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Abstract A new type of AlTiN coating containing about 29.13 at.% Al,16.02 at.% Ti and 54.85 at.% N was prepared by

arc ion plating technology. The coating is composed of singular fcc-(Al, Ti)N phase and has no hcp-AlN phase to be

formed. Due to the high content of beneficial element Al, the hardness and effective elastic modulus of the coating are up to

33.9 and 486.1 GPa, respectively. The adhesion strength between the coating and substrate is about 39.7 N. Electro-

chemical test shows that the corrosion current density of the AlTiN coating is nearly one-sixth of the substrate, and the

charge transfer resistance Rct of the AlTiN coating is much larger than that of the substrate, which means that the coating

could act as a protective barrier between the substrate and corrosive electrolyte, enhancing the corrosion resistance.
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1 Introduction

Nitride coatings mainly based on titanium, aluminum and

chromium have beenwidely used as protective hard coatings

in various harsh working environments owing to their high

hardness and wear resistance, good thermal stability and

corrosion resistance, low friction coefficient and superior

chemical inertness, etc. [1]. TiN commercialized in the early

1980s is the first generation of physical vapor deposition

(PVD) hard coating and is still widely used in cutting tools,

dies as well as many mechanical components due to its high

hardness and good wear resistance [2–5]. The oxidation

resistance of TiN coating is poor since it would be oxidized

quickly at the temperature above 500 �C forming a brittle

and loose layer of TiO2 [6]. Compared with the TiN coat-

ings, the Ti1-xAlxN coatings possess improved corrosion

resistance, oxidation resistance and thermal stability, since a

dense mixed-oxide film of Al2O3 and TiO2 would form on

the coating surface under corrosive environments or at ele-

vated temperature which could act as a barrier hindering the

diffusion of corrosive medium like O2 into the interior

coating and thus improve the oxidation resistance [7, 8]. The

Ti1-xAlxN coatings possess face-centered cubic (fcc)

structure with Al atoms substituting for the Ti atoms [7].

Because the atom radius of Al is smaller than that of Ti, the

lattice constant of Ti1-xAlxN coatings is smaller than that of

TiN coatings, and the hardness is higher. It was reported that

the oxidation resistance and hardness of the nitride coatings

were improved with increasing Al content [9, 10]. Conse-

quently, the AlTiN coatings with x more than 0.5 are one of

the promising coatings for near-dry or dry high-speed
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cutting operations [11, 12]. However, AlN with wurtzite

structure (hardness 12 GPa) would be formed with Al con-

tent exceeding the maximum solubility (x = Al/

(Al ? Ti) = 0.65–0.75) in the cubic phase [13, 14], leading

to a decrease in hardness, bulk elastic, shear moduli and

wear resistance. Thus, the synthesis of single cubic AlTiN

coating with high Al content is a challenging task.

Feng et al. [15] and Xu et al. [16] prepared cubic

Al0.64Ti0.36N coatings by cathodic arc evaporation, since

the high deposition rate could increase the solubility of Al.

Their researches showed that the Al0.64Ti0.36N coatings

possessed good mechanical properties and oxidation

resistance. Some other researchers applied multilayer

architecture to increase the solubility limitation of Al in the

cubic Ti–Al–N system by controlling the coherent growth.

Todt et al. [17] prepared a kind of Al-rich cubic Al0.8Ti0.2N

coating with nano-lamellar microstructure by low-pressure

chemical vapor deposition (PLCVD). Chen et al. [18]

deposited a Al0.66Ti0.34N/Ti0.52Al0.48N multilayer coating

with cubic structure by cathodic arc evaporation. These

multilayer coatings exhibit high hardness and good oxi-

dation resistance because of the high Al content. Compared

with single-layer coating, the preparation process of mul-

tilayer coating is difficult, and the modulation period must

be very small to avoid the formation of h-AlN completely.

Hard coatings can be obtained by chemical vapor depo-

sition (CVD) or PVD techniques such as thermal spray, ion-

beam deposition, arc ion deposition and magnetron sputter-

ing [19]. Among them, arc ion plating is one of the most

widely used technologies owing to its high deposition rate

and high energy of ions [16]. The coatings deposited by arc

ion plating possess high density and strong adhesion. How-

ever, the macro defects such as inclusion and voids formed

due to the micrometal droplets emitted from the cathodes

reduce the corrosion resistance of the coatings. In many

application, the coated parts are frequently exposed to an

aggressive working environment, for instance, a Cl--con-

taining corrosive medium, particularly in a marine region,

due to the strong effect of Cl- in promoting localized cor-

rosion [2]. Thus, it is important to study the corrosion

resistance of the coatings before they are applied into

industry. In this paper, a new type of AlxTi1-xN coating with

x of*0.65 is developed by arc ion plating technology. The

microstructure, mechanical properties and corrosion resis-

tance of the coating were investigated in detail.

