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Analysis of (Cr,Mo0) Oxycarbide Films Grown on Stainless Steel via
Metalloorganic Chemical Vapor Deposition

Ming-Hung Lo and Wen-Cheng J. Wei

Institute of Materials Science and Engineering, National Taiwan University,

A mixture of hexacarbonyl of chromium and molybdenum
((Cr,M0)(CO),) was used to deposit oxycarbide films on
stainless steel at temperatures of 175°-450°C. Through the
analysis of deposition kinetics in various temperature
regions, the controlling mechanism was determined to be
exothermic surface reactions. Activation energies of the
low- and medium-temperature regions were determined to
be 71.2 and —60.1 kJ/mol, respectively. Some properties—
including densities, composition, and crystalline phases—
of the films were investigated. Results revealed that the
chromium content of coating products increased as the
temperature increased. The dominating surface reactions
switched as temperature increased, because of the increase
of chromium content in the precursor gas. Hence, the
coating rate and density increased to a maximum, then
decreased as the coating temperature was increased to
.275°C. Deposited phases were determined by X-ray dif-
fractometry, and the relationship with film density phases
has been discussed, using their microstructural textures
from scanning electron microscopy micrographs. Corrosion
resistance was measur ed by an electrochemical method. The
films obtained in the low- and medium-temper atureregions
improved the corrosion resistance of stainless-steel sub-
strates by a factor of 24. In addition, the latter case showed
the effect of passive protection and was an optimized selec-
tion for corrosive protection. The relationship of the
improvement of corrosion resistance, physical properties,
and the contribution of composed phaseswas discussed.

I. Introduction

ETALLOORGANIC chemical vapor deposition (MOCVD) is

widely used in the production of semiconductive film.*-
One advantage of this method is processing at low tempera-
tures. Therefore, arefractory substrate is not needed. Oxidation
or other unwanted reactions also are avoided.* Stress that is
induced by the therma mismatch between the film and the
substrate may thereby be reduced and overcome.

Various types of films, including alloys, oxides, and nitrides,
can be deposited from the mixture of several reactant gases.®
Numerous researchers have investigated the formation of films
of refractory metals via pyrolysis or photolysis of metalloor-
ganic compounds.®® These films were usually deposited for
microelectronics, e.g., for interconnection or conductive pur-
poses for high-temperature applications.

Chloride and sulfur acidic ions have been proven to be detri-
mental to stainless steels, e.g., SS 304, in their interaction
with the corrosive environment.”® Recently, the formation of
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corrosion-resistant alloy on the surface of Fe-Cr alloy has been
studied using ion implantation with Cr*+Mo* or Mo* ions.
Surface alloys containing molybdenum and chromium have
been reported and proven to be effective for sulfuric acid corro-
sion resistance.**** However, the cost of the instruments and
low productivity of the ion implantation process have restricted
its application.”® Therefore, films formed from a mixture of
metalloorganics of molybdenum and chromium viapyrolysisor
photolysis offer a potential application for corrosive resistance.

Improvement of corrosion resistance by using chemica
vapor deposition (CVD) from the mixture of chromium and
molybdenum hexacarbonyl, Cr(CO), and Mo(CO),, respec-
tively, with an excimer laser has been studied;** however, the
laser generator is quite expensive. Also, alaser-induced chemi-
cal vapor deposition (LICVD) cannot perform a long-term
deposition, because of the obstruction of the laser beam from
the simultaneous deposition on the window. Therefore,
MOCVD isregarded as a better choice without such disadvan-
tages. However, no such studies have been performed to investi-
gate the improvement of corrosion resistance of films that are
prepared by MOCVD.

Characteristics of filmsformed by MOCVD or similar meth-
ods are deeply affected by the kinetic state of the coating
condition. Because of the fact that coated films are formed in a
quasi-steady state, phases and chemical compositions will vary
with the kinetic state under which they are prepared. Therefore,
discussion of the kinetic state and, hence, the determination of
the controlling mechanism are interesting.

The decomposition points of Mo(CO), and Cr(CO), are
reported to be ~150°C and 154°C," respectively. In al the
laboratory work,%"%" the coated layer was deposited at tem-
peratures of >300°C. The coated layer at a temperature of
<300°C and its properties were not investigated. Therefore,
we extended our attention to the films that were prepared at
temperatures of <300°C. The compositions, phases, and rela-
tive properties of the coated layers that varied with the pro-
cessing temperature also are systematically investigated.

