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A Survey of Compatibility of Materials with

High Pressure Oxygen Service

1. Introduction

The Cryogenics Division of the National Bureau of Standards (NBS-CD)
was recently requested by the Marshall Space Flight Center of the National
Aeronautics and Space Administration (NASA-MSFC) to perform a survey
and assess the existing state of knowledge regarding compatibility of
materials with high pressure oxygen. Particular emphasis is to be placed

on past practical operational and research experience.

Material compatikility, in general, implies a harmonious coexistence

of all the materials of a system. The lack of such compatibility can lead

to undesirable and sometimes d’sastrous results. For example, the chemical
reaction of a combustible material with oxygen in a system results in corrosion,
burning, or even explosion. It is clear that the general definition of in-
compatibility encompasses many phenomena. In this study, however, we

have restricted ourselves to the consideration of materials exposed to high
pressure oxygen. Because only high pressures are considered, any man-
related incompatibilities are ignored. The harmonious coexistence of materials
in a high pressure oxygen system implies the physical containment of the
oxygen as well as the lack of significant chemical reactions with the oxygen.
Thus compatible materials are defined, in this study, as those materials

or combinatione of materials with sufficient mechanical strength to with-

stand the high pressures and whose propertics are not significantly degraded

by the presence of oxygen. We will pay particular attention to the ease with
which any degradation is initiated (reaction sensitivity), the rate at which
degradation progresses (reaction intehn\ity), and the sources of degradation
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initiation (ignition sources). The dependence >f these parameters on
physical properties, such as thermal conductivity, specific heat, density,
and heat of combustion, as well as system charzcteristics, such as pressure,
pipe wall thickness, total mass, radius of pire bends, and surface roughness,
is considered. It is to be noted tkat the d:pehdence on pressure is the
primary consideration here; however, the interdependence of the effects

of these characteristics makes it ess=ntially impossible to aralyze any

one separately. -

The objective of this survey is to gather the available information on
the compatibility of material's with oxygen as applied to the production,
transport, and applicaticrns experience of high pressure liquid and gaseous
oxygen and to compile this material into a usable reference report. High
pressure is here defined to be above about 2000 to 3000 psia. Since high
pressure projections sometimes can be made from lower pressure data,
some low pressure data are also included. Low pressure data are included
if they are considered helpful to a better understanding of the behavior at

high pressures.

It is anticipated that this technical input to NASA-MSFC will assist in
the establishment of practical and safe, but not stifling, guidelines in the future
use of high pressure oxygen. It is hoped that such guidelines will eventual'y be
commonly accepted throughout NASA, other government agencies, and the

commercial sector as well,

Recently, Clark (1971) of NBS performed a survey on oxygen compalibility
of materials at ordinary pressures. Information from Clark's report which
is especially applicable to high pressure application will be repeated for
convenience. Surveys of oxveen related accidents have been conducted recently ¥

by Ordin (1971) and Johnson (1970) for NASA and by ~McQua;id and Ccle (1972)

for the Navy. Each of these surveys indicate a surprisingly high rate of accidents

caused by material incompatibility, The surveys by (rdin and Johnsnn covered




NASA, some Air Force, and some related contractor records. O- "in
reported 20% of the mishaps with liGuid oxygen and 36% of the mis . s
with gaseous oxygen involved material incompatibility. Johnson reported

56% were caused by the presence of oxygen incompatible materials. In

many cases more than one factor was invclved in the mishaps. For example,

procedural errors were involved in 78% of the mishaps and design errors

were present in 63% of the mishaps according to Ordin. Even though material

incompatibility with oxygen was present in fewer instances than procedural
or design error, the percentage duve {5 incompatibility is significantly large

and it is expected to be even higher in high pressure oxygen systems, It is

also noted that the accident rate due to material incompatibility in high pressure

gaseous oxygen is almost twice that in liquid oxygen.

McQuaid and Cole's (1972) survey indicates an accident in a Navy
compressed gas system due to spontaneous ignition every four weeks during
the period January 1968 to May 1971. They do not indicate what proportion
of these are due fo material incompatibility, but do state that material
failure accounts for about half of these accidents; the cause of the other
half is unknown, No accidents are attributed to design failure or persoanel
errcr. From this information one can not rule out that a sizable proportion

may be due to material incompatibility.

Reccent trends in NASA, military, and commercial use of liquid (LOX)
and gaseous (GOX) oxygen point toward use of higher pressures.' With
this increased use to 10,000 psi and higher, compeatibuity considerations
are of paramount importance, Deep concern with safet:r iy rightfully
prevalent throughout the field, both by the producer and the user. This
survey will better define material incompatibility problems and haxzards
caused by the use of high pressure LOX and GOX. This report coutains
recommended guidelines in later sections which will hopefully allow the

necessary flexibility and compromise between cost - efiectiveneas and
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safety. Also included is a tabulation and assessment of available high
pressure compatibility data and an indication of the availability of equip-
ment. The next section is a discussion of the compatibility parametzrs
affecting the selection of materials for high pressure oxygen service.
Following sections include discussions on structur:zl integrity, chemical
compatibility, and experimental tests and data which charac.erize the

