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ARTICLE INFO ABSTRACT

Article history: CrN, CrTiN, CrAIN and CrTiAIN coatings were deposited on Si (100) wafers, and their microstructure, mechanical
Received 2 September 2015 properties, fracture toughness and adhesive strength were investigated via X-ray diffraction (XRD), nanoinden-
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tation and micro-scratch tests. Besides an F.C.C. crystal structure, TiNg 3 (004) and AIN (222) phases were found in
the CrTiN and CrAlIN coatings while the crystallinity of the CrTiAIN coating decreased. The hardness of the CrN
(14.5 GPa), CrTiN (13.9 GPa) and CrAIN (17.7 GPa) coatings was determined by their grain sizes while the CrTiAIN
coating with the most compact morphology exhibited the highest hardness of 22.0 GPa. In addition, CrTiN (K. =
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IC(S,-I‘-NI_(;\T L 2.73 MPa-/m), CrAIN (K. = 2.70 MPa-+/m) and CrTiAIN coatings showed a stronger crack resistance than the
Topic: CrN coating (Ki. = 1.06 MPa-/m), especially the CrTiAIN coating without any radial cracks. However, the CrTiAIN
Nanoindentation coating encountered circumferential cracks and premature delamination (Adhesive energy G. = 70 J/m?)
Crack because of its highest compressive stress (4.64 GPa). Based on the results here, it is concluded that a decent
Residual stress compressive stress of 3.0 GPa is expected to help thin films prevent from radial and circumferential cracks
Fracture toughness. simultaneously.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

With a growing demand of anti-wear and anti-oxidation coatings,
ternary CrAIN and CrTiN, based on binary CrN coatings, have attracted
intensive concerns from academics. Owing to short inter-atomic dis-
tance, small crystal and dense Al,Os films, CrAIN coatings present high
hardness, superior tribological properties and strong oxidation resis-
tance [1-3]. Likewise, CrTiN coatings exhibit an enhancement in hard-
ness and wear resistance because of the solid solution effect and the
formation of TiN nanocrystal [4-6]. Subsequently, researchers devoted
themselves to the studies of CrTiAIN coatings due to the merits of
CrAIN and CrTiN coatings. It turns out that CrTiAIN coatings have a
high hardness (30-38 GPa) and exhibit favorable anti-wear and anti-
corrosion performance [7-10].

So far, many works have been done to investigate the mechanical
and tribological properties of CrAIN, CrTiN or CrTiAIN coatings separate-
ly [11-18]. Namely, a comprehensive comparison of their mechanical
properties in one paper is still missing in the current literature. Thus,
it is unclear which element incorporation (Ti, Al or Ti-Al) is more ben-
eficial to the mechanical properties of CrN coatings only based on the
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current data in Table 1. More importantly, the evolution of the crack re-
sistance, as another form of anti-wear ability, as well as the adhesive
strength amongst CrN, CrTiN, CrAIN and CrTiAIN coatings, has never
been studied. Thus, it is of paramount importance to evaluate their
crack resistance and adhesive ability for some more details in micro-
scale, which will provide a decent prediction of their tribological
properties.

In this study, CrN, CrTiN, CrAIN and CrTiAIN coatings were deposited
on Si (100) wafers using closed-field unbalanced magnetron sputtering.
Their crack resistances and adhesive energies were assessed via high-
load (1000 mN) nanoindentation and micro-scratch tests. Accordingly,
the individual fracture toughness was given, and the correlation be-
tween their mechanical properties, residual stress, adhesive strength
and crack resistance was subsequently elucidated.

