achicvement of optinml performance in conxmercial products, lowever, obviously
hinges on the materinl propertics of the dizmond and their reproducibility. In the case of heat sinks
fmmmwmkmhnWMbm
suitable methods for routine dotcrmination of the thermal conductivity. !

The mexhanical properties of CVD diszaond, iwclading the elastic constanta snd fractue
strength, are critical for many other applications. For determination of the elasdc modulus of CVD
diamorn], the bulge test method is the most widely applied wechnique.2¥ In this sechnique the
displacernent of the center of & disk is meanired as funcdon of the differential pressure applied
across it. The balge rest method has the advantages of requiting only inexpensive equipoacnt sod
permitting fracture strength measwements in the same appams. However, i is arguably wo
tedious for rowtine use in production. Only the biaxial modulus can derermined by this method,

requiring an sssumexi valuoe for the Poisson's ratio. In sidition, tre boundary conditions of the
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complicates exiraction of the modulus from the pressure-displacoment duts.

Scveral other mcthads have been applicd w0 the dewmmmination of clastic consams for CVD
(ismond, but arguably are also unsuimble far routine messarcmenes. Nuenokedceotation
mensurements can determine both the Young's modulus and hardoess,7-? but require expensive,



specialized equipment and are rather time-consuming. Sprod-of-sound mexsurements10.11 gre
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shear usodulus, but the cost of the equipraent and time roquirod to characterize cach spociomen are
sill unmiractive.

In this péper we repart the first application of another wchaique, dynmmic resomsmnor, © the
detarmination of the elastic constants of frec-standing CVD dinmond. This neethod requires only
incxpousive eguipment and is very fast, yot can accurawly descrusine both the Young's and shear
modulus.

EXPERIMENTAL: IMPULSE DYNAMIC RESONANCE METHOD

The ic resonance methad is a well-established wecimique for the determination of clasic
canstants. 1213 Ag developed originally the rechnique involved driving the specimen with a
variable-frequency extornal oscillator and measuring the response a8 & function of frequency. With
the ready availability of digital signal processing techniques, ka impulse wehaique, where
oscillations are induced in the pant by mpping and the mansient *ringing™ signal is dowcted by a
microphone, digitized, and Fourier-analyzad, is much simpler experimentally and yiekis the smme
informadon. Although only approximate equations relatdng vhe potwstred rosonmst freguencies 10
the elastic constants we available, e acowacy of these exprossions has boen demonsaased w0 be
appeoximatcly 19% or bewer for a wade mange of specimocn goooacties axl clastic propordes, more
than adequatc for our purposcs.

In the case of rectangular bars or plates, the Young's modulus may be detexroined from the
frequency of the one-dimensional flexaral moie. 213 This mode has nodes at positions 0.2247
and 07761, where / is the sample length, and can be excised by supporting she specimen along the
nodes and sapping in the middie, as iItustrated in Fig. 1(a). The shear modulus may be deternined
from the frequency of the torsional mode. This vitvation has nodal lines bisecting the face in each
direction, as illustrated in Fig. 1(b), and can be excited by suppotting the specimen along the
imtersecting nodes and tapping near one carner. In the case of round disks, the torxional mode is
equivalent 1o thar shown in Fig. 1(b), although the position of the nodes sud antinodes is

strilee (hollow zirconia bead)
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FIG. 1. Schematic illustration of tinging mcasurcaocnss on the (8) Hexural mode of (B) sorsional

modc of rectangular placs. For disks the torsional meode is egquivalent i (b), whoreas the ficxaral
vitwation ix a bissial drumhead mode with a podal circle ar 0681 of the dismever of the part



devenined by the positions of the suppotts and tapping rathek than by the peometry, The flexural
vibration of a round disk is a biaxial draohead modc, bowever, with & nodal ciacle of dismeter
0.681d, where d is the diamcter of the disk, 14.15

We have apalyzed froe-stanting roctangular platcs and disks of GE CVYD dimoond prodeced
by two different growth rechniques by the impulse dypamic resonance wethod. 23w square
platcs were laser cut on onc side ®o0 produce rectangular plates, and 1010 diampoter disks were
lascr-cut from larger wafers. The specinens were then suppasted in a fixiure on clther thin fosm
strips or ou sexched cotton thread aloag the nodal tines for flexural or sasiooal vibowions, as
appropaiate (see Fig. 1). Owcillations were initinted by dropping a bollow zircouie bead feovo a
beight of 6-12 in. through a ube onto the center or one commer of the specimen. The ringing sound
was detected by a microphone and preamplificr (Bruel & Kjaer, models 4165 and 2639,
respoctively), duxd the resonant fregquencics were detormined wsing a digial oscilloscope with Faxt
Pourier Transform capability.

