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Revealing dynamic‑mechanical 
properties of precipitates 
in a nanostructured thin film using 
micromechanical spectroscopy
Markus Alfreider,*   Michael Meindlhumer, Tobias Ziegelwanger, 
Rostislav Daniel, Jozef Keckes, and Daniel Kiener

Nanostructured materials with their remarkable properties are key enablers in many 
modern applications. For example, industrial dry-milling processes would not be 
as widely spread without the use of hard, wear-resistant metal nitride coatings to 
protect the cutting tools. However, improving these nanostructured thin films with 
regard to dynamical properties is demanding as probing respective parameters of 
(sub-)micron layers without any substrate influence is still challenging. To extend 
the scientific toolbox for such spatially confined systems, a novel methodological 
approach based on resonance peak measurements of a cantilever-transducer 
system termed micromechanical spectroscopy (µMS) is developed and applied 
to a Al0.8Cr0.2N model system. The mainly wurtzite type supersaturated Al0.8Cr0.2N 
system showed precipitation of cubic CrN at grain boundaries and local Cr 
variations upon annealing at 1050°C. This was accompanied by an increase in the 
previously unknown damping capability of 63 percent and an increase in Young’s 
modulus by 36 percent.

Impact statement
There is a wide variety of applications for nano- to 
micrometer-sized thin films in today’s engineering 
technology, from thermal barrier- and wear-resistant 
coatings in turbines and bearings, over diffusion bar-
riers and heatsinks in microelectronic devices, to opti-
cally active layers in lasers or mirrors. The mechanical 
properties of such thin films are oftentimes governed 
by their thermal history, leading to either intentional 
or undesired changes in the microstructure (e.g., the 
formation of precipitates). While the investigation of 
such features is usually constricted to static analysis 
using high-resolution techniques, such as transmission 
electron microscopy, understanding their impact on 
dynamic properties of the film remains a challenge. 
However, these are highly relevant in many engineer-
ing applications where cyclic behavior is common, 
such as high-speed dry milling. In the present work, 
we investigate the change in mechanical damping 
capability upon annealing of a 6-µm thin AlCrN film, 
commonly used in demanding dry-milling applica-
tions, using micromechanical spectroscopy (µMS) 
of cantilever-shaped specimens. After a carefully 
adjusted heat treatment, the film exhibits the forma-
tion of cubic CrN precipitates in an otherwise wurtzite 
AlCrN matrix, which leads to a previously unknown 
beneficial increase in damping capability of the film.

Introduction
Hard nanoceramic coatings are commonly 
used in modern engineering applications 
where durability and thermal stability mat-
ter, such as cutting inserts for high-speed 
dry milling1,2 or thermal barrier coatings for 
turbines.3–5

Commonly, such systems are based on 
transition-metal nitride thin films such 
as TiN and CrN deposited by plasma-
assisted physical vapor deposition tech-
niques (e.g., cathodic arc evaporation).6 
Adding Al into TiN and CrN leads to the 
formation of Ti1−xAlxN and Cr1−xAlxN, 
respectively, which have significantly 
higher hardness and oxidation resist-
ance compared to their representative 
binary counterparts.7 In turn, cubic (B1) 

Ti1−xAlxN and Cr1−xAlxN form metasta-
ble supersaturated solid solutions, where 
Al replaces Ti or Cr up to x  =  0.678,9 
or 0.7,7 respectively. Upon annealing, 
these thin films undergo a complex tem-
perature and (residual) strain-dependent 
decomposition processes,10,11 which alter 
their functional and mechanical proper-
ties.7 Typically, for Ti1−xAlxN spinodal 
decomposition into Ti-rich and Al-rich 
cubic zones is observed at temperatures 
between 800° and 900°C leading to a 
slight increase of hardness12 and tough-
ness,13 while after exceeding 950°C, the 
formation of wurtzite (B4) Al(Ti)N is 
promoted, resulting in a significant drop 
in mechanical properties.12–14 Compara-
bly, cubic Cr1−xAlxN (x < 0.7) directly 
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decomposes into cubic Cr(Al)N and wurtzite Al(Cr)N at 
temperatures above ~700–900°C, where the former trans-
forms later on at temperatures surpassing 1000°C and 
1350°C into Cr2N and metallic Cr under the release of 
gaseous nitrogen.15

In the case of Cr1−xAlxN thin films with x > 0.7, the films 
form predominantly a wurtzite B4 crystal structure during 
deposition,9 where Cr replaces Al in the wurtzite crystal 
structure. There, decomposition starts at significantly higher 
temperatures (>950°C), forming again cubic Cr(Al)N and 
wurtzite Al(Cr)N composite.16,17 As shown for Al0.9Cr0.1N, 
vacuum annealing at 1100°C resulted in the formation of 
globular cubic Cr(Al)N and elongated cubic CrN precipitates 
at intra- and intergranular positions, which, in turn, simultane-
ously enhanced Young’s modulus, hardness, fracture stress, 
and fracture toughness.17