relative compatibility of different materials.
II. Material Selection

The selection of a given material to fulfill a specified function in
high pressure oxygen service must be based both on its physical-mechanical
properties as well as its chemical properties. The principal chemical
property of interest here is its potential reactivity with oxygen. The relevant
physical-mechanical properties are primarily strength and plastic deforma-
tion properties, For example the plastic deformation of polytetralluoroethylene
may make it unusable for a valve seat material at sufficiently high pressure
and copper may be too weak for a pressure chamber, even though they may be
judged chemically compatible with oxygen. Also, the designer needs to
consider that plastics and nearly all metals become more brittle at LOX
temperatures. Other properties such as specific heat, thermal conductivity,
density, and thermal diffusivity influence material compatibility, For
exarnple, nickel-copper alloys are rapidly replacing stainless steel in high
pressure oxygen systems because of the increased thermal cozductivity and
diffusivity of the nickel-copper alloys, The higher thermal conductivicy
results in lower reaction sensitivity, Also, mechanical proberties may be
altered in the presence of high pressure oxygen, e.g. crack propagation

may be enhanced.

Several good reviews of lower pressure oxygen compatiBiIiW have been
written, Many of these contain information basic to the understanding of the

higher pressure phenomena, The most recent review is by Clark (1971);
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other noteworthy reviews and technical papers are by FPelouch (1972), McQuaid
and Cole (1972), McKinley (1971), Attwood and Allen (1971), Ordin (1971),
Schwinghamer (1971), Keeping (1971), Blackstone and Ku (1971), Johnston (1970},
Kimzey (1970), Guter (1967), Olson (1967), White and Ward (1966), Nihart and
Smith (1964), Baum, Goobich, and Trainer (1962), Dean and Thompson (1961),
Van Dyke (1959), and Grosse and Conway (1958). An assessment of the views

presented by these authors along with our own views are described in this report.

Of particular interest is the work on oxygen safety by the Aerospace
Safety Research and Data Institute (ASRDI) at NASA - Lewis Research Center.
They will be publishing, soon, a series of NASA Special Publications entitled
"ASRDI Oxygen Technology Survey: - - ~ - = " covering the subject arezs of
metals and alloys, cleaning requirements, haraware, and contamination
control. Of special interest for material selection is the report in this series
by Pelouch (1972). Another pertinent report of this series is a state-of-the-art
survey cn oxygen instrumentation, including a section on pressure measure-
ment. This survey is being performed by the Crycgenics Division, NBS,
Boulder. ASRDI has also collected a large amount of oxygen safety related
information into a computerized data retrieval system called RECON. These
reports and the readily accessible data bank should be very helpful for assessing

specific problems.

An extensive treatise on the subject of material selection for application
in mannad spacecraft is NASA MSC-02681 (1972). This volume contains
more geaeral technical information and design guidelines regarding oxygen
compatibility than any other single reference work. It is not addressed
toward problems associated witk high pressures; however, as is stressed

later, low preasure gnidelines are directly applicable at high pressure as well.
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A. Structural Considerations

Prior to chemical reaction considerations, one should be assured
that the material selected for a given application is structurallv adequate.
If the material is not structurally adequate there is little point in assessing
its chemical compatibility. The physical - mechanical properiies of interest
for high pressure service are strength, hardness, mechinability, brittleness,
thermal expansion, etc. Data necessary for structural design can be found

in many sources. A few recent sources are Aerospace Structural Metals

Handbook by Weiss (1966), Cryogenic Materials Data Handbook, Schwartzberg

(1968), and Materials Properties Data Handbook by Aerojet Nuclear Systems
Company (1970), NATO-AGARD (1959).

ASRDI recently contracted Linde Division of Union Carbide Corporation
tc renort on their vast experience in design and handling of oxygen systems.
The resulting report, Linde (1371), includes a section on "Structural Com-
patibility'' with emphasis on therrnal expansion problems encountered with

LOYX equipment.
B. Chemical Reaction Consideration

Chemical reactions with system materials are important in that
the miaterial properties may be altered to the point of system failure.
Material incompatibilicy here is generally synonymous with oxidation or burning.
Important factors in the consideration of oxidation are reaction sensitivity,
reaction intensity, and ignition sources. The effect of high ~ressures on
these factors and ultimately on equipment design is essentially the subject of this

study.
1. ‘Reaction sensitivity

Reaction sensitivity is a measure of how readily a mate:ial will
react with oxygen. Most of the experimental tests performed to characterize
oxygen compaiibility (deacribed in a later section) are directed toward ob-
taining a measure of reaction sensititivy, Examples of reaction sensitivity
tests are those involving reactions initiated by impact, by heating, or by

electric arc. The variable most important to reaction sensitivity is the
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ignition temperature of the material. However, this may be considerably

. altered by the presence of oxide coatings or contamination, It is to be
noted that many of the materials tested include contamination or impurities.
Oxide coatinigs on metals usually raise the apparent ignition temperatures;
while contaminants generally lower the ignition temperature. Impurities
such as cil or grease, rust, metal filings, etc. on metals usually drastically

