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Effect of gas composition on the deposition
of ZrC-C mixtures: The bromide process

T.0GAWA, K. IKAWA, K. INAMOTO

Japan Atomic Energy Research [nstitute, Tokai-mura, Naka-gun, lbaraki-ken, Japan

Mixtures of ZrC—C were chemically vapour deposited from gaseous mixtures of
zirconium bromides, methane, hydrogen and argon. The effect of gas composition on
the deposition behaviour was studied. The experiments have shown that the methane
concentration in the feed gas mixture is a crucial factor in determining the deposition
rate and the character of the deposit. Chemical equilibria in the Zr—C—H—Br system
were calculated and compared with the experimental results.

1. Introduction

In a coated particle fuel for a high temperature gas
cooled reactor (HTGR) a spherical kernel of fissile
or fertile material is coated with pyrolytic carbon
and SiC to act as barriers against release of fission
products. ZrC or ZrC—C mixtures with their high
melting points and low neutron capture cross-
sections are thought capable of replacing SiC
which would not endure above 1500°C [1].
However, aspects of the use of ZrC require in-
vestigations, among which are the reactions of
fission products with and diffusion in the coating,
as well as the behaviour under neutron irradiation.
In order to prepare pure flat specimens for these
investigations, a detailed study on the chemical
vapour deposition of ZrC—C is being carried out.
The iodide [2], chloride [3] and bromide [4]
processes have already been examined. Though the
last proved to be most convenient in operation, it
failed to produce ZrC without a significant
amount of free carbon. The aim of the present
study is, therefore, to examine the effect of the

Ar,Ha, CHa

initial gas composition on the deposit composition,
amount and character using the bromide process.
To this end, both experiments and thermodynamic
calculations have been carried out.

2. Experimental

2.1. Procedure

The deposition apparatus is drawn schematically
in Fig. 1. Argon at 300 cm® min~! bubbles through
a bromine saturator at 0° C and then flows over
zirconium sponge at 600°C. Thus zirconium
bromides are continuously generated and fed into
the reaction zone. A mixture of hydrogen and
methane is supplied independently from the argon
which serves to adjust the total flow rate to ~ 2100
cm’® min™'. The aperture of the inner tube con-
taining the sponge is at about 700° C, leaving a
10cm space up to the first substrate. Substrates
numbered 1 to 4, front to rear, are positioned at
1280, 1330, 1360 and 1380° C respectively. Fig. 2
shows the substrate, which is composed of a
0.1 mm-thick Mo sheet and a graphite body of

j

Figure 1 Deposition apparatus.
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reaction tube.
. i _—0.1t Mo (5x20) After deposition of one hour the Mo substrate

/deposifion surface 20x20mm semicircular cross-section, which just fits into the

RG22 was separated from the graphite, placed in a Pt
’ boat and burned in an oxygen stream at 1200° C.
By weighing ZrO, and CO,, the latter being
absorbed in an ascarite tube, the composition of
graphite the deposit was obtained. Mo does not interfere

with the analysis, since its reaction product with

oxygen, MoOs;, sublimes during heating and

Figure 2 Substrate.
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Figure 3 Deposition profiles. Solid line represents deposition weight on 1cm? Mo substrate; dashed line, deposit
composition.
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deposits on the colder side of the furnace. Stoi-
chiometric carbide formation was assumed and the
amount of the free carbon was taken as the excess
of the C/Zr value over 1.0.

The deposit on the graphite substrate was used
for characterization using optical microscopic,
SEM and X-ray diffraction methods.

2.2. Results

2.2.1. Deposition profile

In Fig. 3 deposition profiles are arranged so that
the effect of the gas composition on amount (solid
line) and composition (dashed line) of the deposit
can be seen. From profiles 6,4 and 2, one can see
the effect of the hydrogen when the methane
supply is kept constant; from profiles 5, 4 and 3,
the effect of methane when the hydrogen supply is
kept constant, and from profiles 6, 3 and 1, the
effect of methane or hydrogen when the ratio
H,/CH, is kept constant. It is seen that the total
deposition amount strongly depends on the
methane supply (profiles 5, 4 and 3). Increasing
consumption of zirconium over substrates 1 to 3
would be the reason why the peak of the deposition
curve becomes pronounced with increase in
methane concentration. Hydrogen, however, has a
rather trivial influence on the depesition weight
within the gas composition range investigated
(profiles 6, 4 and 2).

