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ABSTRACT

The results of an experimental investigation of the
effect of water vapor/hydrogen environments on tbe
mechanical properties of columbium ané the B-66
columbium alloy are presented. Tensile tests were
conducted on specimens of these materials in water
vapor/hydrogen enviromments with HJ0/H, mixture ratios
of 1 and 3.

This abstract is subject to special expo't controls

and each transmittal to foreign governments or foreign
pationals may be made only with prior approval of the
Metals and Ceramics Division, MAMP, Air Force Mateiinls
Laboratory, Wright-Patterson Air Force Base, Ohio, 45433.

114 /iv




Introduction e s+ s e e

Experimental Apparatus and Procedures

Materials . . . . . .
Apparatus . . . . . .
Procedure . . . . . .

Results and Discussion . .

Effect of Vater Vapor/Bydrogen

Environnents on Columbium

Effect of Water Vapor/lb'drogen Eavironments

on the B-66 Columbium Alloy

Sumnary and Conclusions for Columbiwm apd B-60

Allsy in Various Inviroumeuts

Tuture Effort e e e e .

References e e o 3 e s

2

.

- .

L]

v/Vi

»

W WV e

12
15

15

37

47

33
55

TR OBR2 W Wt




X WROGYE

N I LR

10.

11.

12.

130

14,

15.

16.

iy
papinate G e T

. JLLUSTRATIONS

02/112 Weight Ratio in Terms of H,,‘_()/H2 Volume Ratio . . .
Schematic Representacion of Water Vapor/

Hydrogen Testing System « « « « =+ « &+ « + o o o &
Tensile Specimen Design for Testing in

Water Vapor/Hydrogen Envirenments . . . . . . . . .
Ductility of Columbium as a Function of Tewperature in
320/112 Environments With a 1120/112 Mixture Batio of 1.00 . .
Ductility of Columbium as a Function of Temperature in
320/112 Envirouments Wi-h Mixture Batio of 3.00 . . . . .
Ultimate Tensile Strength of Columbium as a Function of
Temperature in H2O/H2 Environments With Mixture Ratio of 1.00
Ultimate Tensile Strength of Columbium as a Function of
Temperature in HQO/H2 Environments With Mixture Ratio of 3.00
Columbium Specimen No. 170, Tested in 1.00 HéO/Hé

Eavircument at 400 F, 15,5-Percent Elongation, Unetched, 100X
Columbium Specimen No. 173, Tested in 1.00 1120,/112

Environment at 1050 F, 18.8-Percent Elongation,

Unetched, 100X e e s e s e e e e e e & e e
Columbium Specimen No. 155, Tested in 1.00 HQO/HQ

Environment at 1200 F, 30.6-Percent Elongation, Unetched, 100X
Columbium Specimen No. 157, Tested in 1.00 HQO/HQ

Environment at 1500 F, 43.1-Percent Elongation, Unetched, 100X .

Columbium Specimen No. 173, Tested in 1.00 BéO/Fé
Environment at 1050 F . . . . .« . .+ .+ .+ + . . .
Columbium Specimen No. 155, Tested in 1.00 HéO/H2
Enviromment at 1200 F . . . . . . . . . . . . .
Columbium Specimen No. 157, Tested in 1.00 320/}12
Favirenment at 1500 F . . . . «+ .+ « + + .+ .+ .+ .
Ductility of B-66 Alloy as a Function of Temperature in
HQO/HQ Environments With a Mixture Ratio of 1.00 . . .
Ductility of B-66 Alloy as a Function of Temperature in
}120/112 Environments With a Mixture Ratio of 3.00 . . . .

vii

14

21

22

25

26

27

29

30

31

34

35

38

39

B e e ]




17.

i8.

19.

20,

21.

22.

Specimen No. 127 Tensile Tested at 1200 F in

Water Vapor/Hydrogen Environment With a Mixture

Ratio of 1.00; Neot Etched; 100X o o e
Specimen No. 128 Tensile Tested at 1500 F in
Water Vapor/Hydrogen Environment With a
Mixture Ratio of 1.00; Not Etched; 00X .

Ultimate Strength of B-66 Columbium Alloy as a Function
of Temperat-re in H,0/H, Environments With a Mixture

mtio of 1 » 00 . (] L . . L) L L] .

Ultimate Strength of B-66 Columbium Alloy as a Function
of Temperature in H,0/H, Environments With a Mixtu-:

Ratio of 3.00 . . . . . 4 . . 4 e e e e . . . 4k
Ultimate Tensile Strength and Ductility of Columbium
as a Function of Temperature in Various Environments .. . 48

Ultimate Tensile Strength and Ductility of B-66

Columbium Alloy as a Function of Temperature

Various Environments e o e+ e e e e

viii

in

T,

. . . » . . 1‘2

SR % o

R &




Chemical Composition of Columbium Sheet
Chemical Composition and Fabrication History of
B-66 Columbium Alloy Sheet
Besults of Tensile Tests on Columbium in

TABLFS

H20/112 and Inert Envirooments .

Resulio of Tensile Tests on B-66 Columbium Alloy

in H20/H2 Environwents . . . .

Hydrogen and Oxygen Contents in Columbium and B-66
Columbium Alloy Specimens After Testing In H20/H2

Environments

ix/ x

°

16

17

18

S e ot S




INTRODUCTION

Columbium and columbium alloys have certain characteristics which make
vhem quite attractive for use in eguch applications as advanced, regenera-
tively cooled rccket engine thrust chambers and ramjets which involve high
heat fluxes and high temperatures. However, it has been established that
undnr certain conditions, columbium and its alloys are susceptible to em-
brittlement and deterioration in the presence of bhydrogen and water vapor,’
hydrogen mixtures. Because these enviromments will exist in the ap-
plications indicated above, it is necessary to evaluate the seriousness

of this problem under the appropriate conditions.

There are published data showing that columbium is susceptible to hydro-
gen embrittlement at least below a temperature of 200 F¥. Recent work
(Ref. 1) indicates that, under some conditions, embrittlement of colum-
bium by hydrogen can occur at temperatures as high as 800 F. A program
conducted at Rocketdyne indic.ted that a coluwmbium alloy, B-66, also suf-
fers loss of ductility from hydrogen at temperatures up to 800 F. There
are only very limited data on the solubility and rate of hydrogen absorp-
tion into columbium at high hydrogen pressures. There were no previous
data on the effect of water vapor/hydrogen mixtures on the mechanical

properties of columbium,

Three primary areas will require investigation to accumulate the necessary
information for the proper assessment of compatibility under simulated
rocket engine and ramjet environments: (1) the effect of hydrogen at

high vressures and elevated temperatures on mechanical properties, (2)

the solubility and rates of absorption and desurption of hydrogen at high

temperatures and high hydrogen jressures, and (3) the effect of water vapor,’

hydrogen environments on mechanical properties,

This report presents the results of an experimental investigation of the
effect of water vapor/hydrogen environments on the mechanical properties

of columbium and the B-65 columbium &alloy.

