JOURNAL OF MATERIALS SCIENCE 27 (1992) 233-239

Coating of titanium carbide films on stainless
steel by chemical vapour deposition and their
corrosion behaviour in a Br—O,-Ar atmosphere

TAKASHI GOTO, CHEN-YAN GUO, HAJIME TAKEYA, TOSHIO HIRAI
Institute for Materials Research, Tohoku University, 2-1-1 Katahira Sendai 980, Japan

Stainless steel (SUS304) plates were coated with TiC films using chemical vapour deposition
(CVD) as a candidate material for “UT-3"" which is a promising process of hydrogen
production through the thermal decomposition of water. The corrosion behaviour of the TiC
film-coated SUS304 plates was examined in a Br,—O,~Ar atmosphere. The effects of CVD
conditions on the surface texture, deposition rates and preferred orientation of the TiC films
were investigated, and the optimum CVD conditions determined. Corrosion of the TiC film-
coated SUS304 plates in the Br,—O,-Ar atmosphere was mainly caused by oxidation of the
TiC film and SUS304 substrate. Microcracks in the TiC films lead to corrosion of the SUS304
substrate. At oxygen partial pressures below 0.1 kPa, weight loss was observed due to the
formation of volatile titanium and iron bromides. At oxygen partial pressures greater 0.1 kPa,
the time dependence of weight increase was parabolic due to the formation of oxide scale.
The oxide scales were mixtures of TiO,, Fe, 0, and Fe;0,. The corrosion mechanism is

discussed thermodynamically.

1. Introduction

Hydrogen is expected to be a new energy resource
because fossil fuels, ie. oil, coal, etc., will become
scarce in the near future. Hydrogen may also resolve
the problem of acid rain destroying the environment.
Several methods of producing hydrogen have been
proposed, and the thermal decomposition of water,
“UT-37,is one of the most promising processes [1]. In
the “UT-3” process, the high-temperature corrosion of
structural materials is an important problem because
highly corrosive gases such as bromine, oxygen,
hydrogen bromide, etc., should be used at around
1000 K [2]. For practical applications, structural
materials such as vessels, pipes, etc., should be metals,
because large chemical plants cannot be constructed
from ceramics. However, no metal is known to with-
stand satisfactorily the corrosive environments in the
“UT-3" process.

So far, many methods such as thermal spraying [3],
dip coating [4], chemical vapour deposition (CVD)
[5], etc., have been tried to improve the corrosion
resistances of metals, and CVD is a suitable technique
because pin-hole and crack-free films can be prepared
by CVD.

In the past, titanium nitride (TiN), titanium carbide
(TiC), silica (SiO,) and zirconia (ZrO,), etc., have been
prepared as coatings for metals [6]. TiC films are most
widely used as coatings for cutting tools because TiC
is highly adhesive to metals [7]. A few reports in which
CVD is applied to improve the corrosion resistance of
metals have been published (e.g. [8]); however, the
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corrosion rates and the corrosion mechanism have not
been examined.

In the present work, TiC films were coated by CVD
on stainless steel (SUS304) substrates under various
conditions, and the effects of CVD conditions on the
microstructure and deposition rates were studied. The
corrosion behaviour of the TiC film-coated SUS304 in
a Br,—O,-Ar atmosphere was investigated and the
corrosion mechanism is thermodynamically discussed.

2. Experimental procedure
2.1. Preparation of TiC films
Fig. 1 shows a schematic diagram of the preparation
apparatus for CVD TiC films. Source gases TiCl,,
CH, and H, were introduced into a hot-wall type
CVD furnace. Stainless steel (SUS304) discs (15 mm
diameter and 1.5 mm thick) were used as substrates.
Deposition temperatures, Ty, were changed from
1173-1473 K, and the total gas pressure, P, was
fixed at 101 kPa. TiCl, vapour flow rates, FR(TiCl,),
were controlled from 9.3-383x1078m3s™! by
changing the temperature of the TiCl, reservoir from
273-283 K. CH, gas flow rates, FR(CH,), were
changed from 1.6 x1078-6.2x10"°m3s~!, and the
CH,/TiCl, molar ratio (mc,y;) ranged from 0.17-17.
Table I summarizes the CVD conditions for the pre-
paration of TiC films.

