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Chromium oxide coatings were deposited on low-carbon steel by radiofrequency
reactive magnetron sputtering at different oxygen flux values. X-ray diffraction, x-ray
photoelectron spectroscopy, and high-resolution transmission electron microscopy were
used to investigate the microstructure of chromium oxide coatings. Varying oxygen
flux changed the coating microstructure; as with increasing oxygen flux the chromium
oxide coating undergoes amorphous-to-crystalline transformation. The coating
developed strong (300) texture at higher oxygen flux. Hardness, elastic modulus, wear
resistance, and adhesion were investigated by nanoindentation and pin-on-disk tests.
With changes in the coating microstructure as a function of increased oxygen flux,
hardness, elastic modulus, and wear resistance were improved, but its adhesion was
weakened.

I. INTRODUCTION

Chromium oxide is the hardest oxide that also exhibits
low friction coefficient, high wear and corrosion resis-
tance, and good optical and adiabatic characteristics.
These properties allow for it to be used as a protective
coating in tribological and microelectronic applications
and as an adiabatic material in aeronautic and space
fields.1–4 Many techniques have been developed to de-
posit chromium oxide coatings, including thermal plasma
spraying, chemical vapor deposition, and ion implanta-
tion. Among them, reactive radiofrequency (rf) magne-
tron sputtering is most suitable for industrial production
and makes it possible to achieve high-quality Cr2O3 stoi-
chiometric coating with nearly 30 GPa hardness com-
bined with good scratch resistance.5 The advantage of
reactive magnetron sputtering for this purpose is mainly
due to the high deposition rate achieved by sputtering
from a metal target versus an oxide target.6

Mechanical and adhesion properties of coatings are
affected by its microstructure. Sputtered coating micro-
structure and physical characteristics depend on the

deposition parameters,7–9 which in reactive sputter depo-
sition play an important role to achieve a strictly stoichio-
metric ratio of Cr2O3; therefore, oxygen flux becomes
especially important for oxidation. Different stoichiomet-
ric ratios exhibit vastly different mechanical properties in
chromium oxide coatings.10–12

High adhesion is known to ensure the prolonged life-
time of the coating and to promote good wear resistance.7

Good coating adhesion is required for wear- and corrosion-
resistance applications. Premature failures can occur for
many reasons, including coating delamination, cracking,
and plastic deformation. In addition to this, thin ceramic
physical vapor deposition (PVD) coatings usually have co-
lumnar grain structure with microcracks, pinholes, transient
grain boundaries, and often high through-thickness poros-
ity, which all lead to accelerated pitting corrosion and fail-
ure at the coating/substrate interface, especially in hostile
environments.13–16 On the other hand, several studies show
that coating thickness plays an important role in enhancing
both PVD-coated cutting tool performance and resistance to
abrasive and erosive wear,17 so it is important to understand
the relationship between microstructure and mechanical
properties of thick ceramic coatings.

In this paper x-ray diffraction (XRD), x-ray photoelec-
tron spectroscopy (XPS), scanning electron microscopy
(SEM), and transmission electron microscopy (TEM)
techniques were used to characterize the microstructure
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of chromium oxide coating deposited with different oxy-
gen partial pressure as a step toward developing a coating
with good mechanical properties, namely, hardness, elas-
tic modulus, wear resistance, and adhesion.

II. EXPERIMENTAL DETAILS

Chromium oxide coatings were deposited on low-
carbon steel by a custom-built rf unbalanced reactive
magnetron sputtering machine. The target used was high-
purity 99.95% Cr. Depositions were performed at a total
pressure of 10−1 Pa in a mixed Ar and O2 atmosphere.
The argon flow rate was 20 standard cubic centimeters
per minute (sccm), target power was 350 W, while the
oxygen flow rate ranged from 2.0 to 3.2 sccm with
0.3 sccm increments.

Before deposition, steel substrates were cleaned in ac-
etone and ethanol for 10 min and consequently experi-
enced 15 min in situ Ar plasma cleaning at rf power of
100 W to remove contaminants and to activate the sub-
strate surface. A chromium interlayer was deposited on
the substrates for 10 min, and then oxygen gas was in-
troduced into the reaction chamber. The substrate tempera-
ture was around 473 K during a 1 h coating deposition.

