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FOREWORD

This is the final report, IITRI-B6102-13, of IITRI
Project B6102, on Contract NAS7-758, entitled "Investigation of
Refractory Composites for Liqﬁid Rocket Engines.' This Report
covers work performed during the period 1 October 1969 to 31
October 1970.

Personnel contributing to this program were V. L. Hill,
Manager, Coatings Research, IITRI Project Manager, and M. J.
Malatesta, Assistant Metallurgist, responsible for fluorine cor-
rosion studies and composite fabrication. The Program Manager
on this program is Mr. G. Heidenreich of the Jet Propulsion

Laboratory.

‘Data are recorded in IITRI Logbooks C19718 and C19719.
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INVESTIGATION OF REFRACTORY COMPOSITES
FOR LIQUID ROCKET ENGINES

ABSTRACT

The objective of this program was to identify and
evaluate potential composite systems for use in exhaust atmo-

spheres containing fluorine-oxygen in liquid rocket engines.

A literature search was conducted to define potential
matrix-additive combinations for composite systems. The basis
for selection of materials for composites was a minimum melting
point of 4000°F, oxidation-corrosion resistance in fluorine-
oxygen, high-temperature stability, and fabricability. Iridium
and iridium-rich alloys were the most oxidation-corrosion resist-
ant in fluorine-oxygen atmospheres. Data in the literature
indicated that boron in combination with fluorine-oxygen would
further limit the potential materials available for rocket noz-
zles and chambers.

Oxidation-corrosion studies were conducted on W-Re-Ir,
Re-Ir, TaIr3 and HfI.r3 in fluorine, oxygen, hydrogen fluoride,
and their combinations, at 3000°-4500°F. Tests were also con-
ducted on these materials, tungsten, and ATJ graphite in boron-
containing atmospheres. Re-Ir and iridium intermetallics had
good oxidation~corrosion resistance in fluorine-oxygen, but
exhibited surface melting in boron-containing atmospheres at
3000°-4000°F. W-Re-Ir alloys had higher surface recession rates
than iridium-rich systems. A discussion of oxidation-corrosion

mechanisms is included,

High-temperature interaction studies of iridium-rich
alloys in combination with borides, carbides, and graphite
revealed that the highest melting systems were TaIr3 in combina-~
tion with TaC and ATJ graphite. Rhenium was also shown to be
stable in contact with HfC-graphite composites.
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INVESTIGATION OF REFRACTORY COMPOSITES
FOR LIQUID ROCKET ENGINES

I. INTRODUCTION

The development of materials for liquid rocket engines
to date has concentrated on hydrocarbon-fueled engines in which
oxygen is the major corrosive species. Higher specific impulse
can be obtained with liquid propellant systems in which fluocrine
or OF, is the oxidizer, such as a diborane-oxygen difluoride sys-
tem. The exhaust products of these propellants, however, require
more corrosion-resistant and probably higher melting materials
than hydrocarbon-fueled engines. Fluorine is as corrosive as ox-
ygen at high temperatures for many materials. Furthermore, many
materials which are suitable for oxygen are not resistant to
fluorine. It was shown on Contract NAS7-431(1) that nozzle and
thrust chamber materials must generally be resistant to both oxy-
gen and fluorine in order to survive combined fluoride-oxygen en-
vironments. Thus, nozzle materials which have been developed for
hydrocarbon-fueled engines are not necessarily applicable to

fluorine-containing propellant systems.

A single material with the requisite combination of
high melting point, high-temperature strength, and corrosion re-
sistance for rocket nozzles and thrust chambers of fluorine en-
gines may not exist. Composite systems offer a means of obtain-
ing optimum properties in materials for these engine components.
Promising composite materials beyond those currently available
need investigation, for their development would enable the full
potential of fluorine-containing propellants to be realized.

This program constituted one of the initial efforts to-
ward development of nonablative composite materials specifically
for rocket engine combustion products containing both fluorides
and oxygen. (Ablative nozzle materials were not included in the
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scope of this work.) Accordingly, the first portion of the program
consisted of a literature survey to define potential combinations
of refractory materials for these composites. Composite systems
could then be fabricated by appropriate methods. Finally, selec-
ted systems were evaluated in fluorine, oxygen, hydrogen fluoride,
boron trifluoride and combinations of these gases at 3000°-5500°F,

IT. EXPERIMENTAL PROCEDURE AND RESULTS

A, Literature Survey

Considerable data exist in the literature on the high-
temperature stability, reactivity, and melting points of most of
the refractory materials. This information combined with the
fluorine-oxygen corrosion information generated on Contract NAS7-
431 was required to select potential combinations of material for

composite systems.

Nominally, the composites considered in this program
differ somewhat from those of most composite developments. These
composites did not necessarily consist of fibers and/or a disper-
sion of a second phase in a matrix whose primary objective is to
improve the mechanical properties of the system. Rather, the pri-
mary purpose of the second phase incorporated in a suitable matrix
was to improve the resistance of the composite to oxidation-
corrosion in rocket engine combustion products. This additional
latitude in the selection of combinations of materials for compo-
site systems was necessary because a single low-cost material did
not exist for the very severe operating conditions of fluorine-

containing rocket engines.

Accordingly, a literature search was initiated to sum-
marize existing literature data on high-temperature properties of
refractory materials. In general, the search was limited to ma-

terials with melting points above 4000°F, excluding oxides.
The properties examined included:

1. Melting points;

2. Resistance to Fp, 0y, HF, and their combinations;
1IT RESEARCH INSTITUTE
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3. High temperature interactions (melting points)
with other refractory materials; and

4. Thermal stability above 4000°F.

In addition, amenability to fabrication into composite
structures was considered, although the fabrication procedures
were secondary to the oxidation-corrosion requirements.

The unclassified literature from 1962 to the present
was examined as abstracted in: Scilentific and Technical Aero-
space Reports, International Aerospace Abstracts, Review of Metal
Literature, Metals Abstracts, Metallurgical Abstracts, and Tech-
nical Abstracts Bulletin. 1In addition, pertinent data previous
to 1962 cited in these reports were also obtained for review.

A total of over 75 technical reports were accumulated for exami-
nation. It was found that some amount of additional materials
information probably exists in classified literature. Examina-
tion of classified literature and ablative materials was not in-

cluded in this survey.

The materials data are Summarized in Tables I through
V. The magnitude of this effort is indicated in the fact that,
excluding oxides, at least 110 known metals, nitrides, borides,
carbides, silicides, sulfides, and intermetallics have melting
points above 4000°F (2200°C). However, little is known about the
high-temperature properties of most of the lesser known materials
and, therefore, all potential systems could not be treated in de-
tail.

It was found that the most comprehensive evaluation of
refractory materials in fluorine and hydrogen fluoride was the
work conducted on NAS7-431 (IITRI—B6058-4O).(1) Consequently,
these data were the basis for determining the compatibility of
materials in these environments. Since most of the classes of
refractory materials, excluding oxides and ablators, were evalu-
ated under NAS7-431, a general comparison of the corrosion behav-
ior of most refractory materials was possible in addition to the

specific materials evaluated in fluorine and hydrogen fluoride.
1IT RESEARCH INSTITUTE
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A summary of the minimum melting points and supplemen-
tal data for the elemental combinations with melting points
above 400°F is presented in Table I. The elements, in order of
decreasing melting point, include carbon (sublimes ~6700°F),
tungsten (6100°F), rhenium (5720°F), osmium (5480°F), tantalum
(5430°F), molybdenum (4750°F), columbium (4470°F), iridium
(4450°F), ruthenium (4130°F), and hafnium (4030°F). Interac-
tions with boron (3950°-4040°F) are not included in Table I, but
are considered in subsequent tables.

The metallic elements represent five basic groups; the
body-centered cubic elements molybdenum and tungsten (Group VIB),
the body-centered cubic elements tantalum and columbium (Group
VB), the platinum group metals osmium, iridium, and ruthenium
(Group VIII), hexagonal rhenium (Group VIIB), and hexagonal-BCC
hafnium (Group IVB). Platinum group metals represent both hex-
agonal (osmium and ruthenium) and face-centered cubic (iridium)
crystal structures. Because of these differences in crystal
structures, complete solid solubility occurs only in combina-
tions of Groups VB and VIB elements and in the systems Re-0Os and
Re-Ru. Here, the melting point of any binary alloy is related
directly to the concentration of the lowest melting element.

The solidus in the binary systems generally represents a straight
line joining the melting points of the two constituents.

Binary systems of metallic elements with different
crystal structures results in lower melting eutectics, peritec-
tics, and intermetallic compounds. These interactions are indi-
cated in Table I wherever data exist. Obviously, the highest
melting series of binary metallic alloys exist in the systems W-
Ta (5400°-6100°F) and W-Mo (4750°-6100°F). However, Table I
does indicate that the highest melting nonmetallics are the car-
bides TaC (6910°F) and HfC (6920°F), and of course graphite
(sublimes ~6700°F). Melting points of the MC carbides of the
lighter corresponding elements CbC and ZrC are 6300°F and 6180°F,
respectively, although zirconium metal melts at about 3360°F.
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TABLE T

SUMMARY OF BINARY SYSTEMS OF ELEMENTS
WITH MELTING TEMPERATURES IN EXCESS OF 4000°F

Minimum Solidus

(2x0dey TeUTI)
€1-70T99~-I¥LII

Temperature High Melting
System °C °F Remarks Compounds Ref.

Carbon-W 2710 4910 Eutectic (25% C) 2
-Re 2500 4532 Eutectic (17% C) : 2

-Ta 2825 5117 Eutectic (11% C) TaC (6920°F) 2

-0Os 2732 4950 Eutectic (0s rich) . 3

-Mo 2200 3992 Eutectic (17% C) 2

-Cb 2335 4235 Eutectic (11% C) CbC (6300°F) 3

-Ir 2303 4177 Eutectic ( 7% C) 4

-Ru 1942 3528 Eutectic (Ru rich) 3

-HEf 2210 4010 Eutectic (10% C) HEC (6925°F) 2
Tungsten-Re 2825 5117 Eutectic (267 W) ReqW, (>5430°F) 3
-Ta 2998 5426 Isomorphous Ta M.P. : 3

-0s 2725 4937 Eutectic (60% W) 3

-Mo 2621 4750 Isomorphous Mo M.P. 3

~-Cb 2468 4470 Isomorphous Cb M.P. 2

-Ir 2305 4181 Eutectic (22% W) 2

-Ru 2205 4001 Eutectic (55% W) 3

-Hf 1930 3506 Eutectic (22% W) W, HE (4170°F) 3
Rhenium-Ta 2690 4874 Eutectic (50% Re) 3
-0s 3027 5481 Isomorphous Os M.P,. 2

-Mo 2440 4424 Eutectic (507 Re) ReqMo, (4530°F) 3

-Cb 2435 4415 Eutectic (487 Re) 3

=Ir 2443 4430 Peritectic Ir M.P, 2

-Ru 2280 4136 Isomorphous Ru M.P. 2

-Hf 1840 3344 Eutectic (24% Re) HfRe, (4720°F) 2



(320doy TRUTY)

€T-207T99-1¥1I1I

TABLE I (cont.)

Minimum Solidus

Temperature High Melting
System °C °F Remarks Compounds Ref.
Tantalum-0s 2400 4352 Eutectic (53% Ta) 3
-Mo 2615 4739 Isomorphous Mo M.P. 5
-Cb 2468 4474 Isomorphous Cb M.P. 3
-Ir 1950 3542 Eutectic (567% Ta) Talrg (4440°F) 2
-Ru 1970 3578 Eutectic (29% Ta) 3
-HEf 2110 3830 Minimum (20% Ta) 2
Osmium-Mo 2380 4316 Eutectic (20% Os) 2
-Ch -

~Ir 2443 4430 Peritectic Ir M.P,. 2
-Ru 2280 4136 Isomorphous Ru M.P. 2

~-Hf -- No Data Available
Molybdenum-Cb 2290 4154 Minimum (35% Mo) 2
-Ir 2080 3776 Eutectic (69% Mo) 2
-Ru 1945 3533 Eutectic (58% Mo) A 3
-Hf 1930 3506 Eutectic (42% Mo) Mo, HE (4170°F) 3
Columbium-Ir 1840 3344 Eutectic (55% Cb) 2
-Ru 1774 3225 Eutectic (35% Cb) 2
-HE 2100 3812 Minimum (~25% Cb) 2
Iridium-Ru 2280 4136 Peritectic Ru M.P. 2
-Hf 1430 2606 Eutectic (17% Ir) HfIrq (L4LTO°F) 2

Ruthenium-Hf

No Data Available




‘ Unfortunately, all of the high-melting elements, with
the exception of iridium, have poor oxidation resistance at high
temperatures. Only tantalum or hafnium develop oxides which melt
above 3000°F. The remaining elements form oxides which melt or
volatilize below 3000°F. This is true also of iridium, but the
rate of reaction is relatively slow to the melting point. At
4000°F, ranking'of the elements which form volatile oxides (line-
ar oxidation rates) in decreasing order of oxidation resistance
would be iridium, ruthenium, rhenium, osmium, tungsten, molybde-
num, and carbon. Oxidation of iridium would be about one-fifth
that of ruthenium, and about an order of magnitude less than
rhenium. Ranking of tantalum and hafnium in this group would be
dependent on the testing method, since their oxidation rate would
be nonlinear and could be controlled by spalling or flow of the
oxides formed. A more detailed examination of oxidation-corrosion

of these materials will be presented later.

A summary of nonmetallic materials with melting points
above 4000°F, excluding oxides, 1s presented in Table ¥I. Over
110 known borides, carbides, nitrides, silicides, sulfides, phos-
phides and intermetallics are included. In many cases, particu-
larly for the lesser known materials, the reported melting points
vary widely. No attempt has been made to resolve these differ-
ences in Table II. The majority of these materials are carbides
and borides, although very high melting nitrides (TaN, HfN), sil-
icides (HfZSil and intermetallics (HfReZ) also exist. The remain-
ing materials, sulfides, phosphides, and low-melting silicides do
not appear to provide any potential in this program. A more de-
tailed analysis of these materials is contained in Table V.

The materials in Table II of interest to this program

include:

Borides: HfB:, ZrBz, TaB:

Carbides: HfC, TaC, ZrC, CbC

Nitrides: TaN, HfN, BN

Intermetallics: HfRes;, HfIr,, Talrs
1IT RESEARCH INSTITUTE
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SUMMARY OF MATERIALS

TABLE II

WITH MELTING, SUBLIMATION, OR DECOMPOSITION

TEMPERATURES ABOVE 4000°F (2204°C)

Melting Temperature
BE°] O

References

Material C F

‘ Borides

HEB, 3240-3380  5864-6110 6, 7-12
TaB, 3035-3200  5495-5792  7-10, 12
zrB, 2995-3095  5423-5603  6-8, 11, 12
zrB(a) 2996 8

CbB,, 2900-3050  5252-5522  7-10, 12
TiB, 2870-3225 5198-5837  7-10, 12
g-wp (@) 2665-2920  4829-5288  7-10

HEB 2899 5250 7

TayB, 2620-3030  4748-5486  7-10, 12
TaB 2400-3090  4352-5594 7, 9, 10
CbsB, 2195-2935  3983-5315  7-10, 12
CbB 2260-2920  4100-5288 7, 9, 10
vg, (2) 2800 5072 8

W, B 2670-2770  4838-5018  7-10, 12
zrB,, () 2250-2680  4082-4856 7, 8, 10, 12
MoB 2080-2600 3776-4712  7-10
NdB, 2540 4604 7, 8
SmB, 2400-2540  4352-4604 7, 8
ThB, 2480-2500  4496-4532  7-9

LaB, 2150-2530  3902-4586 7, 8

UB, 2482 4500 7

MoB, 2100-2475  3812-4487 7, 9, 10
VB, 2400-2430  4352-4406 7, 8, 12
TaZB(d) 1800-2420  3272-4388 7, 9. 10
o-wB (4 1950-2400  3542-4352  7-10, 12
UB, 2365-2370  4289-4298 7, g
WyBg 2300-2365  4172-4289 7-10, 12
ScB, 2250-2360  4082-4280 7, g

IITRI-B6102~-13
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TABLE II (cont.)

Melting Temperature
OC 1e]

Material F References
YB6 2300 4172 7, 8
BeB 2300 4172 8
VB 2250-2300  4082-4172  7-10, 12
V3B, 2275-2280  4127-4136 7, 8, 12
Mo,B 2280 4135 7
BaB 2265-2270  4109-4118 7, 8
11,8 (2) 2204-2250  4000-4082  7-9
Mo,B,, (3) 2070-2280  3758-4136  7-10
CaB 2230-2235  4046-4055 7, 8
UB,, 2200-2235  3992-4055  7-9
WB,, 2200 3992 8
Carbides
HEC 3890-3950  7034-7142 7, 8, 10, 12, 13
TaC 3880-4000  7016-7232 7, 8, 10, 12, 13
Che 3480-3615  6300-6542 7, 8, 10, 12, 13
zZrC 3420-3540  6100-6400 7, 8, 10, 12, 13
Ta,c (D 3400 6152 8, 12
TiC 3066-3147  5050-5700 7, 8, 10, 12, 13
Cb,,C 3088 5590 7
We 2720-2870  4928-5198 7, 8, 10, 12, 13
Ve 2648-2810  4800-5144 7, 8. 10, 12, 13
AL, C, 2700-2800  4890-5070 7, 8
W, C 2730-2776  4946-5028 7, 10, 12
MoC 2580-2700  4676-4890 7, 8, 10, 12, 13
sic 2538-2700  4600-4890 7, 8
Mo, C 2410-2690  4370-4870 8, 10, 12
ThC 2625-2670  4757-4838 7, 8, 13
The, 2655 4810 7, 8
CeC, 2500-2538  4532-4600 7, g
Prc, 2532 4590 7, 8
9 IITRI-B6102-13
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TABLE II (cont.)

Melting Temperature

Material C F Referenées
uc, & 2482 4500 7
B,,C 2427-2450  4400-4442 7, 8
ucC 2371-2450  4300-4442 7, 8, 13
CaC, 2160-2300  3920-4172 7, 8
CoqC 2300 4172 8
Ve, 2300 4172 7, 8
GdC, 2200 3992 7, 8
SmC2 2200 3992 7, 8
Nitrides
TaN 3090-3360 5595-6080 7-9, 12
HEN 2980-3310  4855-5990 7-9, 12
BN 2704-3000 4900-5432 7, 8
Ta,N 2050-2982  3722-5400 7, 12
ZrN 2980 5396 7-9
TiN 2930-3205 5306-5800 7-9, 12
YN 2670 4840 7, 8
ScN 2650 4800 _ 7, 8
UN 2630-2904  4766-5260 7-9
CbN 2050-2573  3722-4660 7-9, 12
ThN 2570-2788  4658-5410 7-9
AcN 2500 4532 8
Cb,N 2316-2420  4200-4388 7, 9, 12
Th, Ny 2360 4280 8
VN 2050-2360 3722-4280 7-9, 12
AIN 2230-2289  4045-4150 7, 8
BesN, 2205 4000 8
Be;N, 2200 3992 8
BasN, 2200 3992 8
10
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TABLE II (cont.)

