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ARTICLE INFO ABSTRACT

Keywords: In this study we have analysed the indentation hardness and modulus of cathodic arc deposited CrTiAIN coatings
CrTiAIN coatings as a function of the stoichiometric variables Ti/Cr, Al content and cation mix. The coatings have been prepared
Wear

using a combinatorial cathode composition approach, leading up to 14 different stoichiometries produced in 5
batches. The coatings have been inspected by glow discharge optical emission spectroscopy, scanning electron
microscopy, X-ray diffraction and nanoindentation techniques. The coatings develop crystalline structures
compatible with solid solutions of face—centered cubic unit cells for all the compositions produced. Such unit
cells exhibited a downwards lattice parameter dependency on the aluminum concentration of the coatings (from
0.417 nm down to 0.413 nm). The indentation hardness as a function of the Ti/Cr is compatible with other
previous studies reported. The films hardnesses and moduli also increase as the aluminum concentration in-
creases (21 GPa up to 34 GPa). Both indentation responses upon Ti/Cr and Al are attributed to solid solution
strengthening. However in order to prove this statement, the indentation hardness and modulus were studied as a
function of the mixing term of the cations, as this term is well representative of the solid solution compositional
map. The observed results unambiguously evidence that the solid solution strengthening effect is confirmed on

Cathodic arc evaporation

the basis of the dependency between the indentation hardness and the so called degree of mixing.

1. Introduction

Physical vapour deposition (PVD) of quaternary coating systems
such as CrTiAIN have received the attention of the researchers due to
their good performance in high speed machining and other tooling ap-
plications [1-5]. Earliest reference of this coating formulation begins in
the first decade of the 2000s [4,5], using sputtering and arc plating
techniques as deposition methods. Essentially, the vacuum reactive
deposition of Ti, Cr and Al metals in nitrogen gas leads to nearly perfect
fce-crystalline solid solutions for a wide range of coating stoichiome-
tries. Only for Al concentration as high as 70at% other secondary phases
such as h-AIN may nucleate and grow. That observation obeys to the fact
that both Ti and Cr form nitrides of the same unit cell structure (i.e.
face—centered cubic), and that these cells allow a high solubility of Al,
which is located at cation substitutional sites.

The high solubility of Al and the presence of Cr provides the CrTiAIN
coating system with high hardness, excellent oxidation resistance and

structural stability even at high temperatures [6-10].

Such outstanding performance and its correlation with the coating
microstructures have been studied and characterized extensively; for
example, Zhou et al. [7] and Yamamoto et al. [8] found that the
microstructure of high Al content CrTiAIN remained unaltered after
annealing at 900 °C in air. Above this temperature, mixtures of cubic and
hexagonal phases were formed. Hasegawa et al. [11] observed that the
CrTiAIN cubic-type films partially transformed to hexagonal structure
by annealing over 900 °C. More recently, Chen et al. [12] investigated
the thermal decomposition of CrTiAIN alloy coatings at
1000 °C-1100 °C, identifying different decomposition routes through
nucleation and growth of h-AIN, c-TiN and c-CrAIN phases.

The indentation hardnesses and modulus of CrTiAIN coating for-
mulations obtained by different PVD methods have also been reported in
the literature [1-15], observing, in overall, similar dependencies on the
ratio between the cationic constituents. Specifically, most of the re-
ported studies indicate that the hardness and modulus of CrTiAIN
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coatings increase as the ratio of Ti over Cr [9,10] or over Cr + Al [13]
increases, regardless of the deposition method used. For example, we
(Georgiadis et al. [13]) found a correlation between the lattice param-
eter ap and the indentation hardness of CAE deposited films, both
increasing as the Ti/(Cr + Al) cation ratio increased, although the cor-
relation was inferred only with a limited number of tested specimens.
Similar correlations between hardness and Ti concentration were also
found by Y. Xu et al. [9]. Zhou et al. [7] and Danek et al. [10] also re-
ported that the hardness of the CrTiAIN sputtered coatings decreased as
the Cr content increased, which aligns with Refs [9,13]. On the other
hand, Lin et al. [6] reported a sharp increase in hardness up to 40 GPa for
Ti atomic fractions of 11%, in hybrid high power impulse magnetron
sputtering (HiPIMS) CrTiAIN coatings, attributed to different factors
such as solid solution strengthening and (111) preferred plane lattice
orientation.

