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Abstract
Multifunctional coatings consisting of transition metal oxycarbides and oxynitrides deposited
by physical vapour deposition techniques on tool steel are analyzed in this work by means of
Modulated IR Radiometry, a non-contact non-destructive thermal wave measurement
technique, with respect to the thermal transport properties relevant for time-dependent surface
heating processes of coating-substrate systems. In order to interpret the measured data
quantitatively, an inverse solution of the two-layer thermal wave problem is applied, which
relies on the thermal wave phase lag data measured as a function of modulation frequency of
the periodically modulated laser beam heating intensity. Based on these measurements and
their quantitative interpretation, correlations between the thermal transport properties of the
coatings and their deposition conditions have been found, which can be used to monitor
deposition processes. For a second objective of this work, namely to determine the film
thickness by means of Modulated IR Radiometry, different sets of thin films of approximately
constant thermal transport properties, but differing film thickness, have been measured. To
discuss the limitations and error limits of these non-contact non-destructive measurements of
the coating thickness, the results obtained by Modulated IR Radiometry are compared with
the coating thickness determined by destructive measurements.

Keywords: Coatings, deposition control, Modulated IR Radiometry, thermal properties,
thickness.

1. Introduction
A significant amount of work on multifunctional nano-structured coatings deposited by

Physical Vapour Deposition (PVD) techniques including that of magnetron sputtering has
been done during recent years, and various coating systems have been developed for the most
different applications. A large number of such coating systems has been developed, to be used
as protection in severe environments involving friction wear, corrosion, and oxidization at
high temperatures. For these applications, different types of hard, tough, low-frictional, and
thermally stable coatings have been synthesized. The motivation for these research studies
was mainly related to the effects that the composition and structural features can have on the
properties and performance of multifunctional films. As a result of an appropriate selection of
coating methods and materials, one can get simultaneously good mechanical-tribological
protection of the coated parts and a wide range of surface properties, including electrical and
optical properties. Among the attempts to prepare such protective multifunctional thin films,
transition-metal carbides (MeCx) and nitrides (MeNx) proved to be very attractive base
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materials due to the combination of high hardness, high melting points [1], and good wear and
corrosion resistance [2]. These materials - with only a very small band gap or without band
gap - usually have optical and electrical properties of low variability, with a low variation of
the refraction index and with electrically roughly metallic behavior. Adding, however, only
small amounts of a third element to these carbides and nitrides, such as e.g. oxygen, structural
changes can occur, offering the possibility to tailor materials of a much wider range of desired
properties. In the case of oxygen addition, this multi-functionality is the result of a synergy -
on the nano-scale level - of the beneficial properties of metal oxides (optical and electrical
properties) and carbides/nitrides (electrical, mechanical, and tribological properties) on the
synthesized oxycarbide and oxynitride coatings. In fact, merging the two classes of materials
(oxides and carbides/nitrides) offers the possibility to produce new materials of a yet
unexplored functionality. Changing the oxygen-to-carbon/nitrogen ratio - spanning the widest
compositional range possible - will result in a progressive change of the materials properties
between those of ionic metal oxides and those of covalent carbides/nitrides, with the
consequent variation of all materials properties.

Hard coatings of transition metal oxynitrides and oxycarbides (MeOxNy, MeCxOy),
deposited by vapour deposition techniques, are applied on industrial devices and components
to increase their lifetime and performance, mainly due to such properties as high hardness,
wear resistance, and chemical stability. Although in general such coating systems are
successfully applied in cutting, casting, or hot forming, localized heat sources and high
temperatures can give rise to micro-structural changes, which can affect the application-
oriented properties and can lead to premature failures of the coatings. Thus, detailed
knowledge about the coatings’ thermal transport properties and their behavior under transient
heat loads is essential for the successful development and application of such coatings, and
information on the correlation between the coating deposition conditions and the resulting
thermal transport properties may be most useful for the development of new coatings. To this
finality Modulated IR Radiometry (MIRR) has been applied, which due to the non-contact,
non-destructive excitation and detection of small-amplitude temperature oscillations, so-
called thermal waves, is most appropriate for depth-resolved measurements of the thermal
transport properties of layer systems. For a second major objective of this work, namely to
determine the film thickness by means of Modulated IR Radiometry, various sets of thin films
have been measured and the results obtained by MIRR have been compared with the coating
thickness determined by destructive measurements, in order to study the reliability and the
limitations of the non-destructive depth-resolved measurement method.

In Section 2 experimental details related to the films’ production and their basic chemical
and structural characterization are given, whereas a general description of Modulated IR
Radiometry is given in Sect. 3, including the measurement technique and details of the
quantitative interpretation based on the inverse solution of the two-layer thermal wave
problem. In Sect. 4, several correlations between the measured thermal parameters of ZrON
thin films and the deposition conditions are established, and in Sect. 5 the method to
determine the coating thickness by means of Modulated IR Radiometry is presented and
discussed with respect to principal limitations and error limits.

2. Details of Thin Film Deposition and Characterization
For the present work, zirconium oxynitride (ZrOxNy) and titanium oxycarbide (TiCxOy)

thin films have been deposited by reactive DC magnetron sputtering on high speed steel (AISI
M2) substrates, using a laboratory-size deposition system. The films were prepared with the
substrate holder positioned at 70 mm from the target, using a DC current density of 100 A·m2

in both the Zr and Ti targets. The Ti target had 12 cylindrical carbon pellets (10 mm diameter)
placed in the preferential eroded zone, serving as C source in the preparation of the TiCxOy
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thin films. The targets had a surface dimension of 200×100 mm2, about 6 mm thick, and a
99.6 at. % purity. Gas atmospheres composed of argon and a nitrogen+oxygen reactive
mixture (95 % N2 + 5 % O2, using flows varying from 4 to 17.5 sccm, and partial pressures
varying between 3.2×10-2 and 1.6×10-1 Pa) were used for the deposition of the oxynitride
films, while an argon-oxygen atmosphere (O2 flow rate varying from 0.5 to 10 sccm,
corresponding to a partial pressure variation from 7.8×10-3 to 8.6×10-2 Pa) was used for the
preparation of the oxycarbide films. The argon flow was kept constant at 60 sccm in all
depositions, and the working gas pressure changed only slightly between about 0.4 and 0.5
Pa. The effective pumping speed was adjusted to 356 L s-1. The deposition temperature was
set to be close to 200 ºC (using a heating resistance positioned at 80 mm from the substrate
holder and a thermocouple placed close to the surface of the substrate holder on the plasma
side to measure the temperature immediately after stopping the discharge).