The behaviour of the composition curve is
strange. The C/Zr values of substrates 1 and 2 rise
with hydrogen increase (profiles 6 and 4), while
they decrease with methane increase (profiles 3,
and 3). When hydrogen and methane increase
simultaneously, keeping the ratio H, /CH,4 constant,
the effects of hydrogen and methane compensate
for each other and the C/Zr values for substrates
1 and 2 are relatively constant (profiles 6, 3 and 1).
The behaviour seems to contradict the expectation
that hydrogen would suppress the methane de-
composition and hence its higher partial pressure
would results in a lower C/Zr value, and the higher
methane partial pressure in a higher C/Zr value.

Figs. 4 and S are derived from Fig. 3. The sums
of the amounts of zirconium, total carbon and
free carbon for substrates 1, 2 and 3 are shown.
The deposition weights for substrate 4 are omitted
because the supersaturation of zirconium bromides
is thought to have decreased significantly, as
already stated. Fig. 4 shows that hydrogen does
not greatly suppress or affect the overall free
carbon formation. Though total carbon increases
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Figure 4 Effect of hydrogen supply on the deposition
of Zz, free carbon (C¢) and total carbon (Cy).
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Fligure 5 Effect of methane supply on the deposition
amount of Zr, free carbon (C¢) and total carbon (Cy).

with increase of hydrogen flow, it is due to
zirconium deposition as carbide. Thus the influence
of hydrogen is not necessarily inconsistent with
the expectations mentioned above. The influence
of methane, however, is inconsistent with the
expectation. Fig. 5 shows that, with increase in
methane availability, the amount of ZrC increases,
but that of free carbon decreases.

2.2.2. Characterization
Fig. 6 summarizes the relation between the surface
morphology and the deposition condition. Circled
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Figure 6 Surface morphology and gas composition. Circled numbers denote the runs as shown in Fig. 3 and capital
letters the morphologies: (W) wrinkled, (B) blistered, (D) dendritic, (C) crystalline, (H) horn-like.

numbers denote the runs (see Fig. 3) and capital
letters the morphologies as shown in Fig. 6. The
letters from left to right indicate the morphology
of the substrates 1 to 4.

It can be seen that methane plays a significant
part in determining the morphology. In run 5 the
methane supply is not enough to produce a
coherent coating (Fig. 6H). When the amount of
methane increased in run 4 a coating with a blister
appearance (Fig. 6B) resulted. When the amount
of methane was increased further in run 3, a
crystalline coating (Fig. 6C) with columnar micro-
structure (Fig. 7) resulted. On the other hand
the variation of hydrogen flow has little influence  Figure 7 Microstructure of the crystalline coating (Fig. 6C).
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on the forms of the coatings (profiles 6, 4 and 2).
The fact that the morphology is also dependent on
the substrate position is considered to be at-
tributable to two factors, namely, the temperature
at which the reaction takes place,and the zirconium
bromide supersaturation level over each substrate.
In run 3, for instance, for substrate 1 the presence
of enough bromide and a low temperature
produced a wrinkled or rather featureless coating
(Fig. 6W); for substrates 2 and 3 the bromide
concentration and a high temperature gave a
crystalline coating (Fig. 6C); and for substrate 4 a
low supersaturation of bromides in consequence
of consumption by substrates 1 to 3 resulted in
a dendritic appearance (Fig. 6D). It should be
noted that in run 3 the methane supply is suf-
ficient, but when it is insufficient as in run 5,
even a combination of a high supersaturation of
zirconium bromides and a high temperature does
not produce coherent coatings.

The crystallographic orientation was studied
by X-ray diffraction. The intensity ratio 7(2 2 0)//
(111) of ZrC on substrate 3 is shown in Fig. 8.
The dashed line represents the intensity ratio of
powdered ZrC as a reference. Here again the
dependence on initial gas composition is evident.
With increase in the amount of methane, ZrC
crystals tend to orient themselves with {110}
planes parallel to the deposition surface. The
same tendency occurs with increase in the amount
of hydrogen, but to a lesser extent.
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Figure 8 Gas composition and intensity ratio 7(220)/I

(111) of ZrC. Dashed line indicates the intensity ratio
of the powdered ZrC.
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3. Calculation of chemical equilibria
3.1. Procedure
The amount and composition of the deposit in
chemical equilibrium with the gas phase were
computed by applying the free energy minimization
method, which was first described by White ef al.
[5], and extended to multiphase equilibria
calculation by Eriksson [6—8] . Similar calculations
to those presented here have been made by
Samoilenko and Pereseleutseva for the Zr—C—H—Cl
system, but the formation of ZrC was not
considered [9].

