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The crackling noise due to scratching superhard nanocomposite coatings was investigated by using a simple
stick-slip model. The optimum information extracted from statistical analysis, in terms of the Akaike informa-
tion criterion, is in good agreement with real tests. As a nanocomposite coating approaches an optimal perfor-
mance, the acoustic emission energy follows a power-law distribution and its behavior is likely to be indepen-
dent of microscopic and macroscopic details. The results imply that a peculiar deformation behavior, due to the
competition between different deformation mechanisms such as dislocation pileups in nanocrystalline grains
and grain sliding-grain rotation within amorphous boundaries, plays a vital role in the nanostructure with
superhardness.
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When crumpling a piece of paper, we can hear intermit-
tent, and sometimes, sharp noises. In fact, almost all the sys-
tems crackle as a response to external excitations. These sys-
tems usually span a broad range of spatiotemporal scales,
from tiny damage of materials at the micrometer or nanom-
eter scale to large tremors of tectonic plates at the huge scale
and, even, to price fluctuations in stock markets. Intuitively,
the more we learn about crackling noise, the more complex it
appears. Interest in crackling noise may go back several de-
cades, but rapid progress in this multidisciplinary field has
been made in the last decade or so partially due to new
discoveries in statistical physics �1�. For instance, the size
distribution of crackling noise in many systems often follows
power-law �fractal� statistics without characteristic length
scales. More importantly, crackling noise in diverse systems
that at first sight may seem unrelated often shares some com-
mon features, which are likely independent of microscopic
and macroscopic details �1–4�. The description of large-scale
behaviors can be made by simple models which rely on only
a few emergent parameters. A well-known example is the
self-organized criticality model for the explanation of 1 / f
noise in the avalanche of sandpiles, which inspired much of
the succeeding work on crackling noise in different systems
�5�.

As the response record of a system on external excita-
tions, crackling noise should include much more useful in-
formation than what we have known. Here one of the most
important challenges is to make a quantitative comparison
between theoretical models and experimental results and,
further, to make the study of crackling noise profitable �1�. In
this Brief Report, such an endeavor has been made by apply-
ing a simple statistical stick-slip model to acoustic emission
�AE� signals, a typical kind of crackling noise, caused by
scratching superhard nanocomposite coatings �with Vickers
hardness H�40 GPa, and for comparison, the hardness of

diamond is about 100 GPa�. We will focus our attention on
whether some optimum information could be extracted from
the crackling noise and its implications for a better under-
standing of the superhardening mechanisms of nanocompos-
ite coatings.

Among a large number of hard materials, there are only a
few truly superhard materials available, and their superhard-
ening mechanisms are still unclear �6�. To evaluate the integ-
rity of superhard nanocomposite coatings, the scratching test
is a simple and convenient method. However, the tribological
properties of these coatings are rather complicated and influ-
enced by many factors over multiscales, such as cracking,
delamination, buckling, etc. �7–10�. Fortunately, these fac-
tors can be directly monitored by an AE sensor because the
nucleation and growth of dislocations or cracks result in a
sudden change in stress or displacement within a solid in the
form of elastic waves with ultrasonic frequencies �7,8�.

Figure 1 shows typical results from standard scratching
tests of superhard nc-TiN/a-Si3N4 coatings deposited onto
an M42 high-speed-steel substrate. “nc” and “a” represent
nanocrystalline and amorphous phases, respectively. A Rock-
well C diamond indenter tip �200 �m in radius� was drawn
across the coating surface at a constant linear velocity of
10 mm min−1 while increasing the load from 10 to 70 N at a
constant rate of 100 N min−1. It is obvious that, as time t
increases, the fluctuation of friction force Ft increases and
the first derivative of AE �dFt /dt� becomes rougher. There
are two time scales in this process: the characteristic relax-
ation time � and the measuring time T. Their ratio—that is,
the Deborah number De=� /T�1—means that the coating
subjected to scratching exhibits a “liquidlike” behavior. A
recent experiment provided evidence of a ductile fracture
mode on the nanometer scale in a vitreous material at a tem-
perature much lower than the glass transition temperature
�11�. This behavior can be easily described by a stick-slip
process that occurs in most sliding friction phenomena in
various materials �9,10�. Here it is assumed that the stress �or
energy� level in a coating can be described by using a scalar*Electronic address: chunsheng.lu@aeromech.usyd.edu.au
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value ��t�, which increases deterministically between AE
events and releases stochastically as a Markov process. Thus
the evolution of stress is given by

��t� = ��0� + �t − S�t� , �1�

where ��0� is initial stress level, � is constant external load-
ing rate, and S�t�=�i:ti�tSi�t� is the accumulated stress re-
lease from events within the region over the time period
�0, t�, where ti and Si are the origin time and stress release
associated with the ith AE event, respectively �12�. The value
of stress release during an AE event can be estimated from
its magnitude m in terms of the empirical formula

m = 10 log10 A + const, �2�

where the unit of m is decibel �dB� and A is relative strength
of an AE signal, such as power, voltage, etc. For simplicity,
the stress drop in an AE event is approximately proportional
to its strength. Thus we have Si=100.1�mi−m0�, where m0 is the
reference magnitude and m0=60 dB was used in subsequent
analysis �and the noise level of normal conversation is
�60 dB� �8�. It is worth noting that the substance of results
is not sensitive to the choice of m0 �12�.