The atomic composition of the as-deposited coatings was measured by Rutherford
Backscattering Spectroscopy (RBS) using a 2 MeV He+ beam as well as 1.4 and 2 MeV
proton beams, to increase the accuracy in the oxygen signals [3,4]. The structure and the
phase distribution of the coatings were analyzed by X-ray diffraction (XRD), using a Philips
PW 1710 diffractometer (Cu-Kα radiation) operating in a Bragg–Brentano configuration. The
XRD patterns, assumed to be Voigt functions, were deconvoluted, yielding the peak position,
the integrated intensity, and the integrated width (IntW). Based on these parameters the
fundamental structural parameters of the coatings were determined, including the interplanar
distance, the preferential orientation, and the grain sizes. Morphological features of the
samples (plane view micrographs as well as cross-section observations) were probed by
scanning electron microscopy (SEM), carried out with a Jeol JSM 6301F microscope
operating at 15 keV. Ball cratering tests, obtained with the help of a CSM CALOTEST
apparatus [5], were used to measure the thickness of the coatings.

3. Basics of Modulated IR Radiometry – Measurement Technique and Signal
Interpretation

Modulated IR Radiometry (MIRR), a non-destructive measurement technique based on
the excitation of thermal waves by intensity-modulated laser beam heating and IR detection of
the resulting thermal wave response, has been applied to determine the thermal transport
parameters of the thin films, namely the (thermal) effusivity, the thermal diffusion time, and
other thermal parameters which are relevant for time-dependent surface heating processes of
coatings, as well as in other research fields [6].

The measurement system used for the excitation and non-contact detection of thermal
waves (Fig. 1) consists of four main components: - (1) The beam of an Argon ion laser
(Spectra Physics, Series 2000), with the wavelength given by λ = 514 nm and its intensity
periodically modulated by means of an acousto-optical modulator (ISOMET Corp. 1205C-2),
is used to excite small periodical temperature oscillations, so called thermal waves, at the
sample surface. The heating modulation frequency can be varied in the range from 0.03 Hz to
100 kHz, allowing depth-resolved thermal measurements in the range from about 2 mm to
thin films of less than 1 µm beneath the surface heating spot of a diameter of about 3 mm. -
(2) IR optics of short focussing length of about 15 cm, consisting of two large-diameter
Barium-fluoride lenses (10 cm) and an IR filter limiting the detectable IR wavelength interval
to 2 - 12 µm, are used to focus the IR radiation, emitted by the sample surface within a
diameter of about 1.4 mm, on a liquid-nitrogen cooled Mercury-Cadmium-Telluride (MCT)
IR detector (Judson-Infrared, JD15-D12). - (3) A two-phase Lock-in amplifier (Stanford 830
DSP) is used to filter the small periodical variations of the detected IR emission related to the
temperature oscillations of the sample - at the modulation frequency of excitation - from the
high radiation and temperature background of more than 300 K. The in-phase and out-of-
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phase components of the modulated IR signal supplied by the two-phase Lock-in amplifier
give information on the thermal wave’s amplitude A and its phase lag Φ relative to the
modulated excitation. - (4) The whole measurement process is controlled by a computer,
which simultaneously is used to store the amplitude and phase lag data measured as a function
of the heating modulation frequency f.
The detection limit of the measurement system (Fig. 1) for thermal waves mainly depends on
the noise of the incident radiation and on the noise produced by the IR detector itself and by
the electronic system following the detector. The noise related to the detector and to the
electronic system, known as 1/f - noise and relevant only at low modulation frequencies, can
be minimized using a cooled detector and an optimal electronic adaptation between detector
and pre-amplifier. In principle, the radiation incident on the IR detector is affected by two
types of fluctuations: - Fluctuations of the thermal wave signal and fluctuations of the IR
background radiation. Using a Lock-in amplifier, fluctuations of the resulting thermal-wave
signal have been found to be negligible due to the Lock-in-controlled repeated measurement
and signal filtering of the thermal wave response at constant modulation frequencies, and thus
the incoherent IR background fluctuations have been found to represent the main limitation
for Modulated IR Radiometry [7]. In systematic studies on the detection limits of the
described detection system thermal wave amplitudes above about 44 µK, 15 µK, and 9 µK
have successfully been detected in a closed high-temperature cell at average sample
background temperatures of 300 K, 400K, and 500 K, respectively.

Based on the reflection configuration of thermal waves, with the excitation and the
detection of the thermal wave response taking place at the coated surface of the samples (Fig.
1), depth resolved measurements of the thermal properties of layer systems, consisting of thin
films and coatings on thermally thick substrates can be done [8]. In order to interpret the
signals measured for layer systems quantitatively, these have to be calibrated with the help of
thermal wave signals measured for homogeneous opaque reference samples of smooth surface
under the same conditions of heating and detection. The frequency characteristics of the
various components of the measurement system, e.g. of IR detector and pre-amplifier, are
eliminated by this normalization or calibration process.

3.1. Theoretical Description of the Measured Amplitude and Phase Signals
Assuming a large heating spot diameter and one-dimensional heat propagation, the

thermal waves excited at the smooth surface of a coating, which is opaque at the wavelength
of the heating laser beam, are described by
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Here, ηc is the coating’s photothermal efficiency describing the absorbed part of the incident
laser beam intensity I0, dc the coating thickness, xc the distance beneath the coating surface,
and t the time. Rcb is the thermal reflection coefficient [9] at the interface coating - substrate,

)]/(1/[)]/(1[ bcbccb eeeeR +−−= (2)

The quantity bc,bc, )( cke ρ= is the thermal effusivity of the coating (c) and substrate (b),

respectively, with k the thermal conductivity, ρ the mass density, and c the specific heat
capacity. The complex quantity

cc /)()1( απσ fi+= (3)

is the thermal wave vector, with αc=kc/(ρccc) the thermal diffusivity of the coating and f the
heating modulation frequency of the laser beam intensity. The quantity i in equ.(1) and (3) is
the complex unity, which serves to describe the thermal wave’s phase lag relative to the phase
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of the heating modulation. Considering a coating which is opaque both in the IR spectral
range and in the visible spectrum, the detected modulated IR signal can be described by
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with εc(Tc) the effective emissivity of the coating in the detected IR wavelength interval, σSB

Stefan-Boltzmann’s constant, and Tc the time-averaged surface temperature of the coating.
The quantity γD(Tc) is the detection efficiency for modulated IR radiation, depending on
Planck’s radiation law and the technical parameters of the IR focusing and detection system
[7]. Using a two-phase Lock-in amplifier to amplify and filter the small periodical variations
of the IR emission related to the thermal waves from the IR background radiation, the in-
phase and out-of-phase contributions [A⋅sinΦ(f )] and [A⋅cosΦ(f )] of the modulated IR signals
relative to the intensity-modulation of the heating laser beam are registered and are used to
calculate the phase lag signals tanΦ(f ) = [A⋅sinΦ(f )]/[A⋅cosΦ(f )] and the amplitude signals

