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Abstract CrAlN coatings were deposited on silicon and

AISI H13 steel substrates using a modified ion beam

enhanced magnetron sputtering system. At the modified ion

beam bombardment, the effects of bias voltage and Al/

(Cr ? Al) ratio on microstructure and mechanical proper-

ties of the coatings were studied. The X-ray diffraction data

showed that all CrAlN coatings were crystallized in the

cubic NaCl B1 structure, showing the (111), (200), and

(220) preferential orientation. It is noted that the (111)

diffraction peak intensity decreased and the peaks broad-

ened as the bias voltage increased at the same ratio of Al/

Cr targets power, which is attributed to the variation in the

grain size and microstrain. The microstructure observation

of the coatings by field emission scanning electron

microscopy cross-section morphology shows that the

columnar grain became more compact and dense with

increasing substrate bias voltage and Al concentration. At a

substrate bias voltage of -120 V and a Al/(Cr ? Al) ratio

of 40%, the coating had the highest hardness (33.8 GPa)

and excellent adhesion to the substrate.

Introduction

As a kind of hotworking die steel, AISI H13 steel under-

goes wear caused by mechanical action of light alloy

injected under a high pressure, corrosive attack of melting

alloy, thermal cycling, and high-temperature corrosion

(oxidation). Hard coatings can protect the steel surface very

efficiently from chemical attack by casting alloys and

retard the formation and propagation of thermal cracks [1].

Chromium nitride is a typical transition metal nitride

coating with high hardness, good wear resistance and

corrosion resistance and is widely used in die casting,

metal forming, and tool machining applications to increase

productivity and tool life [2, 3]. But the oxidation resis-

tance of CrN is limited up to 600 �C [4]. For hard

protective coatings, thermal stability is important as they

are exposed to high temperatures during casting process.

Chromium aluminum nitride (CrAlN), a ternary nitride, by

incorporating Al into transition binary CrN thin coatings

has been intensively investigated in recent years [5–18].

Compared with CrN coatings, CrAlN coatings exhibit

higher hardness, lower friction coefficient [8, 17], and

higher thermal stability with no compositional and struc-

tural changes after annealing at 800 �C [8] and at 900 �C

[19]. Therefore, CrAlN coating is a good candidate as an

alternative to conventional CrN coatings especially for

high-temperature oxidation-resistance applications.

CrAlN coatings have been successfully produced

through different physical vapor deposition (PVD) methods

such as DC magnetron sputtering [7, 15, 16], arc ion

plating [17], and cathodic arc evaporation [5, 18]. Pulsing

the DC magnetrons has also been shown to facilitate ion

bombardment and greatly improve film density and film

properties [20–24]. Recently, a novel type of gaseous ion

source, driven by a dedicated pulsed DC power supply, has
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been successfully developed. In this equipment, metal

sputtering deposition, reactive ion beam bombardment, and

reaction are performed separately. The advantages of the

newly modified technique include easy operation, long

time stability, good repetition, consistency and growth of

high quality film. In this study, a series of CrAlN coatings

were deposited on silicon and AISI H13 steel substrates by

modified ion beam enhanced magnetron sputtering from Cr

and Al elemental targets in an Ar ? N2 mixture atmo-

sphere. At the modified ion beam bombardment, the effects

of bias voltage and Al/(Cr ? Al) ratio on microstructure

and mechanical properties of the coatings were studied.

Experimental

The substrate materials are silicon and AISI H13 steel.

Silicon substrates were used for the test of morphology,

structure and hardness and AISI H13 substrates were used

in performance of coatings composition and adhesion. AISI

H13 has a composition of 4.90 wt.% Cr, 1.06 wt.% V, 0.34

wt.% Mn, 1.25 wt.% Mo, 0.39 wt.% C and Fe in balance.

The hardness of AISI H13 steel is about 50 HRC after

quenching and tempering. The dimensions of AISI H13

sample were 2 9 1 9 0.5 cm, and all the samples were

ground and polished to an average surface roughness less

than 0.05 lm and then cleaned with acetone in an ultra-

sonic container for 15 min. Subsequently, they were rinsed

in deionized water, dried and stored in a desiccator prior to

coating operation. CrAlN coatings were deposited by a

modified ion beam enhanced magnetron sputtering system.

The detail of the equipment was the same as that described

by Dong et al. [25]. Prior to deposition, the targets were

sputter cleaned for 3 min. Then the samples were sputter-

etched with argon ions (3 Pa, applied bias voltage -500 V)

for approximately 10 min to remove surface oxide and

pollution. During deposition, the power of gas ion source

was 1.2 kW and the substrate temperature was 300 �C. All

of the four targets were sputtered using DC power. A

transition layer of Cr and Al was deposited to facilitate

bonding with the first CrAlN deposited layer. The sput-

tering power applied onto Al targets was fixed at 3.6 kW.

