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ABSTRACT

Super-hard coatings are frequently applied to improve the mechanical properties and abrasive properties of light
alloys such as titanium and aluminum. In this work, single-layer TiN and multi-layer Ti/TiN coatings are deposited
on Al 7075 by ultra-high vacuum magnetron sputtering and the structure, morphology, and triobological prop-
erties are investigated. The impact of the Ti layer on the microstructure, mechanical, and abrasive properties
are also studied in details. The coatings containing the single TiN layer and Ti/TiN multi-layer crystal have the
(111) and (002) preferred orientations. The hardness values of the single-layer and multi-layer coatings are
45,93 and 35.54, which are about 25 and 19 times larger than that of the substrate, respectively. The coefficients
of friction of the multi-layer and single-layer coatings are 0.48 and 0.54, respectively. In the multi-layer coating,
the Ti interlayer has smaller shear strength and acts as a lubricant during the abrasion test to reduce the friction.
The TiAIN,Oy and TiN,Oy tribolayers may be formed in the single-layer and multi-layer coatings, respectively and

Mechanical properties
Wear
Lubrication

compared with the single-layer coatings, the multilayer ones have better tribological properties.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

7075 aluminum alloy is one of the important and widely used engi-
neering alloys in aircrafts due to the large strength-to-density ratio and
protective coatings are often applied to improve the surface properties
such as hardness, friction, resistance to abrasion, and corrosion [1]. For
instance, hard ceramic coatings are used to extend the life time and im-
prove the load-bearing capacity of machines, tools, and biomedical im-
plants. One of the common transition metal nitrides is titanium nitride
(TiN) [2]. In practice, a multi-layer coating system allows a combination
of high hardness, excellent wear resistance, corrosion resistance, and
scratch resistance due to the combined merits of the ceramic layers
and toughness of the metal layers [3]. Among super hard coatings
such as TiAIN, TiAICrN, TiCN, and TiN, TiN is easier to deposit but a soft
surface may not be compatible with super hard coatings [2-4]. In this
respect, multi-layer Ti/TiN coatings improve the corrosion and adhesion
resistance as well as fatigue corrosion behavior of metal substrates
while reducing the internal stress in coatings [5-7]. The softer Ti layer
has a smaller shear strength serving as a solid lubricant during wear
and so the coefficient of friction is reduced [3]. In multi-layer coatings,
the role of the metal layers is stress reduction and increased resistance
to failure. In comparison, in thin single-layer systems, cracks often de-
velop on the surface and spread beneath the interface throughout the
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coatings. In coatings with a columnar microstructure, these cracks
spread in the columnar boundaries and deformation proceeds by a se-
quence of ceramic layer breakage and metal yielding [8]. In this study,
single-layer TiN and multi-layer Ti/TiN coatings are deposited on Al
7075 by high-vacuum magnetron sputtering and the structure, mor-
phology, and mechanical properties are studied systematically. The Ti
interlayer improves the adhesion strength and mechanical properties.

2. Materials and methods

The Al 7075 alloy was cut into circles with a radius of 1 cm and
polished with sand paper from 800 to 4000 and then alumina paste
with a diameter of 0.1 to 0.3 um. The polished samples were rinsed ul-
trasonically in acetone, alcohol, and distilled water. The single-layer
TiN and multi-layer Ti/TiN coatings were deposited by high-vacuum
magnetron sputtering using a 99.99% pure Ti target. Before deposition,
the samples were cleaned by energetic argon ion bombardment. In
the deposition of the multi-layer coating, a titanium interlayer was
first deposited and then TiN was deposited when nitrogen was bled
into the vacuum chamber. The important deposition parameters are
listed in Table 1.

The phase, structure, chemical composition, and morphology of the
nanostructured coatings were examined by GIXRD (glancing incidence
X-ray diffraction, Philips PW-1730 X-ray diffractometer, CuK,\ =
0.154056 nm), XPS (X-ray photoelectron spectroscopy) and FE-SEM
(field-emission scanning electron microscopy, JSM7001F)-The film
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Table 1
Important deposition parameters.