22 )](cos[)](sin[)(S fAfAf ΦΦ ⋅+⋅= of the thermal waves. Based on equ.(4), the modulated IR

phase lag signal for an opaque coating is described by
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with the thermal diffusion time of the coating given by

c
2

cc /ατ d= (6)
For the quantitative interpretation, the modulated IR signals measured for a two-layer

system of differing thermal transport properties are calibrated with the help of reference
signals measured for a homogeneous opaque solid of smooth surface. Based on the
assumption er=ec=eb and Rcb=0 (equ. 2), the amplitude and phase lag signals of the
homogeneous reference are described by
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In order to compare the measured signals with the theoretical approximations, the amplitudes
and phases are represented in the inverse calibrated form
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This has the advantage that the inverse calibrated amplitudes (7) provide a visual impression
of the effusivity depth profile (Fig. 2): - At high heating modulation frequencies,
corresponding to short thermal wave penetration depths xth ∝ µ th=

∞→f
f )/(πα → 0, the
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are proportional to the effusivity ec of the coating, and at low heating modulation frequencies,
corresponding to large penetration depths, xth ∝ µ th=

0
)/(

→f
fπα → ∞, the inverse calibrated

amplitudes are proportional to the effusivity eb of the substrate,
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Figure 2 shows the inverse calibrated modulated IR amplitudes measured for some ZrON
sputter-deposited coatings on tool steel, selected according to their specific deposition
conditions, namely the amount of the used reactive gas flow (a mixture of 95 % N2 + 5 % O2):
- The coatings ZrON1 and ZrON2 were prepared with reactive gas flows of 8.5 and 9 sccm,
respectively, keeping constant all other deposition parameters (dc current density in the target,
grounded condition of the substrates, working gas - argon - flow, and no external heating).
The two coatings ZrON3 and ZrON4 were prepared with reactive gas flows of 16 and 17.5
sccm, keeping again constant all other deposition parameters, described in more detail in ref.
[3].

As can be seen on the left hand side of Fig. 2, the effusivity of the coatings (7a) is smaller
than the effusivity of the substrate (7b) on the right hand side of Fig. 2, ec < eb. On the other
hand, the differences of the inverse calibrated amplitude signals Sn

-1= Sr/Sc on the right hand
side of Fig. 2, where the properties of the substrate are measured, indicate that the combined
parameters [γD(Tc)εc(Tc)Tc

3ηc] differ considerably for the various coatings, mainly due to
differences in the optical coating parameters εc and ηc. For the quantitative interpretation it is
thus preferable to consider the inverse calibrated phase lag signals, which according to equ.
(8) only depend on two combined thermal parameters, namely the coating’s thermal diffusion
time (6) and the thermal reflection coefficient Rcb (2), whereas the inverse calibrated
amplitude signals (7) additionally depend on the ratio of the effusivities coating-to-reference
material, (ec/er), and on a further parameter [γD(Tr)εr(Tr)Tr

3ηr]/[γD(Tc)εc(Tc)Tc
3ηc] combining

the device-dependent detection efficiency, the emissivity, the time-averaged surface
temperature, and the photothermal efficiency of both the reference material and of the coating.

In Fig. 2 it is also interesting to see that the inverse calibrated amplitudes show a
continuous transition between the effusivities ec of the coatings at small penetration depths
and the effusivity eb of the substrate at large penetration depths and that there is no evidence
for any thermal contact resistance between the coatings and the substrate. This is due to the
fact, that - before coating deposition - the surfaces of the substrates had been cleaned by a
plasma treatment during 20 min consisting of Argon ion bombardment carried out at an Ar
flow of 60 sccm (a partial pressure of 3×10-3 mbar), and applying a pulsed DC current of 0.5
A (fpulse = 200 kHz and a duty cycle of 51 %). This plasma treatment was performed in order
to achieve two major objectives: - (1) To eliminate, respectively to reduce the oxide
contamination layer commonly present at metal-like surfaces such as high speed steel (AISI
M2) and - (2) to create a micro-roughness-increased effective surface area at the substrate
surface offering enhanced adhesion for the coating. The resulting homogeneous and clean
substrate surface contributes to the perfect thermal transition between coatings and substrates,
confirmed by the results of Modulated IR Radiometry (Fig. 2).

Apart from the in general continuous behavior of the inverse calibrated measured signal
amplitudes, two types of fluctuations, already discussed in Sect. 3, can be identified in Fig. 2,
namely 1/f -noise at lower modulation frequencies 1 < (f /Hz) < 100, affecting the inverse
calibrated amplitudes of the coatings ZrON1 and ZrON2 at larger thermal penetration depths
xth ∝ µ th= )/( fπα ∝ (f /Hz)-1/2 > 0.1, and IR background fluctuations at high modulation

frequencies affecting the inverse calibrated amplitudes of the coating ZrON4 in the limit of
the shorter penetration depths, (f /Hz)-1/2 < 0.003.
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The inverse calibrated modulated IR phases (Fig. 3) measured for the sputter-deposited
ZrON coatings on tool steel show pronounced relative minima in the intermediate range of
modulation frequencies, 45 < (f /Hz)1/2 < 75, which can well be approximated by two-layer
solutions, whereas at higher modulation frequencies, (f /Hz)1/2 > 150, larger deviations from
the two-layer approximations can be observed. In general, the range of the intermediate
modulation frequencies with the relative minima of the inverse calibrated phase signals gives
information on the thermal transport properties of the coating as a whole, whereas the range
of the higher modulation frequencies can give information on the semi-transparency of the
coatings or on a three-layer structure, with a very thin layer just at the surface of the coating
of reduced effusivity, es < ec, related e.g. to surface roughness [10,11].

In fact, and as described in more detail in Sect. 4, the coatings ZrON1 and ZrON2 are
metal-like coatings with a cubic-type structure, whereas the coatings ZrON3 and ZrON4 have
a different crystalline structure characterized by a mixture of two electrically insulating
structures: An orthorhombic nitride structure and a cubic oxynitride structure [3].
These differences of composition and structure, which affect all film properties [3,4], are
found in the range of intermediate and higher modulation frequencies of the inverse calibrated
modulated IR phases (Fig.3): - At intermediate modulation frequencies, 50 < (f /Hz)1/2 < 65,
the coatings ZrON1 (o) and ZrON2 (∆) exhibit smaller negative values of the measured
relative minima, Φn extr = -16.3 deg, corresponding to higher values of the coatings’ effusivity,
whereas the coatings ZrON3 (□) and ZrON4 (+) show relative minima of about -20 deg < Φn

min<-21.5 deg, corresponding to smaller effusivity values of the coating. In the range of the
higher modulation frequencies, (f /Hz)1/2 > 150, the inverse calibrated phases measured for the
two coatings ZrON3 (□) and ZrON4 (+) considerably exceed the zero-line (Φn = 0 deg),
showing a behavior which is characteristic for semi-transparent coatings, as observed in fact
for these two films in optical measurements carried out by UV-Vis spectrophotometry [3,4].
On the other hand, the inverse calibrated phases, measured for the two coatings ZrON1 (o)
and ZrON2 (∆) at higher modulation, deviate from the two-layer model to lower values. This
behaviour, which is characteristic for a three-layer structure with a thin surface on top of the
coating of reduced thermal effusivity, es < ec, can be explained for the two coatings ZrON1
and ZrON2 by very thin oxide contamination layers just at the surface [4].