The thickness of these films is typically in the range 
of a few micrometers, which makes the characterization 
of mechanical properties without substrate influence gen-
erally challenging. In recent years, various methods have 
been developed to obtain reliable experimental data, from 
hardness and modulus using nanoindentation,18 over frac-
ture properties using pillar splitting19 or microcantilever 
bending20 to residual stresses using layer removal21–23 or 
cross-sectional x-ray nanodiffraction techniques.24–26 How-
ever, all of these approaches determine quasistatic material 
parameters, whereas in most applications (e.g., high-speed 
dry milling), these systems are loaded with a rather strong 
dynamic component due to the high rotation speeds. In 
fact, dynamic properties such as damping can have a ben-
eficial or detrimental impact on the performance. Higher 
damping capabilities enable the dissipation of vibrational 
energy, which could occur through slight eccentricities and 
misalignments.

Furthermore, damping controls dissipation of energy given 
reversible elastic deformation and is therefore nondestruc-
tive independent of measurement technique. This means that 
damping measurements can be used to determine inherent 
changes due to thermal or environmental history in a system, 
and because a change in damping capability is commonly the 
direct result of microstructural changes it can be used to probe 
microstructural modifications, such as precipitation or grain 
growth.

Although such investigations can be experimentally real-
ized on whole devices (e.g., cutting inserts), the results are 
challenging to resolve into the individual constituents of 
the system (e.g., substrate or hard nanoceramic coating). 
Therefore, it would be desirable to have a technique capa-
ble of resolving the damping behavior of these individual 
constituents.

In this article, we showcase such an experimental approach, 
termed micromechanical spectroscopy (µMS, recently intro-
duced in Reference 27), on a Al0.8Cr0.2N coating on cemented 
carbide as commonly found in the high-speed dry-milling indus-
try. The measurements are based on determining resonance 

peaks of an in situ nanoindentation transducer system in contact 
with a cantilever-shaped microspecimen of the coating material 
inside a scanning electron microscope (SEM). The absence of 
air-damping inside the SEM chamber enables a high-resolution 
analysis of the resonance peak and therefore determination of the 
damping capability of such spatially confined specimens. The 
measured change in damping upon heat treatment of the coating 
is correlated to the formation of precipitates using µMS inves-
tigations in concert with complementary transmission electron 
microscopy (TEM) and x-ray diffraction (XRD), respectively.

Results
Microstructural and chemical analysis
Figure 1a shows a cross-sectional SEM image of the 
Al0.8Cr0.2N film in as-deposited condition. There, individual 
bright features correspond to residual CrxAly droplets from 
the deposition process. Upon annealing for only 5 min at 
1050°C, the microstructure exhibits obvious precipitation, 
as evident by the dark and bright (depending on channeling 
contrast) features in Figure 1b. Detailed scanning transmis-
sion electron microscope (STEM) images in conjunction with 
energy-dispersive spectroscopy (EDS) analysis, as depicted 
in Figure 1c reveal a layered microstructure with a slight 
undulating magnitude of Al and Cr contents, respectively. 
This layer formation is known to be resultant of the dis-
tribution of chemical species inside the deposition plasma 
in conjunction with the rotation of the substrate in and out 
of the line of sight of the cathode.28–30 Furthermore, it is 
evident that droplets (Figure 1c, bright feature) appear to 
be mainly intermetallic CrxAly, as the N content is dimin-
ished in that region, while it is approximately constant eve-
rywhere else. Thus, with the exception of individual droplets, 
the film appears to be fully homogenous, suggesting a very 
high content of supersaturated wurtzite type Al0.8Cr0.2N, as 
detailed in previous works.17 After heat treatment the film 
exhibits a clear decomposition, displayed in Figure 1d, where 
distinct Cr-rich precipitates are evident. These appear to 
nucleate preferentially at the positions of previously higher 
initial Cr content (i.e., along the Cr-enriched layers).

Phase analysis
To analyze the phase contents in as-deposited and heat-treated 
conditions, XRD investigations were conducted on the respec-
tive films and are summarized in Figure 2. There the peak 
positions of wurtzite AlN and cubic CrN are denoted by 
green deltoids and blue squares, respectively. The positions 
of the WC substrate (gray triangles) and the TiN bonding 
layer (orange squares) are additionally added for reference. 
It is evident that the distinct AlN peaks (100: 33.211°; 101: 
37.924°; 110: 59.338°) are shifted toward lower values in the 
as-deposited state and move toward their equilibrium positions 
upon annealing, in accordance with previous works on compa-
rable composition.17 However, a contribution of the removal 
of residual stress by defect annihilation as a consequence of 
the heat treatment cannot be excluded from the peak shift of 
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the AlN lattice.17 In fact, the peak shift together with the con-
comitant increase in magnitude of the 200 CrN peak at 43.693° 
(Figure 2, top right inset) suggests that Cr diffuses out of the 
supersaturated Al0.8Cr0.2N structure, leaving a relatively higher 
content of Al in the wurtzite AlN lattice, while the precipitated 
Cr forms cubic CrN crystals.

