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COMPATIBILITY OF MATERIALS WITH
LIQUID OXYGEN

BY

C. F. Key and W. A, Riehl

SUMMARY

The test instrument and procedure developed
by Lucas and Riehl (Ref, 1) was used to determine
the compatibility of a wide variety of materials with
liquid oxygen (LOX), This method is based upon the
tendency of materials toreact with LOX on impact and
is commonly known as the "ABMA Tester'. Within
the past eight years' use, over 100, 000 individual test
drops have been made on approximately 1, 000 different
materials,

Pertinent data from these tests have been com-
piled, and the findings are presented in this report,
Recommendations are made for the guidance of de-
signers and others in the selection of safe materials
for use in oxygen systems. Materials are discussed
according to the following classifications: (1) Lubri-
cants, (2) Sealants and Threading Compounds, (3)
Thermal and Electrical Insulation, (4) Elastomers,
Plastics and Adhesives, (5) Gaskets and Packing, (6)
Metals, Alloys, and Solders, (7) Dye Penetrants, and
(8) Solvents, Cleaning Solutions, and Miscellaneous.

SECTION I. INTRODUCTION

Liquid oxygen is one of the most important oxi-
dizers in missiles and space vehicles and is the only
propellant common to all of the "'building block™ stages
of the Saturn I, SaturnIB, and Saturn V space vehicles
(S-1, S-1v, S-1B, S-IC, S-II, S-IVB). It is well known

that many materials in contact with liquid oxygen

(LOX) are capable of exploding and/or igniting when
subjected to mechanical shock or some other sudden
energy surge. Organic materials of the type conven-
tionally used as fuels, lubricants, gaskets, etc., are
particularly hazardous, The environmental and struc-
tural démands imposed on space vehicle systems make
it impossible to rigidly exclude all materials that fall
within these categories. Accordingly, a LOX impact
testdevice (Fig. 1) was developed to provide informa-
tion on the relative hazard presented by these mate~
rials. This instrument has been in use for over eight
years on a continuous basis to assess the hazard as-
sociated with products and materials contemplated for
use in space vehicle LOX systems at the George C.
Marshall Space Flight Center (MSFC). The develop-

ment of this method and device was described by
Lucas and Riehl (Ref. 1),
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FIGURE 1. LOX IMPACT SENSITIVITY TESTER



A previous report listed data accumulated over
the first several years of testing and presented gen-
eral conclusions and/or indications (Ref. 2). At this
writing, over 100,000 individual tests have been made
on approximately 1,000 different materials at this
Center (or its organization predecessor).* The ob-
ject of this report is to provide the results of over
eight years of testing and general information gained
therefrom. Recommendations are made for guidance
of designers and others in the selection of safe mate-
rials for use in oxygen systems. These recommenda-
tions generally apply also to systems containing other
gases (air, helium, nitrogen, etc.) that are intended
for purging or pressurizing LOX systems. Any impact
sensitive lubricant, sealant, or other material em-
ployed in a purging or pressurizing system could
possibly be swept into the LOX equipment and might
introduce a serious hazard.

This report supersedes that of Curry and Riehl
(Ref. 2).

SECTION 1I. TEST METHOD

A, EQUIPMENT

The apparatus used for all of the tests reported
herein was the "ABMA Tester".

The mechanical features and operations of the
ABMA LOX impact tester have been described com-
prehensively in other reports and will not be stated
herein (Ref. 1 and MSFC-SPEC-106 [ Appendix}). It
should be noted, however, that experience gained
throughout this program has confirmed consistently the
absolute necessity of guarding against contamination
in the test equipment if meaningful results are to be
obtained. Special cleaning practices are followed in
preparing the test equipment, and it has been found
that any deviation from these procedures usually is
reflected in anomalous results during subsequent tests.

Inprinciple, this test procedure involves dropping
a standard plummet of known weight (9.04 Kg) from

* Prior to July 1, 1960, this Center was the Develop~-
ment Operations Divisionof the Army Ballistic Missile
Agency. As the test method and instrument were de-
veloped several years ago under the cognizance of the
Army, and since the instrument has since become
widely known as the "ABMA Impact Sensitivity Test
Instrument," it will be referred to as such in this
report, even though this instrument is now used under
cognizance of Marshall Space Flight Center.
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known heights (up to 1. { meters) under near-friction-
less conditions. This plummet strikes a plunger which
is resting on a layer of the material being tested in the
bottom of an expendable aluminum alloy cup. The
remainder of the sample cup is filled with liquid oxygen.
Details of striker cup and sample are shownin Figure
2. During a series of such tests, a material capable
of reacting with LOX under these conditions will ex-
plode and/or flash brillantly. The highest energy level
withstood by a given material without an indication of
sensitivity intwenty trials is considered an indication
of hazard associated with the material under test.
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FIGURE 2, DETAILS OF STRIKER, SAMPLE CUP,
AND SAMPLE (IMPACT SENSITIVITY

TESTER)
B. SAMPLE PREPARATION

It has been found in previous work (Ref. 1
and 2) that sample preparation is a very important
factor if reproducible test results are to be obtained.
With all samples tested, LOX impact sensitivity varies
with thickness. Reactivity generally increases as the
sample thickness is decreased. However, this rela-
tionship cannot be assumed to be directly proportional
and may actually reverse with some materials. For
example, with some sheet titanium samples, there
appeared to be a trend toward increased reactivity with
thicker samples (Ref. 3), It is quite difficult to
ascertain the inherent relationship of thickness and
sensitivity to impact because multiple factors usually
are involved, such as sample hardness, flexibility,
ductility, etc., at LOX temperatures.