2. Experimental details
2.1. Coatings fabrication

Si (100) wafers (Hs = 12.4 GPa, E; = 198 GPa, t; = 525 4 20 um), as
substrates, were ultrasonically washed in ethanol for 10 min before
being mounted on the turning stage. When the chamber was evacuated
to a pressure of 4.0 x 104 Pa, a 30-minute Ar* bombardment was
adopted to remove contaminants and activate surface followed by a Cr
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Table 1

Mechanical and tribological properties of CrTiN and CrAIN coatings in previous literature.
References Method Substrate Tior Al Hardness Load Velocity Counterpart Friction Wear rate

(at%)  (GPa) (N)  (m/s) coefficient (mm?®/Nm)

CrTiN
Zeng et al. [4] Unbalanced magnetron sputtering HSS 1580 39.2 2.5 0.200 Al,03 0.50 416 x 1077
Zhang et al. [6] Mid-frequency magnetron sputtering Si(111) 16.18 - 1.0 0.008 Steel 0.54 1.53 x 1074
Lee et al. [14] Closed-field unbalanced magnetron sputtering AISI H13 19.50 320 8.8 0431 Al,03 0.45 -
Nainaparampil et al. [15] Cathodic arc M50 16.00 22.0 1.0 0.174 SUS440C 0.49 -
Akbarzadeh et al. [16] Cathodic arc evaporation AISI D6 1350 227 7.0 0.081 WC-Co (6%) 0.60 -
CrAIN
Ding et al. [11] Cathodes arc deposition system HSS 1550 24.0 10.0 0.200 Al,03 0.62 9.00 x 1078
Sanchez-Lépez et al. [12] DC magnetron sputtering M2 2050 28.0 5.0 0.100 Al,03 0.57 -
Liuet al. [13] Cathodic arc-evaporation Cemented carbide 2840 30.9 10.0 2.000 SiC 0.74 1.90 x 10
Lvet al. [17] Mid-frequency magnetron sputtering 1Cr18Mn8Ni5N 1450 147 50 0.023 Al,05 033 -
Lin et al. [18] Closed-field unbalanced magnetron sputtering AISI 304 1460 129 3.0 0.020 WC-Co (6%) 0.51 9.26 x 1076

adhesive layer with a thickness of 200 nm. Afterwards, all of the coat-
ings were deposited in a mixed gas of Ar and N, for 2 h, but the selection
of the sputtering targets (Cr, Al and Ti) depended on the category of
coatings. During deposition, the rotating speed of turning stage, bias
voltage and optical emission monitor (OEM) were kept constant at
10 rpm, — 60 V and 50%, respectively. The sputtering current of Cr target
was 4.0 A whilst that of Ti and Al targets was 8.0 A.

2.2. Characterization of microstructure and mechanical properties

The crystal condition of the CrN, CrTiN, CrAIN and CrTiAIN coatings
was characterized by X-ray diffraction spectra with a Cu Ko radiation
(N = 0.15404 nm) under 40 kV and 40 mA (D8-Advance, Bruker,
Germany). 26 data were recorded from 20° to 90° at a constant scanning
rate of 10°/min. The chemical composition of coatings was analyzed by a
scanning electron microscope with an additional EDS (FEI-SIRION 200).
A white-light interferometer with Gaussian filter (cut-off length
0.08 mm) was used to measure the average roughness (Ra) (CCI 3D,
Taylor Hobson Ltd. UK). Moreover, a nanoindentation (ENT-1100a,
Elionix Co. Ltd.) equipped with a diamond Berkovich indenter was
used to evaluate their mechanical properties. In order to minimize sub-
strate effect and ensure the reliability of data, 120 nm (less than 6% of
coatings thickness) was chosen as the penetration depth, whilst 36
nanoindentations were conducted on each coating. After test, the aver-
age values of hardness and elastic modulus with respective standard de-
viation were calculated. According to the Stoney's equation, which has
been described in reference [19], the residual stress (o) of each coating
was calculated, and the results of mechanical properties are tabulated in
Table 2.

2.3. Fracture toughness and adhesive strength

According to our previous experience, a load of 1000 mN was
applied on each coating to ensure the formation of radial crack. Subse-

obtained via Eq. (1) [20-22]:

e-o(f) ()

where Pis load, and H and E are the hardness and elastic modulus of
coatings under the same load. a is a geometric coefficient (0.016 for
Berkovich indenter), whilst C;, is a mean value by averaging the
lengths of 15 radial cracks. Because each impression had three radial
cracks along three corners, and five nanoindentations were carried
out for each sample. However, even under 1000 mN, no radial
crack emanated from the impression corner of the CrTiAIN coating,
and therefore, no specific value of Kj. for the CrTiAIN coating is
given in this study.