2 Experimental

2.1 Deposition of AlTiN Coating

The AlTiN coating was deposited on a piece of high-speed

steel (HSS) by arc ion plating. The substrate with diameter

of 2 cm was ground down to 2000 # SiC paper and then

mirror-polished to Ra\ 0.05 lm. After ultrasonically

cleaned within acetone, ethanol and deionized water suc-

cessively, the substrate was dried and fixed onto the

rotating substrate holder at a distance of 120 mm from the

target in the vacuum chamber. To improve the uniformity

of the film, the substrate holder was rotated at a speed of

10 r/min. The chamber was evacuated to at least 5 9 10-4

Pa by two mechanical pumps as well as one molecular

pump, and then the substrate was heated to 400 �C. The
elemental Ti and Al with purity of 99.99% were used as the

targets. Prior to the deposition of AlTiN coating, the sub-

strate was cleaned by Ar ion bombardment under -700 V

negative bias voltage for 10 min, which would remove

contaminants and enhance the adhesion strength between

the film and the substrate. The current of Ti target was

50–100 A. After that, the bias voltage decreased to 60 V to

deposit a Ti interlayer. This process lasted for about

10 min. Then N2 was provided, and the Al target was

powered on. The detail deposition parameters for the

AlTiN coating prepared by arc ion plating technique are

listed in Table 1.

2.2 Characterization

Phase identifications of the AlTiN coating were carried out

using the glancing X-ray diffraction (XRD, X0 Pert PRD,
PANalytical, Holland) to minimize the effect of high peak

intensity of the high-speed steel. Surface and cross-sec-

tional morphologies of the coating were observed under a

scanning electron microscope (SEM, Inspect F) equipment

with an electron-dispersive X-ray spectrometer (EDS) for

compositional analysis. The surface roughness of the

coating was measured by using a surface profiler (Alpha-

Step IQ, KLA Tencor).

The mechanical properties of the AlTiN coating were

measured by using a nano-indentation tester (Nano

Table 1 Deposition parameters of the AlTiN coating by arc ion

plating technology

Parameters Value

Base pressure (Pa) 5 9 10-4

Working pressure (Pa) 2

Bias voltage (V) -60

Ar flow (sccm) 50–100

N2 flow (sccm) 300–400

Deposition temperature (�C) 400

Deposition time (min) 90

Arc current of Ti target (A) 50–100

Arc current of Al target (A) 50–100

Distance between the substrate and target (mm) 120
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indenter G200, Agilent Technologies, USA) with a Ber-

kovich indenter tip under the continuous stiffness mode.

Ten separated measurements were taken on the AlTiN

coating to obtain the average value. The distance between

each indentations was at least 30 times of the maximum

depth of indentation to prevent stress field effects from

nearby indentations. The maximum depth of indentation

was set as 1500 nm. The calibration of the film hardness

values was checked by measuring on a standard sample

(fused silica). The hardness and elastic modulus of the

sample were 8.86 ± 0.11 and 72.1 ± 0.3 GPa, respec-

tively. To avoid the effect of the substrate and get hardness

(H) as well as effective elastic modulus (E*) more accu-

rately, the measured values are chosen at the indentation

depth less than 10% of the film thickness. Here, E* is given

directly by the nano-indentation tester based on the formula

E* = E/(1 - t2), where E is the elastic modulus and t is

the Poisson’s ratio.

The adhesion strength between the coating and substrate

was measured by a scratch tester (J&L Tech, Scratch test

JLST022) with a Rockwell C diamond stylus (cone apex

angle: 120�; tip radius: 200 lm) that was moved across the

sample surface. During the scratch tests, the normal load

was increased from 0 to 100 N with a loading rate of 1 N/s

and a translation speed of 0.2 mm/s. The friction force,

friction coefficient, and acoustic emission signals were also

recorded during the scratch tests in order to measure the

critical load. The scratch tracks were observed under an

optical microscope (OM, Olympus PMG3-613U W/Acc).

