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1.

Introduction

There is considerable current interest in diamond films produced by chemical vapour deposition
,outrr14- One of the main objectives of current research in this area concerns rhe optimization of the
growth rate of the film. One of the most promising m-ethods of generaring relarively high growth
velocities involves deposition with a DC Plasnra Torch5-9, with which high impingemenr velocities

of the plasma gas mixture on the substrate can be generared. Invesdgation of the relationships
between deposition conditions and the deposition rates and deposit characteristics is, howêver, less
advanced than is the case for nrore conventional CVD processes. In practice, many diamond films
produced with a DC Plasma Jet have been sonrewhar inrpure, porous, graphiric (having a low
sp3/sp2

bond hybridization ratio) or otherwise inrperfecr.

An important requirement in such studies is the quick and reproducible characterization of
9gpostJ4-.{l-g-s. ple{C-t"?.qly ttt guglt a.-ryry'--that a.clear-bdigadon can..be-o-b.tained of how closely rhe
film approaches to the ideal of a pure and perfect diamond srucrure. A promising approach to rhis is
measurement of the elasdc constants of the film, since all of the defects mendoned
above will reduce
the stiffness. Unfortunately, accurate measurement of, for example, the in-plane
Young's modulus is

usually rather difficult to caÍry out by conventional static methods, since the films are very
thin,
typically much thinner than the substrate, to which they normally adhere srrongly. However, there is
scope for making such measurements using dynamic methodi, which can be accurate
and

reproducible- In the present paper, an outline is given of how a simple procedure for the

measurement of resonant frequency can be applied to a substrate, before
and afrer the deposition of a
thin, adherent film, so as to measure the Young's modulus of the film with fair
a
degree of accuracy.

Some illustrative data are presented for metallic coatings produced by
elecgodeposirion and for
diamond coatings deposited using a DC plasma torch. The method dogs-noi
appear ro have been
used previously for this purpose, although sonic velocity measurement has
been employedlo for
characterisation of rhermally sprayed coatings.

2. Resonant Frequency Measurernents for Stiffness Determination
Various dynamic measurementsl I can be made to obtain information about material
stiffness, and
it has been shownl l'12 that consistent results are obtained from different methods.
One of the most
convenient procedures is to measure the fundamental response frequency
of flexural vibration of an
elongated specimen. For a prismatic beanr, this vibration mode has two resonance
nodes, located

about 22.4Vo of rhe specimen length in frorn either endl3. For an isotropic material, the flexural
modulus dictating the frequency, f, of this vibration is equal to the Young's modulus, E, of the
material. The value of E is readily calculated front the following equationl3
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where p is the density (in kg *-3), L and h are specimen length and thickness (in m), f is the resonant
frequency (in Hz) and I. is a dimensionless shape factor (dependent on specimen length, specimen

width, b, and Poisson's ratio,

v).

The vibration can be induced elecro-magnetically or piezoelectricallyll, bot one of the simplest and most effective methods is to introduce a mechanical
impulse (eg. a tap with a small hammer), with the specimen supported at rhe two nodes, so as ro
encourage the induction of the fundamental vibration. This method has been applied in various
siuations, including operation at elevated14 and cryogenicl5 ,"rnprru,ures. The technique has also
been applied to (dental) compositesl6 and multi-phase materials such as rockslT, although in these
cases the specimens were still rreated as isotropic conrinuua.

3. Experimental Procedure
3.1 Electrodeposition of a Reference Metallic Filnt

To test the validity of the technique, two thin unifornr layers of metallic nickel

u,ere

electrodeposited onto copper plates, using a solution consisting of 169 g of NiSiOa ,23 g of NiCl and
19 g of H3B03 in i litre of distilled water. A plating-solution remperarure of about 60 'C and a
pladng culrent of 100 mA was maintained, with deposition tinres of about 7 and,l l hours. Deposits
were formed on one side only of the plates, the other being prorected by- alacquer.. The average
thickness of a film was established by weighing the plare before and after deposirion, using a high

precision microbalance (t 10 pg). After the ultrasonic measurements had been carried our, rhe
density of the .Íilms was established, after mechanical detachment of slivers from the substrate, by
Archimedean pycnometry. This density was used in calcularing the thickness of rhe nickel films. In
order to predict the effect of porosity in the film on its elastic consranrs, a comparison was made
between measured and theoretical density in order to establish the pore conrent. It was assumed that
the pores were present as an array of spherical holes. The Young's modulus (and Poisson's ratio) of
the film were then calculated using the Eshelby equivalent homogeneous inclusion methodl8'19.