In order to control the atomic ratio of Al/Cr in deposited

coatings, the sputtering power applied on Cr targets was

selected as 2.4 and 3.6 kW. Correspondingly, the atomic

ratio of Al/(Cr ? Al) in CrAlN coatings was increased

from 0.3 to about 0.4.

The surface and cross-section morphology of coatings

were inspected using field emission scanning electron

microscopy (FESEM). The crystal structure was analyzed

by X-ray diffraction (XRD) using Cu–Ka radiation. The

average grain size and microstrain e of the coatings were

determined by the single-line method for analysis of XRD

line broadening using a Voigt profile function. A glow

discharge optical emission spectrometer (GDOES) was

used to estimate the composition depth profiles of the

coatings. To determine adhesion strength, scratch tests

were conducted. The failure modes of the coatings were

examined after scratch test using scanning electron

microscope (SEM) to compare with the results of the

recorded acoustic emission signal. Microhardness of the

coatings was measured on a standard Vickers hardness

machine with Knoop indentation using a load of 0.25 N.

Results and discussion

Figures 1 and 2 show the FESEM cross-section and surface

morphology of CrAlN coatings at different Al/Cr targets

power ratio and bias voltage. All the CrAlN coatings

exhibited a columnar structure, as shown in Fig. 1. At the

same substrate bias voltage, the coating exhibited a much

denser structure with an increase of Al/Cr targets power

ratio (Fig. 1a and c, b and d). At the same ratio of Al/Cr

targets power, the coatings thickness decreased with an

increase of substrate bias (Fig. 1a and b, c and d). This

behavior is clearly due to a partial re-sputtering mechanism

induced by the ion bombardment during the coating

growth. As the negative bias is increased, the highly ion-

ized flux of Cr and Al atoms arrives to the substrate with a

higher kinetic energy, and as a result, a higher number of

atoms from the growing coating will be re-sputtered [5]. In

Fig. 2, it is clearly noticed that big grains embraced small

grains.

Figure 3 illustrates the GDOES depth profiles of the

CrAlN coatings deposited on AISI H13 substrate at the Al/

Cr targets power ratio of 3/2. Although the atomic com-

positions deduced from the GDOES analysis cannot be

considered as absolute values, the compositional results

obtained for the different samples indicate that there was a

slight increase of the ratio of Al to Cr as the negative bias

increased, which is in accord with the results investigated

using energy dispersive spectroscopy (EDS) (as shown in

Table 1). This can be attributed to the different sputtering

yield of Cr and Al in CrAlN compound [5]. In addition, the

Cr and Al elemental chemical composition increased from

the coating surface to the substrate because the supply of

N2 was increased gradually to insure the gradient changes

of composition and structure of coatings. This is useful to

improve bonding strength of CrAlN coatings.

XRD patterns of the coatings are shown in Fig. 4. The

CrAlN coatings were crystallized in the cubic structure,

showing the (111), (200), and (220) preferential orienta-

tion, indicating that the crystalline structures of the CrAlN

coatings were predominantly cubic as that of CrN. The

peaks fall between those for B1 aluminum nitride (Joint
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Fig. 1 Cross-section FESEM images of CrAlN coatings under

different deposition conditions. a Al/Cr targets power ratio = 3/2,

bias = 0 V; b Al/Cr targets power ratio = 3/2, bias = -120 V;

c Al/Cr targets power ratio = 1/1, bias = 0 V; d Al/Cr targets power

ratio = 1/1, bias = -120 V

Fig. 2 FESEM surface

morphology of CrAlN coatings

under different deposition

conditions. a Al/Cr targets

power ratio = 3/2, bias = 0 V;

b Al/Cr targets power ratio =

3/2, bias = -120 V; c Al/Cr

targets power ratio = 1/1,

bias = 0 V; d Al/Cr targets

power ratio = 1/1, bias =

-120 V
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Committee Powder Diffraction Standard (JCPDS) Card

No. 24-1495) and B1 chromium nitride (JCPDS Card No.

11-0065) [26], which implies complete solubility of chro-

mium, aluminum, and nitrogen in the rock-salt-type lattice.

At the same Al/Cr target power ratio, it is also noted that

the (111) diffraction peak decreased in intensity and

broadened in width as the bias voltage increased, which is

attributed to the variation in the grain size and microstrain.