Parameters Time (min) Power (watt) Pressure (Pa) Ar gas flow (sccm) N, gas flow (sccm)
Multi-layer Ti layer 15 220-280 0.43 14-17 -

TiN sublayer 25 220-280 0.59 14-17 8-10

TiN final layer 60 220-280 0.59 14-17 8-10
Single-layer TiN 145 220-280 0.59 14-17 8-10

composition was determined by X-ray photoelectron spectroscopy
(XPS, PHI 5802) using monochromatic Al K, radiation. An argon ion
beam was used to sputter about 20, 566, 770, and 910 nm of the surface
in the depth profile analysis. The thickness of the coatings was deter-
mined by two methods, cross section examination and XPS depth profil-
ing with sputtering rate of 20 nm/min. The nano mechanical properties
such as Young's modulus (E) and hardness were determined by nano-
hardness tests conducted on the Hysitron TriboScope. The 142.38
Berkovich and cono-spherical radius (R = 1.0 mm) indenter supplied
by SURFACE, Huck-elhoven was used. This test was done by the load
control method [9] in which the load applied to the indenter was in-
creased gradually until a predetermined maximum load and then re-
duced continuously to zero and the load and relevant diamond tip
displacement were recorded. The hardness and elastic modulus were
obtained from the continuous loading and unloading curves using Oli-
ver-Phar method [10]. The indented surface made by the indenter
with the Berkovich geometry depended on the contact depth calculated

by Eq. (1) [11]:
A(h.) = 24.56h* (1

where h, is the depth of contact. The hardness was obtained by Eq. (2)
and dividing the maximum applied load by the contact surface [11]:

(1) ?

The elastic modulus [11] is defined based on the initial unloading
contact hardness, S = dF/dh, i.e. slope of the initial part of the unloading

curve as shown in Eq. (3):

where {3 is a constant that depends on the geometry of the indenter (p
= 1.034 for Berkovich indentation) and E; is the decreasing elastic mod-
ulus used for elastic deformation which occurs in both the sample and
indenter. E is obtained from Eq. (4):

)

E and vare the elastic modulus and Poisson's ratio of the sample, re-
spectively, Ei and v; are the similar amounts for the indenter, and E; is
the reduced elastic modulus. For diamond, E; = 1141 GPa and v; =
0.07 [10]. A pin-on-disk tribometer with a tungsten carbide pin (5
+ 1072 m in diameter with roughness of 3 x 107 to 1 x 107 m) was
used to determine the dry friction and wear performance of the coatings
at 25 °C and 56% relative humidity. A constant load of 2 N and linear
speed of 300 mm/min were used for a total length of 180,000 mm
(500 cycles).

3. Results and discussion

Fig. 1 shows the patterns of the TiN and Ti/TiN coatings revealing the
crystallographic directions. They can be indexed to the TiN phase stan-
dard cards (PFD # 38-1420), Al 7075 (PDF # 01-1176), and titanium
(PDF # 01-1197). The TiN film shows the (111) preferred orientation.
In the Ti/TiN coating, the film structure does not change but the intensi-
ty of the (111) peak decreases. The Ti layer shows the preferred orienta-
tion of (002) and growth of the TiN is along the same direction to reduce

Fig. 1. GIXRD patterns of the TiN and Ti/TiN coatings.
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Table 2
Thickness of Ti/TiN and TiN coatings.