3.2 DC Plasma Deposítion of Díamond Films
Diamond deposition experimenrs were carried out using a Plasma-Technik pT800-M1000 VpS
unit. The plasma jet was generated by a standard F4-V rorch with a cylindrical rungsten insert as
anode and a central tungsten rod as carhode. A plasma jer was struck by passing a mixture of high
purity argon' hydrogen and methane gases through rhe gap between the two electrodes, across which
a constant current dc voltage was maintained. Mild steel plates were grit blasted
and degreased prior
to use as subsrrates for the deposition of the diamond films. Deposition conditions are given in Table
I for two represenrative specimens. Film thicknesses were calculated from weighr gain
measuremen$' as for the nickel films. Since the diamond films v/ere very thin, ir was difficult to
remove portions of them for density measurement. The film thicknesses were therefore calculated

assuming a theoretical densiry of 3.265 Mg nr-3. Clearly rhis will be inaccurate, particularly for
highly imperfecr films, but the practice is acceptable in view of the lower target precision for
characterisation of the diamond films, conrpared with the measurements on the nickel filnls aimed at
validadon of the nrethod.
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I Plasma Deposition Conditions

In order to indicate the wide raxge of deposit nricrostructures which can be produced under
different conditions, two SEM nricrographs are shown in Fig.1. These show general free surface
views of the two deposits, which were prod.uced under different conditions. Although it is unreliable
to infer much abour the detailed structure of the deposits froni such images, it appears that relatively
large facetted crystals are common in one of these cases, but not in the other. For both of these
specimens, and for those nreasured ultrasonically, X-ray diffraction revealed clear (111) peaks at a
Bragg angle (0) of 27.95", indicaring the presence of at least a substantial content of diamond or a
diamond-like phase. It is, however, unsatisfactory to use either X-ray spectra or nricrographs in any
systematic attempt to characterise the quality of dianrond films.

3.3 Resotxant Frequency M easurenrcnt

The measurement of resonant frequency was carried out using a "Grindosonic" machine
developed by.Lemnrens Elektronica Ltd., with either a nricrophone or a contact rransducer being
used to sense the specimen vibration frequencies. The detection circuitl I for the ultrasonic
resonance frequency measurement device used is shown in Fig.2. Substrates were tested, with and
without adherent,films, by inducing vibrations with a mechanical impulse supplied by a small ball
bearing. The frequency of the dominant vibradon nrode was displayed by the machine a few seconds
after the primary excitation. Provided rhe nature of the dominant mode is known, this frequency can
be converted to a beam sdffness using srandard equations, after specifying the beam dimensions and
the Poisson's ratio of the material. In the experiments described here, the substrate dimensions,
specimen support arrangement and method of impulse supply were all designed to ensure that the
basic beam flexure mode was donrinant. It was found that this could be readily achieved. Frequency
data, which could easily be collected repeatedly in a short time, were found to be highly reproducible
(to four significant figures), even wirh variations in the precise manner of excitation. If a
competitive vibration mode did beconre predominant, then the displayed frequency v/as substantially
different and could be eliminated fronr the data collecrion operation.

4. Data Analysis - Bending of a Cornposite Prismatic Beam
The requirement is to deducethe Young's modulus, E, for a fïlm adherent on a substrate, from the
apparent E of the composite beam, knowing the dimensions and elastic consrants of the substrate.
The geometry is shown in Fig.3(a). The position of the neutral axis can be found by using the

condition that the resultant axial force acting on the cross section is zero. A force balance can

be
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where o11 and oxzare the normal stresses in the x direction and A is the cross-sectional area of the
beam. Now, it can be seen from Fig.3(b) that the axial strain €x at any height y can be written
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where R is the radius of curvature and 0 is the anele subtended at the cenrre of curvature. It follo*,s
that the axial stress is given by
Ox =.E