Another factor of importance is the state of the
materials which are frozen by the LOX, especially
liquid samples. The state of subdivision of the sample
also is important., For example, even stainless steel
will react with LOX if it is in the form of fine wool,

1. Solid Materials

All solid materials (metals, gaskets,
plastics, etc.) are tested in the form of 11/16-inch
diameter discs in the specific thickness intended for
use. Pressure sensitive tapes, coatings, surface
treatments, etc., are tested after applying them to
test discs of the metal or other substrate upon which
they will be used in service. When hard or granular

_materials are to be tested, a type 347 stainless steel
insert is placed as a false bottom in each sample cup.
This technique was necessitated by the early discovery
in the program that some hard materials (silica,
carborundum, etc.) could give a false indication of
impact sensitivity under the conditions imposed by this
test procedure. Such hard materials are driven into
the aluminum sample cup by the plunger, causing ex-
treme local deformation of the metal. The heat
liberated at microscopic points of contact between the
aluminum and the granular material is in some cases
sufficient to trigger a detectable reaction between the
fresh aluminum surface and the LOX. (Data showing
this effect were reported in Ref. 1 & 2).

2. _Liquids

Materials such as lubricants, sealants,
etc., whose thickness is not dictated by the intended
application, are normally tested in thicknesses of
0. 050 inch. This thickness was selected on the basis
of providing a condition to which test results are most
sensitive to variations in materials (Ref. 1). This
thickness can be attained readily in the case of liquid
materials by metering individual samples into the test

cups from aburette, It has been ascertained that 0,50 .

cc of liquid will produce a 0. 050 inch (+ approximately
0, 005 inch) layer in the bottom of the test cups (Fig. 3).

3. Semi-Solids

Greases, caulking compounds, and other
semi-solid materials are tested at a thickness of 0, 050
inch by use of special cup inserts. These inserts are
fabricated from type 5052 aluminum and have an inter-
nal depth of 0,050 = 0. 005 inch (Fig. 4). A series of
twenty of these are placed in a special holder (Fig. 4).
Sufficient material is pressed into the cups with a
clean stainless steel spatula until a smooth surface,
flush with the top, is obtained. The insert cups then
are removed and placed in the bottom of the regular
specimen cups with tweezers (Fig. 3).

——
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FIGURE 3. SAMPLES IN TEST CUPS

A freezing technique has been developed which
provides uniform frozen samples of both liquids and
semi-solids. The test cups, containing the samples,
are placed in a special freezing box (Fig. 5). LOX
is poured into the hottom, and the samples are slowly
frozen by the vapors. After freezing, sufficient LOX
is introduced to overflow and fill the test cups. Any
samples that crack and floatin the LOX are discarded.

C. ACCEPTANCE CRITERIA

In order to acceptance-test a material for
use in LOX systems, twenty separate samples of the
material submerged in LOX are subjected to 10 kg-m
(72 ft-lbs) impact energy delivered through a 1/2-inch
diameter area. More than one indication of sensitivity
iscause for immediate rejection., A single explosion,
flash, or other indication of sensitivity during the initial
series of twenty tests requires that an additional forty
samples be tested without incident to insure accepta-
bility of the material.
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SECTION II. RESULTS

The results obtained by application of the foregoing
test procedure to a wide variety of proprietary pro-
ducts are tabulated according to categories in Tables
1 through 8. The materials are rated according to the
test results as follows:

S - Satisfactory for LOX service if cleaned
and/or processed by applicable MSFC stand-
ards

BT - Satisfactory as stated above, with the pro-
vision that each manufacturer's batch of the
product must be individually tested and found
acceptable

C - Conditional, insufficient test experience to
rate sample adequately

U - Unacceptable, capable of vigorous burning
or exploding in contact with LOX

Two notes of caution are in order., (1) Wherever
possible, a complete identification is made of the ma-
terials tested. Although some general conclusions can
be drawn relative to certain classes or chemical fam-
ilies of materials, it is definitely unsafe to predict the
behavior of any totally new product onthis basis. Even
materials normally inert to LOX can be rendered un-
safe by minute amounts of processing additives, pig-
ments, etc., that may be favored by one manufacturer
or processor. It is equally unsafe to define a material
for a specific application in liquid oxygen solely on the
basis of a military or other specification for a general
purpose product, since most of such specifications do
not limit sufficiently the chemical constitution of the
product, (2) Assumingthereisfreedom from deleter-
ious additives or contaminants, the chemical nature of
the product primarily governsits hehavior toward LOX.
For these reasons, the tabulated test data are applica-
ble only to the specific proprietary products mentioned
and may not apply to other similar materials or to other
products meeting the same specification.

