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Abstract

Chromium carbonitride (CrCxN1�x) coatings are becoming more and more interesting for wear protection applications due to their

increased hardness and improved wear performance compared to chromium nitride (CrNx) hard coatings. Further improvements seem to be

possible by using multilayer coatings of these two materials. In the current work such multilayer structures were deposited by the Pulsed

Laser Deposition (PLD) technique at room temperature using an industrially designed 4-beam multi-spot PLD evaporator. The coatings were

investigated by means of transmission electron microscopy (TEM) in order to solve their growth mechanisms and microstructure

development. Due to the very high hardness and brittleness of the coatings, the TEM sample preparation has to be based on gallium focused

ion beam cutting. Although the chemical analyses revealed a significant Ga atom contamination of the samples originating from the sample

preparation, the face-centered cubic CrN-based phases and their textures, found in electron micro-diffraction analyses as well as in X-ray

diffraction measurements, were scarcely influenced by the incorporated atoms. Great influences on the phase formation result from oxygen

atom trapping from the rest gas atmosphere prior deposition. A very fine grained (2–5 nm) structure was found for the pure chromium

adhesive interface layers, which are necessary for high adhesion of the hard coating layers. These hard ceramic layers–CrNx and CrCxN1�x –

possess much coarser (8–15-nm grain size), micro-columnar structures. Furthermore, influences on the film growth are caused by defects on

the substrate surface like cracks and contaminating dust particles.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Ceramic PVD and CVD coatings have been proven to

protect tools and machine parts against wear, corrosion,

erosion, and other unexpected damage. Single-layer coat-

ings of the first generation like titanium nitride (TiNx) or

chromium nitride (CrNx) are nowadays well-established for

cutting and forming operations, but they are reaching their
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limit in lifetime enhancement of tools [1]. One strategy for

improving the friction and wear behavior of coatings is

alloying with additional elements. A partial replacement of,

e.g. nitrogen by carbon atoms results in an increase of the

hardness by solid solution hardening and in a decrease in

friction and wear for TiNx coatings [2]. The suggested

reason for the superior behavior of these titanium carboni-

tride (TiCxN1�x) coatings is the formation of lubricant top

carbon layers during dry sliding [2]. Because of the

structural, chemical and tribological similarities of TiNx

and CrNx the addition of carbon containing gases to the N2

atmosphere during the reactive deposition of CrNx would

expect a similar behavior for the chromium carbonitride
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(CrCxN1�x) coatings. The very few studies concerning

CrCxN1�x coatings published so far showed similarities in

the microstructure and mechanical properties, but no low-

friction effects. Cholvy et al. [3] deposited Cr–C–N

coatings using an ion-plating technique and analyzed the

phase formation with respect to the practical pressures of

nitrogen and methane. Kozhevnikov et al. [4] examined the

erosion and corrosion resistance of CrCxN1�x coatings in

liquid H2SO4 atmospheres which is superior to other Cr-

and Ti-based coatings. The wear performance was reported

by Yao and Su [5] to be similar or better than CrNx, but very

poor adhesion strength of the arc-deposited CrCxN1�x on

steel substrates was found.

The current study presents microstructure investigations

of room temperature deposited CrCxN1�x hard coatings for

wear protection application of temperature-sensitive sub-

strate materials like plastics or tool steels of the highest

hardness. Besides the adhesion, mechanical and tribological

properties, the understanding of the growth mechanisms on

both laboratory-found and industrially-found substrate

surfaces is decisive in commercial coating. The coating

was performed by the Pulsed Laser Deposition (PLD)

technique, which was developed to an industrial coating

technique at Laser Center Leoben (Austria) of JOANNEUM

RESEARCH Forschungsgesellschaft mbH by application of

the multi-beam laser ablation approach [6,7].
2. Experimental

2.1. Coatings deposition

High purity chromium targets (99.9% Cr) were used for

the ablation experiments using a pulsed Nd:YAG laser

system, which provides four laser beams of 1064-nm

wavelength, 0.6-J pulse energy and 10-ns pulse duration at

a repetition rate of 50 Hz [6,7]. In this multi-spot

evaporation system the targets are rotated during the laser

irradiation in order to avoid the formation of deep craters.