Micromechanical spectroscopy
Micromechanical spectroscopic (µMS) investigations were con-
ducted on four as-deposited and three heat-treated cantilever-
shaped specimens. This technique was developed recently in a 
previous work27 and is capable of revealing changes in damping 
capability of very confined volumes by investigating the shape 
of the first resonance peak of the used indentation setup. Fig-
ure 3a depicts an SEM micrograph of the specimen and indenta-
tion setup with relevant geometric dimensions: length L, height 
W, and thickness B (in imaging direction). Quantitative values 

a b

c d

Figure 1.   Scanning electron microscope images of (a) the as-deposited and (b) heat-treated Al0.8Cr0.2N films, respectively. The 
lower part of the figure contains scanning transmission electron microscope micrographs, with corresponding energy-dispersive 
spectroscopy data of N (blue, top right), Al (green, lower left), and Cr (red, lower right) for (c) as-deposited and (d) heat-treated 
states, respectively.

Figure 2.   X-ray diffraction data of the thin-film samples in as-depos-
ited (blue) and heat-treated (red) states, respectively. The inset details 
the 200 peak of cubic CrN, showing evident increase of this phase 
upon annealing.
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are gathered by fitting the resonance peak based on a physical 
single degree of freedom (SDOF) oscillator model, as shown 
schematically in Figure 3b using the lmfit package (version 
1.0.0) within the Python 3.8 programming environment.27

Initial data are gathered as dynamic compliance c for 
the whole system as a function of frequency, whereby 
c(ω) = �x(ω)/�F  , with displacement amplitude Δx and load 
amplitude ΔF. To compare the specimens among themselves, it 
is useful to normalize the radial frequency by the resonance fre-
quency ω0 =

√
k/m and the compliance by the static compliance 

c0(ω = 0) = 1/k , with mass m and stiffness k. The resulting data 
are summarized in Figure 4, wherein the as-deposited specimens 
are depicted by open symbols and the heat-treated ones are indi-
cated by filled symbols. The damping capability of a material is 
commonly quantified as inverse quality factor Q−1, which is the 
ratio between dissipated work ΔW and total conducted work W 
during one oscillation cycle and can be written as:

with the viscous damping constant b. In Figure 4 the average 
resonance curve for all as-deposited specimens (Qad

−1 = 1.0
6 × 10–2 ± 1 × 10–4) is depicted with a blue solid line and the 
average resonance curve for all heat-treated specimens (Qht

−1 =  
1.124 × 10–2 ± 1 × 10–4) is given by a dashed red line. As the 
damping of the system is large in comparison to that of the 
individual cantilevers, observing the difference is rather chal-
lenging in the whole data graph. Therefore, the yellow inset 
in Figure 4 (top right corner) details the peak tip region and 
shows the evident difference in peak height for the two speci-
men states. Furthermore, all of the as-deposited states show 
a very distinct damping peak on the right-hand side of the 
main resonance peak at an absolute average radial frequency 
position of ω  =  1849  ±  4 Hz, which is not evident in the heat-
treated specimens. These peaks are shown as detailed inset 

1Q
−1 =

�W

2πW
=

b

√
km

in Figure 4 (lower right corner). Note that those are slightly 
shifted among themselves as the resonance frequency of the 
individual cantilevers is not identical due to minor geometrical 
variations.

To obtain the damping capability of the material system inde-
pendent of the probing indenter one needs to take into account 
the work that is dissipated by the indenter system out of contact 
(i.e., Q−1

s
= Q

−1 − Q
−1

i
), whereby the subscripts s and i denote 

the specimen and indenter, respectively. The individual specimen 
inverse quality factor Qs

−1 is summarized in Figure 5a, where the 
data for each as-deposited cantilever are depicted by open blue 
hexagons (left-hand side) and that for each heat-treated cantilever 
by open red squares (right-hand side). All uncertainty estimates 
are considered based on uncorrelated input quantities31 with geo-
metric measurement errors of  ± 3 px (±50 nm) and all parameter 
errors taken as one standard deviation, given by the fitting proce-
dure. The filled data points in Figure 5 depict the inverse variance 
weighted average of all individual µMS experiments for the two 
respective material states. There the error bars denote the stand-
ard error of the weighted average. From Figure 5a it is evident 
that the damping capability increases quite significantly by about 
66% from Qs,ad

−1 = 2.3 × 10–3 ± 2 × 10–4 for the as-deposited state to 
Qs,ht

−1 = 3.8 × 10–3 ± 3 × 10–4 for the heat-treated state, respectively.
Furthermore, µMS experiments allow for the determination 

of Young’s modulus based on the frequency shift of the peak, as 
this corresponds to the cantilever specimen stiffness ks. How-
ever, to determine the individual specimen’s stiffness from the 
total stiffness k without the contributions of the indenter system 

Figure 3.   (a) Scanning electron microscope micrograph of a 
cantilever-shaped specimen positioned inside the Al0.8Cr0.2N film with 
geometric parameters length L and height W. (b) The single degree 
of freedom oscillator model, depicting the stiffness k and damping 
elements b of indenter (red), contact (green), and specimen (blue), 
respectively, as well as (c) the reduced spring model for Young’s 
modulus determination.

