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Abstract

Nanocrystal-(Ti; _ (Al,)N,/amorphous-Si;N, nanolaminate films were deposited periodically via reactive magnetron sputtering technique.
The effects of the thickness of multilayer period on the microstructure and mechanical properties were investigated by X-ray diffraction,
scanning and transmission electron microscopies, nanoindentation and scratching adhesion testing. Results indicate that the nanolaminate
structure is uniform and good flatness interfaces under different multilayer periods. The nanolaminate films exhibited a maximum hardness
when the multilayer structure had a period of Z =25 nm and were harder than monolayer (Ti, _ (Al,)N, or SizN, films of the same thickness.
The critical scratching load of the nanolaminates was higher than that of monolayer specimens with the same thickness. The mechanisms of

fracture and toughening of nanolaminate films are also discussed.
© 2004 Published by Elsevier B.V.
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1. Introduction

Microstructural design is one of the best ways to enhance
the mechanical properties of film materials. A new super-
hard coating with nanocrystalline/amorphous (nc/a) struc-
ture was shown to have considerable hardness enhancement
as compared with monolithic materials [1,2]. Previous
results indicated that the strengthening mechanism of nano-
crystalline/amorphous composite films was dislocation pin-
ning. Dislocations formed in the crystallites under a higher
applied stress could not freely move through the amorphous
matrix, and therefore the strength of the materials was
enhanced [1,2].

In recent years, ceramic superhard compositionally mod-
ulated multilayer films have been actively investigated [3—
5]. Results have shown that multilayer films can show
improved performance over monolayer films and combine
the attractive properties of different materials in a single
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protective layer. The introduction of a number of interfaces
parallel to the substrate surface can act to deflect cracks and
provide barriers to dislocation motion [6]. For layer only a
few nanometers thick, dislocation generation mechanism
cannot operate. These effects will lead to a considerable
reduction in total dislocation mobility and thus a hardening
and strengthening of the materials [6].

Cutting tool materials with (Ti,AI)N coating have been
shown to be superior to other conventional binary coatings
and could be used at significantly higher cutting speed [7]
since the oxidation resistance was improved [8—10].

Silicon nitride films are useful for structural applications
due to their attractive properties of hardness and chemical
inertness. It was reported that an amorphous matrix, such as
Si3Ny, could provide a higher stability against oxidation
than that of crystalline metallic nitride [1]. Therefore, nano-
laminate materials consisting of nanocrystal-(Ti; _ ,Al,)N,,
and amorphous-Si;N, [designated as nc-(Ti; _ ,AL,)N, and
a-SizNy] can be seen as future novel cutting tool coating
materials.

In the present study, nc-(Ti, _ (Al,)N,/a-SizN4 nanolami-
nate films were synthesized via a reactive magnetron
sputtering technique. The effects of the thickness of multi-
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layer period (4) on the microstructure and mechanical
properties were investigated.

2. Experimental procedure
2.1. Synthesis

Nanocrystal-(Ti; _ ,Al,)N,/amorphous-Si;N4 nanolami-
nate films were deposited from Ti—Al alloy (50/50 at.%
99.99% purity, 7.62 cm in diameter, 0.64 cm in thickness,
Plamaterial, USA) and Si targets (99.999% purity, 7.62 cm
in diameter, 0.64 cm in thickness, Target Materials, USA)
by alternating covering shutters. The thickness ratio of the
nc~(Ti; _ (Al)N,, layer to the a-SizNy layer is 1:1, and the
multilayer period 4 is the sum of both layers. The films were
coated on silicon wafers for X-ray diffraction analysis
because the (200) peak of TiAIN severely overlapped with
a Fe peak. For other properties analysis, the film was
deposited on high-speed steel (HSS, SKH51). The HSS
substrates were annealed at 860 °C, quenched from 1220 °C
and then tempered at 550 °C. A Rockwell C hardness of 64
HRC (800 HV) was obtained after heat treatment. Substrates
were machined into blocks of 15 X 15 X 5 mm and polished
with diamond particles with grain sizes down to 1 um,
degreased and ultrasonically cleaned in acetone and ethyl
alcohol and subsequently dried in flowing nitrogen gas
before deposition. In order to enhance the adhesion and to
reduce the effects of the substrate, TiAl films (0.3 um) were
first deposited as an interlayer.