1/2
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IXPERIMENTAL APPARATUS AND PROCEDURES

The effect of water vapor/hydrogen environments on the mechanical properties
of columbium and the B~66 alloy was determined under conditioas chosen to
simlate, except for pressure, those to which materials would be exposed in
hydrogen/oxygen fueled rocket or ramjet engines. Two HéO/Hé mixture ratios,
3 and 1, corresponding to the two limits currently used in hydrogen/oxygen
engine operation were employed during these tests. These mixture ratios

are on a volume basis. Figure 1 relates this mixture ratio, which will

be used throughout this report because it gives a better indication of the
actual environment involved, to the oxygen/hydrogen weight ratio which is

more commonly used in presenting oxidizer/fuel ratios for propulsion systems

MATERTALS

The materials used during this program were electron-beam melted columbium
purchased from Fansteel Metallurgical Corp. and B-66 columbium alloy (Cb
5V-5Mo-1Zr) purchased from Westinghouse Electrie Corp. Each of these
materials was purchased in the forwm 0.030-inch~tuick sheet for the tensile

tests in water vapor/hydrogen environments.

Metallographic examination showed that the columbium sheet was in the
recrystallized condition, and the B-66 alloy sheet was approximately one-
half recrystallized. Chemistry and fabrication data for the materials

are presented in Tables 1 and 2.

AFPARATUS

The tensile tests in water vapor/hydrogen environments were conducted in
a Marshall tube furnace which has molybdenum disilicide heating elements
and which was used in conjunction with a 60,000-pound Baldwin tensile

testing machine.
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TABLE 1

CIEMICAL COMPOSITION OF COLUMBIUM SHEET

(0.030-inch-thick sheet)

Chemical Analysis,
Element ppm
C 10
0 65
N 25
H 2
Ta 200
W 100
Zr 200
Mo 50
Ti 100
Fe 50
Ni 50
Si 50
Mn 20
Ca 10
Al 10
Cu 10
Sn ' 50
Cr 50
\'s 100
Co 50
B 2
Cb Balance

N
ot




S S st S e S AT Y

TABLE 2

CHEMICAL COMPOSITION AND FABRICATION HISTORY OF
B-66 COLUMBIUM ALLOY SHEET
(0.030-inch~thick sheet)

Element Chemical Analysis
Mo 5.03 percent
\'} 4,76 percent
r 0.89 percent
0 165 ppm
74 ppm
C 80 ppm
Cb Remainder

11.
12,

13,

Fabrication History Steps

Double electron-beam melted and
vacuum—arc remelted inte 8-inch~
diameter ingot

Extruded to 3- by 6-inch bar
Annealed at 1650 C

Forged to 1-1/2- by G- by 18-1/2-
inch slab

Annealed at 1550 C

Forged to 1- by 12- by 2l-inch
plate

Vacuum asnnealed at 1375 C

Warm rolled to 0,135-inch-thick
sheet

Vacuum annealed at 1375 C

Warm rolled to 0.050-inch--thick
sheet

Vacuum annealed at 1375 C

Cold rolled to 0.030~inch~thick
sheet

Stress relieved at 985 C for
1 hour

o
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A system, similar to that used by Battles (Ref. 2) was conmstructed for
generating the water vapor/hydrogen mixtures, In addition, an apparatus
for analyzing the water vapor/hydrogen mixture ratio has been added to
the gas system. A method for analyzing the gas mixture was deemed neces-
sary to ascertain that water vapor is not condensed in the cooler regions
of the tensile furnace as well as to ensure that saturation is achieved

in the constant-temperature bath.

A schematic representation of the water vapor/hydrogen testing system is
shown in Fig. 2. Hydrogen used during these tests is purified by a cat-
alytic De-oxo unit converting oxygen to water vapor. The water is col~
lected in a desiccant and all impurities are reduced to less than 1 ppx

total (Ref. 3) by collection in a molecular sisve at the temparature of
boiling nitrogen.

The purified hydrogen flowrate is measured by a flowmeter, and is then
bubbled into a presaturator containing an internally controlled heater
and two external heaters. The water vapor/hydrogen mixture is then sent
through the saturator which for tests performed at 1.00 II2O/H2 environ-
ment consisted of two bottles containing water and having frit entry ports
and a third bottle for mist collection. These bottles were immersed in a
precisely controlled constant-temperature bath. All the tubing transport-
ing water vapor is heated with heating tapes. The generated water vapor/
hydrogen mixture enters the tensile furnace at the top, then flows through

the furnace and out the bottom,

Water is prevented from condensing in the Marshall tube furnace by pumping
hot Dow Corning 200 fluid (23C 4o 250 F) through the pull rods and through
the cooling coils protecting the O-rings from overheating at very high

furnace temperatures,

To maintain a pure water vapor/hydrogen atmosphere, all the Buna-N O-rings
in the Marshall furnace have been replaced by Viton A O-rings. The ball

and socket joints in the water vapor/hydrogen apparatus are lubricated

S L . 1 M W S L y \ - T e e e o O A
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with Dow Corning silicone vacuum grease which has a vapor pressure of

5.8 x 107% mm Hg (7.62 x 1079 atmospheres) at 100 C. All the joints in
the saturator are O-ring type containing Viton A O-rings. The tempera-
ture controller and knife heater are held in the presaturator with neo-
prene stoppers which have a vapor pressure of 1.1 x 16"4 wn Hg (1.45 x 10'7

atmospheres) at 100 C.

Difficulty was encountered in obtaining the correct water vapor content
in the gas for the HQO/II2 mixture ratio of 3. This difficulty was traced
to the pressure drop across the two water--containing hottles of the
constant-temperature bath, Such a pressure drop decreases the relative
water content in the system. To reduce this pressure drop, the gas gen-
erating system was modified to include three bottles plus a mist collector
in the constant-temperature bath. The first bottle contains a coarse
frit; the second bottle contains, in place of the frit, glass tubing with
small holes through which the gas passes, In the third bettle, the gas
passes over the water instead of bubbling through it. The schematic rep-

resentation of the system in Fig. 2, includes these changes.

For the H20/H2 mixture ratio of 3, it was found mecessary to adjust the
temperature of the constant-temperature bath pricer to each test because
a small change in the barometric pressure causes an appreciable change
on the water/hydrogen ratio. For example, an increase of barometric pres-
sure from 740 to 745 mm Hg would decrease the H20/H2 ratio from 3.00 to
2.02 if the constant-temperature bath setting was not changed accordingly.

A sinilar change in the barometriec pressure would reduce the 1.00 HQO/Hé
mixture ratio to 0.987. This reduction was considered sufficiently small

so that compensations for changes in barometric pressure were not required
for the 1.00 mixture ratio.