At very low modulation frequencies, (f /Hz)1/2 < 25, corresponding to larger penetration
depths, the inverse calibrated modulated IR phases (Fig. 3) can also give information on the
effects of substrate treatment [8], bond layers between coating and substrate, and heat
propagation inside the substrate [12]. Similar to the information obtained from the inverse
calibrated modulated IR amplitudes (Fig. 2), Figure 3 also shows that there is no evidence for
any thermal contact resistance between the coatings and the substrate.

3.2. Quantitative Interpretation of the Inverse Calibrated Phase Lag Signals
For the quantitative interpretation of the inverse calibrated measured phase lag signals, an

inverse analytical solution of the two-layer thermal wave problem is used [13], which relies
on the value measured as a function of heating modulation frequency for the relative
extremum

2
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and on the extremum condition, which has to be fulfilled simultaneously
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The extremum condition (10) can also be written as
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The two equations and conditions (9) and (11) are linearly independent and depend on the
two measurable quantities tanΦn extr and fextr. On the other hand, the two equations (9) and (11)
depend on the two coating parameters Rcb (2) and τc (6). The inverse solutions of the two
equations (9) and (11) for the thermal coating parameters Rcb and τc, which have been found
in analytical form [13],
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allow to determine the thermal transport properties of the coating, when the relative extrema
of the inverse calibrated phase lag signals have been measured, i.e. the value Φn extr of the
inverse calibrated phase lag signals and the modulation frequency fextr at the position of the
relative extremum.

According to equ.(9), the sign for the solution of the thermal reflection coefficient Rcb

(12) has to be chosen in agreement with the extremum measured for the inverse calibrated
modulated phases. This means, for the coatings for which relative minima have been found in
Fig.3, the negative sign has to be used in equ.(12). When on the other hand a relative
maximum is measured for the inverse calibrated phase lag signals, the positive sign has to be
used in equ.(12).

Based on the solution for the thermal reflection coefficient Rcb (12), the ratio of the
effusivities coating-to-substrate can then be determined according to the inversion of equ.(2)

)1/()1()(/)()/( cbcbbcbc RRckckee −+== ρρ (14)

Following equ. (12) and (14), the ratio of the effusivities coating-to-substrate only
depends on the absolute value of the measured relative phase extremum, tanΦn extr, and is
thus determined as mathematically unique solution. The thermal diffusion time (13), which
depends on the heating modulation frequency fextr and on the absolute value tanΦn extr
measured at the relative extremum, is also determined as mathematically unique solution.

A necessary condition for this direct and reliable determination of the coating’s thermal
parameters Rcb, (ec/eb), and τc, is that the relative extrema of the inverse calibrated modulated
IR phases are accessible to measurement. This may not always be the case, e.g. in the case of
rather thin coatings, for which the relative extremum should be measured at very high
modulation frequencies where the thermal wave detection [7] may already be affected by IR
background fluctuations (Comp. Sect.5, Fig. 9). In photoacoustic thermal wave detection, the
relative extrema may be disturbed in the neighborhood of the acoustic cell resonances and
their multiples. In order to exclude such limitations imposed by the measurement technique, a
Combined Transformation and Extremum Method [13] can be applied and the thermal coating
parameters Rcb, (ec/eb), and τc can then be determined from the modulated phase lag signals
measured in the neighborhood of the relative extrema.
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Based on the thermal coating parameters (ec/eb) and τc, directly determined as a function
of the measured relative extremum of the inverse calibrated phase lag signals, two combined
coating parameters, namely the thickness specific thermal conductivity

bcbccc ]/)/[()/( eeedk ⋅= τ (15)

and the surface area heat capacity

bcbccc ])/[(])([ eeecd ⋅⋅= τρ (16)

can be calculated, which serve to characterize and compare coatings deposited on the same
substrate with respect to the heat transport properties across the coating or the heat insulation
properties of the coating. These parameters can be considered as technologically relevant
parameters e.g. for coated cutting tools [14], generally submitted to transient surface heating
processes of limited duration, with the heat produced by friction just at the surface.

While the thermal diffusion time c
2

cc /ατ d= (6) is the relevant parameter for the heat
propagation across a layer of constant thermal transport properties, the thermal effusivity is
the relevant parameter for time-dependent heating or cooling processes of surfaces. This can
be seen, when the surface temperature evolution is considered,
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resulting as a function of the time-dependent heat flux Fs(t) absorbed at the surface of a semi-
infinite solid of constant thermal properties [15]. The inverse solution of equ. (17), which
describes the absorbed heat flux as a function of the measured time-dependent surface
temperature Ts(t) [16]
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can be used in quantitative IR thermography [17,18] to determine the heat fluxes incident as a
result of plasma-wall interactions on the limiter and divertor plates in nuclear fusion devices.
The relevant thermophysical parameter both in equ.(17) and (18) is the effusivity, which on
limiter and divertor plates in nuclear fusion devices may exhibit a two-layer structure due to
plasma wall interactions [16], similar to coated surfaces with a smaller effusivity of the
coating than of the substrate.

4. Correlations between Deposition Conditions and Thermal Parameters, Measured by
means of Modulated IR Radiometry for ZrON Thin Films

In this section, the most relevant correlations between the thermal coating parameters and
the deposition conditions of a set of ZrON thin films on tool steel, produced as a function of
increasing (N2+O2)-gas flow, are shown (Table 1).

In Fig. 4, the measured values Φn extr of the relative extrema of the inverse calibrated
phase lag signals are presented as a function of the increasing (N2+O2)-gas flow, used for the
deposition of this set of coatings. As can be seen in Fig. 3, the value of the relative extremum
Φn extr is here a quantity directly accessible to measurement in the range of the intermediate
modulation frequencies, 45 < (f /Hz)1/2 < 70, which gives information on the thermal
reflection coefficient Rcb at the interface coating-substrate (12) and on the ratio of the
effusivities (ec/eb) coating-to-substrate (14). When the effusivity of the substrate material is
known, or when the substrate material for a set of coatings is equal, the resulting effusivity
values ec of the coatings can thus be monitored with the help of the directly measurable
relative phase lag extremum Φn extr=Φr - Φc.