Figure 4.   Resonance peaks of all tested specimens, normalized by 
resonance frequency ω0 and static compliance of the total system 
ctotal (ω = 0). The as-deposited specimens are denoted by open 
symbols and the heat treated by filled symbols, respectively. The 
solid blue line represents the average resonance shape of the whole 
system for all as-deposited data with Q−1 = 0.0106, whereas the 
dashed red line represents the same for all heat-treated data with 
Q−1 = 0.0124. Two insets show details of the resonance peak for both 
states and an occurring damping peak in as-deposited state at higher 
resolution, respectively.
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and the contact between tip and specimen surface, one needs 
to consider a reduced model as shown in Figure 3c, where 
the specimen stiffness ks and contact stiffness kc are series-
connected and the indenter stiffness ki is in parallel to both of 
them. This is due to the fact that both the specimen and the 
indenter tip are connected with the rigid base inside the SEM, 
giving them a common ground in analogy to electric circuits. 
The specimen stiffness ks is calculated as follows:

While the indenter stiffness is obtained during the cali-
bration routine of the instrument, the contact stiffness is a 
function of the contact force and needs to be measured on 
the base of the cantilever.32 For the given experiments at an 
average constant contact force of 500 µN a contact stiffness 
of kc = 44,030 N/m was determined. Using the fact that dur-
ing the experiment only small total load line displacements of 

2ks =

(

1

k − ki

−
1

kc

)−1

.

≈250 nm, leading to small rotation angles of ≈1.5°, are used, 
one can utilize the simple Euler–Bernoulli beam theory33 to 
calculate the Young’s modulus E as:

The data are summarized in Figure 5b, where the same color 
scheme and uncertainty propagation calculations as for the Q−1 
data are employed. It is evident that the modulus increases by 
about 36% from Ead = 205  ±  6 to Eht = 280  ±  9 GPa, from the 
as-deposited to the heat-treated states, respectively.

Discussion
The discussion will be structured into sections regarding phase 
formation, change in damping capability and increase in mod-
ulus, respectively.

Cubic CrN phase formation
The evident phase formation of the cubic CrN phase after 
annealing, as detailed in a recent previous work on a sim-
ilar composition (Al0.9Cr0.1N),17 is driven by the super-
saturation of Cr atoms inside the equilibrium AlN crystal 
structure as a mainly wurtzite type Al0.8Cr0.2N solid solu-
tion (Figure 2).

To estimate the amount of cubic CrN phase that forms 
upon annealing, Rietveld refinement (PowderCell 2.434) was 
used on the data presented in Figure 2, utilizing the actual 
crystallographic spacing of the similar supersaturated wurtz-
ite Al0.9Cr0.1N structure (a = 313.3 pm, c = 500.3  pm17) as 
initiation parameters. After subtraction of the distinct peaks 
of the TiN bonding layer and the WC substrate the contents 
of the wurzite-type matrix structure compute to 94 and 85%, 
while the cubic CrN contents enumerate to 6 and 15% for 
the as-deposited and heat-treated material states, respec-
tively. This suggests that already in the as-deposited state a 
minor amount of cubic CrN is present, but upon annealing the 
amount increases by about 9 percent. As the microstructure 
is rather homogeneous in the as-deposited state (Figure 1c), 
these microstructural regions seem to be below the resolution 
limit of the gathered STEM images, so in the range of a few 
nanometers. Furthermore, the fact that only 15% CrN is evi-
dent after annealing suggests that still about 5% of Cr remain 
incorporated inside the wurtzite AlN matrix, as the driving 
force for the Cr to diffuse out is reduced by the relaxation of 
eigenstresses, due to defect annihilation and segregation as 
evident from the AlN peak shift (Figure 2). As complementary 
analysis, multiple STEM micrographs of the heat-treated state 
(similar to Figure 1d) have been analyzed by image threshold-
ing (ImageJ 1.54s35) using manual threshold inputs to obtain 
estimates for the area fraction of the CrN phase. The results 
ranged from approximately 5 to 16%, which includes the influ-
ence of human input parameters as well as locally different 
CrN content that could occur due to the stochastic distribution 
of Cr. However, these values show reasonable agreement with 

3E =
4ksL

3

BW
3
.