- \ increase the probability of reaction. Other factors which are significant

in the consideration of reaction sensitivity are specific heat, thermal con-

ductivity, density, thermal diffusivity, and material configuration,

The ignition temperature is the most critical factor in determining a

. material's reaction sensitivity, As will be shown later, the ignition tempera-

&

( ture of a solid generally decreases with increasing pressure up to about

' ; 2000 psia. Above this pressure the ignition temperature is relatively independent
of pressure. Thus, the reaction sensitivity is not expected to change appreciably
e at higher pressures. However, the possibility of ignition at higher pressures
" is enhanced because the pnssibility of the release of sufficient energy is greater.

g

2. Reaction intensity

Reaction intensity is a measure of the rate of energy release of the
reaction once it is started. The importance of reaction intensity to material
selection is discussed by Blackstone et al (1971), (1970), (1967) and Jamison

(1971). Reaction intensity determines to a large extent the degree of damage

bt
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done to a system, the speed with which the damage progresses, and the

ability of the reaction to spread to other materials in the system., The factors
which most influence reaction intensity are heat of combustion and oxygen
availability, Oxygen availability is determined by temperature, volume,
pressure, and rate of flow. Other factors influencing reaction intensity

are material density, configuration (e.g. the size ~f the heat sink) and the
properties of combustion products. Reaction intensity is expected to be

greater in high pressure systems due to the increased availability of oxygen and

concomitant increased burning poteatial.
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3. Ignition Sources

It is often stated that a reaction is only possible in the presence
of a fuel, an oxidizer, and an ignition source. This statement is of
little consolation in an oxygen system when one rezlizes that the fluid
is the oxidizer, the system is the fuel, and ignition scurces are ever-
present in varied forms. Probably the most important source of igniticn
in a high pressurc sysiem is the heating due to rapid adiakatic compression.
The use of materials with high thermal diffusivity and high heat capacity
are most beneficial here since the most rapid rates of heatingy by com-
pression are not appreciably faster than the effective surface cooling rate

of good heat conductors.

Another important source of ignition is impact, such as by small
particles or buj!" pieces in a flowing stream of oxygen. Heating caused by
friction and static discharges can also ignite system components. In high
pressure systems the probability of ignition is greater because of increased
likelihood of encountering high temperatures and possible lowered ignition
temperatures, High pressures generally also result in greater flow velocities,

increased impact energies, and frictional heating effects.

A chemical reaction of significance that is seldom considered is the
fracture or crack propagation enhancement by an oxygen atmosphere. The
fatigue behavior of a2 high pressure oxygen container is very critical, par-
ticularly if the pressure is cycled, yet very little work has beén done [Linde
(1971) and Baum, Goobich, and Trainer (1962)]. Crack growth enha.ncemént
has been rcnorted for a titanium alloy by Jackson et al (1963) and the absence
of any enhancement for a nickel alloy has been reported by NASA (1970),

This is an area of investigation that has been sorely neglected and, therefore,

vrojections to high pressure are imposasible.
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C. Recommended Selection Procedure

As indicated earlier, it is best to first select materials which
physically fulfill the mechanical demands of the component considercd.
These materials are then analyzed to select the most chemically compatible
material. This selection process is often based upon the material ranking
of a given compatibility test. Or it may be based upon the concensus of
the material ranking recommendations found in the literature, as is also
frequently auivocated. However, we believe that both of these suffer from
two serious drawbacks: (1) no consideration is given to the uniqueness of
the particular demands of the application in question and (2) the materials
ranking recommendeations based upon the resuits of individual investigations
often are highly contradictory. These contradictory results are frequen-ly
due to the specialized nature of the test and the biased interpretation of the
results. A case in point is the wide disparity in the ranking‘of aluminum
and stainless steel reported by various investigators: Dean and Thompson
(1961), Kirschfeld (1961), (1965), (19€7) and (1968), ar;d Nihart and Smith
(1964). We believe the material selection process should be accomplished
by matching the particular demands of the egiipment component with the
materials best satisfying these demands. Material selection on this basis
assumes the existence of several types of compatibility and physical pro-
perties data for these materials. For example, if a component is likely to
be impacted but no. likely to be in a high temperalure environment, materials
with a low impact sensitivity should be considered regardless of their ranking
according to ignition temperature. This proce: :re, apparently already
used by NASA, is discusgsed in the report NASA, MSC-02681 (1972). The
importance of equipment design, as discussed in other parts of tbis report,
should not be ignored. For example, the introduction of slow opening
valves and heat sinks, whenever possible, will reduce the probability of

ignition by adiabatic compression.
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The following is a priority sequence of guidelines that should be followed
when selecting materials for oxygen use in the presence of ignition sources.

Of course any considerations must include the effects of possible contaminants

in the system,

1. Eliminate ignition - select a mater.al which is least likely to ignite

under the operatioral conditions.

2. Prevent continued reaction - select a material which tends to

quench the reaction after ignition.

3. Reduce the rate of reaction - select materials which react as slowly

as possible after ignition to permit the control of the reaction.

These recummmendations encompass those suggested by McKinley (1971)
and recommended by NASA - Myers (1971). The first guideline is most likely
satisfied by selecting the material with highest ignition temper=2ture but is
also affected by the presence of oxide coatings or the possitility of inter-
material reactions. For example, it has been reported and discussed by
Key (1968), (i964), Ordin (1971), and Keeping (1971) that chlorofiuoro
compounds may react strongiy with aluminwn under shear forces. This
reaction may be sufficient to ignite aluminwn in the presence of oxygen.

