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NOTICES

When Government drawings, specifications, or other data are used for
any purpose other than in connection with a definitely related Government
procurement operation, the United States Government thereby incurs no
responsibility nor any obligation whatsnever; and the fact that the Govern-
ment may have formulated, furnished, or in any way supplied the said draw-
ings, specifications, or other data, is not to be regarded by implication
or otherwise as in any manner licensing the holder or any other person or
corporation, or conveying any rights or permission to manufacture, use,
or sell any patented invention that may in any way be related thereto.

Qualified requesters may obtain copies of this report from the Defense
Documentation Center (DDC), (formerly ASTIA), Cameron Station, Bldg. 5,
5010 Duke Street, Alexandria, Virginia, 22314.

This report has been released to the Office of Technical Services, U.S.
Department of Commerce, Washington 25, D. C., for sale to the general
public.

Copies of this report should not be returned to the Research and
Technology Division, Wright-Patterson Air Force Base, Ohio, unless return
is reauired by security considerations, contractual obligations, or notice
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FOREWORD

This report was prepared by Materials Processing Department, TRW
Electromechanical Division, Thompsor Ramo Wooldridge Inc. under USAF
Contract No. AF 33(657)-11151. This contract was initiated under
ProjJect No. 7312 "Finishes and Materials Preservation", Task No, 73120],
"Surface Treatments and Coatings"™. The work was administered under the
direction of the Air Force Materials Laboratory, Research and Technology
Division, with Mr. N. M. Geyer acting as Project Engineer.

This report describes the results of the program conducted during the
period 15 May 1963 to 15 May 1964.

The report was managed and directed by R. A. Jefferys and H. J. Nolting
was in charge of conducting the technical effort. H. Tolchinsky assisted
in the experimental work.



ABSTRACT

A controlled process has been established for application of (silicon-
tungsten) and titanium + zirconium + (silicon-tungsten) coatings to tungsten
sheet. Protective capabilities of these coatings on arc cast and powder
product tungsten sheet have been determined at one atmosphere (air) from
1600 to 3600°F under cyclic conditions. Exposure at static pressures below
15 mm Hg (air) at 3400-3500°F resulted in varying degrees of deterioration
of the (silicon-tungsten) and titanium + zirconium + (silicon-tungsten)
coatings. Under dynamic low pressure conditions (2000-2800 ft/sec simulated
air flow) at 16-20 mm Hg both coatings were protoctive to tungaton and resisted
erosion in the temperature range of 2900-3400°F (180 to 325 B‘I'U/ft /sec heat
flux unge).

Various refractory compound mixtures plasma sprayed on tungsten sheet
were not protective at elevated temperatures in air. A silicon-tungsten «+
titanium nitride-boron nitride coating combination protected tungsten for
short periods of time at 3700°F.

!
Tensile prorarties were determined for silicon-tungsten and titanium «+
zirconium + (silicon-tungsten) coated arc cast tungsten sheet at various
temperatures to 3300°F. In stress oxidation tests the same systems loaded at
20 percent of the yield strength showed essentially nc creep after 1 hour at
3350°F in air. The coatings were completely protective at this stress level.

The future potential of the coating systems developed for tungsten during
this program has been demonstrated on experimental and prototype tungsten
hardware.

This technical documentary report has been reviewed and is approved.

9 u
PERLMUTTER

Chiof Physical Metallurgy Branch
Metals and Ceramics Division
Air Force Materials Laboratory
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1. INTRODUCTION

Protection of tungsten from catastrophic oxidation in air at high tempera-
tures has been achieved through the use of protective coat!ngs. In work carried
out under Contract AF 33(616)-8188 two coating systems were initially developed
that protected tungsten 60 mil powder product sheet in air to 3600°F. Prelimin-
ary rrocess techniques were developed to apply these coatings to tungsten sheet
material,

As a result of the success realized under the initial effort a new program
was sponsored by the Air Force Materials Laboratory (ASRCM33). The purpose
of this program was to further develop protective coating systems and improve
tungsten coating technology with respect to standardization of process techniques
for application of the two existing coating systems to arc cast as well as
powder product tungsten sheet. This phase of the work included evaluation of
coated tungsten systems in air at full or partial atmospheric pressures at
elevated temperatures. Other phases of study consisted of determining the
scale-up potential of one coating system and investigating new coating concepts.

2  SUMMARY

During the initial portion of the program a laboratory scale study was made
of process parameters for coating tungsten by the vacuum pack process. As a
result of this study optimum coating parameters were established for application
of oxidation resistanty (silicon-tungsten) and titanium + zirconium + (silicon-
tungsten) coatings to arc cast and powder product tungsten sheet. The coated
systems were designated as W (base metal) + (Si-W) (coating) and W (base metal)
- T1{-2--(S1-W) (-oating)

In the latter portion of the prrgram scale-up potential of the (Si-W)
coating rrocess was demonstrated Yy applying tne coating in (1) a retort ten
times the size of the laboratory size retor® and (2) in three different
furnace units. In each case the (Si-W) coatings produced were comparable with
respect to structure thickress and protect:ve characteristics

The vacum pack rrocess was also utilized to form two coating syctems
containing hafniwn on tungsten snect  These systems were identified as
W.Hf-S{ and W.Hf-(S:-W) The Hf-S1 coating was not oxidation resistant at
2200"F 1n air  The Hf-(S'-W) coating was rrotectiva to tungsten to 3600°F
in air but the ultimate time-temperature capab:.it.es were no better than the
(S1-W) coating alone

Refractory compoun. ccatings were formed by plasma spraying refractory
comprura mixtures directly on tungsten  These coatings were not gas tight
and did not protect tungsten from catastrophic oxidation in air at 3000°F.

A titanium nitride-borcn nitride refractory mixture sprayed on (Si-W) coated
tungsten resulted in a coating complex protective to tungsten for short
periods at 370°F in air
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Oxidation tests were conducted on W+{(Si-W) and W+Ti-Zr-(S1-W) systems
at full and reduced atmospheric pressures. Coated systems were tested in
air at one atmosphere at temperatures from 1600 to 3600°F under cyclic
conditions, Roth coatings were protective to the tungsten substrate for
periods of time in excess of 25 hours at temperatures from 1600-3000°F and
20 hours at 3300°F. The ultimate temperature capability of both systems in
air was 3600-3650°F. A reliability study determined that the W+(Si-W) system
has a 96 * 1% probablility at a 99% confidence level of surviving five hours
of cyclic exposure at 3500°F in air.

Static oxidation tests of W+(Si-W) and W+Ti-Zr-(Si-W) systems were
conducted at reduced pressures of 0,025, 0.100, 1, 5, 10 and 15 mm Hg.
W+(Si-W) coated systems were exposed at these pressures in the as-coated
condition and also after oxidation at elevated temperatures in air.
W+T1-2r-(S1i-W) systems were exposed in the as-coated condition, after con-
version, and also after conversion and oxidation at one atmosphere. Exposure
of all coated systems at reduced pressures resulted in varying degrees of
coating detericration at pressures below 15 mm Hg.