Figure 5.   Summary of (a) damping capability Qs
−1 and (b) Young’s 

modulus E of all specimens for as-deposited (blue hexagons) and 
heat-treated (red squares) states; respectively. The open symbols 
denote the individual data gathered from µMS experiments, whereas 
the filled symbols denote the inverse variance weighted average of 
the specific material states.
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the Rietveld analysis and corroborate that the major amount 
of cubic CrN forms these evident approximately 10–20-nm-
sized precipitates.

Elastic modulus change
The elastic modulus of the as-deposited mainly wurtzite 
Al0.8Cr0.2N is considerably lower at 205 ± 6 GPa than the elastic 
modulus of pure wurtzite AlN would be with  ~ 301 GPa36 (cal-
culated by the Voigt–Reuss–Hill (VRH) approximation37,38) 
from simulations or  ~340 GPa39 from experimental measure-
ments. One could argue that this decrease of elastic modulus is 
a result of the larger unit cell given the Cr incorporation. Using 
the proportionality relations between elastic modulus E, bulk 
modulus K, and the second derivative of the binding energy 
over unit cell volume 6

2

U

6V
2
 , as commonly described by the 

Birch–Murnaghan equation of state,40,41 in conjunction with 
the difference between supersaturated and relaxed unit cell size 
from Meindlhumer et al.17 (roughly 0.5%), it is possible to 
estimate the change of elastic modulus to be approximately 
2 percent. This would mean the modulus change based on the 
increased unit cell size in the as-deposited Al0.8Cr0.2N in com-
parison to the equilibrium AlN, would amount to only about 
6 GPa (from 301 to 295 GPa), which seems not enough of a 
difference to explain the discrepancy observed herein. How-
ever, considering on the other hand the fact that Cr is most 
likely substitutional on Al positions within the wurtzite struc-
ture, one can argue that the change in bonding energy between 
the species could alter the elastic response. Although the pre-
cise bonding energies of the individual species combinations 
inside the crystal structure are near impossible to obtain, bind-
ing energies of two-atomic structures are tabulated and can act 
as a first-order estimate.42 The strengths of either Al–N bonds 
(3.81 eV) and Cr–N bonds (3.92 eV) differ only slightly by 
about 3%, whereas the Al–Al bonds (2.74 eV) are significantly 
stronger than the Al–Cr bonds (2.31 eV) by about 16 percent. 
As the elastic properties of crystals are a direct result of the 
bonding strengths, this could act as a source for the reduced 
modulus given the forced incorporation of Cr within the wurtz-
ite AlN structure. Considering now the heat-treated specimens 
suggests two possible sources for an increased modulus. First 
the precipitation of larger cubic CrN regions with an inherently 
higher elastic modulus of 358 GPa43 (using again the VRH 
approximation37,38), or second the statistical increase in 
stronger Al–Al bonds, within the wurtzite AlxCr1−xN structure, 
due to dissolution of the Cr out of the matrix.

The initial elastic modulus in the as-deposited Al0.8Cr0.2N 
is also in good agreement with the single-crystal ab initio 
calculations by Mayrhofer et al.,44 who found elastic moduli 
ranging from 188 to 195 GPa for the wurtzite AlxCr1−xN sys-
tem, respectively.

To validate the present results, nanoindentation experiments 
were performed on the films without any prior surface prepara-
tion. As nanoindentation experiments only determine a reduced 
modulus, they are not directly comparable to the µMS results 

as these determine the actual material’s elastic modulus. There-
fore, the Poisson’s ratio for AlN ν = 0.24 was assumed to cal-
culate the material’s indentation moduli as Ei,ad = 266 ± 34 GPa 
and Ei,ht = 326 ± 82 GPa for the as-deposited and heat-treated 
states, respectively. While a similar trend of modulus increase 
is evident in the nanoindentation data, the rough surface of the 
unpolished films as well as the unknown microstructural fea-
tures underneath the indents (e.g., droplets [see Figure 1c]) lead 
to a rather large scatter in comparison with the µMS results. 
One could improve the nanoindentation results by prior pol-
ishing steps. However, given that the system is only 6 µm in 
thickness and a certain thickness must be retained for nanoin-
dentation to determine a substrate-influence free modulus, 
this could be rather challenging. Similar limitations apply to a 
cross-sectional approach.45 Therefore, it appears that although 
the preparation via FIB milling is more cumbersome, the mod-
ulus determination using µMS could be beneficial in systems 
with a high surface roughness or small geometric spacing, such 
as the Al0.8Cr0.2N layer as studied herein. Furthermore, the 
fact that no initial Poisson’s ratio estimate is necessary means 
that unknown changes in this ratio upon precipitation or other 
microstructural changes have no influence on the final result.