The deposition system (Fig. 1) is a rectangular vacuum
chamber with two separated Ti—Al alloy and Si targets. The
target-to-substrate distance was 5 cm. The pressure was
measured using a hot cathode ion gauge and a thermal
couple vacuum gauge. Two separate mass flow controllers
(MKS MFC-1179) were used to monitor the gas flow rate of

Table 1

Deposition conditions for (Ti; _ ,Al,)N,/SisN4 nanolaminate films
Parameters

Flow rate of Ar 50 ml/min
Flow rate of N, 10 ml/min
DC power to Ti—Al target 200 W
RF power to Si target 200 W
Deposition pressure 0.8 Pa
Temperature of substrate 300 °C
Rotating speed substrate 12 rpm
Negative bias voltage ov

Total film thickness 1 um

argon and nitrogen. A cryo-pump coupled with a rotary
pump was used to achieve an ultimate pressure of 2.7 X
10~ * Pa before introducing gas mixtures of argon and
nitrogen. The films were deposited without substrate bias
voltage. The targets were firstly pre-sputtered at 0.8 Pa for
10 min in Ar for cleaning. The substrate temperature was
maintained at 300 °C. The deposition conditions were
presented in Table 1. Deposited samples were cooled down
to room temperature in vacuum before venting the system.

2.2. Characterization

An X-ray photoelectron spectroscopy (XPS, VG Scien-
tific 210, West Sussex, UK) was used to investigate the
composition of the films. The phases, textures and crystallite
size of the nanolaminate films were determined by X-ray
diffraction using Cu K, radiation (XRD, Rigaku D/
MAX2500, Tokyo, Japan). The elemental depth profiling
of nanolaminate films was examined by Auger electron
spectroscopy (AES, Fison microlab 310-D, West Sussex,
UK). The primary electron beam used was 10 keV with a
current of 400 nA. The Auger electron spectra were ac-
quired using a spherical sector analyzer (SSA) with an
energy resolution of 0.5%. A backscattered electron (BSE)
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Fig. 1. Schematic diagram of sputtering system for nanolaminate films deposition.
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field emission scanning electron microscope (Fe-SEM, XL-
40FEG, Philips, Eindhoven, Holland) was used to identify
the constituent structure. The microstructure was investigat-
ed by field emission gun transmission electron microscopy
(FEG-TEM, Hitachi Model HF-2000, Tokyo, Japan).

The hardness of films was evaluated using a Hysitron
nanoindentation apparatus interfaced with a Digital Nano-
scope II AFM (Digital Instruments, NanoScope, California,
USA). An indenter with a three-faced pyramidal diamond
tip was used. The indentation depth was less than 10% of
the film thickness to reduce the effects of the substrate.

The adhesive strength of each coating was measured by a
scratching adhesion tester (RomulusIIl Universal Tester,
Quad, Japan). A stylus with radius of 300 um was drawn
over the sample surface for 1 cm under a continuously
increasing normal force of 1 N/s until the film became
detached. The test table was fixed while a stylus was drawn
over the sample surface. The normal force causing detach-
ment was defined as the critical scratching load. The
morphology of the scratched channel was observed by
SEM.

