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Abstract

Cr-based coatings were grown under atmospheric pressure in different gaseous atmospheres (N,,
H,, NH,) from the thermal decomposition of Cr(CO); at 300 °C in a cold-wall CVD reactor.
Cr(CO), 1s a good candidate as precursor because of its low cost and its high volatility, which

permits high flow rates.

Original chromium oxycarbide and oxynitride coatings were deposited on steel. These phases
were previously obtained by plasma-assisted CVD and low-pressure CVD, i.e., under non-
equilibrium conditions. In the present work, the low deposition temperature likely accounts for
their formation. We have investigated correlations between the growth conditions and their main
chemical, structural and physical features. Preliminary results on the mechanical behavior of these
Cr-based coatings are also reported.
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1. Introduction

Nowadays, metallurgical factories must combine productivity gain and production costs. Most
metallurgical coatings are deposited using batch processes. For instance, vacuum processing

requires stop periods, entailing servicing costs and productivity drop. That is why atmospheric
processes are promising to answer industrial metallurgy needs. Atmospheric pressure chemical
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vapor deposition (APCVD) is an attractive process for on-line strip coatings on metal pieces.
Moreover, in chemical vapor deposition, the use of metallo-organic compounds as molecular
precursors significantly decreases the deposition temperature. Combining both advantages,
atmospheric MOCVD processes can find new industrial applications for the growth of
metallurgical coatings.

Cr-based coatings are good candidates for the steel protection, owing to their good resistance to
wear and corrosion and their high hardness. Coatings in the Cr—C—N system were previously
reported by MOCVD operating generally under low pressure [1], [2] and [3]. Cr(CO), is a good

MOCVD precursor because it can be transported with a relatively high flow rate under
atmospheric pressure, and it decomposes at low temperature. Cr(CO), is stable under air

protected from the light and must be handled cautiously, while its toxicological properties have
not been fully investigated. Its homologues W(CO), and Mo(CO), were used in CVD processes

operating under low pressure [4] and [5]. Chromium oxycarbides were first obtained by Lux et al.
using Cr(CO), [6]. The properties of CerOy coatings obtained by low-pressure MOCVD [7], [8]

and [9] and PVD [10] and [11] were studied. On the other hand, chromium oxynitride were only
deposited by PVD [12] and [13] and the properties of these coatings have not been thoroughly
investigated.

In this paper, CerOy, CrOy and CrNxOy coatings were deposited under atmospheric pressure by
MOCYVD using Cr(CO), as Cr-source and different reactive atmospheres. Thermal stability of

these original phases are studied. Preliminary results on the adherence on 304L stainless steel of
these Cr-based coatings are reported.

2. Experimental details

304L-type stainless steel small plates (1 x 1 x 0.05 cm3) and Si(100) wafer (1 x 1 cmz) were used
as substrates. Stainless steel substrates were mechanically mirror-like polished with SiC paper
down to 4000 grade, then cleaned with acetone and ethanol in an ultrasonic bath. Si substrates
were degreased in boiling tetrachloroethylene and boiling acetone, then rinsed in isopropanol.
After cleaning, the substrates were dried under Ar stream and rapidly put into the reactor under

vacuum (10 4 Torr).

A vertical CVD Pyrex glass reactor was used. The substrates were supported by a SiC-passive
graphite susceptor heated by HF induction. After 24 h pumping, the cold-wall CVD reactor was
pressurized with nitrogen to 1 atm. The gas streams (N, H, and NH,) were monitored using mass

flow controllers and the total flow rate D was maintained constant at 5000 cm>/min, by adjusting
the flow rates of carrier gas (N, or H,), the dilution gas (N,) and the reactive gas (H,, NH,). The
Cr(CO), powder used as precursor was placed in a thermostated saturator (60 °C) [14], in order to

control its vapor pressure [15] and subsequently its flow rate. The precursor was transported in
the gas phase to the reactor using either N, or H, stream.