Melting Temperature

Material C °F References
Silicides

Hf,S1 2999 5430 7

B3Si 2765 5010 3

Cb, Si 1950-2580  3542-4676 8, 9, 12

TagSi, 2510 4550 8, 9, 12

TagSig 2482-2500  4500-4532 7-9

CbSSi3 2480 4496 7-9, 12

Ta,Si 2450-2499  4442-4512 7-9, 12

WSSi3 2315-2350 4200-4262 7-9

Hf5813 2300-2438  4172-4420 7, 8

Zr4Si3 2225 4037 8

erSiB(d) 2250 4082 7, 8, 12

Zr3Si2 ' 2210 4010 8

Zr 581 2200-2221  3992-4030 7-9, 12

TaSi, 2200 3992 7, 9, 12
Sulfides

CeS 2450 4442 8, 17

CaS 2400 4352 8

ThZS ~2300 ~4172 8

PrS 2230 4046 8

ThS 2220 4028 8

BaS >2200 >3992 17

Phosphides

BasP, 3200 5792 8
Pasp, ~3200 ~5792 g
11 IITRI-B6102-13
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TABLE II (cont.)

Melting Temperature

Material C F References
Intermetallics

HfRe2 3160 5720 2

Re3w2 >3000 >5432 8

Re3Mo2 2500 4532 8

HfIr3 2465 4469 2

RePt 2450 L2 8

TaIr3 2450 L4472 2

HfIr 2400 4352 2

Mosz 2300 4172 8

WZHf 2300 4172 8

Gle2 <2280 <4136 8

(a)High temperature phase.

(d)Decomposes.

12 IITRI-B6102~13
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With the exception of the intermetallics, selected ma-
terials representing each group were evaluated in fluorine and/or
hydrogen fluoride on Contract NAS7-431. The only other exception
is BN, which represents a departure from the reactive metal ni-
trides (HEN, TaN) that were evaluated in fluorine atmospheres.

The results with unmodified hafnium and tantalum borides and ni-
trides demonstrated poor resistance to both fluorine and hydrogen
fluoride. Consequently, the potential of BN is, at present, ques-
tionable. Limited evaluation of this material in fluorine was
conducted in this program to resolve this lack of information on

fluorine compatibility.

Intermetallics may be of interest as secondary additions
to improve the corrosion resistance of other materials. The rhe-
nium and iridium intermetallics are of primary interest because of
the low fluorine corrosion rate of iridium above 3000°F and rheni-
um above 4000°F. Furthermore, the high iridium concentration of
these intermetallics also provides potentially good oxidation re-
sistance as discussed previously. This potential is the basis for
examining the fluorine and hydrogen fluoride corrosion resistance
of W-Re~-Ir alloys in this program.

A summary of the existing data on the compatibility of
refractory materials at high temperature is presented in Table
ITI. Again, most of the data are associated with refractory bo-
rides and carbides, since these materials provide the highest in-
teraction temperatures. FEutectics in the carbon-carbide systems
are generally high, varying from about 4700°F (C-WC) to about
5970°F (C-Tac). (14)
basis for the development of carbide-graphite composites in which

These high melting temperatures provide the

the graphite is added to improve the thermal shock resistance.

On the other hand, boron is incompatible with high melt-
ing MC carbides at the melting point of boron (~4000°F) because N
reactions occur producing borides and B,C. According to Ru@yg(zi}
the reactions are:
B + TaC = TaB2 + C or B4C

11T RESEARCH INSTITUTE
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TABLE 111
SUMMARY OF MINIMUM MELTING POINTS OF REFRACTORY MATERIALS

Minimum Melting Point

71

(230dsy Teurq)
€1~20T99~TYIIT

System °C F Remarks Reference
Carbon-TaC 3450 6240 Eutectic 14
-CbC >3000 >5432 Eutectic 14
-TiC 2900 5250 Eutectic 14
-HfC 3150 5105 Eutectic 14
-WC 2600 4710 Eutectic 14
Boron-Mo 2050 3720 Eutectic (~20% B) 2
-Hf 1880 3415 Eutectic (13% B) 3
-Ta ~1750-2140 ~3180-3704 Eutectic (20% B) 3
-Re >1750 >3300 - 41
-Cb ~1600 ~2910 Eutectic (15% B) 3
-Ru 1420 2590 Eutectic (447 B) 2
-Ir 1050, 1240 1920, 2265 Eutectic (667% B) 3, 15
-Pt 830 1525 Eutectic (40% B) 3
-HEC 2030 3686 Incompatible at M.P. 21
of Boron
-ZrC 2030 3686 Incompatible at M.P,. 21
of Boron
-TaC 1600 2912 Incompatible at 1600°C 21

B + TaC - TaBy + C or By4C

Tungsten-HEC 2710-2800 4910-5070 Interaction temperature 4, 19, 20, 23, 23
probably depends on heat-
ing rate; i.e. HEC+W-
HfC1.x +W2C on heating.
Minimum interfacial melting
temperature then 4910°F.
(W-W,C eutectic)




TABLE III (cont.)

System

Minimum Melting Point

°C

°F

Remarks

Reference

Tungsten-ZrC

-TaC

ST

-TiC

-CbC

~-HEN
-TaN
-ZrN
-TiN

Tantalum-TaC
~HEC
«7Zr(

(1x0dsy TeRUTA)
€1-20199-T¥YLIL

2640-2850

2740-2850

~2550

2200-2680

2500-2990
2615
2760-2950
2800

2843
2450
2375

4780-5160

4960-5160

~4 640

4000-4850

4530-5400
4760
5000-5240
5070

5150
4445
4310

Interaction temperature
probably depends on heat-
ing rate; i.e, HEC+W -
HfCl_X-FWZC on heating.

Minimum interfacial melting

temperature then 4910°F.
(W-W2C eutectic)
Interaction temperature
probably depends on heat-
ing rate; i.e. HEC+W~
HfCj.x +WyC on heating.

Minimum interfacial melting

temperature then 4910°F.
(W-W5C eutectic)

Lump samples reacted,
powder samples did not--
Hy atmosphere.

Lump samples reacted,
powder samples did not--
Hy atmosphere.

HfN unstable in Hyp

(4720°F)

Compatible, TaN unstable
in H, (4570°F)

ZrN tnstable in Hp (5070°F)
TiN unstable in Hyp (4370°F)
compatible at 4500°F.

Ta-BTazC eutectic
Liquid formation
Liquid formation

14, 17, 18, 20

14, 18, 19, 21, 22, 24

17

17, 22

16, 17, 18
17
17, 18

20
20
20
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TABLE III (cont.)

Minimum Melting Point

System C °F Remarks References

Tantalum-HEB, 2220 4028 Liquid formation 20
-ZrB; 2160 3920 Liquid formation 20
Rhenium-HfC 2500 4530 No reaction 18
-TaC 2500 4530 No reaction 18
-NbC 2500 4530 No reaction 18
-ZrC 2500 4530 No reaction 18
-HEN 2500 4530 No reaction 18
4TaB2 2000 3632 No reaction 18
-TaB; 2350 4262 Reaction occurs 18
—Nsz 2250 4082 Reaction occurs 18

Iridium-HEC 1450, 1900 2642, 3450 Ir +HEC - IrsHf+C 26, 25

-ZrC 1400, 1900 2552, 3450 Ir+ZrC-1r3Zr+C 26, 25
-ThC 1450 2642 Ir + ThC - Ir3Th+C 26
-HEN  ~1800 ~3275 Ir decomposes HEN 25
-ZrN  ~1800 ~3275 Ir decomposes ZrN 25
-HfB, ~1370 ~2500 Ir +HfBy - Ir3Hf +B 26
-ZrB, ~1370 ~2500 Ir +ZrBy - Ir3Zr +B 26
-ThB2 ~1370 ~2500 Ir +ThBy = Ir3Th +B 26
Ruthenium-ZrC 1900 3450 Ru decomposes ZrC 25
-ZrN ~1900 3450 Ru decomposes ZrN 25
Platinum-ZrC 1540 2800 Pt decomposes ZrC 25
-HEfC 1540 2800 Pt decomposes HEfC 25




Data on minimum melting points of boron in contact with
selected refractory metals are included in Table III. Very low
melting eutectics occur for boron in combination with platinum
group metals and rhenium. Thus, problems with the use of iridium
and rhenium are likely if the rocket nozzle exhaust contains ap¥
preciable boron. These data are the basis for questioning the
use of iridium on rhenium-base alloys in atmospheres containing
boron, as presented in subsequent data tables, and for the corro-

sion tests in BF,4 conducted in this program.

Tungsten is compatible with MC carbides to at least
4710°F. Here the minimum melting point is determined by the
heating rate.(zz) If the heating rate is slow, tungsten is car-
burized by partial decomposition of the carbide as follows:

W+ MC o= MGy + W.Co,

where way is probably W,C. Melting then occurs at the interface
between W and the carbide at the W-W,C eutectic (4910°F) or at
WoC-MC; _ eutectic. The dependence of the observed melting tem-
perature on the heating rate explains the variation in melting
points reported for tungsten in contact with carbides.

Tungsten is also stable in contact with high-melting
nitrides such as HfN and TaN. Here the problem is instability of

(17) although HfN has been eval-

the nitrides, as reported by May,
(16)

uated as a short-time barrier for the W-C reaction at 5400°F,
In the event of decomposition of the nitride, the minimum melting
temperature is predictable from the interaction temperatures for
the metals given in Table I. For example, if decomposition of
the nitrides occurs, the minimum melting point for W-HfN is the
W-Hf eutectic (3510°F) and for W-TaN is the solidus of the W-Ta
solid solution (~5750°F at 50% W). Thus, it is clear that the
minimum interaction temperatures in the tungsten-nitride systems
may also be dependent on the exposure time.

Tantalum exhibits a high-melting eutectic only with TaC;

the melting temperature for the system is the Ta-Ta,C eutectic at
IIT RESEARCH INSTITUTE
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5150°F.<20) On the other hand, melting occurs at 4000°-4400°F
when tantalum is in contact with high-melting carbides and borides
of hafnium and zirconium. Again, this is probably due to reac-
tions producing mixed borides and carbides and should therefore

be time dependent.

Rhenium has been reported to be stable in contact with
high-melting carbides and nitrides at 4500°F, probably because
(18)

rhenium does not form stable carbides or nitrides. Converse~
ly, reaction (melting) occurs at much lower temperatures (3600°-
4000°F) when rhenium is in contact with borides. This is not

surprising since the minimum melting eutectic in the Re-B system
is about 333O°F,(41) In comparison, the Re-C eutectic occurs at

4530°F.

Interaction studies of platinum group metals with car-
bides, borides, and nitrides show interesting results. Iridium,
ruthenium, and platinum decompose even the most stable carbides
at temperatures as low as'2500°Fa(25’26) Most of the existing
data are for iridium, but platinum and ruthenium have also been
examined. The reactions with iridium generally proceed as fol-
lows:

Ir+MC::MIr3+C

Ir + MB2 2 MIr3 + B

Obviously, the final reaction products can vary depend-

ing on the relative concentration of reactants.

The results do show that MIr3 intermetallics have a
high thermodynamic stability; i.e., greater than that of the most
stable carbides and borides. These results suggest that MIr, in-
termetallics should be stable in contact with carbides and borides
to the melting points of the MIry compounds. Composites of the
type HfBZ-HfIr3, HfC—HfIr3, TaC-HfIr3 with melting Points of at
least about 4500°F appear feasible from an interaction standpoint.
However, the MIrq intermetallics may not be suitable for addition
to graphites because of the Ir-C eutectic that occurs at 4180°F.

IHT RESEARCH INSTITUTE
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Re-Ir type additions may be more suitable for additions to
graphite because the Re-C eutectic occurs at 4530°F.

A summary of the corrosion data for refractory materi-
als in oxygen, fluorine, hydrogen fluoride, Fy-0,, and HF-0,
conducted at IITRI on Contract NAS7-431 is presented in Table IV
In addition, estimates of the compatibility of these materials
with boron-containing atmospheres are included, although no test-
ing with boron was conducted. In general, the data represent
corrosion measurements to the melting point of each material ex-
cept for carbides and graphite, which were tested to only 5000°F
Wherever experimental data were not available, estimates were
made based on other information, and by extrapolation of low-
temperature data. This summary provides only a relative compar-
ison of refractory materials in rocket nozzle exhaust species.

Table IV indicates that iridium and iridium-base alloys
provide the best corrosion resistance in all environments., Sev-
eral materials are resistant to fluorine and hydrogen fluoride,
but addition of oxygen to fluorine and hydrogen fluoride limits
the applicable materials drastically. Hydrogen fluoride is least
corrosive of the environments evaluated since most of the refrac-
tory metals demonstrate much lower corrosion rates than in fluo-
rine. This is attributable to the stability of the hydrogen
fluoride molecule, even at temperatures above 5000°F. Exceptions
to this general behavior in hydrogen fluoride include borides,
nitrides, and graphite (above 5000°F). The behavior of nitrides
may be attributable to decomposition of the nitrides resulting in

a surface layer rich in the reactive metals tantalum and hafnium.

The behavior of borides and graphite in hydrogen fluo-
ride is probably due to hydrogen, since these are the only mater-
ials with stable hydrogen-containing corrosion products at high
temperatures. For example, reaction of borides and graphite
could proceed as follows:

11T RESEARCH INSTITUTE
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TABLE 1V

SUMMARY OF COMPATIBILITY OF REFRACTORY MATERIALS
WITH GASEOUS ROCKET NOZZLE EXHAUST SPECIES

Minimum Melting Resistance to Given Environment(a)
Temperature, at 3000°-5000°F (b)

Material °C “F Oz Fz HF Fg 'Og HE=-0g B*
Iridium 2440 4450 E F-E E F-E E M
Ir-33Re ~2800 ~5070 E F-E E F-E E M
Rhenium 3180 5755 F F-E E P G-E M
Re-35Tr 2860  ~5180 p(b) c-g e®) ) E-cP)
Graphite (ATJ ~3700 ~6700 (Sub P G-F E-G P-V F E
senate (ATD) 3305 “edoe B L) bec BB PO c(P) G
Tungsten 3410 6170(b) F F-E E P E-G G
Tantalum 3000 5430 VP 2rdy P G VP p(b) G
TaC-20 v/o C 3450 6240 F-VP G-E E P-VP E-VP G
HfC-33 v/o C 3150 5705 G-p(<) G-F E-G P-VP E-VP G
HfB, 3060 5545 Géb,cg F F F-P(b) F-P§Eg E
ZrB, 3000 5430 ;5 Gb,c F F F—Pgbg F-P E
HfB, -SiC 2400 ~4400 P9 E(b,c) ¢ G F-P(b F-P(b) E
ZrB;-SiC-C 2400 ~4400 E G G F-P F-P E
HEN 3310 5900 rlbsc) g Pl poyp(®)  Fp®) ¢
TaN 3360 6080 F(E’d) F p(b) P-VP(E) F—VP(gg G
(HE-20Ta )N ~3300 ~5940(P) rbsc) F p-yp(P)  F_yp( G
(@) Rating refers to atmospheres in IITRI-B6058-40, 5.4v/00,, 6.5v/oF, 10v/oHF,

6.5 v%o F -5.4 v/o 05, 10 v/o HF-2.3 v/o 0.

E-Excellent <1 mil/min P~Poor 4-6 mils/min

G-Good 1-2 mils/min VP-Very poor >6 mils/min

F-Fair 2-4 mils/min M-Eutectic melts below 3500°F

NOTE: F-E denotes decreasing reaction with increasing temperature
E-G denotes increasing reaction with increasing temperature

(b)Eﬁtimatedmmo experimental data,
(©)5011d oxide Formed
<d>Me1ting point of oxide ~3400°F.



{

HfB, + HF = BXHy + foFy

2

CXHy + CXFy

i

C + HF

Thus, thermally stable materials which indicate high corrosion
rates in hydrogen fluoride will also tend to be reactive in hydro-
gen. Carbide-graphite composites should be included in this group.
The relatively low recession rate of carbide materials at 3500°-
4500°F presumably was due to high thermodynamic stability
carbides an or slow reaction kinetics. HFC-C composites

F

of the
did indi~
cate a considerable increase in recession rate at 5000°F, azs did
ATJ graphitee(l)

?.A
b

¥

In Table IV, estimates of the reactivity in boron-
containing atmospheres are presented to indicate whether potential
problems exist due to eutectic melting. The basis for an adverse
rating is a eutectic melting below 3500°F, Of the materials in
Table IV, a definite problem area exists only for iridium, rhenium,
and their alloys. However, a number of the borides melt in the
range of 4000°-5000°F (Table II). Thus, the presence of free bo-
ron could present problems at 4000°-5000°F with most of the re-
fractory materials shown in Table T except perhaps the borides.

In any case, the influence of boron in the exhaust stream on re-

fractory materials is not adequately defined at the present time.

A general summary of the properties of refractory mater-
ials of interest in this program, excluding metals, is contained
in Table V. All of the elements with melting points above 4000°F
have been discussed in detail previously, except osmium, ruthenium,
and hafnium. Because of their low melting points, ruthenium and
hafnium do not appear to provide any advantage over other refrac~
tory metals. Furthermore, hafnium would be very reactive in fluo-
rine and hydrogen fluoride based on data for HEN.

Osmium has not been considered to date, although it does
have the highest melting point (5450°F) of the platinum group me-
tals. Considering the behavior of iridium, osmium and ruthenium
may be resistant to fluorine and hydrogen fluoride at high
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TABLE V

SUMMARY OF ESTIMATED COMPATIBILITY
OF REFRACTORY MATERIALS WITH ROCKET ENGINE EXHAUST SPECIES

High Melting
Material Systems

Remarks

Borides HfB,, ZrB,, TaB;,
CbBs, WB

(A4

Carbides HfC, TaC, ZxC;
carbide-graphite
composites,
complex carbides

Nitrides HfN, TaN, ZrN,
TiN; complex
nitrides

Silicides Hf9Si, B3Si,
TagSi, Tas5isg,
TapsSi, Nbs5Sig

gl zadag Ieu;&)
ET“ZUT98'IHLII

High melting points obtainable. Thermal shock prob-
lems, based on the data for ZrB, and HfBz. Selected
borides can provide good oxidation (1) and fair
fluorine resistance (1, 27) Oxidation resistance de-
pends on formation of solid oxides. Fair resistance.
to HF and fluorine, but less resistance to atmos-
pheres containing both oxygen and fluorine (1).
Generally, borides are more reactive than carbides
in halogen-containing atmospheres (1, 27, 28). There
is some evidence indicating that borides may be use-
ful in boron-containing atmospheres (31) although
graphite was considered the prime candidate.