10

As can be seen in Fig. 4, there is a general correlation between the values measured for
the phase lag extrema and the gas mixture flow: - With increasing gas mixture flow the
negative values of the phase lag extrema first increase, whereas for higher gas mixture flows,
above about 15 sccm, the negative values of the phase lag extrema decrease again. Once the
correlation between gas mixture flow and the values of the relative phase lag extrema has
sufficiently been explored, it might thus be possible to monitor the deposition process with
the help of the phase lag extrema measured by Modulated IR Radiometry.

In Figure 5 and 6, the main thermal coating parameters obtained by Modulated IR
Radiometry, namely the ratio of the thermal effusivities coating-to-substrate (Fig. 5) and the
thermal diffusivity of the coatings (Fig.6), are presented for the ZrON thin film system as a
function of the atomic concentration ratio (CN+CO)/CZr. The ratio of the effusivities (ec/eb),
which according to equ.(12) and (14) only depends on the measured value of the phase lag
extremum Φn extr is one of the thermal coating parameters directly measurable by Modulated
IR Radiometry. The thermal diffusivity of the coating

c
2

microcc /τα d= (19)

has to be calculated from the thermal diffusion time (13), measured by Modulated IR
Radiometry, and from the coating thickness, determined by independent measurements, e.g.
by destructive microscopic measurements dc micro [5].
Figure 5 shows that the effusivity ratio (ec/eb) generally decreases with increasing nitrogen
and oxygen content, whereas at higher values of the nitrogen and oxygen content,
(CN+CO)/CZr > 1.4, the effusivity ratio (ec/eb) seems to be nearly constant or slightly
increasing again. The thermal diffusivity αc, on the other hand, shows a rather strong and
continuous decrease with increasing nitrogen and oxygen content, both at low and high values
of the nitrogen and oxygen content (Fig.6).

These general correlations of both the effusivity ratio (ec/eb) and the thermal diffusivity
αc with the atomic concentration ratio (CN+CO)/CZr are related to structural features [19],
which considerably vary with the coatings’ composition. In fact and in agreement with the
two main compositional zones observed for these coatings [3], the structural analysis, carried
out by XRD, reveals the existence of two structurally distinct types of films:
- In a first zone, corresponding to the films with the atomic concentration ratio (CN+CO)/CZr

varying from about 0.8 to about 1.4, the films crystallized in a B1-NaCl crystal structure,
typical for ZrN [3]. In addition, there is a progressive change in the preferential growth of the
films from <111> to <200>. The films ZrON1 and ZrON2 (Fig. 2 and Fig. 3) are two
examples of films of this Zone I.
- In Zone II, on the other hand, the X-ray diffractograms of the films with the concentration

ratio (CN+CO)/CZr > 1.4 suggest the development of an overstoichiometric nitride-type phase,
which was identified to be similar to that of Zr3N4, where oxygen may have a kind of catalytic
effect [3]. This change in crystalline structures evolves in Zone II to a mixture of that of an
oxygen doped Zr3N4-type structure with a cubic γ-Zr2ON2 phase at the highest concentration
ratios. The films ZrON3 and ZrON4 represent two examples of films of this Zone II,
revealing the phase mixture [3].

Here it should be mentioned that the two pairs of coatings {ZrON1, ZrON2} and
{ZrON3, ZrON4} are representative for a larger variety of coatings, which are analyzed here
with respect to possible correlations between deposition conditions and effective thermal
coating parameters (Table 1) and which have already been analyzed elsewhere [3] with
respect to their elemental composition and structural features (crystalline phases, grain sizes,
crystallinity, preferential growth, etc.). Detailed analysis, carried out by RBS, revealed that all
coatings have a homogeneous in-depth composition, associated also with a homogeneous in-
depth morphology, as revealed by the cross-section analysis carried out by SEM. The films
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have columnar-like growth, without abrupt changes in the columns’ growth and width, and
the quantitative interpretation based on the two-layer model and the relative extrema at the
intermediate modulation frequencies, 45 < (f /Hz)1/2 < 70, thus should give reliable thermal
coating parameters.

Regarding the thermal properties, one can see that the thin films revealing the fcc ZrN-
type growth (Zone I) [3], have got higher values for both the effusivity ratios in Fig. 5, (ec/eb)
> 0.32, and the thermal diffusivity in Fig. 6, αc > 8⋅10-7 m2/s, confirming thus direct
correlations between composition, structural features, and the thermal transport properties.

In contrast to the effusivity of the coatings (Fig. 5) and in contrast to the thermal
diffusivity of the coatings (Fig. 6), which decreases nearly continuously as a function of the
atomic concentration ratio (CN+CO)/CZr, the combined thermal parameter ])/[( cbc τ⋅ee ∝
[dc(ρ⋅c)c] decreases with the gas mixture flow in Zone I, whereas it slightly increases in Zone
II (Fig. 7). This special behavior of the surface area heat capacity [dc(ρ⋅c)c] correlates with
the change in the crystalline structure, when passing from the Zone I to the Zone II coatings.

This sensitivity of the surface area heat capacity [dc(ρ⋅c)c] with respect to differences of
the crystalline structure is specially important for two reasons: - (i) Based on this combined
parameter, the Zone I and Zone II and the correlated changes in crystalline structure can be
distinguished, whereas the effusivity and the thermal diffusivity of the coatings are not
sufficiently sensitive to the transition from Zone I to Zone II, and - (ii) this combined thermal
coating parameter (16) is determined as a function of the two parameters (ec/eb) and τc, which
can directly be measured by Modulated IR Radiometry. This means, the gas mixture flow and
the resulting crystalline structure can directly be monitored with the help of the combined
parameter [dc(ρ⋅c)c], determined as a function of the value of the relative phase extremum and
of its modulation frequency {Φn extr, fextr}.

5. Determination of the Coating Thickness by means of Modulated IR Radiometry
In order to determine the film thickness by means of Modulated IR Radiometry, different

sets of TiCO thin films have been prepared keeping constant the deposition parameters,
except the deposition time, in order to obtain thin films of approximately equal composition,
structure, and equal thermal transport properties, but different film thickness. The results
obtained by Modulated IR Radiometry are compared with the coating thickness determined
by destructive measurements, in order to analyze the reliability, the error limits, and the main
limitations of non-contact non-destructive Modulated IR Radiometry, when applied to
sputter-deposited thin films and coatings. Compared to former work on the coating thickness
of varnish layers [20], higher heating modulation frequencies have to be used in the present
work, to determine the coating thickness and thus it is possible to visualize the limitations of
Modulated IR Radiometry.