The structure of the thin films was determined by X-ray diffraction (Cu Ka). The average
crystallite size was determined using the Scherrer's formula from the width of the peak of the fcc
structure of the deposited film. The chemical composition was analyzed by electron probe
microanalysis (EPMA) and the surface morphology was examined by SEM. The chemical
environment of the elements constituting the coatings was investigated by X-ray photoelectron
spectroscopy (XPS) using a Mg X-ray source. To investigate their thermal stability, thin films
grown on Si were sealed off under vacuum in quartz ampoules and annealed for 5 h at 500 °C,
then additional 5 h at 650 °C. Adhesion of the coatings on stainless steel substrates was



characterized using a scratch tester (Revetest, CSM Instrument) with a Rockwell indenter
(R =200 um). The coatings were scratched under a normal increasing force of 10 N/min.

Table 1 summarizes the experimental runs and the main results of the structural and chemical
characterizations of typical samples.

Table 1.

MOCVD conditions and principal characteristics of the CerOy, CrOy and CrNxOy

coatings grown using Cr(CO), as precursor under atmospheric pressure

Run Growth conditions

Growth Structure Composition
rate

(um/h)
Temperature Gaseous Xgix xpr x B XRD EPMA
O atmosphere P R
(p  (ppm)
m)
1 285 N, 0 338 0 1.9 fcc CrCO  Cr; 5,C 5,0,
25
2 285 N, 0 100 O 1.2 fec CrCO  Crjy 553G 160y
26
3 285 H,¢ 1230 49 60,000 0.28 fcc CrCO  Cryy 45
00.42€0.13
4 285 H, 2010 30 60,000 0.57 amorphous  Cr;; 350, 5C,
.02
5 300 NH, 2170 28 60,000 0.38 fcc CrNO - Crjy 330, 5,N
028C0.07
6 300 NH,4 583 48 28,000 0.32 fcc CtNO  Crjy 430, 5,N
0.20€0.05
7 300 NH,4 226 36 7200  0.39 fcc CrNO - Cryy 4,0, 55N
025005
8 300 NH,4 152 47 8200 0.24 fcc CtNO  Cr;y 350, ,,N
033%0.0s
9 300 NH, 125 274 34,000 0.62 fcc CrNO - Crjy 350, 43N
0.190.03
10 285 NH,4 245 239 58,400 0.87 fcc CrNO  Crjy 440, 1N
0.39C0.02
11 285 NH,4 490 — — 0.34 fcc CrNO  Cryy 450, 13N
039003
12 285 NH,4 650 106 68,600 0.68 fcc CrNO  Cryy 440 6N
C

0.43~0.03




4 Precursor mole fraction.
® Mole fraction of reactive gas.
¢ H, directly used as carrier gas.

3. Results and discussion

3.1. Structural and chemical characterizations

3.1.1. Growth under N, atmosphere

The films obtained under inert atmosphere are chromium oxycarbides (CerOy). They exhibit a

dull-gray appearance and a relativity high surface roughness. SEM micrographs reveal a rough,
nodular and porous surface morphology, made up of cauliflower-like grains with an average size
of a few micrometers (Fig. 1). The nodular growth is clearly observed on cross sections. The
morphology of the coatings either on stainless steel or on silicon substrates is the same. The
growth rate increases from 1.2 (run 2) to 1.9 um/h (run 1) by increasing the precursor molar

fraction (xp). The film composition (runs 1 and 2) is close to Cr,, 5,0, ,5C ,5 I good agreement

with the chemical composition of the Cr,CO ternary phase reported by Watson et al. [16]. The

XRD patterns of these coatings are similar to those reported in Ref. [8] (Fig. 2). They exhibit an
fcc NaCl-type structure where the O and C atoms are presumably distributed randomly in the
octahedral sites [16]. As-deposited films exhibit a nanocrystalline structure with a 30-nm
crystallite size. Related coatings were previously deposited by PACVD using Cr(CO), [17].

Fig. 1. Surface morphology and cross section of a CerOy coating grown under N,
atmosphere showing the nodular and cauliflower-like structure (run 1).
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Fig. 2. XRD patterns of as-deposited and annealed CerOy coatings grown on
passivated Si(100) at 285 °C (run 1). The vertical dotted lines correspond to Ref. [8].