An additional factor that must be kept in mind in
evaluating the dataisonly the chemical compatibility
of the material withoxygen systems is reportedherein.
This criterion will apply to all materials which may
contact oxygen., However, many other factors usually
must be considered before a final material selection
can be made. For example, if a lubricant were to be
used on an O-ring in a valve in an oxygen system at
low temperature, at least four additional factors must
be investigated as follows:

1. Corrosivity of the lubricant and metal



components which it may contact during storage and
use

2. Compatibility of the lubricant and elastomer
O-ring or other seals

3. Low temperature behavior of the lubricant

4. Lubricity of the material under operating
conditions

Naturally, the factors to be considered in final
selection of any material are dependent upon the
service intended. Selection and evaluation of these
factors will vary widely. Thus, it is not feasible to
attempt to provide in this report all of the information
necessary to assess fully the adequacy of a material
for specific applications. However, unless extenuating
circumstances exist, this Center will not approve the
use of any material listed as "Unsatisfactory" in the
attached tables jn oxygen systems.

The selectionof the specific material to use among
those rated as satisfactory will depend upon the par-
ticular application intended. This Center should be
consulted directly for such assistance.

SECTION IV. DISCUSSION

A. LUBRICANTS

Lubricants tested for impact sensitivity in
LOX are shown in Table 1. It is realized that none of
the fluids or greases that withstood the impact test
would actually function as lubricants at LOX tempera-
ture (-297°F). However, all materials withstanding
this test are considered safe for use in gaseous oxygen,
which also is a hazardous environment. The only type
of lubricant capable of functioningat LOX temperature
would be a solid or solid film lubricant. Although a
number of these appear insensitive to impact, their ad-
hesion and functional characteristics at LOX tempera—
ture have not yet been proven through use at this
Center.

All petroleum-derived lubricants tested to date
have proven to be impact sensitive, as expected. The
conventional silicone greases and fluids constitute a
similar hazard.

All completely fluorinated and/or chlorinated
fluids and greases tested to date have proven satisfac-
tory for LOX service from the standpoint of impact
sensitivity. This includes materials now being
imarketed under the trade names of "Fluorolube."

"Kel-F, ""and'"Halocarbon. "* However, any specific
flourocarbon lubricant for whichno data are tabulated
should be tested prior to use to insure that its inherent
compatibility will notbe affected adversely by additives
that may be present.

Chlorofluorocarbon oils and greases ("Fluoro-
lubes, " "Kel ~Fs,"and "Halocarbons'') are not sensi-
tive to impact in LOX (at 72 ft.-lbs). However,
under conditions of high shear involving aluminum in
the presence of these agents, explosions can occur in
the absence of liquid oxygen. These conditions have
been created experimentally by forcing a rotating
aluminum or steel rod, chucked in a drill press, into
confact with an aluminum plate which has been smeared
with the chlorofluorocarbon under investigation. Ex-
plosions have been triggered in this manner with a
number of aluminum alloy-chlorofluorocarbon combi-
nations. These conditions may appear more stringent
than normally would be encountered in lubricant or
thread sealant applications. However, the availability
of other materials not subject to this behavior is
believed to warrant the exclusion of chlorofluorocar-
bons from lubricant or sealant applications involving
shear loading with aluminum. It is interesting to note
that no explosions have been produced with fully fluori-
nated hydrocarbons. Apparently, chlorine substitution
is required to render the fluorocarbon susceptible to
reaction with aluminum under shear conditions.

There are indications that fluorination of organic
groups attached to silicones decreases the sensitivity
of the parent silicone to impact in LOX. Two partic-
ular materials of this type, Dow Corning FS 1280 and
1281 (formerly manufactured as "QC-2-0026" and
"QC-2-0093"), appear to be less impact sensitive than
conventional silicone fluids. Since the impact sensi-
tivity of these two greases has been found to vary
batchwise, each manufacturer's lot should be tested
prior to use. In many cases, these materials are in-
sensitive in twenty trials (at 10 Kg-m) impact at the
normal test thickness of 0. 050 inch. However, when
thin smears (approximately 0. 005 in, thick) are tested
under the same conditions, reactions frequently occur.
Such is not usually the case with fluorocarbon mate-
rials,

On the other hand, the fluorosilicones (FS 1280
and 1281) did not explode or react when tested under
high shear loading in contact with aluminum.