Placement of the speciomen on the Bxture, tapping, and scquisition of soveral ringing
nxasurcents roguires Iess than one minnte per sample. For the initial cxperbments we performed,
describexd beae, the most tine-consunzing part of the opcration was manual extrection of whe
resonant froquencics from the digital oscilloscope. For routine measurement in production,
however, we wie & commercial instruonenti6 ghsg pesforms the sigaal analysis susoaatically sl
reports the restoant frequency o a digital readout.

The approximate expressions used 1 exuacy the Young's and shear modalus from the
measured flexural and sworsional frequencics, fp and f5, respectively, and the weights and
dimensiony of the parts are summarized below. In thege equations the length and widtdh (wansverse
to flexure) of the rectangular plawes are denoted { and w, respectively, d is the diamoeter of the Gisks,
# is the thickness of cither type of spocimen, and g is the density.

The Youag's modulus of the roctangular platcs was detcomioed fronal2-13

E = 0.9464p(0f, 16T, ()
T, = 1+[0+0.0752v +0.8109v* Xr / 1) — 0.868(z/ )* @)

8.340[1 + 0.2023 v 2.173v* K¢ / D)*
1+ 6.3381 + 0.1408V + L3536V K¢ / O)*

These equations are due to an approximate solution by Pickett!? and have boen shown w0 be
accurate (probmbly to better thar 1%) by Spinnex et al.}8 Tha correctioa term T contsing the
Poiszon’s ratio v and so in principle requires irerarive solution along with the dewsrminstion of the
shear modulus. However, for the aspect ratio (i << 1) of the CVD dirmond spocimons examined
hero T is nomly oqual 10 ane and insensitive & the assunmx] value of v, and eration of the

solution is unmecessary.
The shear modulus of the rectangular plates was dotevmingd fiom the equation2-13
G = 4pl’fiR (k)
where, for the shape factor R we have used the equation recommurmdcd by Spiner and Tefft:12
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For relatively thin plates, such as cimployed herc,
R ~ (w/ti/4
The Poisson’s ratio then follows from the usual rclation
v = E/Q2G)-1 )

With disks the flexural and torsional frequencics are cach suongly influenced by both the
Young's and shcar modulus. Conveniently, the Poisson™s ratio can be derived directly from the
ratio of the two froquencies. 1415 In gencral v also depeads oa the #d ratio, however, for relatively
thin disks (/d < 0.05) the latter dependence is negligible In this case a quagratic fit 10 tabulased
values14-15 gives, to an excclicont approximation,

v o= —33382+43.834(f, [ fL)—fe I SV ()
Given the defermined value of v, the Young's modulus is determined fiom
E = 14.8044p(1— V*Xd? [tP[(f; / KV +(fr { K1 )'D @

The comection factors Ky and Xy depond weakly on v and the #/d ratio and are tabulated, 14313 For
the parts analyzed here Kp and Ky are approximarely equal 1 8.4 and 5.9, respoctively. The valuc
of the shear mmodulus then follows from

G = E/R01+v) @&

RESULTS AND DISCUSSION

The flexural and rorsional fiequencices, fi and fr, respectively, measured on represeniative
samples are summarized ia Table 1, along with the weights and diensions of the sasuples. The
rectangular bars were lapped on both faces and polished on one; the first disk was polished on both
faces, and the socond was as-grown (afwer removal from the substtane). These sampics arc all of
high quality. as indicated by thermal conductivitics between 9 and 20 W fcm-K.

TABLE 1. Summary of dimensions, weights, resonant frequencies, elastic rooduli, and Poisson’s
ratio of free-standing CYD diamond plates in rectangular or circular form.