Gas analysis consists of collection of water by a glass bottle tilled with
anhydrone [Mg (010&)2] which is weighed before and after to measure the
water content, The water-free hydrogen is then passed through a flowmeter

and the exact volume is measured by liquid displacement. Initially, water




was used as the liquid medium but silicone oil was later substituted for
water to eliminate the vapor pressure of the displacement liquid as a
significant variable in this measurement. A manometer measures the hy-
drogen vapor pfeusure over the silicone o0il in the liquid displacement
bottle, so that the pressure is known and can be made the same at the
finish of the measurement as at the start. The use of this manometer
significantly reduced the scatter of the analyses. The pressure drop
across the gas analyzer is also measured by a manometer. This informa-
tion is needed for determining the theoretical H20/H2 ratio obtained from
the constant-temperature bath.

Analysis of the gases from the water vapor/hydrogen generating apparatus
for the nominally K20/H2 mixture ratio of 1.00 environment were made be-
fore and after entering the tensile furnace, and the analysis indicate
that the H20/H2 ratio varies within 1.00 £0.05 for hydrogen flowrates ?e-
tween 233 and 363 cc/min. Therefore, from these tests there is no indi-

cation of water condensation in the cool furnace ends.

Because of the large density difference between hydrogen and water vapor,
hydrogen mway preferentially accumulate at the upper region of the furnace.
If segregation occurs, it would be expected that a higher than normal
water content would be evelved from the furnace until steady state was
reached. To test this, an analysis was made 15 minutes after the 1 H20/H2
vapor mixture entered the tensile furnace to replace argon at 400 F. The
flowrate was such that during the 15-minute period of the H20/hé gas flow,
the quantity of gas mixture passing through the furnace was equal to seven
times the furnace volumr. The results, however, did not indicate above-
normal water content which would suggest that gas segregation is megligible.
Furthermore, it is thought that the midpoint in the furnace, where the
specimen is located, would have close to an average H20/H2 vapor-gas mix-

ture even if some gas segregation had occurred.
The possibility of gas segregation in the tensile furnace with the 3 H2O/hé

mixture ratio environment was tested by the same method as was used for the

1 H20/H2 environnent. An analysis was made 15 and 55 minutes after the

10




H2O/H2 wixture entered the temsile furnace to replace argon at 400 P, The
results indicated mixture ratios of 3.3 and 3.02, respectively. A second
series of analyses was conducted 15, 45, and 65 minuies after the HéO/ﬁé
mixture entered the furnace and the results were 2.85, 2.86, and 2.98,
respectively. The mixtrre ratios for the second series of tests were
essentially within the 2.90 0.07 range that was being obtained from the
HQO/Hé analyses at that time. On the basis of the second series of tests,
it was concluded that there is no significant gas separation in the ten-

gile test furnace.

Distilled water was used in the gas generating system for the tests on
the B-66 alloy in the 1 and 3 H20/Hé mixture ratio environments and on
columbium in the 1 H20/H2 mixture ratio enviromment. Prior to perforﬁing
the tests on columbium in the 3 BéO/Hé mixture ratio environment, the
system was cleaned and refilled with deionized-distilled water instead of
the distilled water previously used. After refilling the system with de-
ionized-distilled water, the manometer was installed for the first time

on the liquid displacement bottle of the gas analysis apparatus.

Prior to performing the tests on the B-66 alloy in the nominally 3 H20/hé
mixture ratio environment, the gas envirsnment was analyzed as 2,90 %0.07.
The changes made before performing the tests on columbium resulted in a
meagured H20/Hé mixture ratio of 3.00 %0.03 which is near the limit of
accuracy of the gas generating apparatus, which is determined by the £0.5 F

accuracy of the temperature measurements in the constanti-temperature bath.

In summary, it was established that no significant separation of the hy-
drogen and water vépor occurred in the tensile furnace. The nominally
1.00 H204 mixture ratio environments had wixture ratios varying within
1.00 *0.05. For the B-66 alloy, tho nominally 3.0 HéOQ mixture ratio
environments actually had mixture ratios of 2.90 %0.07 while for pure
columbium the mixture ratios were 3.00 +0.03. For the remainder of this
report the H20/H2 environments will be referred to by their nominal values

of 1 and 3.
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PROCEDURE

These tests were performed using approximately the same test sequence
previously used (Ref. %) to ascertain the compatibility of columbium and
tantalum with hydrogen at 1 atmosphere of pressure. The specimens were
heated to the test temperature in purified argon and the water vapor/
hydrogen mixture was introduzed after the temperature was stabilized.
Following introduction of the water vapor/hydrogen atmosphere, a stress
equal to 50 percent of the room-temperature yield strength of the speci-
mens was applied. This stress corresponds to 48,800 and 20,250 psi for
B-66 and columbium specimens, respectively. The stress was maintained for
30 minstes, and the specimen then was tvested to failure at a relatively
slow strain rate. This test sequence was designed to simulate some of the
main features of actual engine operation. The preload during exposure to
the H20/H2 environment, at various test temperatures, is representative of
stresses due to internal pressure in thrust chamber tubing for regnenera-
tively cooied engines. The stress level in these tubes is nearly constant
and of the same magnitude as used during the tests. Furthermore, the tubes
extend from the combustion chamber, through the throat; and along the skirt
of the engine, therefore experiencing a wide range of temperatures while
exposed to an H20/H2 environment. Many parts of-the engine-operate under
conditions of temperature and stress which put them into the plastic region
during firing. By using a very low strain rate, the specimens may Le ex-
posed to the 1{20/112 environment for reasonably long periods of time while
undergoing plastic strain. The tensile tests were load paced at 120 lb/min
or 16,000 psi/min for the 1/4 inch by 0.030 inch cross-section specimens.
This load rate corresponded to a 0.001 in./in. min strain rate from 0 load
to the yield point. The strain rate from the yield point to the ultimate
strength was approximately 0.08 in./in. min for columbium and approximately
0.03 in./in. min for B-66. The length of time the specimens were in the
plastic range was approximately 3 minutes for the columbium specimens and
approximately 4 minutes for the B-66 specimens. Previous tensile tests in
pure hydrogen conducted at Rocketdyne (Ref. %) were performed at similar

strain rates.
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The temperature gradient over the 1-1/8—inch—long reduced section was
%3 F/linear inch during the 400 to 1500 F tests. The indicating thermo-
couple was located approximately 1/8 inch from the specimen near the cen-
ter of the specimen, and this temperature was held within #10 F during
the test. Therefore, durjng the test, the temperature in the reduced

section varied within %13 F of the desired temperature.