The adhesive strength of coatings was evaluated using micro-scratch
test (WS-2005, Lanzhou institute of chemical physics, China) with a
diamond tip (R = 0.2 mm and tape angle 120°). The maximum load,
loading rate and scratch distance were set at 30 N, 30 N/min and
3 mm, respectively. After test, two critical loads could be confirmed
via the morphology of the scratch observed by an optical microscope
(XJZ-6). One is the L¢; as the crack initiates whilst another is the L, as
the coatings delamination occurs. Laugier [23] and Bull et al. [24] de-
fined the surface energy of an interfacial crack decades ago by using
Griffith energy balance approach, and this definition has been adopted
in many researchers' works [25-27] by Eq. (2):

2
o2t

Ge =3¢,

(2)

where t and Egare the thickness and elastic modulus of coatings, o is the
critical stress for coatings delamination from substrate, which could be
calculated by Eq. (3):

quently, the morphology of indent as well as the length of radial crack 2L\ [(4 +v¢)3mMu

was observed via a field-emission scanning electron microscope Oc= nd? 3 —(1=2vy) 3)

(JEOL-JSM-7001F, Japan). Then, fracture toughness (Kj.) could be ¢

Table 2

Mechanical properties of CrN, CrTiN, CrAIN and CrTiAIN coatings.
Coatings Thickness (pm) H (GPa) SDy (GPa) E (GPa) E./Es H/E H3/E? (GPa) We (%) o (GPa) Rmax/t
CrN 2.86 145 26 271 1.37 0.054 0.042 533 —2.11 1.04
CrTiN 2.95 139 2.1 295 1.49 0.047 0.031 483 —1.88 0.63
CrAIN 345 17.7 1.9 315 1.59 0.056 0.056 57.3 —1.80 0.58
CrTiAIN 2.05 22.0 1.4 322 1.63 0.068 0.103 63.2 —4.64 0.92
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where L, and d. are the critical load and track width as the delamina-
tion occurs; u is the friction coefficient calculated from the friction
force; while ¢ is the Poisson rate of individual coatings extracted from
previous references [28-31].

3. Results and discussion
3.1. Microstructure characterization

Because of the same sputtering current (8.0 A) on Ti and Al targets,
the CrTiN and CrAIN coatings exhibit a similar concentration of Ti
(4.69 at.%) and Al (4.18 at.%), and the same result can be found in the
CrTiAIN coating (Ti with 3.47 at.%, Al with 3.23 at.%).

As seen in Fig. 1, the CrN coating presents an F.C.C. crystal structure
accompanying with Cr (110) and Cr (200) orientations originating
from the adhesive layer (JCPDS 11-0065, JCPDS 06-0694). After Ti dop-
ing, a sharp CrN (111) orientation appears, and a TiNg 3 (004) orienta-
tion around 79.5° is detected (JCPDS 41-1352). In the same way, a
weak AIN (222) orientation as well as CrN (111) is found in the
diffractogram of the CrAIN coating (JCPDS 46-1200). According to the
previous literature, the activity of metals Cr, Al and Ti is arranged as
Al > Ti > Cr [32,33]. Hence, TiNg3 (004) and AIN (222) form in the
CrTiN and CrAIN coatings even with a low doping concentration. Since
the inhibition effect on the growth of CrN (220) by Ti and Al doping,
CrN (220) orientation disappears from the diffractogram of the CrTiAIN
coating, but TiNg 3 (004) and AIN (222) orientations still exist.

