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ARTICLE INFO ABSTRACT

Keywords: Owing to their superior mechanical properties, TiSiN nanocomposite coatings are known as excellent protective

A'PT . layers for cutting tools. In the present study, isotopic substitution of N is applied to investigate the nanostructure

Si variation of TiSiN coatings with varying Si contents using atom probe tomography (APT). TiSiN coatings containing ~2, 5,

EZ:ZP;:SE;MHOH and 10 at% Si were sputter-deposited using '°N-enriched nitrogen. The APT results show that Si enriches at

Microstructure assumed grain boundaries forming an amorphous phase for all investigated coatings. This result is corroborated
by complementary performed high resolution scanning transmission electron microscopy investigations. Further,
no Si-free regions could be observed by APT, evidencing that for all coatings Si is also incorporated into a Ti;.
xSixN solid solution. In addition, also no Ti-free regions are present, indicating that the amorphous phase can be
assigned as a-Si;TipNc. With increasing the overall Si content from ~2 to 10 at% the Si incorporated into the solid
solution increases from ~2 to ~9 at%, while the Si-enrichment in the amorphous phase fraction is rather con-
stant at ~4 to 6 at%. The highest hardness of 38.5 + 1.4 GPa, as determined by nanoindentation, was obtained
for the coating containing ~5 at% Si. This study demonstrates that isotopic substitution of nitrogen is a suitable
tool to study the nanocomposite structure of TiSiN coatings in unprecedented detail.

1. Introduction

In the last decades, Si has proven to be a suitable alloying element for
TiN hard coatings used in cutting applications to improve the oxidation
and wear resistance [1,2]. The addition of Si to TiN is commonly re-
ported to result in the formation of nanocomposite TiSiN coatings,
consisting of face-centered cubic (fcc) Ti(Si)N nano-crystals surrounded
by an amorphous (a) SiNk phase [3,4]. Adjusting the Si content in TiSiN
nanocomposite coatings has been shown to result in varying hardness
values (22-45 GPa) [5-7], highlighting the effect of the fraction and
composition of the amorphous tissue phase on material properties [8]. It
is reported that the a-SiNy phase plays a grain refining role in

nanocomposite coatings as it hinders grain growth and inhibits grain
boundary sliding [9]. Veprek et al. [3] claimed that TiSiN nano-
composite coatings reach a maximum hardness of ~50 GPa when the
thickness of the amorphous tissue phase is 1-2 monolayers. However,
the characterization of the nanostructure and particularly the accurate
determination of the local elemental distribution of TiSiN coatings is
quite challenging, due to the low thickness of the a-SiNy and the close
binding energies of crystalline and a-SiNy in X-ray photoelectron spec-
troscopy [10,11]. Atom probe tomography (APT) is a suitable charac-
terization technique for the investigation of the local elemental
distribution of materials close to the atomic scale [12], but inherent
limitations in resolving peak overlaps of Si and natural abundant
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nitrogen in the mass spectrum complicate the evaluation of TiSiN [13].
Engberg et al. [14] succeeded to differentiate the peak overlaps of Si and
N species by isotopic substitution of natural abundant nitrogen with '°N.
They observed nm-scale Si compositional fluctuations in cathodic arc
deposited TiSiN coatings through voxelized APT data analysis and
confirmed Si segregation at the nm-scale using TEM. Numerous publi-
cations reported on the formation of solid solution or nanocomposite
structures in sputter-deposited TiSiN coatings [9,15-19]. However, APT
has not been utilized in any of these studies. In our recent publication,
we systematically investigated the capabilities of the isotopic substitu-
tion approach to enhance elemental and imaging accuracy, and spatial
resolution in APT analyses of sputter deposited TiSiN coatings. By
examining single layer and model multilayer coatings, we demonstrated
that isotopic substitution can improve both, the elemental and imaging
accuracy of APT measurements of TiSiN coatings [20]. The aim of this
study is to investigate the effect of different Si contents on the formed
nanostructure and local elemental distribution of TiSiN coatings using
APT and the developed methodological approach of isotopic substitu-
tion. TiSiN coatings containing ~2, 5, and 10 at% Si were sputter
deposited. The microstructure was studied by a combination of X-ray
diffraction (XRD) and high-resolution scanning transmission electron
microscopy (HR-STEM). Additional nanoindentation tests enabled a
correlation of the microstructure with the mechanical properties.