Based on the definition of the thermal diffusion time of the coating (6) and on the inverse
solution for the thermal diffusion time (13) as a function of the measured relative extremum,
the coating thickness can be determined as
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with αc = kc/(ρ c)c the thermal diffusivity of the coating, and Φn extr and fextr the values
measured for the relative extremum. The effects of crystallization or crystalline disorder and
meso- or macroscopic porosity in general affect the thermal conductivity kc and the volume
heat capacity (ρ⋅c)c similarly [21] and thus accumulate in the thermal effusivity cc )( ck ρ ,

whereas they can partially eliminate each other in the thermal diffusivity αc = kc/(ρ c)c.
Assuming that the thermal transport properties remain approximately constant during the
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deposition process, an assumption which can be monitored by the value for the measured
phase extremum Φn extr, directly related according to equ.(12) and (14) to the thermal
effusivity
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we can assume that the thermal diffusivity remains approximately constant, αc ≈ αc 0, and that
equ.(20) can be simplified to
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When the coating thickness is determined for a set of coatings deposited at constant
deposition conditions – which means, for coatings of approximately equal effusivity
controlled with the help of equ.(21) – independent thickness measurements by a microscopic
measurement method [5,22] are required, which are used for the thickness calibration of the
set of coatings. Effects of surface roughness or thin surface layers of different thermal
properties on top of the coating and effects of semi-transparency in the visible and IR
spectrum affect the signals measured for thinner coatings more than the signals measured for
thicker coatings. Consequently, thicker coatings without effects of semi-transparency and
without surface layers of different thermal transport properties are preferentially used for the
thickness calibration.

In Fig. 8 the inverse calibrated phase lag signals are shown, which have been measured
for a set of Titanium-Oxy-Carbide thin films deposited by reactive magnetron sputtering on
tool steel. The measured data are approximated by solutions of the opaque two-layer model
(8), and the thermal parameters Rcb (12) and τc (13) are calculated using the values {Φn extr,
fextr} measured for the relative minima in the range of intermediate modulation frequencies, 50
< (f /Hz)1/2 < 125.

The deviations between theoretical approximation and measured data at low modulation
frequencies, 0 < (f /Hz)1/2 < 25, corresponding to large thermal penetration depths, are related
to the effects of substrate pre-treatment and heat propagation in the substrate [8,12], whereas
the deviations at higher heating modulation frequencies, (f /Hz)1/2 > 150, corresponding to
short thermal penetration depths, are related to coatings with additional thin surface layers
{TiCO(D2), TiCO(D4)} with the thermal effusivity differing due to surface roughness [10,11]
from that of the coating as a whole, es < ec. The deviations between theoretical approximation
and measured data of the coating TiCO(D1) at high modulation frequencies are related to the
effects of semi-transparency.

Using one of the thicker coatings in Fig.8 for the thickness calibration, namely coating
TiCO(D3 ◊), which shows good agreement between measured data and opaque two-layer
model at intermediate and higher modulation frequencies, the thermal diffusivity of this set of
coatings can be determined as αc 0 = dc micro

2/τc MIRR = 2.5⋅10-6 m2/s, with dc micro the reference
coating thickness determined by the microscopic destructive measurement and the thermal
diffusion time determined by non-contact non-destructive Modulated IR Radiometry (MIRR).
The thickness of the other coatings can then be determined according to equ. (20a).

Comparing the values of the coating thickness dc MIRR = (αc 0⋅τc)
1/2 obtained by Modulated

IR Radiometry (Table 2a) with the values dc micro measured by the microscopic destructive
method - ball cratering based on the CALOTEST device [5] - relative errors

microc

microcMIRRc
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for dc MIRR of about 3.9%, 3.3%, and 1.4% are obtained, and the average error of the thickness
measurements by Modulated IR Radiometry results as about 3%.

If the thickest coating TiCO(D4 x) of the set of coatings in Fig. 8 is used for the
calibration of the thickness measurements based on Modulated IR Radiometry (Table 2.b), a
slightly lower value of αc 0 = dc micro

2/τc = 2.44⋅10-6 m2/s is obtained for the effective thermal
diffusivity and slightly lower values are also obtained for the coating thickness dc MIRR

determined by Modulated IR Radiometry, as well as a slightly lower averaged value for the
relative errors (Table 2b).

These rather stable results are due to the fact that both the thermal transport properties and
the coating thickness determined by non-contact non-destructive Modulated IR Radiometry
are based on thermal wave data (Fig. 3, Fig. 8), measured at intermediate modulation
frequencies, 55 < (f /Hz)1/2 < 115, far from 1/f - noise at low modulation frequencies and far
from the effects of IR background fluctuations at high modulation frequencies (Fig. 9). At the
intermediate modulation frequencies, where the relative phase extrema are found, the
measured thermal wave amplitudes (Fig. 10) are still rather large, e.g. S ≈ 1.25 mV for the
coated sample TiCO (E4 x), corresponding to a thermal wave amplitude of about δT ≈ 660 µK,
and S ≈ 0.6 mV for the coated samples TiCO (D4 ∗ ) and TiCO (E3 ∆), corresponding to
thermal wave amplitudes of about δT ≈ 320 µK, compared to the detection limit [7] of about
δT ≈ 44 µK, imposed by the incoherent IR background fluctuations at 300 K.

In order to discuss the principal limitations of the non-contact non-destructive method of
thickness measurements, the inverse calibrated phase lag signals measured for the second set
of titanium oxycarbide coatings, prepared at different deposition conditions with an
approximately constant, but lower coating effusivity (ec/eb)≈0.317, are compared with opaque
two-layer approximations in Fig. 9.

For one of the thicker coatings of this set of samples, namely TiCO(E3 ∆), there is again
a rather good agreement between measured data and opaque two-layer model in the range of
the intermediate heating modulation frequencies, 45 < (f /Hz)1/2 < 200, describing the coating
properties. Thus, this coating with its thickness of dc micro=2.47 µm determined by the
destructive microscopic measurement is used for the thickness calibration (Table 3a). Using
the thermal diffusivity of αc 0 = dc micro

2/τc = 1.024⋅10-6 m2/s resulting for this reference
coating, the thickness of the other coatings can again be determined according to equ.(20a).
When comparing the resulting values of coating thickness obtained by Modulated IR
Radiometry with the values measured by the microscopic destructive method [5], one can see,
that the error of measurement is about 14% in the case of the thickest coating TiCO(E4 x),
whereas the relative errors of the two measurements TiCO(E1 ◊) and TiCO(E2 ♦ ) on the thin
coating are much larger, -52% and -63% respectively (Table 3a).