Oxidation tests were also conducted at reduced pressures under dynamic
conditions. (Si-W) and Ti-Zr-(Si-W) coated tungsten specimens were exposed
in a plasma flame (simulated air) at pressures of 16-20 mm in the temperature
range of 2900-3,00°F. Both coating systems protected the tungsten subsirate
and were resistant to erosion under these conditions.

Tensile properties of (Si-W) and Ti-Zr-(Si-W) coated arc tungsten sheet
were determined under vacuum and argon at temperatures to 3300°F. Stress
oxidation tests at 3350°F in air feor 1 hour periods were conducted on coated
arc cast sheet under loads approx‘mating 20 percent of the yield strength
of each system. Essentially no creep was observed and the protective nature
of the coatings was not affected by stress at this level.

The procedures used for operating the high temperature oxidation furnace
are outlined. This equipment was in nearly continuous operation for over
30 months. A description of rrocedures and ecuipment used to conduct the
dynamic low pressure rhase of testing is rresented.

The coat’'ng technology developed during the program was utilized to
coit expeririental and rrototype tungsten hardware for the aerospace
industry. A modification of the coatings for tungsten has protected molyb-
denum to 3500°F under cyclic conditions in air

3. MATERIALS

Tungsten test srecimens used in experimental studies during the program
were fatricated from three different lots of 60 mil sheet stock. These lots
were:

1. Wah Chang Lot Il - Powder product sheet remaining from Contract
AF 33(616)-8188. Initially 5 Kg of this material was purchased




in sections 3 to 8 inches wide and lengths varying from 6 to 12 inches.
Approximately 3 Kg of this sheet was in-house at the start of the
rrogram.

2., Wah Chang Lot III - Powder product sheet (5 Kg) purchased during the
tr ird quarter of the program. Sheet was received in sections having
the same dimension as Wah Chang Lot II.

3. Universal Tungsten Sheet - Arc cast sheet received from the Air Force
sponsored sheet rolling program at Universal Cyclops. This material
was received in one section having a total area of 287.5 square inches,

Table 1 lists the analyses of the tungsten powder lots used in fabrication of
Wah Chang sheet material and Table 2 lists the analysis of the Universal arc
cast sheet material These analyses were supplied by the vendors.

Hardness of arc cast tungsten sheet ranged from 498-526 Knoop as compared
to 512-522 Knoop for the powder metallurgy sheet (Wah Chang Lot II). Measure-
ments were made on transverse sections of representative specimens of both
types of tungsten sheet parallel to the rolling direction. Figures 1 and ?
illustrate the structure of the arc cast and powder product sheet respect:
showing the areas in which hardness measurements were taken.

Materials used for application of coatings to tungsten sheet by the vacuum
pack rrocess were:

1. Titanium sponge - Grade A-1 (DuPont Corporation), screened to
-8.30 mesh

2. Zirconium sponge - Reactor grade (Wah Chang Corporation), screened
to -8.30 mesh

3  Hafnium syonge - Keactor prade (Wah Chang Corporation), screened to
-8,30 mesh

4. Silicon powier - 0 5% maximum 1ron pgrade (Electromet Divisica of
Union Carbide Corroration), screenea to -8+30 mesh

5 Tungsten powder - Hign rurity (Firth Sterling Corporation) 5 to
10 micron size

Frior to use, all silicon powder was lieached in concentrated HC1l,
rinsed and air dried The silicon powder was then mixed with a small amount
of sodium fluoride (1-2 w/o) and the nixture heated under vacuum at 2300°F

for 6-7 hours

Materials used in arplication of plasma spray coatings to tungsten sheet
included srray rrade boron nitride (Carborundum Co ) titanium hydride (Giannini
Scientifi: Corp circonium oxide and thorium oxide (Metco Corp.) In addition,
hafnium diboride was available from in-house stock
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TABLE 1

Analyses of Tungsten Fowder Used in Fabrication of
Wah Chang Lots II and III 60 Mil Tungsten Sheet

Analyses in FPM

Element Lot II Lot 1II
Al <10 <10
G 4 14
Co <10 <10
Cr <10 <10
Cu <10 <10
Fe 2 <10
Mg <10 <10
Mn <10 Q0
Mo <2 50
Ni 2 10
0 400 180
Pb <10 <10
Si <10 Ao
Sn 10 <10



TABLE 2

Analysis of Universal Cyclops 60 Mil
Arc Cast Tungsten Sheet

Elemen Analysis in PPM

Al <10
C 10
Co <5
cr <10
Cu <1
Fo 2
H <1
Mg <1
Mn Qo
Mo <10
N 2
N <1
0 9
Pb <20
si <20
Sn 20

Ti S 1
v <10



Figure 1 Microstructure of Arc Cast 60 Mil Tungsten Sheet in the
As-Received Condition 10Qx
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4, EXPERIMENTAL WORK

4.1 Fabrication of Tungsten Specimens

The scope of coating and evaluation studies required fabrication of
large quantities of specimens from the 60 mil arc cast and powder product
sheet stock. Five types of specimens were used, these being:

1. Coupons 1/2 inch square - employed for coating studies and cyclic
oxidation tests.

2. Strips 1/2 inch wide x 3 inches long - employed for static low
pressure tests,

3. Strips 1 inch wide x 2 inches long - employed for dynamic low
pressure testing. Specimens
were curved to simulate a
leading edge section by heating
to 1200-1300°F under a partially
protective atmosphere and
bending to a 3/16" radius along
the 2" axis,

4. Strips 1/2 inch wide x 12 inches long - used for process scale-up
studies.

5. Tensile specimens - 1.9 inches long with a 0.125 inch x 0.5 inch gage.

All of the above specimens were fabricated from the tungsten sheet stock in
the same manner. The tungsten sheet was mounted in a slotted metal back up
holder. This holder supported the sheet firmly on both sides and the slot was
positioned to allow a shallow surface cut of the desired length, The sheet
was cut, in one direction only, to a depth of 0.005 inch per pass with a silicon
cerbide cutting wheel. The radial speed of the cutting wheel was controlled
between 10-50 ft/sec and large volumes of coolant were used. The 60 mil sheet
was cut halfway through one surface and then turned over and the cut completed
from the opposite side., This fabrication technique minimized chipping or
delamination of the tungsten stock and resulted in approximately 60 percent

of specimens fabricated from powder product sheet and 70 percent of specimeus
fabricated from arc cast sheet being acceptable for use. Specimens were
considered as acceptatle for use if, by visual observation, all corners and
edges free from any indication of chipping or delamination. Representative
quantities of specimens were also etched and examined under 10X magnification.

4.2 Coating Studies

During work performed under Contract AF 33(61%) -8188 two coatings,
silicon-tungsten and titanium +« zirconium + silicon-tungsten, were develcped



that protected 60 mil powder product tungsten sheet in air to temperatures of
3600°F. Cryptic designation for these coatings as applied to tungsten metal

are: W (base metal) + (Si-W) (coeting); and W (base metal) + Ti-Zr-(S1i-W)

(coating) . The vacuum puck coating process was found to be the most suitable
technique for application of both coating systems. Basically, the process consisted
of embedding tungsten specimens in a pack of the metal to be deposited and

heating under vacuum or reduced pressure. Alkali metal halides were used as

pack activators to facilitate coating element transport.