2. Materials and methods

Reactive unbalanced d.c. magnetron sputter deposition of TiSiN
coatings with aimed varying Si contents of 2, 5, and 10 at% (labelled in
the following TiSizN, TiSisN, and TiSi;oN) was conducted on Si sub-
strates with dimensions of 7 x 21 mm? in a mixed Ar/N, atmosphere.
The deposition system was equipped with one solid Ti target (99.995 %,
@ 2 in) and one solid Si target (99.990 %, @ 2 in). The substrate holder
was positioned at a distance of 45 mm from the targets. The substrate
temperature was 700 °C, the bias voltage was set to —50 V, and the Ar
and N, partial pressures were 0.38 and 0.04 Pa, respectively. A °N-
enriched gas containing 98 at% '°N was used in this study, which was
purchased from Sigma-Aldrich. The Si content in the coatings was varied
by adjusting the target currents. The respective target currents are
summarized in Table 1 as well as the reference compositions of the
coatings, which were determined by complementary ion beam based
techniques utilizing the 5 MV Pelletron tandem accelerator at the Tan-
dem Laboratory of Uppsala University [21]. Elastic recoil detection
analysis (ERDA) using 36 MeV I®* primary ions and Rutherford back-
scattering spectrometry (RBS) using 2 MeV He' primary ions were
employed, and a stoichiometric TiN reference sample was used [22].
The obtained compositions are in fair agreement with the aimed values
and the sum of O and Ar impurities were < 2 at%. The thicknesses of the
coatings, which are also given in Table 1, were determined from focused
ion beam (FIB) prepared cross-sections using a field emission scanning
electron microscope from Zeiss (Crossbeam 550).

The structure of the coatings was studied using a Bruker D8 Advance
X-ray diffractometer equipped with Cu-Ka radiation using offset coupled
0/20 scans with an offset of 2° to avoid influence of the substrate. Dif-
fractograms were captured within a range of 20 to 85°, utilizing a step
size of 0.01° and a measurement duration of 1 s per step. In addition, the
residual stresses were determined using wafer curvature measurements

Table 1

Target currents, elemental composition and thickness of TiSiN coatings.
Coating Target Elemental composition by ERDA/RBS Thickness
ID current [A] [at%] [pm]

Si Ti Ti Si N

TiSioN 0.01 045 471+15 23+0.1 50.6 + 1.5 ~1.9
TiSisN 0.02 040 451+14 43+£0.1 50.6 £ 1.5 ~1.7
TiSi;oN 0.04 035 387+12 97+03 516+16 ~15
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utilizing the reflection of two parallel laser beams (distance: 15 mm)
provided by a He—Ne laser (A = 632.8 nm), to determine the curvature
radius of the samples [23,24].

The specimens for the APT measurements were prepared via the
standard lift-out technique [25] and subsequent sharpening by annular
FIB milling, applying the already mentioned Crossbeam 550 from Zeiss.
The specimens were analyzed in laser-assisted mode, utilizing a
CAMECA LEAP 5000 XR atom probe, equipped with an ultraviolet laser
(wavelength of 355 nm). A laser pulse energy of 30 pJ was employed.
The laser pulse frequency, base temperature, and detection rate were
maintained at 250 kHz, 50 K, and 0.5 %, respectively. Data analysis was
performed using the IVAS module embedded in the AP Suite 6.3 soft-
ware package by CAMECA. To gain additional insights into the micro-
structure HR-STEM investigations were conducted exemplarily on the
TiSisN coating. The lamella was prepared using FIB (FEI Nova200)
milling. HR-STEM was conducted on a probe corrected FEI Titan 3 G2
60-300 (S/TEM) microscope, equipped with an X-FEG Schottky field-
emission electron source operated at 300 kV (current of 150 pA, beam
diameter of 1 A). The spectrum images were captured with an FEI Super-
X detector (Chemi-STEM technology), which includes four separate sil-
icon drift detectors.

The hardness and Young’s modulus of the TiSiN coatings were
assessed through nanoindentation, employing a KLA G200 nano-
indenter, equipped with a diamond Berkovich tip (Synton-MDP). A
constant indentation strain-rate of 0.05 s~! was applied up to an
indentation depth of 500 nm. Continuous stiffness measurements (CSM)
were performed with a 2 nm harmonic displacement at 45 Hz, enabling
continuous assessment of Young’s modulus and hardness. Data were
analyzed using the Oliver and Pharr [26] method with a Poisson’s ratio
of 0.24 for TiSiN as well as a Poisson’s ratio of 0.07 and Young’s
modulus of 1141 GPa for the diamond tip. Results were averaged over an
indentation depth of 70-150 nm, following the 10 % rule [27].