Perfluoro-trialkyl amine based lubricants gener-
ally were LOX compatible, Some lubricants based on

* The names of the manufacturers of all proprietary
products mentioned in the text of this report are pro-
vided in Tables 1 through 8.



these base fluids have been reported compatible with
a wide variety of propellants (Ref. 4). Two in partic-
ular, "PD-817" and "PD-788," were tested also with
respect to lubricity, corrosivity, and compatibility
with elastomers. These materials appear particularly
promising as "universal” lubricants for use in a wide
variety of applications in different propellant systems.
However, they usually dry out to a powdery Teflon
residue within several weeks' exposure to the air.

B. SEALANTS AND THREADING COMPOUNDS

Sealants and threading compounds listed in this
category are those materials which are applied to con-
nections or threaded fittings for the dual purpose of
preventing seizing or galling during assembly, and
minimizing leakage in use. ""'Sealants" are defined
herein as materials which do not normally harden or
set and are employed in non-permanent applications.
"Threading compounds" are those which harden and
and for use on permanent type joints. Until recently,
efforts to locate a consistently satisfactory LOX
thread sealant from a proprietary source have not been
successful. Most commercial sealants formulated
specifically for LOX service are mixtures of com-
mercial-purity graphite and chlorinated aromatic
compounds. Early experience with sealants having
this basic composition indicated that trace impurities
in graphite may render the final product impact sensi-
tive. Only a special grade of graphite purified by acid
treatment was found to give consistently satisfactory
results when formulated into a sealant and tested as
deseribed. For several years, a LOX sealant for use
at this Center (designated "AR-1F" sealant) was
formulated internally, and each batch was tested on
an individual basis to insure conformity to our re-
quirements.

Recently, a thread sealant manufactured by the
Acheson Colloids Company (EC 1730) has become
available. A number of batches of this product have
been tested thus far, and all were approved for’ LOX
use. This material is recommended as a replacement
for "AR-1F" LOX sealant. However, batchwise ac-
ceptance testing by MSFC-SPEC-106 is still necessary
to insure product quality.

One other proprietary sealant, "Anderol X-133,"
is available which is satisfactory from the standpoint
of 1.OX compatibility. It has not been recommended
for use at this Center because it is highly corrosive
to aluminum alloys 5086, 6061, and 2024, which are
used widely in LOX piping.

A number of threading compounds are cited in
Table I1as being satisfactory for LOX service. These
are primarily inorganic silicate cements.
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C. THERMAL AND ELECTRICAL INSULATION
(TABLE 1II)

A number of thermal insulations have been tested
although they would not normally be in direct contact
with LOX. All foam plastic and mastic types of insu-
lation investigated have been impact sensitive with the
exception of Dynatherm D-65. The latter is an intu-
mescent coating containing approximately 66% inor-
ganic filler materials, Dynatherm D-65 should be
tested batchwise (in the use thickness) prior to any
application where it may ultimately contact liquid oxy-
gen, The moisture protective overcoating for Dyna-
therm D-65 (i.e., D-904) has been found impact
sensitive.

Several bulk fiberglass insulations also appear
unsatisfactory, due probably to additives employed to
control fiber or matt properties. Subsequent heat
treating frequently renders these materials satisfac-
tory. Two bulk fiberglass insulation materials appear
satisfactory for LOX service (Glass Fiber "B" 621,
J. M. Microfiber Felt No. 108). It is stressed that
each batch of these materials should be tested for
LOX compatibility. Two varieties of cellular glass,
Foamsil and Foam Glass, have proven satisfactory
when tested for LOX compatibility.

A study currently is underway to investigate the
LOX compatibility of organic insulation materials used
in liquid hydrogen systems. This occurs because air
usually is condensed on the surface from the atmos-~
phere by the extreme low temperature. Re-evaporation
and re-condensation processes probably will occur to
varying degrees within external insulation thereon.
Upon evaporation, liquid air becomes enriched in oxy-
gen conteng.

Consequently, impact sensitivity of thermal insu-
lation materials used externally in liquid hydrogen
systems is being investigated as a function of LOX
concentration in LN,. Results of these tests will be
reported subsequently.

A number of Teflon and Kel-F type electrical
insulations were tested and proved satisfactory. Any
insulation which actually contacts liquid oxygen should
be tested to insure safe use. A word of caution is in
order concerning the pigments used to color-code
electrical insulation. Tests have shown that addition
of organic pigments to Teflon may transform a nor-
mally acceptable material toone which is highly sensi-
tive to impact in LOX,

D. ELASTOMERS, PLASTICS, ADHESIVES
(TABLE 1V)



Elastomers - All natural and non-fluorinated
synthetic rubbers tested to date, including a number
of silicone elastomers, have proven impact sensitive
to varying degrees. The most generally satisfactory
elastomers tested todate have been plasticized Kel-F,
Fluorel, and Viton A, However, the impact sensitivity
of these materials varies markedly with the nature
and extent of plasticizer and additives used. Thus,
batchwise testing per MSFC-SPEC-106 is necessary
to insure LOX compatibility of these elastomers.

Plastics - Most common plastics are impact
sensitive to varying degrees. All phenolic plastics
tested to date have proven impact sensitive. Polyeth~
ylene, Nylon and Tedlar are not recommended.