Evaluation of (Si-W) and Ti-Zr-(Si-W) coated tungsten specimens at high
temperatures in air showed that, with respect to ultimate time-temperature
capabilities, (Si-W) coatings 4-5 mils thick and Ti-Zr-(Si-W) coatings 3.0 to
3.5 mils thick were best., Conditions necessary to apply coatings of the
desired thickness were identified., These studies were conducted using a
cylindrical coating retort, 2 3/4 inch diameter x 7 inches tall, having a
capacity of approximately 2 liters of pack material. Application of the
(Si-W) coating to tungsten sheet required one coating cycle. Application
of the Ti-Zr-(Si-W) coating required three separate cycles; titanium, zirconium
and silicon-tungsten being deposited in successive order. Various surface
preparations were given to the tungsten test specimens used in the coating
investigation. The most reliable, from processing and coating considerations,
proved to be a light etching treatment in a HP-HNO4-H2S0; mixture prior to
coating. The combination of surface preparatica and optimum conditions of
coating were arbltrarily defined as standard coating rrocedures. These
procedures were standard insofar as the coating applications were made in the
2 3/4 inch diameter x 7 inch coating retort using powder product tungsten
sheet as the base material,

1.. studies conducted during this program, the (Si-W) coating, the Ti-Zr-
(Si-W) coating, hafnium containing coatings and plasma sprayed refractory
compound coatings for tungsten were investigated. The initial coating studies
were primarily concerned with rcstablishing a laboratory scale process for
application of the (Si-W) and T1-Zr-{Si-W) coatings to both arc cast and
powder product tungsten sheet.

4.2.1 Development of a Standard Laboratory Scale FProcess for
Application of (Si-W) and Ti-Zr-(Si-W) Coatings to
60 Mil Tungsten Sheet

The standard procedure developed during the preceeding program for
application of the (Si-W) coating to 60 mil powder product tungsten sheet
was carried out in one coating cs:le in a 2 3/4 inch diameter x 7 inch
coating retort, Specimens. after this coating treatment, could be exposed
at hign temperatures in air Frocedures for application of the Ti-Zr-(Si-W)
coating to powder product sheet required three separate coating cycles.
These cycles were carried out in the following order:

l. titanium and zirconium were applied in successive order to form
the W+Ti-Zr base metallic system. The Ti-Zr diffusion alloy
layer waa termed the base metallic coating,



2. silicon-tungsten was added to the Ti-Zr base metallic coating
to form the Ti-Zr-(Si-W) coating complex.

Prior to exposure in air at high temperatures Ti-2r-(Si-W) coated specimens
required a pre-oxidation or conversion treatment. This was accomplished by
exposing the coated specimens at 2250°F in a water saturated (Dew Point +
72°F) hydrogen atmosphere for 2 hours. The resulting system was designated
as the W+Ti-Zr-(Si-W)-0 coated system.

As previously stated, the initial coating studies in this program were
directed toward establishing a standard laboratory scale process (vacuum pack
technique) for application of such coatings to arc cast and powder product
tungsten sheet. In chronological order, the studies were carried out by first
applying the Ti-Zr base metallic layer to both types of tungsten sheet. This
was followed by addition of (Si-W) to the W+Ti-Zr base metallic system and
also to unalloyed tungsten. The description of the procedures and results are
reported in this order.

4L.2.1.1 1ase Metallic Coating

Coating characteristics of arc cast and powder metallurgy tungsten sheet
were compared by applying the Ti-Zr base metallic layer to both types of sheet
under standard coating conditions esteblished for powder product sheet.
Briefly, these conditions consisted of a 1 hour hold treatment at 1600°F
followed by a 5 hour cycle at 2000°F for each coating step. The coating steps
were carried out at a system pressure of 25-75 microns using 15 grams of a
70 w/o NaF-30 w/o KF mixture as the pack activator. The retort used for these
depositions was 2 3/4 inch diameter x 7 inches tall and had a capacity of two
liters of pack material. Test specimens were the standard 1/2 inch square
size. Average coating thickness (0.6-0.7 mil), weight addition of coating
materials (?5-30 mg/in.z) and gross appearance of the coatings on arc cast
and powder rroduct srecimens were essentially identical. The arc cast
material, however, exhibited a partially recrystallized base metal structure
after application of the Ti-Zr layer while the powder product sheet retained
a cold worked structure.

A series of coating runs were then made in a larger retort. This retort
measured 2 1/ inches diameter x 10 inches tall and had a capacity of five
liters of pack material. The Ti-Zr base metallic layer was applied to both
arc cast and powder rroduct sheet in this retort. Coating temperature and
time for both the 1600 (1 hour) and 2000°F (5 hours) steps was held constant
for these applications while type and amount of activator used and system
pressure was systematically varied. Five liters of metallic sponge were
used in each coating application and test coupons (1/2 inch square) were
rlaced at regular positions in the pack starting at 1 inch from the bottom
and extending to 1 inch from the top. The following conditions were found
to have the greatest effect on the Ti-Zr coatings applied with respect to
coating thickness and continuity:



1) system pressure

2) position (vertical) of test coupons in
pack

3) amount of activator used

The most reproducible results were obtained when a system pressure of 200-300
microns was maintained throughout the coating step at 2000°F and the test
coupons were positioned in a vertical 5 1/2 inch zone in the coating pack.
This centrally located zone extended 2 inches from the bottom of the retort

to within 2 1/2 inches of the top. Specimens in this zone were separated from
the side walls of the retort by at least 1/8 inch. Varying quantities (10-30
grams) of the 70 w/o NaF-30 w/o KF activator mixture were used. Eighteen
gramg of this mixture was found to be the best quantity. With lesser amounts
the 200-200 micron system pressure was difficult to maintain and with larger
amounts constant ad justment of the system pressure was required.

Coating thickness differed slightly between arc cast coupons and powder
product coupons coated under the above conditions. The Ti-Zr layer on the
arc cast coupons was somewhat thinner, averaging 0.5 mil. thick, while the
Ti-Zr layer cn powder rroduct coupons was 0.7 to 0.75 mil thick. Figures
3 and 4 illustrate the Ti-Zr base metallic layer on an arc cast and powder
product substrate, respectively,

The above conditions used to apply the Ti-Zr base metallic layer to
60 mil arc cast or 60 mil powder rroduct tungsten sheet were considered as
standard for a laboratory scale operation. They are outlined in Figure 5.

L.2.1.2 Silicon-Tungsten Coating

Addition of (Si-W), by the vacuum pack process, was made to the following
tungsten sheet specimens:

1) arc cast coupons (1/2 inch square) which had the Ti-Zr base
metallic layer applied under standard conditions in the 2 3/4 x 7
inch retort;

2) powder product coupons (1/2 inch square) which had the Ti-Zr
base metallic layer applied in the same retort;

3) arc cast coupons (1/2 inch square) which had no prior coating
treatment:

4) powder product coupons (1/2 inch square) which had no prior
coating treatment.