3. Results and discussion

Fig. 1 shows the X-ray diffractograms of the TiSiN coatings with
different Si contents of 2, 5, and 10 at%. All coatings exhibit peaks of fcc-
TiN (the reference peak positions are added with dashed lines; [28]). In
addition, Si peaks can be observed which most probably stem from the Si
substrate, however, it cannot be completely excluded that they originate
from excess elemental Si within the coating. No further peaks related to
Si-containing compounds are present. The dominant fcc-TiN (111) peak
for the coatings with 2 and 5 at% Si indicates that TiSiN with low Si
content exhibits a preferred orientation towards (111). Increasing Si to
10 at% results in a less pronounced texture. It could be speculated that at
higher Si contents the amorphous phase fraction increases, resulting in
continuous recrystallization and grain refinement and consequently a
more random texture [11,29]. With increasing Si content, a peak
broadening can be observed, which implies a decreasing grain size and/
or increasing microstrain [30]. Further, the peak positions are slightly
shifted to lower angles as the Si content increases. The incorporation of
Si into the TiN lattice results in a decrease of the lattice parameter and
thus in a peak shift to higher diffraction angles [31], while the presence
of compressive stress in the coating which is also commonly reported for
TiSiN [6,9,30,32] results in a peak shift to lower angles. The presence of
compressive residual stresses could be confirmed by wafer curvature
measurements. Increasing of the Si content from 2 to 5 at% results in a
significant increase of the residual stress from —5481 to —8396 MPa,
while a further increase of the Si content to 10 at% leads to a decrease of
the stress to —5709 MPa. A similar stress evolution with increasing Si
content was also reported by Martin and Bendavid [7] and Cheng et al.
[5].

In order to investigate the local elemental distribution with high
resolution, APT was employed. The mass spectra of the TiSiN coatings
containing ~20 million ions can be found in Fig. S1, in the Supple-
mentary material. They exhibit peaks related to the expected elemental
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Fig. 1. X-ray diffractograms of TiSiN coatings with different Si contents.
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species (Sit, Si%*, N Ti2*, Ti®*"), their corresponding molecular ions
(N3, TiN?*, TioN3*, SiN™) as well as Ar, O and C peaks. Peak overlaps of
Si and N ion species at mass-to-charge state ratios of 14, 15, 28, 29, and
30 Da, which occur when natural abundant nitrogen is used in the
deposition process, have been reduced to minimum by employing
substituted nitrogen during deposition [14,20]. Based on isotopic ratios,
the peaks at 14, 14.5, and 28 Da are attributed to 28Si®*,2°Si®*, and
28git, respectively, while those at 15, 29, and 30 Da are assigned to
15N+, MNISNT, and 15N3, respectively. Additional details about detected
ion species and related mass-to-charge state ratios are provided in
Table S1, in the Supplementary material. Fig. 2a presents a detailed APT
analysis of the TiSi=N coating, where isoconcentration surfaces are used
to visualize Si- and Ti-enriched regions. The reconstruction reveals an
elongated microstructure in the growth direction of the TiSiaN coating,
where Si-enriched areas can be distinguished from Ti-enriched regions.
Considering the X-ray diffractograms in Fig. 1, the Ti-enriched areas can
be assigned to the fcc-TiN-based structure, while the Si-enriched areas
can be attributed to the formation of an amorphous phase fraction at
assumed grain boundaries, providing evidence for a nanocomposite
structure. The 1D compositional profile shown in Fig. 2b, corresponding
to the region of interest (ROI) marked in the overlay of Si and Ti iso-
concentration surfaces in Fig. 2a, further corroborates the presence of Si-
enriched regions separating Ti-enriched areas with only minor Si-
contents <2 at%. However, there are neither Si- nor Ti-free regions,
confirming the formation of an fce-Ti; 4SixN solid solution rather than a
Si-free fcc-TiN phase [9,15]. In addition, the presence of Ti in Si-
enriched regions indicates that the amorphous phase is a-Si,TipNe.
This result is in contrast to the majority of literature on nanocomposite
TiSiN coatings in general, but also specifically for sputter deposited
coatings, where the amorphous phase is typically either specified as
SigN4 [3,33-35] or as SiNy [9,15-18,36-38]. None of these studies
applied APT, though. Therefore, introducing isotopic substitution of N,
Engberg et al. [14] could show nm-scale segregations in cathodic arc
deposited TiSiN coatings. Adapting this approach for sputter deposited
TiSiN coatings [20] allows us now to evaluate their nanostructure in
unprecedented detail.