3. Results and discussions
3.1. Composition and microstructure

The compositions of monolayer (Ti; _ Al)N, and
monolayer Si;N, films are shown in Table 2. Results
indicated that both films were understoichiometric. The
ultimate pressure attained in the present work is ~ 2.7 X
10~ * Pa. There is possibility for the films to be contami-
nated with oxygen [11]. The peak fitted XPS Ti2p spectra
for the monolayer (Ti; _ ,Al,)N,, and that of Si2p spectra for
the monolayer SizN, films deposited at /=100 nm are
shown in Fig. 2. The Al2p region for (Ti; _ (Al,)N, is not
shown due to the very small chemical shift between Al,O3
and TiAIN. The graphic showed two envelopes cor-
responding to the spin-orbit splitting 2p;, (right) and
2pz» (left), with a band shift of about 5.6—5.7 eV, in good
agreement with literature [12]. In Fig. 2(a), peak 1 of the
(Ti; — (Aly)N, sample is attributed to Ti—O bonding. Peak 2
is attributed to Ti—O—N intermediate-phase bonding and
peak 3 to T—-N bonding [13—15]. From Fig. 2(b), peak 1 of
the a-SizN,4 sample is attributable to Si—O bonding and peak
2 is attributable to Si—N bonding [16]. The formation of
oxide and oxynitride could be the reason that both the nc-
(Ti; - cAL)N,, and a-SizN, films were non-stoichiometric.

Table 2
Composition of monolayer (Ti; _ ,Al,)N, and monolayer Si3N4 films as
determined by XPS analysis

[Ti] (at.%) [Al] (at.%) [N] (at.%)

ne-(Ti; _ AIN, 318 322 36
a-SisN, 55.8 442

[Si] (at.%)

X-ray diffraction patterns of (Ti; _ ,AlL)N,/SizN4 nano-
laminate films with different A are shown in Fig. 3. The
(111), (200), (220) and (311) peaks were found and attributed
to (Ti; _ (Al,)N, [17,18]. There was no evidence of crystal-
line peaks corresponding to the Si3Ny film. It suggested
therefore that the SisN, film formed as amorphous structure.

To investigate the composition distribution of films, AES
elemental depth profiling was conducted. Fig. 4 reveals the
results of films with A=100 nm. The signal of Ti, Al, N and
Si were presented periodically, which suggested that the Ti—
Al-N and Si—N layers formed alternatively. The combina-
tion of N and Ti was due to severe overlap of the Auger
peaks. The period of profiles of Ti, Al, N and Si signals was
quite similar. It indicated that the composition of each
(Ti; — cAl)N,, or Si3Ny layer was quite repeatable.

A typical backscattered electron SEM micrograph illus-
trating the cross section of nanolaminate films with =100
nm is shown in Fig. 5. The difference in backscattered signal
contrast between the layers was due to different films having
different atomic number [19]. The TEM micrograph of cross
section and selective area diffraction (SAD) pattern for
(Ti; — ,AL)N,/Si3N, nanolaminate films with 41=20 nm are
shown in Fig. 6. The dark area image of the nanolaminate
structure was assigned to (Ti; _ ,Al)N, due to its higher
average atomic number [20]. The layers indicated periodic
compositional modulation. A diffraction ring with (111),
(200) and (220) of fec (Ti; — cAL)N,, structure was in agree-
ment with the XRD results shown in Fig. 3. The diffuse pat-
tern in Fig. 6(b) was assigned to the amorphous Si;N,4 phase.

The low-angle X-ray diffraction can provide information
about interface state of short-period multilayer films [21,22].
Kayushina et al. [22] investigated self-assembled lysozyme/
polyion multilayer, and the X-ray reflectivity method was
applied for monitoring multilayer film formation. Results
indicated that multilayer film appeared X-ray reflectivity
curves with Kiessig fringes, which resulted from interfer-
ence of X-ray reflected from good flatness interface between
layers. The X-ray reflectivity patterns with well-defined
Kiessig fringes indicate good flatness interface of multilayer
film. Fig. 7 shows low-angle X-ray diffraction patterns of c-
(Ti; — (Al)N,, /a-Si3Ny4 nanolaminate films with different 4.
Results indicated X-ray reflectivity curves with Kiessig
fringes, which resulted from interference of X-ray reflected
from the interface between layers. It is thus suggested that
the interface of c-(Ti; _ ,Al,)N,/a-Si3N, nanolaminate films
were good flatness. It was reported previously that provid-
ing flatness interfaces could inhibit dislocation motion and
enhance the strength of materials [6].