Very high melting points obtainable. Thermal shock
difficulties, but can be improved by graphite addi-
tions, Only fair oxidation resistance and then on-
ly at temperatures where solid oxides are formed.
Good resistance to fluorine and HF to at least 5000°F
(1, 27, 34). Poor to very poor resistance to oxygen
in combination with fluorine and HF ( 1).

High melting points obtainable. Thermal shock prob-
lems. Tend to be unstable above 4000°F. Oxidation
resistance depends on development of stable oxides.
Poor resistance to fluorine and HF due to decomposi-
tion, resulting in highly reactive metal phases (26).

Maximum melting point obtainable about 4500°F. The
few specific data available on fluorine and HF compat-
ibility dindicate poor resistance (35, 36). SiC ap-
pears to improve fluorine corrosion resistance of
7ZrBs . Excellent oxidation resistance to aboutb

3000°F,
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TABLE V (cont.)

Material

High Melting
Systems

Remarks

Sulfides

Phosphides

Oxides

Intermetallics

CeS, CaS
Ba3P, Pa3P2

Hf02 5 ThOg s ZrOg 5
Complex oxides

HfRes, Ir3HE,
Ir3Ta, ResW,
Re3M02

Maximum melting point obtainable about 4500°F. No
specific data available in fluorine and HF. Gene-
rally poor oxidation resistance.

Maximum melting point obtainable about 5500°F. No
specific data available in fluorine and HF. Gene-
rally poor oxidation resistance.

High melting temperatures obtainable. Thermal shock
problems. Obviously best resistance is to oxygen
(37, 38, 39, 40). Generally poor resistance to flu-
orine and HF (31, 33, 35, 37). Poor resistance of
oxides to fluorine and HF is indicated by high cor-
rosion rate of carbide-graphite composites in F,-03
and HF-0O; (Table 1V.

Highest melting point obtainable 5720°F. Little data
available in literature. Re-W and Re-Mo intermetal-

lics should behave similar to pure metals in F; and HF.
Fair to poor oxidation resistance likely.

Ir-Hf and Ir-Ta compounds have good oxidation
resistance, but oxidize internally (25). Should
have good resistance to F; and HF above 3000°F. May
be good additives for improving resistance of car-
bides and borides to O; and combined 0,-F, and O,-HF
atmospheres.

(3x0day TeUTA)
€1-20199-T¥LII




temperature. However, osmium has much poorer oxidation resis-
tance than iridium. Therefore, any advantage in melting point is

offset by decreasing oxidation resistance.

Table V represents an attempt to summarize the general
properties of carbides, borides, nitrides, silicides, phosphides,
oxides, and intermetallics. Data in the literature on the compat-
ibility of these materials with fluorine or hydrogen fluoride not
presented in Table IV are included. Although fluorine corrosion
is limited, the data in the literature on fluorine compatibility
do not deviate appreciably from that presented in Table IV.
Thus, it must be concluded that the only new materials potential-
ly useful for fluorine-containing exhausts products are the in-

termetallics, and possibly BN,

The corrosion data presented in Table IV represented
experimental measurements of the recession rate of refractory ma-
terials of interest in 6.5 v/o fluorine, 5.4 v/o oxygen, 10 v/o
hydrogen fluoride, 6.5 v/o Fy=5.4 v/o 0,, and 10 v/e HF-2.3 v/o 0y
All of these data were obtained at a gas velocity of 400 fps, a
total gas flow rate of 10 cfh, and a 45° impingement angle. These
data can be employed to estimate the relative recession rate of

these materials in actual rocket nozzle environments.

Estimates of the recession rate in refractory materials
in HF-F,, HF-—FZ-—O29 and HF~F2~02~B atmospheres are presented in
Table VI. These atmospheres can be expected in the exhaust of
propellant systems of current interest. For example, the HF-F,
atmosphere represents the major corrosive species for a Nzﬂﬁsz

propellant system, and the HF—FZwOZ-B atmosphere represents the
major corrosive species for a B2H6-OF2 propellant system.

Obviously, the throat recession rates in Table VI will
apply only if the arrival rate of corrosive species at the nozzle
is reasonably close to that used for the corrosion tests. The de-
livery rate of corrodent species for the recession rates shown in
Table VI was 6-12 x 107 lb-moles inz/min at an impingement angle
of 45°, TFurthermore, the relative concentration of corrosive
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TABLE vI

ESTIMATED SURFACE RECESSION RATE OF REFRACTORY MATERIALS
IN SELECTED ROCKET NOZZLE EXHAUST ATMOSPHERES AT 4000-5500°F

Estimated Recession Rate in Given Exhaust Atmospheres

(3a0dey Teuty)
€1~2019¢9~-T¥UII1

ZrB;-S1C-C (melts ~44

0°F)

v HF-Fa, HF-F, -0, HF-F; -0z -B

Nozzle Wall Recession Recession Recession

Temperature, Rate, Rate, Rate,

°F Material mils/min Material mils/min Material  mils/min
4000 Iridium <0.5 Iridium <0.5 Iridium (a)
Ir-33Re <1 Ir-33Re 1.0 Ir-33Re (a)
W-25Re-201Ir 1 W-25Re-201r 2.5 W-25Re-201x (a)
Re-351r 1.3 Re-351r ~3.0 Re-351Ir (a)
Graphite (ATJ) 1.5 Rhenium 4.0 Rhenium (a)
TaC=-C 1.5 ZrB,-8iC-C 4.5 ZrB;-SiC-C 4.5
HfC-C 1.5 Graphite (ATJ) 4.5 Graphite (ATJ) 4.5
Rhenium 1.5 Tungsten 5.5 Tungsten 5.5
ZrB;-SiC-C 2.0 HfC-C 5.5 HfC-C 5.5
Tungsten 2.5 HfBo ~5.5 HfBs ~5.5
HfB: 2.8 TaC-C 6.0 TaC-C 6.0
TaN-HEN 3.5 TaN-HEN ~7.0 TaN-HEN ~7.0
Tantalum 3.5 Tantalun ~8.0 Tantalum ~8.0
4500 Ir-33Re <0.5 Ir-33Re 0.5 Ir-33Re (a)
TaC-C <1.0 W-25Re-201r 2.5 W-25Re-201Ir (a)
W-25Re-201r 1.0 Re-351Ir ~3.0 Re-351r (a)
HfC-C 1.0 Rhenium 4.5 Rhenium (a)
Re-351Ir 1.0 Tungsten 5.5 Tungsten (a)
Rhenium 1.0 HfC-C 6.0 HEC-C 6.0
Graphite (ATJ) 2.0 HfB, ~6,0 HfB, 6.0
Tungsten 2.5 Graphite (ATJ) 6.5 TaC-C ~7.0
HEB, ~3,0 TaC-C ~7.0 Tantalum ~10
Tantalum ~3.5 Tantalum ~10 Graphite (ATJ) (a)
Iridium (melts 4450°F)
0



TABLE VI (cont.)

Estimated Recession Rate in Given Exhaust Atmospheres

9¢

HF-F, HF=-F; -03 HF-F5 -0z -B
Nozzle Wall Recession Recession Recession
Temperature, Rate, Rate, Rate,
° Material mil/min Material mil/min Material mil/min

Re-35Ir <0.5 Re-351Ir ~3.5 Re-35Ir (a)
Rhenium <0.5 Rhenium 4.0 Rhenium (a)
TaC-C 1.0 Tungsten 6.0 Tungsten (a)
Tungsten 2.0 Graphite (ATJ) 7.0 Graphite (a)
Graphite (ATJ) 2.2 HfC-C ~7 HfC-C (a)
HfC-C 2.2 HfB, ~7 HEB, ~7
HEfB, ~4,0 TaC-C >10 TaC-C >10
Tantalum . ~4.0 Tantalum >10 Tantalum >10
Ir-33Re (melts ~4900°F)

W-25Re-20Ir (Melts ~4500°F)

Rhenium ~1.0 Rhenium ~4,0 Rhenium (a)
Tungsten 1.0 Tungsten 5.6 Tungsten (a)
TaC-C ~2.0 Graphite (ATJ) ~8.0 Graphite (a)
Graphite (ATJ) ~3.0 HfC-C >10 HEfC-C >10
HfC-C ~ .0 TaC-C >10 TaC-C >10
Tantalum (melts ~5400°F)

HfB; (melts ~5400°F)

(3x0dsy TeUTI)
£l-20T99-T¥IIT

(a)Inadequate data to define.



species in a nozzle exhaust depends on the combustion conditions
and mixture ratio. Changes in the fluorine-oxygen ratio could
have an appreciable effect on the corrosion rate. Thus, the es-
timated recession rates in Table VI represent a relative ranking
of nozzle materials for each environment at wall temperatures of
4000°, 4500°, 5000°, and 5500°F. Wherever corrosion data were
not available, recession rates were estimated by extrapolation of

available corrosion data.

Table VI indicates that the lowest recession rates can
be expected for the HF-F, atmosphere below 5000°F. Several ma-
terials including iridium, rhenium, and their alloys have reces-
sion rates of less than 1 mil/min in this environment. At 5500°F,
tungsten and rhenium also indicate recession rates of about 1
mil/min. Carbide-graphite composites, particularly TaC-C, can
also be used to a wall temperature of at least 5000°F.

Introduction of oxygen into the HF-F, system considera-
bly reduces the number of materials exhibiting low recession rates
to only iridium and Ir-33Re. . Above 4500°F, the most resistant ma-
terials are Re-35Ir and rhenium with recession rates in the range
of 3.5-4.0 mils/min.

The most corrosive environment is the HF-F,-0,-B atmos-
phere since no material appears acceptable for low recession rates
above 4000°F based on current information. This is due primarily
to the quantitative data on the influence of free boron on iridium
and rhenium containing alloys. Boron could also influence the re-
cession of other materials due to low-melting boron compounds.

For example, degradation of graphite could be increased above
4500°F because B,C melts at about 4450°F.,

The primary objective of the literature survey was to
generate data for the selection of new composite systems for
oxidation-corrosion tests. It was clear from the survey that no
new individual materials were promising with good oxidation-
corrosion. The only new materials not previously considered were
a few intermetallic compounds (HfIr;, Talrz, HfRep) and boron
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nitride. Without considering the boron problem, iridium and
iridium-rich alloys provided the best resistance to combined
fluorine-oxygen and hydrogen fluoride-oxygen above 3000°F, Thus,
iridium-rich alloys were the most promising second-phase addition
in composite systems for the development of improved oxidation-
corrosion. Also, the metallic systems W-Re-Ir and Re-Ir appeared

to provide some promise at temperatures above 4000°F.

A summary of seven systems selected for further evalua-
tion based on the literature survey is presented in Table VII.
Two of these systems were the metallic alloy systems W-Re-Ir and
Re-Ir, and the remainder iridium-rich alloys and intermetallics
in a carbide, boride, or graphite matrix. Thus, the potential
oxidation-corrosion resistant systems rely heavily on iridium
since it has represented the only metal with sufficiently high
resistance to significantly affect the corrosion behavior of the
composite, Included in Table VII are the fabrication methods or
methods that were considered appropriate for each system. The
composite systems generally were expected to require hot pressing,
whereas normal metalworking and/or plasma spraying are prcbable
fabrication methods for the metals. In general, refractory sys-
tems inherently require special fabrication techniques to obtain
high-density materials,

Also included in Table VII are the melting ranges ex-~
pected for the materials based on existing high-temperature data.
The lowest melting point for each system represents the melting
point that would be obtained if the composites were thermally un-
stable. On the other hand, the highest melting point is that
which would be obtained in a thermally stable composite. For
example, the melting points of the composite systems with
iridium-rich second phase are controlled by the melting points of
HfIr, (4450°F), Talrg (44ZQ°F), or the Ir-C eutectic (4000°-
4200°F). Since a phase diagram exists for both the W-Ir and Re-
Ir systems,(l) melting points in these systems were available.
However, no melting point data were found for W-Re-Ir alloys, or
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TABLE VII

SUMMARY OF PROPOSED OXIDATION-CORROSION RESISTANT SYSTEMS

Expected
Meltin% Point, Potential
System F Fabrication Method
W-Re-Ir 4400-5500 Arc melting/working,
plasma spray
Re-Ir 4800-5500 Arc melting/working,
plasma spray
TaC- (20-30 v/o)TaIr3 3500-4450 Hot press
HfC-(20-30 v/o)HfIr3 3500-4470 Hot press
HfBz-(20~30 v/o)HfIr3 3000-4470 Hot press
Graphite- (20-30 v/o0)Ir-30Re 4200-4700 Hot press
Graphite-(20-30 v/o0)Talr, 4000-4450 Hot press
29 IITRI-B6102-13
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the composites. Consequently, melting temperatures were deter-
mined for these materials and are discussed in Section II-C-3.

B. Fabrication

The W-Re-Ir and Re-Ir alloys were prepared by noncon-
sumable arc melting of blended and presintered powders to insure
homogeneity. Powders, nominally =325 mesh, were blended, cold
pressed at 48 tsi, and sintered in vacuum at 3300°F for 2 hr.
Finally, nominal 10 g samples were nonconsumable arc melted, with
at least 6 remelts. Metallographic examination of the W-15Re-10Ir
alloy showed that a two-phase structure existed in this alloy.

The solubility of iridium in tungsten is about 5 w/o at 3250°F and
about 10 w/o at the peritectic temperature (4550°F)§2) rhenium is
soluble to about 25 w/o in tungsten.(z) Thus, most of the W-Re-Ir
alloys produced in this program consisted of the tungsten-rich
W-Re-Ir solid solution with the ¢ and/or ¢ W-Ir intermetallic com-
pounds as the second phase. The ¢ phase decomposes eutectoidally
at about 3240°F to ¢ and the tungsten-rich solid solution.

No metallography was conducted on the Re-Ir alloys. The
solubility of iridium in rhenium is about 40 w/oo(z) Thus, the
Re-25Ir and Re-35Ir alloys prepared in this program were single-
phase rhenium-rich solid solution.

The Talrg and HfIrB intermetallic compounds were also
fabricated by arc-melting. In contrast to the other metallic al-
loys, these materials were prepared by combining melt stock of
hafnium and tantalum with presintered Ir powders prepared as des-
cribed previously. Again, no metallography was conducted on these
alloys. However, arc-melting of bulk materials produced single-
phase alloys in previous workw(ZS) Vendor analyses of the tung-
sten, rhenium, iridium, hafnium, and tantalum are summarized in
Table VIII.

None of the composites consisting of iridium-rich alloys
in a carbide, graphite, or boride matrix were prepared in this
program. The result of interaction studies described in
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TABLE VIII

NOMI NAL. ANALYSES OF METALLIC RAW MATERIALS

Concentration of Impurity Element, ppm

Element (99.95+) (98.0) (99.9+) (99.99+) (99.9+)
C 5 <13 100 - -
H 1 <13 20 - -
0 4 <30 100 - -
N 3 <10 50 - o

Fe 3 <100 - 18 400
M 10 <10 - - -
Al - <35 - <1 -
Cr 10 <10 - <1 -
Cu - - - <1 -

<10 <10 - <1 -
g% 5 <15 - <1 -
Si <5 <20 - <1 70
Cb <10 <35 - - -
Ti <10 34 - - -
Pt - - - - 1@@
Pd - - - - 40
Ru - - - - 120
Au - - - - 10
Ag - - - - -
Rh - - - - 200

Others - 2.0Zr

(a)Fansteel Metallurgical Corp., commercial purity.
<b)Nuc1ear Metals Inc., crystal bar.
(C)Fansteel Metallurgical Corp., commercial purity.
(d)Cleveland Refractory Metals, commercial purity.
()Mathey-Bishop, Inc., Alloy 2000.

31 IITRI-B6102-13
(Final Report)



Section II-C-3 and the necessity for corrosion testing in BF 4
precluded preparation of these systems. However, it is expected
that these composites could be prepared by hot pressing below
the melting temperatures obtained (Section II-C-3). The only
exception would be the HfBzmeIr3 compounds because of the low
melting temperature (~3200°F) occurring in this system.

A limited study of the hot workability of Ir-33Re,
Re-25Ir, Re=-35Ir, W-15Re~15Ir, and W-20Re-20Ir alloys was con-
ducted. This study was performed on alloys remaining after
oxidation-corrosion tests. An attempt was made to hot roll
these alloys at 1800° and/or 2200°F; the results are summarized
in Table IX. Only the Ir-33Re alloy indicated any tendency for
hot working, even at 2200°F. This alloy exhibited surface
cracks after about 157 reduction whereas the other alloys
cracked badly on the first 10% pass. It is possible that cor-
rosion testing developed grain boundary effects in the cast
alloys which influenced their hot workability. However, these
results suggest that the hot working temperatures for the Re-Ir
and W~-Re~-Ir alloys might be very high. Fabrication of nozzles
by hot spinning, therefore, might be very difficult or impossible.

C. Thermal Stability Studies

1. Oxidation-Corrosion Tests

The oxidation-corrosion rates of a variety of refrac-
tory materials in fluorine, oxygen, fluorine-oxygen, and hydrogen
fluoride~oxygen atmospheres have been reported previouslyo(l}
Corrosion studies during this program were initially intended to
study new materials defined by the literature search. Finally,
composites fabricated on the program were to be evaluated in
these atmospheres. The majority of the oxidation-corrosion tests
were conducted on W-Re-Ir alloys, Re-25Ir, Re~35Ir, Ir-23Hf (HfIr3>9
and Ir-23.9Ta (TaIr3), The literature survey also indicated a
potential problem with boron in combustion gases. Consequently,
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TABLE IX

HOT ROLLING BEHAVIOR OF Ir-Re AND W-Re-Ir ALLOYS

Nominal
Alloy Rolling Nominal
Composition, Temperature, Reduction,
w/o °F % Comments
Ir-33Re 1800 15 Cracked after 2nd
0.010 in. pass.
2200 19 Cracked after 2nd
0.010 in. pass.
Re-25Ir 2200 0 Cracked lst pass.
Re-351r 2200 0 Cracked lst pass.
W-15Re-151Ir 2200 0 Cracked lst pass.
W-20Re-20Ir 2200 0 Cracked lst pass.
33 IITRI-B6102-13

(Final Report)



corrosion studies were extended to boron-containing gases to
indicate the influence of boron at high temperatures on the

corrosion of selected materials.

The individual corrosive elements present in the
combustion gases of potential fluorine=-containing propellant
systems which must be considered in oxidation-corrosion of
materials are presented in Table X. Obviously, the combustion
gases of engines will contain numerous other species including
monatomic forms of the elemental gases and complex combustion
products. The concentration of these products will depend on
the mixture ratio and combustion efficiency.