During the past six years, thirty-one various
types and thicknesses of Mylar have been tested for
compatibility with LOX by the procedure described in
MSFC-SPEC-106. Sample thicknesses ranged from
0.001 to 0.010 inch. Aluminum vapor coated Mylar
and Mylar tapes also were tested. By summarizing
the results of a combined total of 559 individual impact
tests on these materials, the following conclusions are
made:

a. All samples were impact sensitive at the ac~
ceptance level specified in MSFC-SPEC-106, i.e,, 10
Kg-m.

b. Of thirteen samples that were tested at 5 Kg-m
impact energy, eight were still sensitive. This shows
that over 60 per cent of the samples were in a class
of reactivity considered highly sensitive to impact.

c. Of those samples tested over a range of im-
pactenergies, the following average per cent reactions
(No. Fires/No. Tests X 100) were obtained:

At 10 Kg-m - 28%
5 Kg-m - 25%
3 Kg-m - 10%

The above data are plotted in Figure 6, along with
similar test results for Nylon, Buna-N, cotton, titan-
ium, and polyethylene. This figure clearly illustrates
that Mylar is in the same category of LOX reactivity
as materials which reportedly have caused major
catastrophies in the missile and space industry.

The sensitivity of two new Du Pont plastic films,
types ML, & H,appears to vary directly with thickness,
Therefore, the actual thickness proposed for applica-
tion should be tested for sensitivity to impact in LOX.

Of all materials tested thus far, Teflon TFE,
(tetrafluoroethylene), Teflon FEP, (fluorinated eth-
ylpropylene), Aclar, and unplasticized Kel-F are the

most insensitive to impact in LOX. One or more of
these materials usually will suffice where a plastic is
needed for engineering use. However, these materials
normally are inert to LOX only as long as they are
free of contamination, pigmentation, or fillers for re-
enforcement. Glass or asbestos fillers usually do not
render such fluorocarbon materials sensitive to LOX,

REACTION FREQIFNCY (.

FIGURE 6.

LOX IMPACT REACTIVITY OF MYLAR,
NYLON, AND TYPICALLY HAZARDOUS
MATERIALS

Adhesives & Tapes—No fully satisfactory adhesive
has been found for LOX use. All organic adhesives.
tested were incompatible.

In particular, epoxy resins and cements are
violently sensitive to impact and must be excluded
completely from LOX service. All silicone adhesives
that have been examined are impact sensitive. Due to
this susceptibility of adhesives, all known pressure
sensitive tapes are sensitive to impact, including
"Teflon'" and metal foil backed tapes. This sensitivity
is manifested even when the tapes are applied to metal
discs which would insure minimal contact between the
adhesive and LOX.

Some inorganic cement types of '"adhesives,"
i.e., ""Sauereisen,' are insensitive. However, these
generally are sodium silicate based and provide only
comparatively weak bonding, and are quite brittle, A
dental cement (CuO, phosphoric acidbase ) reportedly
has been used in some instances but is highly cor-
rosive,

An attempt to develop a satisfactory adhesive for
LOX service now is underway by the Narmco Division
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of Telecomputing Corporation, under contract NAS8-
11068 to this Center . Initial studies will be directed
toward consideration of fluorination of common resins
while still retaining adhesive characteristics.

E. GASKETS AND PACKING (TABLE V)

Gaskets - A common type of general purpose
gasket material is composed of a fibrous or spongy
material impregnated with natural rubber or a synthetic
elastomer, Asbestos is a popular fiber source and is
available in combination with virtually every common
rubber or plastic. The inherent impact sensitivity of
the particular binder employed thus is conferred to
some extent upon the finished material. The impact
sensitivity of these asbestos composites varies con-
siderably from batch to batch but is usually signifi-
cantly less than an equivalent thickness of the binder
material. At best, however, these materials range
from marginal to unacceptable, depending upon the
binder composition and proportion.

The earlier statements on the effect of sample
thickness, as originally deduced from tests on thread
sealants and lubricants, also apply to these composite
materials, "Allpax 500," an asbestos-synthetic rub-
ber mixture as supplied by the manufacturer, gives an
average of two fires or detonations per test series in
the 1/16-inch thickness as compared with approxi-
mately fifteen reactions per series when tested in a
1/ 64-inch thickness.

It has been found that the impact sensitivity of
these products can be lessened by impregnation with
one of several chlorofluorocarbon oils. These fluids
are highly insensitive to impact in LOX and, appa-
rently, tend to quench the impact sensitivity of other
materials capable of absorbing them. The "Allpax
500" product mentioned above is processed routinely
at this installation for LOX service by controlled im-
pregnation with a chlorofluorocarbon fluid. Post-
treatment impact testing is done on each processed
batch to verify the adequacy of the treatment. Details
of this process and the circumstances prompting its
development are described in another report (Ref. 5).
It is interesting to note that Bell Aircraft Corporation
employed a similar process to render leather suitable
for LOX service. The unprocessed leather is highly
sensitive to impact.