The effect of previous zsposure to hydrogen or "hydrogen activation" on

the susceptibility of zhe materials tc embrittlement from the 320/32 en—
vironment was also %tested. The activation process used consisted of
thermal cycling between 1500 and 900 F followed by outgassing in flowing
inert gas at 1500 ¥. Previous work on columbium (Ref. 1) has shown that
such treatment markedly zffects the hydrogen absorption process, in fact,
attainment of equilibrium solubility of hydrogen at temperatures below
approximately 1100 F can only be attained in reasonable times in specimens
which have undergone an activation treatment. The most significant feature
of the activation process is the large difference in solubility of hydrogen
at the upper and lower temperatures, so that thermal cycling will cause
large quantities of hydrogen to be absorbed and desorbed. The upper tem
perature is probably not very critical because the solubility varies slowly
with temperature above approximately 1400 F. In the vicinity of 900 F,
however, the solubility changes rapidly with temperature. A slightly highe
temperature would result in significantly less hydrogen absorption, and
possibly less of an activation effect. The treatment used for the present
work included three thermal cycles from 1500 to 900 F, with moderate heat-
ing and cooling rates and no hold time at the temperatures. At 900 F,
after the third cycle, the hydrogen gas was replaced with helium, the
specimen was heated to 1500 F, held for 0.5 hour to outgas, and furnace
cooled. Typical weight gains of 10 to 20 ppm were noted; presumably part
of this is oxygen, but even if it were all hydrogen, it would be a rela-
tively small quantity.

Previous work (Mef. 4) has shown that this hydrogen activation heat treat-

ment increased the degree of embrittlement which occurred during tests

conducted in hydrogen on ©-06 sheet specimens. Thermal cycling of a
propulsion system by frequent engine starting could result in hydrogen

activation when e«posed to an HZO/H2 environment. If the material were

13




protected by oxidation protection coatings, hydrogen absorptiou could
occur although the coatings may protect against oxidation. Also, thermal
cycling uncoated specimens between 1500 and 900 F may oxidize and thereby
embrittle the specimens making it difficult to properly evaluate the actual
test environment. Therefore, it was felt that for uncoated specimens
activation by thermal cycling in hydrogen would beiter simmlate actual
propulsion conditions and enable better evaluation of the test results

than would thermal cycling in HQO/H2 environment.

The design of the temsile specimens is shown in Fig. 3. The specimens
were fabricated sc that the longitudinal axis was parallel to the rolling

direction.

/44NCH RADIUS 3/16INCH-DIAMETER
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Figure 3. Tensile Specimen Design for Testing in
Water Vapor/Hydrogen Environments




RESULTS AND DISCUSSION

The results of mechanical tests performed cn columbium and the B-66 colum-
bium alloy in water vavor/hydrogen environments with HéO/H2 mixture ratios
0f 1 and 3 are tabulated in Tables 3 and 4. Table 5 contains the results

of hydrogen and oxygen analyses performed on the tested specimens.

EFFECT OF WATER VAPOR/HYDROGEN ENVIRONMENTS ON COLUMBIUM

The ductility of columbium specimens tested in H2O/H2 environments with
mixture ratios of 1 and 3 are plotted in Fig. 4 and 5, respectively,

Thé data indicate that there are two temperature regions of low ductility,
one near 400 F and the other near 1050 F. The ductility minimum at 400 F
occurs for tests conducted in an inert atmosphere as well as in the water
vapor/hydrogen atmosphere. However, the ductility of the speciwens tasted
in the 1 and 3 HQO/BQ environments was somewhat less than the ducjil?%y

of tue specimen tested in argon. There was no indication of oxidation
during the 400 F tests and thé hydrogen and oxygen absorption was also

very low,

The percent elongation ot 1050 F was approximately 20 for the tests in both
H20/H2 environments compared to 38-percent elongation obtained from tests
performed in argon. The decrease of ductility at this temperature is
accompanied by secondary cracking and surface oxidation., Secondary crack-
ing refers to surface cracks that are formed in the reduced section, wsu-
ally in the necked-down region near the fracture. The secondary cracks

in the B-66 specimens are observable with the naked eye and appear paral-
lel to the fracture surface. The oxygen contents absorbed by columbium
during the tests at 1050 F were approximately 1350 and 900 ppm for the
tests conducted in the 1 and 3 H20/H2 environments, respectively. The
hydrogen pickup was 109 ppm for tests in the 1 H2O/!l2 environment and
approximately 60 ppm for the 3 BI20/H2 environment.
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The ductility increased with increasing temperature above 1050'f,3bnt"‘
was gsomewhat lower at 1200 and 1500 F for tests conducted in the 1 ﬂ;ﬂ/gﬁ
environment than for tests conducted in argon. For tests conducted a¢
1200 F in the 3 H20/h2 environment, the data displayed some scatter Snt»'
the ductility was definitely higher than for tests at this temperature in
the 1 HéO/ﬁ2 environment, At 1500 F in the 3 HéO/Hé environment, the de~
creage in ductility from tests conducted in argon was approximately half
as large as the decrease for tests in the 1 HéO/Hé environment. Appreciabdle
surface discoloration and oxygen and hydrogen absorption resulted from
the 50- to 60-minute exposure to the BéO/ﬁé enviromments, but the oxide
coating that was formed was quite adherent, more adherent then oxide coat—

ings formed in air at these temperatures.

To more closely simulate actual engine operating conditions, all specimens
were brought to test temperature, exposed to the teat environment, and
then subjected, for 0.5 hour, to a preload of 50 parcent of the room tem-
perature yield strength, or 20,250 psi. This str=ss was found to be
higher thar the ultimate strength of columbium &¢ 1500 F, so the first
specimen tested at this temperature failed during application of the pre-
load. As a check on the validity of data obtained during this 1500 F
test, another test was performed wherein the preload was limited to 10,000
psi (for 0.5 hour) after which the specimen was loaded to failure at the
normal strain rate. The strength and elongation values from this latter
test agreed with the values from the test under similar conditions in
which failure occurred during preload application. The weight gain in

the specimen preloaded to 10,000 psi was greater because of the longer

time of exposure to the water vapor/hydrogen environment,

Tests performed at 400, 600, and 1050 F in the 1 H20/Hé enviromment on
specimens which had previously been hydrogen activated showed that the
activation heat treatment had no effect on the ductility. Earlier work
(Ref. &) had shown a decrease in ductility for activated columbium apec-
imens tested in pure hydrogen (1 atmosphere). Because this adverse effect
on ductility was eliminated by reducing the hydrogen pressure to the 0.5
atmosphere of the 1 H20/q2mixture, it was concluded that no effect would
be observed at a hydrogen pressure of 0.25 atmosphere, i.e., with the
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3 !120/11,2 mixture. In addition, hydrogen activationwas not fornd to reduce
the ductility of B-66 specimens when tested in the 3 Ezo/ﬁé enviromment
although it had reduced with the 1 HéO/H2 environment. Therefore, no

activated columbium specimens were tested in the 3 Hzo/hé environment.

The tensile girength of specimens tested in the Béo/ﬂé environments with «
mixture ratios of 1.00 and %.00 are plotted in iig. 6 and 7, respectively.

The highest sirength was feund in specimens tesied at 600 F. Above 600 F,

the strength decrcased from approximately 66,000 psi at 600 F to 15,000

psi at 1500 F. There was no significant effect of the enviroument on the

strength,

Metallographic examination was made of a series of columbium specimens tested

in the 1 Béo/ﬂé environment. Sections intersecting the fracture surfaces are

shown in Fig. 8 through 11 of specimens tested at 400, 1050, 1200, and 1500

F, respectively. The fracture at 400 F is quite ductile with a very high

reduction of area, although the elongation is only 15.5 percent. Surface

cracking is readily observable in the fractures at 1050 and 1200 F, and

this cracking apparently had an important role in effecting a reduction of

ductility as measured by percent elongation at these temperatures. Second-

ary cracking did not occur at 1500 F although oxidation by water vapor dur- -
ing the test caused the surfaces to become irregular.