Irca rust according to Keeping (1971) significantly lowers the ignition re-
'sistance of aluminum in oxygen. Materials with a high thermal diffusivity

are better in dynamic sysiems since local energy impulses will result in

less pronounced hot spots than with iuw diffusivity materials, In a static
system high thermal conductivity materials arc more desirable for essentially
the same reason. Materials whose melting point is higher than the ignition
temperature should be free of sharp edges. The presence of sharp edges

may resuit in hot spots for ignition, If the ignition terc: - -ature is sufficiently
above the melting point, sharp edges w:ill probably be _...... hed by melting

before ignition occurs. This has been reported to be t: .2 cass for aluminum

Ly Keeping (1971).
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The second guideline, seiecting a material which tends to quench itself,
is in{lucnced by several factors., Thne heat of combustion is the most important.
If it i1s sufficiently low, the heat may be conducted away ra—idly enough to r .
quench the burning. The reaction products may also interfere with continued
oxication. For example, slag buildup has been reported to have a quenching

effect in iron.

The materials portion of the third guideline, select slow burning materials,
is affected by essentially the same factors. However, one can alsc utilize
good design to slow down the reacticn. For example, one might insert a
nickel-alloy pipe section in a predominantly stainless steel pipe. The nickel
alloy section, having a lower reaction intensity, would e¢ither quench or
slow a reaction propagating along the pipe. The shape and size of components
at strategic points in a system cau be significant in controlling a reaction.
Thermal anchoring of potentially reactive components to a cold heat sink
c1n also be useful in curtailing a burn. A rapid operating system to shut down |
the oxygen supply upon detecting a malfunction rnay prevent extensive damege,
unless the initial burn occurs with explosive violence. Limiting the oxygen
availability by restricting oxygen flow where pcssible is d:sirable for control

purposes.

Material ranking lists are most useful for design purposes if they are
clearly identified as to the experimental tests pon which they are based.
McKinley (1971) has compiled ranking lic.s based upon irdividual past tests.
These lists and the recommendati—as in NASA, MSC-02681 (1972) should
be consulted for material rziection. The results of varivus compatibility
experiments along “.ith physical property data, such as melting and vapor-
ization tc.aperatures, thermal conductivity, specific heat, and heat of
combuetion,’ are sometimes combined to produce a weighted index of oxygen
compatibility. Such an equation has been used by Linde Division of Union
Carbide Corporation [Carlson (1971)]. The critical point of setting up such

an equation is the choice of the weighting factor for each pararueter in the

11




equation. Iln our opinion, the importance of ignition temperatures can

hardly be overstressed at high pressures and the prevention of ignition g
should be the principle goal, Next we will discuss tests which have been %
devised to characterize these properties and then summarize the data :f \
which have been obtained with these tests. ?
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1II. Material Compatibility Tests

A test to measure the compatibility of a material with oxygen
basically consists of placing the material in oxygen in the presence of an
ignition source and observing the sensitivity or intensity of the reaction.

The tests may be conducted under different conditions, such as at different
temperatures, pressures, or ignition energies, to determine any dependence
on these variables. The kinds of tests possible are limited primarily by the
number of possible ignition s.ources. However, most tests are quite realistic
in simnulating working conditions and commeon igaition cources., Somewhat
arbitrarily, these tests are described below by the following ignition
categories: impact, thermal, electric arc, abrasive, and fracture.  Also
discussed ar-= environmental and configuration tests which involve various
forms of ignition in simulation tests. There are also many experiments
designad to measure spacific thermodynamic properties, such as heat of
combustion, thermal conductivity, specific heat, or melting point. Strictly
speaking, these are not compatibility tests, but do provide a basis for wder-
standing the results of compatibility tests. Most compatibility tests ai
concerned primarily with resistance to ignition (reaction sensitivity) but
some also are designed to measure the burning rate or quenchant behavior

(reaction intensity) after combustion is initiated.

One of the most probable ignition mechanisms is by impact in the
presence of oxygen; be it by dropping a wrench in an c;xygen spill (mechanical
impact), by impinging a piece of weld slag on the bend of an oxygen pipeline
(particle impact), or simply by rapidly opening or closing a high pressure valve
(preumatic impact). Each of these conditions are simulated by a particular

impact compatibility test method.

The most common version of an impact test is the Mechanical

Impact Test developed by Lucas and Riehl (1960). This test has bcen used

extensively and has resulted in an enormous number of data, Key (1963),
(1964), (1966), (1968), Jamison (1970), and NASA, MSC-02681 (1972). It
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is onc of only two ASTM standard tesio for oxygen compatibility, ASTM (1970).
The test is8 conducted by imparting a known amount of energy from a falling -
plummet to a striker pin which is in contact with the specimen in the

presence of liquid or gaseous oxygen and any reaction is noted. The test

is relatively simple and readily adapted to variable pressure and tempera-

ture. Compatibility by this ASTM test is defined as no reactions out of

20 impacts with the plummet impact energy adjusted to 70 ft-lbs. Key (1968)
indicated that this go-no-go test has been remarkably successful in rejecting
incompatible materials. However, the arguments described in the next paragraph
suggest that the poor repeatability inherent in the test may lead to the rejection
of some compatible as well as the incompatible materials. Blackstone and

Ku (1971) have gone ao far as to suggest that this test has also passed some

unacceptable materials.