The calculation of finite crystallite size by XRD analysis
should consider the effects of random strain on films [23].
In the present study, however, high-order reflection peaks
of the deposited films were absent (for example, 100, 200,
300 for h0OO or 110, 220, 330 for hhO and so on). The
crystallite size of films was calculated by the Scherrer
formula [23]. The integral width of (200) Bragg reflection
with strong intensity was used. Fig. 8 shows the crystallite



122 B.-S. Yau et al. / Surface & Coatings Technology 194 (2005) 119-127

(a)
T T T T T T T T T T
K -
C -
o —
u
n -
t -
)
12 =1 1 1 1 1 1 1 1 1 1 =
470 468 466 464 462 460 458 456 454 452
Binding Energy (eV)
(b)
T T T T T T
Si2p
10 - 2 —
k 8 —
C
(o]
u 6 .
n
t
s 4L _
2 - —
1 1 1 1 1 1
106 104 102 100 98 96

Binding Energy (eV)

Fig. 2. (a) XPS Ti2p spectra for the monolayer (Ti; _ (Al,)N, and (b) Si2p spectra for the monolayer SizNy films deposited at =100 nm.
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Fig. 3. X-ray diffraction patterns of (Ti; _ ,AL)N,/SisNy films with dif-
ferent A.

size of c-(Ti; _ ,Al)N,/a-Si3N; nanolaminate films with
different 1. The calculated results indicate that the crystal-
lite size invariably decreased with decreasing 4. A mini-
mum crystallite size of 2.5 nm was obtained as A=20 nm.
Decreasing A implied decreasing time to deposit each layer
and therefore reduced time for crystal growth. Similar
results were observed by Hausmann and Gordon [24]
which investigated the nanolaminates in the context of
the crystal nucleation and growth model. Results indicated
that the growth of crystallites after the nucleation event had
occurred could be prevented with nanolaminate structures.
This strategy requires that the second material being
deposited does not nucleate and grow crystallites. When
a second material is deposited on the top of the growing
crystallites, crystallite growth will cease if the second
material does not crystallize epitaxially on the top of the
preexisting crystallites. By producing a nanolaminate struc-
ture, in which the materials formed alternating layers, the
size of the crystallites could be effectively capped. In the
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Fig. 4. The AES elemental depth profiling of films deposited at A= 100 nm.

present study, amorphous-Si;N, does not have an epitaxial
relation to crystal-(Ti; _ ,Al,)N,. Therefore, amorphous-
Si3Ny4 deposited on the top of crystal-(Ti; — (AlL)N,
layer can inhibit crystallite growth and nanocrystalline
(Ti; _ (AlL)N, layers are obtained.

Fig. 9 shows AFM images of nc-(Ti; _ ,AL,)N,/a-Si3N,
nanolaminate films with different A. Results indicated that
the surface morphology of conical features became finer
with decreasing 4. Results also indicated that the roughness
decreased with the decrease of A, probably due to the
corresponding decrease of the grain size [25,26].

3.2. Mechanical properties
3.2.1. Nanoindentation analysis

Fig. 10 shows that the hardness, plotted as a function of
/. for nc-(Ti; _ (Al,)N,/a-SizN4 nanolaminate films, were

Magn Det
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Fig. 5. Typical backscattered electron SEM micrograph illustrating the cross
section of nanolaminate films with =100 nm.

(111)  (200) (220)

Fig. 6. The TEM micrograph of cross section (a) and selective area
diffraction pattern (b) for (Ti; _ (Al,)N,/Si3N4 nanolaminate films with
A=20 nm.

substantially larger than the rule-of-mixtures value of
~ 16.5 GPa. The hardness of nc-(Ti; _ ,Al)N, and a-
Si3N, films deposited at the same gas pressure is marked

Intensity (arb.)