The electrochemical measurements of the AlTiN coating

were taken in a 3.5 wt% NaCl solution, since chloride ion-

containing environments are very common. The electro-

chemical properties of the AlTiN coating were tested by

Gamry Instruments (USA) with an active area of 1 cm2. A

three-electrode system was used, consisting of a saturated

calomel electrode (SCE) as a reference, a pure platinum

sheet as counter electrode and the coated sample under test

as the working electrode. The electrolyte employed was

3.5 wt% sodium chloride solution, prepared with analytical

grease reagents and deionized water. Before the electro-

chemical measurements, samples were allowed to stabilize

at their open-circuit potential (Eoc) for 30 min. The

potentiodynamic polarization measurements were taken

starting from -200 mV cathodically with respect to the

open-circuit potential at a constant scan rate of 0.5 mV/s.

The electrochemical impedance spectroscopy (EIS) mea-

surement was taken using a scanning frequency ranging

from 10-2 to 105 Hz, and the testing signal is 20 mV. All

the measurements are taken at room temperature (22 �C).
Based on an appropriate electrical equivalent circuit, the

Nyquist plots obtained from the EIS measurements were

fitted by ZSimpwin 3.20 software to calculate the corre-

sponding parameters.

3 Results and Discussion

3.1 Microstructure Characterization

Figure 1 shows the XRD patterns of the AlTiN coating

deposited by arc ion plating. As can be seen, the coating

exhibits a single fcc structure with multiple orientations of

(111), (200), (220), (311) and (222) crystal planes. The

diffraction peaks lie between those of fcc TiN (PDF#

25-1495) and AlN (PDF# 38-1420) phases, indicating that

the fcc (Al, Ti)N solid solution phase forms, while the B4-

wurtzite AlN (PDF# 25-133) does not form. The AlTiN

coating contains higher Al content than Ti content; there-

fore, the diffraction peaks of the coating are closer to those

of AlN which possesses smaller lattice constant than TiN.

The preferred orientation of the AlTiN coating is (111)

crystal plane which has the lowest surface energy in the fcc

structure [20]. The preferred orientation is usually the

crystal plane which possesses the minimum overall energy

between surface energy and strain energy during the

deposition process [21, 22]. Since the strain energy of

(200) plane is smaller than that of the (111) plane [23], the

preferred orientation would be (200) crystal plane when the

deposition parameters such as deposition temperature and

bias voltage change [4, 24].

Figure 2 shows the surface morphologies of the AlTiN

coating deposited by arc ion plating. As shown in Fig. 2,

there are some white particles and pinholes on the dark

gray surface. The white particles are macro-particles

resulting from the droplets which were emitted from the arc

spots in the Al target or Ti target and solidified before they

arrived at the substrate. The macro-particles shrink at the

ambient temperature after deposition. The macro-particles

possess larger specific area than the coating around them,

Fig. 1 XRD patterns of the AlTiN coating deposited by arc ion

plating technology
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thereby they shrink more obviously, and some might flake

from the surface resulting in the pits and pinholes left on

the coatings [25, 26]. Because of these macro-particles and

pinholes, the surface roughness of the coating is high

(about 214.3 nm) measured by surface profiler.

The elemental compositions at four different points (A,

B, C, D in Fig. 2) and in one selected area (inside area of

the rectangle E in Fig. 2) on the surface of the AlTiN

coating are analyzed by EDS, which is listed in Table 2. As

can be seen, the white macro-particles contain more N

element than the dark gray spots, and the Al/(Al ? Ti)

values range from 0.625 to 0.665. The elemental compo-

sitions in the rectangle E is about 29.13 at.% Al,

16.02 at.% Ti and 54.85 at.% N. The Al/(Al ? Ti) value is

about 0.65. Since the selected area E includes the four

points (A, B, C, D), the elemental compositions of this area

E are taken as the average elemental compositions of the

coating. The cross-sectional morphology of the AlTiN

coating is presented in Fig. 3. It can be seen that a very thin

layer of Ti lies between the AlTiN coating and the sub-

strate, which plays an important role in the improvement of

adhesive strength. The AlTiN coating is dense, and the

thickness is about 3.0 lm.

3.2 Mechanical Properties

The hardness versus displacement and modulus versus

displacement curves of the AlTiN coating are presented in

Fig. 4. These two curves show the same trend which could

be divided into three stages: quickly increasing stage,

plateau stage and declining stage. The average hardness

value at the plateau stage could be considered as the real

hardness of the films. Note that the indentation depth at this

region is less than 10% of the film thickness, which could

be deemed to minimize the effect of the substrate greatly.