The problem of finding a compatible gasket ma-
terial that will seal at the relatively low flange
pressures generally associated with MSFC flighthard-
ware has proven difficult. The most unreactive non-
metallic materials, "Kel-F'" and Teflon," are
difficult toutilize because of low temperature brittle-
ness, cold flow, or other mechanical deficiencies. A
wide variety of fluorocarbon based gaskets filled with
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asbestos, ceramic, or glass fibers for re-enforcement
are available commercially. Most of these are LOX
compatible and have physical sealing characteristics
greatly improved over the parent plastic. However,
they still do not provide the sealing capability neces-
sary for MSFC flight hardware. Fluorogreen E-600
appears almost, if not, as good as treated Allpax and
tentatively hasbeen approved for use. However, much
still is desired to provide a gasket material fully
satisfactory with respect to both LOX compatibility
and sealing capability in MSFC hardware. The Narmco
Division of the Telecomputing Corporation currently
has a contract from this branch to develop such a
material,

Packing - A large number of braided and solid
"Teflon'" packings has been found satisfactory. One
asbestos type packing, "JM 177J7," generally iscom-
patible and has a satisfactory record of service at this
Center. At least one manufacturer, Crane Packing
Company, processes and packages certain packings
specifically for LOX service when requested. "Flex-
rock 420" also is used currently by MSFC.

Caution - It is stressed thateven the recommended
packing and gasket materials vary in acceptability
from one batch to another; therefore, samples from
each batch intended for LOX service should be tested
and qualified prior to use. This is to insure that vari-
ations in manufacturer's processing methods do not
introduce contamination or adverse chemical compati-

bility.

F. METALS, ALLOYS, SOLDERS, AND SUR-
FACE TREATMENTS (TABLE VI)

All ferrous and aluminum based alloys tested
to date are considered compatible with LOX, provided
requisite cleaning procedures and other safeguards
are followed. This included a sample of a new maraging
steel ( Bethlehem heat no. 120D163). Freshly abraded
aluminum or aluminum which has been stripped of its
protective oxide film is impact sensitive. Thus, al-
though the natural oxide film on aluminum is sufficient
tomake it impact insensitive, any action whichbreaks
or removes the film from aluminum while submerged
in LOX constitutes a hazardous situation. Exactly
such conditions are believed to have caused an explo-
sion in a filter in a LOX ground supply line recently
(Ref. 6). This was ascribed to the loosening of the
mounting fixtures for the filter cartridges, which al-
lowed chattering of the top of the stainless steel filter
cartridge and the aluminum support plate. Since this
condition was on the upstream side of the filter and
small hard particles undoubtedly were present (be-
cause of the basic function of the filter), it was deduced
that the explosion probably was initiated by abrasion
of the surface of the aluminum by such particles while



in contact with LOX. Because of the possibility of re-
occurrence of these conditions in such filters, it was
recommended that the aluminum components therein
be replaced by stainless steel.

Itis stressed that the conditions required to cause
explosions with aluminum and LOX are extremely
severe. Thesefindings donot detract in any way from
the proven serviceability of aluminum alloys now in
use for missile LOX tankage and piping, provided all
such equipment has been cleaned and protected in ac-
cordance with applicabhle MSFC standards and main-
tained under such conditions. Test results showing
that stainless steel wool and ordinary steel wool are
impact sensitive reflect the greater amount of active
surface availahle for chemical combination in these
cases anddonotdetract from the proven serviceability
of steels in massive shapes for LOX service. How-
ever, these results suggest caution in the use of metal
wool for cleaning LOX hardware.

The inherent compatibility of the common alumi-
num alloys is not affected adversely by anodizing or
by two proprietary surface treatments ('Iridite' and
"Alodine''y., However, some samples of aluminum
which have been anodized and dyed have proven to be
impact sensitive. This sensitivity was traced to im-
proper sealing during the dyeing process. Any dyed
aluminum or new processes of dyeing and/or conver-
sion coating aluminum should be tested to insure LOX
compatibility.

All titanium alloys tested have been extremely
sensitive to impact. Because of a special interest in
this material, the reactivity of titanium with oxygen
was studied by several test methods and under a
variety of conditions associated with space vehicles.
The impact sensitivity method was used to study the
effects of surface treatments, coatings, and numerous
other factors upon the reactivity. Punctures resulting
from bullets, darts, pins, or artificial meteoroids
usually caused explosions. Coatings which reduced
titanium reactivity in impact or shock tests were not
beneficial under puncture conditions. Aluminum and
stainless steel failed to react on impact or puncture.

The shock stimuli produced by small detonator
caps alone were sufficient toinitiate explosive reaction
of titanium in contact with oxygen. An extremely
heavy shock was necessary to cause aluminum to react
under the same test conditions, and stainless steel
did not react under the most drastic shock conditions
employed. The titanium/oxygen combination is con-
siderably more susceptible to spark initiation than
aluminum/oxygen. Adetailed reporton the ""Reactivity
of Titanium with Oxygen™ has been issued separately
(NASA-TR-R-180), (Ref. 3).