With the substitution of Al atoms into the coatings, the

lattice parameter of the coating decreases. Using the Voigt

profile function to analyze the line profile of the CrN-111

diffraction peak, one can determine the grain size D and

microstrain e that are shown in Table 1. The grain size

decreases and the microstrain increases with increasing

bias voltage. With increasing substrate bias voltage, the

mobility of the adatoms on the substrate surface increased

and the shadowing effect of the columnar structure was

reduced, resulting in a denser coating with reduced grain

size and less columnar. At a substrate bias voltage of

-120 V and the Al/Cr targets power ratio of 3/2, AlN

diffraction peaks were observed.

Table 1 gives the thickness, grain size, microstrain and

microhardness of the coatings grown at different substrate

bias voltage and Al concentrations. In several investiga-

tions, the hardness of the thin film has also been reported to

increase with increasing compressive stress developed

during the deposition [27]. In addition, the decrease in

lattice parameter and increase in the density of coating

microstructure have significant effects on the mechanical

properties of CrAlN coatings [28, 29]. It has been reported

that incorporation of Al atoms into CrN binary phase can

develop amorphous AlN network in grain boundary, which

can effectively reduce grain size due to grain boundary

effect [30]. Therefore, the increase of hardness of CrAlN

coatings with increasing Al content was probably related to

high density, the higher residual stress, and lattice constant

effect. In this study, the coatings deposited at a bias of 0 V

and exhibited low hardness. However, as substrate bias

voltage and Al concentration increased, the hardness of

CrAlN coatings was dramatically increased to maximum

values of 33.8 GPa.

Scratch tests were performed to determine adhesion

strength. The acoustic emission (AE) was recorded while a

Rockwell C diamond was drawn over the coatings with

increasing normal force at a speed of 4 mm/min. The

failure mechanisms of the coatings were examined after

scratch test by FESEM observation. With an EDS system

for compositional analysis, it is possible to determine

Fig. 4 XRD patterns for different samples. (a) Al/Cr targets power

ratio = 3/2, bias = 0 V; (b) Al/Cr targets power ratio = 3/2,

bias = -120 V; (c) Al/Cr targets power ratio = 1/1, bias = 0 V;

(d) Al/Cr targets power ratio = 1/1, bias = -120 V

Table 1 Elemental compositions and properties of CrAlN coatings deposited under different conditions

The ratio of Al/Cr

targets power

Substrate bias

voltage (V)

Composition (at.%) Al/(Cr ? Al) (%) Thickness

(lm)

Knoop

hardness (GPa)

Microstrain e Grain size

D (nm)
Cr Al N Fe

3/2 0 26.93 15.84 45.84 1.81 37.03 5.07 17.6 0.033566 6.604729

-120 30.78 20.46 48.15 0.61 40.00 4.85 33.8 0.254416 1.502148

1/1 0 36.14 15.53 48.33 0 30.05 6.38 15.3 0.122812 3.218789

-120 35.01 14.43 48.56 0 31.60 5.89 20.9 1.23294 2.099842

Fig. 3 GDOES depth profiles of CrAlN coatings prepared at the

Al/Cr targets power ratio of 3/2
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whether the diamond broke through the coating into the

substrate or not. In all the samples, the first acoustic

emissions signal was detected at about a load of 40 N.

Figure 5 shows the tracks corresponding to the four

investigated coating systems after scratch test under the

load of about 40–50 N. The diamond flattened the coatings

to some extent. In all of the scratch tracks, the chipping

increased with increasing indenter load alongside the

scratch track. In Fig. 5b and d, the EDS signal received

from the track shows chromium, aluminum, nitrogen, and

very little iron. At the same substrate bias voltage, the

CrAlN coating with a higher ratio of Al to Cr showed less

chipping and cracks than that with a lower ratio of Al to Cr

(Fig. 5a and c, b and d). Figure 5b shows the scratch track

of the CrAlN coating with a ratio of Al/(Al ? Cr) of 40.0%

and a substrate bias voltage of -120 V, less acoustic

emission detected during scratching up to 100 N.

Conclusions

CrAlN coatings were deposited on Si and AISI H13 steel

substrates by modified ion beam enhanced magnetron

sputtering from Cr and Al elemental targets in an Ar ? N2

mixture atmosphere. At the same power of gas ion source,

all CrAlN coatings were crystallized in the cubic NaCl B1

structure, showing the (111), (200), and (220) preferential

orientation. At the same Al/Cr target power ratio, the (111)

diffraction peak decreased in intensity and broadened in

width as the bias voltage increased, which is attributed to

the variation in the grain size and microstrain. The

columnar grain became more compact and dense with

increasing substrate bias voltage and Al concentration. At a

substrate bias voltage of -120 V and an Al/(Cr ? Al) ratio

of 40.0%, the coating had the highest hardness and good

adhesion to the substrate.
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