The fracture toughnesses of sputtered CrTiAIN on Si substrates have
also been characterized [14], whilst the friction properties of CrTiAIN
coatings investigated by different authors [4-7,13,15,16,17]. In general
terms, it is found that coefficients of friction (COFs) ranges between 0.5
and 0.7, using counter balls of bearing steel, WC or Al,0O3, showing in
some reported cases a slight decrease of the coefficients of friction at
room temperature as the Cr-atom concentration increases over Ti [17].

Generally speaking, most of the studies carried out on the indenta-
tion hardness of the system CrTiAlIN are based on a limited number of
specimens analysed; between 3 and 6 to 7. That fact could be valid to
highlight partial dependencies of hardness and modulus as a function of
compositional parameters (typically Ti/Cr atom ratio), though it may
omit other compositional dependencies. In this study we have produced
and qualified a larger number of specimens (up to 14), using a combi-
natorial approach that have allowed to get a variety of cation atomic
compositions. Such approach has already been implemented by other
authors for similar or other coating systems (see for example [12,18]) to
further unveil correlations between microstructures and mechanical
responses. We have explored the indentation hardness and modulus
against (i) the more classical atom ratio Ti/Cr to compare the results
with these previously published, (ii) the absolute Aluminum concen-
tration; and additionally (iii) as a function of the degree of ‘mixed-up-
ness’ or simply mixing [19] that a crystalline structure may exhibit when
Z-different atomic constituents randomly locate in the available lattice
sites of a solid solution. All that with the purpose to discuss the possible
mechanisms of film strengthening as a function of the stoichiometry for
this quaternary coating system. We have not found, to the best of our
knowledge, any recent study in which such correlation had been
attempted experimentally on any quaternary nitride coatings or on any
with higher number of constituents (some of these called high entropy
nitride coatings [20,21]).

Table 1
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2. Experimental
2.1. Coating deposition

A set of 14-combinatory compositional (Cr,Ti,Al)N coatings have
been produced by cathodic arc evaporation in a commercial PVD
reactor. A scheme of the evaporation set up is inserted at the right-hand
side column of Table 1. The reactor is equipped with 2 opposing col-
umns, each of them hosting 3 circular cathodes (10 cm diameter)
aligned vertically. Both columns face each other and leave an effective
volume of 0.5 m® available for the substrates located at the centre of the
chamber. For the preparation of the coatings, the left-side column was
equipped with pure Ti cathodes. This column has the purpose to carry
out ion bombardment pretreatment on the test samples and to produce
an adhesion TiN film before the CrTiAlN film deposition. The right-side
column was prepared with various combinations of cathode composi-
tions in order to investigate the properties of the deposited coatings as a
function of the proportions of the Me constituents Cr, Ti and Al. The
cathode positions of the right side are labelled as top, middle and bottom
(cf. Table 2). 5 different batches were prepared, each hosting 3 or 4
subsets of test specimens located at different heights of the sample
holder namely again top, middle, bottom and very bottom. The top posi-
tioned samples coincide approximately in height with the top positioned
cathodes. Table 1 indicates the composition of the different cathodes
used for every batch/position. The targets utilized were single or bi-
metal of 99.8 wt% purity of 70 mm diameter.

The substrates were hot work H13 steels (53-55 HRc) with a
chemical composition of 0.4at%C, 0.9at%Si, 0.3at%Mn, 5.43at%Cr,

Table 2
Deposition parameters for the coating batches.

Phase 1: Ar* bombardment (AEGD)

Substrate bias (V) —600

Pressure Ar (Pa) 1

Anode voltaje (V) 60
Phase 2: Ti* bombardment (AEGD)

x 3 Ti current (A) 60

Substrate bias (V) —600
Phase 3: TiN adhesion layer

Substrate bias (V) —60

Ti based arc current (A) 45

Pressure PN, (Pa) 1
Phase 4: deposition CrTiAIN films

Cr based arc current (A) 60

Ti based arc current (A) 45

Substrate bias (V) —60

Pressure PN, (Pa) 4

Temperature °C 420-440

Cathode composition and relative location in the reactor chamber for each of the 5-coating batches.