The microstructure of chromium oxide coating was
analyzed by XRD, XPS, and high-resolution TEM. The
coating thickness was measured from SEM cross-section
images. Hardness and reduced elastic modulus of the
coatings were obtained by means of nanoindentation
(Hysitron TriboIndentor, Minneapolis, MN) with a dia-
mond Berkovich tip. Scratch tests were performed using
Universal Micro-Tribometer-II (UMT) (Center for Tri-
bology, Inc., Campbell, CA). The applied load on the
conical (120° angle) diamond tip (200 �m radius) was
continuously increased at a rate of 0.25 N/s, while the tip
was moving at a constant velocity of 0.05 mm/s. An
acoustic emission signal was used to monitor the coating
and substrate damage.

Pin-on-disk wear tests were carried out with the UMT
tribometer at room temperature in air. A Si3N4 ball was
used as a coating wear counterpart. Normal load of 10 N
was applied to the coating surface for 600 s. The circular
wear track developed on the coating had a radius of
1.5 mm, and the ball linear sliding speed was 5 mm/s. In
the ball-on-disk tests, the wear volume of the coating, V,
was calculated by approximating the worn volume to a
spherical cap. Assuming that the height of the cap is
much smaller than the ball radius, the wear volume can
be calculated as

V = 2�R�r2 sin−1�w

2r� −
w

4
�4r2 − w2,�1�2� , (1)

where w is the wear scar width, measured by optical
microscopy, R is the circular wear track radius, and r is
the Si3N4 ball radius.18

III. RESULTS AND DISCUSSION

Figure 1 shows XRD patterns of chromium oxide coat-
ings on low-carbon steel substrates. It can be seen from
Figs. 1(a) and 1(b) that the oxygen flow rate of either
2.0 or 2.3 sccm (oxygen partial pressure of 6.6% and
7.5%, respectively) gives an amorphous coating. A few
substrate diffraction peaks are present as well. Some
crystalline Cr2O3 peaks appear in Fig. 1(c) when the
oxygen flow rate was increased to 2.6 sccm, and a crys-
talline coating was obtained at 2.9 sccm, with no amor-
phous phase observed during TEM analysis of these
specimens. It can be concluded that the chromium oxide
coatings had completely transformed to the polycrystal-
line Cr2O3 phase at 2.9 sccm oxygen flux. At 3.2 sccm
(10% oxygen partial pressure), the coating exhibited
strong (300) texture. With increasing the number of oxy-
gen ions, the probability of oxygen and chromium reac-
tion increases, resulting in a larger amount of the crys-
talline Cr2O3 phase. Also, higher oxygen partial pressure
increases the number of collisions between oxygen and
chromium ions, so the coating is more apt to form a
crystalline phase. The crystallization of the film can be
affected by the atomic kinetic energy, which is deter-
mined by the oxygen partial pressure when other depo-
sition parameters are fixed.15 Chromium oxide (300) pre-
ferred texture appears to be thermodynamically and ki-
netically favorable for the high oxygen partial pressure
used in the deposition process.

XPS was used to infer the influence of the oxygen
partial pressure on the chemical composition of the chro-
mium oxide coating surface. Figures 2(a) and 2(b) show
high-resolution Cr 2p XPS spectra of the chromium ox-
ide coatings deposited with an oxygen flux of 2.3 and
3.2 sccm. All the binding energies were referenced to the
C 1s peak centered at 284.6 eV. It can be seen from Fig.

FIG. 1. XRD patterns of chromium oxide coatings deposited at dif-
ferent oxygen flux. (a) 2.0 sccm. (b) 2.3 sccm. (c) 2.6 sccm. (d)
2.9 sccm. (e) 3.2 sccm.
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2(a) that the Cr 2p spectrum can be curve fitted with three
separate peak components at binding energies of 574.7,
576.6, and 578.3 eV, corresponding to metallic Cr,
Cr2O3, and CrO3, respectively.19 The intensity of each
component was used to calculate its relative abundance
on the chromium oxide coating surface. It is clearly ob-
served that metallic Cr was the predominant species at
the 2.3 sccm oxygen flux. The Cr 2p3/2 spectrum binding
energy is 576.6 eV, which corresponds to Cr2O3, the only
species present at the 3.2 sccm oxygen flux, shown in
Fig. 2(b). XPS can only detect elemental information
from the top several nanometers of the sample surface, so
the chemical composition deeper in the coating may be
slightly different from these XPS results.