The hardness and effective modulus (E*) of the AlTiN

coating are about 33.94 and 486.1 GPa, respectively. The

high hardness of the coating is attributed to the solid

solution hardening of the element Al which decreases the

lattice constant of the coating. It is consistent with the XRD

pattern (Fig. 1) that the diffraction peaks of the AlTiN

coating shift to higher angles, compared with those of TiN

phase.

The adhesion strength of the AlTiN coating was mea-

sured by scratching its surface with the normal load

increasing gradually from 0 to 100 N. During the process,

plastic deformation occurs at the beginning; then, some

cracks form and flakes might be generated along the track

subsequently. Finally, large spallation outside the track

happens and makes the coating detach from the substrate

indicating the total failure of the film [27]. Figure 5 shows

the morphology of the scratch track of the AlTiN coating.

When the normal force is up to about 39.7 N, large spal-

lation occurs and the coating is removed from the substrate.

The adhesion strength of a coating/substrate system is

normally defined as the energy to separate a coating from

the substrate [28]. Thus, the adhesion strength of the AlTiN

coating is about 39.7 N.

Fig. 2 Surface morphologies of the AlTiN coating deposited by arc

ion plating technology

Table 2 Elemental compositions of four different points (A, B, C, D)

and one selected area (E) on the surface of the AlTiN coating

Position Al (at.%) Ti (at.%) N (at.%) Al/(Al ? Ti) (x)

A 28.35 15.37 56.26 0.648

B 25.20 15.13 59.68 0.625

C 32.71 18.87 48.42 0.634

D 29.80 15.04 55.16 0.665

E 29.13 16.02 54.85 0.645

Fig. 3 Cross-sectional morphology of the AlTiN coating deposited

by arc ion plating technology
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3.3 Electrochemical Properties

The potentiodynamic polarization curves of the substrate

and AlTiN coating in a 3.5 wt% NaCl solution are shown

in Fig. 6. The corrosion potential Ecorr and current density

Icorr of the substrate are about -0.5019 V and 11.392 lA/
cm2, respectively, while for the AlTiN coating the corro-

sion potential is -0.4999 V and the current density is

1.861 lA/cm2 according to the Tafel extrapolation method.

The potential of AlTiN coating is slightly lower than that of

the substrate, owing to the high electrochemical activity of

Al and Ti. However, the corrosion current density of the

AlTiN coating is nearly one-sixth of that of the substrate.

The value of the corrosion potential reflects the corrosion

tendency of the materials in thermodynamics, and the value

of the corrosion current density reflects the corrosion rate

of the material in kinetics [29]. Usually, Icorr is cited as a

criterion to evaluate the kinetics of a corrosion process, and

it is normally proportional to the corrosion rate [1]. The

corrosion current density of the AlTiN coating is lower

than that of the substrate meaning that it possesses better

corrosion resistance than the substrate. The nitride coatings

could form thin passive oxide layers on the coatings’ sur-

face when the coating samples are contacting with the

NaCl solution [2]. Since the AlTiN coating contains high

Al content about 30.58 at.%, and the Gibbs free energy of

Al2O3 is lower than that of TiO2, a continuous and dense

oxide layer mainly composed of alumina could be formed

on the surface of the coating during the corrosion process

[30, 31]. The oxide layer can act as a protective barrier

between the substrate and the corrosive electrolyte,

enhancing the corrosion resistance greatly.

The EIS of the substrate and AlTiN coating in 3.5 wt%

NaCl solution is illustrated in Fig. 7. The EIS of the

Fig. 4 Hardness versus displacement a and modulus versus displacement and b of the AlTiN coating measured by nano-indenter tester

Fig. 5 Morphology of scratch track of the AlTiN coating observed

by optical microscopy

Fig. 6 Potentiodynamic polarization curves of the substrate and

AlTiN coating in 3.5 wt% NaCl solution
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substrate and the AlTiN coating shows an irregular semi-

circle indicating a single time constant, for the samples

were exposed in the corrosive medium for just approxi-

mately 1 h, which is not sufficient to reveal the degradation

of the substrate. Usually, the larger the diameter of the

capacitive loop, the better the corrosion resistance of the

sample [32]. The AlTiN coating possesses a larger capac-

itive resistance than the substrate, indicating that the AlTiN

coating has better corrosion resistance. As shown in Fig. 8,

the absolute impedance of the AlTiN coating is much lar-

ger than that of the substrate, which also indicates that the

AlTiN coating possesses superior corrosion resistance to

the substrate.