Batch Cathode position Cathode composition/(amperage) Sample set code Scheme of cathode and sample positioning in the reactor chamber
Top Ti (45) A (top)
1 Middle Cro.3Alp.7 (60) B (middle)
Bottom - C (bottom)
Top Ti (45) A (top)
2 Middle Cro 5Alp 5 (60) B (middle)
/[
Bottom - C (bottom) Samples Cathodes
Top Ti (45) A (top) H
3 Middle Cr (60) B (middle) c top position - A
Bottom Cro.3Alg7 (60) C (bottom) g E @ : <= : @ Top cathode
!
TO_P C,r (60) A (to,p) €2 middle position-B  « =
4 Middle Tig.33Alg.67 (45) B (middle) v ,7
o
Bottom - C (bottom) o8 % @ bottom pé)sition B ‘// / Middle cathode
— - D (very bottom) % _g = p.
Top Cro.3Alo.7 (60) A (middle) 2s2 -
5 Mid bottom Tio.33Al0.67 (45) _ E g9 @ very bottom position - D O:) Bottor cathoda
Bottom - — = 83 :
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1.32at%Mo, and 0.96at%V. Discs of 30 mm diameter were mirror pol-
ished (Ra < 15 nm) and cleaned in ultrasonic bath using de-oiling agents
and de-ionised water. Si wafers were also used to inspect the specimen
cross sections in the electron microscope.

The processes were initiated at a base pressure of 2 x 10~ Pa. The
subsequent steps are indicated in the form of phases on Table 2, where
all relevant process parameters are displayed. The substrates were
vacuum-heated and Ar'-ion bombarded using the so called Arc
Enhanced Glow Discharge (AEGD) process [22]; it is indicated as phase
1 on Table 2. In phase 2 the samples were further bombarded with Ti*
ions at energies of 600 eV for 10 min, with the purpose to enhance the
adhesion strength of the films. In phase 3, TiN adhesion layers of around
0.2 pm thick were deposited in a similar way for all the coatings. Finally
phase 4 ran the specific quaternary coating depositions. For this latter
phases 3 and 4, high purity N, gas were fed in the reactor chamber using
a mass flow of 200 sccm, leading to a work pressure of 4 Pa. A contin-
uous DC bias of —50 V was applied on the substrates during the depo-
sition phases 3 and 4. During all the process, the substrates were rotated
around the central vertical axis of the reactor chamber at a speed of 3
rpm. The substrate temperature was set to 450 °C, as measured using the
tempering curve of 100Cr6 bearing steel discs, on which Vickers hard-
ness were measured after each coating process [23].

2.2. Coating characterization

Coating composition were measured by glow discharge optical
emission spectroscopy (GDOES) using a JY 10000 system equipped with
radio frequency (RF) etching mode. The coating adhesions were tested
using a Rockwell C indentation device and protocol followed by the
visual inspection of the imprint (so call Mercedes test). The adhesion
qualification is set from HF1 (very good adhesion without adhesive nor
cohesive film failures) up to HF5 (total delamination around the
imprint).

X-ray diffraction (XRD) was carried out in a BRUKER-D8 spectrom-
eter in the parallel beam configuration using a Cu X-ray source (lambda
= 0.154 nm) and a grazing angle of the incident beam of 0.2°. The
measurement of the coating biaxial stresses was attempted using the
siny method. Although the obtained results did not allow a precise
quantification, it was inferred that the coatings developed compressive
stresses. A field emission scanning electron microscope (SEM) HITACHI
S-4800, equipped with a secondary electron detector was used to inspect
the cross sections of the films.

The indentation Hardness (H) and reduced Young modulus (E' = E/
(1-v%) of the coatings were determined by nanoindentation using a
NanoIndenter XP (MTS) with a Berkovich diamond tip. The tip was
calibrated on a fused silica sample using the Oliver and Pharr method
[24]. The measurements of H and E' as a function of the indentation
depth were carried out using the Continuous Stiffness Measurement
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(CSM) operation mode. The drift rate was measured to be below 0.080
nm-s~!. The indentations were carried out at a constant strain rate of
0.05 N/s up to a maximum load of 10 N. The measurements were
averaged over 20 indents for each sample. Surface Roughness was
measured with a WYCO-RST 500 profilometer using the vertical scan-
ning interferometry (VSI) mode, providing a vertical resolution of 3 nm.