If on the other hand the thickest coating TiCO(E4 x) is here used for the thickness
calibration, similar to the thickness calibration in Table 2b, the relative errors of the coating
thickness measurements based on Modulated IR Radiometry get even larger (Table 3b). The
very large relative errors found in Table3a and Table 3b for the two measurements {TiCO(E1
◊), TiCO(E2 ♦ )} on the thin coating are due to the fact that the measured amplitude signals
(Fig. 10), which decrease with increasing modulation frequency, get very small and are
already affected by IR background fluctuations [7] and that only small deviations measured
for the inverse calibrated phase lag signals Φn( f ) can already lead to large shifts of the
modulation frequency fextr of the relative extremum Φn extr. This can be seen in Fig. 9 for the
data obtained in repeated measurements on the thin coating, where small deviations of the
measured data (◊, ♦ ) from the two-layer approximations are observed above about (f /Hz)1/2 >
150.
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For the thickest coating TiCO(E4 x) of this set of coatings with its relative minimum at
about (fextr/Hz)1/2 ≈ 57 (Fig. 9), there are considerable systematic deviations between the
opaque two-layer model (- - -) and the data (x) measured at higher modulation frequencies, (f
/Hz)1/2 > 120. In principle, such deviations can be due to a thin surface layer of higher
effusivity, es > ec, on top of the coating or due to a semi-transparent surface layer. Similarly,
there are small deviations between the data measured for coating TiCO(E3 ∆) and the opaque
two-layer model (––) systematically increasing above about (f /Hz)1/2 > 225. The large
deviations between measured data and opaque two-layer model observed for coating
TiCO(E4 x) and the smaller deviations observed for coating TiCO(E3 ∆) in Fig. 9 are related
to the semi-transparency in the IR spectrum, correlating with the higher carbon content and
the lower thermal effusivity of this set of coatings. The relative errors of about 12% and 14%
in Table 3a and Table 3b for the two thicker coatings are thus not errors of measurement but
errors related to the theoretical model used for the quantitative interpretation of the measured
data: - Instead of an opaque two-layer model, a two-layer model allowing contributions to the
detected signal based on IR emission from below the coating surface should be used. Such
signal contributions should also exist in the two measurements {TiCO(E1 ◊), TiCO(E2 ♦ )} on
the thin coating, can however not be identified in Fig. 9 due to the limited range of heating
modulation frequencies, (f /Hz)1/2 < 325, accessible to measurement and due to the IR
background fluctuations limiting a reliable detection for thinner coatings already in the range
of (f /Hz)1/2 > 150.

6. Conclusions and Outlook
Modulated IR Radiometry (MIRR), a non-destructive non-contact measurement

technique based on the excitation of thermal waves by modulated laser beam heating and on
the IR detection of the thermal wave response, has been shown to be a useful tool for the
control of coatings and their deposition processes.

For the quantitative interpretation of the measured signals, preferentially the thermal
waves’ phase lag signals relative to the heating modulation are used, since these signals
depend on a minor number of physical parameters than the thermal waves’ amplitude signals.
Based on a mathematical unique solution for the two-layer thermal wave problem, the thermal
coating parameters have been determined as physically reliable solutions for coating-substrate
systems. Directly measurable quantities, which are determined as a function of the relative
extrema of the inverse calibrated phase lag signals, i.e. of the value of the relative extremum
and of the modulation frequency, where the relative extremum is localized, are the ratio of the
thermal effusivities coating-to-substrate and the coatings’ thermal diffusion time, which are
the relevant thermal coating parameters for time-dependent heating processes of coatings.
Apart from the directly measurable thermal quantities, there are also combined thermal
quantities, e.g. the surface area heat capacity of coatings, which e.g. gives information about
the heat insulation properties of coated cutting tools.

In measurements on different sputter-deposited coatings, e.g. ZrON and TiCO coatings in
the present work, it has been found that the coatings’ effusivity directly correlates with the
deposition conditions, e.g. the gas mixture flow, and that based on the coatings’ thermal
effusivity the deposition conditions can thus be monitored by non-contact non-destructive
Modulated IR Radiometry. Based on the results obtained by Modulated IR Radiometry for the
thermal coating properties, a “rule of thumb” may be applied to check whether a new
developed coating may be appropriate or not for certain applications, where heat generation
and surface heating processes play a dominant role and where the thermal transport properties
of the coatings are thus of crucial importance, e.g. on coated cutting tools.

In addition it has been found, that the coating thickness can be monitored in deposition
processes done under constant deposition conditions. For this latter application, the control of
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the coating thickness, the principal limitations and error limits have been analyzed: - (1) For
thinner coatings, the main limitation is given by the device-dependent limitation of the range
of heating modulation frequencies, accessible to measurement at higher frequencies. - (2) This
device-dependent limitation at high heating modulation frequencies additionally can be
shifted to lower heating modulation frequencies by fluctuations of the IR background, leading
to smaller errors of the measured phase lag signals and to larger errors of the heating
modulation frequencies, where the relative extrema of the inverse calibrated phase lag signals
are localized. - (3) Both for thinner and thicker coatings, the deviations of real coatings from
the opaque two-layer model used for the quantitative interpretation of the measurements can
contribute to larger errors. In general, such deviations can be related to semi-transparency
both in the visible and the IR spectrum, and to additional thin surface layers, with the
effusivity differing from that of the coating.

The control of the film thickness opens a wide range of possible applications, which may
include the film thickness evaluation during the deposition process, the life-time of thin films
and their thickness reduction on industrial coated tools. Thermal wave excitation and
detection which has already been applied on limiter and divertor plates used in nuclear fusion
devices [16] to analyze the effects of erosion and material re-deposition, may also be a useful
tool for the in-situ control of the Tritium content [23] in limiters, divertor plates, and vessel
walls, when Modulated IR Radiometry is applied for the thermal wave excitation and
detection.
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Tables

Table 1
Table 1. Deposition conditions, resulting atomic concentration ratios, measured relative
extrema, and effective thermal coating parameters for a set of ZrON thin films on tool steel.
Thin ZrON

films
(N2+O2) gas
flow [sccm]

(CN+CO)/CZr (f/Hz)extr
1/2 Φn extr

[deg]
(ec/eb)

τc

[µs]
[dc(ρ c)c]
[J/(m2K)]

dc

[µm]
αc

[m2/s]

ZrON1 8.5 1.29 64 -16.3 0.39 10.7 10.85 3.666 1.3 10-6

ZrON2 9 1.30 64 -16.3 0.39 10.7 10.83 3.337 1.0 10-6

ZrON5 10 1.35 64 -18.2 0.35 10.4 9.44 3.522 1.2 10-6

ZrON6 11 1.38 64 -19.5 0.32 10.1 8.54 2.983 8.8 10-7

ZrON7 12.5 1.46 57 -21.7 0.27 12.2 8.01 2.888 6.8 10-7

ZrON8 13.5 1.45 64 -20.9 0.29 9.86 7.64 2.618 7.0 10-7

ZrON9 15 1.45 51 -22.2 0.26 15.1 8.55 3.159 6.6 10-7

ZrON3 16 1.49 57 -21.2 0.28 12.4 8.38 2.710 5.9 10-7

ZrON4 17.5 1.50 57 -20.1 0.31 12.5 9.13 2.585 5.3 10-7

Table 2a
Table 2a Measured relative phase extrema and thermal coating parameters for a set of titanium
oxycarbide coatings of approximately equal thermal transport properties and different values of
the coating thickness, determined by Modulated IR radiometry (MIRR) and destructive
thickness measurements (ball cratering).