Rectangular bars:
CVDD ¢ w t weight fe fr E G v
Lo # {(mm) (mm) {mm) 64 (kHz) (kHz) ((GPa) (GPr)
BY6S 26,19 10.11 0.316 0.291 B.61 15.01 1145 530 m
B9SE 2568 12.52 0.302 0.339 876 1Z_11 1212 s47 011
BI8G 23.68 17.37 0398  0.613 1976 11.00 1037 467 0.11
B988 25.68 9.06 0312 0248 8.24 15.78 980 461 0.06
mean: 1093 501 o0

Disks:
CVDD d r weight fe K E G v
Lotw {mm) (mm) B (kiiz) (kHz) (GPw) _(GPm)
C535 10.24 0260 0075 69.81 45.41 116 536 ans
C603 1008 0365 0.102 10041 7100 1154 532 008

The accuracy of the clastic constants of CTVD diamoad derxcnuined by the dynanmic resoasnos
method is typically limited mainly by the gocuracy of the dimensional measurements, particularly
the thickness. The weight and freuencies can easily be detsmiined o 0.19% accumacy of beter, and



the formulas arc belicved to be accurawe to approximartcty 1% or betwer. The infexred modulus
values are approximately proportional w 12 (o = weight/f) and therefore an accurate thickness is
particularly important. For unpolished plates an approximate avorage thickness can be deserminod
by assuming the ideal deasity of 3,515 g cm3 for diamond.

The measured valucs of the Young's and shear modulus and Poisson’s rado sre in good
agrocment with thooretical values for pure polycrystalline diamood. Two groups have shown
indcpendently that the clastic constants for single-crystal natural diamond, when rotationally
averaged as appropriate for polycrystalline diamond with no preferred oricmation, yisld o Young's
modulus of 1143 GP#, & shcar modulus of 534 GPa, and a Poisson’s ratio of 0.07.4.1% Thick-
film, froe-standing CVD diamond normally exhibits a significant fiber texture, and all of the
samples examined in this study have a preferred (110) orientation. The effective clastic constants -
all experimemal measurements of the clastic constants of CYD diamond of which the authors are
aware assume isOtropic elastic behavior—depend on the exture. The Young s modulus exhibits
only modest oricntational dependence, and both Kiein and Caodinale? and Werner ef al.1? calculax
a value of 1151 GPa for (110)-oriented diamond. These authors differ somewhat on the effective
shear maodulus for (110)-wextured diamond, obtaining 536 and 524 GPa, respectively.41® These
valucs comrespond o Poisson’s ratos of 0.07 and 0.10, respectively. Not all the grains in textored
diamond have a fiber axis precively aligned along the sample normal, of course, and a more
complex rotaional averaging procodurc is probably required for precise specification of the
cilective clastic constants of texiured CVD diamond. In any case. we have nov invesdgared the
relardonship berween the fiber texture of CVD diamond and the clastic constunts.

In conclusion, we have demonstrated that the impulse dynamic resonance method as appliod
w free-standing CVD diamond is simple, fast, and apparenty yields accuraie values for the
Young’s and shear modulus and the Poisson’s ratio, and is therefore suitable for routine
sharscrerization of commercial marwrial. In addition, we have shown that GE CVD diamond
produced by two different growth methods routinely schicves values of the Young's and shear
modulus in good agreement with the comesponding values for pure polycrysixiline diamond.
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LUENT . Length |Hetght |Width |Mass |Dens, POISSON |RIFLEX] |RILONG] [RITORS] |E[FLEX]) E[LONG] GITORS)
mm mm L g g/cm3 (EF G [EL.G
8905 26.19| 0.32| 10.11| 0.29| 3.476) 0.08 &.610 KHZ 15.07 KHZ|#"@hwonanan 532.7 GPo
220s 2528 030 12,52 oA 3 coulQ.d A_TA0 KHEX 12,11 KHZ|wen b 545.7 GPa
BYBG 25.68{ 0.40| 17.37( 0.61| 3.453| 0.11 10.76 KHz 11.00 KNz |wwswwenanrs 467.9 GPa
lsm 25.68| 0.31] 9.06] 0.25| 3.414} 0.0¢ 5.240 KHZ 13.70 KMz| 981.6 GFa 442.0 GPa
{ i | i T T T T T L T i |
JIDENT. |piem, |Thick.|Mess |pens. |POIS.|REFLEX] |RLTORS] |ECFLEX]  |GLTORS] |
I jom  fom | g [esead | ! I ] | I
[ } i 1 1 ] | ] ! 1 ]
¥ T T T ¥ 1 T ¥ T ¥ L
I | t0.24] ©,2&] 0.08] 3.503] 0.08| z7 | 40 |weewanssan] 533.4 GPa|
{2 | 10.08] 0.37| o0.10| 3.502] 0.08| 20 | 28  |wawwwsanws] 530 3 gpa|
[1 density | 10.24| 0.26| 0.08| 3.515] 0.08| 2y | 40 |weeswseens| 535.3 GPa|
|2 genatcy | 10.08] 0,37| 0.10] 3.515] 0.08| z0 | 28  |wssewwweess] 5%1.2 GPa)
[l L 1 | ] f
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