3. Results & discussion
3.1. Composition and microstructure

Table 3 gathers the chemical composition of all the coatings as
measured by GDOES. For each specimen the values of the Ti/Cr atomic
ratio, the indentation hardness and the indentation modulus are also
displayed. In addition, Table 3 also shows the calculation of the so called
mixing term -Xy; x Inyj, in which y; represents the atomic fraction of
each of the metals (cations) of the coatings, which shall be discussed
later. In the present calculation, the summation is made over the three
metals Ti, Cr and Al. In all the cases, the stoichiometries recorded are
compatible with Me-N compositions of unit cells with fcc cubic sym-
metry, where the sum of the cation compositions (Me) to the anion (N)
ratio approaches the unity. Some of the specimens exhibited nitrogen
concentrations below 50at%, indicating the formation of anion va-
cancies during growth.

Figs. la-e show the cross section images of various representative
coatings of the series, as acquired by SEM in secondary emission electron
mode. At the top-right corner of each picture, Figs. 1 show the imprint
left by a Rockwell-C indenter on the coated steel specimens (these latter
correspond to optical images), following the procedures of the Mercedes
tests for coating adhesion. All images reveal circular cracks around the
imprint zone, caused by the fracture of the coating during the large
strain of the H13 steel substrate. According to the test, all the coatings
are qualified as HF1 and HF2, corresponding to well adhered films.

The cross section images reveal microstructures conformed by small
size dense compact columns. The microstructures of the coatings cross
sections 1A to 3A exhibit a strong texture, in contrast to these of their
TiN adhesion layers, which are less structured. In the case of the spec-
imens 4A and 5A, it is observed a more evident microstructure conti-
nuity between the adhesion layer and the quaternary coating. In the case
of the specimens 1A to 3A, the strong texture can be attributed to the
small grain size reached during the growth process, which is a side effect
of a poor atomic diffusion. For the specimens 4A and 5A, the larger grain
column sizes could indicate larger atomic diffusivity during growth.

Fig. 2 shows the diffraction patterns of the deposited coatings. All
patterns reveal that the coating lattice structures are formed by face
centred cubic unit cells, as expected for TiN [25], CrN [26] in general,
and AITIN [27,28], AICrN [29,30] for Al-concentrations smaller than
70at.% typically. All samples reveal the planes (111,002) and (022), in

Table 3

Stoichiometry, thickness, and hardness and indentation modulus of the 5 batches of coatings batches 1-5. The atom ratio Ti/Cr, and the mixing term — Efv x; xlny; are

indicated.
Sample Stoichiometry Thickness (pm) Ti/Cr ratio -Eyilny; H (GPa) E' (GPa)
1A Cro.15Ti0.15Alo.20No.52 2.7 £0.2 1.15 7.23 29.9 + 1.0 247.4 £ 13
1B Cro.20Ti0.04Alo.27No 50 27+0.1 0.2 6.67 33.7 £3.0 247.4 £13
1C Cro.22Tig.02Al0.28No 48 1.4+0.1 0.09 6.37 32.0£22 219.2+7
2A Cro.25Ti0.10Alo.18No.46 3.5+0.1 0.39 7.32 30.6 + 1.0 197.9+5
2B Cro.30Ti0.02Alo.22No.46 4.0 £0.1 0.07 6.38 30.3+1.4 194.8 + 4
2C Cro.31Ti0.01Alp.21No.47 20+0.1 0.04 6.11 28.8 £3.2 238.8 £ 12
3A Cro.39Ti0.09Al0.02No.50 2.3+0.1 0.23 5.49 21.4+14 121.3+ 4
3B Cro.43Ti0.02Alo.05No.50 3.0£0.1 0.03 4.80 258 + 1.4 1932+ 7
3C Cro.37Ti0.01Alp.14No.48 24+0.1 0.01 5.43 26.5 £ 1.0 1534+ 3
4A Cro.51Ti0.04Al0.08No.36 29+0.1 0.07 5.62 29.9 £ 28 243.0 £17
4B Cro.20Ti0.08Alo.15No 48 2.9+0.1 0.27 6.99 30.1 + 4.3 256.5 + 28
4C Cro.23Tig.13Alp.22No 42 28+0.1 0.56 7.74 30.2 4.4 271.4+7
4D Cro.11Ti0.19Al0.31No 39 1.7 £0.1 1.73 7.66 345+ 39 275.5 + 26
5A Cro.12Ti0.07Al.30No.42 2.7+0.1 0.55 6.73 27.8 + 3.1 260.1 + 25
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1A