Figure 3 shows high-resolution TEM images of the
chromium oxide coatings deposited at 2.6 and 3.2 sccm
oxygen flux. In Fig. 3(a) coating material is predomi-
nantly amorphous, with some nanocrystalline grains sur-
rounded by the amorphous phase, but the situation is
much different in Fig. 3(b). The coating is almost totally
crystalline in Fig. 3(b), which is also consistent with the

XRD results in Fig. 1. Precise measurements of the lat-
tice spacing gives the interplanar distances of d1 � 0.365
nm and d2 � 0.246 nm, which could be referred to (012)
and (110) Cr2O3 planes due to their similar d-spacing.20

In theory, the distance of d012 is 0.363 nm and d110 is
0.248 nm for unstrained Cr2O3. Residual stress in the
coating can cause these parameters to change. The in-
plane biaxial stress was calculated for the (300) textured
films deposited at 3.2 sccm oxygen flux using:

� = −
E

2�

dhkl − d0

d0
, (2)

FIG. 2. XPS analysis of the chromium oxide coating surface.
(a) 2.3 sccm and (b) 3.2 sccm.

FIG. 3. HRTEM images of chromium oxide coatings deposited at
(a) 2.6 sccm and (b) 3.2 sccm oxygen flux.
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where � is the biaxial stress in the film, E is the coating’s
elastic modulus, and � is the Poisson’s ratio of 0.25, dhkl

and d0 are experimental and theoretical plane spacing
values, respectively.21 The d300 of 0.1437 nm was cal-
culated from the experimental XRD data in Fig. 1(e)
using Bragg’s law. The reduced modulus of 205 GPa at
3.2 sccm oxygen flux was measured by nanoindentation,
and the elastic modulus of 234 GPa can be calculated
from22:

1

Er
=

1 − �sample
2

Esample
+

1 − �tip
2

Etip
, (3)

where Etip � 1140 GPa is the diamond elastic modulus,
and �tip � 0.07 is the diamond Poisson’s ratio. Using Eq.
(2) with d0 � 0.14314 nm obtained from an unstrained
sample,20 one would calculate the in-plane biaxial com-
pressive stress of about 2 GPa for the (300) textured
chromium oxide coating. This seems to be consistent
with the results obtained in TEM for similar isotropic
films.23

Figure 4 shows the hardness and elastic modulus of
chromium oxide coatings obtained from nanoindentation
tests performed to the depth below 10% of the coating
thickness to avoid the substrate effects. There are no
significant changes in either hardness or elastic modulus
when the oxygen flux is below 2.6 sccm, but with the
oxygen flux increasing above 2.6 sccm, the hardness and
elastic modulus increase from 11–21 GPa and from
170–234 GPa, respectively. There is a significant change
in the coating microstructure that occurs above 2.6 sccm
oxygen flux, as it transforms from partially amorphous to
fully crystalline coating (Figs. 1–3), so its hardness and
elastic modulus increase.

Figure 5(a) shows SEM cross section of the chromium
oxide coating including the Cr interlayer/substrate inter-
face. The coating is quite dense with no pores or inclu-
sions present. It survived mechanical polishing, so with-
out any obvious stress concentrators in the coating or at

the interface, one can expect good coating adhesion. Sev-
eral studies show that a metal interlayer, 0.5 to 1.5 �m
thick helps to accommodate coating residual stresses and
allows for a thicker coating to be produced, with signifi-
cant improvements in toughness, adhesion, and impact
resistance.23–26 Figure 5(b) shows the chromium oxide
coating thickness dependence on the oxygen flux values
for the same deposition time, obtained from the SEM
cross sections. The deposition rate at low oxygen flux is
much higher than at high oxygen flux. The main reason
is a higher number of oxygen ions with higher oxygen
flux, which increases the ion collision probability.27 An-
other reason is an oxide film forming on the chromium
target surface, reducing the sputtering rate. The third is that
if the target current remains constant with increased oxygen
partial pressure, target poisoning effects take place.28

A pin-on-disk machine was used to obtain the coatings
friction by measuring the lateral force and wear resis-
tance by assessing the change in the wear scar dimen-
sions during sliding contact. Figure 6(a) shows the wearFIG. 4. Hardness and elastic modulus variations with oxygen flux.

