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We present a laser ultrasonic method to investigate a titanium nitride (TiN) coating specimen. The technique

is based on the principle of surface acoustic wave (SAW) dispersion during acoustic propagation on a half-space with

the presence of a thin layer. Due to the high efficiency of laser line-source excitation, we have been able to generate

and detect a SAW with an excellent signal-to-noise ratio in a wide frequency band. An inverse fitting algorithm was

employed to extract simultaneously the thickness and the elastic parameters of the TiN coating from the experimental

SAW velocity dispersion curve.
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1. Introduction

Rayleigh waves, propagating on the free surface of
an elastic half space, are well known. If the medium
is homogeneous and isotropic, the velocity of the
Rayleigh wave depends only on the elastic constants
of the medium and not on the wavelength (or fre-
quency), i.e. the Rayleigh wave is non-dispersive. The
power density of the wave decays exponentially from
the surface with a characteristic penetration depth of
the order of a wavelength. Based on this principle, it
is not difficult to understand that, in the presence of
a thin coating on the substrate surface, the phase ve-
locity of the corresponding quasi-Rayleigh waves will
exhibit dispersion. In the high-frequency (or short
wavelength) region, the wave velocity is only influ-
enced by the coating. In the low-frequency region the
wave velocity is dominated by the substrate. In the
intermediate region the velocity behaviour reflects the
transition of effective material properties between the
two media. Therefore, the broadband surface acoustic
wave (SAW) spectroscopy can be a suitable tool to in-
vestigate the properties of coatings and their bonding
quality.

Many authors!! =3 have studied the propagation
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of a quasi-Rayleigh wave on the half space in the pres-
ence of a thin layer. The key problem is the determi-
nation of the dispersion of the phase velocity. Theory
shows that, for a weak acoustic absorber, the vari-
ation of the phase velocity with frequency depends
on the density, Young’s modulus and Poisson’s ra-
tio of the coating and the substrate, as well as on
the thickness of the coating. Taking into account the
equations of wave motion and the boundary condi-
tions for the coating surface and the interface be-
tween the coating and the substrate, the theoretical
dispersion curve can be numerically calculated. By
fitting this theoretical curve to experimental data, in-
formation on the elastic properties of the coating can
be obtained. In order to obtain such information of
an ultra thin coating, an ultra broadband dispersion
curve is required. Measuring the SAW with conven-
tional piezoelectric transducers, one may have higher
frequencies, but can never obtain a very large band-
width. However, the recently developed laser ultra-
sonics can achieve such a requirement by using ultra-
short pulse laser generation and the respective detec-
tion technique. Another advantage of laser utrasonics

is that the technique is a non-destructive and non-
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contact technique. Its applications in coating inves-
tigations have been seen in various publications.[*~6
Lorenz et al.l”l have studied the dispersion features of
the “stiffening” coating (the presence of the coating in-
creases the SAW velocity above the Rayleigh velocity
on the substrate) and the “loading” coating (the SAW
velocity decreases by the presence of the coating). The
same features were also demonstrated in the study of
a coating of nickel and TiC on the substrate of a ce-
mented carbide.l®] Kuschnereit et al. have studied the
properties of a hot-filament-deposited polycrystalline
diamond film on silicon!® and of an ultra thin hydro-
genated silicon film on fused silica.[!”! In their mea-
surements, the SAW was excited by a 7ns pulsed laser
and the detection was performed by a polyvinylidene
fluoride (PVDF) transducer fixed on a sharp metal
wedge attached on the sample surface. This type of
set-up is a half-optical method. A similar method was
also employed by Schneider et all'!l to characterize
the plasma-sprayed ZrO, coating, and by Wu et al.['?!
to determine the thickness and elastic properties of a

bonding layer.