In this study, a mixture of Mo(CO), and Cr(CO), was used
to deposit films on stainless steel at various temperatures of
<450°C. The coating rate was plotted as a function of tempera-
ture. Determination of the controlling mechanism via the dis-
cussion on the diffusion flux and activation energy of the seria
steps of the coating process was accomplished. Composition,
crystalline phases, and thickness of the films obtained at various
temperatures were identified by using X-ray photoemission
spectroscopy (XPS), X-ray diffractometry (XRD), and scan-
ning electron microscopy (SEM), respectively. Corrosion resis-
tance of the stainless steel with and without coated films in a
testing medium with chlorides and sulfuric acid was evaluated,
as a function of the coating properties, by an electrochemical
method.

Il. Experimental

(1) Substrate Preparation

Stainless steel 304 substrates were sliced from a plate with a
thickness of 1 mm to a square shape 5 mm X 5 mm. The
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thermal gradient between the two surfaces of the substrate is
minimized by reducing the thickness. These substrates were
ground, then polished with aumina slurry (0.3 pm) to yield
smooth surfaces, one surface being for the deposition of film
and the other being for the attachment of the thermocouple.
After polishing, the thickness of the substrates was <0.8 mm.
Polished substrates were then cleaned thoroughly several times
with acetone in an ultrasonic bath. In the last step before coat-
ing, the substrates were put into a vacuum vessel that was
pumped to a pressure of ~1.3 Pa(0.01 torr) and left overnight.
(2) Coating Operation

A mixture of Mo(CO), and Cr(CO), (Strem Chemicals Co.,
Newburyport, MA) was put in a source chamber and carried by
N, gas that was controlled at 6 mL/min with a flow meter. The
mass fraction of Cr(CO), in the mixture was 0.10 (~12% in
molar ratio). The gaseous mixture flowed into one side of the
reaction chamber (tube) while the other side of the reaction
chamber was connected to two outlets: one for an absolute
pressure gauge with a variable-capacitance sensor (Type 122A,
MSK Baratron, Andover City, MA), and the other for a rotary
pump. The chamber was first emptied to greater than ~0.13 Pa
(>10"3 torr) before introducing the carbonyls. Whenever the
coating temperature was attained, a pressure of ~133 Pa (1.0
torr) was maintained by adjusting the valves between the flow
meter and the pumping system.

Coating was conducted in a hot-wall reactor that had a
(nickel—chromium wire-wound) heater outside the reaction
tube. The temperature distribution, the position of the hot zone,
and the placement of the stainless-steel substrate along the
reaction chamber were carefully determined. The coating time
was generally 10 h. The coating temperature varied over the
range of 175°—450°C, and a constant pressure of ~133 Pa (1.0
torr) was maintained.

(3) Characterization

The morphologies and thickness of the films were examined
and measured directly using an SEM microscope (Model 515,
Philips Research Laboratories, Eindhoven, The Netherlands)
equipped for energy dispersive X-ray spectrometry (EDS)
(Model 9100, EDAX International, Prairie View, IL). Crystal-
line phases were identified by using XRD (Model PW1729,
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Philips Research Laboratories); the source was a nickel-filtered
CuKa beam, and the operating voltage and current were 30 kV
and 20 mA, respectively. The scan speed of the diffractometer
was 0.05° per second. XPS (Model PHI, ESCA-5400, Perkin—
Elmer, Norwalk, CT) was used for semiquantitative chemical
analysis, with Ta,0O, used as a reference material and multiple
testing on the skin layer milled by an Ar*-ion beam up to
a depth of 42 nm. Corrosion resistance of the samples was
determined by using the potentiodynamic scans technique with
a potentiostat (Model 273A, Princeton Applied Research,
Princeton, NJ). A standard Calomel electrode and (1M NaCl +
1M H,SO,) agueous solution were used as a reference and
medium, respectively.® Scanning of the potentiostat started
from —0.6 V (referring to an equilibrium potential) to 1.2 V
(referring to a reference electrode) with a scanning step of
1mV/s.