;I‘he mechanical impact test procedure has undergone extensive
criticism by Blackstone (1970), Blackstone and Ku (1971), Blackstone, Baber,
and Ku (1967), Burmeister, et 2l (1967), Reynales (1958), (1961), Staph =t al
(1962), and Jamison (1970). The ciiticism indicatee ssscutialiy that ithe
statistical procedure of the test i at favit rather than the tést apparatus per se.
Schwirnghamer (1972) has refuted some of this criticism. A different statistical
approach has been recommended by Jamison (1971) as a consequence of this criticism.
Instead of accepting a material if it doesn't react in 20 tests at 70 ft-lbs, the
test would be repeated 20 times at different-energies to find the energy at
whic .. 50% reactions are obtained. This energy (determined from the drop
height of the falling weight) is used to indicate the relative impact sensitivity
of the material., This method is referred to as the Bruceton or ''up-and~down’

method of mechanical impact testing. According to Jamison (1971) the

"up-and-down" method of impact testing, as an alternative to the go-no-go
teat, is bnth efficient and repeatable, That the Bruceton method -is more
repeatable than ths go-no-go test is Intuitively reasonable; however, the
go-no-go test is less time consuming ard theyeiore is-considered usaful

14
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containing test chamber suddenly opened to a high pressure reservoir.
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as a screening test if the occasional rejection of an acceptabie material

is pcrmissible, Blackstone and Ku (1971) and Jamison (1971) give historical
accounts cf the development from the first impact testor described by

Lucas and Riehl (1960) to current models. As a result of recent attempts to
improve the mechanical impact test it has been suggested that reaction
intensity testing should also play a major role in material selection in !
conjunction with reaction sensitivity testing. Jamison (1971) has poini=d

out that the improved repeatability of the Bruceton method of imp:.ct sensitivity
testing shows that materials are not significantly different in sensitivity.
However, he indicates that these materials diifer widely in intensity since

some of them react violently and are totally consumed while others are oaly

SEPVINY L PRRNET S P

slightly charred. It appears that further statistical considerations may be in

order here to take advantage of both techniques rather than to reject either
totally.

Another form of impact test which has been used considerably is the

Pneumatic Impact T~st. The pneumatic impact test is designed to simulate

B GRS Wl 2 S DY SRTER ) LVC AP RS

the adiabatic compression resulting from a rapidly opening high pressure

£
.

valve. It is usually performed in just that way wich a small specimen

The adiabatic compression test uses the highest pressures of all the
ccmpatibility tests, except for a variation of this test using explosively

generated shock «aves,

Adishatic compression tests involve the study of material ignition
in the compressively heated oxygen gas. The absolute temperature, T, of
an id- al gas under adiabatic compression as a function of pressure, P, for
ar ideal gas is giveu by |

n-l

n

. P
T-’lo P
o
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where 'I'o and Po are initial temperature and pressure, respectively and n
is the ratio of specific heat at constant pressure to specific heat at constant
volume and is about 1.4 for oxygen. Nihart and Smith (1964) plotted values
of 1" versus P for T0 =273 K and Po = 14,7 psia. At 10,000 psia T is

1900 K which is sufficiently high to ignite almost any structural material.
Whether ignition actually occurs is determined by the temperature of the
material and not just the temperature of the compressed gas. Thus the
trarsient thermal characteristics of the system are important. The
thermal diffusivity, heat capacity, and other factors such as the existence
of sharp edges, determine the peak temperature of the material. For these
reasons an adiabatic compression test is most meaningful if performed

on a system rather than on a specimen of material.

The Particle Impact Test is the least used of the impact tests;

howevear, its importance should not be neglected especially in high pressure
systems. This test is performed by impacting particles in a flowing oxygen
stream with a test specimen and any resulting reaction is recorded. This
test is conducted at various temperatures, pressures, flow rates (velocities),
and particle size.

Thermal tests are those in which the ignition source is essentially

the temperature of the specimen and its environment. In reality, all ignition
sources are thermal in that a local Fot spot must be created for ignition
to occur. Classed as thermal ignition tests are bomb tests, promoted ignition

tests, and hot wire tests. The Oxygen Bomb Test, described by Nihart and

Smith (1964) and Guter {1967) is performed as follows: a specimen is placed
in an oxygen filled bomb, The temperature of the contents of the bomb is
gradually raised until ignition occurs, as indicated by a rapid rise in

temperature, vieible flash, or audible explosion. The temperature at which

‘ ignition occurs is called the self- or auto-ignition temperature. The preasure

in the chambér during the controlled temperature rise may be either constant
or allowed to rise with increasing temperature. In some cases the specimen
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is exposed to oxygen only after equilibrium has been reached at each tempera-
ture and the specimen is changed after each such measuremeint. The Oxygen
Bomb Test can be used to determine gaseous oxygen compatibility of metals

or non-metals i~ che solid, liquid or gaseous states., The Pot Test described
by Guter (1967) is similar to the Bomb Test except the Pot Test is done at
standard pressure and with flowing oxygen. It f{requently is intended to simulate

actual conditions of use and with it one can assess flow effects.