The columbium-hydride phase was observed only in the columbium specimen
tested at 1050 F. This phase appears as a needle-like Widmanstatten
second-phase on the surface of the specimen shown in Fig. 12. Experience
at Rocketdyne with columbium which contains hydrogen indicates that .
this phase is columbium hydride, based on its structure and response to
the lactic-HF-HNO, etchant. The hydride phase forms on cooling below
350 F, which is the highest temperature at which the hydride phase can
exist (Ref. 5). Therefore, the hydride phose was not prcsent during the
tensile test. However, the presence of the bydride phase at the surface
after testing indicates that the hydrogen content at the surface must
have been greater than 645 ppm which is the limit of hydrogen solubility

in columbium at room temperature (Ref. 5).
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Figure 10, Columbium Specimen No. 155, Tested in
1.00 HQO/HQ Environment at 1200 F,
30.6-Percent Elongation, Unetched, 100X
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Figure 11. Columbium Specimen No. 157, Tested in
1.00 Hy0/Hy Environment at 1500 F,
43.1-Percent Elongation, Unetched, 100X
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Figure 12. Columbium Specimen No. 173, Tested in
1.00 Ho0/Hp Environment at 1050 F
(Btchant: 30 Lactic-10 HF-1 HN03)
500X
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The maximum hydrogen content found by analysis in the columbium speci-
mens tested at 1050 F was 119 ppm. The presence of the hydride phase

at the surface indicates that the hydrogen must have been largely con-
centrated at the surface. Even during the tensile test there must have
been a higher hydrogen concentration at the surface than at the interior
of the specimen, because loss of hydrogen during cooling would lower some~
what the hydrogen content at the surface. Because the hydride phase was
observed only in specimens tested at 1050 F and because surface cracking
was most severe at 1050, it is assumed that the surface cracking is re-
lated to the relatively high surface hydrogen contents.

Figures 13 and 1% reveal the presence of a thin oxide phase at the surface.
of specimens tested at 1200 and 1500 F. A porous, dark, second oxide layer
was also present on the surface of the specimen tested at 1500 F. There
was no indication of a hydride phase in these specimens although the hy-
drogen content obtained from tests performed at 1500 F was as high as 498
ppm. This is higher than the hydrogen concentration in specimens tested

at 1050 F although still below the hydrogen solubility limit. Therefore,
the lack of hydride formation on cooling to room temperature would indi-
cate that any hydrogen which may have concentrated at the surface during
the test diffused into the interior during cooling.

A series of columbium specimens were analyzed by vacuum fusion analysis
for oxygen and hydrogen after the tensile tests in the H2O/H2 environments.
Parts of three specimens which were tested at room temperature in air were
analyzed in the as-received and in the chemically cleaned condition for
base line data. The results indicate that chemical cleaning reduced the
oxygen content on an average about 100 ppm and increased the hydrogen con-
tent about 1 ppm., Because the specimens were all chemically cleaned prior
to testing in the H20/H2 environments, the average oxygen and hydrogen con-
tents in chemically cleaned specimens were subtracted from the analyzed
contents to obtain the amount of oxygen and hydrogen absorbed during the
tests,

The results given in Table 5 of hydrogen and oxygen analyses for the co-
lumbium specimens show for tests conducted at 400 to 800 F in the
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1 H20/112 enviromment that oxygen absorption was fairly low and hydrogen '
abaorption was probably tco low to significantly affect mechanical prop-
ertiee  From 1050 to 1500 ¥, the oxygen and hydrogen contents increased
gignificantly from 1874 to 375% ppn: for oxygen and from 109 to 348 ppm

for hydrogen. The oxygen and hydrogen contents were somewhat higher for

gpecimens tested at 400 to 800 F in the 3 H O/H environment then in the
1 HéO/hé environment. However, at 1050 F and above, the quantities of

oxygen and hydrogen absorbed were considerably greater in the 1 HZO/HQ

environment than in the 3 H20/ﬁé environment.

When columbium or B-66 alloy specimens react with the H O/H2 environments,
both oxygen and hydrogen may be absorbed as a result of reactlon with the
H20 and hydrogen may be absorbed as a result of direct reactzon with the
H2. The hydrogen released by the reaction with H20 is atomic hydrogen
and should be relatively easily and rapidly absorbed. On the other hand,
the molecular hydrogen mmst dissociate into atomic hydl:ogen through chem-
1cal adsorption onto the specimen surface before the hydrogen can be ab-
sorbed. Obviously, the ratio by weight of the oxygen absorbed to the
hydrogen absorbed (if all the hydrogen evolved is absorbed) as a result
of the reaction with H20 is 8. The colum in Table 5 giving the ratio
of oxygen absorbed to hydrogen absorbed was included as a possible aid

in determining the source of the hydrogen absorbed, i.e., whether it came
mainly from reaction with H20 or mainly from reaction with the H2.
Unfortunately, an unambiguous determination of the source of the absorbed
hydrogen is not possible because of other complicating factors. For ex-
ample, hydrogen may be evolved during cooling of the specimen after a test.
Walter and Offner (Ref. 6) have shown that hydrogen evolution occurs in
flowing argon above 900 F. Following tensile testing in the water vapor/
hydrogen atmoasphere, the specimens were cooled to below 200 F in purified
argon before removing from the furnace. It is, therefore, possible that
at least some of the hydrogen absorbed in tests conducted above 900 F was
evolved on cooling before the specimens had cooled below the temperature
range in which significant hydrogen evolution could occur. On the other
hand, for the tests conducted above 900 F, the oxide formed on the surface
during the test would tend to inhibit hydrogen desorption,
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Figure 13.

Columbium Specimen No. 155, Tested
in 1.00 Hy0/Hy Environment at 1200 F
(Etchant:” 50 Lactic-2 HF-30 HNO, )
500X 3
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A second problem that can occur is loss of oxide during sawpling. If the
sum of hydrogen and oxygen absorption is less than the weight change of
the specimen before and after testing, oxide loss during sampling would
be suspected. The weight change during the tests is included in Table 5
to make this comparison. The weight change should not be construed as
representative of the interstitial absorption in the fracture region of
the specimen. This is because the specimen is partially protected from
oxidation in the grip region and also the temperature is lower and applied
stress less outside the notch or reduced sections.