Change in damping capabilities
Commonly the damping capability is reduced after anneal-
ing as dissipative elements such as residual defects are 
either removed (e.g., dislocations,46 vacancies)47 or relaxed  
(e.g., grain boundaries).27,48,49 Therefore, the present increase 
of damping by about 66% upon annealing seems rather coun-
terintuitive. Especially, considering the small damping peak at 
ω = 1849 ± 4 Hz in the as-deposited state, which is not appar-
ent after heat treatment suggests that some easy to activate 
anelastic relaxation processes were removed (e.g., annealing 
of defects from a metastable, to a more stable (equilibrium) 
state took place). Independent of the actual underlying pro-
cess, these peaks are known to follow an Arrhenius relation-
ship,50,51 as:

where t, t0 are the relaxation time and limit relaxation time, H 
is an activation enthalpy, k is the Boltzmann constant, and T is 
the temperature. While classical internal friction experiments 
change temperature as well as frequency to measure t0 and H, 
one can use the inverse of the Debye frequency of wurtzite AlN 
as t0 ≈ 10–13 –10–15 52,53 to obtain a first-order approximation for 
H. In conjunction with the constant room temperature T  =  22°C 
(air conditioned), the activation enthalpy for a peak with a relax-
ation time of t  = 0 ω−1 s, equates to H ≈ 0.57 – 0.69 eV. Com-
monly, crystalline dissipative mechanisms can be separated into 
three main categories, namely short-range diffusion, for exam-
ple, Snoek relaxation,54 dislocation-based mechanisms,55–57 or 
grain-boundary (phase boundary)-based mechanisms.58–60 Con-
sidering that any type of oscillatory dislocation motion in this 
hard nanoceramic coating is unlikely to occur under the small 
load amplitude of 5 µN, which corresponds to a maximum stress 

4t = t0e

H

kT ,
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amplitude of approximately 10 MPa at the base of the cantilever, 
this mechanism can be neglected.

If bulk diffusion processes would have a major contribu-
tion to the damping peak, the estimated activation enthalpy 
should agree with activation energies for the corresponding 
diffusional process.

Density functional theory calculations of vacancy diffusion 
within wurtzite AlN suggest an activation energy of approxi-
mately 2.33 eV61 and Okumura et al.62 measured the activation 
energy for impurity diffusion (Si and O) within wurtzite AlN as 
approximately 1.3 eV using positron annihilation. None of these 
energies are low enough to be comparable with the estimate of 
0.57–0.69 eV from the observed damping peak. Therefore, the 
processes correlated with this damping peak most likely results 
of the nonequilibrium crystal structure in the as-deposited state 
(i.e., metastable atom positions due to the forced incorporation of 
Cr or very small local wurtzite-cubic structural interfaces that are 
already present), as suggested by the XRD data (Figure 2). This 
is further supported by the fact that vacancy formation energies 
seem to be generally reduced in unrelaxed (i.e., deformed), in 
comparison to the relaxed (i.e., annealed state in (Ti,Al)N/AlN 
interfaces), as reported from ab initio simulations.63

The disappearance of this small peak upon annealing 
would imply a lower amount of dissipating processes, and if 
the processes corresponding to this peak would contribute to 
the overall damping in a major extent, also the main resonance 
damping peak should decrease, leading to a lower Q−1 in the 
heat-treated state.

However, the observed precipitation of the CrN phase 
results in an increase in phase boundary area, which can also 
contribute to the damping capability of the system. Schoeck64 
derived an analytical expression for the change in Q−1 upon 
precipitation based on the shape change, elastic modulus 
mismatch, and occurrence of incoherent phase boundaries, 
respectively. He argued that the first two cases seem unrea-
sonable due to the fact that a change in shape would need to 
incorporate some kind of diffusional component for anelastic 
relaxation to occur, and a mismatch in elastic modulus leads 
to instantaneous changes (no time dependence—therefore no 
anelastic relaxation) upon load reversal, leaving only relaxa-
tion processes within incoherent boundaries as reasonable 
sources for damping. His treatment was based on a quasi-
degenerate ellipsoidal regime with half-axis a, which contains 
the incoherent boundary and leads to:

where τ, τi are a global homogeneous and a local acting shear 
stress, respectively, and V is the total specimen volume. This 
rather abstract geometrical description is challenging to cor-
relate with experimental data. Idealizing the system by assum-
ing that the homogeneous global shear stress is rather a shear 
stress distribution being equal to the shear stress distribution 
acting on the interfaces removes τ and τi from the equation. 