The (Si-W) addition was made under conditions previously identified as
standard for powder rroduct 60 mil tungsten sheet. This coating cycle
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Ti Sponge (-8+30 Mesh) (Titanium Cycle)

Pack Material
Zr Sponge (-8+30 Mesh) (Zirconium Cycle)

Sodium Fluoride
Pack Activator + (Both Cycles)
Potassium Fluoride
Columbium Can
Coating Retort 3 1/, Inches Diameter x 10 Inches High
(Both Cycles) (Maximum Size)
\

N

1 Hour at 1600°F Under Vacuum
(Both Cycles)

C +
cating Cycle 5 Hours at 2000°F Under 200-300
Microns System Pressure

Figure 5 Vacuum Pack Process for Application of Ti and Zr in Successive
Coating Cycles to Tungsten Sheet
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consisted of an initial temperature step at 1600°F for 1 hour immediately
followed by a 4 hour treatment at 2200°F. A mixed NaF-KF pack activator was
used. The system was evacuated during the 1600°F temperature step and a
partial pressure of 25-75 microns maintained for the 2200°F step.

Coating thickness of the Ti-Zr-(Si-W) layer formed on arc cast coupons
by the above conditions varied from 3.0 to 3.25 mils. On powder product
coupons the thickness varied from 2.75 to 3.0 mils. Coating thickness on
both types of tungsten substrates were slightly irregular. The gross appear-
ance and metallographic structures were identical, both being typical of the
complex coating system, The substrate cf the arc cast material was completely
recrystallized except for a thin layer of apparently retained cold worked
structure directly underneath the coating layer. This is illustrated in
Figure 6. A completely cold worked structure was retained by the powder pro-
duct tungsten after formation of the Ti-Zr-(Si-W) coating complex from the
above coating treatments.

After conversion of all W+Ti-Zr-(Si-W) coated systems to the W+Ti-2r-
(Si-W) -0 system, the powder rroduct substrate was completely recrystallized.
On powder product specimens examined after conversion, only slight traces of
a cold worked layer beneath the coating layer was observed. This layer was
not as uniform or accentuated as the layer observed in the substrate of
Ti-Zr-(Si-W) coated arc cast raterial which was present both before and after
the conversion treatment.

Addition of (Si-W) to arc cast and powder product test coupons to form
the W+(Si-W) system produced smooth and uniform coatings on both types of
substrates., The (Si-W) layer on arc cast coupons averaged 4.5 mils thick.
Complete recrystallization of the substrate had occurred and no retention of
the cold worked layer seen in the Ti-Zr-(Si-W) coated coupons was observed in
the (Si-W) coated coupons. Figure 7 shows the coating layer and a portion
of the substrate directly underneath the coating layer. The (Si-W) layer
on powder product coupons averaged 4,0 mils thick and the substrate retained
the cold worked structure. Figure 8 illustrates the coating and a portion
of this substrate.

Aprlication of (Si-W) to the W+Ti-/{r base metallic system (both arc
cast and powder iroduct coupons) was made in the larger 3 1/4 by 10 inch
coating retort. Time and terperature for this aprlication were held
constant (standard conditions) and the amount of activator and operating
rressure were systematically varied. The most reproducible results were
achieved when 25 grams of a 77 w/o NaF-30 w/o KF mixture, blended with 10
grams of tungsten powder, was used as the pack activator for five liters of
silicon powder., The system was under constant evacuaticn during the 1 hour
1n00°F step and a pressure of 100-300 microns was maintained during the
2200°F cycle,
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FMgure 6 The 14-Zr-(S1-¥) Coating on Arc Cast Tungsten Sheet 250X



Figure 7 The (81-W) Coating on Arc Cast Tungsten Sheet 100X

h

Figure 8 The (Si-W) Coating on Powder Product Tungsten Sheet 100X
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Coating thicknesses of 2.75 to 3.0 mils were produced on Ti-Zr base
metallic coated coupons placed within the previously described 5 1/2 inch
vertical zone of the retort. No significant differences were observed
between the Ti-Zr-(Si-W) coatings on arc cast or powder product tungsten coupons.
The same effect as in the smaller coating retort, recrystallization of the arc
cast substrate and a peripherial cold worked layer, was also observed on
coupons coated in the larger retort,

Addition of (Si-W) to arc cast and powder product tungsten test coupons
were made under identical conditions in the same retort. Coupons placed
within the 5 1/2 inch zone of the retort exhibited coating thickness of 4.0
mils., Essentially no variation of this coating thickness was observed between
arc cast or powder product coupons.

Figure 9 outlines the above coating procedures used for application of
(Si-W) to the W+Ti-Zr base metallic system and to unalloyed tungsten. These
coating conditions have been established as the standard laboratory scale
process for (Si-W) additions.

After the standard laboratory scale rrocesses for formation of the
W+Ti-Z2r-(Si-W) and W+(Si-W) coated systems had been established, additional
studies were conducted. Mixtures of LiF-KF and BaF2-KF were used instead
of the NaF-KF mixture for pack activators. All coating cycles were carried
out under standard time-temperature-system pressure conditions. Coating
results with respect to thickness and uniformity of the applied coatings were
the same when LiF-KF,; BaFo-KF, or NaF-KF mixtures were used. Some adjustment
of weight ratios of LiF-KF and BaF,-KF were required. Approximately 50 w/o
less of LiF and 5 w/o more of BaF) than the weight of NaF used in each of
the coating cycles gave the most consistent results, However, subsequent
evaluation of the protective nature of the coatings applied using these
activators did not show any advantage over NaF. There was no indication that
any significant amount of the caticn of the activator was incorporated into
the coating

L 2.2 Limited Scale-Up of the Silicon-Tungsten Coating Process

The scale-up potential of the (Si-W) couting rrocess was investigated
during the rrogram  The objective of this study was to establish conditions
for application of uniform an? i1rotective (Si-W) coatings on tungsten sheet
by the vacuum pack jrocess using a 7 1/2 inch diameter x 18 inch tall
coating retort

The capacity of tnis size of retort was approximately ten times that
of the retorts used for standard laboratory scale couting studies. Although
this increase in size does not rerresent a major scale-up, the rroblems encoun-
tered during this study were of the same nature as those anticirated for much

larger units.

A (Si-W) coating thickness of 2.0 mils was selected as the minimum in
order to exrect protection for reasonable periods of time at elevated tempera-
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Figure 9 Vacuum Pack Process for Application of (Si-W) Coatings to the
W+Ti-Zr-Base Metallic System to Form the W+Ti-Zr-(Si-W) System
and to Unalloyed Tungsten to Form the W+(Si-W) System



tures in air. In addition, previous experience with (Si-W) coatings on
sheet stock material had indicated the desirability of limiting the maximum
coating thickness to 5.0-5.5 mils. (8Si-W) coatings thicker than this tended
to split or "ear" on edges and corners of test specimens. These thicker
coatings when exposed in air at elevated temperatures were protective, but
premature failures could be induced at specimen edges and corners by thermal
cycling. Thus, the range of (Si-W) coating thickness established as optimum
for applications carried out in the 7 1/2 inch diameter x 18 inch coating
retort was from 2.0 to 5.5 mils.

Another problem anticipated in this study was the volume of the 7 1/2
inch diameter x 18 inch retort that could be utilized for coating applications.
EarHer coating studies on an associated program had shown that position of
specimens in the retort was very important due to vertical and horizontal
temperature gradients. Specimens, in coating packs, positioned anywhere in a
vertical zone extending 1 1/2 inches from the retort bottom to within 4 inches
of the top were observed to have less variation in coating thickness than
specimens positioned outside of this zone. Coatings generally tended to be
thicker on specimens from bottom and edge positions. In addition, a separation
of at least 1/4 inch between specimens and the retort walls was also found to
be necessary.