To summarize, hydrogen absorption can occur from feaction with the water
vapor and from reaction with hydrogen. The oxygen analysis gives a measurge
of the amount of atomic hydrogen released at the metal surface by the re-
action with the water vapor. It seems resonable to assume that the major
portion of any atomic hydrogen released at the metal surface will be ab-
sorbed into the metal rather than undergo recombination to form molecular
hydrogen. In that case,if the amount of hydrogen absorbed in the metal

is equal to or less than the amount of atomic hydrogen released during the
reaction with the water vapor,i.e., if the ratio of oxygen absorbed to
hydrogen absorbed is greater then 8, then the hydrogen absorbed must come

predominantly from reaction with the water vapor.

The ratio of oxygen absorbed to hydrogen absorbed is higher than 8 for all
of the columbium specimens analyzed which were tested at temperatures less
than 1200 F. Three of the six specimens tested at 1200 eud 1500 F had
iower ratios of 0/H absorbed than 8. The interstitial absorption during
the test was, however, greater by weight change measurements than by vac-
uum fusion analyses over this temperature range which would indicate oxide
loss during sampling. Therefore, on the basis of these data, hydrogen
absorption in columbium would appear to be predominantly from reaction
with water vapor over the entire temperature range. The oxide formed
during tests at 1200 and 1500 F was thicker than that formed at lower tem-
peratures and thus was more easily removed during sampling. At lower
temperatures there was a much closer relationship between the hydrogen

and oxygen absorbed, as determined by analysis, and the weight gain.
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The higher oxygen abscrpticn resuliing from tests at temperatures above
1050 F in the 1 1120/112 environment compares. to tests in the 3 320/112 en-
vironment would certainly not be expected. The 358- and 216-ppx hydrogen
contents at 1500 F in the 1 and 3 520/H2 environments, respectively, was
perhaps related to the solubility 1limit of hydrogen in columbium in con-
tact with 1/2 and 1/4 atmosphere hydrogen partial pressure for thz 1 and
3 H20,;II2 environments, respactively, if it is assumed that hydrogen evolu-
tion can occur through the surface oxide layer at this temperature. The
hydrogen solubility in columbium in contact with 1/2 and 1/ atmosphere
hydrogen pressure at 1500 F is about 390 ppm and 250 ppm, respectively,
as determined by Albrecht, et al. (Ref. 7).

Duplicate samples were analyzed from tests comducted at 1050 and 1200 F
in the 3 H20/Ii2 environment, and the results indicate no evident relation-
ship between the amount of oxygen and hydrogen absorbed and embrittlement.

EFFECT OF WATER VAPOR/HYDROGEN ENVIRONMENTS
ON THE B-66 COLUMBIUM ALLOY

The ductility of B-66 specimens tested in H.'QO/H2 environments with mixture
ratios of 1 and 3 are plotted in Fig. 15 and 16, respectively. The data
indicate that a small decrease of ductility occurred due to the water vapor/
hydrogen atmosphere at 800 F for the 1 HQO/HQ enviromment and at 400 and
800 F for the 3 H20/H2 environment. The ductility at 1200 F was decreased
due to the 3 IIQO/H2 environment but not the 1 H,0/H, environment and

at 1500 F there was substantial embrittlement in both 1120/112 environments.
Embrittlement at 1200 F in the 3 H20/H2 environment is associated with
secondary cracking. Therefore, the H20/H2 atmospheres reduced the duc-
tility of the alloy at temperatures between 400 and 1500 F except for the
tests performed at 400 and 1200 F in the 1 1120/112 environment and at 1100

F in the 3 H20/H2 environment. The 3 1120/112 atmosphere resulied in greater
embrittlement in all cases compared to the 1 H20/H2 atmosphere.

Included in the data are three fully recrystallized specimens (No. 140,
141, and 142) which were tested in the 3 1120/112 environment and two fully
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recrystallized specimens (No. 101 and 102) tested in the 1 H20/H2 envi-
ronment. The two fully cecrystallized specimens tested at 1200 F in the
3 H20/H2 atmosphere had substantially lower ductility than the wrought

specimens.

Hydrogen activation prior to testing effected nearly a 50-percent reduc-
tion of ductility at 400 F in the 1 H20/H2 environment. However, there
was essentially no decrease of ductility caused by activation for speci-
mens tested at 500 F in the 1 H20/H2 environment or at 400 F in the 3
HéO/H2 enviropment. Tests performed during a previous program (Ref. 4)
in pure hydrogen on similarly hydrogen activated B-66 alloy specimens of
similar design indicated that a reduction of ductility occurred because
of the hydrogen atmosphere at temperatures from 400 F to 800 F, and the
ductility in hydrogen at 400 F was less than the ductility in the 1
HQO/H2 acmosphere at 400 F. Therefore, it appears that diluting the hy-
droéen with 1/2 atmosphere water vapor acted to somewhat suppress embrit-
#lement caused by bvdrogen at 400 F and eliminated this effect at elevated
temperatures. Also, the 1/4 atmosphere hydrogen and 3/4 atmosphere water
vapor partial pressures of the 3 HéO/F2 environment did not embrittle
activated specimens of the B-66 alloy even at 400 F.

The low hydrogen concentration (8 ppm) of the hydrogen activated specimens
which were embrittled at +"0 F :n the 1 H20/H2 environment suggests that
ewbrittlement was a surface phenomenon rather than resulting from hydrec-
gen in solution. Embrittlement of the B-66 alloy activated specimens and
the columbium specimens at 400 F could best be explained on the basis of

a surface-type reaction occurring from lowering of the surface energy of

a newly formed crack by chemical adsorption of hydrogen onto the crack
surface. On the other hand, activation is apparently not entirely a sur-
face phenomenon, because removal of the surface layer by chemical cleaning
with HNOB/HF did not remove the effect of activation for one of the speci-
mens tested at 400 F,

The embrittlement of the B--66 alloy at temperatures above 400 F is evi-
dently caused by oxygen as is evidenced by the decrease of ductility with
increasing IIQO/H2 ratio. Associated with the very low ductility at 1500 F

Lo




is oxide formation which is shown in Fig. 17 and 18 for specimens tested
at 1200 and 1500 F, respectively. The oxide phase is readily observable
in both photomicrographs and was a significant proportion of the specimen

shown in Fig. 18.

The effect of an oxide layer on the mechanical properties of the B-66
alloy has not been determined. However, the presence of a comparable
oxide layer on Ta-10W has been found in a previous study (Ref. 4) to
result in a substantial decrease of ductility. It is thought that,
because of the similarity of the materials, a relatively thick surface
oxide on the B~-66 alloy such as shown in Fig. 17 and 1% ¢ould account for
the embrittlement encountered during the 1200 and 1500 F tests in the
H2O/H2 environment. The fact that a hydride phase is not evident in Fig.
17 and 18 may not be too significant. The authors have not been able
during previous studies of B-66 specimens charged with hydrogen to metal-
lographically observe the hydride phase, although considerable effort was
made to do so. In any case, it is believed that embrittlement of B-66
alloy at 1200 and 1500 F can be explained sclely on the basis of embrit-

tlement caused by the oxide.