After ZsimpWin 3.20 software fitting, the EIS data of

the substrate and AlTiN coating can be fit well with the

equivalent circuit in Fig. 9a, b, respectively. In the equiv-

alent circuit, the electrolyte resistance Rs is electrolyte

solution resistance between the working electrode and the

reference electrode. Qdl is a double-layer capacitance

related to the electrochemical process occurring between

the alloy and the solution, while Rct represents the charge

transfer process happening between the alloy and the

electrolyte. For the AlTiN coating, the equivalent circuit

contains two additional elements, the capacitance Qcoat and

the charge transfer resistance Rpore resulting from the for-

mation of ionic conduction path across the coating. The

corrosion interface is characterized by a parallel capacitor

with a double-layer constant phase element Qdl and charge

transfer resistance Rct. Note that Q stands for constant

phase element, which is responsible for deviation from

ideal dielectric behavior of a non-ideal capacitor. The

admittance is given by:

Y xð Þ ¼ Y0 jxð Þn; ð1Þ

where Y0 is the adjustable parameter used in the nonlinear

least squares fitting, j is
ffiffiffiffiffiffiffi

�1
p

, x is the angular frequency,

and n is also an adjustable parameter which always lies in

-1 and 1. For n = 1, Y represents a capacitance, while for

n\ 1, Q is a non-ideal capacitor. For n = -1, Y represents

an inductance; for n = 0, Y represents a resistance.

The parameters extracted from the EIS data of the bare

alloy and AlTiN coating corroded in 3.5 wt% NaCl solu-

tion is presented in Table 3. The charge transfer resistance

Rct of the AlTiN coating is about 1.22 9 104 X cm2, which

is much larger than that of the substrate (2633 X cm2).

Usually, the higher the charge transfer resistance, the better

the corrosion resistance of the material [33]. In addition,

the double-layer capacitance of the AlTiN coating is

2.93 9 10-4 lF/cm2, smaller than that of the substrate

(6.358 9 10-4 lF/cm2), which indicates that the number

of electric charge and ion at the corrosive interface is less,

Fig. 7 Electrochemical impedance spectroscopy (EIS) of the sub-

strate and AlTiN coating in 3.5 wt% NaCl solution

Fig. 8 Bode and phase diagram of the substrate and AlTiN coating in

3.5 wt% NaCl solution

Fig. 9 Equivalent electrical circuit for the EIS data of the substrate

a and AlTiN coating b corroded in 3.5 wt% NaCl solution
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revealing that the AlTiN film is corroded milder than the

bare alloy. It is consistent with the potentiodynamic

polarization result. Thus, it can be concluded that the

coating can act as a protective barrier between the substrate

and the corrosive electrolyte and enhance corrosion resis-

tance effectively regardless of the presence of macro-par-

ticles and pinholes on the surface.

3.4 Porosity of Coating

The porosity of a coating has a great impact on the prop-

erties of the coating. If the coatings possess high porosity,

severe corrosion between the coating and substrate would

occur, since the substrate would take as the anode. Several

electrochemical methods could estimate the porosity of a

coating [34]. For nitride coatings, the porosity of a coating

can be determined from the polarization resistance mea-

surements according to Eq. (2) [1, 34]:

P ¼ Rps

Rp

� �

� 10� DEcorrj j=ba ; ð2Þ

where, P is the total coating porosity; Rps and Rp are the

polarization resistance of the substrate and the coating,

respectively; DEcorr is the difference between the corrosion

potential of the coating and the substrate; ba is the anodic

Tafel slope of the substrate.

According to Table 3, Rps is equal to 2633 X cm2, and

Rp is 2.0556 9 104 X cm2 (the combination of Rpore and

Rct). DEcorr is about 0.002 V, and ba is 0.1074 V/decade by

linear fitting the anode polarization curve. Putting these

parameters in formula (2), the porosity can be calculated

out as 12.27%.

4 Conclusions

1. A new type of AlTiN coating with Al/(Al ? Ti) about

0.65 was prepared on a high-speed steel by arc ion

plating technology. The coating consists of singular

fcc-(Al, Ti)N phase with preferred orientation (111)

crystal plane.

2. The hardness and the elastic modulus of the AlTiN

coating are about 33.94 and 486.1 GPa, respectively.

The adhesion strength between the coating and

substrate is 39.7 N.

3. The AlTiN coating possesses lower corrosion current

density and larger charge transfer resistance than the

bare alloy, which indicates that the coating has better

corrosion resistance in 3.5 wt% NaCl electrolyte and

could act as a protective barrier between the substrate

and corrosive electrolyte.
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