AIN 15.0kV 11.7mm x15.0k SE(M)

AIN 15.0kV 10.6mm x22.0k SE(M)

5A

AIN 20.0kV 16.8mm x25.0k SE(M)
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AIN 15.0kV 10.4mm x12.0k SE(M)

aA

AIN 20.0kV 16.1mm x20.0k SE(M)

Fig. 1. SEM micrographs of the CrTiAlN films A-E in cross sectional view, as deposited on Si substrates. Top right insert represents the Rockwell C imprint on the

coating substrate couple.

the 26 regions 36-37°, 42-44° and 62-63° respectively. The specimens
4B, 4C and less clearly 5A reveal double peak structures. The low angle
peaks of the doublets correspond to a lattice parameter of 0.424 nm,
which can be attributed to unstrained TiN from the adhesion layer. The
phases such as wurtzite-like AIN or other secondary phases ($-CraN)
were not identified. This all reveals that the coatings form well mixed
solid solutions of fcc crystallographic structure. Fig. 3 shows the
zoomed-in peak fit of the (002) diffraction peaks of the specimen 4D,
where the TiN and the solid solution features are identified. It can be
also observed that the intensity of the peak features over background is
smaller for the specimens with the largest Al content; i.e. specimens 4D
and 5A.

Fig. 4 shows the corresponding fcc lattice parameters ag as a function

of the Aluminum atomic ratio, as measured over the peak position of the
solid solution planes (002). The lattice parameters decrease as the Al at.
% increases, which is in agreement with the fact that the incorporation
of Al diminishes the average bond lengths of the cubic lattices, as re-
ported in different studies, since the cubic AI—N bond length is the
shortest among the other Me-N present (i.e. from 0.408 nm for c-AIN up
to 0.414 nm for c-CrN and 0.424 nm for c-TiN). The same analyses were
attempted as a function of the Cr at.%, Ti at.%, or even the Ti/Cr and Ti/
Cr + Al [13], though no clear correlations could be observed for such
large number of specimens. Even Fig. 4. exhibits some degree of
dispersion due to the different concentrations of Ti and Cr in the
coatings.
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Fig. 2. X-ray diffraction patterns of the CrTiAIN specimens as labelled, measured at grazing angle.

‘ Cr 11Ti0.19A|0.31N03

.39

* TiN (a, = 0.424 nm)
¢ Solid solution

2-theta

Fig. 3. Peak fit detail of the (002) XRD double reflection of the specimen 4D.

3.2. Indentation hardness and modulus: different dependencies

In this section, the evolution of the indentation hardness and
modulus of the coatings is analysed as a function of their compositions,
in terms of different independent variables, (i) the Ti/Cr atom ratio, (ii)
the total Al composition and (iii) the mix term of cation constituents.
Fig. 5 shows the indentation hardness of the coatings as a function of the
Ti/Cr cation ratio. The indentation hardness increases sharply as the Ti/

0.419 e e e

0.418 B

0.417 —

0.416 4

0.415 B

0.414 4 .

Lattice parameter (nm)

0.413 B

0.412 B

0.411 T T T T T T T T
0 5 10 15 20 25 30 35 40

Aluminum at%

Fig. 4. Lattice parameter measured over the (002) diffractive plane for all
specimens as a function of the Aluminum concentration.