Promoted Ignition Tests are performed by burnirg an ign‘ition
promoting material in the presence of a specimen. Many materials have been
used for promoters, however, the best materials are those that do not
significantly effect the composition of the specimen surface as the promoter
is burned. Contamination of the surface of the specimen by the promoter
can change the specimen's ignition characteristics and thus produce erroneous
results, The amount of specimen consumed by the burning of a fixed amount
and type of promoter or the amount of promoter required to consume the entire

specimen is used as a measure of its resistance to combustion.

The Hot Wire Test is conducted by heating a metai wire in a gaseous

oxygen atmosphere, An electrical current is passed through the wire,
resulting in IZR (or Joule) heating, The temperature is increcased with
increasing current, resulting eventually in the wire either igniting or melting.
This test can only be used on metals below their melting temperatures and

its ornly advantage is simplicity.

Probably the most tragic oxygen accidents have involved electrical

ignition sources such as electrical arcing from associated electronic equipment.

The Flash and Fire Point Test, used primarily on organic materiale, is

performed to simulate these conditions by uasing an electric arc to ignite a
cspecimen in an oxygen filled chamber. The temperature of the chamber is
raised and the electric spark is generated periodically near the specimen,

The temperature at which a momentary ignition occurs is defined ax the ‘

17
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flash point; the temperature at which sustained burning occurs is called

the fire puint. At high oxygen pressurcs the flash and fire points are
coincident. The relationship of flash and fire poirnts ana auto-inition
temperatures (see oxygen bomb test) is not known specificaliy. Intuitively,
one wovld expect that the auto-ignition temperature is equal to or greater
than the flash and fire temperature; the experimental data presented later
indicate that at high pressures there is little difference between these tem-

peratures.

Gailing caused by two pieces of metal rubbing was projected as one
of the possible causes of an oxygen tank truck accident and there have t:en

a few Abrasive Tests to study such phenomena. Also the abrasive effect of

fine particles in a flowing oxygen stream has been and is being studied.

A highly probable veu. s>ldom observed accident source is Fracture.
The exposure of a fresh clean surface of some metals to oxygen can cause a
violent reaction, Various methods have been used from straight tensile tests
to puncture by bullets or other projectiles, Jackson et al (1963). Even the

cffect of the projectilesize and mate ‘ial has been considered.

Configurational - The final test of oxygen compatibility for any material

18 whether it will ignite in its final configuration, complete with adjacent materials
and possible contaminants. Because of our lack of understanding of the ignitiou
..nd combustion of metals, riost critical applications also undergo an environ-
mental test. Artificial ignition of wire harnesses or clothing, hyperbaric testing
of breathing apparatus, and overloading liquid oxygen pumps are all examples

of this category. These tests will always be indispensable, especially where

saiety is of prime concern.

In view of the controversies which exist regarding the value of various
testing techniques, it is recommended that an independent group, such as NBS,
study these methods and test results, using whateveyr expertise is necessary to
establish standardized test procedures for liquid and gaseous oxygen compati~
bility testing. Any recommendations should be flexible enough to inciude new

18
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mcthods or proecedurces as they arce proven useful. As a consequence of the

recent and thorough survey by Johnston (1970), it was concluded that there
is censiderable concern for better and improved materials selection and
testing methods and safety criteria. This plea has been repeated often since
1957 with apparent little effect. Recent activity in test development and

reanalysis by NASA-ASRDI raay be a partial answer to these recommendations.
Iv. Material Compatibility Data

A not insignificant portion of the materials compatibility data is

uanpublished. Some is difficult to obtain from the "unpublished' literature
and it is especially hard to obtain corporate data. However, this is not to say
that data are lacking for most technical materials. There are considerable
data available, but, in some instances the inconsistencies produce a con-
fusing picture., The principal sources containing information regarding the
effect of pressurc on oxygen compatibility are Attwood (1971), Baum (1962),
Dean (1961}, Guter (1967), Kimzey (1970), Kirschfeld (1961), (1965), (1967),
(1968) and NASA MSC-02681 (1972). High pressure data from these and other
sources are tabulated in Appendix I. One extensive set of unpublished data
included in Appendix I is irom John Austin, Maxshall Space Flight Center
(1972). An extensive tabulation of test data, contained in Appendix E of
NASA MSC-02681, (1972), is reproduced for convenience as Appendix II.
Appendix II contains the high pressure compatibility test data of both metals
and non-metals, not just non-metals as indicated by the title of the source
document. The document, NASA MSC-02681 (1972) is periodically updated to include
the mest recent NASA test data. Additional updated copies may be obtained from

Chief, Reliability Division

Code NB

NA5A-Manned Spacecraft Center

Houston, Texas 77058.

