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A STUDY OF THE ADHERENCE OF TUNGSTEN AND MOLYBDENUM COATINGS

J. I. Federer and L. E. Poteat

ABSTRACT

Tungsten and molybdenum coatings on iron- and nickel-base alloys are being
investigated as a potential solution to the corrosion problem in Molten Salt
Breeder Reactor reprocessing equipment. The adhesion of coatings applied by
hydrogen reduction of WF6 and MoF6 has been evaluated. Displacement reactions
between iron and chromium in the iron-base alloys and the WF6 and MoFf, pre
vented adhesion of the coatings. A thin nickel plate diffusion bonded to the
iron-base alloys minimized side reactions and solved the adhesion problem.
Both tungsten and molybdenum coatings remained intact after repeated thermal
cycling between 25 and 600°C and during a spiral bend test. Tungsten coatings
had tensile bond strengths up to 35,000 psi.

INTRODUCTION

The purpose of this study was to develop a corrosion-resistant coating for
Molten Salt Breeder Reactor fuel reprocessing equipment. The reprocessing
scheme involves the extraction of uranium, protactinium, and rare-earth fission
products from the molten fluoride salt fuel at 500 to 700°C with liquid bismuth
containing lithium and thorium as reductants. The desired characteristics of
the material of construction of the reprocessing equipment include fabricabil-
ity, strength, resistance to air oxidation, and resistance to attack by liquid
bismuth-lithium-thorium solution and molten fluoride salts. Alloys-based on
iron and nickel have many of the properties required for this application, but
lack resistance to mass transfer in bismuth. On the other hand, tungsten and
molybdenum, and certain alloys of these metals are resistant to corrosion by
liquid bismuth, but are much more difficult to fabricate. A potential solution
to this problem would be coatings of corrosion-resistant tungsten or molybdenum
on the more easily fabricated iron- and nickel-base alloys.

In order to investigate this potential solution, tungsten and molybdenum coat
ings were deposited on several iron- and nickel-base alloy substrates. The
adherence of the coatings to the substrates was evaluated by thermal cycling
tests, bend tests, and tensile tests to determine their suitability for
protecting the substrates.

COATING TECHNIQUE

Tungsten and molybdenum coatings were deposited by hydrogen reduction of Wf,
and MoF6, respectively. Deposition temperatures were typically 500 to 600°C
for tungsten and 800 to 900°C for molybdenum at a pressure of 5 to 10 torr.
The specimens were coupons (3/4- by 2 in.) or strips (3/4 by 10 in.). These
were positioned on edge in a furnace-heated tube and coated on both surfaces.



MATERIALS

The substrate materials included in this study are shown in Table 1. These
materials are representative of the numerous iron- and nickel-base alloys of
commercial importance. The average coefficients of thermal expansion over the
temperature range 25 to 600°C are compared with tungsten and molybdenum in
Table 1. The closest match in thermal expansion between coating and substrate
is obtained with the iron-nickel alloys, followed closely by the ferritic
stainless steels (types 405, 430, and 442), while the greatest mismatch is
obtained with type 304 stainless steel. At the outset of this study, the dif
ference in ^thermal expansion between coating and substrate was considered to
be a critical factor influencing adherence.

Table 1. Materials Included in Coating Study

Materials
Nominal Composition, $

Fe Cr Ni

Steel 99+

Type 304 stainless steel 74 18 8

Type 405 stainless steel BB 12

Type 430 stainless steel 84 16

Type 442 stainless steel 80 20

Fe-35$ Ni 65 35

Fe-^40$ Ni 60 40

Fe-^5$ Ni 55 45

Fe-50$ Ni 50 50

Nickel 99+

Hastelloy C 5 15 58

Inconel 600 9 16 75

Monel 1.5 67

Hastelloy N 5 7 70

Tungsten
Molybdenum

Also contains 30$ Cu.

Mo

4 16

16

100

100

SUBSTRATE REACTIONS

a

(|i-in. in."1 °C_1)

14.5

18.5

11.2

11.2

11.7

10.0

10.0

10.0

10.0

13.3

13.3

15.3

17.8

14.1

4.6

5.9

The primary reactions of interest are those resulting in deposition of tungsten
and molybdenum coatings by hydrogen reduction of WF6 and MoF6, but reactions
between components of the substrate and WF6 or MoF6 are also possible. The
standard free energy of reaction of several possible reactions is shown in
Table 2. The values in Table 2 indicate that displacement reactions between
WF6 and iron, chromium, and nickel are all thermodynamically favorable, espe
cially those leading to the formation of FeF3 and CrF3. Similarly, in reac
tions involving MoF6 and the substrate, formation of FeF3 and CrF3 is thermo
dynamically favored. These secondary reactions are believed to be important
factors controlling adherence of the coatings, as will be described.