I11. Results

The coating rate versus the reciprocal temperature is shown
in Fig. 1(A). The dependency of the coating on the coating
temperatureis separated by two transitions at ~400° and 275°C.
At temperatures of >400°C, the coating rate is hardly measur-
able. At temperatures of <400°C, the rate increases as the
temperature decreases, to attain a maximum value at ~275°C,
and then decreases. These temperature regions are denoted
hereafter as“high,” “medium,” and “low.”

Density values of the films are cal culated from the thickness
and weight gain of films at various temperatures, as shown in
Fig. 1(B). One density data point of the films, processed at
275°C, could not be acquired because its morphology appeared
to be layers of curling flakes. The density values of films
appearing in Fig. 1(B) show asimilar variation asin Fig. 1(A).
The density of the films increases as the temperature increases
in the low-temperature region. After it attains a maximum
temperature of ~275°C, the coating rate value decreases as
the coating temperature increases in the medium-temperature
region.

The composition results of deposited films with the XPS
technique are shown in Fig. 2. Figure 2(A) represents the typi-
cally elemental depth profiles of afilm coated with the hexacar-
bonyls at 350°C. The films contain oxygen and chromium in
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Fig. 1. (A) Plot of coating rate versusthe reciprocal of coating temperature at a constant coating pressure of 1.0 torr; (B) the density of coated films,

as afunction of coating temperature.
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Fig. 2. (A) Typica depth profile of a composition for films prepared at 350°C; (B) elemental constituents of deposited films obtained at various

temperatures by MOCV D from amixture of Cr(CO), and Mo(CO), ((+) Mo, (O) Cr, (®) C, and (O) O).

major amounts and molybdenum and carbon elementsin minor
amounts. The depth of profile from the surface shown in Fig. 2
is the sputtered depth of the reference materia Ta,O, rather
than the thickness of the coated film.

Concentration distributions of the elements show a higher
oxygen and carbon content near the film surfaces. Avoiding
oxygenation on the surface of even the samples that had been
kept in a vacuum chamber, which was first evacuated and then
filled with nitrogen before the analyses, was difficult. Elemental
concentration of the films becomes constant when a sputtered
depth attains avalue of 27 nm (270 A). Asshown in Fig. 2(A),
the curve becomes a plateau (the values are almost constant).

Therefore, the atomic percentages for each element, which are
obtained at a sputtered depth of 42 nm (420 A), are used to
represent the concentration of the films obtained at different
temperatures. The composition of four different filmsin various
coating conditions has been analyzed in thisway and is summa-
rized in Fig. 2(B). In thefigure, four samples are selected asthe
representatives of each temperature region: for the low- and
medium-temperature regions, 250° and 350°C, respectively,
were used; for the high-temperature region, 400° and 450°C
were used.

Four XRD results are shown in Fig. 3. Three represent the
typical patterns of films that are obtained in high- (450°C),
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Fig. 3. Threetypical XRD patterns of deposited films obtained at various coating temperatures and one XRD pattern of a stainless-steel substrate.
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Fig. 4. SEM micrographsillustrating typical morphologies of films processed in (A) low-, (B) medium-, and (C) high-temperature regions.

medium- (350°C), and low-temperature (225°C) regions, the
pattern of the SS 304 substrate also is shown. The film that is
obtained at a temperature of 350°C is mainly composed of two
phases, which have structures similar to Cr,O, and Mo,,Cr,C,,,
whereas the film obtained at a temperature of 225°C is com-
posed of two other phases: the major one is M0,0,C,, and the
minor one is possibly a Cr,C, phase (indicated as an unknown
phase in Fig. 3) with a very fine crystallite size. No crystalline
phases are found for the film that is deposited at a temperature
of 450°C, because it could be amorphous or too thin to be
detected by XRD.

The morphologies of the films are demonstrated in Fig. 4,
where Figs. 4(A), (B), and (C) are the films processed at low,
medium, and high temperatures, respectively. The edges of
coated films were produced by scratching films with a diamond

tip. Systematic analyses of the microstructure will be reported
elsawhere.®®

Potentiodynamic scans for the SS 304 plate and the samples
with coated films were obtained, as shown in Fig. 5. Corrosion
current densities of the samples from the deposition at 225°,
350°, and 450°C were determined from the curvesin Fig. 5 by
the Tafel method.* The corrosive current densities of the SS
304 plate (closed circle) and the samples with oxycarbide films
(open circles), as a function of the coating temperature, are
shown in Fig. 6. The smaller current density represents a supe-
rior corrosion resistance. The anticorrosion properties of the
samplesthat are processed at low and medium temperatures are
better than the substrate, whereas films that are obtained at high
temperature are detrimental for corrosion protection. Results of
thiswork are briefly summarized in Table .
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Fig.5. Potentiodynamic scans of SS 304 and samples coated with oxycarbide films processed at different temperatures. Note that passive protection
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IV. Discussion