In this paper, we aim to characterize a TiN coat-
ing deposited on a steel substrate. There are many
positive features of TiN material, such as: its extreme
hardness (harder than carbide); wear resistance; cor-
rosion resistance; high melting point; its resistance to
nearly all chemicals; the fact that it is non-toxic and
safe for the environment; and its attractive metallic
gold coloration. These features make TiN widely pre-
ferred in many applications in various fields, ranging
from tools to decorative coatings and from barrier lay-
ers to optical devices. Especially in the tool industry,
the cutting efficiency can be significantly increased
by using TiN coatings, which provide sharp edges or
corners with extreme hardness and prevent galling,
seizing or cold-welding in the cutting process. There-
fore, the characterization of mechanical properties of
TiN coatings is an important and challenging problem.
Different techniques, including conventional ultrason-
ics, exist in the field of materials science for measur-
ing the elastic properties of bulk solids and coatings.
However, techniques such as leaky SAW,['3] acous-
tic microscopy,!'! auger electron spectroscopy,!'® x-
ray diffraction!'® and Brillouin scattering, ' all suf-
fer from limited feasibility, because they are either de-
structive or require contact or a special treatment of
the specimen. In this paper, we have employed an es-
tablished all-optical laser ultrasonics set-up!!” to in-
vestigate the TiN coatings. We found that the thick-

ness and the effective Rayleigh velocity of the coating
can be estimated simultaneously by inversely fitting

the measured SAW dispersion relation.
2.Theoretical model of coating-
substrate system and the in-

verse fitting procedure

2.1. Exact theoretical model of SAW in a
coating-substrate system

Figure 1 shows the coordinate axes of a thin film,
with a thickness H, coated on a half-space substrate.
A plane SAW (y—z plane) propagates along the -
direction and penetrates over a finite extent in the
y-direction with a depth of the order of a wavelength.
The coating, which has different densities and elastic
constants compared to the substrate, is assumed to be
perfectly bonded on the substrate. According to the
basic theory of elasticity, the equation of motion with
respect to the potentials can be decomposed into two

equations
(A +20)V2¢ = p, (1)
pV2y = pip, (2)

where the scalar potential ¢, V - V¢ = V3¢, and the
vector potential ¢, V -V x ¢ = 0, refer to the propa-

gation of longitudinal and shear waves, respectively.
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x
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Fig.1. The coordinates of the system: a thin film

with a thickness H coated on a half-space substrate.
A plane SAW (y—z plane) propagates along the -

direction.

According to the above assumptions of the SAW in the
considered coating-substrate system, the solutions of
Egs.(1) and (2) must have the forms

¢ = o(y)exp(igr — iwt), (3)

Y = ¥(y)exp(igz — iwt), (4)

where i = /—1, ¢ is the wavenumber of the guided
wave and w is the angular frequency.
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For the substrate medium (the respective expres-
sions of the displacement and the stress are denoted
by the index “s”), the conditions of finiteness at
infinity['8! still hold since we consider that the waves
are SAW propagating on a half space. The respective
equations can be written, with the adaptation of the

notations in the present system, as follows

2igpistas(0) + (s + ¢°)uys(0)

2

Pis 19 s
s 0 5  Oyaxs 0) = _Gs s)s 5
+psytsayy( )+ V2 So'y (0) ] (p15)s (5)

(p2. + ¢°)uas(0) — 2igp 1ys(0)

1q9 Dts
e o+ P ) =0 (6)
Vtzsps v psV?s .