Even with the new formations of TiNg 3 (004) and AIN (222), there is
no big difference in the morphology amongst the CrN, CrTiN and CrAIN
coatings, i.e., all of them present distinct and consecutive boundaries in
Fig. 2. In contrast, the CrTiAIN coating exhibits some short seams rather
than clear boundaries. Accordingly, the CrN coating exhibits the highest
Ra of 1.38 nm, while the CrTiN and CrAIN coatings present the lower Ra
0f 0.90 nm and 0.66 nm, respectively. When Ti and Al are incorporated
into the CrN coating, the beneficial effect on Ra increases and the value
of the CrTiAIN coating reaches 0.48 nm as a result. Certainly, from
another point of view, the most compact morphology of the CrTiAIN
coating contributes to its lowest Ra to a certain extent.

3.2. Mechanical properties

As listed in Table 2, the CrAIN coating exhibits a higher hardness of
17.7 GPa while the CrTiN coating presents a lower value of 13.9 GPa
than CrN coating (14.5 GPa). Since all of the plastic zone beneath the in-
denter should be well confined within coatings based on the penetra-
tion depth (120 nm), which is at least less than 6% of the coatings
thickness [34]. The impact of thickness on hardness assessment is
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Fig. 1. XRD spectra of CrN, CrTiN, CrAIN and CrTiAIN coatings.

small enough to be ignored. From the point of the view of materials sci-
ence, Ti and Al elements exist in the CrTiN and CrAIN coatings as com-
pounds TiNg 3 and AIN, which possibly determine the variation of their
hardness. In terms of the nature of CrN, TiN and AIN crystals, all of
them are covalent characters, and the individual chemical bonding en-
ergies of Al-N, Cr-N and Ti-N bonds are 297 + 96 k] mol ™!, 377.8 +
18.8 k] mol~ " and 476.1 + 33.1 k] mol™ !, respectively [35]. Conse-
quently, the atoms in TiN are more difficult to be separated than those
in CrN followed by AIN. Namely, the general order of hardness for
these three crystals is TiN > CrN > AIN. Thus, the hardness of the CrTiN
coating should be higher than that of the CrN coating due to the forma-
tion of TiN, while the hardness of the CrAIN should be lower as the for-
mation of AIN. However, the results here are opposite, and hence there
should be another reason to determine the tendency of hardness.
According to the Scherrer's formula, the grain size of each coating can
be obtained [36]:

kA
Do = Bcosh 4)

where D is the average thickness of the crystal in a direction normal to
the diffracting plane hkl, and k is a Scherrer constant with 0.89; \ is
the wavelength of X-ray (0.15404 nm); (3 is the Full Width at Half Max-
imum (FWHM) in radian and 6 is diffraction angle. The grain sizes of the
CrN, CrTiN and CrAIN coatings calculated from CrN (220) are 5.98 nm,
6.84 nm and 5.13 nm. Consequently, the CrTiN coating presents a
lower hardness than the CrN coating while the CrAIN coating exhibits
a higher hardness due to the Hall-Petch effect [37,38]. Regarding to
the CrTiAIN coating, the highest hardness of 22.0 GPa is closely related
to its phase condition that the diffraction peak of CrN (220) disappears
while the intensity of CrN (200) increases. Because the coatings with
stronger CrN (200) and weaker CrN (220) orientations exhibited a
higher hardness in the previous literature [39,40]. Moreover, the com-
pactness of the CrTiAIN coating and the effect of stress hardening are an-
other two contributors to its hardness [41].

In order to more clearly illustrate, only eleven load-unload curves of
each coating are shown in Fig. 3. Obviously, the load-unload curves of
the CrN coating scatter greatly while those of the CrTiN and CrAIN coat-
ings shrink in some degree. As for the CrTiAIN coating, the load-unload
curves from different points are almost overlapped. Through calcula-
tion, the standard deviation of hardness (SDy) is listed in Table 2, and
a decreasing tendency from 2.6 GPa to 1.4 GPa is found by Ti, Al and
Ti-Al doping. There are two reasons contributing to this variation, one
is the defect nature of coatings themselves during deposition while an-
other is the Ra of coatings, which exhibits the same tendency as SDy.