Cr ratio increases from O up to 0.3. A dashed curve is added with the
purpose to guide the eye. The observed trend might suggest that atomic
fractions of Ti as small as 3-4 at.% in the current CrTiAIN coating
structures are enough to raise the hardness to values in the range of
AITiN arc deposited coatings. Such evolution would agree with Xu et al.
[9] who observed a sharp hardness increase of CAE deposited Al-Cr-N
films as the Ti at.% raised to 10 and 18at%; specifically, from 27 GPa
to 33 GPa, although with a modulus reduction. The increase of the
indentation hardness as the Ti/Cr has also been found by other authors
[7,10].
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36 E

Indentation Hardness (GPa)

T T T

T T
0.6 0.9 1.2 15 1.8
Ti/Cr atomic ratio

Fig. 5. Indentation hardness as a function of the Ti/Cr atom ratio.

The increasing hardness of the CrTiAIN coatings as the Ti/Cr ratio
has been traditionally attributed to the fact that the extremes constituent
of the quaternary system TiAlIN or AITiN are in general harder than these
of the other extreme CrAIN or AICrN [7,10]. On the other hand, other
authors attributed the increase of the indentation hardness to solid so-
lution strengthening as Ti is incorporated in the cation sites of the AICrN
solid solution [9]. However, a more detailed analysis of Fig. 5 reveals
that the observed dependency of H on Ti/Cr is weak and not conclusive,
in the context of the specimens used in this study. The main reason is
that the increase of Titanium is normally concomitant to an increase of
the Aluminum, due to the composition of the cathodes chosen.

In order to evaluate the influence of Aluminum on the indentation
properties we have represented H as a function of the Al-at.%. This chose
of the Al concentration as independent variable is justified first because
Al has been found to be a strong driving factor of the lattice parameter
(cf. Fig. 4); and on the other hand because it is well known the ability of
Aluminum to increase the hardness of ternary TiAIN [31,32,33] and
CrAIN [34,35] systems. Fig. 6 provides evidence of a strong effect of Al
in the coating strengthening. It is observed how both modulus and
hardness steadily and continuously (almost linearly) increase as Al-at.%
increases. Again, the dispersion may arise to the fact that the coatings
contain different amounts of Cr and Ti, and to the proper uncertainty of

38 _
35 _
32 _
29 + _
26 ] % : 1

23 -

T
0 5 10 15 20 25 30

Indentation Hardness (GPa)

Aluminum at%

Fig. 6. Indentation hardness as a function of the Aluminum atomic/molar
concentration.
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the measurements. It has to be pointed out that one of the coatings
deviate strongly upon this behaviour, namely the specimen 5A, which
shows the largest Al content while its hardness reaches 27.8 GPa (cf.
Table 3).

Whereas the effect of Al on the hardness of ternary compounds has
been well reported [33-37], such dependency has not been found in the
quaternaries CrTiAIN, to the best of our knowledge. This good correla-
tion and the clear influence on the measured lattice parameters strongly
suggest that the Al concentration may be tentatively ruling the me-
chanical properties of these quaternary coatings. This hardening effect is
traditionally attributed in ternary coatings to solid solution strength-
ening. This is in fact a mechanism claimed classically to explain the
hardening of multi component coatings [18,20,31,32] and of bulk ma-
terials [38]. On the other hand, and as well as in the case of the Ti/Cr
factor, the increase of the Al, in most of the samples produced, also
brings as side effect the increase of Ti. This fact, and the deviation
observed for the specimen 5A led us to explore another stoichiometric
parameter which is able to verify the existence of solid solution
strengthening beyond the mere 1-element increase (i.e. Aluminum or
Ti).

Specifically, we have evaluated the hardness and modulus as a
function of the ‘mixing-up-ness’ of the cation atoms Cr, Ti and Al. The
rationale behind this approach is to explore whether the strengthening
effect in a solid solution of Z-type atoms (Cr, Al, Ti and N in this specific
case) is ruled by the number of equivalent permutes of the atoms all
along the available lattice sites that give rise to the same macroscopic
state. In a solid solution formation, the mixing of its elements yields a
change of the configurational (molar) entropy of the system, with
respect to the un-mixed state [19], which is equal to — R x
S"¥(x; xIny;), where y; represents the molar fraction of the i-th atom,
and R is the universal gas constant. The mixing term maximizes when all
their constituents are equimolar. Therefore, solid solution strengthening
effects should manifest more remarkably as the mixing term maximizes.