ex

Ev
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For a beam of width b, substitution of eqn.(4) in eqn.(2) leads to an expression involving 6, the
distance of the neutral axis from the interface between the two constituents.
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Now, the stiffness of the composite beam is defined by
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which on integration leads to
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This equation can be used to establish the unknown Young's modulus E2, since the measured
resonant frequency will allow E to be calculated, provided a value can be assumed for the Poisson's
ratio of the beam (needed for the constant f in eqn.( I )). Substitution of eqn.(5) in eqn.(7) then gives

an equation containing E2 as the only unknown. This is a relatively complex equation, which was
solved within the "Mathematica" application software on an Apple Mac computer to give the

following analytical expression for E2
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For a given substrate (i.e. a specified set of El, H and b values), eqn.(8) can be used to evaluate
the Young's modulus of the film, E2. This is done by making experimental measurements of the
resonant frequency with and without the adherent film. The resonant frequency in the presence of
the film allows the effective Young's modulus of the composite beam, E., to be calculated from
eqn.(l). The beam stiffness I is then assunred to be given by the expression

E"(H+h)36
s4=--

(e)

rz

This should be a good approximation, particularly when h/FI <<

1.

The Young's modulus of the substrate material can be calculated from the frequency when
uncoated, provided the Poisson's ratio can be given as well as the substrate dimensions. For a fully
dense substrate of a well-characterised material, good agreement berween measured and handbook
values for E1 confirms that the specimen dinrensions have been measured accurately and that the
predominant vibration nrode is indeed the one being assumed. It may be noted that the calculation is
quite sensitive to specimen dimensions, particularly the rhickness H, butreladvely'insensitive to the
Poisson's ratio.

It is

also possible to' usé eqn.(8) to obtain a family of curves, showing the predicted change in
effective Young's modulus of the beam as a function of the actual Young's modulus of the film, for
various film thickness values. Such a plot is shown in Fig.4, for a substrate with a thickness, H, of

4.71mm and a width, b, of 31.00 mm, having a Young's modulus, E1, of 200 GPa. These values are
close to those of the steel substrates used in the present work and they give an indication of the
expected sensitivity of the measured stiffness changes to the film stiffness. For example, a resolution
in the measured change in Eg due to the presence of the film of, say, 0.1 GPa corresponds to an eÍror
in the inferred value forE2 of about 160GPa for a I pm thick film, whereas rhis falls to about
16 GPa for a l0 pm film. These figures clearly change with specimen dimensions and would be
lower for a thinner substrate; in practice, however, it may be difficult to deposit films onto very thin
substrates.

4. Results and Discussions
Data are shown in Table II from the measurements made on the two reference Ni-on-Cu
specimens and the two experimental diamond-on-steel specimens. The densities of the copper and
steel substrates were measured as 8.741 and 7.628 Mg m-3 respectively and the corresponding

Poisson's ratios were taken from handbook data as 0.35 and 0.30 respectively. The Poisson's ratios
of rhe composite beams (substrate plus film) were taken as being the same as those of the

corresponding substrates.
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assumed

t obtained using a nreasured density for a piece of reference (fully

dense) pure Ni

of 8.879 Mg m-3.

The measured values of E1 for copper and steel are all close to typical handbook data. This
suggests that the substrate dimensions were accurately nreasured and the correct vibration mode was
dominant. For the nickel filnrs, the measured E2 values are a lirtle below handbook values for pure
nickel (207 GPa). However, calculation of the expected values of E2 using the Eshelby merhod,
based on the measured porosity contents, led to predictions of 201.4 GPa and 203.6 GPa for
specimens CuA{i1 and CuAii2 respectively. It can be seen that these values are quite close ro the
measured values. It may be concluded that the nreasurement technique and data analysis procedure
are viable for this type of application.
_With re_gard to the measurements on the dian:ond films, these data are evidently preliminary and
cannot be used to explore any effects of deposition conditions on film qualiry. Nevertheless, rhey do

indicate both that variations in film stiffness, and hence in srrucrure, can be detected and also that
values not very far from the theoretical limit (-1000 GPa) can apparently be obtained. However, it
must be emphasized that the value reported here of 940 GPa is at present subject to substantial
uncertainty. In particular, it should be noted that the film concerned was a very thin one (h<2 pm),
so that, referring to Fig.4, the measured change in beam stiffness would be very insensitive to the
film stiffness. Taken in conjunction with the uncertainty in film density and the lack of any repear
measurements, the error in this value should probably be taken as at least 25Vo. Work is now in
progress to obtain more comprehensive data and correlations with microstructure.
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