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ABSTRACT 

Both the hydrogen reduction of MoFe and MoClg were evaluated in a 
fluid-bed reactor to deposit molybdenum on ̂  ®PuOa, ̂ ^^PuOg-ThOg 
solid solution, and ThOg microspheres and shards. Considerable 
attack of the ceramic surface by the acid fluoride species was ob­
served. The resulting fluoride impurity significantly increased 
the neutron emission rate due to the ^^F(a,n)^^Na reaction. The 
following observations were noted on the MoFg system: 1) The 
fluorine contamination increases with increased surface area of 
the substrate. 2) The fluorine contamination increases rapidly 
during the initial moments of the run, then tapers off. 3) There 
is only a small amount of fluorine residue in the molybdenum 
coating itself. Likewise MoClg and/or HCl attack the substrates' 
surface. Results of an electron microprobe study show that the 
chloride,residue is associated solely with the ceramic phase. 

INTRODUCTION 
At Mound Laboratory we are engaged in the production of ^^^PuOg-Mo 
cermet fuel discs for use in thermoelectric generators. The cermet 
discs are prepared by coating individual particles of ̂ '̂̂ PuOg with 
molybdeniom in a fluid-bed reactor by the hydrogen reduction of 
either MoFg or MoClg. The coated particles are then vacuum hot 
pressed into the desired configuration. This paper discusses the 
chemical vapor deposition phase of the program. 

Initially our efforts were concerned with coating ^^^PuOg by the 
hydrogen reduction of MoFg as developed by M. Browning'- and his 
associates at Battelle Memorial Institute. However, the resulting 
fluoride impurity significantly increased the neutron emission 
rate due to the ^®F(a,n)^^Na reaction. To determine the nature of 
the fluoride impurity, a study was made using ThOg as a nonradio­
active substitute. 

From the data obtained by coating ThOg and ^^^PuOg using the MoFs 
process, it became evident that the MoFg process would not yield-
a suitable low neutron flux with ^^^PuOg, Thus, it was decided to 
*Mound Laboratory is operated by Monsanto Research Corporation for 
the U. S. Atomic Energy Commission under Contract No. AT-33-1-
GEN-53. 
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investigate an alternate method of molybdenum deposition. Molyb­

denum deposition from the hydrogen reduction of M0CI5 was chosen 
as it required only a minimum of equipment change; and, since the 
process is well reported in the literature,^ it should require a 
minimum of development time. Again initial studies were performed 
using ThOg as the substrate. These studies were then followed 
using ^̂ '̂PuOg as the substrate. 

THE MoFe PROCESS 
APPARATUS FOR DEPOSITION 
The apparatus for the MoFg­Hg system is shown in Figure 1. This 
system is essentially the same as that developed by M. Browning.•"■ 
The reaction chamber consists of a 0.85 in. i.d. (for 100­g 
batches) or 1.4 in. i.d. (for 200­g batches) Monel tube with a 
conical section at the base. Directly below the conical section 
is a block assembly which serves as both a trap and cooling block 
to minimize deposition at the capillary opening to the conical 
section. The substrate particles are introduced to the reactor 
from the feeder at the top through a ^ in. Monel tube which ex­
tends well down into the reaction tube. The coated particles are 
removed by vacuum aspiration. The exhaust gas system consists of 
a copper wool filter to remove any particulate matter blown over 
and a scrubber, usually water, to remove HF and any unreacted MoFg 
from the exhaust gas. The MoFg flow rate is monitored with a 
Hastings Mass Flowmeter. 

The following are typical conditions used: 

Hg flow 16 ft°/hr 
MoFg flow 1.2 g/min 
Temperature 650°C 
Rate of deposition 0.5 g/min 
Batch size 200 g 
Particle size 105­177 urn 

ThOg AS SUBSTRATE 
Table 1 is a compilation of the data obtained on the nature of the 
fluoride attack on the ThOg substrate. (See Figure 2.) 

From the data in Table 1, it is apparent that the fluoride im­
purity is greatest in those batches having the largest surface 
areas (Samples 15 and 19). Sample 18 resulted from a recoating 
of batch 17. Only a minor increase in the fluoride content was 
detected even though the molybdenum content was raised from 3.1 
to 9.07o. Thus, the fluorine content appears to increase rapidly 
as the molybdenum is first deposited, then very slowly thereafter. 
In addition, it implies that there is a small amount of fluorine 
contamination in the molybdenum coating itself. 