In the method a set of variables ¥; which mini-
mizes the quantity

(G/RT) = 2Y; [(g°/RT)i +1n q;]
where

G = total free energy of the system,
R = gas constant,

= thermodynamic temperature,
Y; = mole number of a substance,

= standard chemical potential,

~
!

oy
|

and
a; =

f

activity,

and satisfies the mass balance constraints, is the set
for the equilibrium condition. Starting from an
arbitrary set of Y}, an improved set is calculated,
which is used as the input for a further calculation.
After a series of such iterations, each of which
starts with an improved set of Y}, the equilibrium
set is reached. Our program is basically the same as
Eriksson’s SOLGAS [6], but contains some
unique features for application to the Zr—C—H—Br
system.

First, the regular solution approximation
modified for an interstitial solid solution is applied
to the non-stoichiometric ZrC. The NaCl type
lattice of ZrC is imagined as separated into a Zr
sublattice and a C sublattice, and the latter is
regarded as a substitutional solid solution of
carbon and its vacancy, following the treatment of
Hillert et al. on (Fe, Mn); C [10]. Hence the molar
free energy of the C sublattice can be written
formally as follows:

GE = YeGE© + Yy GEe
+RT(YoIn Yo+ Yy In Yy) + Yo Yy Q
where

°GEC = molar free energy of C sublattice

without vacancies,
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= molar free energy of the vacancy
making the same lattice as the C sub-
lattice,

Y ¢ = molar fraction of carbon,
Yy = molar fraction of the vacancy,
and
2 = interaction parameter.

If we note that

YC+YV:1

and
0GEC +°GEC = Gzxc
OG%;:C _I_OG\Z/rC — OGZ
r
where
0G%:C = molar free energy of Zr sublattice,
%Gzyc = molar free energy of stoichiometric
ZrC,
and
%Gy, = molar free energy of Zr,

then we can write the equation for the molar free
energy of the non-stoichiometric ZrC as follows:

Gzrox = G5° +GEV
=Yo'Gzrc+ Yv°Gazr
+RT(YecInYe + Yy InYy)
+ Y Yy Q.

From this equation the composition dependence
of the zirconium activity is derived. The inter-
action parameter {2 was chosen so as to give
the best fit to the reported activity in non-stoi-
chiometric ZrC. For this purpose the linear
dependence of § on Yy was assumed [11].
Though the zirconium activity in ZrC has been
measured as a function of composition and
temperature between 1700 and 2200K by Storms
and Griffin, the values reported are only valid
above 2125K [12]. We have extrapolated those
values to the lower temperatures; at 1800K, for
instance, £ =—28600+ 44600 Yy (calmol™')
was derived. Such a tentative value suffices to
estimate qualitatively the effect of the initial gas
composition.

Another feature concerns the selection of the
solid system. Possible solid systems are (a) Zr +
ZrCy 55, (b)non-stoichiometric ZrC and (¢) ZrC + C.
The iteration to calculate the equilibrium com-
position starts from system (a), and then proceeds
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selecting one system out of the three according to
the composition at each iteration step. When the
amount of Zr in (a), or Cin (c¢), becomes virtually
zero during the iteration, the system is altered to
(b), and when C/Zr goes beyond the boundaries
of the ZrC phase, the system is altered from (b) to
(2) or (c). The lower and the upper boundaries of
the ZrC phase where set at C/Zr = 0.55 and 0.999
respectively [12, 13].

The gaseous species considered were ZrBr,,
ZrBr;, ZrBr,, Br,, Br, HBr, CH,, CHs, C,H,, H,
and H. All thermodynamic data except that of the
non-stoichiometric ZrC were found in the JANAF
tables [14]. Similar input gas compositions
Zr : C: H: Br were chosen for the experimental gas
compositions. Zr/Br = 0.25 was assumed, implying
that ZrBry; would be the main bromide to flow
into the reaction zone. The value is possibly over-
estimated, because the conversion of bromine to
the bromide would not be complete and lower
bromides (ZrBrs, ZrBr, ) with low vapour pressures
[15,16] might also be formed. A total pressure of
1 atm. was assumed throughout all the calculations.