Samples Type of layer ~ Thickness of each layer Total thickness
(nm) (nm)
Single layer TiN TiN 1350 1350
coating
Multi-layer Ti/TiN Ti(sub-layer) 150 1400
coating TiN(sub-layer) 200

Ti(sub-layer) 150
TiN(sub-layer) 200
Ti (sub-layer) 150
TiN 550
(top-layer)

the interfacial energy [12]. In general, the Ti/TiN coating shows the pre-
ferred direction of Ti (002) and TiN (111) suggesting that most TiN
plates (111) accumulate on Ti (002) [13]. The size of the TiN
nanocrystallite can be estimated by Scherrer formula [14,15]:

kN

L P €OSOhia ©)
where 3_hkl (FWHM) has the radian unit, 6y is the Bragg angle, k is the
Scherrer constant (equal to 0.9 for spherical beads), and \ is the wave-
length of the X-ray (0.1541874 nm).The grain sizes of TiN and Ti are
shown in Table 2 and similar results have been reported by
Subramanian et al. [11]. The small crystallites produce a tough and
hard surface [16]. The network parameters of TiN with the fcc structure
and Ti are calculated by Eqs. (6) and (7) as follows:

1 Rkl
_trre Ty (6)

& a2

and

(7)

1 4/ +hk+k*\ P
£ 3\ & )ta

The obtained values are smaller than those determined from the
bulk materials implying the existence of nitrogen vacancies [13].

The FE-SEM images are depicted in Fig. 2. Unlike coatings deposited
by arc ion plating [17] having defects in the coatings leading to prema-
ture corrosion and those deposited by reactive magnetron sputtering
[13] showing pebble-shaped particles, the coatings prepared by high-
vacuum sputtering have a tough surface with fine grains. In fact, the par-
ticles are fused and round being characteristic of the AIP method [18,
19]. Fig. 2d shows that the TiN coating has a common columnar struc-
ture in which the grain boundaries grow perpendicular to the substrate
surface. This microstructure is compatible with the T region in the struc-
tural model of Thornton which is integrated with the region I in high ion
bombardment [20]. In the multi-layer coatings, as the ratio of the thick-
ness of Ti/TiN is increased (proportional to the accumulation time ratio
of Ti/TiN), the layer becomes micro-structural (Fig. 2b).The Ti/TiN co-
lumnar growth is intersected by the Ti interlayer [21]. The thickness of
the coatings is summarized in Table. 2.

Fig. 3 shows the curves of the load and displacement for aluminum
7075, TiN, and Ti/TiN. The two mechanical parameters which are fre-
quently determined by indentation are hardness (H) and elastic modu-
lus (E). The curve exhibits two elastic and plastic deformation parts and
by removing the load, only the elastic part of the displacement is re-
trieved. The use of elastic solutions in modeling facilitates the contact
process [21]. According to Fig. 3, TiN, Ti/TiN, and Al are subjected to
loads of 459, 343.3 and 157.7 mN, respectively, and indentation depths
of 10 to 15% of the coating thickness.

As shown in Fig. 3 and Table 2, the hardness of both coatings is larger
than that of the substrate. As shown in Fig. 4a, changes in the slope of
the TiN sample and downward displacements mainly reflect the

Fig. 2. FE-SEM images and XPS depth profile of N1s: (a, b) Multi-layer Ti/TiN and (c, d) Single-layer TiN.
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Fig. 3. Load - displacement curves of the multi-layer Ti/TiN, single-layer TiN, and Al 7075 substrate.

elastic-to-plastic deformation and some pop-ins are observed from the
graphs possibly due to cracking in the coatings [22]. The H?/E?values
of TiN and Ti/TiN are shown in Table 3. The resistance to plastic defor-
mation (H3/E?) shows strong resistance to plastic deformation in the
elastic-to-plastic contact plates [23].

Owing to the presence of TiN as a super hard layer, the multi-layer
coating is harder than the substrate [20]. However, with increasing
thickness ratio of Ti/TiN, the hardness of the multi-layer coatings dimin-
ishes gradually. Similar results have been obtained by Cheng et al. [3].
With respect to Ti/TiN and Al 7075, the region of elastic-to-plastic defor-
mation is not observed (Fig. 3) because of the small area. The hardness
values of the single-layer and multi-layer coatings are, respectively,
45.93 and 35.54 GPa and the single-layer coating is harder. At large in-
dentation depths, the hardness and elastic modulus measured from
the Ti interlayer decrease. According to the rule of mixture [24], increas-
ing the volume mass of the softer Ti interlayer which is more prone to
plastic deformation reduces the hardness. As a result, when the dia-
mond tip penetrates more deeply in the Ti/TiN multi-layer coatings,
lower hardness and modulus are observed [25]. Increasing the number
of layers in multi-layer actually decreases the porosity and grain size.
According to the Hall-Petch effect, a large refinement grain size leads
to locked dislocation or restriction and reduces the surface tension. All