I.ﬁ several instances, data have been reported and conclusions have

been drawn by the investigators which can not be neatly tabulated in Appendix 1

15



or arc difficult to summarize briefly. These data, often resulting from
coafiguration and other non-standardized tests, are, however, very useful gy
in asscssing the oxygen compatibility of materials. To make some of these

results more readily available, the summaries, conclusions, and recommenda-

Nt Baaca vy a,

tions ‘o{ these papers are presented in Appendix III for the convenience of the

reader. For additional detailed data, the reader is referred to the references.

We are not including further sunmmarization of these papers individually, see

for example McKinley (1971); however, some of the generalizations which follow .

!

are based on the results of these papers.

The sources of oxygen compatibility information include considerable
data below 3000 psia; these data are not tabulated in Appendix I unless they
are useful for projections at higher pressures. The discussion of these data
is separated into sections on (A) Metals and (B) Non-Metals. In Appendix I,
metals are further separated into (1) Pure Metals and (2) Alloys. The non-
metals are divided into (1) Halogenated Compounds, (2) Non-Halogenated
Plastics, (3) Scalants, Threading Compounds and Lubricants, (4) Elastomers,
and (5) Miscellaneous, The format of the tables in Appendix I is chosen to
be similar to the format of NASA MSC-02681 (1972).

Table 1 contains miscellaneous thermal data for pure metals and
alloys as well as a few selected polymers. These data are useful in the

selection of materials for high pressure oxygen service.

:
!
j
%
S
_é.
i
‘§
;
|

A. Metals

McKinley (1971) has done a complete and objective review of the
literature on ignition and combustion of metale, He includes both low and
high pressures and compiles metal ranking lists according to various experi-
ments. These lists show that nickel and copper and their alloys are most
suitable for oxygen service., They also suggest that neither aluminum nor
iron alloys (including stainless steel) are highly desirable. Stainless steels,

however, are generally more oxygen compatible taan aluminum. The overall

20
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ranking suggested by Clark (1971) is in general agreement with these lists.
Pelouch (1972) has also presented material ranking iists as a function of
such parameters as strength, reaction intensity, volume, etc. and reaches
essentially the same conclusions. Considering the lack of contradictory

evidence at higher pressures, it is reasonable that these rarkings would

T adN

also be valid at high pressures.

The existing compatibility data can be summacized as follows. The
ignition temperatures of metals decrease with increasing pressure. However, *
there are insufficient data available to quantitatively define this pressure
dependence for but a few metals over relativeiv small nressure ranges.

Figure 1 illustrates the available ignition temperature data which approach

the high pressure range. It is interesting to note that the nickel allov curve
crosses the steel curve, saggesting the possibility that steels may be better

suited for high pressure service. The igaition temperature data presented

by Nesgorov et al (1968) were normalized to unity at low pressure. To obtain

the data attributed to Nesgorov presented in figure 1, we used the low pressure
ignition temperature values for nickel alloys and steels as listed in Appendix I,

No ignition temperature data exist above 2000 psia. There appears to be a definite
need for a careful méasurement of ignition temperature as a function of pressure
up to at least 10, 000 psia for some of the more technically important metals,

The effect of specimen size and shape should also be investigated.

The burning rate of metals varies as the square root of pregsure
and inversely with cross-sectional area at low pressures; but at higher
pressures burning rates decrease, Kirschfeld (1961), (1965), (1967), (1968).

The nature of this reversal and the pressure at which it occurs are subjects

for further study.

The oxygen compatibility of metals under mechanical impact has Lbeen
extensively studied; however, the repeatchility of the data are in question as :
previously discussed. Because of this lack of repcatability, it is difficult to :

be certain from the avaiiable data listed in Appendices I and II if metals are
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Figure 1 - Ignition temperature of metals as a function of pressure
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more cr less sensitive .to mechanical impact at higher pressures. The

dependence o\ﬁ pressure, according to these data, is, at best, small, On .
the basis of the; \\jmpact test data alone, it appears that any of the common metals

and alleys, including aluminum and stainless steel, are acceptable for nse.

However, it is noted that the nickel and copper alloys are less sensitive to

mechar.i:al impact than aluminum and stainless steel, in particular. This

can be seen in table 2..\whic‘h su:nmarizes the metals impact data of Austin (1972).

This table gives the reaction frequency of each alloy class as a function of .
pressure, It appears that aluminum is especially impact sensitive at 100 psi.

We note tha* the 50 psi rate is based on only 40 tests while at e. h of the .

other pressures several hundred tests were conducted. Thus the reaction

frequency at 50 ps1 may not be statistically significant, Ignoring the data at

A o- .

this pressure, we see that if all metals are considered as a group, there is
little pressure dependence up to 1500 psi, Table 2 also shows the lack of

precision in imnpact testing mentioned earlier. The mechanical impact screen-

RV

ing test was probably never intended to be subjected to such a statistical

A fas

analysis; however, it is {elt that the availability of a large sampling of data
introduces a worthwhile degree of significance into the results of the analysis.

It is recommended that all impact data listed in NASA MSC-02681 (1972) be

Sa e Sl e P

subjected to a similar analysis. However, since other variables beaides
pressure are present, a statistical analysis is essentially a problem in
multiple regression analysis. The analysis performed here is of cour;e
much simpler and is the reason why orly Austin's data were used. In most

of his data pressure was the only variable in svccessive tests for each material.