3.2. Results of calculation

Fig. 9 shows the estimated effect of hydrogen
supply. Hydrogen suppresses free carbon for-
mation, but increases ZrC deposition, though the
uitimate ZrC formation is determined by methane
supply. Above a certain point (~20mol % H) the
effect of hydrogen becomes very small, except
that the C/Zr value goes on decreasing slightly.
The description agrees qualitatively with the
experimental results (Figs. 3 and 4).
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Figure 9 Result of calculation: effect of hydrogen supply.
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Figure 10 Result of calculation: effect of methane supply.

Fig. 10 is a description of the estimated effect
of methane supply. There is a range (~0.25mo0l% C)
over which the methane supply has an appreciable
effect on the extent of deposition, but little effect
on the deposit composition. Above that range
the free carbon formation becomes significant
with increase in the amount of methane. Here
the thermodynamic prediction differs a little
from the experimental results, because the
increasing methane supply suppresses free carbon
formation in the experiment (Fig. 5).

4. Discussion

In a thermodynamic description of SiC deposition
from the mixture of SiCl, and CH,, Si deposition
is stated to be independent of C deposition [17].
This is not the case in the chemical vapour
deposition of ZrC. It is shown by both calculation
and experiment that Zr deposition and C deposition
are much interrelated. However, there is a dif-
ference between the results of calculation and
those of experiment. The thermodynamic calcu-
lation predicts that the free carbon formation rises
with methane, but experiment showed the
converse within the investigated gas composition
range. In order to explain the tendency of free
carbon formation, morphology and preferred

orientation with methane concentration change,
a model is proposed on the basis of an existing
model of pyrolytic carbon deposition.

Grisdale [18] elucidated carbon deposition by
the droplet mechanism as follows. During pyrolysis
of a gaseous hydrocarbon a suspension of liquid or
plastic droplets of complex organic materials is
formed and the droplets impinge on the surface in
a reaction chamber. When deposited at a relatively
low rate, the droplets are dehydrogenated to
carbon keeping their spherical shape. Therefore
the resulting surface exhibits a spherical shape of
roughness and a poor degree of preferred orien-
tation. On the other hand the number of droplets
available per unit time increases with hydrocarbon
concentration, and the average viscosity decreases
since the average duration between their formation
and impingement on the surface decreases. Hence
the droplets are deformed and smeared over the
surface. The deposit thus has a relatively smooth
surface and a large degree of preferred orientation.

Now if it is assumed that ZrC is formed by the
reaction of zirconium or zirconium bromides with
these organic droplets, the variation of mor-
phology and preferred orientation is explained
along the lines of the argument above. Also, the
tendency of the less free carbon formation with
the larger methane concentration is also explained.
As methane concentration increases the droplets
change their shape from spherical to smeared,
resulting in an increase of the surface area which
comes into contact with zirconium or zirconium
bromides. Thus the reaction to form ZrC becomes
more vigorous and free carbon formation is
suppressed.

Because there is no direct evidence as yet to
support the present model, too much emphasis
should not be placed on it. If the form of free
carbon in the deposit can be made clear in the
future, this evidence will test the model.

5. Conclusion

Experiments and thermodynamic analyses on the
effect of gas composition on the chemical vapour
deposition of ZrC—C have been made. Exper-
imental results confirmed the following:

(1) Hydrogen has little effect on the amount
and character of the deposit within the gas com-
position range investigated.

(2) The extent of deposition is dependent on
the methane supply. When the methane supply is
insufficient, the deposit does not form a coherent
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coating. With a sufficient methane supply
the deposit becomes a crystalline coherent coating
and ZrC crystals tend to orient themselves with
{11 0} planes paralle] to the deposition surface.

The overall behaviour of deposition was similar
to the results of the thermodynamic calculation,
except that within a certain gas composition range
increasing methane supply suppressed free carbon
formation. In order to explain this discrepancy a
model based on the droplet mechanism of pyrolytic
carbon deposition has been proposed.
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