The structure of CVD TiC films was examined by
X-ray diffraction (XRD), the surface texture observed
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Figure 1 CVD apparatus for the preparation of TiC films. 1, H, gas; 2, CH, gas; 3, gas flow meter; 4, constant temperature bath; 5, TiCl,
reservoir; 6, ribbon heater; 7, thermocouple; 8, reaction tube; 9, electric furnace; 10, substrate.
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Figure 2 Schematic diagram of thermogravimetry for the measurement of corrosion rates. 1, argon gas; 2, oxygen gas; 3, gas flow meter;
4, bromine liquid; 5, constant temperature bath; 6, balance; 7, microcomputer; 8, specimen; 9, electric furnace; 10, measurement cell.

TABLE I Deposition conditions

Deposition temperature, T, 1173-1473 K
Total gas pressure, P, 101 kPa
Gas flow rate, FR
H, 83x107%m3s7!
TiCl, 93x1078-3.8x10" " m3s~!?
CH, 1.6 x1078-62x 10" ¢m3s~!
CH,/TiCl,, mep 0.17-17

Time 21.6-28.8 ks

by optical microscopy and scanning electron micro-
scopy (SEM), and the film thickness was determined
by SEM and a Talystep thickness tester.

2.2. Measurement of corrosion rates
Fig. 2 shows a schematic diagram of thermogravi-
metry for the measurement of corrosion rates. The
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specimens were placed in an electric furnace, and
a platinum wire was used to suspend the specimen.
Weight changes were continuously measured using
a balance which was connected to a microcomputer.
The balance was kept at 288 K in a constant temper-
ature box. Argon or oxygen gas was passed through
the balance and introduced from the top of the meas-
urement cell. Oxygen or argon gas containing brom-
ine vapour was introduced from the bottom of the
measurement cell. The bromine liquid reservoir was
maintained between 273 and 288 K, and its vapour
pressure (Py,,) controlled between 0 and 9 kPa. The
oxygen partial pressure, P,, ranged up to 97 kPa by
controlling the mixing ratio of argon to oxygen gas.
The corrosion temperatures, 7., ranged from
973-1173 K, and the total pressure was maintained at
101 kPa. The corrosion conditions are summarized in
Table 1L



TABLE II Corrosion conditions

Corrosion temperature, T, 973-1173 K
Br, partial pressure, Pg,, 0-9kPa
O, partial pressure, Py, 0-9.7 kPa
Total gas pressure 101 kPa
Time 0-28.8 ks

3. Results and discussion
3.1. Preparation of TiC films
Fig. 3 shows the effects of CVD conditions on the
appearance of the TiC films. Below T, = 1250K,
soot-like not-dense deposits were obtained independ-
ent of CH,/TiCl, ratio. Above Ty, = 1250 K, silver-
coloured dense CVD TiC films were obtained.
The CVD TiC films prepared at higher T, and
CH,/TiCl, ratios peeled from the SUS304 substrates.
This was caused by thermal stress. The thermal ex-
pansion coefficients of TiC and SUS304 are 7.6 x 10~°
and 16.4 x 10~ °, respectively. This difference leads to
large thermal stresses during the cooling step [8].
The effect of CH,/TiCl, ratio on the preferred
orientation of CVD TiC films is depicted in Fig. 4. The
texture coefficients, TC, were calculated from [9]