In essence, the mechanical properties of a material should be evalu-
ated by its hardness and elastic modulus simultaneously. Thus, some re-
searchers have suggested using the ratios of H/E and H>/E? as they
reflect elastic strain to failure and plastic deformation resistance of a
material [42]. As the values listed in Table 2, H/E and H>/E? present the
same variation trend as hardness. Moreover, the elastic recovery (W),
which was calculated through dividing recovery displacement
(hmax-hf) by maximum displacement (hp.yx), turns out to be the same
tendency as H, H/E and H>/E2. Thus, taking into account H, H/E, H3/E?
and W,, the CrTiAIN coating should perform the strongest crack
resistance, instead, the CrTiN coating may present the poorest crack
resistance even worse than CrN coating.

Regarding to the residual stress, the thickest CrAIN coatings presents
the lowest residual stress (— 1.80 GPa) whilst the thinnest CrAITiN coat-
ings shows the highest residual stress (—4.64 GPa). Generally, because
of the physical constraint by the adhesion between film and substrate, a
strain can be caused by the differences between their thermal expan-
sion coefficients [43]. Subsequently, a lower residual stress is obtained
when this strain is undertaken by a thick coating. The similar results
have been reported in many studies [44,45].
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Fig. 2. Surface morphology of (a) CrN (b) CrTiN (c) CrAIN (d) CrTiAIN coatings.

Fig. 3. Load-unload curves of (a) CrN (b) CrTiN (c¢) CrAIN and (d) CrTiAIN coatings at eleven locations.
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3.3. Fracture toughness and crack category

The morphology of impression overviews and their corners on the
CrN, CrTiN, CrAIN and CrTiAIN coatings are illustrated in Figs. 4 and 5.
It is quite clear that no radial crack is found on the CrTiAIN coating,
while the CrN, CrTiN and CrAIN coatings encounter the radial cracks
with different lengths of 6.61, 2.51 and 2.19 um. According to Eq. (1),
the CrN coating presents the lowest fracture toughness of 1.06 MPa-
v/m, while the CrTiN and CrAIN coatings exhibit a higher and similar
fracture toughness of 2.73 and 2.70 MPa-/m, respectively. Here, there
is no specific value of fracture toughness for the CrTiAIN coating because
no radial crack is found on it. Instead, two circumferential cracks are ob-
served near the indent edge of the CrTiAIN coating in Fig. 6d. Briefly
speaking, the CrN, CrTiN and CrAIN coatings encounter radial cracks
while the CrTiAIN coating suffers circumferential cracks.

This phenomenon is strongly dependent on the effect of compres-
sive stress at different locations. As seen in section A-A shown in
Fig. 7, the load pressure at impression corner tends to split coatings to
initiate radial cracks, but the intrinsic compressive stress of coatings
inhibits this trend by a certain closing effect. Accordingly, a higher
compressive stress is, a stronger inhibition effect on radial crack is. In
contrast, circumferential cracks are easier to form under a higher com-
pressive stress, because the compressive stress at impression edge
makes coatings flow towards tip as shown in section B-B of Fig. 7.
Subsequently, circumferential crack generates once a sufficient bending
of pile-up is reached [46-48]. Thus, the high compressive stress
(4.64 GPa) of the CrTiAIN coating prevents it from radial cracks but pro-
motes the initiation of circumferential cracks. Another reflex of this high
compressive stress is the pop-out that is only found on the unloading
curve of the CrTiAIN coating in Fig. 8d (242 mN and 1480 nm). It is de-
duced that the highest compressive stress is likely to pull the material

2.00kV SEI

towards tip during unloading process, and extrudes the tip upwards
as a spring eventually [46]. However, there was still an indenter
pressure at this pop-out point (0y,), and therefore, a comparison be-
tween the compressive stress (0) and the indenter pressure at pop-out
point (0p,) is extremely necessary to confirm the above-mentioned
deduction.