these parameters increase the quality and hardness of the coating as
well as resistance to corrosion. A smaller crystallite size improves the
surface morphology and microstructure by reducing the roughness [26].

The plasticity can be determined by nano-hardness tests. During
loading, if the unloading-displacement curves do not overlap, plasticity
can be determined by the ratio of residual displacement to the total dis-
placement [25,27-28].

. . D,
Plasticity = %p = szx (8)

The plasticity values of the single-layer and multi-layer coatings are
86.4 and 91.1, respectively, with that of the multi-layer coating being
larger. An increase of 5% is observed after introducing the TiN interlayer.
The larger plasticity is attributed to the Ti component and the high plas-
ticity of the single-layer coating (86.4) is quite large on account of the
columnar structure.

In addition to the hardness, elastic modulus, and elastic-plastic be-
havior of the coatings, the nano-indentation curves reveal the creep be-
havior [29] according to the change in the depth of indentation under a
constant load. In the nano-indentation test, creep and plastic deforma-
tion occur interchangeably. Since creep is gradual deformation of the

Fig. 4. Calculation of elastic to plastic deformation, contact stiffness, and maximum load in the samples: (a) TiN, contact stiffness and maximum loads in sample (b) Ti/TiN and (c) Al 7075.
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Table 3
Parameters obtained from the load-displacement curves of Al 7075, single-layer TiN, and
multi-layer Ti/TiN coatings.

Sample H (GPa) E (GPa) H3/E? (GPa) P (%) S i

Al 7075 1.85 75.66 0.00106 88.3 8.68 0.51
TiN 45.93 168.95 3.38 86.4 19.39 0.54
Ti/TiN 35.54 166.43 1.62 91.1 19.1 0.48

Fig. 5. Schematic of the reaction layer in the Ti/TiN multi-layer coating.

coating or sample, it must be examined separately. In fact, plasticity in-
dicates the yield or hardness in a momentary event, although in prac-
tice, it can be referred to as the yield time. According to Fig. 4 (the
dotted part), the creep level of Ti/TiN is higher than that of TiN due to
the Ti interlayer may be that facilitating grain boundary sliding, grain ro-
tation, and dislocation climb in multi-layer Ti/TiN coating and increas-
ing the creep level. Generally, creep in plastic deformation can be the
result of movement of atoms or movement of dislocations in the tension
field of indentation or through the activation of shear transformation

mechanisms, and is highly dependent on the temperature [30-31]. If
the effects caused by deformation of cracks are ignored, permanent de-
formation under indentation loading is a combination of immediate
plasticity (time-independent) and creep (time-dependent). The term
“creep” is often used for a delayed response to the stress or strain
which may be the result of a viscoelastic or viscoplastic deformation.
Creep can be caused by the chemical potential gradient proportional
to the concentration of stress which activates the influx by heat. As a re-
sult, the atoms flow from the area under the indenter to the sample sur-
face along the interface between the indenter and sample even under an
elastic contact [29-32]. The creep lengths for Ti/TiN and TiN are, respec-
tively, 4.4 nm and 3.31 nm. In multilayered coatings, a Ti intermediate
layer (Fig. 5) can be increased grain boundary more than that of TiN
and increases the creep in the multi-layer coatings. Verification of this
phenomenon requires further investigation and analysis such as TEM.
Fig. 6 shows the changes in the coefficients of friction revealing two
steps: the first step with high friction and a fixed stage showing friction
reduction. In the first step, the coefficients of friction depend on the film
roughness and a conductive layer (tribolayer) is created. In the second
step, friction and wear depend on the nature of the tribolayer [33].
The small coefficient of friction in the early wear stages of multi-
layer Ti/TiN coatings compared to those of the uncoated substrate and
single-layer coating can be attributed to the roughness. In fact, with in-
creasing roughness, the roughness of the surface increases leading to in-
creased engagement of abrasive particles and more parts of the coating
surface consequently increasing the coefficient of friction [34]. The TiN
coatings have higher resistance to abrasion. There is a large expansion
coefficient difference between the aluminum substrate and TiN coating
thus leading to higher thermal stress during the process. In the presence
of the Ti interlayer, the thermal expansion coefficient difference de-
creases and as a result, the adhesion strength between the film and sub-
strate increases [23]. In general, by increasing the surface hardness, the