20 (degrees)

Fig. 7. Low-angle X-ray diffraction patterns of (Ti; _ Al)N,/SisNy
nanolaminate films with different /.



124 B.-S. Yau et al. / Surface & Coatings Technology 194 (2005) 119-127

Crystallite size (nm)

0 . 1 . 1 . 1 . 1 . 1
0 20 40 60 80 100

Multilayer Period,A (nm)

Fig. 8. Crystallite size of nc-(Ti; _ ,Al,)N,/a-Si;N, nanolaminate films with
different .

on the same figure. Results indicated that a maximum
hardness of 35 GPa was obtained as /=25 nm. This value
exhibited a substantial increase of hardness by 84% and
133% as compared to the monolayer nc-(Ti; — ,Al)N, (19
GPa) [27] and monolayer a-SizN, films (15 GPa) [28],
respectively.

x 100.000 nm/div
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(@) A= 100 nm

x 100.000 nm/div

m Z 30.000 nm/div
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In general, improvements in performance for multilayer
films are found as 4 is decreased, but there are some dramatic
changes at very low /J, which have been attributed to the
supermodulus effect [3] (Fig. 10b). No such dramatic
increases in hardness were observed in the present study
and it is not possible for supermodulus effect. Koehler [29]
proposed a model for increasing the strength of materials by
inhibiting dislocation mobility through the formation of a
compositionally modulated structure. If there is a sufficiently
large difference in the dislocation line energy of alternating
layers, dislocations in one layer will not be able to penetrate
the interfaces and dislocation pile-ups will occur. Further-
more, if the layer thicknesses are small enough, dislocation
generation mechanisms such as Frank—Read sources cannot
operate inside a given layer. These effects give rise to
considerable reduction in total dislocation mobility and thus
harden the material. For nc-(Ti, _ ,Al,)N,/a-SizN, nanola-
minate films, the presence of layers interfered with disloca-
tion motion over a range of 4 (20—100 nm) could harden the
material. However, the increase in hardness is relatively
small. Similar results of the relatively small enhancement
of hardness with decreasing 1 were reported by Bull and
Jones [6].

Mirkarimi et al. [20] investigated the enhancement of
hardness in single-crystal TiN/V, ¢Nbg 4N superlattices as a

x 100.000 nm/div
nm z 30.000 nm/div

Ry =4.348 nm R, =3.556
(b) A=50nm

x 100.000 nm/div

400 ~ z 30.000 nmdiv

Ryms =4.338 nm R, =3.387
(d) A=20nm

Fig. 9. AFM images showing the morphology and roughness of nc~(Ti; _ ,Al,)N,/a-Si;N4 nanolaminate films with different 4. (a) 2=100 nm, (b) =50 nm,

(¢) A=33.4 nm and (d) A=20 nm.
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Fig. 10. (a) The hardness of nc-(Ti; _ ,Al,)N,/a-Si3N4 nanolaminate films
with different 1. (b) Schematic diagram showing two possible contributions
to the hardness behavior shown in (a).

function of superlattice period and reported that the maxi-
mum hardness should occur at the point where the greatest
density of interfaces is achieved without interdiffusion
becoming too great. Shin and Dove [30] investigated the
hardness versus individual layer thickness for W/W—N and
Hf/Hf—N multilayer films and reported that the major factor
for the increase of hardness of multilayer films was due to
the small grain-size effect by artificially making each
individual thin layer. Similar results of the enhancement of
hardness with decreasing A were reported for TiN/NbN
superlattice coating [31] and Si3N4/TiN ceramic nanomulti-
layer films [32].