Table VI shows results obtained by testing 1/16-
inch thick magnesium alloys in accordance with
MSFC-SPEC-106. Limited tests also have been made
to investigate the tendency of magnesium (HK-31) alloy
toreact with oxygen upon puncture and when subjected
to shock. Taken overall, these data indicate that mag-
nesium alloys generally are somewhat more suscepti-
ble to reaction with oxygen than aluminum but far less
than titanium. It cannot be stated categorically that
magnesium alloys should not beused in LOX systems.
However, the alloy composition, surface treatment,
and application intended must be evaluated carefully
prior to assuming the somewhat greater degree of risk
than wouldoccur under similar conditions with alumi-
num alloys.

Electrodeposited coatings on steel generally are
LOX compatible (cadmium, copper, nickel, chrome).
However, tin plated materials have been impact
sensitive.

All high melting silver solders tested have proven
satisfactory. Any softsolders intended for application

. on LOX hardware should be tested individually.

G. DYE PENETRANTS (TABLE VII)

Dye penetrants are widely used for detection
of cracks and other surface defects in materials.
Normally, these are applied in liquid form and the
excess wiped or washed off. Residual penetrant en-
trapped in defects renders these visible by normal or
ultraviolet illumination,

1. Qualitative Studies

When evaluating such materials for com-
patibility with LOX systems, the penetrant is tested
first inthe form as received, and as recommended by
the manufacturer for application, such as various di-
lutions with water. This is done by placing a 1/2-cc
of the liquid directly into the test cup. As mentioned
previously, this produces a 0. 050 inch thick layer in
the specified cup. Since in use the thickness probably
will be less than 0.050 inch, those samples passing
this test are subjected to impacts at a thickness of
only 0,025 inch (1/4-cc).

Almost all penetrants, emulsifiers, and develop-
ers have been tested initially by this procedure.
Penetrants, emulsifiers, and developers which have
been found unacceptable in this initial screening test,
and others, are listed in Tabie VIIA.

Inorder to evaluate the potential hazard of surface
residues resulting from dye penetrants, 1/2-cc sam-
ples of those materials passing the initial screening
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test were evaporated just to dryness (or constant
volume) at 100°C prior to impacting in LOX. Because
itwas unknown whether this treatment would thermally
decompose some of the test materials, duplicate sets
of samples also were prepared by vacuum drying at
room temperature. Based on results of these tests
(Table VIIB), four promising penetrants were selec-
ted; Shannon Glo P-236 and P-505, and Magnaflux
Z1A42 and SKL-4 (3:1 use dilution).

Four batches of Shannon-Glo P-236 were impact
tested in both the liquid form and in various amounts
of residues on drying. All passed MSFC-SPEC-106.
However, this penetrant was found severely corrosive
to aluminum alloys, types 5052, 2219, 6061, and 5456,
and, consequently is notapproved for use on aluminum
components in either LOX or fuel system hardware.
Thus, no further evaluation tests were made on this
material with respect to LOX compatibility.

Inevaporating the liquid samples in vacuum, it is
extremely difficult to prevent mechanical loss of
sample by eruptions occurring at the start of evapora-
tion. Furthermore, whether oven or vacuum drying
is used, an appreciable and somewhat varying amount
of sample is deposited on the sides, rather than the
bottom, of the cup during evaporation.

The most realistic means of testing probably
would be by intentional entrapment in metal inserts
with reproducible cracks in the surface. However,
because of the difficulty in obtaining such sample
"carriers" and the large amounts that would be neces-
sary for testing, this method was not considered
feasible. Asa substitute, a porous inert material was
chosen. A proprietary asbestos fiber paper, 0,020
inch thick, '""Novabestos' 7511T, was selected as a
carrier. One-half inch squares of this material were
soaked in the penetrant for one hour, drained three
hours, and tested before and after drying at 60°C
(140, 0°F) for 30 minutes.

Results of tests on samples prepared by the car-
rier technique are shown in Table VIIC and reconfirm
the compatibility of Magnaflux Z1.42, SKL-4 (3:1 use
dilution), and Shannon P-505.

Tests on Shannon Glo P-505 currently are incon-
clusive. Only a limited amount of this material has
been tested thus far, andone fire was obtained in twenty
trials on the vacuum dried residue. An additional
sample is being requested for complete evaluation.

Both Magnaflux Z 142 and Shannon Glo P-505 re-
quire the use of an emulsifier and developer for
effectively determining surface defects in materials.
Magnaflux ZL43 emulsifier and ZP45 developer are
Lecommended by the manufacturer for use with ZL42.
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Emulsifier E-159 and D-498 are recommended by
Shannon Glo for use with P-505 Penetrant. SKL-4 is
a water base penetrant and needs only a developer,
SKD-W, inuse. Thedevelopers of all three penetrants
are LOX compatible (Table VIIB). However, emulsi-
fiers (ZL43 and E-159) were sensitive to impact in
LOX in the wet form, 0,025 inch thick (Table VIIA),
residues (Table VIIB), and gave 20 fires in 20 trials
by the carrier method (Table VIIC).