Using these data as a guide, four (Si-W) coating applications were carried
out in the 7 1/2 inch diameter x 18 inch coating retort. The purpose of
these runs was primarily to establish conditions for application of protective
(8i-W) coatings, however a minimum coating thickness of 2.0 mils was also set
as a goal. Standard 1/2 inch square tungsten coupons {fabricated from Universal
Cyclops arc cast 60 mil sheet) were used as the test specimens. Four test
specimens were placed in each of the following positions in the coating pack
for each coating run:

1) in the bottom center and edge of the pack, 1 1/2 inches from
the retort bottom;

2) in the middle center and edge of the pack, © inches from the
retort bottom;

3) in the top center and edge of the pack, 14 inches from the
retort bottom.

Table 3 lists the coating conditions for Runs 1 through 4. Chronologi-
cally this portion of the investigation was carried out by ccnducting the
coating run, testing the coated specimens {from each position) in air at
elevated temperatures and, if necessary, adjucting the parameters for tne
succeeding run.. One furnace unit was utilized for these coating applications.

Evaluation of coated coupons from Run 1 was conducted at 3300°F in air,

18



ot Z 0$ee
+ + Jepmod M 306
00£-00T Vi 05z +
+ + (yssw (of +g-) Jopmod
ot T 005 T 18pnod 1S M 305 + JdeN 300t V4
Japmod M 306
)¢ Z 00€2 &
. + + (ysow (¢ +g-) J9pnog
00t =001 Y 00€2 I8pnod IS M J06 + JeN 30T £
J8prod M 306
00~ 00T S 0see + JI8pnrod
& + (ysow Qg +g-) M 802 ¢
ot 2 0081 Iapmod TS ¥ 30¢ + Jd8N 0% Z
00£-00T S ooee Japmod
+ * (yseam (g +g-) M 30z +
0T Z 0BT I9pmod IS JgX 30¢ ¢+ J®N Jo6 T
SUOJD TW *S8JH s Xo8d 3.NIXTW JOIBAT3OY uny
sanssead Buiyevaadp swt] °dwa] 3utqywon 3uiyweon

£I570W8 I8 $8800.J

31038y Youl gT X J330Welq Youl 2/ L eyl ul 3uriwo) (M-1S) JO4d SUOTRJPUO)

¢ Jd79Y1

19



Every specimen exhibited surface melting and failed after very short periods
of exposure. This condition indicated excess amounts of silicon present in
the coating which upon exposure to air at 3300°F formed molten $i0>. Evaluation
of specimens from coating Runs 2 and 3 was carried out at 3400°F in air.
Specimens from each position from Run 2 showed some surface melting after
exposure but all specimens survived. Adjustment of the coating parameters in
Run 3 resulted in all specimens surviving a 15 minute exposure at 3400°F

with only specimens from the top positions exhibiting indications of surface
melting. Coatings deposited on specimens in Run 4 were protective to 3600°F
in air, giving the same protection as (Si-W) coatings deposited under standard
conditions established for a laboratory scale process. These results showed
the the process parameters controlled the coating conposition. Identification
of the correct process parameters resulted in (Si-W) coatings of the proper
composition and best protective qualities.

Thickness of coatingson specimens in different pack positions variad
in each of the coating runs. Table 4 lists the coating measurements made on
specimens from Runs 2, 3 and 4. Coupons from Run 1 were measured for dimensional
changes only. Coating conditions used in Run 4 not only resulted in protective
(S8i-W) coatings being applied to the tungsten specimens but the minimum thick-
ness of at least 2.0 mils was achieved., Figure 10 shows the (Si-W) coating on
the tungsten coupons from each pack position in coating Run 4. Although the
minimum coating thickness desired (2.0 mils) was achieved in Run 4 coatings
deposited on coupons in the bottom edge and center positions exceeded the
arbitrarily selected 5.5 mils maximum thickness. One additional (Si-W) coating
application (Run 5) was carried out under the same conditions as Run 4 to
verify results. Standard 1/2 inch square tungsten coupons were placed in the
same positions as Run 4 and the same furnace unit was used. Results from
coating Run 5 with respect to the protective nature of the applied coatings
and variations in coating thickness were iddentical to those of Run 4. Varia-
tions in coating thicknesses from Run 5 as a function of position in the coating
retort are grarhically presented in Figure 11.

At this point in the investigation conditions for applying protective
(Si-W) coatings to tungsten sheet using the 7 1/2 inch diameter x 18 inch
retort were considered as being initially established. The next objective
was to minimize variations in the coating thickness observed in Runs 4 and 5
and to determine the zone of the r tort in which coatings of the desired
thickness (between 2.0 and 5.5 mils) could be applied. In past work, the
thickness of (Si-W) coatings was generally controlled by the temperature of
application. Thus in the large retort where coatings were in excess of 6.0
mils in the bottom portion of the coating pack as compared to less than 2.5
mils in the top center portion, the following was indicated:

1) a thermal gradient existed from the bottom to the top of
the retort during the coating operation, the top temperature
being considerably lower than the middle or bottom;

2) a thermal gradient also existed from the edge to the center of
the retort. This gradient was apparently not severe and remained
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Pigure 10 (Si-W) Coating on Tungsten Coupons from Coating Run 4 Using
7 1/2-Inch Diameter x 18-Inch Retort 250x
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constant for the 12 1/2 inch vertical zone in which coupons were
positioned.

Temperature of the coating run was measured on the outside wall of the retort
9 inches from the bottom. From the variation in coating thickness, pack
temperature apparently exceeded 2250°F below this point and was lower than
2250°F above this point.

The next coating run (Run 6) in the 7 1/2 inch diameter x 18 inch retort
was carried out using larger tungsten specimens. It was reasoned that a larger
mass in the coating pack would improve heat transfer characteristics and reduce
the vertical thermal gradient. The specimens used were fabricated from Wah
Chang Lot II 60 mil sheet and measured 1/2 inch wide by 11 inches long.

Four specimens were placed vertically at equidistant points around the edge

of the coating pack. The wide face of each specimen was parallel to, and 1/2
inch away from, the retort wall., The bottom of each strip was 3 inches from
the retort bottom and the top 14 inches from the bottom. Sheet coupons,

1/2 inch square, were positioned adjacent to the bottom, middle and top of
each strip specimen. The coating run was carried out under the same conditions
as Run 5. All strip specimens and a representative number »f sheet coupons
were examined metallographically after coating, the remainder of the (Si-W)
coated coupons were exposed in air at temperatures up to 3600°F for 30 minute
periods, Coating measurements were made along the entire length of each

strip specimen and also on one coupon from each position to these strips.