3.2.2. Adhesion analysis

Typical SEM micrographs of a scratched channel of
monolayer nc-(Ti; _ ,AL)N,, film and nc-(Ti, _ ,AL)N,/a-Si;
N4 nanolaminate film (41=25 nm) are shown in Fig. 11. The
monolayer nc-(Ti; _ (Al)N,, film exhibited typical spalling
fracture phenomenon. The spalling failure occurred at the
critical scratching load as a result of the compressive shear
stress generated ahead of the moving stylus (Fig. 11a) [33].
For the nc-(Ti; _ ,Al,)N,/a-Si3N, nanolaminate film (Fig.
11b), there were numerous irregular microcracks on the
contact site. In this failure mode [33], the scratch groove
showed that the propagation of microcracks was caused by
the high compressive stress developed in front of indenter
and tensile stress behind the indenter. These stresses create

(2)

36.8#2m

lgaezl1e®e 15.0kV xXSee

Fig. 11. Typical SEM micrographs showing a scratched channel of
monolayer nc-(Ti; _ (Al)N,, film (a) and nc-(Ti; _ ,Al)N,/a-SizN, nano-
laminate films (b) coated on high-speed steel.

delamination at the interface between layers of the film,
not delamination at the interface between film and sub-
strate. The lateral cracks emanating from the indenter edge
were activated leading to the film’s removal by chipping.
Similar fracture phenomenon mechanisms in nanoscale-
layered hard thin films observation were investigated by
Karimi et al. [34].

The critical scratching load for nc-(Ti; — (AL)N,/a-SizNy
nanolaminate films with different 4 is shown in Table 3.
Results indicated that the critical scratching load had no
obvious change with increasing A. A maximum critical

Table 3
Critical scratching load of nc-(Ti; _ ,Al,)N,/a-Si3N4 nanolaminate films
with different 4

Multilayer 20 25 33 50 100
period /Z (nm)

Critical scratching 42.6 43.8 42.8 43.6 458
load (N)
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Fig. 12. The cross-section TEM micrograph showed the propagation of
nanocracks in nc-(Ti; _ (Al,)N,/a-SisN, nanolaminate films with /=20 nm.

scratching load of 45 N for nc-(Ti; _ ,Al,)N,/a-SizN, nano-
laminate films was obtained. This was a substantial increase
by 165% as compared to the monolayer nc-(Ti; — (AN,
film (17 N). Bull and Jones [6] investigated the adhesion
properties of multilayer coatings and reported that the cracks
could be deflected by the internal interfaces, which resulted
in energy dissipation in the layer material without coating
failure. This led to apparent increase in coating toughness
and adhesion.

The cross-section TEM micrograph illustrating the prop-
agation of nanocracks in the nanolaminate films with A=20
nm is shown in Fig. 12. Result indicated that the nano-
cracks could deflect by the internal interface and propagat-
ed in the interface between the layers (arrow A). The
observation suggested that the toughening effect of nc-
(Ti; _ cAl)N,/a-Si3N, nanolaminate films was attributed
to the crack deflection by interface between the layers.

4. Conclusions

Nanocrystal-(Ti; _ (Al,)N,/amorphous-SizN4 nanolami-
nate films were successfully synthesized via a reactive
magnetron sputtering technique. Nanolaminate structure
was uniform and good flatness interfaces under different
multilayer periods. The a-SizNy layer inhibited growth of
nc-(Ti; — (Al,)N, and thus decreased the crystalline size.
A minimum crystallite size of 2.5 nm was obtained as
A=20 nm.

A maximum hardness of 35 GPa was obtained as 1=25
nm, which was better than that of monolayer films with
same thickness. The presence of layers interfered with
dislocation motion could harden the material. However,
the increase in hardness is relatively small.

The mechanism of fracture was transferred from spalling
mode to tensile cracking fracture mode as the film with a
nanolaminate structure. The critical scratching load of
nanolaminate had no obvious change with increasing 1. A

maximum critical scratching load of 45 N of nc-
(Ti; — zAL)N,/a-Si3N, nanolaminate films was obtained,
which was better than that of monolayer specimens with
same thickness due to the toughness increasing. The tough-
ening mechanism of nc-(Ti; _ Al,)N,/a-SisN, nanolami-
nate films was attributed to the crack deflection by
interface between the layers.
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