The probability intensity of an AE occurrence in a coating
is controlled by a risk function 	���, which increases non-
linearly with the stress level �. The simplest choice of 	���

is taken as an exponential function 	���=exp��+
��, where
� and 
 represent the background and sensitivity to risk,
respectively. This is a compromise between time-predictable
and pure random �Poisson� processes �13�. It is further as-
sumed that the size distribution of AE events is independent
of stress level, and the AE signals from scratch tests can be
treated as a marked point process in a time-stress space with
the conditional intensity function:

��t� = 	���t�� = exp�� + 
��t − S�t��� , �3a�

where � �=�+
��0��, 
, and � are adjustable fitting param-
eters. To remove the influence of sample size �the number of
AE events�, Eq. �3a� can be rewritten as

�̄�t� = ��t�exp�− �� = exp	
 t

t0
−

S�t�
S0

�� , �3b�

where =
S0, t0=S0 /�, and S0=�Si /N. Here N is number of
AE events over the observation interval �t1 , t2�. Estimates of
these parameters are found by maximizing its log-likelihood
�14�.

The comparison between two models will be based on the
Akaike information criterion �AIC�, which is defined as

AIC=−2 ln L̂+2k, where ln L̂ is maximum log-likelihood for
a given model, k is number of parameters in the model, and
the additional factor of 2 is just a sop to historical prece-
dents. This represents a rough way of compensating for the
effect of adding parameters and is a useful heuristic measure
of the relative effectiveness of different models. Thus, in
comparing the stick-slip �or stress release� model with three
parameters against the Poisson model with only one param-
eter �
=�=0 in Eq. �3a��, the former must demonstrate a
significantly better fit to justify the additional parameters.
Hence the relative effectiveness of two models in fitting the
AE data can be assessed by the difference of their AIC val-
ues, �AIC=AICP−AICs, where AICP and AICs represent the
AIC values of the Poisson and stick-slip models, respectively
�15,16�. As listed in Table I, if we take the Poisson model
�random process� as a reference, it is obvious to see that the
stick-slip model fits the AE data better than the Poisson
model at 400 °C since the difference of the AIC values is
substantial—that is, �AIC�2. However, such a direct com-
parison might be misleading, as the coatings deposited at
different temperatures yield very different numbers of AE
events �see Table I�. To allow for this effect, we use the
indicator �AIC/N as a measure of the improvement in per-
formance, which is approximately independent of sample

FIG. 1. �Color online� Typical tribological properties from
scratching nc-TiN/a-Si3N4 coatings �8.6 at. % Si� deposited on
M42 high-speed-steel substrates at different temperatures. Here the
friction force Ft is the product of normal force by the coefficient of
friction and the first derivative of acoustic emission is the differen-
tial of the friction force Ft to time t.

TABLE I. AIC values calculated by using the Poisson model �AICP� and statistical stick-slip model
�AICs� to samples deposited at various temperatures, where �AIC=AICP−AICs and N is number of AE
events with magnitude m�60 dB covering the time period from 25 to 36 s.

Samples N AICP AICs �AIC �AIC/N

Without heating 156 −514.012 −512.309 −1.703 −0.0109

400 °C 81 −160.909 −163.210 2.301 0.0284

500 °C 130 −379.779 −379.814 0.035 0.0003

600 °C 161 −551.090 −551.503 0.413 0.0026
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size �12�. The same trend of changes �400, 600, 500 °C and
without heating� was obtained, and the best fit is still the case
of 400 °C. Here it is worth noting that the relatively small
increase of �AIC/N values for 500 and 600° C might be
caused by the instability of mechanical properties of the
coatings at these high deposition temperatures �17�. Here the
larger the ratio of �AIC/N, the better the AE data are fitted
by the statistical stick-slip model relative to the Poisson
model, and the more stable or optimal the coating. The fitted
parameters in Eqs. �3a� and �3b� are set out in Table II, and
the intensity function versus time for each deposition tem-
perature is shown in Fig. 2. For a given stress release S0, the
larger the value , the higher the sensitivity to risk 
 �
=
S0�. The results also indicate that the coating deposited at
400 °C is more stable than those in the other three cases.