The coating (the expressions of the displacement and
the stress are denoted by the index “c”) is considered
to be a thin waveguide. Thus Eqs.(3) and (4) can be

further written as
¢ = (A cosh(picy) + Bsinh(picy))exp(igz — iwt), (7)

¥ = (C cosh(psey) + D sinh(picy) )exp(igr — iwt), (8)

where pf, = ¢% — g, P = ¢ — ¢i; @ = w/vic s
the longitudinal wavenumber and gi. = w/v4. is the
transverse wavenumber; v, and v are the longitu-
dinal velocity and the shear velocity for the coating
material, respectively. The coefficients A, B, C and
D are constants. These potential solutions render the
displacement and stress profiles in the coating via the

following fundamental relations

9 7]
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The term G;(y) in the above equations is related to
the wave excitation source. We assume that it is only
a function of y, which is reasonable for our exper-
imental regime (see the next section). The bound-
ary conditions of this coating-substrate system in-
clude: (a) the zero stress at the free coating sur-
face, i.e. oygc(—H)=0, oyyc(—H)=0; (b) the conti-
nuity of displacements and stresses at the coating-

substrate interface, i.e. uu(0) = uuc(0), uys(0) =

Uyc(0), Oyas(0) = 0yzc(0), 0yys(0) = 0yyc(0). There
are four unknowns for each side of the interface (two
components of the displacement and two components
of the stress). For the coating medium, the four un-
knowns are represented by the four coefficients, A,
B, C and D. Substituting the respective equations
into the six boundary conditions, together with the
two additional equations from the finiteness condition
(Egs.(5) and (6)), yields a system of 8x8 equations

Lij-X =G, (13)

where X = [uus(0),uys(0),04ys(0), 044s(0), A, B, C,
D]T (T is the transpose operator) represents the eight
unknowns, G represents the source-related terms, L;;
is an 8x8 matrix which is a function of the densities
and the bulk velocities of the coating and the sub-
strate media, as well as the coating thickness. This
theoretical model can be used to make the forward nu-
merical calculations of the phase velocity dispersion.
Since only the roots of the solutions lead to surface
wave-like solutions (inverse Laplace transform, residue
theorem),'®! the set of equations in the determinant

L;; can be set to zero, i.e.
| Lij| =0, (14)

yielding the dispersion ¢(w) and thus v(w), for a
specific coating-substrate medium and a given coat-
ing thickness. Equation (14) is solved using a root-
searching algorithm which finds the root of the equa-
tions for every given frequency. When multiple roots
are present, only the one yielding substrate wavenum-
bers which fulfil the finiteness conditions is retained.
In fact, we prefer this exact theoretical model to a
more approximate method!*3 because it can be eas-

ily extended to the study of multilayer samples.°!
2.2. Inverse fitting procedure

The aim of the laser ultrasonics SAW measure-
ments in this study is to estimate the thickness and
the bulk velocities of the coating deposited on a known
substrate. This is achieved by using a nonlinear inver-
sion algorithm, which fits the numerical velocity dis-
persion curves using the exact theoretical model for
the elastic parameters to those of measurements. This

procedure can be formulated as

5 1 Zn: [I/ﬁt(fj,H, Vlcayt67pc) 7Vexp(fj)]2

2
n — o4
pj:1 J

— min, (15)
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where vey,(f;) is the experimental SAW velocity,
Vat(fj, H, Vig, Ve, pc) 1s the calculated velocity from
Eq.(14), n represents the number of data points uti-
lized in the inversion process, o; are the experimental
standard deviations, and p is the number of fitting pa-
rameters. In fact, vg; is a function not only of the coat-
ing parameters but also of the substrate parameters.
Here we assume that the properties of the substrate
are known in order to reduce the number of fitting
variables. Since the bandwidth is always limited by
the experimental conditions and the multi-parameter
nonlinear fitting is trivial, the fitting parameters are
strongly dependent on the quality of the measurement
and on the experimental frequency band. Further-

more, the nonlinear multi-parameter fitting requires

good initial estimates of some parameters, and some
constraints are necessary for the numerical calcula-
tions. Once the best fitting parameters are found, the
standard deviation of the fitting parameter can be re-
lated to the second derivative of the chi-square func-
tion with respect to that parameter. The best esti-
mated value of this parameter occurs at the minimum
chi-square point from the graph of chi-square versus
the parameter, which is approximately parabolic. The
confidence interval of the fitting parameter can be esti-
mated by the interval for which the typical chi-square

values are smaller than twice its minimum value.[20]

3.SAW measurement of the TiN

coating sample
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Photo-
detector
CW argon D
laser, 514nm
—WP

,.-- Reference mirror
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P-polarizer
WP-wave plate
TC—triplet cylinder lens

Fig.2. Schematic diagram of the laser ultrasonic spectroscopy set-up.