(1) Controlling Mechanism of Coating Process

Shaw® and Matthews and Rickerby? have extensively
reviewed the general relationship between the dependence of
the coating rate on temperature and controlling mechanismsin
the process of vapor-phase coating. They reported four typical
reaction steps occurring in the MOCVD processes. Two of
the steps—transport of reactants and depletion of excessive
products through alaminar layer—are diffusion processes. The
diffusion types of this experimental work were determined to be
ordinary diffusion.?? The diffusion coefficients of the ordinary
diffusion were then computed and substituted in the following
equation (Eq. (1)) to estimate the diffusion flux.?® The flux (J,)
of vapor molecules for deposition, according to the boundary-
layer model, is

2.68DC
Jp=— 0 (2)

—2.84Dz
h exp —h2v0

where C, isthe initial concentration, h the reactor height, z the
distance from the position where the concentration is 0.99C, to
the substrate, and v, the initial flow velocity. An approximate
value of zisused, equal to the distance from the entrance of the
tube reactor to the substrate.

The values of J, from the above equation for each test condi-
tion appear to be infinitely large, which means that the vapor
molecules are sufficiently supplied to the surface of substrates
under all deposition conditions. Because the coating pressure of
this coating processisso low (~133 Pa (1.0 torr)), the boundary
layer formed by laminar flow is negligible. This consequence
shows that the diffusion process (the second and fourth steps)
are not the controlling step within the testing temperature
region.

Tablel.
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Considering the controlling mechanism at alow temperature
to be athermal-activated process, the apparent activation energy
was determined to be 71.2 = 3.8 kJ/mol in the low-temperature
region. Similarly, the value of the activation energy was
—60.1 = 4.5 kJ/mol for a medium-temperature coating. How-
ever, the activation energies for mechanisms controlled by mass
transport (diffusion) or thermodynamics (evaporation) are usu-
aly <20 kJmol.?* The higher values of the activation energies
in this study suggest that the coating process is controlled by
neither diffusion nor evaporation steps.

Another fact is that the evaporation rate is always larger than
the pyrolysis rate within the coating-temperature regions. The
evaporation rate that is calculated from the weight loss of pre-
cursor powder is 1.13 X 10™ s, whereas pyrolysis rates have
been determined to be in the range of 1.16 X 10%%-2.32 X 10"
s * for temperatures in the range of 175°-450°C.**# |t can
be concluded that the evaporation is not the controlling step.
Therefore, the possible controlling mechanisms of the coating
process in consideration are pyrolysis and surface reaction.

Baev?* thoroughly documented the kinetics of thermal
decomposition (pyrolysis) for the mixtures of various carbonyls
under similar conditions as in this study. He found that the
activation energy of the pyrolysis of various Mo(CO)s and
Cr(CO)s mixtures was dependent on their composition. The
pyrolytical CO groups from each carbonyl seemed to affect the
pyrolysisrate of the other in the mixture. The activation energy
for the composition used in this study was reported to be 53.2
kJmol,** which is lower than the activation energy of the coat-
ing measured in Fig. 1(A). This information implies that
pyrolysis is not the controlling mechanism. Consequently, the
possible controlling mechanism of this coating process could
only be the surface reaction.

On the other hand, Matthews and Rickerby? summarized
the differences of dependence of Arrhenius plots between the
processes controlled by an endothermic or exothermic surface
reaction. The dependence of the coating rate on the reciprocal
temperature in Fig. 1(A) is found to correspond to a CVD
process that is controlled by an exothermic surface reaction.
The main difference of the curves reported in the Matthews and
Rickerby work?* with this study is that the transition of the
mass-transport-controlled region disappeared. Because the
reactants shown previously are sufficiently transported to the
reaction surface during the deposition reactions, the elimination
of the mass-transport-controlled region is reasonable.