Table 2. Substrate Reactions

WF6 + 3H2 -* W + 6HF

MoF6 + 3H2 - Mo + 6HF

WF6 + Fe -* WF4 + FeF2
WF6 + 2Fe - W + 2FeF3
WF6 + Cr -+ WF4 + CrF2
WF6 + 2Cr - W + 2CrF3
WF6 + Ni -• WF4 + NiF2

MoF6 + Fe -* M0F4 + FeF2
MoF6 + 2Fe - Mo + 2FeF3
MoF6 + Cr -* MoFi + CrF2
MoF6 + 2Cr - Mo + 2CrF3
MoF6 + Ni -♦ M0F4 + NiF2

Temperature AF°

CO (kcal)

600 -138

800 -54

600 -86

600 -130

600 -98

600 -190

600 -72

800 +11

800 -22

800 -4

800 -B2
800 +25

PRELIMINARY COATING RESULTS

Smooth tungsten coatings were obtained with a H2/wF6 ratio in the range of 5 to
10. In the case of molybdenum coatings, the ratio had to be between 3 and 6.
At lower ratios than 3 the substrates were attacked by MoF6, and at higher
ratios than 6 the coatings were nonuniform in thickness with a rough crystalline
surface.

A visual assessment of the adherence of tungsten-coated specimens indicated
that the coating was not adherent to carbon steel or the stainless steels. In
fact, the coating cracked and separated from these materials during cooling
from the deposition temperature. On the other hand, the coating was adherent
to nickel, the iron-nickel alloys, and the nickel-base alloys. These early
results showed a strong dependence of adherence on the composition of the sub
strate, and we suspected that the displacement reactions discussed in the
previous section were responsible. A black powder occurred at the interface
between nonadherent tungsten coatings and the substrates. This powder, which
was identified as tungsten by x-ray diffraction, evidently prevented adhesion
of the coating. Although no fluoride compounds were found, they may not have
been present in sufficient amount to be detected.

Two tests were then performed to further evaluate the possibility of displace
ment reactions. Samples of various substrates were exposed to WF6 and to MoF6
at 900CC in the absence of hydrogen. Figure 1 shows the appearance of the
samples. No reaction with VF(, was visually detected on the nickel, Hastelloy C,
Inconel 600, Fe-50$ Ni, and Fe-35# Ni samples. The other samples had a non
adherent tungsten coating which varied in luster from bright to gray. Samples
exposed to UoF6 reacted more extensively. Again, no reaction could be visually
detected on the nickel, Hastelloy C, and Inconel 600 samples, but all the other
samples had nonadherent molybdenum coatings. These results definitely showed
that WFg and MoF6 undergo displacement reactions with iron-base alloys, but
react much less, if at all, with nickel and nickel-base alloys.

Subsequently, we applied a 0.001-in.-thick nickel coating to several stainless
steel specimens by electrodeposition, then bonded the nickel to the stainless
steel by heating to 800°C in hydrogen. Afterwards, a 0.005-in.-thick coating
of tungsten was applied to the specimens by chemical vapor deposition (CVD).
The beneficial effect of the nickel underlayer on the adherence of the tungsten
coating to type 430 stainless steel is shown in Fig. 2. The tungsten coating













Table 4. Results of Tensile Testsi on Tungsten-
Coated'. Specimens

Substrate

Cross-

Sectional

Area

(in.2)

Maximum

Stress

(psi)
Location of Fracture

Hastelloy C 0.563 17,800 No fracture

Inconel 600 0.563 17,800 No fracture

(a) 0.300 33,300 No fracture

(b) 0.143 17,800 Braze and coating
Fe-35$ Ni 0.563 17,800 No fracture

(a) 0.300 33,300 No fracture

(b) 0.146 36,800 Coating
Fe-50# Ni 0.563 17,800 No fracture

(a) 0.300 33,300 No fracture

(b) 0.156 35,500 Coating
Type 304 stain 0.563 17,800 No fracture

less steel (Ni)
(a) 0.1A4 22,400 Braze and coating
Type 430 stain 0.563 17,800 No fracture

less steel (Ni)
(a) 0.143 22,300 Braze and coating
Type 430 stain 0.563 17,800 No fracture

less steel (Ni)
(a) 0.141 17,300 Braze and coating

First retest of specimen after decreasing the cross-sectional
area because of a 10,000 lb load limit on the jaws of the
tensile machine.

Second retest of specimen after another decrease in the cross-
sectional area.

Types 304 and 430 stainless steel specimens finally fractured at about 17,000
and 22,000 psi after first sustaining a stress of 17,800 psi. In the two
iron-nickel specimens the fracture occurred only in the coating, but in the
other specimens the fracture also involved the copper braze metal. In the
latter cases we were not able to determine whether fracture originated in the
coating or in the braze metal. Our results were insufficient to precisely
determine the bond strength, since the strength was probably affected by the
quality of the braze joint and by cracks in the coating inadvertently caused by
cutting the specimens to size for the tests. Figure 6 shows the coating sub
strate interface for a typical specimen. The high bond strength obtained in
tensile tests is probably related to the cleanliness and lack of porosity at
the interface.

CONCLUSIONS

The results of this study allow the following conclusions. Tungsten and molyb
denum coatings adhere tenaciously to nickel and nickel-base alloys as demon
strated by thermal cycle, bend, and tension tests. Coatings measuring about
0.005 in. thick would be expected to remain intact during repeated thermal
cycling between 25 and 600°C and when bent to a radius of curvature as small
as 1/2 in. In addition, bond strengths should be about 20,000 psi or higher.
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