Two specimens are used in our study. They are
5mm thick tool steel substrates covered with poly-
crystalline TiN using the method of dc magnetron
sputtering. This combination represents a “stiffening”
situation in which the existence of the film increases
the SAW velocity over that of the substrate when the
frequency increases. Figure 2 shows the experimen-
tal set-up!” used. A pulsed Nd:YAG laser (1064nm,
400mJ) with a duration of 8ns is used as the gener-
ation source. The pump beam is attenuated and fo-

cused by a triplet cylindrical lens into a thin long line

(~20pm wide and 15mm long). The generated SAWs
travel in the direction perpendicular to the line source,
and are detected at different distances from the source.
The normal displacement is detected by a Michelson
interferometer using a CW argon laser (514nm) beam
focused to less than 5um. One half-wave plate and two
quarter-wave plates are placed in the optical paths as
an optical filter in order to reduce the influence of
spuriously reflected light and to balance the light of
the two paths. An automatic feedback system using

a piezoelectric element to position the reference mir-
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ror has been designed to eliminate low-frequency envi-
ronmental noise and to keep the system in the linear
sensitivity range. After detection and amplification
in a high-performance photodetector (femto current-
amplifier photoreceiver with 0-200MHz bandwidth),
the signals are sampled by a digital oscilloscope. The
minimum detectable displacement of this laser ultra-

sonic system is 0.05nm.

4.Results and discussion

Figure 3 shows a typical set of detected time sig-
nals. In the presented measurements, the source—
receiver distance changes with a 0.5mm increment over
a total distance of 5mm. Performing a fast Fourier
transform (FFT) on the SAW pulses, the phase ve-
locity dispersion can be obtained from the relation:
v(f)=2rf - Aa/Ad(f).
sults are plotted in Fig.4. For the sake of clarity, in

The obtained dispersion re-

Fig.4 the error bars are plotted only for one of the
dispersion curves, while the other curve has similar
errors. The velocity dispersion clearly exhibits an in-
creasing behaviour when the frequency increases from
0 to 50MHz. As demonstrated in the figure, the dis-
persions of the two samples are different, which must
be due to the difference in their elastic properties. In
principle, the velocity should reach the Rayleigh wave
velocity of TiN (~5400m-s~ ') if the frequency is high
enough where the wavelength is comparable with the
coating thickness. Our results are somehow limited
by the experimental bandwidth. The inverse fitting
procedure was performed over the experimental re-
sults with three free parameters: the coating thick-
ness H and the longitudinal and shear velocities of
the coating. The other involved parameters were set
to known values: the bulk velocities of the substrate
(115=5900m-s~!, 14, =3310m-s~!), and the densities of
both the substrate and the coating (p,=8055kg-m 3,
pe=5220kg-m~3). The elastic parameters of the bulk
substrate material are of minor importance and can
We have

taken these values from the literature and we do not

easily be determined by other methods.

believe that they deviate appreciably from the real
values of the material, a typical high-speed tool steel.
One might question why, in addition to the parame-
ters of the substrate, the density of the coating is also
predefined as a constant. This is because the depo-
sition conditions of this specific TiN coating on our
samples were identical, therefore the composition of
the coatings is the same. This is unlike in some other

studies where the coating density should be set as a

fitting parameter since it changes with the variation
of the process conditions. In our case, one less free
parameter significantly reduced the difficulty of the
fitting calculation. The best fitting results of the two
samples are plotted in Fig.4.
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Fig.3. A typical set of detected time histories of SAW