Nanoindentation experiments �18� showed that the coat-
ing �8.6 at. % Si� deposited at 400 °C has a hardness of
50.9 GPa, which was indeed larger than those with the same
composition but deposited at different temperatures. Further,
wear testing on these coatings was assessed. The drills
coated with nc-TiN/a-Si3N4 deposited at 25 °C �without
heating�, 400 °C, 500 °C, and 600 °C drilled 78, 352, 120,
and 225 holes, respectively. For comparison, the drill coated
with TiN �hardness H20 GPa�, a commonly used hard
coating, drilled only 107 holes �19�.

It is interesting to scrutinize the AE data at 400 °C, the
optimal deposition temperature obtained from the statistical
analysis and real-life testing. As shown in Fig. 3, the

magnitude-frequency distribution of AE events follows,
log10 N ��m�=−km+const, with k=0.026±0.001, a relation-
ship similar to the Gutenberg-Richter law, log10 N ��M�=
−bM +const, in seismology, where M is the magnitude of an
earthquake and the so-called seismic b value is approxi-
mately within the interval 0.5�b�1.2. As is well known,
the Gutenberg-Richter law can be represented as a power-
law distribution N ��E��E−2b/3, where E is energy released
in an earthquake �20�. Since the energy released in an AE
event is approximately proportional to its power, in terms of
the magnitude definition of AE �see Eq. �2��, a similar
power-law distribution N ��E��E−10k is obtained. Then we
have 2b /3=10k—i.e., b=15k0.4—which is about the b
value for deep earthquakes. However, as the deposition tem-
perature decreases or increases, the energy frequency of AE
events deviates rapidly from the power-law distribution �21�.

This universal power-law distribution over many scales
implies that the behavior of the superhard coatings is likely
to be independent of microscopic and macroscopic details,
and the understanding of their mechanical behavior may de-
pend on only a few emergent material parameters as was
done in the model. As crystalline gain sizes are reduced to
the nanometer scale, the percentage of grain boundary atoms
increases rapidly �about 10% of atoms are located at grain

TABLE II. Fitted parameters by using the statistical stick-slip model, as formulated in Eq. �3�, to samples deposited at various deposition
temperatures.

Samples N

Equation �3a� Equation �3b�

� 
 � t0 S0 

Without heating 156 2.50 0.45 1.02 0.63 0.58 0.19

400 °C 81 1.38 0.50 0.73 0.71 1.96 0.99

500 °C 130 2.25 0.25 1.67 0.60 1.00 0.27

600 °C 161 2.29 0.26 1.45 0.43 0.62 0.19

FIG. 2. �Color online� The risk level �the number of events per
second� vs time calculated by the fitted parameters in Eq. �3a�. For
comparison, the AE events with magnitude m�60 dB are also
shown.

FIG. 3. �Color online� AE signals from scratching test of
nc-TiN/a-Si3N4 coatings �8.6 at. % Si and 400 °C deposition tem-
perature� vs time and cumulative frequency-magnitude distribution
P ��m� of AE events with magnitude greater than m, where the
slope of solid line is −0.026. Here P ��m�=N ��m� /N, and N is
total number of AE events.
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boundaries for a sample with grain diameters of 20 nm� �22�.
Compared with coarse-grained metals, there are different de-
formation mechanisms and most of which occur and com-
pete in mechanically loaded nanocrystalline materials. Ow-
ing to the competition between different deformation forms
such as dislocation pileups in nanocrystalline grains and
grain sliding �and grain rotation� within the amorphous
boundary, a steady self-organized nanostructure with pecu-
liar properties �such as superhardness� can be formed. This
may be a possible reason that the AE events due to scratch-
ing occur similarly on different sizes when the nanostructure
of a coating lies in an optimal state �5�. Such a special kind
of self-organized nanostructure is often necessary for a su-
perhard material. For example, three correlative conditions
for a superhard covalent crystal should be met: higher bond
density or electronic density, shorter bond length, and greater
degree of covalent bonding �23�.

In summary, optimum information, such as Si content,

deposition temperature, etc., in nc-TiN/a-Si3N4 coatings can
be extracted from the crackling noise by using a simple
stick-slip model. As the nanostructure of a coating ap-
proaches an optimal state, the frequency-magnitude distribu-
tion of AE energy follows the power-law statistics. The re-
sults provide us valuable clues to understand the
superhardening mechanisms of nanocomposite coatings and,
further, to tailor new nanostructural coatings with superhard-
ness. Since earthquakes and even price fluctuations in stock
markets can be viewed as a special kind of crackling noise,
the present method may be easily extended to the prediction
of these phenomena.
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