The oxygen content in the B-66 specimens tested at 1500 F is about the
same as in the columbium specimens tested at 1500 ¥. The fact that these
B-66 specimens have a much thicker oxide layer would suggest that the sol-
ubility of oxygen in B-66 is less than in columbium at 1500 F. The dif-
ference in oxygen solubility may explain the difference in embrittlement

of the two metals at this temperature.

The tensile strength of B-66 alloy specimens tested in the 1 and 3 H20/H2
environments are shown in Fig. 19 and 20, respectively. The data for the
inert environment are taken from tests in air at room temperature, in
vacuum at 400 and 800 F, and in argon at 1200 and 1500 F. Although the
data appear disconvinuous, they agree fairly well with literature aata
obtained from tests in vacuum between room temperature and 1500 F. For
some reason there is less change in strength with temperature for tests
performed in the H20/H2 environments than for tests performed in inert
environments. There may, however, be a slight decrease of strength at

1500 F caused by oxidation which accompanies the embrittlement observed
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Figure 17, Specimen No. 127 Tensile Tested at 1200 F in
Water Vapor/Hydrogen Envircnment With a
Mixture Ratio of 1.00; Not Etched; 100X

Figure 18, Specimen No. 128 Tensile Tested at 1500 F in
Water Vapor/Hydrogen Environment With a
Mixture Ratio of 1.00; Not Etched; 100X
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during these tests., The fully recrystallized specimens had lower strength
than did the partially recrystallized specimens.

The amount of oxygen ard hydrogen absorbed during the tests on B-66 alloy
at temperatures between 400 and 1200 F in both H20/h2 enviromments is very
low compared to that absorbed by columbium, Between 1100 F and 1500 F,
the amount of oxygen and hydrogen absorbed increased with increasing tem—
perature, and at 1500 F, the amount absorbed is somewhat more in B~66 than
it is in columbium. The oxygen and hydrogen contents that were absorbed
were slightly higher for the tests at 400, 800, and 1500 F in the 1 H20/H2
environment than for the tests in the 3 H20/ﬁ2 environment. However, at
1200 F, the amount of oxygen and hydrogen absorbed was greater in the

3 Hy0/H, environment than in the 1 H,0/H, environment.

The hydrogen analyses of the B-66 specimens indicate that the ratio of ox-
ygen absorption to hydrogen absorption during the tests was between 8

and 9 for specimens tested in the 3 H.'QO/H2 environment at 800 to 1500 F
and in the 1 H20/H2 environment at 1200 and 1500 F. The fact that these
ratios are so close to the theoretical ratio of 8 would indicate that sub-
stantially all of the hydrogen absorption resulted from reaction with water
vapor and not from direct absorption from the hydrogen in the gas mixture.
The ratio of oxygen absorbed to hydrogen absorbed for specimens tested at
800 F in the 1 H20/H2 environment was less than 8 indicating absorption of
hydrogen from the hydrogen gas. The oxygen and hydrogen absorption that
occurred during the 400 F tests in both HéO/H2 environments was low and
rather erratic. In general, there was fairly good agreement between the
oxygen and hydrogen absorption as determined by chemical analyses and as
determined by weight change during the tests. This agreement would indi-
cate that the oxide removal during sarpling wes not appreciable.

It is of interest to note that the equilibrium hydrogen concentration in
B-66 alloy in coutact with hydrogen at 1500 F is 430 ppm, as measured at
Rocketdyne. From the data obtained by Albrecht (Ref. 7) on columbium,

the equi’ibrium hydrogen concentration in contact with hydrogen at 1/2

and 1/4 atmosphere pressure in B-66 alloy would be reduced to approximately

310 and 200 ppm. These estimations were made on the basis that the reduction
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of hydrogen solubility with decreasing pressure is proport;ignaftely '»tha L
seme for columbium and B-66 alloy. Therefore, the hydrogen concentration
in the B-66 specimens tested at 1500 F is higher than the prediocted equi-
librium hydrogen content ¢f a specimen in contact with hydrogen ga# at
these pressures (the partial pressure of the hydrogen in the 1 and 3
H,0/H, environments). Furthermore, the hydrogen could not have evolved
on cooling from 1500 F in the flowing argon atmosphere following the ten-
sile test although Walter and Offner (Ref. 6) have shown that hydregen
evolution from columbium in flowing argon occurs at temperatures above

900 F. This lack of evolution was probebly the result of an oxide sur-
face layer.
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SUMMARY AND CONCLUSIONS FOR COLUMBIUM AND B-66 ALLOY
IN VARIOUS ENVIRONMENTS

For case of comparison,both the strength and ductility curves of columbium
are ploiced in Fig, 21, In a similar manner, the curves of the B-66
columbium alloy are presented in Fig. 22.

The tensile tests on columbium indicate ductility minimmms at 400 and

1050 F. However, the ductility at 400 F was only slightly less in the
H20/H2 atmospheres than it was in argon. The ductility minimum at 1050 F
appears to be associated with hydrogen since a hydride phase was found

in these specimens after testing. Between 1050 and 1500 F there is

also some decrease in ductility, and above 1050 F embrittlement decreases
with increasing H2O/E2 ratio. Only at 1050 F was there a considerable re-
duction of ductility compared to tests in an inert environment. And, even
at 1050 F, there was still approximately 20-percent elongation after the
50- to 60-minute exposure to the 320/H2 atmosphere.

The most interesting result of these tests is the relative stability of
columbium in H20 environments. Columbium is virtually unstable in air
over nearly the entire temperature range of these tests, yet these speci-
mens withstood 50- to 60-minute exposures to H20/H2 atmospheres under
stress without loss of strength and with less than 50-percent reduction
of ductility at any of the temperatures tested. Oxygen and hydrogen ab-
sorption increased with increasing temperature, but even at 1500 F, the
highest temperature tested, the oxide was adherent and present only as

a thin surface layer. These results indicate that, at least under cer-
tain conditions, columbium could be used without protective coatings in
HQO/H2 enviromments for exposure times up to 1 hour at temperatures below
1500 F. The effect of increasing the pressure to over 1 atmosphere on
the rate of oxidation is not known. However, if the oxidation rate is
diftusion and not surface reaction dependent, increasing the pressure

would have little effect on the rate of oxidation.
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The surface oxide formed on columbium from reaction with water vapor evi-
dently acts as a barrier to hydrogen abaorption as is evidenced by the

1ow hydrogen conteuts present after testing in the 320/32 environments.
Hyurogen absorption appears to be, instead, mainly dependent upon the
hydrogen released from reaction with water vapor. Evidently, the atomic
hydrogen that is released on oxidation can more readily penetrate the

oxide than molecular hydrogen which must dissociate to atomic hydrogen
after adsorption onto the surface before it can bLc absorbed into the metal.
The evidence in favor of this mechanism of hydrogen absorption in colum-
bium by reaction with water is, however, not as sirong as it 1s in the
B-66 alloy. It is, thus, quite possible that embrittlement of columdium
at 1050 F is caused, at least in part, from hydrogen absorbed from the
gaseous hydrogen phase. If this were true, then increasing the hydrogen
pressure by increasing the (H20/H2) pressure would effect a further de-
creagse of ductility at this temperature. This is because the rate of hy-
drogen diffusion is sufficiently fast at 1050 F so that hydrogen absorption
would be pressure dependent. The results of the mechanical tests on colum-
bium in high-pressure hydrogen will show the degree of embritt*ement which
can be effected by exposure to hydrogen at high pressures, This informa-
tion will be useful in predicting, at least to some degree, the expected
compatibility of columbium with H20/H2 environments at high pressures.
However, the importance of testing in high-pressure H20/H2 environments
cannot be overestimated for proving the compatibility of any material to

be used in these atmospheres.