The average values of these measurements are presented in Figure 12 as a
function of vertical distance from the retort bottom. These data indicated
that the heat transfer characteristics of the coating pack were improved
through the use of the larger specimens. Variation in (Si-W) coating thickness,
6.8 mils maximum to 4.2 mils minimum for strips and 6.9 mils maximum to 4.6
mils minimum for coupons adjacent to strips, was less severe than in previous
applications in this retort, However, a significant increase in the overall
thickness of coatings applied in this application was not particularly desirable.
Splitting and earing of the (Si-W) coating at the edges and corners of the
bottom portion of the strip specimens and also on coupons from bottom positions
was quite evidernt. The (Si-W) coatings on all coupons tested (one from each
position) were protective 1in air to 3A00°F, however corner and edge failures
could be i1nduced on coupons from the bottom positions by repeated thermal
cycling between room temperature and 3600°F,

Coating Run 7 in the 7 1/2 inch diameter x 18 inch retort was carried
out under the same time temperature and operating pressure conditions as
Runs 4, 5 and 6  However K the following changes were made:

1) the activator mixture used ~onsisted of 75 grams of sodium

fluoride and °0 grams of tungsten powder instead of 100
grams of sodium fluoride and 50 grams of tungsten powder,

2
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2) a different coating furnace was used for the application. This
furnace had the same design and construction as the furnace used
in Runs 1 through 6. The same coating retort was utilized, however
the position of the retort in this furnace chamber was slightly
lower than in the furnace originally used. Thus, the only change
affected was to vertically raise the heat zone in the coating pack.
Temperature of the coating run was measured 9 inches from the
bottom of uhe retort,

3) strip specimens 1/2 inch wide by 12 inches long were positioned in
the edge and center of the coating pack between 2 and 14 inches
from the retort bottom. Sheet coupons, 1/2 inch square, were placed
ad jacent to the bottom, center and top of each strip specimen.

Variatiors in coating thickness from bottom to top of specimens were
minimized as illustrated in Figures 13 and 14, The maximum coating thickness
on strip specimens from the edge of the coating pack was 5.3 mils and the
minimum 3.4 mils. A very uniform coating on strip specimens and sheet coupons
was observed for all three coupon positions in the coating pack. There was
no splitting or separation of the (Si-W) coating on edges and corners of
specimens from the center of the pack. Specimens from the edge of the coating
pack did exhibit this effect to a somewhat minor degree.

The protective nature of the (Si-W) coating applied under the above
conditions was evaluated by exposing coated sheet coupons from each pack
position at 3600°F in air for 15 minutes. All coupons survived this exposure
without failure. Based on previous experience, if the coating survived
exposure at 3600°F, protective life at lower temperatures would be normal.

An additional series of (Si1-W) coating applications (Runs 8, 9 and 10)
using the 7 1/2 inch diameter x 18 inch coating retort were carried out in
a newly constructed furnace unit. The purpose of these coating runs was to
determine the effect of the heating characteristics of the furnace unit upon
the 1imited scaled-up (Si-W) coating process. Conditions for Run 8 were
identical to those used in Run 7. PBriefly these conditions were:

1) time temperature and system pressure of application -
1 hour at 1500°F (vacuum) + 4 hours at 2250°F (100-300
microns) + 2 hours at 2250°F (5-10 microns),

2) activator mixture - 7> grams NaF . 50 grams W powder,
3) pack composition - 50 liters of silicon powder (-8+30 mesh).

Strip specimens 1/2 inch wide x 12 inches long were positioned at the
edge and center of the pack between 2 and 14 inches from the retort bottom.
Sheet coupcns were placed ad jacent to the bottom, center and top of each
strip. Measurements of the coated strip specimens and sheet coupons after
the (Si-W) coating cycle showed a very wide variation in coating thickness.
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Strip specimens located at the edge of the pack had a maximum thickness of
5.0 mils on the bottom areas. Coating thickness at the top of these
specimens was 4.2 mils, with the rate of decrease to this value from 9.0
mils being almost linear. The same effect was observed on strip specimens
from the center of the pack. Coatings were somewhat thinner having a
maximum thickness at 8.5 mils on bottom areas, this decreasing at a linear
rate to 3.0 mils at the top. Coating thickness on coupons from each posi-
tion adjacent to the strip specimens were the same as that area of the strips.
Although splitting of the (Si-W) coating on edges and corners was quite
evident on coupons from bottom positions the coatings were protective. None
of the coupons exposed in air at 3500°F failed (providing they were not
thermal cycled excessively) and one specimen survived 16 hours at 3500°F
without failure.

The wide variations in coating thickness observed on specimens from
Run 8 were attrituted to a severe vertical temperature gradient in the new
furnace unit. Temperature measurements, as in all previous runs, were made
at a point 9 inches from the retort bottom. From the results of the coating
application a temperature much higher than the recorded 2250°F was apparently
attained during the coating cycle. In order to minimize this gradient the
induction heating coils on the furnace unit were re-spaced and the whole
coil raised 3 inches. To determine the effect of this furnace modification,
the next coating aprlication (Run 9) was carried out under the conditions
used in Run 8, The same number and size of strip specimens and sheet
coupons were employed and positioned exactly as in Run 8. (Si-W) coatings
applied to specimens in Run 9 were uniform but the thickness generally
exceeded the desired 5.5 mils maximum., Figure 15 graphically presents the
measured (Si-W) coating thickness on strip specimens as a function of
vertical position. Coupons adfacent to the bottom, middle and edge of the
strips had the same coating thickness as the corresponding area of the strip
specimens.

One additional (Si-W) coating application (Run 10) was carried out
using the same coating furnace. The numbter and position of strip specimens
and sheet coupons was the same as in Kuns 8 and @, Coating conditions
were also the same as in Runs 2 and © with the exception of the second
temperature step in the coating cycle., The temperature was dropped 50°F
from 2250°F to 2200°F. Thus the temperatures of the coa*ing cycle con-
sisted of a 1 hour treatment at 1500°F followed by é hours at 2200°F (4
hours at a system rressure of 100-300 microns and 2 hours at 5-10 microns).
The results of this coating run are presented in Figure 16. Coatings on
specimens from both edge and center positions were within the desired
thickness range (2.0 to 5.5 mils) and the gradient (bottom to top) was not
severe,

The results of these studies indicate that the vacuum pack process
for application of the (Si-W) coating to tungsten has definite scale-up
potential. The major problem in any scaled-up coating operation will be
in achieving a uniform heat zone over the entire coating retort during the
coating cycle.
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4L 2 3 Hafnium Coating

Deposition of hafnium on tungsten was carried out by the vacuum pack
process. Two coating depositions were made using the 3 1/4 inch diameter x
10 inch coating retort. Twenty five (25) grams of a 70 w/o NaF-30 w/o KF
mixture was used as pack activator for approximately 2.5 liters of -8+30
mesh hafnium sponge in each coating deposition. Standard 60 mil thick,

1/2 inch square tungsten coupons, both powder product and arc cast material,
were used as the test specimens.