5Q
−1 =

1

τ
2

8(1− ν)

3π(2− ν)

∑

i
a
3

i
τ
2

i

V

≈ 0.0194

Vprecipitates

V

,

Furthermore, assuming that all precipitates are dodecahedral 
in shape and are of the same size allows to establish a relation-
ship between the elliptical half-axis a and the (average) pre-
cipitate volume Vprecipitates, by setting the cross-sectional area 
of the ellipsoid and one of the 12 sides’ areas of the dodeca-
hedron to be equal, as schematically depicted in Figure 6a. 
Based on this simplified system one can estimate the increase 
in volume fraction of precipitates within the specimen based 
on the change in damping capability (ΔQ−1 ≈ 1.5 × 10–3) to 
be approximately 7.7%, which agrees convincingly well with 
the increase of the cubic CrN phase deduced from Rietveld 
analysis (9%), and suggests that the dissipating processes 
within incoherent interfaces have a major contribution to the 
observed damping increase upon annealing. Similar behav-
ior has been previously observed only in metallic systems 
(Ni–Al,65 Cu–O,66 Al–Cu,67 Al–Mg68), where semi-coherent 
or incoherent precipitation formation lead to the occurrence 
of a temperature independent relaxation peak in internal fric-
tion experiments.

Although it is generally not known whether cubic CrN 
precipitates form completely incoherently within the wurtz-
ite AlN matrix, the precipitates that form on grain bounda-
ries will most likely have at least one incoherent interface, 
as it will be nearly impossible to exhibit two (or more—
considering triple junctions) coherent interfaces during 
formation between two randomly oriented grains. This is 
shown representatively in the high-resolution TEM micro-
graph in Figure 6b, where a CrN precipitate with two dis-
tinctly different crystal orientations on either side (upper, 
lower) is depicted. The lower boundary is detailed in Fig-
ure 6c, with the zoomed region on the left-hand side and the 
corresponding Fourier-filtered image (using only the first-
order peaks) on the right-hand side. There, the continuation 
of the lattice planes as evidenced in the Fourier-filtered 
image demonstrates coherency between the precipitate and 
the matrix. In Figure 6d, a same-sized region of the upper 
boundary as well as the corresponding Fourier-filtered 
image are depicted. While the complete three-dimensional 
structure of the boundary is not resolvable, the evident loss 
of coherency in the image suggests an incoherent bound-
ary. This, in conjunction with the arguable absence of other 
major dissipative mechanisms makes anelastic relaxation 
within incoherent cubic CrN–wurtzite AlN boundaries the 
most likely mechanism for the observed increase in overall 
damping capacity.

Although this novel methodology probes a rather wide 
ensemble of inherent defects, the analysis and separation of 
these individual defects’ structures is not straightforward. For 
chemically simpler materials (i.e., single species), an attempt 
to match the obtained Q−1 values to different defect types 
could be the correlative molecular dynamics approach69 where 
individual defects (dislocations, vacancy clusters, GBs) under 
load result in varying phase shifts between shear stress and 
strain, which can be directly correlated to damping magnitude.
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Summary and conclusion
In the present work an Al0.8Cr0.2N thin film of about 6-µm 
thickness was deposited on cemented carbide by cathodic arc 
evaporation as commonly found in commercially available 
high-speed dry-milling tools. A heat treatment of 1050°C 
for only 5 min led to the formation of cubic CrN precipitates 
within the otherwise wurtzite Al(Cr)N matrix, as evidenced 
by TEM and XRD investigations. The dynamic-mechanical 
properties of the film in both material states, as-deposited 
and heat-treated, were investigated using the novel µMS 
methodology and revealed an increase of Young’s modulus 
by about 36% from Ead = 205 ± 6 GPa to Eht = 280 ± 9 GPa, as 
well as an increase in damping capability of about 66%, from 
Qs,ad

−1 = 2.3 × 10–3 ± 2 × 10–4 to Qs,ht
−1 = 3.8 × 10–3 ± 3 × 10–4, 

upon annealing. The modulus from µMS experiments is in 
agreement to theoretical and experimental literature values, as 
well as nanoindentation results, which validates the new meth-
odology. The lower scatter of the µMS results (approximately 
3%) in comparison to the nanoindentation data (up to 25%), 
suggests that this technique could be beneficial in systems with 
high surface roughness and/or a limited spatial extent, such as 
the thin-film system studied herein. Furthermore, the evalua-
tion is independent of the oftentimes unknown Poisson’s ratio. 
The increase in damping upon annealing is most likely a result 
of the formation of incoherent phase boundaries between the 
cubic CrN precipitates and the wurtzite Al(Cr)N matrix. This 
previously unresolvable increase in damping can be benefi-
cial considering the application for high-speed dry milling, 
as it detains mechanical vibration and therefore stress spikes, 
which can lead to fracture of the hard coating. Furthermore, 

it underlines that the novel 
µMS methodology is able 
to resolve microstructural 
changes, even in the grain/
phase boundary regime of 
very confined volumes of 
only a few micrometers. 
This makes it a useful 
complementary technique 
to bridge the gap between 
high-resolution single-
boundary investigations 
(i.e., by TEM and macro-
scopic investigations on 
the whole device).