Coating (fmin/Hz)1/2 Φn min
[deg] Rcb (ec/eb) τc

[10-6s]
αc 0

[10-6m2/s]
dc MIRR
[µm]

dc micro
[µm]

∆dc

dc

TiCO(D1 ∆) 113.87 -16.14 -0.431 0.40 3.39 2.91 2.8 3.9%
TiCO(D2 □) 66.30 -16.10 -0.430 0.40 10.01 5.00 4.84 3.3%
TiCO(D3 ◊) 64.13 -15.33 -0.410 0.42 10.82 2.50 5.2 5.2
TiCO(D4 x) 57.01 -14.19 -0.380 0.45 13.9 5.90 5.82 1.4%

Table 2b
Table 2b. Measured relative phase extrema and thermal coating parameters of a set of titanium
oxycarbide coatings of approximately equal thermal transport properties and different values of
the coating thickness, determined by MIRR and destructive thickness measurements.

Coating (fmin/Hz)1/2 Φn min
[deg] Rcb (ec/eb) τc

[10-6s]
αc 0

[10-6m2/s]
dc MIRR
[µm]

dc micro
[µm]

∆dc

dc

TiCO(D1 ∆) 113.87 -16.14 -0.431 0.40 3.39 2.88 2.8 +2.9%
TiCO(D2 □) 66.30 -16.10 -0.430 0.40 10.01 4.94 4.84 +2.1%
TiCO(D3 ◊) 64.13 -15.33 -0.410 0.42 10.8 5.13 5.2 -1.3%
TiCO(D4 x) 57.01 -14.19 -0.380 0.45 13.9 2.44 5.82 5.82

Table 3a
Table 3a. Measured relative phase extrema and thermal coating parameters of a set of titanium
oxycarbide coatings of approximately constant but lower thermal transport properties – with
larger deviations between the coating thicknesses determined by MIRR and the values obtained
by destructive thickness measurements.

Coating (fmin/Hz)1/2 Φn min
[deg] Rcb (ec/eb)

τc
[10-6s]

αc 0
[10-6m2/s]

dc MIRR
[µm]

dc micro
[µm]

∆dc

dc

TiCO(E1 ◊) 287.35 -20.04 -0.530 0.307 0.498 0.71 1.91 -62.8%
TiCO(E2 ♦ ) 227.60 -19.05 -0.505 0.329 0.809 0.91 1.91 -52.4%
TiCO(E3 ∆) 83.42 -19.62 -0.520 0.316 5.956 1.024 2.47 2.47
TiCO(E4 x) 57.01 -19.81 -0.525 0.312 12.706 3.61 3.16 +14.2%
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Table 3b
Table 3b. Measured relative phase extrema and thermal coating parameters of a set of titanium
oxycarbide coatings of approximately constant but lower thermal transport properties – with
larger deviations between the coating thicknesses determined by MIRR and the values obtained
by destructive measurements.

Coating (fmin/Hz)1/2 Φn min
[deg]

Rcb (ec/eb) τc
[10-6s]

αc 0
[10-6m2/s]

dc MIRR
[µm]

dc micro
[µm]

∆dc

dc

TiCO(E1 ◊) 287.35 -20.04 -0.530 0.307 0.498 0.63 1.91 -67.0%
TiCO(E2 ♦ ) 227.60 -19.05 -0.505 0.329 0.809 0.80 1.91 -58.1%
TiCO(E3 ∆) 83.42 -19.62 -0.520 0.316 5.956 2.16 2.47 -12.6%
TiCO(E4 x) 57.01 -19.81 -0.525 0.312 12.706 0.786 3.16 3.16



19

Figures captions

Figure 1. Schematic of the measurement system used for Modulated IR Radiometry.

Figure 2. Inverse calibrated modulated IR amplitudes measured for some examples of ZrON
coatings on tool steel (ZrON1, ZrON2, ZrON3, ZrON4), represented as a function of f -1/2,
proportional to the thermal waves penetration depth of xth∝ f -1/2.

Figure 3. Inverse calibrated modulated IR phases measured as a function of modulation
frequency for various sputter deposited coatings (ZrON1, ZrON2, ZrON3, ZrON4) on tool
steel, represented as a function of (f /Hz)1/2.

Figure 4. Correlation between the values of the relative extrema of the inverse calibrated
phase lag signals and the gas mixture flow used for the deposition of a set of ZrON thin films.

Figure 5: Ratio of the effusivities (ec/eb) coating-to-substrate of ZrON thin films as a function
of the atomic concentration ratio (CN+CO)/CZr.

Figure 6. Thermal diffusivity αc = kc/(ρc⋅cc) of the ZrON thin films as a function of the
atomic concentration ratio (CN+CO)/CZr.

Figure 7. Surface area heat capacity [dc(ρ⋅c)c] giving information on the coatings’ heat
insulation properties, as a function of the gas mixture (95% N2+ 5% O2) flow during
deposition.

Figure 8. Inverse calibrated IR phase lag signals measured for titanium oxycarbide
coatings{TiCO(D1 ∆), TiCO(D2 □), TiCO(D3 ◊), TiCO(D4 x)} of approximately equal
thermal effusivity on high speed steel (AISI M2), in comparison with opaque two-layer
approximations.

Figure 9. Inverse calibrated IR phase lag signals of a set of titanium oxycarbide coatings
{TiCO(E1 ◊), TiCO(E2 ♦ ), TiCO(E3 ∆), TiCO(E4 x)} of approximately constant, but lower
effusivity, compared to opaque two-layer approximations. – The data TiCO(E1 ◊) and
TiCO(E2 ♦ ) were measured at different positions on the same coating.

Figure 10. Amplitude signals measured by Modulated IR Radiometry for thinner and thicker
coatings on tool steel of two different sets of coatings {TiCO(E1 ◊), TiCO(E3 ∆), TiCO(E4
x)} and {TiCO(D1 +), TiCO(D4 ∗ )} and for the homogeneous opaque reference sample of
smooth surface (Glassy carbon Sigradur ■), used for the calibration of the signals measured
for the two sets of coatings (Comp. Sect. 3).
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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Figure 8
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Figure 9
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Figure 10
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