XPS spectra of as-deposited CerOy films (run 1) after Ar™ sputtering for the surface cleaning

confirm the presence of Cr, C and O (Fig. 3). The film composition determined by XPS
(Cry 4900 23C »¢) 1s in good agreement with the EPMA data. The O 1s peak, found at 531.1 eV

after sputtering, is characteristic of an oxide. The Cr 2p, , level is found at 576.6 ¢V on the

surface spectrum and it shifts to 574.9 eV after removal of the surface contamination. There is no
evidence of chromium metal, expected at 574.4 eV [18], but the Cr 2p, , peak could be consistent

with a chromium carbide [19]. It has a nonsymmetrical shape with a carbide component at 574.9
eV and likely two oxide contributions at higher binding energy. The C 1s peak is also
nonsymmetric on the high binding energy (Fig. 3) and it gives evidence for three carbon forms:
the carbide which is dominant (282.8 eV), free or aliphatic carbon (285 e¢V) and C—O bonds
(286.5 V) [20]. In this cubic fce structure, if C and O atoms are located in octahedral sites, they
cannot be directly bonded. The presence of C—O bonds revealed by XPS proves that a small
amount of O and/or C atoms are distributed in tetrahedral sites. There is no evidence for a
polyphased structure constituted, for instance, by a mixture of carbide and oxide. The analyses
indicate the formation of homogeneous chromium oxycarbide coatings.

Cr 2pam Cr 2pke

Cl

=

g =

=

é 280 282 2B4 286 288 290 O1is

Cr2p Cis
" I .lllh - —r
Cr 3s T

Ar
0 50 100 150 200 250 300 350 400 450 500 550 600 650
Binding Energy (eV)
Fig. 3. Survey XPS spectrum of a CrC_O_ coating (run 1) and high-resolution area of
X7y

C 1s peak after 20 min Ar' sputtering for the surface cleaning.



3.1.2. Growth under H, atmosphere

Depending on the carrier gas, two kinds of films were obtained (runs 3 and 4). When the
precursor is transported using N, as carrier gas, and H, added at the entrance of the reactor (run

4), chromium oxides with almost negligible carbon content (CrOy) are formed. They have a dark-

gray appearance and a relative high surface roughness. Their morphology is similar to that of
CerOy obtained under N,, atmosphere with a columnar structure, nodular grains with a mean size

of 500 nm and a higher compactness (Fig. 4). The growth rate is 0.57 um/h. The EPMA

composition is Cr, ;50 54C, (, that is almost the Cr, O, stoichiometry. Clearly, increasing H,

partial pressure decreases the C content up to negligible values (runs 2—4). However, by contrast
with a previous claim, H, is not sufficient to completely reduce the coating and to form chromium

metal [21]. The XRD pattern of run 4 shows an amorphous structure. The XPS spectra of CrOy
coating (run 4) shows O 1s peak at 530.1 eV characteristic of an oxide and Cr 2p, , peak at 5726

eV, which is characteristic of Cr,O,, expected, for instance, around 576.8 eV [22]. After a few

273
minutes of Ar' sputtering to clean the surface, no trace of C was found.
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Fig. 4. Surface morphology and cross section of a CrOy coating grown under H,
partial pressure (run 4).

In the particular case where H, is used both as carrier gas through the saturator and as reactive

atmosphere in the reactor (run 3), a chromium oxycarbide is obtained instead of a chromium
oxide. This coating exhibits a metallic brightness and dark gray color. A relatively smooth surface
and a columnar growth with acicular grains of a few hundred nanometers long were observed.
The typical growth rate is 0.28 pm/h. For these CerOy coatings, the growth rate increases with

the precursor mole fraction (run 1 and 2) and probably depends also on the partial pressure of
additional reactive gas (H,, NH,). A discussion on the influence of these reactive gas requires

further kinetic investigations. The EPMA composition is Cr;, ;50 4,C, ;5 and the XRD pattern of

run 3 is similar to runs 1 or 2. The cubic cell parameter calculated with the (200) peak is 0.408(3)
nm while 0.412(3) nm was found for the Cr,, .,O, ,.C, ,, composition (run 1) and 0.420 nm was