Thus, as far as LOX compatibility alone is con-
cerned, the Magnaflux SKL-4 (3:1 dilution) Penetrant/
SKD-W Developer system appears to be the most
nearly satisfactory. However, even this material can
introduce a hazard. Residues from 1 cc or more of
the 3:1 dilution of SKL-4 are impact sensitive (3
fires/ 20 tests/ 10 kgm).

2. Quantitative Studies

Using Magnaflux Penetrant no. 137-115 as
an example, an investigation was made of the ease of
removal of dye penetrants and the minimum quantity
of residue which will present a hazard. Samples of
aluminum castings, sheetaluminum with fine scratches
(1254 wide x 200u deep), and sheet aluminum after
grinding with an emery wheel were treated with pene-
trant, emulsifier, and developer in accordance with
the manufacturer's directions. Testsalso were made
without the developer but with thorough water washing.
Inevery caseof the latter technique, the samples were
still highly sensitive to impact in LOX. Developing
before rinsing assisted much in removing residual dye.
However, even this treatment did not consistently
render the surface impact insensitive to LOX,

This difficulty in cleaning is not surprising. Since
the functional design of penetrants is to penetrate the
slightest crevice, it is necessary to employ cleaning
agents or techniques of even better penetration char-
acteristics in order to effect efficient removal of
residues.

By simply placing decreasing amounts of penetrant
in the test cup and evaporating to dryness, it was found
that residues (from Magnaflux 137-115 Penetrant)
containing as little as 7.5 micrograms of dye still
were sensitive to impact in LOX.

3. Future Work
On the basis of the preceding tests, three

dye penetrant systems have been selected for further
evaluation from an overall viewpoint,

a. Magnaflux SKL-4 Penetrant/SKD-W
Developer



b. Magnaflux Z .42 Penetrant/ZL43 Emul-
sifier/Z P45 Developer.

¢. Shannon Glo P-505 Penetrant/E-159
Emulsifier/D-598 Developer

A test program recently has been established by
the Materials Division to determine the best overall
choice of dyc penetrant systems, These will be eval-
uated with respect to the following criteria:

a. Least sensitivity to impact in LOX

b. Good flaw detection sensitivity on metal
surfaces

¢. Compatibility with aluminum and steel
alloys in use

d. Ease of cleaning.

A separate report describing the results of this
program will be issued subsequently. No fully satis-
factory dye penetrant system is available currently or
anticipated in the near future. It is expected that even
after the completion of this evaluation program it will
only be possible to recommend particular penetrants
for specific uses in individual instances. Batchwise
testing per MSFC-SPEC-106 and scrupulous monitor-
ing of application and cleaning procedures will be
essential.

H. SOLVENTS, CLEANING AGENTS, AND
MISCELLANEOUS

A considerable amount of test work has been
done on LOX cleaning and degreasing products. The
actual solvents generally employed for degreasing are
not inherently sensitive to impact, However, it has
been demonstrated that the evaporation of a sufficient
quantity of a degreasing solvent can leave an impact
sensitive residue. This is particularly true of highly

stabilized grades of trichloroethylene. A series of
samples was prepared by carefully evaporating ap-
propriate aliquots of a solvent of predetermined residue
content in order to yield 10, 5, 2.5, and 1 milligram
quantities of residues in impact test cups. Results
showed that as little as 1 mg. of residue in the test
cup (bottom area of approximately 0.4 in.?) is suf-
ficient to cause detonations. Assuming such solvents
conform to local requirements of a maximum of 20
milligrams of non-volatile residue per liter, the un-
restricted evaporation of only 50 milliliters of solvent
per 0.4 in.2 (or 125 ml per in. 2) of under-lying sur-
face would be sufficient to produce a potentially
hazardous condition in LOX service. This figure may
vary considerably with the specific chemical nature of
the residue. Thus, appropriate precautions should be
taken to avoid situations that could give rise to the
concentration and deposition of such residues within
LOX handling equipment. Rigid quality control of the
solvent is essential in minimizing this risk, and the
entire degreasing system should be free of materials
capable of solutionor dispersion in the solvent, which
may be later deposited in the equipment being cleaned.

Similarly, most detergents and other cleaning
compounds are capable of forming impact sensitive
deposits if they are not removed. Adequate rinsing of
all LOX equipment after treatment with cleaning
agents of this type is essential.

A number of other miscellaneous materials that
have been tested for various reasons are summarized
in Table VIII. Some of the materials included here,
due to incomplete identification or other uncertainties
concerning their origin, conceivably would fall within
categories surveyed earlier. A substantial number
of these items (marked with an asterisk) are experi-
mental products tested during a research program
funded by this organization (at Frankford Arsenal),
which was aimed at finding a "universal lubricant"
(seepage 6, first paragraph).
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