FIG. 5. (a) SEM image of the chromium oxide coating cross section
and (b) coating thickness variations as a function of oxygen flux for
the same deposition time.
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scar of the chromium oxide coating; the width of the scar
can be measured with optical microscopy, and the wear
volume loss can be calculated using Eq. (1). Figure 6(b)
shows the wear volume loss as a function of the oxygen
flux. There are no significant changes in the wear volume
loss when the oxygen flux is below 2.6 sccm, but the
wear resistance is much higher for the high oxygen flux,
since the wear resistance usually scales with hardness. At
the same time, microstructure can influence wear resis-
tance, and ceramic coating defects such as pinholes and
microcracks also play an important role in wear. The
wear resistance of chromium oxide can be improved by
reducing the coating grain size and increasing its den-
sity.14,15

Adhesion is one of the most important coating prop-
erties and can be assessed with the scratch test. The prob-
lem with this method is defining the critical lateral and
normal forces. Figure 7(a) shows the lateral force and
acoustic emission signal obtained during a scratch test.
The critical lateral load is easily identified from the in-
creased acoustic emission signal. The normal force was
increased linearly during the scratch testing, so it was
easily calculated at the point of coating delamination

obtained from the acoustic emission signal. Figure 7(b)
shows the critical normal load of interfacial failures at
different oxygen flux values. With increased oxygen
flux, the critical normal load decreased, which may be
caused by the coating intrinsic stresses. The in-plane bi-
axial compressive stress of chromium oxide coatings in-
creases with oxygen partial pressure.3 The critical normal
load also decreased because of the lower film thickness
obtained at higher oxygen partial pressure.

Figure 7(c) gives the practical work of adhesion,
which was calculated using Eq. (4), as a function of the
oxygen flux. The minimum critical normal load, Pc at
which delamination occurs is used to calculate the prac-
tical work of adhesion, WA:

Pc =
�r2

2 �2EWA

h �1/2

, (4)

where r is the contact radius determined from the width
of the scratch track at the critical normal load [Figs. 7(d)
and 7(e)] and h is the coating thickness.29 The adhesion
decreases from 195 to 62.5 J/m2 with increasing oxygen
flux. During sputter deposition oxygen ion energy in-
creases with increased oxygen flux, which can cause a
significant temperature rise, leading to higher residual
stresses after cooling to room temperature. This effect
deteriorated the adhesion strength of the coatings at
higher oxygen flux.

The challenge lies in developing a method to produce
these coatings with high hardness and wear resistance,
while at the same time not sacrificing adhesion strength.
This challenge can be solved by using the chromium
metallic interlayer in the middle of the chromium oxide
coating, which can be produced by intermittently turning
off the oxygen flow during the reactive sputter deposi-
tion.23,26 A ductile chromium metal layer in the middle
of the chromium oxide coating thickness also helps ac-
commodate high residual stresses.

With relatively high adhesion above 50 J/m2 one
would also have to worry about the chromium oxide
coating fracture toughness. We partially addressed this in
terms of the wear resistance, although brittle coating
fracture toughness can be measured by cube corner
nanoindentation,30 as well as other advanced tech-
niques.31,32

IV. CONCLUSIONS

The microstructure of chromium oxide coatings is al-
terable with different oxygen partial pressure in the rf
magnetron reactive sputtering deposition technique.
XRD, XPS, and TEM results show that the chromium
oxide coatings were amorphous at low oxygen flux, but
then transformed to textured polycrystalline at higher
values of the oxygen flux. Reactive sputtering deposition

FIG. 6. (a) Wear track and (b) volume loss as a function of the oxygen
flux.
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rate decreases with increased oxygen flux. The hardness,
elastic modulus, and wear resistance increased with
higher values of oxygen flux, but the coating adhesion
decreased.
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