0.5470.2570.21
previously reported for Cr, 5,0, ,,C 4, [LL]. As a result, the cell parameter slightly increases

with the C content. The XPS spectra are similar to those of run 1 and the deduced chemical
composition is close to EPMA data. Under these CVD conditions, C is not completely removed.
Probably, when H, is used as carrier gas, it reacts with Cr(CO), and a premature decomposition

occurs. Kado et al. noticed a different reactivity of the mixture Cr(CO)/H, depending on the



conditions of their PACVD process [17].
3.1.3. Growth under NH, gaseous atmosphere

The films obtained under NH, atmosphere are chromium oxynitride with a very low carbon
content (CrNxOy). These samples have a metallic brightness and yellow-gray color. SEM

micrographs show a fine-grained surface morphology, made up of small grains with a 100-nm
mean size and a compact structure (Fig. 5). No difference was observed between the
microstructure of the coatings grown either on silicon or on steel. The growth rate depends on the
temperature, the precursor mole fraction and NH, partial pressure. It is close to 1 pm/h, but no

attempt was made to optimize it. The C content is lower than 7 at.% and the N content is between
19 and 43 at.% (Table 1). Further experiments are required to discuss on the influence of the ratio

X3/ Xp and of the NH,; mole fraction on the N content or on the growth rate. At this stage, we

observe that NH, facilitates the carbon elimination from the coating to the gas phase, and for a

fixed temperature and a given mole fraction of precursor (runs 5-8), it has no significant
influence on the growth rate. These CrNxOy coatings exhibit the same fcc structure as CerOy

(Fig. 6) but no data were found in the literature for chromium oxynitride. Interestingly, this
structure is similar to that of CrN. As-deposited films have a nanocrystalline structure with a 30-
nm crystallite size. The cell parameter is close to 0.412 nm (CrN: 0.414 nm), and no significant
change was observed with the composition by contrast with the CerOy films.

Fig. 5. Surface morphology and cross section of a CrNxOy coating grown under NH,

partial pressure (run 10).
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Fig. 6. XRD pattern of as-deposited and annealed CrNxOy coatings grown at 300 °C
on passivated Si(100) (run 8).

The XPS spectra of CrNxOy coating (run 9) exhibit peaks for Cr, N and O and only traces of C

after the surface cleaning by Ar' sputtering (Fig. 7). The XPS quantitative analysis
(Cry 530, 35N 1) 18 close to the EPMA data (Cr;y 350, 43N 19C¢ o3) for run 9. The Cr 2p, , level

is found at 576.6 eV at the surface, and it shifts to 574.8 eV after Ar" sputtering to become
dominant. This level is consistent with chromium nitride [23]. However, the FWHM of Cr 2p, ,

peak is broad (5eV), which denotes several components: Cr—N bonds and at least two chromium
oxide contributions. The O 1s peak is found at 530.7 eV which is characteristic of an oxide. The
N Is peak is found at 397.4 eV, which is in the range of the nitrides: CrN 396.4 ¢V; Cr,N 397.2

eV [23]. Compared to the nitrides, the shift of Cr 2p, , and N 1s peak to the higher binding

energies is due to the presence of oxygen which forms probably oxynitride bridges (Cr—N-O)
[24]. Like the CerOy phase, the existence of Cr—N-O bridges proves that few O and N atoms are

also distributed in the tetrahedral sites. There is no evidence for a polyphased structure, and these
coatings have to be considered as homogeneous chromium oxynitride.
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Fig. 7. Survey XPS spectrum of a CrNxOy coating (run 9) and N 1s area spectrum

after 20 min Ar" sputtering.



3.2. Thermal stability of the coatings

3.2.1. Chromium oxycarbide coatings

Good thermal stability is generally required for applications as protective metallurgical coatings.
The literature reports several heat treatments of chromium oxycarbides [9] and [16] and
chromium oxynitride [25]. This can be compared with our results. Fig. 2 shows the effect of
annealing treatments on a representative CerOy coating (run 1). This chromium oxycarbide

sample was deposited at 285 °C and its structure is stable until 500 °C after 5 h (Fig. 2). At 650
°C, the formation of Cr,0O, and Cr,C, occurs, but CerOy is still present as evidenced by the