The emitted species were deposited at room temperature

(approx. 25 -C) onto austenitic steel (AISI 301, DIN CrNi

18 8) substrates mounted parallel to the target surface.

Prior deposition the substrates were mirror-polished and

cleaned ultrasonically in pure acetone and ethanol. To

provide homogenous film thickness over the whole coated

surfaces the substrates were moved through the plasma

plumes with a relative speed of 5.4 cm s�1 [6]. Before the

coating process the reaction chamber was evacuated to

pressures below 2�10�3 Pa using a pumping unit

consisting of a rotary vane pump and a turbomolecular

pump. Prior CrNx hard coating deposition three pure

metallic chromium adhesive interface layers were grown

for increasing the adhesion on the substrate [8,9]. A Cr

interface consisting of three layers deposited in atmos-

pheres of different pressures was used for improving the

adhesion of the CrCxN1�x coating on the CrNx. These
interface layers were deposited in pure Ar atmospheres,

whereas Ar–N2, and N2–C2H2 gas mixtures were applied

for the hard CrNx and CrCxN1�x coating depositing, resp.

The thickness of the various layers of the multilayer

coating as well as the total thickness (¨1 Am) were chosen

for optimized microstructural investigations.

2.2. Coatings characterization

Transmission electron microscopy (TEM) on a Philips

CM20 (LaB6) equipment operating at 200 kV was used for

the microstructural investigations of cross-sections of the

coatings. Due to the very hard and brittle coatings the

application of the standardized TEM preparation technique

(mechanical cutting, slicing, polishing, and Ar+ ion mill-

ing) was not possible for the Cr–CrNx –CrCxN1�x multi-

layer coatings. Due to their high brittleness, all cross-

sections broke during the ion milling step. Thus, ion

cutting with a focused gallium ion beam and subsequent

surface cleaning by Ar+ ion milling was used for reaching

a similar end thickness of the cross-sections.

For chemical analyses, the TEM is equipped with an

energy dispersive spectroscopic (EDS) analyzer. Electron

micro-diffraction measurements were carried out for deter-

mining the phase composition of areas down to 40 nm

diameter. Additional information of the phases and their

texture was obtained by X-ray diffraction (XRD). CoKa

radiation was used on the Philips PW1710 diffractometer to

obtain Q–2Q scans in Bragg-Brentano arrangement (nor-

mal to the surface). The parameters chosen for the

measurements were 35 V voltage and 40 mA current.
3. Results and discussion

3.1. Growth structures

Fig. 1a shows a bright field image of the Cr–CrNx –

CrCxN1�x multilayer coating. Starting from the coating

surface seven different zones are evident: The micro-

columnar structured zone ‘‘A’’ can be assigned to the

CrCxN1�x top layer. Underneath, the metallic Cr adhesive

interface layer is found in zone ‘‘B’’. Layer ‘‘C’’, the hard

base coating, consists of CrNx with a growth structure

comparable to the CrCxN1�x top layer. Between this layer

and the steel substrate three metallic Cr adhesive interface

layers (the first labeled ‘‘D’’) deposited in Ar atmospheres of

different pressures were used for increasing the adhesion to

the substrate surface. All these very fine-grained columnar

microstructures can be described by the Zone-T structure of

Thornton’s structure zone model [10]. Such structures are

defined by low substrate temperatures and high-energetic

bombardment of the growing coatings resulting in the

activation of diffusion processes. This surface diffusion

allows the filling of the space between the growing

crystalline columns.
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Fig. 1. (a) Bright field TEM image of the Cr–CrNx –Cr–CrCxN1�x multilayer coating. (b) Electron micro-diffraction patterns taken from the specified areas of

the bright field image.
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The electron micro-diffraction patterns (Fig. 1b) taken