Hydrogen fluoride is included, although it is not on
individual species, because it will be the major constitutent
of all combustion gases. Tests conducted previously suggest
that the stability of the hydrogen fluoride molecule precludes
reaction with many refractory materials below 5000°F. Execptions
are the reactive refractory metals (Ta, Hf) and borides.
Recession rates of many materials in hydrogen fluoride are in
the range of two orders of magnitude less than oxygen or fluorine.
Thus, hydrogen fluoride can generally be considered the carrier

gas for the other corrosive species present in the gas stream.

While hydrogen also appears as a corrodent species
in all combinations,it will not affect the corrosion of metallic
materials. Hydrogen becomes a corrosicn factor only in graphites,
carbides, carbide-graphite composites, and borides--i.e., only
those materials which exhibit high-temperature stable gaseous
reaction products with hydrogen. These are generally limited
to the CXHy and BXHy type compounds. The effect of hydrogen
will be important primarily for graphites because these materials
are the only potential nozzle materials in which carbon is pres-
ent in an uncombined form. Carbides are much more resistant to
hydrogen than carbon is because the corrosion rate is determined
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TABLE X

INDIVIDUAL CORROSIVE SPECIES PRESENT
IN COMBUSTION GASES OF POTENTIAL LIQUID PROPELLANTS

Individual
Propellant System Corrosive Species

H,y-Fy HF, F,, H,

H,-OF, HF, F,, 0,, H,
N2H4—F2 HF, F,, H,y, N,
N,H, -OF, HF, Fy, 0y, Hy, Ny

CH,,~F, HF, F,, Hy, C
CH,, -OF HF, F,, 0y, H,, C
B H-F, HF, F,, Hy, B
B,Hg-OF, HF, Fy, Oy, H,, B
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by the temperature-dependent relative thermodynamic stability

of the carbides and CXH reaction product. This thermodynamic
balance obviously prevails for graphites, and consequently the
recession rate in hydrogen is determined by the kinetics of

the C-H2 reaction. It was shown in previous phases that C-H,
reaction probably does influence the reaction rate of carbide~
graphite composites with HF above 4500°Fa(1) However, it will
also be shown subsequently that the C»-H2 reaction is a secondary

problem for graphitic rocket nozzle materials.

The previous oxidation=-corrosion work had considered
only HF, F2, 02, H2, and their combinations-=-i.e., propellant
systems in which elemental hydrogen was the fuel. However, the
use of space-storable hydrogen fuels interjects other potential
corrosive species including carbon, and boron.

Nitrogen generated in hydrazine reaction products is
generally not a problem for any of the systems of interest in
this program. Nitrides are unstable and/or form high-melting

compounds at high temperatures.

On the other hand, boron and carbon can influence the
corrosion rates of refractory materials in rocket nozzle exhausts.
Unlike fluorine and oxygen which volatilize, boron and carbon
will form low-melting compounds with some of the systems of
interest. Surface recession due to carbon and boron, therefore,
will consist of surface melting rather than volatilization of
corrosion products. High=~temperature interaction data (Section
II-A) suggest that more problems will be encountered with boron
than carbon because the melting temperatures are generally lower

for boron interactions.

The equipment for oxidation-corrosion testing has
been reported in detail previously,(l) Test samples supported
on tungsten rods were induction~heated in a stainless steel
chamber containing a sight port for optical temperature measure-
ments. All tests were run under identical conditions, unless
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otherwise noted: (1) total gas flow rate--10 cfh (400 fps);

(2) exposure time--5 min, (3) impingement angle--45°, (4) nozzle
distance-~-1 in. The nominal sample size was 0.5 x 0.5 x 0.125 in.,
and surface recession calculations were made using the impinge-
ment surface and edges as the effective reaction surface area.
Temperature measurements were made with an L & N optical pyrom-
eter, and temperature corrections made using the published wvalues
for emittance of the various materials.

A limited number of corrosion tests were conducted in
fluorine for Re-Ir and W-Ir alloys previously,<1) but no work
had been done on W-Re-Ir alloys or the MIr3 intermetallics.
Accordingly, corrosion tests of these materials in fluorine,
hydrogen fluoride, fluorine-oxygen, and hydrogen fluoride-~oxygen
were conducted to determine the high-temperature resistance of
these materials. Data for the Re-Ir alloys in fluorine were
taken from previous work.

The lack of information on the influence of boron-
containing gaseous species demonstrated that experimental work
in these atmospheres was required. Accordingly, the work scope
was modified to permit oxidation-corrosion tests in BF33 BF3~029
and BF3-H2 atmospheres. The BF3- 2 atmosphere was selected to
assure generation of free boron by the reaction.

ZBF3 + 3H2 = 6HF + 2B

It was found that tests could be conducted in these
atmospheres as readily as the tests in combined fluorine and
hydrogen fluoride, and that free boron was generated according
to the above equation.

The results of oxidation~corrosion tests are plotted
in Figures 1 to 8. Experimental data are contained in

Appendix A.

Surface recession data for W-Re~Ir and Re-Ir alloys,
HfIr3, and Talr, in flowing argon with 6.5 v/o fluorine at
3000° -5000°F are plotted in Figure 1. Data for rhenium,
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tungsten, and iridium obtained previously are included. The
tungsten~base alloys exhibited the highest recession rates of
the new materials. Generally, the recession rate of W-Re-Ir
alloys decreased with Ir/Re concentration; the lowest recession
was obtained for the W-25Re-20Ir alloy. Over the range of
3500° -4500°F, the W-Re-Ir alloy had a recession rate of about

1 mil/min; about one-half that of unalloyed tungsten.

The lowest recession rates at 3000°-3500°F were
measured on the Talry and HfIr3 intermetallic compounds. These
materials were similar to unalloyed iridium in this range, but
increased in recession rate at 4500°F. This was apparently due
to more aggressive attack of hafnium and tantalum in the alloys:
both exhibit very high recession rates in fluorine. At 4500°F,
the lowest recession rates were obtained on the Re-Ir alloys--
as expected, based on the data shown for iridium and rhenium.

Since no data existed on boron nitride (BN) in
fluorine, several samples of this material were also exposed to
fluorine and hydrogen fluoride. Boron nitride cannot be heated
inductively because of its high dielectric strength; consequently,
0.060 in. thick samples were heated with a tungsten samples as a
susceptor. The maximum temperature attainable by this method
was about 3000°F uncorrected optical temperature. The results
obtained from these tests indicate that the calculated surface
recession rate of BN at 2750°F'(uncorrected optical temperature)
in an argon-6.5 v/o fluorine atmosphere was very high-~-in the
order of 6.0 mils/min. At 2900°F (uncorrected) the reaction rate
of BN in argon-10 v/o HF was determined to be 0.32 mil/min.
These rates are high compared to most of the other materials
tested. This is the highest rate determined in this program
for fluorine corrosion. These tests demonstrate that BN would
not be an attractive material for operation in fluorine-

containing environments.

Surface recession data in flowing argon-10 v/o
hydrogen fluoride are plotted in Figure 2. 1In this atmosphere,
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except for BN, the highest rates were measured for HfIr33
although both HfIr3 and Talr, had relatively high rates of
0.15 to 0.35 mil/min at 4500°F. The lowest recession rates
were obtained on the W-Re-Ir and Re-Ir alloys; recession of
these alloys was in the range of 1.5 to 2 orders of magnitude
less than in 6.5 v/o Fy.

Surface recession rates in flowing argon-6.5 v/o Foy-
5.4 v/o O, are plotted in Figure 3. This atmosphere is the most
aggressive employed in this program. Again, data obtained
previously for tungsten, iridium, and ATJ graphite are included.
The lowest calculated recession rates obtained in this atmosphere
were for Hf—Ir3 and TaIrB, both of which exhibited temperature
dependence similar to unalloyed iridium. Re-~35Ir had a uniform
recession rate of about 2 mils/min over the range of 3500°-4500°F,
Finally, the W-Re=-Ir alloys exhibited surface recession rates of
at least a factor of two less than tungsten and ATJ graphite
above 3500°F.

Surface recession data for W-Re~Ir and Re-Ir alloys,
HfIrB, and Talr; in argon-10 v/o hydrogen fluoride-2.3 w/o
oxygen are plotted in Figure 4. 1In this atmosphere, most of the
weight loss results from interaction with oxygen. It is not
surprising, therefore, that the lowest recession rates were
obtained for the HfIr, and Talrg intermetallic compounds. These
materials, in fact, had weight gains because of the development
of oxide films. The Talr, intermetallic exhibited a weight gain
at 3000°F and HfIr3 at 4000°F. Re=35Ir had a linearly temperature-
dependent recession rate varying from about 0.3 mil/min at 5000°F
to 0.6 mil/min at 4500°F. The W~Re-Ir alloys and Re-25TIr had
recession rates in the range of 0.8 to 1.5 mils/min.

As previously discussed, the influence of boron=-
containing gaseous species in the corrosion of refractory materi-
als was undefined in existing data. Accordingly, selected
materials were exposed in BF3, BF3~02, and BF3=-H2 atmospheres,
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The latter atmosphere was intended to provide free boron wvia
reaction to form the stable HF molecule. The results of
oxidation-corrosion tests in boron-containing atmospheres are
plotted in Figures 5 through 7.

Figure 5 shows the surface recession rate of tungsten,
iridium, and ATJ graphite in argon-10 v/o BF; from 3000°-5500°F.
Data for Re-25Ir and Re=35Ir at 4000°F only are included.

Except for ATJ graphite, the recession rate in 10 v/o BF3 is
about equivalent to that in 10 v/o HF, in the range of 0.0l to
0.07 mil/min. ATJ graphite increased rapidly in recession rate
from about 0.08 mil/min at 3500°F to 0.2 at 4800°F. Examination
of the sample surfaces after exposure in a low-power microscope
did not indicate any surface melting reactions with the boron

in BF3. Thus, reaction with BF 5, like HF, appears to be a
secondary problem in rocket nozzle environments for the naterials
evaluated.

Surface recession rates of tungsten and ATJ graphite
in argon~4.3 v/o BF3~4.0 v/o 0, are plotted in Figure 6. Alsc
included are data previously obtained in argon-6.5 v/o Fo-

4.0 v/o 02, which provides the same fluorine and oxygen mass
flow rates as the BF3-=O2 atmosphere. The surface recession
rates of ATJ graphite are slightly higher in BF3-0,,
sten slightly lower, than in argon-4 v/o oxygen,(lg Thus,

and tung-

these tests again indicate only a minor effect of BF5 on the
surface recession rate. It appears that the recession rate of
ATJ graphite is about equivalent to the sum of the recession
rates in the individual BF, and O environments. For tungsten,
lower oxidation=-corrosion in BF3~-O2 may be due to interactions

producing on FZ species which reduce the effective oxygen

y
concentration.

Figure 7 is a plot of the recession rates of tungsten,
iridium, ATJ graphite, Re-25Ir, and Re-35Ir in argon-10 v/o BF 3=
10 v/o Hy. This atmosphere was intended to produce free boron

by interaction of .the gases to produce hydrogen fluoride and
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boron. Assuming reaction with all available hydrogen, the
atmosphere at the sample surface contained BF4, HF, and boron.
Examination of the sample surfaces after exposure in a low-
power microscope demonstrated that free boron was produced in
these tests. Furthermore, surface melting was readily visible
on both iridium and tungsten samples, but not on ATJ specimens.

Surface recession data are plotted in Figure 7 for
iridium and Re=-35Ir, although recession rates could not be
calculated because the samples were brazed to the tungsten rod
after exposure. The data are plotted only to indicate the
temperatures at which melting occurred. It was estimated that
5, 10, and 307 of the iridium samples had melted after 5 min
at 3000°, 3500°, and 4000°F, respectively. Similarly, about
5% of the Re=35Ir sample melted after 5 min at 4000°F. Surface
melting was also visible on the tungsten samples exposed at
4000° and 4500°F; the decrease in calculated recession rate for
tungsten at 4000° and 4500°F is probably due in part to boron
uptake by the tungsten samples resulting in lower weight loss.

ATJ graphite did not indicate any surface reaction
with boron. The measured recession rate was similar to the
combined rate of 10 v/o BF 4 and 10 v/o Hy, both in the measured
rate and its temperature dependence.

The tests in BF5-H, demonstrate that free boron can
cause surface melting of iridium, tungsten, and Re-Ir alloys.
Unfortunately, the boron eutectic is lowest for iridium, which
has the best resistance to combined fluorine-oxygen at 3000°-
4400°F. Thus, boron must be considered as a corrodent equiva-
lent to fluorine and oxygen for some materials. These tests
also suggest that it is likely that free carbon would also
cause melting of iridium above the Ir-C eutectic (~4000°F).

The surface recession rate of graphite in argon-
hydrogen mixtures is plotted in Figure 8. Also shown is the
weight loss in the absence of hydrogen resulting from mechanical
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Fig. 8 - Surface Recession Rate of ATJ Graphite in
Flowing Argon and Argon-Hydrogen.
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erosion of the graphite surface., It was found that the ATJ
graphite samples lost 4 to 6 mg during heating in vacuum at
4000°F. Consequently, all graphite samples were vacuum out-
gassed prior to corrosion tests. Data in Figure 8 indicate that
the recession rate of graphite in 10 v/o hydrogen was less than
0.2 mil/min below 4500°F, but increased abruptly to about

0.6 mil/min at 4900°F. Thus, the CH, reaction is a secondary
problem below 4500°F compared to fluorine and oxygen inter-~
actions.

2. Mechanical Property Determinations

The composites fabricated in this program were to be
evaluated by thermal shock and room=-temperature transverse
rupture tests in addition to oxidation=-corrosion tests. Trans-
verse rupture tests were precluded because of the following:

1. Additional corrosion tests in boron-

containing atmospheres were required

which prohibited fabrication of com-
posites.,

2. W=-Re=-Ir and Re-Ir alloys could not be
fabricated by hot rolling, as described
in Section II-B.

3. The results of boron studies indicated
that iridium~rich secondary additions
would melt in boron-containing
atmospheres. -
The oxidation-corrosion tests in boron=-containing
atmospheres were substituted for mechanical property tests by

contract modification.

In effect, thermal shock tests were conducted on all
materials during oxidation-corrosion tests. Nominally, test
samples were induction heated to the test temperature of 3500° =
5500°F in 15-25 sec. Thus, the heating rates were at least
200°F/sec. At the completion of each test, the argon was left
flowing after the corrodent gas or gases were stopped. This
method produced gas quenched cooling to below red heat in

I1T RESEARCH INSTITUTE

50 IITRI-B6102~13
(Final Report)



about 15 sec. Each corrosion test, therefore, consisted of a
complete thermal shock cycle. 1In no case was thermal shock
cracking observed on W-Re-Ir, Re-Ir, ATJ graphite, HfIr3, or
TaIr3 samples. Consequently, no severe thermal shock problems
are anticipated with any of these materials in rocket nozzle
configurations.

An attempt was made to evaluate the thermal shock
characteristics of the materials evaluated in this program using
the figure of merit thermal shock formation. This parameter is

expressed as: (42)

Ko
M= oE

= index of merit

thermal conductivity (Btu-in/(hr)(ftz)(°F)
= tensile strength at temperature T

= coefficient of thermal expansion (in/in°F)

where

f g H®" =X
i

E = effective modulus at temperature T
High values of M indicated low thermal shock sensitivity.

This parameter is, of course, oversimplified and
appropriate only for comparing materials in a specific test,
because the test specimen configuration and the cooling rate are
primary variables. The index of merit calculation is most
appropriate for evaluating brittle materials, since in an actual
test a fracture stress (o) other than the tensile strength may be
appropriate. For ductile materials, plastic deformation must
be taken into account in evaluating a thermal shock parameter.

Obviously, thermal shock sensitivity calculated as
above will be obtained in a low tensile strength, high modulus
material with low conductivity and a high expansion coefficient.
Since K, 0, o, and E are all temperature dependent, it is, also
clear that any material may exhibit a particular temperature
range of maximum shock sensitivity. This means that the properties
as a function of temperature must be known to establish the min-
imum index of merit. These data are not known for the W-Re-Ir,
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Re-1Ir, Ir3Hf, and Ir3Ta alloys investigated in this program.
However, from the rolling studies described in Section III-B,
thermal shock sensitivity might be expected for the Re-Ir and
W-Re-Ir alloys.

Indexes of merit at room temperature calculated from
data in the literature for tungsten, rhenium, and iridium are in

3 to 1 x 104° Unalloyed iron and austenitic

stainless steels have merit indexes in the range of 1 x 102 to

1 x 103@ The refractory metals generally have higher thermal

the range of 1 x 10

conductivity and strength and lower expansion coefficients,
which offsets the higher modulus (60-80 x 106)9 Thus, thermal
shock problems under normal cycling conditions with tungsten,
rhenium, and iridium can only be anticipated near room tempera-
ture where ductility may be limited. The Ir3M, Re-Ir, and W-Re-
Ir alloys may exhibit thermal shock failure at higher tempera-
tures. Although the properties are not available for these al-
loys, it is expected that high modulus would be retained.
Thermal conductivity should be lower in the alloys than in the
pure metals. Both these factors and high-temperature brittle-
ness (Section II-B) tend to increase thermal shock sensitivity.
Thus, it is possible that thermal shock cracking of Ir3M, Re-Ir,
or W-Re-Ir alloys may be encountered for specific sample geome-
tries and/or under more extreme thermal shock conditions than
were applied in this program.

3. Supplemental Investigations:
High-Temperature Melting Studies

High-temperature melting interaction of several candi-
date composite materials was investigated by heating material
combinations of interest until melting was observed. The mater-
ial combinations and the observed incipient melting temperatures
are given in Table XI. Also listed are eutectic temperatures
from the literature that apply to each combination.

In this work, small pieces of Ir, Re,HfIrB, and Talr,
were placed on the larger (nominally 0.5 x 0.5 x 0.125 in.)
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TABLE XI

MELTING TEMPERATURES
OF SEVERAL REFRACTORY MATERIAL COMBINATIONS

Incipient .
. Applicable
ME1tln§ Eutectic, Temp.
Temp.,*
Material Combination °F System °F
Iridium-Boron 2360 Ir-B 2265
Iridium/HEB> 3190 Ir-B 2265
Ir-Hf 2606
HfIrs /HEB: 3860 Ir-B 2265
Ir-Hf 2606
Iridium/HfC-33 v/oC 4080 Ir-C 4177
Ir-Hf 2606
HfIr; /ATJ graphite 4200 Ir-C 4177
Ir-Hf 2606
HfIr, /HfC-33 v/o C 4150 Ir-C 4177
Ir-Hf 2606
Talr, /ATJ graphite 4520 Ir-C 4177
Ir-Ta 3542
Talrs/TaC-20 v/o C 4475 Ir-C 4177
Ir-Ta 3542
Rhenium/HfC-33 v/o C 4850 Re-C 4532
Re-Hf 3344

*Corrected temperature using emittance of 0.85 for HfC-
33 v/o C, TaC-20 v/o C, ATJ graphite, and HfB:.
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samples of HfC-C, TaC-C, ATJ graphite, and HfB2° The larger
samples were induction heated in the fluorine corrosion appara-~
tus under an inert atmosphere of argon. Samples were held at
50°F intervals from about 3000°F to the observed melting point.
Holding times at each temperature were 5 min. The interaction
temperatures reported were observed on the larger carbide, bo-
ride, or graphite samples. In all cases, the temperature on the
top of the Ir, Re, HfIr35 or Talrg appeared to be slightly lower
than that of the larger sample. However, the interface tempera-
ture of the material pair is the important one and should have
been best represented by the temperature of the large sample.
The observed melting temperature may be slightly higher than the
equilibrium melting temperature, since the holding time at any
particular temperature was approximately 5 min. This holding
time may not be sufficient to obtain equilibrium in these high-

melting materials.