on a steel sample with a TiN coating.
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Fig.5. Dependence of the chi-square values on the
coating thickness. The relationship shows that a clear
single local minimum exists which indicates the best

fitting result of the coating thickness.
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imum, indicating the best fitting result of the coating
thickness. The error of the fitting result can be esti-
mated by the interval corresponding to the double-
minimum chi-square value. Figure 6 presents the
fitting curve with respect to the obtained thickness
value. In the figure, we also plot curves with 10%
thickness variations, in which a clear deviation to the
best result is demonstrated. The same effect is also
seen in the plots for the respective longitudinal and
shear velocities with 10% variation (Fig.7). However,
instead of an expected localized minimum, a line of
constant minima was found if the contour of the chi-
square values is plotted versus v and 14 (Fig.8). This
degeneracy is typical for Rayleigh waves in general:
for example, for a semi-infinite medium Rayleigh ve-
locity v, depends both on v and 14, and these two bulk
velocities cannot be separately deduced from v,. The
extra information introduced by the coating disper-
sion is not sufficient to lift this degeneracy. A general
knowledge of the Poisson ratio is needed to lift the
degeneracy. This is illustrated in Fig.8. The Poisson
ratio is directly linked to the ratio of shear and lon-
gitudinal velocities. The straight lines in the figure
correspond to the curves of constant Poisson ratio. If
the Poisson ratio is known, then plotting the corre-
sponding curve together with the X?Y(Vl,l/t) contour
plot, the cross section of the curve with the contour
line of X% minima renders the v, and v; values. For
the TiN coating, a Poisson ratio of 0.25 is close to its

reported value and normally it remains quite constant.

Frequency f/MHz

Fig.7. The fitting curves of the shear (top) and longi-
tudinal (bottom) velocities with £10% variations. The
symbols represent the experimental data.
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Fig.8. Contour plot of the chi-square values versus

v] and v¢. The straight lines correspond to the rela-

tion of v/v¢ with a fixed Poisson ratio v. The mid-

dle line with v=0.25 leads to the fitting results of

11=10218m-s~! and 11=5900m-s~ .

We note that a typical coating-substrate disper-
sion curve is an S-like curve going from the Rayleigh
velocity of the substrate in the low-frequency limit
to the Rayleigh velocity of the coating in the high-
frequency limit. The bending point of the S-curve
is mainly determined by the thickness of the coat-

ing. So one can expect that, for a substrate-coating
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sample, although the longitudinal and transverse ve-
locities cannot be separately fitted from the disper-
sion curve, the “effective Rayleigh velocity” of the
coating and substrate can be unambiguously deter-
mined. By the effective Rayleigh velocity, we mean the
Rayleigh velocity of the (imagined) equivalent semi-
infinite medium made of the coating with respect to
the substrate material. As a result of Fig.8, we have
found that indeed the effective Rayleigh velocities are
equal to the line of minima, (1, V4 )min Within experi-
mental uncertainty.

In summary, the presented analytical method il-
lustrates that, given a sufficiently wide bandwidth, the
dispersion curves of quasi-Rayleigh waves for coating-
substrate systems can unambiguously yield the values
for the thickness and for the effective Rayleigh velocity
of the coating (and substrate). The chi-squared anal-

ysis points out that the longitudinal and transverse

velocities (and thus the complete set of elastic parame-
ters) can only be unambiguously determined, provided
that the Poisson ratio is known from other sources.
Assuming a Poisson ratio #v=0.25 for TiN, we have ob-
tained 11=10218m-s7!, 1,=5900m-s~, corresponding
to a Young’s modulus of Y=454GPa. Similar results
(1=10082m-s !, 1;=5851m-s"! and the correspond-
ing Y=445GPa) were obtained for the TiN coating
sample 2 (see Fig.4), except for a slightly larger thick-
ness value ((3.1£0.2)um compared to (2.90£0.16)um

for sample 1).
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