Similar to the TiSioN coating, the iso-concentration surfaces of the

TiSi,N
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Fig. 2. a) 3D-reconstruction showing an Si iso-concentration surface (red) of 5.0 at%, an Ti iso-concentration surface of 50.1 at% (blue) and a combination of Si and
Ti iso-concentration surfaces, where the ROI is marked. b) 1D compositional profile corresponding to the ROI marked in a).
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TiSisN coating in Fig. 3a show an elongated microstructure, with Si-
enriched regions, separating Ti-enriched regions. The 1D composi-
tional profile shown in Fig. 3b, corresponding to the ROI marked in the
Si + Ti isoconcentration surface in Fig. 3a, further corroborates that
there are neither Si-free nor Ti-free areas. Moreover, the 1D composi-
tional profile shows that with increasing overall Si content to 5 at%, also
more Si is present in the Ti-enriched regions, implying that more Si is
incorporated into the Ti; 4SixN solid solution. The Si-enrichment (dif-
ference between content in the solid solution and maximum) in the
amorphous phase fraction is with ~4 at% for the TiSisN even lower than
for the TiSioN (~6 at%), albeit these absolute values should be viewed
with caution considering the small investigated volume.

To get further information about the microstructure, the TiSisN
coating was exemplarily also investigated by HR-STEM. The overview of
the cross-section of the lamella, shown in Fig. 4a, reveals a fine-grained
structure with elongated grains, which is in excellent agreement with
the APT results. Taking a closer look at higher magnification in Fig. 4b, it
appears that crystalline regions (marked with green box), as also evi-
denced by the corresponding fast Fourier Transformation (FFT), are
separated by a more disordered region. In Fig. 4c, along with the cor-
responding FFTs, the area marked with a red box is clearly crystalline,
while the area marked with a blue box appears disordered. However,
since the lamella was not ultimately thin, overlaps might also play a role
here and it cannot be unambiguously concluded that these regions
appearing disordered are really amorphous. Nevertheless, the energy
dispersive X-ray spectroscopy (EDS) maps in Fig. 4d clearly show areas
which are crystalline Si-enriched and simultaneously depleted in Ti,
which is in excellent agreement with the APT results. Thus, the combi-
nation of XRD, TEM and APT results corroborates the formation of a fcc-
Ti; xSixN/a-Si, TipN. nanocomposite structure in the TiSisN coating.

When the Si content is further increased to 10 at%, the elongated
microstructure is maintained. The Si- and Ti-enriched regions can be
also seen in Fig. 5a. Comparing the 1D compositional profiles displayed
in Figs. 2b, 3b and 5b shows that increasing the overall Si content results
in an increase of Si incorporated into the Ti; xSixN solid solution from
~2 at%, via ~4 at% to ~9 at% for TiSiyN, TiSisN and TiSi;oN, respec-
tively, while the Si-enrichment in the amorphous phase fraction is with
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~6, 4 and again 6 at%, respectively, rather comparable for all three
coatings. The relative Si-enrichment related to the Si content in the solid
solution shows with 430, 100 and 70 % (rounded to full tens) for TiSisN,
TiSisN and TiSijoN, respectively, a distinct trend, though. According to
literature, sufficient thermal and/or kinetic activation is necessary for Si
to segregate [4,9,39,40], While a rather high substrate temperature of
700 °C was applied in the present study, the bias voltage of —50 V was
only moderate. Further, apart from the target currents to achieve an
increasing Si content, the deposition conditions were held constant for
the three investigated coatings. Thus, it could be argued that the con-
stant deposition conditions result in comparable energetic growth con-
ditions and consequently, in comparable mobility of Si during growth,
which leads to an increasing Si content incorporated into the solid so-
lution, while the enrichment in the amorphous phase fraction is rather
constant [4]. The more pronounced incorporation of Si into the Ti; ,SixN
solid solution with increasing overall Si content is also consistent with
the observed peak broadening in XRD, since the incorporation of Si can
be assumed to result in increased micro-strain. In addition, it could be
speculated from the 3D-reconstructions in Figs. 2a, 3a, and 5a that the
Ti; xSixN grain size (blue regions) slightly decreases with increasing Si
content, which also contributes to the peak broadening in XRD and re-
flects the chemical driving force of the increasing Si content.