Examination of these results indicates that in the
case of Ir/HfB2 and Re/HfC-33 v/o C the observed melting temper-
atures are somewhat higher than may be expected from literature
values of applicable eutectic temperatures. As indicated above,

this may be due to not having achieved equilibrium conditions.

In the case of Ir/HfC-33 v/o C it appears that the
Ir-C eutectic is the limiting temperature because of the free
carbon. Examination of the results in Table XI indicates rea-
sonable correlation with published values in most cases. The
melting point of 2360°F observed for the Ir-B eutectic was only
about 100°F higher than the reported value. The data.forIr~HfBZ
indicates that this combination is unstable, as expected, al-
though the observed melting point of 3190°F is considerably
above both the Ir-B and Ir-Hf eutectics. The HfIr3—HfB2 combi-
nation melted at 3860°F, which was just below the melting point
of the carbides.

Melting points obtained for HfIr3 in combination with
ATJ graphite and HfC-33 v/o C were in the range of the Ir-C
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eutectic (~4100°F). On the other hand, Talrg exhibited melting
points of about 4500°F for both graphite and the carbide com-
posite. The observed melting temperature for Re/HfC-33 v/o C
was 4850°F, about 300°F higher than the reported temperature for
the Re-C eutectic,

The results of interaction studies suggested that the
highest melting composites would be obtained for TaIr3 in combi-
nation with either ATJ graphite or TaC-graphite composites. Ad-
dition of HfIr3 in a graphite or carbide matrix does not appear
to provide any significant advantage in melting point over unal-
loyed iridium. Other systems with promise could be rhenium-rich
Re-Ir alloys in the carbide materials. These systems should
provide melting points above 4400°F, in the absence of borom in
the combustion gas. Boron will likely cause melting of any

iridium~rich second phase of a composite below 4000°F.

The melting points of W-Re-Ir alloys were determined
in a similar manner to the interaction temperatures discussed in
the previous section. A comparison of the observed solidus tem-
perature of these alloys with estimated values for the W-Ir
phase diagram(z) is presented in Table XII. The melting temper-
atures in the W-Re-Ir system are controlled by the W-Ir system,
since the eutectic temperature is about 4180°F (80 w/o Ir) in
the W-Ir system. The minimum melting point in the W-Re system
is about 5250°F°(3)

Table XII indicates that all of the W-Re-Ir alloys
prepared in this program melt above 4500°F. The variation in
estimated melting temperature results from differences in re-
ported W-Ir phase diagrams.(z) The results in Table XII tend to
verify the results of Giessen, rather than those of Tylkina
et al.,(z) i.e., the lower temperatures for the eutectic at ~70
w/o W (4470°F), and the peritectic reaction at 75 w/o W (4650°F).
The results also indicate that the large decrease in melting
points occurs in the range of 0-15 w/o Ir. Further increase in

iridium concentration to 20 w/o does not cause a significant de-

crease in melting poinfy prsearcH INSTITUTE
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TABLE XII

APPROXIMATE MELTING TEMPERATURES
OF W-Re-Ir ALLOYS

pcigal prggecer LIS
Composition, 2 @) Temp;,

w/o Uncorrected  Corrected F
W-15Re-101Ir 4200 4925 4725-5070
W-15Re-151r 4150 4875 4600-5070
W-15Re-201r 38207 45007 4470-4890
W-25Re-101r 4150 4875 4600-5070
W-25Re-151r 4000 4675 4600-4890
W-25Re-201r 3870" 4500" 4470-4890

(a)Temperature corrections made using an emittance of
0.35 for these alloys.

(b)From Reference 2.
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A limited study of the potential of coating and/or im-
pregnating ATJ graphite with iridium-rich alloys was conducted.
ATJ graphite samples were slurry-coated with -325 mesh iridium,
or iridium-rich powders, and heated in argon above 4200°F in the
corrosion apparatus. The ATJ samples were outgassed in vacuum
at 4200°F for 5 min prior to application of the slurry. The
results of these tests are summarized in Table XIII.

All of the coatings tended to dewet after melting, pro-
ducing a thin, discontinuous surface coating along with large
globules of metal. 1In all cases, the metal was converted to a
gray, shiny material. Addition of 3 and 5 w/o Hf minimized the
formation of metal globules, but did not produce a coating of
uniform thickness. Rhenium additions produced higher melting
temperatures, as expected, but did not influence wetting signif-
icantly. The most uniform coating was obtained with unalloyed
iridium heated at 4200°F, just above the Ir-C eutectic (~4100°F).

In general, no significant impregnation of the graph-
ite was obtained. This was evident upon fracturing the coated
samples and examining the fracture surface with a low-power
microscope. Surface reaction was generally superficial, except
beneath the metal globules where more extensive reaction with
the graphite occurred. Bonding of the metallic surface material
was normally excellent for all compositions. However, this tech-
nique did not appear to be a promising method of coating and/or
impregnating graphite with iridium. Consequently, work on
iridium-coated graphite was discontinued. Some success in
plasma-arc deposition and gas pressure bonding iridium on
grahpite is reported in reference 44,

4, Metallography

Selected W-Re-Ir alloys were examined metallograph-
ically in the arc-melted condition and after exposure in fluorine
at 4500°F. It was expected that exposure in fluorine above 3500°F
would result in the development of iridium-rich surface layers
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TABLE XIII

BEHAVIOR OF IRIDIUM-RICH ALLOYS
MELTED ON ATJ GRAPHITE

Applied Heating
Alloy Thfgggggs Condition
Composition, 5 @) Temp., Time,
w/o mg/cm® mils °F min Comments

Iridium 240 4.3 4600 6 Extensive dewet-
ting

Iridium 110 2.0 4600 3 Dewetting, uni-
form superficial
metal coating.

Iridium 124 2.2 4200 3 Slight dewetting,
uniform metal
coating.

Ir-20Re 220 3.9 ’ 4750 3 Dewetting, super-
ficial metal
coating.

Ir-20Re 112 2.0 4600 3 Dewetting, super-
ficial metal
coating.

Ir-3Hf 182 3.5 4200 3 Some dewetting,
uniform, rough
metal coating.

Ir-5HE 80 1.4 4200 3 Some dewetting,
~ uniform, rough
metal coating.

(a)Average calculated thickness of fully dense iridium.
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on W-Re-Ir alloys because of selective attack of tungsten and
rhenium. Metallography of exposed samples verified this hypoth-
esis.

The microstructures of W-15Re-10Ir and W-15Re-15Ir are
shown in Figure 9. Both alloys are two-phase, consisting of the
pro-peritectic W-rich solid solution in a matrix of either the '
€ or 0 (W-Ir) intermetallic compound. Rhenium may also be dis-
solved in the matrix phase; the solubility of rhenium in the
W-Ir intermetallic compounds is unknown. The higher iridium
alloy is somewhat more brittle as indicated by internal crack-

ing induced by metallographic preparation (Figure 9b).

Iridium-rich surface layers developed on W-25Re-10Ir
and W-15Re-15Ir by exposure in fluorine are shown in Figure 10.
The layers are probably primarily Ir-Re alloys since tungsten
should be selectively removed at 4500°F. No evidence of melt-
ing exists although the samples were exposed above the melting
point of iridium (4450°F). This indicated that the surface
layers are probably Ir-Re, rather than iridium. These surface
layers result in decreasing corrosion rate with time for W-Re-Ir
alloys. The layer is more dense and adherent on the W-25Re-15Ir
alloy (Fig. 10b) than on the lower iridium alloy. Corrosion
mechanisms of this type provide the basis for improving the
oxidation-corrosion resistance of composites by additions of a

corrosion-resistant second phase in a suitable matrix.

5. Discussion

a. Oxidation-Corrosion of Tungsten-Base Alloys

In addition to the oxidation-corrosion tests described
in Section II-C-1, corrosion tests were also conducted in fluo-
rine to investigate specific corrosion mechanisms. These tests
included: (1) determination of the time dependence of surface
recession rate of W-Re-Ir alloys, (2) measurement of the influ-
ence of impingement angle on the calculated surface recession of
tungsten and ATJ graphite in argon-6.5 v/o fluorine, and (3) com-
parison of the surface recession rate of W-15Re-20Ir and ATJ
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Neg. No. 37940 X200
(a) W-15Re-10Ir

Neg. No. 37939 X200
(b) W-25Re-15Ir
Fig. 9 - Microstructure of W-Re-Ir Alloys
As Arc-Melted.
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Ir~rich

layer
Neg. No. 37936 X200
(a) W-25Re-101r
Ir-rich
layer

Neg. No. 37937 X200

(b) W-25Re-151Ir

Fig. 10 - Iridium-Rich Surface Layers Developed
on W-Re-Ir Alloys Exposed in Argon-
6.5 v/o Fluorine at 4500°F for 9 min.
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graphite in flowing fluorine. Experimental data for these tests
are summarized in Appendix A, Tables A-IX through A-XII.

The results of metallographic examination of W-Re-Ir
alloys, described in the previous section, verified that
iridium-rich surface layers were developed on these alloys at
4000°F. Iridium-rich surface residues were expected based on
the relative corrosion rates of unalloyed tungsten, rhenium, and
iridium in fluorine. Development of these layers is kinetically
similar to the mechanism by which refractory carbon chars are
developed on ablative materials, and they can be similarly ef-
fective in decreasing the surface recession rate. However, it
was not known whether the surface material developed from alloys
containing 10-20 w/o iridium would be adherent in a high-
velocity gas stream. If iridium-rich surface layers developed

were adherent, nonlinear recession rates were expected.

Samples of W-Re-Ir alloys were exposed in argon-6.5
v/o fluorine for incrementsl exposure of 0.5, 0.5, 1, and 2 min.
Recession rates were calcutated from the cumulative weight loss
for each period at 0;59 1, 2, and 4 min. It was recognized that
data scatter would be high for the 0.5 min exposures. Calculat-
ed recession rates as a function of exposure time for W-Re-Ir
alloys at 4000° and 4500°F are plotted in Figures 11 and 12, re-

spectively.

All of the W-Re-Ir alloys exhibit decreasing corrosion
rate with increasing exposure time. However, the W-15Re-101Ir
and W-25Re-10Ir alloys had equivalent or higher recession rates
at 4500° than 4000°F. This was unexpected since the recession
rates of rhenium in fluorine decrease rapidly above 4000°F.
Thus, it was expected that rhenium would also contribute to any
protective layer formed at 4500°F. The corrosion data in Fig-
ures 11 and 12 suggest that this did not occur.

Surface recession rates for the W-15Re-15Ir and W-
25Re-15Ir alloys were generally comparable within the data scat-

ter at 4000° and 4500°F. On the other hand, the two alloys with
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Fig. 11 - Effect of Exposure Time on the Surface Re-
cession Rate of W-Re-Ir Alloys in Argon-
6.5 v/o Fluorine at 4000°F,
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64 LITRI-B6102-13
(Final Report)




20 w/o iridium exhibited lower recession rates at 4500°F than at
4000°F, particularly for the W-25Re-20Ir alloys. These results
suggest that the measured difference in time-dependent corrosion
rates for the various alloys was due to the development of
iridium-rich surface layers. At 10 w/o iridium, the surface
layer formed was not sufficiently dense and/or uniform to be
protective. Melting of the iridium-rich layer did not occur at
4500°F, 50° above the melting point of iridium (4450°F). The
results illustrate that adherent layers with reasonably high
density were obtained only at 15 and 20 w/o iridium. This is
consistent with the microstructures shown in Figure 10. The ab-
sence of melting at 4500°F was probably due to the presence of
rhenium, which increased the melting point of the iridium-rich
layer. Thus, protective iridium-rich surface films can be de-
veloped in situ on W-Re-Ir alloys in fluorine, and probably in

fluorine-oxygen.

The apparent tendency toward nonadherence and low den-
sity of surface layers developed on W-Re-Ir alloys at low iridi-
um concentration does not mean that some reduction in recession
is not obtained in these alloys. The initial oxidation-corrosion
rates (t —~ 0) can be estimated by assuming that the total reces-
sion is the sum of the individual recession rates for the con-

stituents of the alloys:
R. = R, (v/o a) + Ry (v/o.b) + R, (v/o c) .. - Ry (v/o i)

where Rt = total recession
Ri = recession of the individual constituents
v/o i = volume fraction of the individual constituents.
In W-Re-Ir alloys, the volume fraction is about equivalent to

the concentration in weight percent.

The initial surface recession rates calculated as
above for the W-15Re-10Ir alloy at 4000° and 4500°F are about
2.1 and 4.9 mils/min in 6.5 v/o F, and 6.5 v/o F2-5°4 v/o 0,,
respectively. The corresponding zero time recession rates for
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the W-25Re-20Ir alloy are 1.8 and 4.2 mils/min. Comparison with
the data in Tables A-I and A-II (Appendix A) shows that the 5
min average recession rate is about 15% less than the initial
rate for the W-15Re-10Ir in fluorine and about 257 less in
fluorine-oxygen. In the W-25Re-20Ir alloy, the reduction in the
metal recession rates is the range of 35% for both atmospheres.

Although the highest reduction is obtained for the
higher iridium alloy, an appreciable change is also obtained for
the W-15Re-10Ir alloy, particularly in the most aggressive at-
mosphere (FZ—OZ)Q It is also interesting to notice that the
calculated initial rate is approximated by the 30 sec rate for
the W-15Re-10Ir alloy (Figure 11 and 12). On the other hand,
the higher iridium alloy is nearly at the average rate after on-
ly 1 min of exposure in fluorine. These results indicate that
changes in surface composition do decrease the recession rates,

even for the low iridium alloys.

The influence of iridium and rhenium additions in
tungsten alloys is best illustrated by the plot of recession
rate in 6.5 v/o fluorine vs. Ir + Re concentration in Figure 13.
This plot is based on continuous 5 min exposures from the data
in Table A-I (Appendix A). From the previous discussion, the
plotted surface recession rates are clearly the average reces-
sion rate in 6.5 v/o fluorine as a linear function of the Ir +Re
concentration at 3500°-4500°F.

A similar plot of the surface recession rate vs. con-
centration of W-Re-Ir alloys in argon-6.5 v/o fluorine-5.4 v/o
oxygen is shown in Figure 14. Here, the recession rate is gen-
erally independent of the rhenium concentration, depending only
on the iridium concentration. The only exceptions were the
W-15Re-20Ir alloys at 4500°F, which had higher recession at
3500°F than the W-25Re base alloys. Rhenium has no influence
in fluorine-oxygen because the recession rates of rhenium and

tungsten in oxygen are approximately equale(l) In both 6.5 v/o
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fluorine and 6.5 v/o fluorine-5.4 v/o oxygen, W-15Re-20Ir and
W~-25Re-20Ir had recession rates at least a factor of two less
than unalloyed tungsten for 5 min exposures, The time depen-
dence of the recession rates demonstrated for W-Re-Ir alloys
indicated that the total surface recession for the ternary al-
loys would be even less for longer exposures than would be pre-
dicted by the 5 min data.

The previous discussion indicates that addition of
iridium-rich phases in a suitable refractory matrix as a means
of developing oxidation-corrosion resistance in composites for
fluorine-oxygen-boron is questionable. Although protective
surface layers can be developed, the concentration of iridium-
rich phase necessary to provide protection in a variety of ma-
terials has not been defined. In the W-Re-Ir alloys, the
iridium-rich phase was the matrix and not the dispersed phase.
In composites, the iridium-rich addition will obviously be the
dispersed phase. This difference could modify the concentra-
tion of iridium-rich addition required to obtain adherence of
the surface layer. It is likely that a higher concentration of
iridium will be required in the composites than was shown to be
required in W-Re-Ir alloys. For this reason, the dispersed
second phase should be as fine as possible within the con-
straints of the fabrication technique. Although a large con-
centration of boron in the exhaust atmosphere will be deleteri-
ous, a small boron concentration could, in fact, be beneficial.
Boron could aid uniform distribution of iridium-rich material

over the surface by superficial melting.

b. Gas~Solid Reactions

All oxidation-corrosion tests described in Section II-

C-1 were conducted with a gas impingement angle of 45°., The im-
pingement angle in a rocket nozzle will generally be considerably
less than 45°, except at the throat inlet where angles approach-
ing 45° can prevail. Accordingly, a limited number of tests were
conducted on ATJ graphite and tungsten in argon-6.5 v/o fluorine
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at impingement angles of 30° and 90° from the horizontal. The
results of these tests are plotted in Figure 15 and summarized
in Tables A-X and A-XI (Appendix A). Data obtained previously
for a 45° impingement angle are included in Tables A-X and A-XI.

Figure 15 indicates that the recession rates of ATJ
graphite at all temperatures and of tungsten at 5500°F increase
linearly with the impingement angle. The slope of the curve is
similar for all of these tests. At 3500° and 4500°F, tungsten
exhibits a departure from linearity at low angles. For tungsten
at 4000°F and 4500°F the 30° impingement angle produced about
207 decrease in recession rate compared to the 45° impingement
angle. 1In all other tests, the decrease in recession was about
10% less at 30°. These results do indicate that the measured
recession rates are a function of impingement angle, but the ef-
fect is relatively small at the low impingement angles that pre-
vail in rocket nozzles.

The recession rates of ATJ graphite and W-15Re-20Ir in
100% fluorine were measured at 3000° and 4000°F. It was not
possible,because of the limitation of the fluorine flowmeter, to
conduct these tests at a total flow rate of 10 cfh. Accordingly,
these tests were conducted at a total flow rate of 0.65 cfh--the
mass flow rate of fluorine used for argon-6.5 v/o fluorine tests.
The results are summarized in Table A-XII (Appendix A). Data for
argon-6.5 v/o fluorine are included for comparison.

Calculated recession rates in 100% fluorine were ap-
proximately double those in argon-6.5% fluorine. This was the
result of two factors: (1) an increase in the dwell time of flu-
orine molecules on the surface and (2) very localized attack
causing extensive ''cratering' of the test samples. Cratering re-
sults in an increase in the effective sample surface area of the
specimen, whereas the slower flow rate increases the probability
of reaction.