The H20/H2 environments effected a slight reduction of ductility at 800 F
and considerable embrittlew.>* at 1500 F in B-66 alloy. If the B-66 speci-
mens were previously hydrog.a activated and then tested in the 1 H20/H2
atmosphere, a reduction of ductility also occurred at 400 F. Embrittlement
of the hydrogen activated specimens is dependent upon the hydrogen partial
pressure, This is evidenced by the fact that embrittlement of the acti-

vated specimens was much more severe when tested in pure hydrogen, and,
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also, no embrittlement occurred when the activated specimens were tested
in the 3 H20/H2 environpenit. The susceptibility of B-66 alloy to emtrit-

- tlement at low temperatures in the hydrogen-activated conditisn may not

be particularly pertinent to service conditions invelving exposure only
to‘H2O/B2 environments, This is because hydrogen absorption into B-6S

alloy froan20/H2 environments is evidently associated only with the hy-
drogen released on reaction with water vapor and the amount of hydrogen

absorbed is probably too low to result in activation.

Absorption of oxygen and hydrogen was considerably less in B-66 alloy

than in columbium except at 4CG0 and 1500 P, At 400 F interstitial absorption
was very low for both materials; at 1500 F interstitial absorption was
approximately the same for both materials. The ratio of oxygen absorbed

to hydrogen absorbed was close to 8 for tests performed on B-66 alloy bo-
tween 800 and 1500 F which indicates that hydrogen absorption occurred
primarily from the hydrogen released during oxidation by water vapor. The
oxide phase on B-66 alloy is evidently a barrier ito hydr wen penetration

from the gas phase, although this oxide does not prevent hydrogen penetra-

tion by the nascent hydrogen released on reaction with water vapor.

The low interstitial absorption which occurred at 400 F for both materials
would suggest that embrittlement at this temperature occurs by a surface-
type reaction. The mechanism may involve lowering of the surface energy

of a newly formed crack by chemical adsorption of hydrogen onto the crack

surface.

The decrease in ductility of the B-66 alloy tested at 1500 F in both HQO/H2
environments is associated with a relatively thick oxide layer. The oxide
formed on B-66 alloy by reaction with oxygen is evidently net as protective
as is the oxide which forms on exposure of columbium to water vapor at
elevated temperatures. The higher water content of the 3 H20/ﬁé environment
effected increased embrittlement in 211 but the hydrogen activeted speci-

mens compared to testing in the 1 HZO/H2 environment. Therefore, the
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répults indicats thal sebrittlement of B-66 alloy in ihe ~_H§o/312 atxoa-
pheres iz caused by oxidation and the use of B-66 alloy ai 1500 Fin eithar
of the Béﬁ/ﬁé environments may require an cxidation proteetion coating.
However, pxidation protection coatings may prevent oxigation. but allow
the peneiration of hydrogen from the hydrogen gas. Thermal cycling of

coated specimens may, therefore, effect hydrogen activation aud embrittle-~
ment at low temperatures.

B8 with columbium, the H20/H2 environments also did not affect the mechan- '
ical strength of B-66.
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It is snticipated that the impetus toward the utilization of rafractory
ailoys in regeneratively cocled rocket and ramjet engines, so vital to
the nstion's military and space objectives, will increase significantly
during the next few years, The initial steps to improve the performance
of these engines will result in materials requirements, particularly in
the thrust chamber, which reasonably can be met only with the refractory
alloys. Thus, a refractory alley technology that will aliow the use of
these alloys with confidence in regeneratively ccoled rocket or ramjet

engines must be developed as rapidly as is feasible,

As noted in the introduction, three arecas require investigation for the
successful application of columbium and tantalum a2lloys in nozzles of
advanced, high-performance engines that have hydrogen or water vapor/
hydrogen exhaust gases, The three areas are: (1) the effect of hydrogen
at high pressures and elevated temperatures on mechanical properties,

(2) the solubility and rates of absorption and desorption of hydrogen at

high temperatures and high hydrogen pressures, and (3) the effect of water
vapor/hydrogen envirorments on mechanical propexties.

This report contains the results of a study of the effect of water vapor/
hydroger enviromments on the mechanical properties ot columbium and

the B-66 columbium alloy. A similar program should be conducted on tantalum

and a tantalum alloy, e.g., Ta-10W.

Investigations of arcas (1) and (2) above should be conducted on columbium,
the B--66 columbium alloy, tantalum, and Ta-10W. Rocketdyne has set up
equipment and facilities for investigations in both of these areas. For
the determination of mechanical properties in high--pressure hydrogen at
clevated temperatures, an apparatus was designed in a joint efryorit with
Ring Engincering, Reseda, California, and was built by Ring Engineering
for Rocketdyne. With this apparatus, tensile tests can be conducted in
high-pressure hydrogen at elevated temperatures. The apparatus is de-

signed to operate at gas pressures up to 5000 psig and at temperatures
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uvp te 2500 P. iHowever, at this time, the hydrogen supply and centrel
aysten ia limited to o 1500-pasig operation, but modification to a 5000~
psig operntion would not be difficult. Also, equipment has been set up
ut Rocketdyne for the determination of solubility and rates of absorpticn
und desorption of hydrogen at hydrogen pressures up to 1500 paig and at
temperatures up to 1800 F.

The results of these initial programs will suggest others, but some can

be anticipated. Coatings may be required to protect columbium and tantalum
alloyé from oxidation and/or hydrogen absorption in hydrogen and water
vapor/hydrogen atmospheres. Such coatings would have to be tested in these
atmospheres at high pressures. A number of factors determine the suscepti-
bility of metals to hydrogen embrittlement, and many of these factors are

a function of alloy content. Therefore, through alloying, the effect of
hydrogen on the properties of columbium and tantalum can at least be de-
creased and thereby reduce the demands placed on the hydrogen barrier
coatings. Results of qualitative studies at Rocketdyne indicate that
thermal diffusion of hydrogen from high-tempefature to low-temperature
regions, where the effect of the hydrogen is more severe, may be a seri-
ous problem and will require quantitative studies. Clarificationr of the
mechanisms of hydrogen embrittlement of columbjum end tantalum would aid

in indicating methods of reducirg the embrittling etf:cts of Lydrogen.

In addition to the studies on columbium- and tantalum-base alloys, the

behavior of molybdenum- and tungsten-base alloys in H2O/H2 environments

requires investigation.
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