from the marked areas reveal the very fine-grained structure

of the Cr interfaces by the diffuse rings and the slightly

coarser, textured growth structures of the nitride and

carbonitride layers by the diffraction centers. For the fcc

CrNx the growth of (220) planes parallel to the substrate

surface was found, whereas the micro-columns in the fcc

CrCxN1�x preferably develop a (200) texture. The incidence

of these lattice planes was also found in the XRD

investigations of the multilayer coating on the steel substrate

(Fig. 2). Hence, very low implications of the Ga ion cutting

for the sample preparation on the coating microstructure are

evident, although EDS analyses revealed the contamination

with up to 10 at.% gallium from the ion beam and up to 5

at.% iron atoms from sputtered substrate atoms during ion

cutting. Additionally, the broad peaks found in the XRD

examinations possibly reveal the occurrence of (111)

textured hcp h-Cr2N and rhomboidal Cr2O3. The latter

phase was found as the dominating species in preliminary

structural examinations of PLD CrNx hard coatings referring

to oxygen contamination of the coatings [11]. Several

percent of contaminating oxygen was also found in the EDS

analyses of the Cr–CrNx –CrCxN1�x multilayer coatings.

Due to the decrease of the oxygen content its source seems

to be the rest gas atmosphere after evacuation to 2�10�3 Pa.
The high partial pressure of O2 gas (measured by time-

resolved mass spectroscopy), which is the highest of all

contaminations except H2O vapor, reveals this theory.

Additionally, the ionization of O2 molecules is evident in

the optical plasma spectroscopy measurements of the

ablation plasma [11].

Generally, neither Cr, Cr2O3 nor CrN phases can dissolve

even low contents of (contaminating or alloying) atoms (O,

N) in thermal equilibrium [8]. Thus, phase separation and

two-phase structures are most expectable. However, the

disequilibrium state of the applied PLD technique–the high-

energetic plasma of the PLD technique in combination with

the low temperatures of the substrates (25 -C)–causes a

partial solution of O atoms in the metallic a-Cr and N atoms

in the Cr2O3 lattice. The high tendency to O trapping and

incorporation in PLD coatings in the fcc CrN phase is

confirmed by Suzuki et al. too [12]. In the current work,

both, the broad peaks and the peak shift (up to 2-) to higher

diffraction angles in the XRD spectra result from the edging

of nitrogen atoms from their sites in the fcc CrN lattice by

the oxygen atoms, found also in preliminary investigations

[11]. Too high oxygen contents–which cannot be dissolved

even in the high disequilibrium–seem to lead to the

formation of a second phase (Cr2O3) [11], which was found

too in the current work. To form the two-phase coating,
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Fig. 2. XRD spectra of the Cr–CrNx –Cr–CrCxN1�x multilayer coating. The standard positions [16] of the phases found in the coating and the substrate

(austenitic steel) are indicated.
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diffusion at the surface and in the surface-near region of the

film is decisive. Although the deposition is performed at

room temperature, which normally suppresses even surface

diffusion, the intermittent plasma conditions in the PLD

enable diffusion at the surface and in the near-surface zones

of the growing film. This is a reason of the formation of

plasma pulses during target ablation, which contain two

vapor fractions of different expansion speed [13]:

(1) At the plasma front fast, high-energetic (>100 eV)

ions activate the growing film surface by resputtering

[13]. Besides ion etching of weak bonded atoms and

(physisorbed) molecules (e.g. from the deposition gas

atmosphere) also deeper penetration of ions (up to

some nm) in the substrate and the growing coating

surface can occur during the hit of the plasma front

and the film surface [14]. Hence, diffusion in the near-

surface region is triggered by transferring energy of

the high-energetic species to the lattice.

(2) The second fraction of particles has lower speed and

lower energy (¨10–20 eV) and, thus, expands behind

the plasma front [13]. The collision with the resput-

tered species from the hit of the plasma front and the

substrate surface leads to the thermalization just in

front of the substrate surface. These thermalized

particles both from the target ablation and the

deposition atmosphere are subsequently deposited on

the substrate surface resulting in film growth [13].