Also shown in Table A-XI is a calculated parameter de-

fined as the utilization factor., This is an empirical parameter
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indicating the fraction of the fluorine flow that is consumed by
reaction with tungsten. The utilization factor can be readily
derived from the total flow as follows:

F. = Fp + F; (1)
where Ft = total mass flow rate of corrodent
FB = mass flow bypassing the specimen
Fi = mass flow impinging on the specimen.

Since there is no reason to assume that all of the flu-
orine that impinges on the test specimen reacts, Equation 1
should be written more generally as:

F_=Fp + KF; + (1 - K)F,; (2)

B
where K has values from O to 1. The third term on the right
side of Equation 2 is that portion of the total flow that im-
pinges on the specimen without reaction.

Since the mass flow that bypasses the specimen is in-
distinguishable from that which impinges without reaction, Equa-

tion 2 can be rewritten as:

1
¢ = Fg

! = -

Dividing Equation 3 by F. and rearranging,

F + KF; (3)

KF, F,_-F'
L.t _ B yp (%)

Ft Ft

or
FtUF = KFi (5)

where UF is defined as the utilization factor. Clearly UF, like

K, can only have values of 0 to 1. If UF = 0, no reaction oc-
curs; and if UF = 1, all of the corrodent gas reacts with the
test sample.

Obviously, Equation 5 could be rewritten directly as

FtUF = Fr’ where Fr is the flow rate of gas that does react.
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However, it is written as shown to demonstrate that UF is de-
termined by a factor controlled by the reaction kinetics (K),
and a factor related to the geometry of the test (since F. =

Ft - FB)n Generally, the geometric relationship is controlled
by FB. Furthermore, FB should be a minimum for gas impingement
angles normal to the test specimen surface and should increase

with increasing angle from the normal.

The term KFi probably has both geometric and kinetic
terms in the coefficient. It is, in fact, similar to the ''stick-
ing coefficient'" often used in low flow rate kinetic calculations
to account for reactant molecules which come in contact but do
not react. A geometric factor is also usually incorporated in
the "sticking coefficient' to account for the angle of impinge-
ment of the reactants (probability of reaction). Here, an addi-
tional term involved in K, related to the dwell time of gas mole-
cules in contact with the surface, may also be important because
of the high flow rates.

The usefulness of Equation 5 is that only F. is known
during experimentation. If UF is known, the weight of solid re-

moved per unit time can be written as:

My = (FLUP) ) (), (6
where MR = weight of solid removed per unit time
Mp = molar ratio of solid to gas in the reaction

=
]

molecular weight of the solid.

In terms of linear recession, Equation 6 is:

(F UF) () (1) 7

R = AC

where R = linear recession rate
A = area of specimen
C = conversion factor to obtain linear rates.

Since th A, and M, are known for any test, UF can be
calculated from experimental recession rate data if the
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stoichiometry of the reaction (MF) is known. The term MF is, of
course, subject to change with temperature, depending upon the
stability range and number of reaction products. Furthermore,
it does not necessarily predict the stoichiometry of the reac-
tion product which is desorbed from the surface. Rather, it de-
fines the stoichiometry (or average stoichiometry) of the reac-
tion products formed without distinguishing whether the final
product is obtained at the surface or in the gas stream after
desorption. For example, the product leaving the surface may be
MF, , but reaction in the adjacent gas stream results in a MF ¢
product. In this case, the utilization factor is obviously de-
termined only by the final reaction product, since it is a mea-
sure of the total reactant gas consumed in the reaction.

In order toc make the UF calculation, the stoichiometry
of the reaction products must be known or assumed. It was shown
by Hill,(l) that the reaction product of tungsten in fluorine at
3000°-5800°F is likely WF6. The decrease in recession rate of
tungsten above 5000°F was shown to be the result of thermal de~
composition of the WF6 molecule. Utilization factors shown in
Table A-IX, therefore, were calculated assuming that the WF, re-
action product 1is WFg .

As previously stated, UF is an empirical parameter de-
termined by both the mechanism and kinetics of the gas-metal re-
action, and a geometric factor associated with the test method.
Clearly, the variation in recession rate with impingement angle
is controlled by the geometric factor. There is no reason to
assume any variation in reaction product stoichiometry with im-
pingement angle. The data in Table A-XI indicate that about 30%
of the fluorine reacts with the tungsten sample at a 30° impinge-
ment angle. Utilization factors for tungsten in 6.5 v/o fluorine
at 45° and 90° are about 0.4 and 0.5, respectively. This should
be expected, since the fraction of the gas stream bypassing the

specimen (FB) should increase with decreasing impingement angle.
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The significance of the utilization factor is shown in
a comparison of experimental measurements and recession rates
calculated from Equation 7 for tungsten in flowing 2.5, 6.5, and
10 v/o fluorine in Figure 16. Calculated rates were obtained
based on a UF of 0.4 and WF6 reaction product (W + 3F2 - WEg;
MF = 1/3). The utilization factor was obtained from the experi-
mental rate of tungsten in 6.5 v/o fluorine; the fluorine flow

rate for tests in 6.5 v/o fluorine was]437)<lo-zgram-moles/mino

Figure 16 indicates that excellent agreement is ob-
tained for all three atmospheres to about 4500°F. Departure from
the calculated rates occurs above 4500°F because of thermal de-
composition of the WF6 molecule above 5000°F,(1) The excellent
agreement shown in Figure 16 is not surprising since it merely
suggests that WF, is the most stable reaction product and the
value of K in Equation 5 remains constant in atmospheres con-
taining 2.5-107% fluorine. This means that the recession rate is
directly proportional to the fluorine mass flow rate. Hill
showed that this was true for the WF, reaction at 4000°F for at-
mospheres containing 2.5 to 26 v/o fluorine and flow rates from
2.5 to 12.5 cfh (100-500 fps). 27

While the results shown for the WF, reactions are not
unexpected, correlation of experimental rates with calculated
rates for other materials using the utilization factor of 0.4 de-
veloped for tungsten cannot be expected. These comparisons for
ATJ graphite, iridium, and rhenium are shown in Figure 17,
Again, excellent correlation is obtained for rhenium at 2500°-
3500°F and for iridium at 2500°F in argon-6.5 v/o fluorine for a
MF6 reaction product. As for tungsten, the correlation breaks
down when the reaction product molecule becomes thermally unsta-
ble. Thus, it appears that the stable reaction product for both
iridium and rhenium is the hexafluoride. Furthermore, the value
of K (Equation 5) is independent of the solid, at least for the
three metals, which suggests that UF cannot exceed 0.4. It is
possible that the reaction product, for example, might be MFq;
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the utilization factor would then be 0.2. It is unlikely that
variation in both MF and UF would result in the excellent corre-

lation obtained for rhenium and iridium.

The lower plot in Figure 17 shows the experimental re-
cession rate of ATJ graphite vs. calculated rates based on seve-
ral possible reactions assuming UF= 0.4, Experimentally, ATJ
graphite decreases in recession rate at 2500°-4000°F, followed
by a rate which increases with increasing temperaturee(1> For
the assumed utilization factor, the average reaction product at
2500°F is approximately that of the tetrafluoride. The decrease
in rate at 2500°-4000°F is apparently due to thermal instability
of CF4, or higher carbon fluorides. Increasing recession rate
with temperature above 4000°F appears to be associated with a
different stable product, possibly CF5 or CF6.

The plot for ATJ graphite does point out some interest-
ing conclusions regarding variation in recession rate with tem-
perature. At a constant corrodent flow rate (constant Fi) reces-
sion rates will decrease with increasing temperature only if:

(1) the major reaction product becomes unstable, or (2) a product
having a higher fluorine concentration becomes stable. On the
other hand, an increase in the shape of the recession rate curve,
without an inversion as shown for ATJ graphite, indicates the
emergence of a stable reaction product with a lower fluorine con-
centration. These conclusions are based on the assumption that

K (Equation 5) should not decrease with temperature for a stable
product. 1In fact, the converse should be true, since K is depen-
dent on the rate of reaction and reaction rates generally in-
crease with increasing temperature. Finally, the stoichiometry
of the reaction, such as that shown in Figure 17 for ATJ graphite,
cannot be determined from the utilization factor calculations.

The utilization factor concept appears to work reason-
ably well for fluorine corrosion of some pure materials. Further-
more, the maximum value of UF in Equation 5 appears to be inde-
pendent of substrate material. It could, therefore, also be
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independent of the corrodent gas. The use of UF to compare cal-
culated and experimental oxidation rates of tungsten, ATJ graph-

ite, and rhenium is shown in Figures 18 through 20.

Figure 18 shows the experimental oxidation rate of
tungsten in argon containing 3.25, 4.0, and 5.4 v/o 0, at a 400
fps flow rate.(l) The recession rates in all three atmospheres
increase with temperature at 3000°-4000°F, but approach a con-
stant rate at 4000°-5000°F. Thus, tungsten in oxygen at 4000°-
5000°F behaves similar to tungsten in fluorine at 3000°-4500°F.
It is generally recognized that the reaction product of W-0, re-
action is very nearly WO30(42) The calculated rate in 5.4 v/o
0, at UF = 0.4 is slightly higher than the experimental rate at
4000°-5000°F. Correlation is obtained with the experimental
rates in 5.4 v/o 0, at 5000°F for UF = 0.36. Again, excellent
correlation is obtained for 3.25 and 4.0 v/o 0, at UF = 0.36 in
the temperature range of 4000°-4500°F, i.e., UF is constant for
atmospheres containing at least 3.25 to 5.4 v/o 020 The results
in Figure 18 indicate that UF approaches a constant value at
lower temperatures as the oxygen concentration decreases; UF is
essentially constant over the range of 3500°-5000°F in 3.2 v/o
02, whereas it approaches a constant value only above 4500°F for
the 5.4 v/o O2 atmosphere. Thus, correlation of calculated
rates and experimental rates should also be obtained at oxygen
concentration less than 3.25 v/o, within the range that WO3 is
the reaction product.

The plot of oxidation rates for ATJ graphite in Figure
19 illustrates a condition in which more than one well-defined
reaction product is possible. Both CO and CO2 are possible re-
action products, although CO is the more stable product at very
high temperatures. Obviously, formation of CO will be fostered
by low oxygen flow rates and high exposure temperatures. Figure
19 shows that the experimental rates lie between the calculated
rates for CO and CO2 reaction products for UF = 0.4, as expected.
Experimental data scatter is high in 4.0 v/o 020(1) However, in
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5.4 v/o 0, the recession rate clearly increases with temperature.
This means that if UF is constant for the test condition used,
the concentration of CO in the reaction products increases with

increasing temperature.

Figure 20 is a plot of the calculated and experimental
rates for rhenium in 2.3 and 5.4 v/o 028(1) Although the experi-
mental data are limited, the recession rates appear to increase
slightly with increasing temperature. The experimental rates
lie between the calculated rates for ReO5 andee207:reaction pro-
ducts for UF = 0.4, Both atmospheres indicate approach to an
Re207reaction product at high temperature although UF may not be
constant over the range of 3500°-5000°F. It is interesting that
reasonable correlation is also obtained for HF—O2 mixtures for
UF = 0.4. The experimental rates in 10 v/o HF-0.56 v/o 02 and
10 v/o HF-2.5 v/o 0, are about 0.15 and 1.0 mils/min at 5200°F,
reSpectively»(l) Calculated rates, assuming all recession is
due to oxygen, are about 0.29 and 1.2 mils/min,

Thus, the utilization factor concept can be useful in
analysis of experimental data for systems of a single corrodent
gas and a pure solid material, particularly in the range where
UF is constant with temperature. However, the concept can also
be extended to regions where UF is not constant. For conveni-
ence, it can be assumed that K=1 for experimental conditions
where K is constant. This means that all of the corrodent gas
impinging on the surface or in the surface layers reacts with
the solid. It would appear that this is the case, since the re-
cession rates are directly proportional to the corrodent mass
flow rate for constant UF and a well-defined reaction product
stoichiometry. However, K contains terms which define: (1) the
rate of reaction and (2) the ''dynamic equilibrium'' between the
reactants and products. Thus, some of the impinging gas materi-
als can remain unreacted for constant UF and a single reaction
product. Increasing UF with temperature means that the rate of
arrival of corrodent gas molecules exceeds the rate at which they
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are consumed in the reaction [(1-K)F, # 07. Decreasing UF with
temperature indicates that the '"dynamic equilibrium'" is shifted
toward the reactants; i.e., the reaction product becomes unsta-
ble. The former case is represented by the W-OZ reaction below
4000°F (Figure 18), and the latter case by the Ir-0, reaction
above 2500°F (Figure 17). 1In either case, UF can be calculated
for the reaction at any temperature from experimental data.

The effect,in either case, is simply a reduction in the apparent

molar ratio M., in Equation 7.

The previous discussion has demonstrated that the uti-
lization factor concept is useful in examining the recession
rate data for some pure materials and a single reaction product,
particularly for conditions where UF is constant. Further in-
sight into the data can be obtained by examination of the sche-
matic plot of recession rate (and UF) versus temperature for the
general case in Figure 21. This plot represents the recession
rates for a single reaction product. Obviously, a plot of this
type can be generated for each possible reaction product of the
gas-solid reaction., The flat portion (KFi==C) of the curve oc-
curs at high recession rates for high values of Mp. Furthermore,
it is clear that the plot shown represents a plane section
through a three-dimensional plot in which the Z axis can be ei-
ther flow rate, corrodent concentration in the atmosphere, or for
that matter, pressure. The curve shown, therefore, represents
the contour of a three-dimensional surface. Thus, the curve
shape will change depending on whether this Z axis represents
variable flow rate at constant corrodent concentration, or vari-
able corrodent concentration at constant flow rate. In either
case, the boundary of the solid evaporation region will remain

essentially invariant at constant pressure.

A recession rate curve such as that shown in Figure 21
can prevail whether the atmosphere is static or flowing. As will
be discussed later, the effect of flow rate is to shift the tem-
perature of the boundaries. 1In any case, a condition KF, = C
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constant must always prevail for the gas-solid reaction; the
limiting condition is always KFi==Fio A region of dynamic equi-
librium control can only exist if the reaction product becomes
unstable at high temperature, such as that shown previously for
the metal fluorides. Melting will occur at a specific tempera-
ture for essentially all experimental conditions, but the loca-
tion of the boundary for solid evaporation will be pressure de-

pendent.,

A complete curve such as that shown in Figure 21 is
rarely realized in low-pressure static tests of gas-metal reac-
tions because the diffusion region can extend to very high tem-
peratures. The two lower boundaries may be coincident. In the
absence of an equilibrium-controlled region, evaporation or melt-
ing of the solid material may occur before the diffusion-
controlled boundary is reached. Furthermore, thermal instability

of the reaction product is not always observed.

In the diffusion-controlled region, the recession rate
is controlled by the rate of arrival of gas molecules at the sur-
face. More specifically, the recession rate is controlled by the
arrival rate of gas molecules with sufficient kinetic energy to
surmount the energy barrier to the reaction. (The energy of dis-
sociation of diatomic gas molecules contributes to this barrier.)
This suggests a reason that a curve as shown in Figure 21 can ex-
ist for both dynamic and static atmospheres. The additional ki-
netic energy imparted by the pressure drop in a dynamic system is
insufficient to permit all the impinging gas molecules to surmount
the energy barrier. The effect of high flow rates of the corro-
dent gas is, therefore, to simulate a temperature-accelerated ar-
rival rate, without imparting a comparable increase in kinetic
energy. For example, the gas product is employed in this program
were about 400 fps. In contrast, the average velocity of oxygen
atoms at 0°C calculated from kinetic theory is about 1300 fp%<43)
and increases with temperature. Thus, the kinetic energy due to
flow is a minor, although not negligible, part of the total kine-
tic energy, particularly at high temperatures. The major effect
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of a flowing system is therefore to shift the boundary of the
diffusion-controlled region to a lower temperature. The diffu-
sion controlled region provides the familiar Arrhenius plot used
for calculation of the apparent activation energy for the reac-

tion.

The region KF; = C is less clearly defined than any
other regions in the plot. This condition is normally called
the reaction-controlled region, since the recession rate is con-
sidered to be dependent on the solid-gas surface reaction. Sur-
face reaction control means that the recession rate is dependent
on the slowest of the five fundamental steps in the overall re-
action process. These steps include: (1) adsorption of the
corrodent gas on the solid surface, (2) dissociation of the cor-
rodent gas molecules, (3) formation of reaction products, (4)
desorption of the reaction product, and (5) diffusion of the re-
action product away from the solid surface. These basic steps
are conventionally defined as important in the reaction process,
and each can produce the condition constant KFi' For example,
if step 4 is the slowest, the reaction product will accumulate
on the surface and limit the accessibility of surface for adsorp-
tion of gas molecules. Clearly, each of the other steps can sim-
ilarly restrain the overall reaction. There is some question
whether all of these steps are limiting, as will be discussed
subsequently.

It would appear that the condition KF; = constant can
also prevail in any given test independent of any of the five ba-
sic steps as defined. In flowing systems, the condition can be
obtained without surface reaction control. Examination of Fig-
ure 16 indicates that the condition is obtained if K = 1 (KFi =
Fi)° This situation can be obtained independent of whether the
Z axis 1s either flow rate or corrodent concentration at constant
flow rate. It simply means that all corrodent gas molecules im-
pinging on the surface react. In this context, the difference
between the diffusion-controlled and reaction-controlled region
is in the kinetic energy of the impinging gas molecules.
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Recession in the diffusion-controlled region is dependent on the
fraction of impinging gas molecules with sufficient kinetic en-
ergy to surmount any energy barrier to reaction. In the region
KF;, = F;, all gas molecules have sufficient energy to surmount
the barrier; all molecules which impinge eventually react. Ob-
viously, this could be construed as equivalent to step 1 in the

overall reaction process,

It was stated previously that Figure 16 represents a
plane section through a three-dimensional plot, where the Z axis
is variable flow rate at constant corrodent concentration, or
constant flow rate with variable corrodent concentration. The
other possible wvariable is, of course, total pressure. Increas-
ing total pressure will increase the recession rate for both of
the above conditions, probably by increasing F;. Thus, the in-
crease in recession rate will not likely be a linear function of

total pressure.

Variation in both flow rate and corrodent concentra-
tion will modify somewhat the curve shown in Figure 16. An in-
crease in corrodent concentration at constant flow rate will re-
sult in an increase in the recession rate; in the region where
KF; is constant, the recession rate will be directly proportion-
al to the corrodent concentration. This is shown in Figure 16
for tungsten in fluorine. In this region, increasing total flow
rate will similarly result in a directly proportional increase
in recession rate; both variations increase Fie There will,
however, be a shift in the diffusion-reaction boundary depending

on the method of increasing F,.