A two temperature cycle was employed for each deposition. Coating packs
were heated to 1600°F under vacuum and held for a 1 hour period. The tempera-
ture was then raised to 2300°F. In the first deposition a system pressure of
100-300 microns was maintained for a 6 hour period during the 2300°F tempera-
ture step. After this time the system was evacuated to less than 10 microns
and the run continued for an additional 2 hours. Hafnium coatings deposited
on both types of tungsten were very thin. Figure 17 shows the hafnium layer
on powder product tungsten and Figure 18 show the hafnium layer on arc cast
tungsten These coiting layers were 0.1-0.2 mil thick. A second coating
deposition was conducted during which the system pressure was maintained at
100-300 microns for 10 hours at 2300°F in an effort to increase the coating
thickness. However, the hafnium layer on both powder product and arc cast
test specimens after this coating treatment was still 0.1-0.2 mil thick

Addition of Si and (Si-W) was made to the W+Hf system. Formation of
the W+Hf-Si system was carried out by treating the W+Hf specimens in a
silicon powder pack for 1.5 hours at 2250°F under vacuum. No activator was
employed. Very thin coatings (0.4 mil thick) were produced under these
conditions. Figure 19 shows the Hf-Si coating on a powder product tungsten
substrate. The W+Hf-(Si-W) coated system was formed by depositing (Si-W)
on the W+Hf system under the same conditions employed for (Si-W) additions
to form the W+(Si-W) or W+Ti-Zr-(Si-W) systems. The Hf-(Si-W) coating
formed was essentially the same 1n appearance as the (Si-W) or Ti-Zr-(Si-W)
coatings, however it was thinner, averuging 2.0-2.2 mils in thickness.
Figure 20 shows a representative area of this coating on tungsten.

Attempts were made to add boron to tue hafnium system using the vacuum
rack crocess. These were, however, unsuccessiul due to a corrosive attack

by vack activat«rs on the hafnium coating layer.

4 2 & Spray Coatings

A Metco rlasma flame spray gun was used to apply a series of refractory
coatings to tungsten sheei coupons. These refractory compound coatings were
also applied to W.(Si-W) systems (1/2 inch square coupons) by the same
techniques Systems prepared for evaluation were:

W»HfBQ
W+ (TLN-BN)
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Figure 17 Hafniuw Layer on Powder Product Tungsten Sheet 250X

Mgure 18 Hafnium Layer on Arc Cast Tungsten Sheet 250X
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Figure 19 Hf-Si Coating on Tungsten 250X
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Figure 20 Hf-(Si-W) Coating on Tungsten 250
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W+(Si-W) + HfB,
W+(Si-W) + BN
W+(SiW) + (TiN-BN)

Spray grade powder was used for every application. Tungsten and (Si-W)
coated tungsten surfaces were prepared for coating by alight sandblast
treatment foliowed by a mild etch in a HF-H2S0,-HNO3 sclution.

Adherence of sprayed coatings tc tungsten sheet was generally good.
Uniform 1.0 to 2.0 mils thick coatings (measured by dimensional change) were
applied to all tungsten coupons. Rest adherence of the sprayed coatings to
(81i-W) coated tungsten was achieved when the thickness was held to less than
0.5 mil. Figure 21 shows the genersl appearance of a W+(Si-W) + (T4iN-BN)
coated coupon as compared to a W+(Si-W) coupon, Microstructures of both
systems are shown in Figure 22,

Spray coatings of Zr0O2 were applied to tungsten sheet under the same
conditions as described above., Rather uniform 1 to 2 mil coatings were
obtained, Attempts to densify the Zr0O, layer by conversion to a phosphate
were unsuccessful, Upon heating in an atmosphere of P20g vapor (argon
carrier) the zirconia layer spalled from the tungsten augetrate.

4.3 Oxidation Studies

The following oxidation tests were conducted on (Si-W) and Ti-Zr-(Si-W)
coated tungsten sheet specimens during the program:

1) atmospheric oxidation tests (cyclic) at temperatures from
1600 to 3600°F,

2) static low pressure oxidation tests at 3400-3500°F,

3) dynamic low pressure oxidation tests at measured heat
fluxes of 180, 275 and 325 BTU/ft</sec.

Atmospheric oxidation tests were also conducted to evaluate the hafnium
containing coatings and the plasma sprayed refractory compound coatings
on tungsten. A portion of these tests were conducted at temperatures
approaching 4 F.

4.3.1 Atmospheric Oxidation Tests of the W+(Si-W) and
W+Ti-2r-(8i-W) -C Coated Systems

Atmospheric oxidation tests on (Si-W) and Ti-Zr-(Si-W)-0 (converted)
coated tungsten sheet were conducted at temperatures from 1600 to 3600°F.

Coated tungsten coupons 1/2 inch square were used in all of the atmos-

pheric oxidation tests. Resistance type furnaces were employed for testing
from 1600 to 250C°F and an induction heated furnace of special design was

36



Figure 21 (Si-W) Coated Tungsten Coupon (A) and (Si-¥W) Coated
Tungsten Coupon After Plasma Spraying With (TiN-BN)
Refractory Mixture (B) 1x
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utilized for testing at 3000°. and higher. A description of this ultra

high temperature oxidation furnace is presented in Section 5. Stabilized
zirconia in the form of pad< or discs was used to support specimens during
the oxidation tests. At teuperstures below 3000°F no reaction between zirco-
nia and the coating was observed. However, at 3000°F after long periods of
direct contact, zirconia reacted w.th the coating and eventually caused
coating failure. Since the rate of this reaction was accelerated at tempera-
tures above 3000°F sacrificial ccupons were employed to circumvent premature
coating failures. These sacrificial coupons (coated) vere placed directly
on the zirconia support and a gecond ccated coupon (test aspecimen) placed

on the sacrificial coupon. The top couron was evaluated and the sacrificial
coupon replaced wher necessary.

During testing all specimens were thermsal cycied, This consisted of
removing the coated specimen directly from the hot zone of the furnace into
the room atmosphere and air cooling. Upon inaspection the specimens were
placed directly into the furnace. The intervals netween thermal cycles were
based on the expected life of the coating. At higher temperatures spacimens
were cycled more frequently than at lower temperatures.

The first oxidatior tests in air at one atmosphere were conducted at
3000°F to determine if an arc cast substrate had any effect on the protective
nature of the coating system. Five (Si-W) and five Ti-Zr-(Si-W)-0 (converted)
coated arc cast coupons were exposed at 3000°F under cyclic conditions. These
coupons had been coated in the 2 3/4 inch diametsr x 7 inch coating retort
under conditions defined ss standard for the powder product tungsten sheet,
Each coated arc cast specimen survived a minimum of 30 to 40 h:urs of cyclie
exposure (1 thermal cycle every 5 hours) without failure. Cyclic oxidatioun
tests of (S1-W) -0 and Ti-Zr-(Si-W)-0 powder product coupons ccated along
with the arc cast coupons gave the same results. In addition to the above
tests one (Si-W) coated arc cast coupon and one (Si-W) coated powder product
coupon were exposed in a prolonged test under cyclic conditions at 3000°F
for in excess of 100 hours. The (Si-W) coated arc cast coupon failed scuetime
between the 102 and 105th hour of exposure due to reaction with the zirconia
pad. This coupon was cycled *o room temperature ten (10) times during the
test. The (Si-W) coated powder product coupon survived 105 hours of cyclic
exposure (10 cycles) before any indication of coating failure was observed.
Figure 23 is a photograph of this specimen after exposure illustrating the
initial stages of coating deterioration on edges and cornera. Figure 2/ is
a photomicrograph of the coating structure after exposure.