Fig. 7 shows the indentation hardness of the CrTiAlIN coating speci-
mens represented as a function of the configuration term — Zfl i x Iy,
(cf Table 3). Fig. 7 also shows the calculated residual in-plane film
biaxial stresses as computed using the sin?y method and the E' inden-
tation values. We have plugged in the mixing formula only the metal
cations concentrations as these conform the cation site scaffold of the
cubic fcc solid solution. Either, adding N-atoms% in the mix term or
normalizing the cation concentrations to the unity would only yield a re-
scaling effect over the computed value of the mix term, with no

38 - r -7 T T

T

32 w -
Tt

30 % .

28 - .

26—Jf * : “ i

T T T T
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qualitative changes over the observed trends. It is evidenced in Fig. 7
how the indentation hardness of the quaternary CrTiAIN coatings also
increase steadily as the mixing term increases. It can be also observed
(not represented here) that the evolution of the indentation modulus
also increases in a similar way (cf. Table 3), which is due to the internal
stresses induced by the different lengths of the Me-N couples present
(cubic AI—N, Cr—N and Ti—N). That causes the lattice structure to
rigidize and to increase their elastic modulus. Indeed, a solid solution
formed by various atomic species with different bond lengths lead to a
distorted lattice structure. This lattice distortion causes local stress fields
that jeopardize the displacement of the dislocations over their preferred
slip crystal systems thus producing the macroscopic effect of strength-
ening [39].

The results shown here also agree with Xu et al. [9], although the
small number of specimens did not allow an evaluation as this made in
the present study. In addition, Zhou at al [7] also suggested the
strengthening effect as underlaying the increase of hardness of CrTiAIN
coatings as the Cr content increased. Even more, they observed a quasi-
parabolic behaviour of the indentation hardness as a function of the Cr-
target sputtering power, which they attributed as an increase of the
softer CrN volume fraction in the coatings. Such behaviour is compatible
with a direct dependency on the mix term as represented here, although
according to their data, the maximal mix term does not coincide exactly
with the maximal hardness [7], although the number of specimens
studied was limited to 5.

The siny evaluation of the films revealed compressive stress values
ranging from —3 GPa down to —1 GPa, with no apparent correlation
with the film thicknesses, thus suggesting that this parameter has not a
determining role in the strengthening of the coatings. These values
contrast with these of Chang et al. [40], who reported residual stresses of
—7.5 GPa and — 7.9 GPa respectively for AITiCrN/TiN and AITiCrN/CrN
coatings deposited by CAE. This difference could be explained in terms
of the different deposition conditions. For example, the coatings of Ref
[40] were deposited at lower temperatures (300 °C vs 450 °C), higher
bias (—100 V vs —60 V) or the no Me-ion bombardment against the Tit
pre-bombardment (cf. phase 2 in the present study).

4. Conclusions

Quaternary CrTiAIN films were deposited by cathodic arc evapora-
tion using a combinatorial approach of cathode compositions. All the
coatings exhibited solid solution lattice structures regardless of their
composition. The microscopical and adhesion tests revealed dense
columnar microstructures with a good bonding to the H13 steel sub-
strates respectively. The lattice parameter of the coating solid solutions
reveals a clear downwards dependency as the absolute Aluminum con-
centrations increase.

The dependencies of the indentation hardness and modulus have
been unveiled in terms of the stoichiometries and crystalline structures
of the films. The Ti/Cr and the total Al% exhibit a notable influence over
the hardnesses and moduli of the coatings, which has been traditionally
attributed to a solid solution strengthening effect, both in ternary and
quaternary systems. However, neither the Ti/Cr nor the Aluminum
content alone provide full evidence of this hardening mechanism since
1-element variation does not allow a broad view over the hardness de-
pendencies as a function of a comprehensive multielement composi-
tional map.

In order to confirm that the underlaying mechanical response of the
coatings is solid solution strengthening, the indentation hardness has
been evaluated as a function of the multielement mixing term —

SV (x; xIny;). From the observed increase of the hardness and modulus
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as the mixing term increases and taking into account that (1) all films
crystalline structures are compatible with solid solutions, i.e. no other
phases were observed and (2) the film residual stress seemed not to show
any clear trend upon the stoichiometries; it can be confirmed that the
solid solution strengthening mechanisms fully determines the mechan-
ical response of this quaternary system.
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