The magnitude of the shift in the reaction-diffusion
boundary in Figure 21 will be dependent on the test method, i.e.,
whether a hot or cold gas is employed. All of the tests in this
program were hot substrate-cold gas tests. In a rocket nozzle,
an inverse relationship exists --a hot gas-cold wall condition
prevails. 1In order to compare the two conditions, it is neces-
sary to define the temperature in Figure 21 as either that of
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the gas or the solid. If it is assumed that the temperature in-
dicated in Figure 21 is that of the solid, the influence of hot
or cold gas at constant flow rate can be assessed. The general
shape of the curve will not be changed, only the boundaries be-

tween the various regions will be shifted.

For a hot gas test, the diffusion-surface reaction
boundary will tend to be shifted downward in temperature from a
cold gas test because the hot gas molecules have higher kinetic
energy. The reaction-equilibrium boundary must be unaffected or
also shift downward for the same reason. The recession rate for
a hot gas test in the diffusion-controlled region is therefore
always higher than for a cold gas test. Increasing the flow
rate (Z axis) at constant corrodent concentration in a hot gas
test will result in an increase in the solid surface temperature.
An increase in the corrodent gas concentration, will probably
have a similar effect, since rate of generation of exothermic
energy per unit area will increase. Thus, variation of both cor-
rodent concentration and flow rate will result in an apparent
shift of the whole curve downward in temperature for the same

initial solid temperature.

For a cold gas test, an inverse effect will likely be
obtained. Here, some of the impinging gas molecules may require
excitation at the surface to surmount the energy barrier. The
effect will be to reduce the solid surface temperature, particu-
larly if unreactive gas molecules, such as the argon used in
this program also impinge on the surface. Increasing either the
corrodent concentration or flow rate will tend to shift the curve
upward in temperature, particularly the diffusion-reaction boun-
dary. This effect can be seen in the plot for the w—O2 reaction
in Figure 18. Corrosion tests in this program minimized the
cooling effect by stabilizing the specimen temperature with the
argon flowing prior to introduction of the corrodent gases.

The above discussion suggests that the major effect of
test method on the schematic plot in Figure 21 is in the
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diffusion-controlled region and at the diffusion-reaction boun-
dary. Shift of the diffusion-reaction boundary upward in tem-
perature is maximum for a static test. For a flowing cold gas
test, increasing either flow rate or corrodent concentration
will tend to reduce the temperature range of constant KFi by in-
creasing the temperature of the diffusion-reaction boundary.

Finally, the exothermic energy released at the solid
surface by the reaction can also influence the oxidation=~
corrosion behavior. This energy is probably dissipated in seve-
ral mechanisms. One method is thermal conductance into the sol-
id material. At low temperatures, the solid surface can in-
crease in temperature with exposure time, as was observed for
the W-F, corrosion tests at 2000°~2500°Fa(1) Dissipation by ra-
diation to the surroundings will also occur. Exothermic energy
can also be absorbed by excitation of the impinging gas mole-
cules under cold gas-hot wall conditions. Finally, a portion of
the energy can be employed in imparting translational motion to
the gaseous reaction products evolving from the surface. Reac-
tion products leaving the surface must have a kinetic energy at
least equal to that they would have at the surface temperature
of the solid. Since the thermal velocity is considered greater
than the pressure-induced velocity, a concept of '"sweeping'' away
reaction products appears questionable. In a static system,
ejection of reaction products will likely be random, although
the mean ejection direction is normal to the surface. In a flow-
ing system, collision with incoming unreacted molecules must oc-
cur; gas flow would apparently only bias ejection in the direc-
tion of the free stream flow.

Examination of the experimental corrosion rates in Fig-
ures 16 through 20 illustrates several conditions indicated by
Figure 21. Only for the W—Fz reaction (Figure 16) is a reasona-
bly complete curve obtained. Although not shown in Figure 16,
the measured recession rate in 6.5 v/o F, decreases slightly be-
low 3000°F. Thus, the W-F, reaction approximates the reaction-
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controlled region including both boundaries in the range of
2500°-5500°F. Figure 17 indicates that the Ir-F, and Re-F, plots
are in the region of the reaction-equilibrium boundary. In con-
trast, the w—02 plots are near the diffusion surface reaction
boundary (Figure 18). The C-F, (Figure 16) plots appear to be in
the equilibrium-controlled region and the C-0, (Figure 19) reac-
tion in the diffusion-controlled region. Location of the plotted
data for ATJ graphite is not clear since the possibility of sev-
eral reaction product stoichiometries suggests that the experi-
mental recession rates may be due to overlapping recession curves
of the various stable species. A similar situation may prevail

for rhenium in oxygen (Figure 20).

Thus far, discussion has been concerned only with reac-
tions of one corrodent gas with an unalloyed solid material. It
is also possible to extend the analysis to more than one reactant
gas or an alloyed solid material. For a condition of combined

corrodent gases, Equation 7 can be written as:

2 = F UF MFaMsa thFbeb b “ e o F UFlMFlMél 8)

t AC

where Fta = flow rate of corrodent a

Ftb = flow rate of corrodent b

M?a = molar ratio for reaction with corrodent a
M?b = molar ratio for reaction with corrodent b

Equation 8 can be employed provided that the reaction
products produced by the various corrodent gases are distinguish-
able, i.e., no complex products are formed. In the region where
KF; is constant, UF is constant. Thus, for two reactant gases,
an unalloyed solid material and constant UF, Equation 8 is:

R = MSUF (Fta Fa + FthFb) (9)
t AC
Equation 9 means that the recession rates due to the
individual corrodent gases can be summed to obtain the total
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recession rates. This can be accomplished within the restraints
imposed by increasing the total corrodent concentration as dis-
cussed previously. Obviously, formation of a complex product
will result in a deviation in total recession from that given by
Equation 9 because the values of Mfa and be will change.

Recession rates calculated from Equation 9 and experi-
mental data(l) for tungsten at 4000°F and for rhenium at 3500°-
5200°F in fluorine-oxygen are plotted in Figures 22 and 23, re-
spectively. The data are summarized in Tables A-XIII and A-XIV
(Appendix A). Also shown in Table A-XIII is the average utili-
zation factor for the overall reaction of tungsten in oxygen and
fluorine-oxygen at 4000°F. The values for UF in oxygen and in
fluorine-oxygen, with the exception of 0.108 cfh oxygen, are in
the range of 0.32 to 0.37. This is not surprising since the
value of UF for oxygen at 4000°F was about 0.36 (Figure 17).

The plot of calculated versus experimental rates for
tungsten in oxygen and fluorine-oxygen in Figure 22 indicates
that the calculated rates are generally higher than the experi-
mental. This is expected because of the reduction in UF. In
oxXygen, reasonable comparison is obtained up to flow rates of
about 0.325 c¢fh (7 x 10~3 mils/cmz/min). Deviation at higher
flow rates is due to the influence of corrodent concentration on
the diffusion-reaction boundary as discussed previously.

In fluorine-oxygen, a similar effect is observed.
However, increasing oxygen concentration in the range of 0-0.163
cfh (0-1.63 v/o 02) has little influence on the experimental re-
cession rate. Above a flow rate of 0.325 cfh the curves for
calculated and experimental rates are about the same shape.
These results suggest that a FZ—O2 reaction producing OXFy com-
pounds may occur, contributing to the reduction in UF.

Figure 23 compares the calculated and experimental
rates for rhenium in fluorine-oxygen at 3500°-5200°F, The value
of UF (Table A-XIV) for the Re-F2 reaction above 3500°F was cal-
culated from the recession rate of rhenium in fluorinen(l) Good
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correlation is obtained for 0.65 cfh F,-0.54 cfh 0, (6.5 v/o Fy-
5.4 v/o 02), but deviations are evident for 0.65 cfh Fz—Ogé cfh
Oza It is probable that most of the deviation for the lower ox-
ygen flow rate is due to experimental error.

Equation 9 can also probably be employed to calculate
the recession rate resulting from one or more corrodent gases
reacting with an alloyed (or composite) solid. In this case,
the value of UF can be time dependent if the recession rates of
the components of the solid material are significantly differ-
ent. This condition was discussed previously concerning the
time dependence of the recession rates of W-Re-Ir alloys. Equa-
tion 9 must be modified to account for the atomic percent (a/o)
of the various constituents in the solid material. Thus, for
two components in the solid and a single corrodent gas Equation
9 becomes:

p o FePFiMpMsy | FeUFoMppls) (10)

t B]_C]_ BZCZ

where Bl = A X atomic concentration of component 1

B2 = A x atomic concentration of component 2
If the recession rates of components 1 and 2 are equal, then
UF; = UF, = UF. This also means that MF must be equal for the
two components. On the other hand, if a wide difference in re-
cession rates exists, only the initial recession rate (time = 0)
is given by Equation 10. As the exposure time increases, the
recession rate approaches that dictated by the term in Equation
10 giving the slowest recession rate. Measurement of the value
of UF with increased time therefore becomes difficult, since
several terms in the equation <UF1’ UFZ’ By, BZ) will vary with

time.

Some insight into the mechanism of oxidation-corrosion
can also be obtained in systems in which other than gaseous re-
action products are possible. This condition prevails in

fluorine-oxygen for solid materials which develop high melting
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oxides, such as graphite-carbide composites. Here, both solid
(or liquid) oxides and gaseous fluoride are possible reaction

products.

The oxidation-corrosion behavior of HfC-33 v/o C and
TaC-20 v/o C in fluorine-oxygen and hydrogen fluoride-oxygen was
examined. After oxidation-corrosion tests, a thin film of oxide
was usually found on the carbide composites. Furthermore, flow
of liquid oxide was apparent on both composite materials above
the melting point of the respective oxide. This suggested that
formation of the oxide preceded generation of gaseous fluorides.
Accordingly, both HfC-C and TaC-C samples were exposed for 15
sec at 3000°-5000°F. After exposure, the oxide was carefully
removed and the oxidation (recession) rate calculated from the
weight loss. It was hoped that the short exposure time would
give a reasonable approximation of the initial oxidation rate.

The short-time oxidation rates in 2.3 and 5.4 v/o 0,

at 3000°-5000°F for HfC-33 v/o C and TaC-20 v/o C are p%otted
1)

and

along with oxidation-corrosion rates in fluorine-oxygen
hydrogen fluoride-oxygen(l) in Figures 23 and 24. Figure 23 in-
dicates a reasonable comparison of the oxidation and oxidation-
corrosion rates for HfC-C, at least above 4000°F. Better match-
ing of the recession rates in fluorine-oxygen below 4000°F could
be achieved, but the 15 sec oxidation exposure was probably too
long to obtain the initial oxidation rate at 3000° and 3500°F.
In hydrogen fluoride-oxygen, the higher oxidation rate below
3500°F suggests that a different mechanism might prevail at the

lower temperature.

Figure 25 indicates that the oxidation rates for TaC-C
are lower than the oxidation-corrosion rates. Again, this is
probably due to the inability to obtain the initial rate by a 15
Sec exposure. Since Ta205 melts about 3400°F, glasses were de-
veloped in oxygen at 3500°F and above, which probably also re-
duced initial oxidation. In any case, it appears that the
oxidation-corrosion rate in fluorine-oxygen and hydrogen fluoride-
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oxygen is determined by the oxide forming reaction. Carbide
composites have relatively low recession rates of 1-2 mils/min
in 6.5 v/o fluorine and 0.1-0.2 in 10 v/o hydrogen fluoride. (1)
It therefore appears that in oxygen-containing atmospheres the
oxide is developed initially, which subsequently reacts with the
fluorine. 1In the temperature range where solid oxides are
formed, the rate of reaction with fluorine is about equivalent

to the rate at which the oxide is developed.

The utilization factor concept does permit calculating
recession rates of refractory materials in a variety of fluorine
and oxygen environments, Oxidation-corrosion tests conducted in
this program represent a reasonable simulation of the conditions
that should prevail in a rocket nozzle. For example, only a
small fraction of corrodent gas flow through a rocket nozzle
results in throat recession. Although the tests conducted here-
in were cold gas-hot wall tests, most of the tests were conduc-
ted in or near the reaction-controlled region. Since the reces-
sion rate is independent of the gas temperature, oxidation-
corrosion data generated in this program should be applicable to
the cold wall-hot gas environment of a nozzle. The major varia-
ble is total pressure since all the laboratory tests were con-

ducted at about atmospheric pressure.

In spite of these differences, it is possible that the
utilization factor concept can be employed in estimating throat
recession rates in rocket nozzles. The utilization factor in
nozzles should be much smaller than was obtained in the labora-
tory tests. In a nozzle, the lower utilization factor will be
partially offset by higher mass flow rates and higher total
pressure. However, it may be possible to estimate a utilization
factor for nozzle configurations in a subscale laboratory test.
This should permit estimation of the throat recession for nozzle
materials at various nozzle temperatures, flow rates, and exhaust
gas compositions. These data should be much more beneficial
than relative laboratory recession rate data in establishing
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engine operating conditions, nozzle design, and material selec-
tion for the thrust chambers and nozzles for fluorine engines.

I1I. SUMMARY AND CONCLUSIONS

A literature search was conducted to define matrix-
additive combinations suitable for fabrication into oxidation-
corrosion resistant composites for use in liquid rocket engine
exhausts containing both fluorine and oxygen. The survey in-
cluded all refractory materials melting above 4000°F, excluding
oxides. Selection criteria for the composites system included:
melting point above 4000°F, oxidation-corrosion resistance in
fluorine-oxygen, high-temperature thermal stability, and fabri-
cability., The results of the literature survey demonstrated
that W-Re-Ir and Re-Ir alloys, HfIr3, TaIr33 and possibly BN
warrant further evaluation. It was also shown that free boron
in exhaust products could limit the potential nozzle materials.
Iridium and iridium-rich alloys remained the most oxidation-
corrosion resistant materials for fluorine-oxygen. These mater-
ials, however, would probably be most susceptible to attack by

boron.

Attempts to fabricate W-Re-Ir and Re-Ir alloys by hot
rolling at 2200°F were unsuccessful. Ir-33Re demonstrated some
hot workability at both 1800° and 2200°F.

Oxidation-corrosion tests were conducted in flucrine,
hydrogen fluoride, fluorine-oxygen, and hydrogen fluoride-oxygen
atmospheres at 3000°-5000°F on W-Re~-Ir alloys, Re-25Ir, Re-35Ir,
HfIrB, and Talry. Again, the HfIr3 and Talrg compounds had the
best overall oxidation-corrosion resistance in these atmospheres
at 3000°-4500°F. The Re-Ir alloys also had reasonably good
oxidation-corrosion resistance. W-Re-Ir alloys containing up to
20 w/o iridium exhibited oxidation-corrosion rates about one-
half that of unalloyed tungsten. Surface recession rates for BN
were very high in both fluorine and hydrogen fluoride.
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Corrosion tests were also conducted on ATJ graphite,
tungsten, iridium, and Re-Ir alloys in BF3, BF3—O29 and BF,-H,
atmospheres at 3000°-4500°F. The results indicated that BFy 1is
not a major corrosive species for these materials. The boron
generated in BF3—H2 atmospheres caused surface melting of iridi-
um at 3000°-4000°F, and tungsten above 4000°F. Re-35Ir also ex-
hibited surface melting at 4000°F, but ATJ graphite was unaffec-
ted to 4800°F. Boron, therefore, is a major problem for materi-
als that form low-melting eutectics with boron, and can cause
surface recession equivalent to, or higher than, that of fluorine

and oxygen for these materials.

Corrosion tests of ATJ graphite in argon-10 v/o hydro-
gen indicated that the recession due to hydrogen is a secondary
problem below 4800°F. Surface recession rates in this atmosphere
were at least an order of magnitude less than in fluorine or ox-
ygen below 4000°F,

Melting interaction temperatures were determined for
iridium, TaIrB, and HfIr3 in contact with carbides, borides, and
ATJ graphite. The highest melting temperatures (~4500°F) were
obtained with TaIr3 in combination with TaC-C and graphite.
HfIr3 in combination with HfC-C and graphite melted near the Ir-C
eutectic temperature (4170°F). The melting temperature of about
2500°F for the Ir-B eutectic was verified. Rhenium in contact
with HfC-C melted at about 4850°F. These results suggest that
TaIr3—graphite or Ta1r3—TaC composites warrant further evalua-
tion. Other systems with high-temperature potential are Re-Ir
alloys in combination with graphite or carbides.

The approximate melting points of W-Re-Ir alloys were
determined and shown to depend on the iridium concentrations.
All of the alloys evaluated in this program had melting points
above 4500°F. The lowest melting points (~4600°F) were mea-
sured on the W-15Re-20Ir and W-25Re-20Ir alloys.

The following conclusions can be drawn from the work
conducted in this program:
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1. Surface melting resulting from interaction with boron
is a potential problem for some high-temperature rocket nozzle
materials as severe as that of fluorine or oxygen. Unfortunate-
ly, iridium-rich materials, which have the best fluorine-oxygen

resistance, are susceptible to attack by free boron.

2. Hydrogen, hydrogen fluoride, and boron trifluoride
generally exhibit recession rates at least an order of magnitude
less than fluorine or oxygen at comparable flow rates for most

refractory materials.

3. Composites combining iridium-rich (TaIrB) or Re-Ix
additions to carbides or ATJ graphite have some promise for
fluorine-oxygen atmospheres. The other systems which offer some
promise are W-Re-Ir and Re-Ir alloys.

4. Fabrication of W-Re-Ir and Re-Ir alloys by conven-
tional hot working will be difficult. Ir-33Re probably can be
hot worked at 1800°-2500°F,

5. The recession rates of nozzle materials in rocket
engines could be estimated from laboratory data by correlation

of the corrodent gas flow rate per unit area of nozzle surface.

Iv. RECOMMENDATIONS

It is recommended that the following work be conducted
as a logical continuation of the work described herein:

l. Further evaluation of refractory materials
in boron-containing atmospheres should be
conducted to define the magnitude of the
boron problem.

2. Composites based on Re-Ir and Talr; incor-
porated in a graphite and/or TaC-graphite
matrix should be prepared and evaluated in
fluorine-oxygen and boron-containing atmos-
pheres,

3. Surface recession data from laboratory tests
should be correlated with engine firing
tests by comparison of the corrodent mass
flow per unit area of laboratory test spec-
imens and rocket nozzles.
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TABLE A-I

CORROSION RATE OF REFRACTORY MATERIALS
IN ARGON-6.5 v/o FLUORINE

Calculated
(a) Specific Surface
Alloy Exposure Weight Weight Recession

Composition, Temperature, Loss, Loss Rate,
w/o °F gm mg/cm2 mil/min
W-15Re-101Ir 3500 1.158 88.5 1.75
4000 1.084 92.3 1.83

4500 1.102 88.0 1.75

4800 0,516 54.0 1.10

W-15Re-151Ir 3500 1.126 83.5 1.64
3500 1.096 87.0 1.71

4000 1.091 73.6 1.45

4500 1.076 73.8 1.45

4800 0.510 43.0 0.88

W-15Re-20Ir 3500 1.092 70.9 1.39
4000 1.088 67.5 1.32

4500 1.070 65.0 1.27

W-25Re~-101Ir 3500 1.127 74 .0 1.45
4000 1.183 79.2 1.55

4000 1.081 81.2 1.59

4500 1,001 66.5 1.30

4700 0.499 37.8 0.77

W-25Re~15Ir 3500 0,978 73.5 1.43
4000 1.026 72.2 1.40

4500 0.918 59,2 1.15

4700 0.423 35.4 0.72

W-25Re-201Ir 3500 1.053 62.6 1.21
4000 1.022 62.1 1.20

4500 0.782 49,0 0.99

Re-251r 3000 1.043 68.6 1.26
4000 0.825 51.5 0.95

4500 0.526 34.0 0.65

Re-351Ir 3000 1.277 79.5 1.46
4000 0.818 51.0 0.93

4500 0.359 23.4 0.43

108 IITRI-B6102-13

(Final Report)




TABLE A-I (cont.)