In actual condition, the real contact area should consider the elastic
deflection of the material at the perimeter of indentation area [49]. First-
ly, the elastic deflection at the maximum load (hs)max can be obtained
by Eq. (5):

() = €22 (5)

where ¢ is a geometrical constant equal to 0.75; Pyax and S are the
maximum load and stiffness (1005 N/mm) of the sample measured at
the beginning of unloading. Then, the elastic deflection (hs); as well as
real contact depth (h¢); at a certain point i can be calculated by
Egs. (6) and (7) [50,51]:

Py

(hS)i = (hS)max m (6)

(he); = hi—(hs); ™)
where P; and h; are the applied load and the indenter displacement at a

certain point i, respectively. Subsequently, the projected area at a
certain point i during unloading process can be obtained by Eq. (8):

A =245 + ] Gilhe)'? 8)

ipm  2014/12/02
WD 7.7mm  12:01:17

2.00KV SEI

Fig. 4. Impressions of (a) CrN (b) CrTiN (c) CrAIN (d) CrTiAIN coatings after 1000 mN nanoindentation.
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Fig. 6. Circumferential cracks of (a) CrN (b) CrTiN (c) CrAIN (d) CrTiAIN coatings after 1000 mN nanoindentation.
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Fig. 7. Schematic diagram of effect of compressive stress at impression corner (Section A-A) and edge (Section B-B).

where C; is a constant by experimental calibration to describe the im-
perfect tip geometry of Berkovich indenter.

According to the above-mentioned equations, the 0y, of the CrTiAIN
coating at 242 mN and 1480 nm is 7.68 GPa. Obviously, the indenter
pressure at pop-out point (0p,) is higher than the compressive stress
(0 = 4.64 GPa) of the CrTiAIN coatings. In other words, it is impossible
to extrude indenter upwards indicated as a pop-out on the unloading
curve.

To my knowledge, the above-mentioned equations are appropriate
for sink-in condition, which means the real contact area is smaller
than the theoretical contact area. However, a pile-up condition rather
than sink-in is confirmed by the profile in Fig. 9a, which was scanned
from the impression corner to the middle of opposite edge. Namely,
the real project area (A; surrounded by red line in Fig. 9b) is actually
larger than the theoretical one (A, surrounded by blue line in Fig. 9b),
and the difference between these two areas is the project area caused
by pile-up (Ap). Sullivan et al. [52] used the software Image] to obtain
Ap, which would be calculated in this study by its length (a;) and
width (b;) instead. According to the relation between h; and g; as
equation below:

a; = 2v/3h; tan65.27° 9)

1100

The impression length a; at pop-out point is 11.13 pm. After
unloading, the residual width of pile-up (bf = 735 nm) was extracted
from the corresponding profile (Fig. 9a), but the real b; at pop-out
point should be larger than by, and is possibly proportional to the
penetration depth as Eq. (10) [52].
h;

bi :bff

e (10)

Thus, the b; at pop-out is around 1014 nm where h; and hr are 1480
and 1072 nm, respectively. As a result, the true 0y, is 3.33 GPa calculat-
ed by Eq. (11).

P, P, P

Opo = 4 = = - .
A (ActA) 24502 4577 Ci(h)'? 4 3aby/2

(11)

In this case, a discrepancy of 1.31 GPa is found between o (4.64 GPa)
and O, (3.33 GPa), and this led to a pop-out during unloading process.
Nevertheless, there is a critical discrepancy between o and oy, for each
coating, and the pop-out can be triggered only if this critical value is
reached. Here, as for CrN, CrTiN and CrAIN coatings, the maximum dis-
crepancies are 2.1 and 1.8 GPa even after complete load removing, and
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Fig. 8. Load—-unload curves of (a) CrN (b) CrTiN (c) CrAIN (d) CrTiAIN coatings under 1000 mN nanoindentation.
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Fig. 9. (a) Contours of impressions after 1000 mN nanoindentation and (b) schematic diagram of project area under pile-up situation.

should be lower than the critical value as there is no pop-out shown on
their unloading curves. Considering the compressive stress of the coat-
ings in this study and our previous works [19,53], a decent compressive
stress around 3.0 GPa is likely to help coatings prevent from radial and
circumferential cracks simultaneously. However, this deduction still
needs more data to support.