The possible surface reactions are discussed as follows. After
pyrolysis, the produced species include Mo, Cr, and CO. How-
ever, Shinn and Madey? reported that the CO molecules at low
temperatures were unstable and had a tendency to chemisorb
onto the surface of transit metals. The bond between carbon and
oxygen would break when the chemisorption occurred. This
reaction occurs extensively during the coating process” and
indicates that the possible reaction species of the surface reac-
tion are Mo, Cr, Mo-C, Cr-C, and O. On the other hand, the
results of XRD show that the products of surface reaction
(coatings) are M0,0,C,, M0,,Cr,C,,, and a solid solution of
Cr,0,, etc. The yield of these products from the above-
mentioned reactants is related to the construction of bonds and
should accompany the release of heat, which supports the point
that the surface reactions are exothermic.

(2) Evolution of Density, Chemical Composition, and
Phases

Two points can be noticed in Fig. 1(B): the densities of
coated films that are obtained at a different condition are not

Summary of the Coating Process and the Properties of Deposited Filmsin ThisWork

Activationenergy ~ Atomicratio,
Temperature Density (g/cm?) (kImol) Cr/(Mo+Cr) Phase(s) present Corrosion protection
High (450°~400°C)  2.75(*0.15) 0.96 Cr,0, Detrimental
Medium (400°-300°C) 2.3(+0.2)-6.8(+0.4)  —60.1(*+0.5) 0.76 (M0,Cr),(C,0)5, M0,,Cr,(C,0),o Superior
Low (275°-175°C) 4.0 (£0.2)-10.0 (£0.5) 71.2(+3.8) 0.10 Mo0,0,C,, unknown phase Improved
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constant, and the variation of density with temperature is con-
sistent with the dependency of the coating rate on temperature.
For the study of the coating process,® one unit of the coating
rate—growth thickness per unit time per specific area—was
frequently used in literature. The usage of this unit for the
presentation of the complex (Mo,Cr) oxycarbide coating sys-
tem, we think, is inappropriate, because the density of the
coated films in different process conditions is not the same at
all. Therefore, the unit used in this work was weight gain per
unit time per specific area.

The density of films may change with the types of deposited
phases, the porosity in film, or the relative fraction of composed
phases. The consistency of density and coating rate on the
coating temperature results from the difference in crystalline
phases (Tablel).

Singmaster et al.?” systematically studied the chemical com-
positions of the deposited films that were prepared from metal
carbonyls by a photochemica method in different vacuum
states, especially the carbon and oxygen contents on the surface
and in bulk. They found that newly deposited films exposed to
air resulted in a significant oxidation through the entire thick-
ness, even though the exposure time was only 30 min. Simulta-
neously, this oxidation caused a segregation of carbon on the
film surface and was not prohibited by the oxygen content of
the film. Therefore, the formation of CO or CO, on the film
surface would induce a partial loss of the carbon content in the
film. For the films prepared by MOCVD, similar phenomena
were found in this work. Our chemical analysis (Fig. 2(A)) of
the deposited film shows higher concentrations of oxygen and
carbon near the film surface. This implies that the carbon con-
tent of the film reported in the profile (Fig. 2(B)) may be lower
than that of anewly deposited film.

Additionally, the concentration of chromium noticeably
increases as the temperature increases and the chromium:
oxygen atomic ratio of samples at temperatures of 400° or
450°C is very close to 2:3, which strongly suggests that the
main composition of the films that are deposited in the high-
temperature region is Cr,0,. On the other hand, the molybde-
num concentration decreases as the temperature increases. The
concentrations of oxygen and carbon remain almost constant
through the entire temperature range of the deposition.

Because the original concentration of Cr(CO), is known to
be 10 mass% in the precursory admixture, the relative ratio of
Cr/(Mo+Cr) isequa to 0.12 in the source powder. Neverthe-
less, the relative ratios of Cr/(Mo+Cr) in these films are 0.10,
0.76, 0.98, and 0.96 for samples that are processed at tempera-
tures of 250°, 350°, 400°, and 450°C, respectively; this reveals
that, as the coating temperature increases, the deposition of
the Cr species becomes dominant during the deposition. As
illustrated in Fig. 2(B), the concentration of molybdenum at a
high temperatureis so low that the main constituents of the film
are primarily chromium and oxygen. Because the molecular
weight and diffusion volume of chromium are smaller than
molybdenum, the temperature dependency of diffusivity of
atomic chromium is greater than that of molybdenum. Conse-
quently, the concentration of chromium in Mo-Cr-O-C vapor
above the substrate increases as the temperature increases. This
change of gaseous composition will cause the selective adsorp-
tion of metallic atoms*® and consequent reactions, such as a
chemisorption of COs or abreakage of CO bonds, etc.