TC = P, 6
and
IR
P = TI(hkl) @

where X1(hkl) is the summation of X-ray intensities
from all (hkl) peaks, I(h'k’l’) is the X-ray intensity
from the oriented (h'k’l’) plane, P, is the P value
calculated from non-oriented specimen which is the
same as that of the powder pattern. The (1 1 0) plane of
CVD TiC films was almost parallel to the substrate
surface at lower CH,/TiCl, ratios, and the (111)
orientation became dominant with increasing
CH,/TiCl, ratio. There have been many reports on
the coating of CVD TiC films on steel substrates.
Derre et al. [10] reported the (111) orientation,
Takahashi et al. [11] reported the (110) and (111)
orientations, and Brossa et al. [12] and Yoon et al.
[13] reported the (1 00) and (1 1 0) orientations. How-
ever, the effects of CVD conditions on the preferred
orientation are not well understood. The similar tend-
ency mentioned above was reported by the present
authors in the preparation of thick CVD TiC [14] and
SiC [15] plates vsing TiCl, + CCl, + H, and SiCl,
+ C3;Hy + H, gases, respectively. This behaviour
may be explained by the change of supersaturation in
the gas phase [16].

Fig. 5 shows the effect of the CH,/TiCl, ratio on
the surface texture of CVD TiC films prepared at
Tyep = 1273 K. The (1 10) and (1 00) orientations were
dominant in the films shown in Fig. 5a and b, respect-
ively. The cubic grains shown in Fig. 5¢ correspond
well with the character of the (100) planes of cubic
cells. Many triangle facets were observed in the side of
pyramidal grains. This morphology indicates that
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Figure 3 Effect of CVD conditions on the appearance of TiC films.
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Figure 4 Effect of CH,/TiCl, ratio on the texture coefficient.
(O)yTC(100), (A) TC(110), (O) TC(111).

the sides of each grain could be (1 1 1) planes. Straten
et al. [17] also reported similar surface textures for
CVD TiC films prepared on steel substrates.

Fig. 6 shows the effect of the CH,/TiCl, ratio on
the deposition rates of CVD TiC films. Deposition
rates increased with increasing T, and CH,/TiCl,
ratios. TiC films were obtained without introducing
CH, gas at every T,,. Takahashi et al. [18] also
reported that the TiC films were prepared by CVD on
steel substrates at T, = 1100-1300 K using TiCl,
vapour without any carbon source gas. It was re-
ported that the reaction between carbon in steels and
TiCl, vapour should lead to TiC formation. The effect
of the TiCl, vapour flow rate on the deposition rates
of CVD TiC films is shown in Fig. 7. The deposition
rates increased with increasing TiCl, vapour flow rate,
independent of the CH,/TiCl, ratio and Tg,. The
largest deposition rate obtained in the present work
was4 nms~ ' at Ty, = 1273 K, CH,/TiCl, ratio = 17
and TiCl, vapour flow rate = 4.2x 10”7 m3®s~*. This
value was larger than 0.4nms™! obtained by
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Figure 5 Effect of CH,/TiCl, ratio on the surface texture of
TiC films at Ty, = 1273 K, FR(TiCl,) = 1.0x10""m*s™" and
CH,/TiCl, = (a) 0.17, (b} 0.86, and (c) 17.

Tsuchiya et al. at T;,, = 1293 K on SUS304 substrates
[19], but was smaller than 13.3 nms™! obtained by
Takahashi et al. at Ty, = 1273 K on steel substrates
[11]. These values depend on the geometry of the
CVD furnace and source gas flow rates, etc.

3.2. Corrosion behaviour

Fig. 8 shows the relationship between time and weight
gain per unit surface area for SUS304 and TiC-coated
SUS304 in a Br,~O,—Ar atmosphere. The weight gain
for high-purity thick CVD TiC plates were shown for
comparison. The weights of SUS304 increased linearly
with time after approximately 2 ks, and those of
TiC-coated SUS304 increased parabolically. At T,
= 1273 K, the weight gain increased with increasing
CH,/TiCl, ratio. At CH,/TiCl, = 0.17, the weight
gain decreased with increasing T;.,,. The weight gain
of the thick CVD TiC plates was smaller than that of
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Figure 6 Effect of CH,/TiCl, ratio on the deposition rate of TiC
films. Ty, (O) 1273 K, (A) 1323 K, (O) 1373 K.
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Figure 7 Effect of TiCl, flow rate on the deposition rate at
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Figure 8 Relationship between time and weight gain by the corro-
sion at T, = 1073 K, Py,, = 4.4 kPa and Py, = 46 kPa.