Subtracting the displacement of the former point from the displace-
ment of the later one on the loading curve, an evolution of displacement
difference as a function of load as well as a total distance of pop-in (dp;)
is shown in Fig. 10. The CrN coating exhibits the longest pop-in distance
(104.5 nm) while the CrTiN and CrAIN coatings present a shorter and
similar value (69.5-70.4 nm). These d,; are closely associated with
crack formation [54,55] and well consistent with the individual crack
lengths shown in Fig. 5. However, even without any radial cracks, the
CrTiAIN coating still exhibits a similar pop-in distance (70.3 nm) as
those of the CrTiN and CrAIN coatings. This result is closely associated
with the formation of circumferential cracks here. As seen the curve of
the CrTiAIN coating in Fig. 10, two large differences of the displacement
display at 506 mN and 950 mN. According to the load-unload curve in
Fig. 8d and Eq. (9), the corresponding lengths of impression edges
under these two loads are 9.48 pm and 13.54 um. On the other hand,
the lengths of impression edges along two circumferential cracks in
Fig. 6d are around 9.8 and 13.2 yum, which can be measured in Fig. 11.
It turns out that the measured lengths are very close to the calculated
lengths (9.48 um and 13.54 um). It indicates that the CrTiAIN coating en-
countered the first circumferential crack at 506 mN followed by the sec-
ond circumferential crack at 950 mN. Because of the elastic recovery

CrTiAIN Total distance of pop-in (dm): 70.3 nm

E‘ #1 Circumferential cracks
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) 0 ) \._..A_NL_/\N.,«WW._,L.J.
g 30l CrAIN Total distance of pop-in ((I ):70.4 nm
E 20

;5 10 w

12 0 K - k,A.,.-ﬂ_Aﬁ.»-Jx~_~A\.,___~A~_auﬁ_,fu
é 30 CrTiN Total distance of pop-in (d,): 69.5 nm
0 20p

Q

= 10f

2 o A Mg ——
[a) CrN Tolal distance of pop-in (d ): 104.5 nm

30f

20
10 k\M_MA \ |
— \...——-JLW \._.-._'\W\WJ\._,J o]

0 100 200 300 400 500 600 700 800 900 1000
Load (mN)

Fig. 10. Evolution of displacement difference as a function of load for CrN, CrTiN, CrAIN and
CrTiAIN coatings.

after load removing, the final impression edge rebounds to the position
that locates in the middle of two circumferential cracks as shown in
Fig. 6d. Thus, these two large pop-in distances at 506 mN and 950 mN
for the CrTiAIN coating definitely result from the formation of circum-
ferential cracks. If these two pop-in distances are omitted, the total
pop-in distance for the CrTiAIN coating is around 47.8 nm, which will
be the lowest value. From another point of view, it implies that the
CrTiAIN coating presents the best resistance to radial crack.

Besides mechanical properties, elastic recovery (W,) and residual
stress of coatings themselves, the properties of substrate (Hs and Es)
play an important role in determining the fracture toughness. Musil
et al. [56,57] pointed out the different effects between ‘soft substrate’
and ‘hard substrate’, but all of the coatings here have a higher hardness
(13.9-22.0 GPa) than Si (100) substrate (12.4 GPa), i.e., all of the tough-
ness are assessed under the same condition of ‘soft substrate’. On the
other hand, according to reference [58], the necessary condition to
avoid film cracking is of a little bit higher modulus ratio (E./Es > 1.3),
and the higher of this value is, the stronger crack inhibition is. Conse-
quently, the CrTiAIN coating with the highest E./Es (1.63) presents the
strongest resistance to radial cracks.