Cyclic oxidation tests of the W+(Si-W) and W+ "1-Zr-(Si-W)-0 (converted)
coated systems prepared by the standard laboratory scale process were conductecd
at 1600, 1800, 2500, 3000, 3300, 3500 and 360C-3650°F. Five specimens of each
coating system were exposed at each temperature and all specimens were thermal
cycled as follows:

a) 1600°F - one cycle for each hour of exposure

b) 1800, 2500, 3000°F - one cycle for each five hours of exposure
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Figure 23 A (Si-W)-0 Coated Tungsten Coupon After 105 Hours of
Cyclic Exposure in Air at 3000°F 6x
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Fgure 24 The (Si-W)-0 Coating on Tungsten Sheet After 105 Hours
of Cyclic Exposure in Air at 3000°F 100X
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c) 3300 to 3650°F - one cycle for each hour of exposure

The results of these tests are graphically presented in Figure 25. A
significant improvement in coating 1ife at 1600°F over that reported during
the last program was observed. The average 1ife to failure of the five
(S1-W) coated specimens tested at 1600°F was 40 hours and the Ti-Zr-(8i-W)-0
(converted) coated specimen was 30 hours. .n the rrevious program the
average life of (Si-W) coated tungsten sheet at 1600°F was 1 hour and that
of Ti-Zr-(Si-W)-0 (converted) coated sheet 3.5 hours. Delamination of the
powder product sheet used for those tests caused many premature failures at
1600°F since both coatings have essentially no selfhealing capabilities at
this temperature. Coated arc cast specimens were used for all oxidation
tests below 2500°F in the present program. This material exhibited much less
tendency to delaminate upon thermal cycling than powder product sheet. The
improvement in the protective capabilities of both coatings at 1600°F was
partially attributed to this factor. Approximately equal quantities of
coated arc cast and powder product sheet representative of both coating
systems were used at temperatures of 3000°F and higher. Table 5 lists the
type of coating failure observed for both systems at each of the test
temperatures.

Cyclic oxidation tests were also conducted on the W+(SiW) coated
system at 3500°F in air. In order to obtain some indication of coating
reliability at this temperature a random selection of twenty-five (Si-W)
coated specimens was made from four separate lots. These lots had been
coated by the standard laboratory scale process and contained approximately
equal amounts of arc cast and powder product coupons., Fach test coupon was
exposed in air under cyclic conditions (approximately one cycle per hour)
at 3500°F for five hours. A total of twenty-five (25) coated specimens
were tested and twenty-four (24) survived the five hour exposure without
failure. One specimen suffered a corner failure after three hours of

exposure.

Based on the number of specimens tested the probability of a specimen
surviving 5 hours of exposure at 3500°F is:

Probability (P) = no. of specimens surviving (24) x 100 - 96%
no. of specimens tested (25)

The confidence level on the probability was obtained from a standard table

"Confidence Intervals for Proportions". The interval for the proportion &%
is ¢ 1% to the probability for a 99% confidence level. Thus any (Si-W) 2

coated tungsten specimen has a 96 * 1% probability at a 99% confidence level
of surviving five hours of exposure at 3500°F in air.

4.3.,2 Atmospheric Oxidation Tests of Coating Systems
Containing Hafnium

Evaluation of the W+Hf-8i and W+Hf-(Si-W) coated systems was made under
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TABLE 5

Type of Coating Failures on Tungsiean Sneet Coupons
Tested at Various Temperatures in Air

Temperature - °F Type of Coating Failure

1600 Gradual treakdown of dense coating structure
to porous friable structure. Initiated
at outside surface and proceeds inward.

1800 Gradual btreakdown of dense coating
structure to porous friable structure.
Proceeded more slowly than at 1600°P.

2500 Deterioration of coating at sharp edges and
corners. Accelerated by thermal cycling
because of poor selfhealing capabilities
at this temperature,

3000 Gradual deterioration of coating at edges
and corners of coupon.

3300 Gradual deterioration of coating at edges
and corners of coupon,

3500 Gradual deterioration of coating at edges
and corners of coupon,

3600-3650 Generalized melting of coating.
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cyclic conditions in air. The W+Hf-Si c.ated system failed after very short
periods of exposure at 3200°F, Failure w:s caused by a rapid deterioration
of the coating at the corners and edges ci' the test coupons. The W+Hf-(Si-W)
system, however, behaved essentially = ‘‘. W+(Si-W) coated system with
respect to the protective nature of the coating. The Hf-(8i-W) coating wvas
protective to the tungsten substrate for 1.5 hours (3 thermal cycles) at
3550-3600°F. The ultimate temperature limit of this cuating under atmospheric
conditions was determined as 3625-3650°F. Incorporation of hafnium into the
(8i-W) coating complex did not raise the ultimate temperature capability of
the coating.

4.3.3 Atmospheric Oxidation Tests of Refractory
Compound Coating Systems

Initial tests under atmospheric conditions quickly determined that
hafnium boride an’ titanium boride-coron nitride refractory compound coatings
applied to tungsten sheet by plasma spray techniques were not gas tight.
Exposure at 3000 to 3300°F resulted in pinpoint coating failures on flat
surfaces and edges of coupons. Every specimen tested failed catastrophically
after less than 5 minutes exposure at these temperatures.

The W+(Si-W) test coupons having refractory compound coatings applied
over the (Si-W) coating by plasma spray techniques were evaluated at tempera-
tures from 3300 to 4000°F. The (Si-W)+HfBy and (Si-W)+BN combinations were
not as protective as (Si-W) coatings alone., Both systems deteriorated below
3500°F after short periods of exposure, Higher temperature capability was
demonstrated by the (Si-W) + titanium boride-boron nitride coatings. Test
specimens were exposed to temperatures of 3650-2700°F for five minute periods
before coating breakdown occurred. (Si-W) coated specimens failed almost
immediately at this temperature due to melting and general coating deterior-
ation, Additional tests on W+(Si-W)+(TiN-BN) coated systems were conducted
to temperatures of 4000°F, however, 3700°F appeared to be the ultimate
temperature caprbility of this coating. The very short period of exposure
to failure of this coating at 3700°F did not indicate a significant advantage
over the (Si-W) or Ti-Zr-(Si-W) coatings.

Lower temperature tests for longer periods of time were also conducted
on this coating system, Figure 26 shows a coated coupon after 3 hours of
cyclie exposure (three thermal cycles) at 3450-3500°F., A (Si-W)-0 coated
coupon is shown in Figure 27 after the same exposure at 3450-3500°F.
Figures 28 and 29 illustrate the similarity in the microstructures of the
(Si-W)+(TiN-BN) -0 and (Si-W)-0 coatings on these coupons,

4.3.4 Static Low Pressure Oxidation Tests of the W+(Si-W)
and W+Ti-Zr-(Si-W) Coated Systems

Behavior of the (Si-W) and Ti-Zr-(Si-W) coatings under reduced pressures
(air) was studied under static conditions at temperatures above 3000°F,
Specimens for these tests were fabricated from Wah Chang Lots II and III 60
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Figure 26 (Si-W)+(TiN-BN)-O Coated Tungsten Coupon after 3 Hours
of Cyclic Exposure in Air at 3450-3500°F X

Figure 27 (Si-N)-O Coated Tungsten Coupon after 3 Hours of
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