Fig. 6. Curves of friction coefficients of the coatings and Al 7075 substrate.
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Fig. 7. Cross-sectional profiles of the wear path on (a) Al 7075, (b) TiN, and (c) Ti/TiN.

coating attrition rate is reduced [35]. According to Fig. 6, the Ti/TiN coat-
ing has a smaller coefficient of friction than the TiN coating and alumi-
num 7075. The coefficient of friction of the TiN coating is 0.54 and
after introduction of the Ti interlayer, it drops to 0.48 which is similar
to values previously reported [25]. The slight decrease in the friction co-
efficient in the steady state with the Ti layer in the film arises from the
reduced roughness which increases the contact surface. The Ti and TiN
layers have different crystal structures and there is lattice mismatch be-
tween the borders of the Ti and TiN layers creating a tension area in both
layers and hindering movement of dislocations in the Ti layer. In the Ti/
TiN coating, the tension field in both layers is distributed mainly in the
Ti layer and larger stress is required for plastic deformation in the Ti
layer. Consequently, a larger sliding gap is required for the sudden de-
crease in the coefficient of friction (distance d in Fig. 6) [25]. Owing to
the multilayered structure, the abrasion process produces a transition
between the hard layer of TiN and soft layer of Ti. When the abrasive
pin wears the Ti soft layer, lubrication is carried out and the coefficient
of friction is reduced during the movement of the multi-layer interface.
The coefficient of friction swings upward and downward in the hard
and soft layers, respectively. Hence, the wear mechanism between the
WC pin and Ti/TiN coating is mainly that of scratching [34]. The soft Ti
layer has smaller shear strength and acts as a solid lubricant during
wear [25]. This is manifested as reduced coefficients of friction for Ti/
TiN as shown in Fig. 6. XPS reveals the wear mechanism of the multi-

layer Ti/TiN coatings for different thicknesses. As shown in Fig. 6 (bot-
tom), oxidation is observed at a thickness of 20 nm reducing the coeffi-
cient of friction. At a thickness of 566 nm (left), the percentages of
titanium and nitrogen increase due to the TiN layer and the coefficient
of friction increases. At a thickness of 770 nm (Fig. 6 (up)), the nitrogen
percentage decreases due to the Ti layer which has smaller shear
strength and reduces the coefficient of friction. At a thickness of
910 nm, the amounts of titanium and nitrogen increase again due to
abrasive pin penetration into the next TiN layer thereby increasing the
coefficient of friction (Fig. 6 (right)).

The cross-sectional profiles of the wear tracks in Fig. 7 disclose some
cavities and grooves. There are grooves (dotted circles in Fig. 7) in the
direction of the coating path of TiN and Ti/TiN reaching the Ti/TiN sub-
strate surface resulting in fluctuations in the coefficients of friction.
With regard to the TiN coating (Fig. 7b), these grooves from a smaller
area than the substrate. After introduction of the Ti interlayer, the

Table 4

Parameters obtained from the cross-sectional profiles of the wear tracks.
Samples h(pm) he(pm) he/h
Al 31.7 35.61 1.12
TiN 26.7 27.46 1.02
Ti/TiN 27.2 29.13 1.07
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number of grooves decreases representing reduction in friction and
scratch wear [36]. As shown in Fig. 7, there is almost no difference in
the contact widths on the samples. The depth of scratch is measured
below the primary level h and overall depth h. and summarized in
Table 4. h/h represents piling up of the coating [37] reflecting less plas-
tic deformation. After the test, the profiles generally show a regular
shape with very little pile-ups on the edges of the scratch track indicat-
ing abrasive wear [38].