Calculated

(a) Specific Surface
Alloy Exposure Weight Weight Recession
Composition, Temperature, Loss, Loss Rate,
w/o °F gm mg/cm2 mil/min
Ir-23Hf 3000 0.930 61.0 1.25
3500 0.415 24.8 0.51
3500 0.559 34 .4 0.70
4000 0.595 37.1 0.76
Ir-23.9Ta 3000 1.208 78.0 1.58
3500 0.279 19.7 0.40
3500 0.286 18.7 0.38
4000 0.506 32.8 0.67
(a)Exposure time - 5 min
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TABLE A-II

CORROSION RATE OF REFRACTGRY METALS
IN FLOWING ARGON-10 v/o HYDROGEN FLUORIDE.

Calculated
(a) Specific Surface
Alloy Exposure a Weight Weight Recession
Composition, Temperature, Loss, Loss, Rate,
w/o °F g mg / cm® mil/min
W-15Re-10Ir 3500 0.031 1.91 0.04
4000 0.047 2.94 0.06
4500 0.048 3.09 0.06
W-15Re-151r 3500 0.035 2.14 0.04
4000 0.033 1.94 0.04
4500 0.036 2.14 0,04
4500 0,037 2.20 0.04
W-15Re-20Ir 3500 0.027 1.67 0.03
4000 0.032 1.62 0.03
4500 0.029 1.87 0.04
W-25Re-101Ir 3500 0.077 4.92 0.10
4000 0.092 5.57 0.11
4500 0.053 3.40 0.07
4500 0.063 4.18 0.08
W-25Re~-151Ir 3500 0.034 2.18 0.04
4000 0.027 1,96 0.04
4500 0.051 3.01 0.06
W-25Re-201Ir 3500 0.007 0.42 0.01
4000 0.021 1.26 0.03
4500 0.035 2.19 0.04
Re-251r 3000 0,005 0.34 0,006
4000 0.041 2.61 0.50
4500 0.034 2.76 0,02
Re-35Ir 3000 0.011 0.73 0.01
4000 0.009 0.41 0.007
4500 0.007 0.59 0.01
Ir-23HE 3000 0.113 7.8 0.16
3500 0.126 8.8 0.25
4500 0.265 16.7 0.35
Ir-23.9Ta 3000 0.007 0.49 0.001
3500 0.021 1.5 0.03
4500 0.103 7.6 0.15
(a)Exposure time 5 min.
110 IITRI-B6102~13

(Final Report)



TABLE A-III

CORROSION RATE OF REFRACTORY MATERIALS
IN FLOWING ARGON-6.5 v/o FLUORINE-5.4 v/o OXYGEN

Calculated
(a) Specific Surface
Alloy Exposure a Weight Weight Recession
Composition, Temperature, Loss, Lossé Rate,
w/o °F g mg/cm mil/min
W-15Re-101Ir 3500 1.445 148.0 2.93
4000 1,554 169.5 3.36
4500 1.976 203.0 4.01
W-15Re~15Ir 3500 1.469 150.0 2.95
4000 1.446 149.0 2.9
4500 1,519 164.8 3.24
W-15Re-201Ir 3500 1.627 109.0 2.13
4000 1.872 123.0 2.40
4500 1.961 135.0 2.64
W-25Re-101Ir 3500 1.184 161.2 3,15
3500 1.432 163.5 3.20
4000 1.519 153.0 3.01
4500 1.410 160.0 3,12
W-25Re-151Ir 3500 1.340 138.8 2.70
4000 1.470 155.2 3.02
4500 1.393 153.1 2.98
W-25Re-20Tr 3500 (P 1,739 111.0 2.15
4000 1.158 139.5 2,70
4000 1.108 147.0 2.85
4500 1.110 134.0 : 2.60
Re-251r 3000 1.141 125.0 2.30
4000 1.213 146.0 2,69
4500 1.315 162.0 2.98
Re-351r 3000 1.008 110.0 2,01
4000 0,935 108.5 2,00
4500 0.881 111.5 2,02
Ir-23Hf 3000 2,088 136.0 2.78
3500 0.641 71.6 1.46
4500 0.357 48.3 0.99
Ir-23.9Ta 3000 0.578 80.2 1.63
3500 0.240 27.7 0.56
4500 0.486 57.2 1.16
(a)Exposure time 5 min unless noted otherwise.
(b)Exposure time 3 min.
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TABLE IV

CORROSION RATE OF REFRACTORY MATERIALS
IN FLOWING ARGON-10 v/o HYDROGEN FLUORIDE-2.3 v/o OXYGEN

Calculated
(a) Specific Surface
Alloy Exposure ‘2 Weight Weight Recession
Composition, Temperature, Loss, Loss,2 Rate,
w/o °F gm mg /cm mil/min
W-15Re~-101r 3500 0.824 55.0 1.09
4000 0.802 58.0 1.15
4000 0.753 55.7 1.10
4500 0.826 60.0 1.19
4500 0.716 62.4 1.24
W-15Re-151Ir 3500 0.685 53.1 1.05
4000 0.779 54,0 1.06
4500 0.777 60.6 1.19
W-15Re-20Ir 3500 0.672 53.0 1.03
4000 0.634 54,2 1.06
4500 0.749 66,2 1.29
W-25Re-101Ir 3500 0.482 46.4 0.91
3500 0.728 52.7 1.03
4000 0.823 68.0 1.34
4000 0.826 68.6 1.35
4500 0.859 63.5 1.25
4500 0.747 59.5 1.17
W-25Re-151Ir 3500 0.870 ~ 52.8 1.03
4000 0.641 50.5 0.99
4500 0.788 58.8 1.14
W-25Re-201Ir 3500 0.558 42.3 0.82
4000 - 0.499 - 40,0 0.77
4500 0.496 38.2 0.74
Ir-23Hf 3000 0.048 3.4 0.07
3500 0.002 0.14 0.003
4400 +0,008(P) 0,66 -
Ir-23.9Ta 3000 +0,002(P) 49, 12(P) -
3500 0.022 1.75 0.04
4400 0.066 4,35 0.09
Re-251Ir 3000 0.622 49.0 0.90
4000 0.849 61.0 1.12
4500 0.978 72.7 1.34
Re-351r 3000 0.187 14.8 0.27
4000 0.317 26.0 0.48
4500 0.472 35.6 0.65

(a)Exposure time 5 min,

b
( )Sample gained weight. 112 IITRI-B6102~-13
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TABLE A-V

CORROSION RATES OF REFRACTORY MATERIALS
IN FLOWING ARGON-10 v/o BORON TRIFLUORIDE

(a) Specific Calculated
Exposure ‘& Weight Weight Surface
Temperature, Loss, Loss, Recession Rate,
Material °F g mg/cm® /min mils/min
Tungsten 3500 0.019 1.51 0.03
4000 0.019 1.41 0.03
4500 0.27 1.95 0.04
ATJ graphite 3500 0.005 0.32 0.07
4000 0.006 0.42 0.09
4000 0.005 0.37 0.08
4500 0.007 0.44 0.10
4500 0.009 0.74 0.16
4500 0.007 0.50 0.11
4800 0.013 0.86 0.19
Iridium 3000 0.000
3500 0.000 - -
4000 0.004 0.36 0.01
Re-25Ir 4000 0.045 3.81 0.07
Re-35Ir 4000 0.023 1.89 0.03
4°3BF3
Tungsten 3500 0.012 1.02 0.02
4000 0.022 1.56 0.03
5500 0.024 1.82 0.04
(a)Exposure time, 5 min,
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TABLE A-VI

CORROSION RATE OF ATJ GRAPHITE AND TUNGSTEN
IN FLOWING ARGON-4.32 v/o BF4-4.0 v/o 0,

Calculated

(a) Specific Surface

Exposure Weight Weight Recession
Temperature, Loss, Loss, Rate,

Material °F g mg / cm2 mil/min
ATJ Graphite 3000 0.133 15.3 3.34
3500 0.159 18.5 4,05
4000 0.184 19.7 4,32
4500 0.167 18.3 4.00
4500 0.171 18.8 4.12
Tungsten 3500 0.563 74.5 1.51
4000 0.802 99.9 2,01
4500 0.863 114.5 2.33
5000 0.960 120.0 2.45

(a)Exposure time, 5 min.
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TABLE A-VIT

CORROSION RATE OF REFRACTORY MATERIALS
IN FLOWING ARGON-10 v/o HYDROGEN-10 v/o BORON TRIFLUORIDE

Specific Calculated
Exposufe Weight Weight Surface
Temp., a) Loss, Loss, Recession Rate,
Material F g mg/cm?/min mils/min
Tungsten 3500 0.032 3.40 0.07
3500 0.040 3.08 0.06
4000(3) +0.003 +0.28 -
4000 +0.008 +0.32 --
4500 0.018 1.47 0.03
4500 0.020 1.50 0.03
ATJ Graphite 3500 0.006 0.40 0.09
4000 0.005 0.35 0.07
4500 0.010 0.72 0.16
4800 0.019 1.38 0.30
Iridium 3000 --(P) -- 5(e)
3500 --(B) - 15(¢)
4000 --(®) -- 30(¢)
Re-251r 4000 0.003 0.26 0.005
Re-35Tr 4000 --(@) - 5(¢)
(a)Ex osure time 10 min.
P
(b)Samples brazed to W support rod.
(®)Estimated % melting of the sample.
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CORROSION RATE OF ATJ GRAPHITE

TABLE A~VIIIL

IN FLOWING ARGON-HYDROGEN

Specific Calculated
Exposure Weight Weight Surface
Temp. , Loss, L.c»ss_‘,2 Recession Rate,
°F g mg/cm mils/min

Argon
4500 0.004 .313 0.068
4500 0.007 .510 0.112

Argon-2.2 v/o Hp
3500 0.004 0.31 0.07
3500 0.009 0.68 0.151
4000 0.005 0.32 0.071
4500 0.008 0.47 0.102
Argon-10 v/o Hy

3000 0.004 0.30 0.07
3000 0.011 0.74 0.16
3500 0.010 0.69 0.15
3500 0.012 0.785 0.17
4000 0.006 0.44 0.10
4000 0.006 0.42 0.09
4500 0.009 0.59 0.13
4900 0.028 1.84 0.40
4900 0.050 3.90 0.85
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TABLE A-IX

TIME DEPENDENCE OF THE CORROSION RATE
OF W-Re-Ir ALLOYS IN FLOWING ARGON-6.5 v/o FLUORINE

Calculated
B . Conditi Specific Surface

Alloy Eposure Lon lt?O?S Weight  Weight Recession

Composition, Temp, Time, a Loss, Loss, Rate,
w/o °F min gm mg/cm? mil/min

W-15Re-10Tr 4000 0.5 0.126 92.5 1.81
1 0.119 89.4 1.72
2 0.207 76.2 1.50
4 0.391 71.8 1.41
4500 0.5 0.117 109.0 2.14
1 0.096 89.8 1.78
2 0.201 93.8 1.86
4 0.395 92.3 1.83
W-15Re~15Ir 4000 0.5 0.144 99.0 1.95
1 0.136 93.3 1.85
2 0.257 88.3 1.75
4 0.482 82.8 1.64
4500 0.5 0.124 102.0 2.00
1 0.105 86.0 1.69
2 0.201 82.4 1.62
4 0.362 74.2 1.46
W-15Re-~-201Ir 4000 1 0.231 73.5 1.44
2 0.209 66.5 1.30
4 0.424 66.5 1.30
4500 1 0.185 70.0 1.37
2 0.187 71.0 1.39
4 0.325 61.6 1.21
W-25Re-10Tr 4000 0.5 0.134 70.5 1.38
1 0.143 76.8 . 1.51
2 0.242 - 65.0 1,27
4 0.467 63.2 1.24
4500 0.5 0.117 90.0 1.76
1 0.105 80.6 1.58
2 0.202 77.7 1.52
4 0.360 69.3 1.36
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TABLE A-IX (cont.)

Calculated
.. s Specific Surface
Alloy Exposure Condlt?o?s Weight  Weight Recession
Composition, Temp, Time, a Loss, Loss, Rate,
w/o °F min gm mg /cm? mil/min
W-25Re-151Ir 4000 0.5 0.101 72.1 1.40
1 0.096 68.5 1.33
2 0.194 69.3 1.34
4 0.313 56.0 1.09
4500 0.5 0.083 68.9 1.34
1 0.090 74 .6 1.45
2 0.160 66.4 1.29
4 0.310 64 .2 1.25
W-25Re-201r 4000 1 0.224 69.0 1.34
2 0.189 58.2 1.13
4 0.384 59.4 1.15
4500 1 0.160 53.4 1.03
2 0.181 60.1 1.16
4 0.312 51.8 1.00
(a)Cumulative exposure on single sample.
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CORROSION RATE OF ATJ GRAPHITE
IN FLOWING ARGON-6.5 v/o FLUORINE

TABLE A-X

Calculated
Specific Surfage
Impingement Weight Weight Recession
Temp., Angle, ) Loss, Loss, Rate,
°F deg(a g mg/cm® mils/min
3500 30 0.106 6.7 1.5
4000 30 0.101 6.2 1.4
4500 30 0.147 8.0 1.8
4750+ 30 (P) 0.104 10.9 2.0
3500 (¢) 45 0.116 8.3 1.8
4000 <) 45 0.093 6.5 1.4
4000 (¢) 45 0.068 7.4 1.6
4500 ¢(¢) 45 0.070 8.7 1.9
4500 (¢) 45 0.086 10.9 2.3
4800 (¢) 45 0.078 9,2 2.1
3500 90 0.120 10.1 2.2
4000 90 0.119 9.4 2.1
4500 90 0.126 9.8 2.2
4800 90 (P) 0.160 13.2 2.9

(a)Angle of gas impingement measured from horizontal.

(b)3 min run; remainder 5 min.

(C>Previous data for standard test parameters.(l)
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TABLE A-XI

CORROSION RATE OF TUNGSTEN IN FLOWING ARGON-6.5 v/o FLUORINE

Calculated
Specific Surface
Impingement Weight Weight Recession o ]
Temp., Angle,( ) Loss, Loss, Rate, Utilization
°F deg ‘2 g mg/cm® mils/min Factor, UF
AY
3500 30 1.110 87.2 1.8 0.3(P)
4000 30 1.208 92.1 1.9
4500 30 1.168 91.6 1.9
5000 30 1.172 88.0 1.8
5500 30¢©)  0.410 48.0 1.0
3500 (4 45 1.718 126.4 2.6 0.4®)
4000 (d) 45 1.787 128.8 2.6
4580 (d) 45 1.747 124.8 2.5
5100 () 45 1.21 92.0 1.9
5500 (4) 45¢¢)  0.460 55.2 1.1
3500 90(¢)  1.212 151.0 3.1 0.5()
4000 90 2.292 161.5 3.6
4000 90 2.164 162.0 3.3
4500 90 2.451 153.0 3.1
5000 90 1.916 146.0 3.0
5500 90 1.077 78.2 1.8

(a)Angle of gas impingement measured from horizontal,

(b)Average value for the range 3500°-5000°F.

c . . .
( )3 min run; remainder 5 min.

d .
( )PreV1ous data for standard test parameters.
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TABLE A-XII
CORROSION RATE OF ATJ GRAPHITE AND W-15Re-20Ir IN FLOWING FLUORINE

Specific
Test Fluorine Weight Weight Recession
Material Temp. , Concentration Loss, Loss Rate,
Composition °F v/o g mg/cmzfﬁin mils/min
ATJ Graphite 3000 6.5 ) 0.135 10.0 2.2
3500 6.3 0.116 8.3 1.8
4000 6.5 0.093 6.5 1.4
3000 (@) 100 (<) 0.200 13.9 3.0
4000 100 0.212 15.2 3.3
W-15Re-201r 3000 6.5 - - 2.5
3500 6.5(P) 1.092 70.9 1.4
4000 6.5 1,088 67.5 L3
3000 (@) 100¢¢) 2.750 280.0 5.4
4000 100 1.420 145.5 2.8

(a)Temperature rise ~300°F during 5 min run.
(b)Total flow rate 10 cfh.
(C)Total flow rate 0.65 cfh.

(d)Estimatedﬂ



TABLE A-XIII

COMPARISON OF CALCULATED AND MEASURED RECESSION RATES
OF TUNGSTEN IN FLOWING FLUORINE-OXYGEN ATMOSPHERES AT 4000°F

Fluorine Oﬁ{gén Recession Rate, mils/min UtéXigigion
Flow Rate, Rate, ] (a) CalcElated, )
cfh cfh Experimental UF = 0.4 Factor
0 0.108 0.92 0.76 0.48
- 0.163 1.04 1.17 0.36
- 0.325 2.32 2.48 0.37
- 0.40 2.66 2.93 0.36
- 0.54 3.13 3.93 0.32
0.65 0.108 2,72 2.92 0.37
0.65 0.163 2.76 3.29 0.34
0.65 0.325 3.85 4.50 0.34
0.65 0.40 4,38 5.05 0.34
0.65 0.54 5.62 6.32 0.35

(a)From reference 1.

b . .
( )Calculated from experimental recession rate, quation
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TABLE A-XIV

COMPARISON OF CALCULATED AND MEASURED RECESSION RATES
OF RHENIUM IN FLOWING FLUORINE-OXYGEN

Test Utilization ) ) ‘
Tempegature, Factor(a) Rece?51on R?E?’ mils /min
F F2 O2 Experimental Calculated
6.5 v/o Fo-4.0 v/o Oz
3500 0.4 0035 4.22 4,64
4500 0.18 0.4 4.37 3.50
5200 0.09 0.4 3.39 2.89
6.5 v/a F5-5.4 v/o 05
3500 0.4 0.35 5.02 5.37
4500 0.18 0.4 4.38 4.27
5200 0.09 0.4 3.9 3.78

a e e .. .
( )UF calculated from data in individual environments.

(b)From reference 1.
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