Because the controlling mechanism had been indicated to be
surface reaction, the result of the coating rate strongly suggests
that a switching of the dominating reaction or preference of
depositing products occurs between low- and medium-
temperature regions. The variation of the dominant reaction
of gaseous chromium compositions via the change of coating
temperature is the main reason for the switching in the coating
rate and density, composition, and deposited phases with the
coating temperature. This also means that the deposition rate
of products from chromium is slower than the products from
molybdenum.
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A chemical formula, Mo,,Cr,(C,0),,, Which is a solid solu-
tion of carbon and oxygen, is proposed to represent the phase
of solid solution of Mo,,Cr,C,,, according to the chemical
result shown in Fig. 2(B). The proposed phase has an identical
crystalline structure and similar chemistry to Mo,,Cr,C,q. In
addition, we found that the chromium peak was shifting from
that of pure chromium carbide in the XPS spectra of the films
(350°C), and the binding energy of the chromium in Mo,,-
Cr,(C,0),cisactudly in astate of —Cr—0O,, not a pure carbide.
The other crystalline phase in the medium-temperature region
has a Cr,O, structure. However, the intensity of the XRD spec-
trum (in Fig. 3) is very strong at its (104) peak, implying that
the crystals grow with (104) as a preferentia plane. Besides, a
careful comparison of peaks of Cr,0O, in the ICDD" files (file
card number 38-1479) reveals that the d-spacing of the detected
oxide phase is larger than that of the standard. The results
suggest that one of the crystalline phases of the films that are
processed at a temperature of 350°C contains a (Mo,Cr),(C,0),
composition with molybdenum in solid solution.

The phase molybdenum oxycarbide, M0,O,C,, isthe product
that is frequently obtained from molybdenum carbonyl by the
MOCVD process. The XRD results (Fig. 3) depict that M0,0,C,
and unknown phases in the films are obtained at a low deposi-
tion temperature. The Mo,O,C, phase has been reported by
Ferguson et al.*” and appears to have an XRD pattern similar to
that of Mo,C (face-centered cubic structure). Ferguson et al.*’
showed that the composition might vary from Mo,C,-O,¢ to
Mo0,C,¢0,s. However, the XRD peaks (Fig. 3) of the samples
that were processed at a temperature of 225°C in this study
show broader diffraction angles (26) than any previous phases,
e.g., Cr,0;. The broadening of X-ray peaks is normally due to
fine grains that are distributed in the matrix. The Mo,O,C,
grains near the interface of the substrate, observed by high-
resol ution transmission el ectron microscopy (HRTEM), appeared
to be tens of nanometers in size. The detailed microstructural
analysiswill be reported in our next paper.

The theoretical densities of M0,0,C, are 2.88 = 0.15 g/cm®.
Although the density of the films varies from 4.0 = 0.02 to
10.0 = 0.5 g/lcm?® in the low-temperature region, as shown in
Fig. 1(B), the maximum density of the films is larger than the
density of M0o,O,C,. In addition, the SEM morphology of the
films from a low-temperature region shows a dense and smooth
surface (Fig. 4(A)), which suggests that the density of the
above-mentioned unknown phase may be >10.0 + 0.5 g/cm®.

For the films that are obtained in a high-temperature region,
the chromium:oxygen atomic ratio is 2:3, as analyzed by XPS
in Fig. 2(B). Therefore, the composed phase of this film is a
Cr,0, whose theoretica density is 5.23 g/cm®. A low density
(2.75 = 0.15 g/cm?) of thefilm that is obtained at high tempera-
ture (>400°C) seems to disclose the porous character of the
layers. As shown in Fig. 4(C), aloose morphology of the film
isevident.