Because mainly loose bonded atoms (e.g. atoms on

wrong and unstable positions of a growing lattice,

contaminating atoms) are etched (or sputtered) by the

high-energetic ions at the plasma front, the formation
of the crystal lattices and the two-phase coating is

enabled. Hence, the diffusion mechanism of these

sputtered atoms, necessary for the subsequent growth

of the lattice, requires no atomic changes of lattice

positions at the surface. Surface diffusion is supported

by the thermalized zone in front of the growing

surface.

These two mechanisms allow to expect a high content of

growth defects in the lattice, like process gas atoms,

interstitial atoms, faults, dislocations and grain boundaries.

Low grain sizes (8 to 15 nm) and high lattice distortion are

evident in the TEM and XRD results for the fcc CrNx and

CrCxN1�x layers. Lattice strain results in texture changes of

the coatings, which seems to be evident in the transition

form (220) orientated CrNx to the (200) CrCxN1�x, which

can be obtained in the electron micro-diffraction patterns

(Fig. 1b). Differences in the stress (strain) level and

subsequently in the texturing of the fcc phase are evident

near the interfaces to the Cr adhesive layers. A slight change

of the gray scale gives hints for the formation of a different

lattice orientation in the grains (see arrows and the

indication ‘‘interface influenced growth changes’’ in Fig.

1a). Such changes of the brightness are caused by more

intense interference of these lattice planes and the electron

beam.

3.2. Growth defects

Stress and stress relaxation influence the coating

growth in the surrounding of defects on the substrate

surface too, as shown in Fig. 3 by two typical defects of
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Fig. 3. TEM bright field images of the effects of defects at the substrate surface on the growth of the coating: (a) surface crack, (b) dust particle.
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different sizes originating from insufficient preparation and

cleaning of the substrate surfaces. In Fig. 3a, a small crack

of about 150–200 nm length was found in the substrate

surface, possibly remaining from the grinding prior

deposition. Fig. 3b shows a large contaminating (dust)

particle of about 350–400 nm extension. In both cases,

the inhomogeneities on the substrate surface depict on the

layer boundaries and the multilayer coating surface.

However, due to preferred sputtering of atoms from

convex surfaces [16], the height of the irregularities is

decreasing in the growing coating and their lateral

extension is increasing. Because of the small height of

the defect originating from the crack, a significant change

of the coatings growth structure is not evident. A strong

tendency towards these effects is evident for the sharp

edges of the dust particle in Fig. 3b, which are rounded in

the three Cr adhesive layers by the preferred sputtering.

The relaxation of lattice stresses in the convex curved

growing surfaces of these Cr layers enables the increased

growth of micro-columns with a different lattice orienta-

tion [15]. This is evident by the darker areas in light gray

surrounding marked with ‘‘micro-columns’’ in the bright

field TEM image (Fig. 3b). This effect is comparable to

the changes in the texture formation near the interfaces

(see above and Fig. 1a).
4. Conclusions

A multilayer coating of chromium (Cr), chromium

nitride (CrNx) and chromium carbonitride (CrCxN1�x)
was deposited at room temperature on austenitic steel

substrates by the pulsed laser deposition (PLD) technique

using an industrially designed 4-beam multi-spot PLD

evaporator. Chemical microanalyses by energy dispersive

spectroscopy revealed an oxygen incorporation from the

process gas atmosphere, which is decreasing during

growth. The growth mechanisms of the coatings and

influences of defects on the substrate surface were

investigated by means of transmission electron microscopy.

Growth stresses were found to be the reason for the

formation of different lattice orientations. If the compres-

sive stresses are changing, grains with crystallographic

orientations, which are more or less sensitive to high

stresses, start to grow. Such effects occur near interfaces to

the adhesive Cr layers and near substrate surface defects.

The decrease of the stresses in convex curved surface

regions leads to the increased growth of stress-sensitive

lattice planes. Such convex curved growing coating

surfaces are a result of the shape and topography of the

substrate and can also be caused by contaminating particles

(e.g. dust and cracks) on the substrate surfaces, both

shown in the current work.
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