To study the wear mechanism, the wear tracks are examined by FE-
SEM as shown in Fig. 8. On the TiN coating, the scratch track is shallow
and soft reflecting excellent wear resistance of TiN [23]. Owing to the

presence of heavy elements such as Ti in the BSE images, the scratch
track is shown as white (brighter). In the single-layer TiN coating, arc
cracks are observed on a large scale along the movement of the scraping
tip indicative of sticky failure [36] and fragile coating. These cracks are
caused by the lack of toughness of this layer and high hardness. On
the multi-layer Ti/TiN coating, the scratch track is wider and rougher.
Abrasive grooves are observed along the scratch track and there is no
crack at the scratch edges (Fig. 8a) caused by plastic deformation of
the Ti interlayer [39]. The cracks confirm the impact of the multi-layer
coating at all the interfaces (cracks due to division or deviation) and de-
formation of the Ti soft substrate [40]. In the multi-layer coating,

Fig. 8. FE-SEM images of the wear tracks: (a) Multi-layer Ti/TiN and (b) TiN.
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deformation appears first with slip between the grains and Ti soft layer
plastic flow [39] ultimately leading to high scratch resistance. This is be-
cause the films can enhance energy absorption without ductile break-
age in the Ti layers. A larger load accentuates the impact of ploughing
due to compressive stress in front of the pin [39,41]. As aresult, irregular
micro-cracks are spread by the pin developing bending and shear stress.
Delamination of the TiN coating thus occurs at small loads while the
multi-layer coating is more resistant against delamination. Cohesive
failure can occur at the Ti/TiN interface [39] but severe delamination is
not observed but severe plastic deformation is observed from the edges.

On the left and right sides of the contact area in Fig. 9, a tribofilm
(transitional layer) containing Ti, N, and O is formed. The pulverized
materials are oxidized and accumulate on the borders. The tribolayers
are formed during abrasion of both the TiN and Ti/TiN coatings as well
as aluminum 7075 due to delamination and groove formation [39]
and oxidation reduces the friction by forming a mixture with low ductil-
ity [42]. According to the EDS map taken from the scratch areas of the Ti/
TiN coating in Fig. 9a and the TiN layer in Fig. 9b, Ti/TiN shows a higher
degree of oxidation. Aluminum in incorporated as TiAIN Oy in the
tribolayer of the TiN single-layer coating. The TiN,O, tribolayer may
be formed in the multi-layer coating. TiIAIN,Oy is harder than TiN,O,
[43] due to partial replacement of Al in TiN. The atomic radius difference
between Al and Ti results in the solution strength leading to distortion

of the network [34]. Formation of metal oxide in tribosystems with
hard ceramic coatings, especially at small loads and sliding speeds, has
been observed previously [8].

4. Conclusion

Ti/TiN and TiN coatings are deposited on aluminum by high-vacuum
magnetron sputtering and the impact of the Ti interlayer on the nano
mechanical and abrasive properties are studied. GIXRD shows the pre-
ferred (111) orientation in the TiN coating and it changes to (002)
after introduction of the Ti interlayer. The coatings show excellent and
adhesion with the substrate. The hardness values of the single-layer
and multi-layer coatings are 45.93 and 35.54 GPa which are about 25
and 19 times larger than that of the substrate, respectively. The coeffi-
cients of friction of the multi-layer and single-layer coatings are 0.48
and 0.54, respectively. According to the elemental maps, the TiAIN,O,
and TiN,Oy tribolayers are observed from the single- and multi-layer
coatings.
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