(3) Corrosion Resistance

Obviously, the electric current density of the samples (Figs. 5
and 6) that are obtained at low or medium temperatures is
smaller than that of SS 304. The improvement factor of corro-
sion resistance from the presence of oxycarbide filmsis ~24.
The absolute value of current density for SS 304 is somewhat
lower, because its surface was polished before testing. The
current density attained in this study, 2.1 X 107° pA/cm?, is
much smaller than the value of 2.0 wA/cm? which is the
current density of an as-sintered SS 304;% however, the current
density of the sample that is obtained at a high temperature
(450°C) is larger than that of the substrate. Although the films
that are obtained in the high-temperature region have the same
phase as a chromium-oxide protective layer of a corroded
SS 304, the corrosion resistance is much smaller than that of
an SS 304 plate; this may be caused by a pitting corrosion on

fInternational Center for Diffraction Data, Newtowne Square, PA.
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the porous film that is obtained at a high temperature and,
hence, degradation in the corrosion resistance of the SS 304
plate at a factor of 28. Notably, the protective layer that is
essentially formed on the stainless steel is dense, whereas the
film that is formed from the MOCVD process at temperatures
of >400°C is porous.

Further investigation on the potentiodynamic scan curve in
Fig. 5 reveds that only the film that is obtained at a medium
temperature and the SS 304 plate perform the effect of passive
protection, as one section of the curve highlights in the figure.
The current densities of passive corrosion of these two samples
are 10 and 20 wA/cm?, respectively. The results indicate that
the film at a medium temperature is the best candidate for the
improvement of corrosion resistance of stainless steel in an
environment with chloride and sulfuric acids.

The corrosive protections of the films by MOCVD correlate
less with the composition, density, and thickness of the films
but closely relate to the crystalline phases and the intactness of
the films. Because the corrosion resistance of stainless steel is
produced by the formation of a protective layer of Cr,O,, the
improvement of corrosion resistance of the best protective oxy-
carbide film should, therefore, be produced by either the protec-
tion of Mo,,Cr,(C,0),,, and/or (Mo,Cr),(C,0),, which might
induce similar protection mechanisms as stainless steel.

Weil and Sheu* demonstrated that the chromium films with
either molybdenum or carbon content had superior or better
corrosion resistance, respectively, than that of the single-layer
coatings of chromium for the corrosion of sulfuric acid. We
believe that the films prepared by Weil and Sheu® are oxidized.
It is likely that both composed phases, two solid-solution
phases, (Mo,Cr),(C,0),, and Mo,,Cr,(C,0),, of the best protec-
tive film that is obtained at a medium temperature have similar
phases as those in the Weil and Sheu®* work. Therefore, the
protective effect in both cases should be the same.

In the meantime, the improvement of the corrosion resistance
of the films that are obtained in the low-temperature region,
which consists of M0,0,C, and an unknown phase, is evident
and is contributed by an intact, nonporous film with an appro-
priate composition. No similar reports about the corrosion resis-
tance of Mo,O,C, are found in the literature; however, the
corrosion resistance of thefilm is appreciable.

V. Conclusion

Filmsthat were prepared by MOCV D from the hexacarbonyl
sources of chromium and molybdenum were obtained and
investigated. Improvement of corrosion resistance for stainless
steel by the films that formed at various temperatures was
examined. The relationship between their corrosion resistance
and propertiesincluding density, composition, and formation of
crystalline phases is summarized in Table |. The results are
briefly concluded bel ow.

In regard to the deposition kinetic, including diffusion, evap-
oration and pyrolysis, and the dependency of the coating rate
on the coating temperature, the results demonstrate that the
coating processes are controlled by exothermic surface reac-
tions. Detailed analyses of the densities and composition of the
films revea that the dominating reactions will change with
gaseous composition as temperatures increase. Chromium con-
tent in the gas becomes dominating at a higher temperature,
while the deposition rate decreases. This change causes the
dependency of deposition rate, the densities, the compositions,
and the phases of the deposited filmsto vary accordingly.

Phase analyses by XRD show that composed phases of the
films that are obtained in medium-temperature regions are
(Mo, Cr),(C,0); and M0,,Cr,(C,0),; however, M0,0,C, and
an unknown phase are produced in a low-temperature region.
The films of low and medium temperatures improved the corro-
sion resistance of SS 304 by a factor of 24. The film that is
obtained in a high-temperature region, which consists of a
porous Cr,O, phase, is detrimental in the corrosion of the mate-
rial. Among these, only the film that is obtained in a medium-
temperature region has the effect of passive protection and
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seems to be the best candidate for the purpose of the improve-
ment of corrosion resistance.
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