In order to correlate the observed nanostructure with mechanical
properties, nanoindentation was conducted. In Fig. 6, hardness as well
as Young’s modulus of the three investigated coatings are summarized.
Compared to literature values for TiN, which are usually well below 30
GPa [1,37,41], the addition of only 2 at% Si results already in a signif-
icantly increased hardness of 35.9 + 1.9 GPa. In general, the formation
of a nanocomposite structure is reported to result in a higher hardness
due to a reduced grain size and suppressed grain boundary sliding
[40,42]. Increasing the Si content to ~5 at% results in a further hardness
increase to 38.5 + 1.4 GPa, which can most probably be related to an
even smaller grain size and higher compressive residual stress (—8396
MPa). Adding 10 at% Si leads to a drop in hardness to 32.0 & 1.9 GPa,
which can be attributed to the increasing amorphous phase fraction
formed at assumed grain boundaries with further decreasing grain size
and also the lower observed compressive residual stress (—5709 MPa)

Growth direction

‘50 nm
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10 20 30 40 50
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Fig. 3. a) 3D-reconstruction showing an Si iso-concentration surface (red) of 3.0 at%, an Ti iso-concentration surface of 43.0 at% (blue) and a combination of Si and
Ti iso-concentration surfaces, where the ROI is marked. b) 1D compositional profile corresponding to the ROI marked in a).
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Fig. 4. a) STEM cross-sectional overview of a lamella of the TiSisN coating, showing a fine-grained columnar structure. b) and ¢) HR- STEM images revealing
elongated crystalline and amorphous regions with corresponding fast Fourier transformation of 5 x 5 nm regions, indicated with green, red and blue boxes. d) Detail
of the microstructure with the corresponding energy dispersive X-ray spectroscopy maps revealing Si-enriched and Ti-depleted regions.

[43,44]. The observed hardness evolution is in good agreement with
literature [9,15,45]. The evolution of the Young’s modulus differs from
the hardness, since it continuously decreases with increasing Si content
from 405 + 12 to 332 + 11 GPa, which is in a fair agreement with
literature [17,46] and can most probably be related to the decreasing
grain size and thus, increasing amorphous phase fraction with
increasing Si content [45-47].

4. Conclusions

Within this study the effect of different Si contents on the micro-
structure and the local elemental composition of TiSiN coatings was
investigated in detail using atom probe tomography (APT) and isotopic
substitution of N. Coatings with ~2, 5 and 10 at% Si were sputter
deposited using '°N-enriched nitrogen. The APT analysis revealed an
elongated microstructure in growth direction, where larger Ti-enriched
regions are separated by smaller Si-enriched areas. Further, neither Si-
nor Ti-free regions could be observed. Since X-ray diffraction only
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Fig. 5. a) 3D-reconstruction showing an Si iso-concentration surface (red) of 12.6 at%, an Ti iso-concentration surface of 41.6 at% (blue) and a combination of Si and
Ti iso-concentration surfaces, where the ROI is marked. b) 1D compositional profile corresponding to the ROI marked in a).
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Fig. 6. Hardness and Young’s modulus of TiSiN coatings.

provided evidence for the presence of face centered cubic (fcc)-TiN, the
Ti-rich regions could be assigned as Ti;.4SixN solid solution, while the Si-
rich regions could be assigned to the presence of an amorphous (a)
SiyTipN. phase, thus forming a fec-Ti; SixN/a-SizTipN. nanocomposite
structure. With increasing overall Si content from 2 to 10 at%, the
amount of Si incorporated into the solid solution increased from ~2 to 9
at%, while the Si-enrichment in the amorphous phase fraction stayed
rather constant at ~4 to 6 at%. Complementary performed transmission
electron microscopy and energy dispersive X-ray spectroscopy in-
vestigations corroborated the presence of larger crystalline regions,
enriched in Ti and separated by smaller disordered Si-enriched areas. In
addition, nanoindentation was conducted to correlate the microstruc-
ture with the mechanical properties of the studied TiSiN coatings. The
maximum hardness of 38.5 + 1.4 GPa was obtained for the coating
containing ~5 at% Si. Further increase of the Si content to 10 at%
resulted in a decreasing hardness, highlighting the influence of the
amorphous phase fraction. Using isotopic substitution and APT, we were
able to unveil the nanocomposite structure of sputter deposited TiSiN

coatings in unprecedented detail. The applied methodology allows for a
targeted design of the structure of TiSiN to optimize their performance.
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