TiC-coated SUS304, and the surface scales formed on
the TiC-coated SUS304 by the corrosion were identi-
fied as TiO, (rutile), Fe,O5 and Fe,O,. These results



could explain why SUS304 corroded through micro-
cracks in the TiC films, and also why the weight gain
of the TiC-coated SUS304 was larger than that of the
thick CVD TiC plates. The difference in weight gain
shown in Fig. 8§ may depend on the number of micro-
cracks in the CVD TiC films. The weight gain of the
TiC-coated SUS304 apparently obeyed a parabolic
law. This result suggests that the number of micro-
cracks remain constant during the corrosion time.
The specimen prepared at T, = 1373 K, CH,/TiCl,
=0.17 and TiCl, vapour flow rate=42
x1077"m3s™! (deposition time 6h, thickness
~ 1072 mm) had the highest corrosion resistance, as
shown in Fig. 8. Further corrosion experiments have
been conducted using the specimens prepared under
these CVD conditions.

Fig. 9 shows Arrhenius plots of corrosion rates
(parabolic rate constants, K,). The relationship
between log K, and 1/T was linear, independent of
bromine partial pressure, and the apparent activation
energy was 120160 kJ mol 1. Fig. 10 shows the effect
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Figure 9 Arrhenius plot of the corrosion rates (parabolic rate
constants) at Py, = 0.15kPa. Pg,: (O) 44 kPa, (@) 1.8 kPa.
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Figure 10 Effect of oxygen partial pressure on the corrosion rates
(parabolic rate constants) at Py, =44kPa. T, (O) 1073K,
(@) 1173 K.

of Py, on K. The values of K, increased with increas-
ing P,,, independent of 7,,,. These results show that
the rate-determining step could be the diffusion of
oxygen in the oxide scale. More detailed discussion of
the corrosion kinetics is difficult because the oxide
scales have complicated compositions consisting of
TiO,, Fe, 0, and Fe;0,.

The effect of Py, on K, is shown in Fig. 11.
Bromine vapour did not affect the corrosion rates
below Py, = 5SkPa; however, at Py, =9kPa the
value of K significantly increased. It is well known
that bromine vapour accelerates the corrosion of
stainless steels [20]. This should mean that K is
larger at higher Pg,,. At Py, < 0.1 kPa, weight loss
was observed as shown in Fig. 12; at the same time,
titanium and iron bromides were formed in the lower
temperature regions of the measurement cell.

Figs 13 and 14 demonstrate the thermodynamic
analyses for the corrosion of TiC-coated SUS304 in
the Br,—O,-Ar atmosphere. In order to simplify the
analysis, SUS304 was assumed to be iron; therefore,
an Fe-TiC-Br,~O,~Ar system was investigated in the
present calculations. Fig. 13 shows the effects of Py,
and P, on equilibrium solid phases at T,,, = 1100 K.
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Figure 11 Effect of bromine partial pressure on the corrosion rates
(parabolic rate constants) at Py, = 0.15kPa. T, (O) 1073 K,
(@) 1173 K.
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Figure 12 Relationship between time and weight gain by the corro-
sion at T,,, = 1173 K and Py, = 44 kPa.
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TABLE 111 Gas and solid species used in the thermodynamic calculations

Gas species

Solid species

Ar Ti C C, C, TiO TiO, Br Br,
TiBr TiBr, TiBr; TiBr, O O, O,
CO CO, C,0 C;0, Fe FeBr, FeBr,