In additional experiments, extensive (up to 3%) fluorine contami­
nation occurred when ThOg particles were treated with either 
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FIGURE 1 - Schematic of chemical vapor deposition 
apparatus for coating microspheres. 
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FIGURE 2 - Molybdenum coated thoria particles. 
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Table 1 

FLUORIDE AN ALYSIS DATA - ThOg SUBSTRATE 
Particle Batch 

Sample Shape of Size Diameter Mo F 
Number Substrate (8)_ (̂ im) (wt %) (wt 7o) 

1 irregular 102 105-177 18.5 2.1 
2 irregular 101 105-177 20.4 2.0 
3 irregular 99 105-177 20.5 1.3 
4 irregular 100 105-177 26.4 1.0 
5 irregular 52 105-177 17.0 1.3 
6 irregular 32 105-177 23.2 0.8 
7 irregular 62 105-177 24.5 0.9 
8 irregular 45 105-177 26.0 1.3 
9 irregular 46 105-177 32.4 0.8 
10 irregular 104 105-177 16.2 2.4 
11 spherical 200 149-177 11.7 0.8 
12 irregular 95 105-177 11.9 1.4 
13 spherical 200 149-177 15.6 0.4 
14 irregular 101 105-177 12.8 1.0 
15 irregular 98 53-105 22.7 4.7 
16 irregular 86 105-177 7.2 0.8 
17 irregular 48 105-177 3.1 0.7 
18 irregular 45 105-177 9.0 0.8 
19 irregular 62 53-105 14.9 4.0 

MoFg-Ar or HF-Hg gas mixtures in the fluid bed maintained at 
600°C. These observations suggest that the major source of the 
fluorine contamination results from fluorination of the surface 
of the thoria particles possibly by the following reactions: 

2 MoFg ( ,) + 3 ThOg c , ) _600^3 ^^p^ ( , ) + 2 M0O3 c s ) , 

4 HFc,) + ThOg (3 ) ""^ „ ThF4 ( . ) + 2 HgOc ,) . 
Other reactions such as the formation of various molybdenum or 
thorium oxyfluoride species may also occur. As was indicated 
above, the molybdenum coating also contains some fluorine con­
tamination. Uniform distribution of a small amount of fluorine 
throughout the ThOg is a possibility but is not likely. 

^̂ "̂ PuOg AS SUBSTRATE 

Numerous batches of ̂ ^^PuOg have been coated. The coatings all 
appear uniform, dense, and continuous. The neutron flux was 
monitored during all of the initial runs. Figure 3 illustrates 
the increase in neutron flux observed for different types of 
feed material. The total neutron emission was measured and is 
presented in Table 2. 

Photomicrographs of cross-sections of samples corresponding to 
the above batches listed in Table 2 are presented in Figure 4. 
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FIGURE 3 - Neutron flux as a function of time during molybdenimi 
deposition from MoFg. 

Table 2 

FLUORIDE CONTAMINATION AND NEUTRON EMISSION OF PuOg 
PARTICLES AND PuOg-ThOg SOLID SOLUTION PARTICLES 

AS A FUNCTION OF SUBSTRATE POROSITY 

Neutron Neutron Factor 
Emission Emission Increase 
Before After in Total 

Mo Y- Coating Coating Neutron 
Sample Substrate^ (wt %)(wt %) (n/sec/g)^ (n/sec/g)^ Emission 
A ^=^PuOg 

Particles 
(105-177 
mn) 

16.8 2.55 1.9 X 10^ 3.4 X 10^ 17.9 

B =̂ =̂ PuOg 
solid 
solution 
particles 
(105-177 
Um) 

17.9 0.56 1.9 X 10* 9.0 X 10* 4.7 

C = = ̂ PuOg-
ThOg 
solid 
solution 
(105-177 
um) 

14.4 0.20 2.2 X 10* 5.1 X 10* 2.3 

"='''''PuOg-ThOg was 10% ThOg . 
^ Per gram of ^=^Pu. 
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FIGURE 4 - Cross-section of molybdenxom coated (MoFg process) 
particles. 

PAGE if! 



Note that some of the data presented in Table 2 were obtained on 
^^®PuOs­107„ ThOg solid solution particles; however the sam.e re­
sults have been observed in numerous ^̂ '̂ PuOg runs. 

From the results of the ThOg and "̂ '̂̂ PuOg or '̂̂'̂  PuOg­107o ThOg 
solid solution experiments, it appears that the comparatively 
large fluoride contamination is primarily due to surface attack 
of substrate by HF and MoFg. The reaction of HF with PuOg in the 
presence of Hg to form PuFg is reported in the literature.^ 

The greater the surface area, including surface connected porosity, 
per unit weight, the greater is the amount of fluoride contamina­
tion in the coated product. Photomicrographs of cross­sections 
(Figure 4A, 4B) show clearly that Hg and MoFg will penetrate 
porous material thereby maximizing the surface area available for 
molybdenum deposition. A comparison of these photomicrographs 
with the residual fluoride (Table 2) contamination in these sam­
ples clearly illustrate that fluorination also increases with in­
creased particle porosity (surface area). Very porous material, 
such as Sample A, has such a large area of fluorination and mo­
lybdenum deposition that the neutron flux increased throughout 
the entire run. 

THE MOCIB­Hg PROCESS 

APPARATUS FOR DEPOSITION 

The apparatus for the M0CI5­Hg process is illustrated in Figure 5. 
This system is essentially the same as the one used in the hexa­
fluoride process. The main differences arise because MoClg is 
much less volatile (m.p. 194°C). This fact necessitates the addi­
tion of a vaporizer to volatilize the M0CI5, and all MOCIB lines 
must be kept above 200''C to prevent condensation. 