Materials 
and methods
Thin‑film deposition 
and heat treatment
The initial Al0.8Cr0.2N thin 
films were deposited on a 
cemented carbide (WC, 
10  wt% Co) substrates 

by cathodic arc evaporation (alpha 400p, voestalpine eifeler 
Vacotec GmbH, Düsseldorf, Germany) at a bias voltage of 
UB = − 100 V, substrate temperature Ts = 475°C, and nitro-
gen pressure pN2 = 4 Pa. The 10 × 10 × 5 mm3 mirror-polished 
cemented carbide substrates were mounted at a distance 
of ~100 mm from the cathodes in a onefold rotation holder 
operated at a speed of 2 rpm and were plasma cleaned before 
deposition. First, a  ~200-nm TiN bonding layer was depos-
ited utilizing a single Ti cathode to inhibit diffusion between 
substrate and film during annealing followed by Al0.8Cr0.2N 
deposited from five sintered Al0.8Cr0.2 cathodes. The same 
deposition conditions were used throughout the whole depo-
sition process. The final film thickness was measured using 
SEM to be ~6 µm.

To obtain microstructural changes individual samples 
were annealed for 5 min at 1050°C in a vacuum atmosphere 
(panneal = 5 × 10–4 Pa) using a conventional high vacuum fur-
nace (HTM Reetz GmbH, Berlin, Germany) operated at heat-
ing and cooling rates of 0.5 K/s.

Electron microscopy and x‑ray diffraction
Microstructural investigations were conducted using an SEM 
(Leo 1525, Carl Zeiss AG, Oberkochen, Germany) operated 
at 3 kV using secondary electron as well as backscatter elec-
tron imaging. Furthermore, electron transparent foils of the 
film cross section were prepared via focused ion beam mill-
ing (FIB, Helios NanoLab 660, Thermo Fisher Scientific Inc., 
Waltham, Mass., USA) and analyzed using a TEM (Titan 
Themis, Thermo Fischer Scientific Inc., Waltham, Mass., 

a b

dc

Figure 6.   (a) Idealized dodecahedral precipitate shape with side length s as well as Schoeck’s64 ellipsoidal 
regime of half-axis length a. (b) High-resolution transmission electron microscope micrograph of a CrN pre-
cipitate with details of (c) a coherent and (d) an incoherent phase boundary, where the right-hand side images 
of the details are Fourier-filtered, respectively.
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USA) operated at 200 kV accelerating voltage and a probe 
current of 1 nA equipped with a detector for energy-dispersive 
spectroscopy (ChemiSTEM Super-X spectrometer, Thermo 
Fisher Scientific Inc., Waltham, Mass., USA) to obtain local 
chemical information. XRD phase analysis of the samples was 
performed using a five-circle x-ray diffractometer (SmartLab, 
Rigaku Co., Tokyo, Japan) equipped with Cu–Kα radiation, a 
parabolic multilayer mirror in the primary beam, and a second-
ary graphite monochromator. The XRD characterization was 
carried out in grazing incidence geometry with 5° incidence 
angle.

Nanoindentation and micromechanical spectroscopy
Nanoindentation experiments were conducted on both material 
states without prior surface preparation using a G200 Nanoin-
denter (KLA Corporation, Milpitas, Calif., USA) with a dia-
mond Berkovich tip. Depth-sensitive hardness and reduced 
modulus were gathered using continuous stiffness measure-
ment at a frequency of 45 Hz, a loading rate of 0.05 s−1, and 
was averaged between 170- and 190-nm penetration depth.

Micromechanical spectroscopy was conducted following 
the procedure developed in previous works27 on cantilever-
shaped specimens with a geometry of ~2 × 3 × 12 µm3 pro-
cessed by FIB (1540XB, Carl Zeiss AG, Oberkochen, Ger-
many) operated at 30 kV and with subsequently reducing 
currents from 10 nA to 50 pA. The experiments were con-
ducted using a Hysitron PI85 (Bruker Corporation, Billerica, 
Mass., USA) transducer with a nanoDMA III upgrade, which 
exhibits an inherent resonance frequency at 114 Hz, and was 
equipped with a 5-µm-wide conductive diamond wedge tip 
(Synton-MDP AG, Nidau, Switzerland). The specimens were 
loaded to a contact force of 500 µN and the oscillation ampli-
tude was kept constant at 5 µN, while the frequency sweep 
was conducted from 200 to 300 Hz with a randomized fre-
quency pattern and three repetitions with differing frequency 
spacing for reproducibility checks and to obtain a higher reso-
lution toward the contact resonance peak. The combined tip 
and shaft mass as well as the indenter stiffness were measured 
during the usual calibration routine as m = 805.63 mg and 
ki = 419.62 N/m, respectively, and the inherent damping of 
the indenter is Q−1

i = 8.34 × 10–3 ± 3.7 × 10–4.
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