Ti TiO TiO, TiO, Ti,O5 Ti,O, TiBr,
TiBr; TiBr, C TiC Fe FeO Fe,0,
Fe,O, FeBr,

2
—_ Ti0;
[12] /
2 v
jo]
S o}
2 .
£ C+TiC+Ti30g Ti0p+ Fe,05
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o
S
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Log /—"02 input (log kPa)

Figure 13 Effects of Pg,, and P, on the equilibrium solid phases
calculated at 7., = 1100 K.
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Figure 14 Effect of P, input and equilibrium partial pressures of
gas species at T, = 1100 K and Py, = 5kPa. (O) O,, (®) Br,,
(A) TiBry, (A) FeBr,, (O0) CO, (M) CO,.
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Figure 15 Schematic diagram of the effect of Py, on the
corrosion behaviour at T, =1100K and Py, =5kPa
(@)  Po,jnpw >2.5kPa, (b) 0.5kPa < Pg, i <2.5kPa,
(©) P, inpuw < 0.5 kPa.

The computer code SOLGASMIX-PV [21] and the
JANAF thermochemical data [22] were used for the
calculations. The gas and solid species assumed are
summarized in Table IIL

Fig. 14 shows the relationship between input oxy-
gen partial pressure (Po, ;) and equilibrium partial
pressure of gas species at Py, = 5 kPa. At more than
Py, = 2.5 kPa, both iron and TiC should be oxidized
to TiO, and Fe,0,, and protective scales could be
formed. At 0.5kPa < Py, ;qpu < 2.5 kPa, TiC should
be oxidized to TiO, but iron should react with brom-
ine to form volatile FeBr,. At Pg, ., < 0.5 kPa, the
protective oxide scale could not be formed, and weight
loss due to the formation of TiBr, and FeBr, should
be observed. Fig. 15 shows a schematic diagram of the
effect of P,,, on the corrosion behaviour of TiC-coated
SUS304. When P, was less than about 0.1 kPa, rapid
weight loss was initially observed and then the weight
gradually increased with time as shown in Fig. 12.



This behaviour could correspond with Fig. 15b. At
Py, = 46 and 97 kPa shown in Fig. 12, the corrosion
behaviour could be explained by Fig. 15a. When P,
was higher, a larger weight gain was observed. This
suggests that the oxide scales formed at higher Py,
could not be more protective.

4. Conclusions

TiC films were coated on stainless steel (SUS304) by
CVD using TiCl,, CH, and H, gases as source gases,
and their corrosion behaviour was examined in a
Br,—O,-Ar atmosphere. The following results were
obtained.

1. CVD TiC films were obtained in the range
between T, = 1250 and 1400 K, and this appropriate
Ty, range became narrower with increasing
CH, /TiCl, ratios.

2. The deposition rate increased with increasing
Tyep,» CH,/TiCl, ratio and TiCl, vapour flow rate.
The Jargest deposition rate was 4nms™' at Ty,
= 1273 K, CH,/TiCl, ratio = 17 and TiCl, vapour
flow rate = 42x 107" m3s ™ 1,

3. CVD TiC films indicated several kinds of prefer-
red orientation. The dominant orientation changed
from (110) to (11 1) with increasing CH, /TiCl, ratio,
independent of T, and TiCl, vapour flow rate.

4. The corrosion of TiC-coated SUS304 in the
Br,—O,-Ar atmosphere at 973-1173 K was mainly
explained by the oxidation of TiC films and that of
SUS304 substrates through microcracks in the TiC
film.

5. When P, was less than 0.1 kPa, weight loss was
observed due to the formation of volatile iron and
titanium bromides. When P, was more than 0.1 kPa,
protective oxide scales formed and the weight gain
obeyed a parabolic law. This behaviour can be
explained by thermodynamic calculations.

6. The corrosion rates (parabolic rate constants,
K,) increased with increasing Po,, T, and Pyg,,. The
apparent activation energy calculated from K, was
120-160 kJ mol . This value may correspond with
the activation energy for diffusion of oxygen in the
oxide scales.
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