Considerable time was spent on the development of the vaporizer. 
Schneider and Schonwald^ developed a process for coating UOg and 
ZrOg spheres in a fluid bed by the hydrogen reduction of MOCIB ■ 
They used a quartz system charging the vaporizer with only a 
given amount for a particular run and then running for as long 
as necessary to transfer that amount through the fluid­bed reactor. 
Schneider and Schonwald^ allowed approximately 507= of their total 
hydrogen flow (120 liters/hr) to pass through the vaporizer to 
carry the M0CI5 to the fluid­bed. Since our interest was con­
cerned with the development of a production system, we decided to 
use a large metallic vaporizer which could be charged with up to 
2­3 lb of M0CI5. However, when using hydrogen as a carrier gas, 
we found that, although the rate of MoClg transfer was satis­
factory for the initial one or two runs, the rate fell off 
drastically thereafter. Upon close examination we found that all 
the MOCIB remaining in the vaporizer had been reduced to the red, 
much less volatile M0CI3 . Upon substituting argon as the carrier 
gas, we found that we could make numerous runs from a 2 or 3 lb 
charging of the vaporizer. 
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FIGURE 5 - Schematic of MoClj, chemical vapor deposition system. 

The vaporizer is approximately 5 in. in diameter by 6 in. high 
(inside measurements). Our initial vaporizer was made of nickel-
plated copper and is still in use after over one year's service. 
For convenience in handling the MoClg , a stainless steel beaker 
is used to hold the MoClg charge inside the vaporizer. 

The fluid-bed reactor is made of 1.4 in. i.d. Monel pipe and is 
routinely used to coat 200-230 g batches at deposition rates up 
to 0.7 g/min. 

The following conditions are typical for a given run: 

Weight of substrate PuOg 200 g 
Temperature of fluid bed 700°C 
Temperature of vaporizer 220°C 
Hydrogen flow through fluid bed 12 ft^/hr 
Ar flow through vaporizer 4 ft"/hr 
Size of particles 105-177 um 
Rate of deposition 0.5 g/min 
Efficiency >807= 
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ThOg AS SUBSTRATE 
The results obtained are presented in Table 3. 

Table 3 
MoClg: DEPOSITION DATA^ 

Batch 
Sample Size Mo CI 
Number (g) (wt %) (wt 7o) 

1 48 0.38 0.20 
2 52 1.56 0.23 
3 52 3.42 0.29 
4 63 6.70 0.29 
5 75 6.31 0.27 
6 85 7.28 0.25 

71 15.4 0.21 

Substrate consisted of 105-177 
lam irregularly shaped ThOg 
particles. 

It is significant to note that although the amount of molybdenum 
varies from 0.38 to 15.47=, the amount of chlorine impurity is 
relatively constant. The quality of the deposited molybdenum is 
comparable with that obtained from MoFg. However, due to the 
lack of a convenient monitoring device for the MoClg flow, con­
siderable difficulty occurs in control of the deposition rate. 

^^^PuOg AS SUBSTRATE 
Over the past year numerous 200-g batches of ̂ ^°PuOg have been 
coated with 15 to 207. molybdenum using the apparatus and tech­
niques described. The neutron flux was measured before and after 
almost all runs and, as expected, did not change at all. Samples 
from the initial runs were analyzed for chloride residue. All of 
these initial runs contained less than 0.27o chlorine. No sig­
nificant reaction zone could be detected between the coating and 
substrate in photomicrographs of cross-sections from these batches 
(Figure 6). 

However, once this process went into production, there appeared 
from time to time a few samples containing a definite third phase 
(Figure 7). Initially the composition of this third phase was not 
immediately apparent as it could be either a partially reduced 
molybdenum chloride, a plutonium chloride species, or some Pu-Mo 
mixed species. Electron microprobe studies soon resolved the 
matter. As can be seen from Figure 8, the chloride is solely in 
the plutonium-rich phase. No molybdenum is found in the chloride 
or third-phase region. This is not surprising since PuOg is known 
to react with HCl in the presence of hydrogen to form PuClg at 
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FIGURE 6 - Cross-section of Mo coated ^^^PuOg 
by M0CI5-Hg process. 

^ 100 um , 

FIGURE 7 - Cross-section of Mo coated -^^PuOg 
showing large reaction zone. MoClg-Hg process, 
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FIGURE 8 - Compilation of electron microprobe results showing 
relative positions of the elements. 

700°C. We must emphasize that Figure 8 is not quantitative in 
illustrating the relative amounts of the three elements, but is 
presented to clearly show the regions where the elements are 
located with respect to the three phases (substrate, reaction 
zone, and coating). 

Resolution of the conditions that cause the reaction and thus its 
control remain equivocal. The high chloride residue has occurred 
in samples from all ranges of deposition rates and temperatures. 
Although it cannot be satisfactorily shown, there appears to be a 
greater incidence of occurrence at high deposition temperatures. 
The problem is complicated by its intermittant occurrence. 
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