The last but not the least, penetration depth (hax) close to or even
over the thickness of coatings (t) makes the radial crack occur easily
[57]. Thus, the highest hy,x/t of the CrN coating leads to its longest radial
crack as well. On the contrary, even with a higher hyy,./t than that of the
CrTiN and CrAIN coatings, no radial crack is found along impression
corner of the CrTiAIN coating. It demonstrates the strongest radial
crack resistance of the CrTiAIN coating from another perspective.
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oy 2pm e Implessmu edge

: Im_pzelswn edgz slcnmuqu-enlul aack #2

— 1pm
GB LOW WD 7.8mm

2.00kV SEL

Fig. 11. Corresponding lengths of impression edges at occurrence of circumferential crack
#1 and #2 on CrTiAIN coating.
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3.4. Adhesive energy

The critical loads of crack initiation (L¢;) and coatings delamination
(L) were extracted from the optical images of whole scratch and crack
initiation, which are illustrated in Fig. 12. As listed in Table 3, L¢; just
varies in a range of 12.7 to 13.4 N for the CrN, CrTiN and CrAIN coatings
while the L ; of the CrTiAIN coating reaches up to 17.1 N. According to
the definition of L., the CrTiAIN demonstrates its strongest crack resis-
tance from another perspective. However, L., shows a different tendency
from Lc,. A lowest value of 17.5 N is obtained for the CrTiAIN coating while
the CrTiN coating presents the highest L., of 28.2 N. Based on Egs. (2) and
(3), the individual critical stress and adhesive energy for each coating are
listed in Table 3. It is obvious that, after taking in account the elastic mod-
ulus and thickness of coatings, the CrAIN rather than CrTiN coating dem-
onstrates the highest adhesive energy of 313 J/m? while the CrTiAIN

coating still exhibits the lowest value of 70 J/m?. Importantly, the adhe-
sive energy of each coating is well consistent with its compressive stress.

4. Conclusions

The mechanical properties, crack resistance and adhesive strength of
the CrN, CrTiN, CrAIN and CrTiAIN coatings were evaluated via nanoin-
dentation and micro-scratch tests. In addition, the fracture toughness
and adhesive energy of each coating were calculated. Conclusions are
drawn as follows:

(1) Besides an F.C.C. crystal structure of CrN, TiNg 3 and AIN phases
generated in the CrTiN, CrAIN and CrTiAIN coatings.

(2) The CrAlN coating exhibited a higher hardness of 17.7 GPa while
the CrTiN coating presented a lower hardness of 13.9 GPa than

Fig. 12. Scratch morphology of (a) CrN (b) CrTiN (c) CrAIN (d) CrTiAIN coatings and enlarged areas (a') Area A (b') Area B (c') Area C (d') Area D.
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Table 3
Critical load, critical stress, adhesion energy and fracture toughness of CrN, CrTiN, CrAIN
and CrTiAIN coatings.

Coatings v u La Lo Oc Ge Cm Kic
(N) (N) (GPa) (J/m?) (um) (MPa-/m)
CrN 020° 0051 127 232 53 150 11.86 1.06

CrTiN 022° 0053 130 282 58 168 10.02 2.73
CrAIN 0.25° 0053 134 249 7.6 313 852 270
CTIAIN -+ 0239 0032 171 175 47 70 - No radial crack

2 The Poisson rate (V) of CrN coatings is obtained from Ref. [28].

" The Poisson rate (v') of CrTiN coatings is obtained from Ref. [29].

¢ The Poisson rate (v) of CrAIN coatings is obtained from Ref. [30].

4 The Poisson rate (V') of CrTiAIN coatings is obtained from Ref. [31].

the CrN coating (14.5 GPa) due to the Hall-Petch effect. A rela-

tively intensive CrN(200) orientation and compactness contrib-

uted to the highest hardness (22.0 GPa) of the CrTiAIN coating.

The CrTiAIN coating presented the strongest resistance to radial

cracks while the CrN coating exhibited the weakest fracture

toughness (1.06 MPa-+/m). Ternary CrTiN and CrAIN coatings
showed an intermediate fracture toughness with a similar
value around 2.70 MPa-/m.

(4) The CrTiAIN coating encountered circumferential cracks with a
pop-out on unloading curve, and presented the lowest adhesive
strength (70 J/m?) due to the highest compressive stress
(4.64 GPa).

(5) A decent compressive stress (3.0 GPa) is of paramount impor-
tance to avoid radial and circumferential cracks simultaneously.

(3

~
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