(200) peak. Such a mixture of phases is not surprising because Cr,0O, and Cr,C, are in

thermodynamic equilibrium at high temperature [26]. When the C content is lower than the
Cr,CO stoichiometry, as for the sample from run 3 (Cr ,50, 4,C,, |3), the coatings exhibit a

lower thermal stability. For this coating, the formation of Cr,0O, starts at 500 °C, and there is no
evidence for crystallized chromium carbides either at 500 °C or at 650 °C. In this case, upon the

formation of Cr, 05, the C probably reacts with oxygen to produce CO, gas. The highest thermal

stability of CerOy is obtained for the film stoichiometry Cr,CO.
When the growth occurs under a large excess of H, (run 4), an amorphous chromium oxide is

deposited with a ratio O:Cr = 1.51 (Table 1). Surprisingly, after annealing for 5 h at 500 °C, it
crystallizes with the fce-structure rather than the structure of Cr,O, (O:Cr = 1.50) although the C

content was negligible. Chromium oxides with O:Cr = 1:1 and fcc-structure have already been
reported in the literature [27]. After annealing at 650 °C for additional 5 h, evidence for
amorphization is given by the broadening of the fcc peaks.

3.2.2. Chromium oxynitride coatings

No significant changes were observed in the XRD pattern of CrNxOy coatings (run 8) after

annealing at 650 °C (Fig. 6). The cell parameter does not change and the FWHM of the peak
indicates that the nanocrystalline structure is maintained. These chromium oxynitride coatings
exhibit a high thermal stability.

3.3. Preliminary adhesion properties

For the CrC O, sample (run 1; thickness = 4 pm), partial detachment of the coating started both
y

inside and outside the scratch trace for a load of 4-7 N. Important decohesion was observed for a
critical load (LC ) of 16 N. For a CerOy coating twice thinner (2 pm), the LC value was

significantly lower (8 N). There was a continuous ductile perforation of the coating and a
complete removal for a critical load (LC ) of 35 N for a 4-um-thick coating and 22 N for a 2-um-

thick coating. These buckling and spallation failure modes are characteristic of poor adhesion.
This is in agreement with the porous structure of these coatings (Fig. 1).

For CrOy film (run 4; 1.3 um), interfacial spallation was observed at the edge and the bottom of

the scratch track at LC ; = 9 N. The coating was completely removed in the track at LC =24 N.

For CrNxOy (run 10; 0.85 um) interfacial spallation at the edge and the bottom of the scratch track
was observed for LC ;= 15 N. In the track, no coating was found after LC =35 N. Thinner



CrNxOy coatings (run 9; 0.29 um and run 11; 0.5 um) exhibit a less pronounced degradation. For
the 0.50-pum-thick coating, we found LC, = 18 N and LC =36 N, while for the 0.29-um-thick
coating, the values were LC ;=20 N and LC_ =42 N. The two types of critical loads and their
difference are higher for thinner CrNxOy coatings. As a result, thinner CrNxOy seem to have a
better adhesion than thick CrNxOy coatings. It can be explained by their lower internal stresses

compared to the thicker coatings.

4. Conclusion

Chromium oxycarbides CerOy, chromium oxides CrOy and chromium oxynitrides CrNxOy were

deposited by MOCVD under atmospheric pressure on stainless steel substrates, at temperatures as
low as 300 °C using Cr(CO), as Cr-source and with, respectively, N,, H, and NH, as gaseous

atmosphere. CerOy and CrNxOy thin films exhibit a nanocrystalline fcc structure while CrOy is
amorphous. XRD and XPS characterizations of CerOy and CrNxOy gave evidence for single-
phase coatings. The thermal stability of CerOy depends of the C content and it is optimized for
the Cr,CO stoichiometry. For this composition, Cr,0, and Cr,C, are formed after annealing at
650 °C. CerOy thin films exhibit a nodular growth and a porous morphology, leading to poor
mechanical properties. CrNxOy coatings exhibit a smooth surface morphology and a compact

structure. Some obtained chromium oxynitride compositions exhibit a Cr:N ratio close to 1:1,
with a low content of oxygen and carbon. Furthermore, they are thermally stable above 650 °C.
Preliminary adherence tests have revealed promising performances of CrNxOy to be used as

metallurgical protective coatings. Optimization of the growth process and further
characterizations of the coatings are currently in progress.
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