Other high pressure data such as ignition by electric arc, particle

impact, and flash and fire point data are being determined by Siradling (1972)

4
N
T
Y
)
"R

for both inetals and non-metals, Some of these measurements wili be at

pressures to 10,000 psi and, therefore, will be very useful for material ranking.

In summary, it is recommended that all types of compstibility data be
extended to 10,000 psia. The data compiled in NASA MSC-02681 (1972) are

24
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extensive; however, a statistical analysis of these along with other data is

needed o obtain full benefit from this compilation.
B. Non-Metals

Compared to metals, most non-metals are highly combustible. Since
some of the metals are considered incompatible for oxygen service, it
iollows that most non-metals are oxygen incompatible. Because of their
unique physical properties some vrganics, such as the polymers poly-
chlorotrifluoroethylene and polytetraflucroethylene, have been used extensively
in oxygen service, These are probably the mozt compatible of the organic
materials becauce they are highly fluorinated with strong fluorine-hydrogen
bonds. Generally, the more halogenated (particularly with fluorinc) a hydro-
carbon s, the more compatible it is with oxygen. The reader should reler ’
to Appendix III for specific criticism regarding the oxygen compatibility of
other organic materials. Coumpatibility test data for non-metals are found

in Appendices I, II and IIIl. Some general observations are given below.

The ignition temperatures, as well as the related flash and fire
point temperatures of non-metals, generally decrease with increasing
pressure up to about 1500 psia. Above this pressure ignition teinperatures
tend to be independent of pressure. A few typical curves of flash tem-
perature versus pressure are presented in figure 2. The reade- should note
the ciosc correspondence between flash point and ignition temperature. This
correspondence may be even closer than appears in figure 2 because of the
following: the flash powuts reported by Pippen and Stradling (1971) were
oitained with a low pressure appair2tus and a high pressure apparatus. The
transition was at 50 psi, In almost all cares the flash temperatures from the
low pressure apparatus were 50 to 100 K higlier thag the temperatures from
the high pressure apparatus. The low pressurs data are not shown in
figure 2; however, they suggest that the flash points shown may be too
low by as much as 100 K. Such an uncertainty would make high pressure
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ignition temperature and flash points the same within experimental error.
It is alsov observed that the flash points are nearly independent of pressure
at 2000 psi, strengthening the conclusion of Nihart and Smith (1964) that

the ignition temperature is independent of pressure from 2000 to 7500 psi.

Due to the imprecision of ti.ie mechanical impact data on non-metals it
is difficult to readily detert a pressure dependence in sensitivity. To support
this, the data of Austin (1972) were combined as shown in table 3. A similar
analysis of all of the impact data is a very lengthy and complicated mulitiple
regression problem which is not considered within the scope of this project.
This however, is recommended as 3 project which needs to be done for both -

metals and non-metals.

The polymerc, polv~hlorotrifluoroethylene and polytetrafluoroethylene,
often used as valve seat materials, are oxygen compatible according to the
mechanical impact data listed in Appendix I. Although more compatibility

data exist for non-metals than metals, additional data at high pressures are

needed to confirm the pressure dependence cof ignition and impact characteristics.

A more critical need, however, is the investigation of other non-iretals to
find those with the highest oxygen compatibiiity. Some areas which have

probably aot been fully explored are the ceramics and compusites.
V. High Pressure Oxygen Equipment

Somec effort has been directéd toward the acquisition of info~mation
regarding the availability of high pressure oxygen service equipment. The
equipment suppliers listed below have beén contacted and all have sent
information regarding their off-the-shelf iterns. This supplier list is
not intended to be complete nor is it an endorsement of these companies
but rather, it ic a random selection of high pressure uquipment suppliers
intended only to illustrate the degree of availability of such equipment.
in parenthesis after each of the listings we show a few of the. more .common
products of each of these suppliers. From an asgessment of this literature
it appears that considerable equipment is rudilyﬁaviilaﬁls which is, or by
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specification can be made, compatible with high pressuwre oxygen. The manu-
facturcers arc awarc of the problems with oxygen and are both willing and able
to construct equipment using oxygen compatible materials. Their catalogs
often do not specifically mention applications for oxygen, however, the materials
lists and equipmr+nt design show that oxygen compatibility was considered.
Manufacturers, of course, rely heavily on the user to assist in selecting oxygen
compatible materials, Metals most commonly used in high pressure oxygen
compatible equipment are 300 series stainless steels, and nickel alloys.
Aluminum and 400 series steel alloys are used in fewer instances. The poly-
mers Kel-F and Teflon are frequently used in valves and regulators. It has
been recommended by Burmeister, Loser an’ Sneegas (1967) that these as

well as other organics be replaced with metal parts whenever possible. It

has been recommended that material ranking lists ‘.r various experi-

mental tests be established. Such specifications will be necessary to remove

1] RPN B0 W bR R Ll Qs 20 84 21

the incompatible materials such as the 6rganics in existing high pressure

equipment.

In specifying equipment for use at bigh pressures one should be
particularly careful of adiabatic compression heating. For this reason,
safeguards such as slow opening valves and heat sinks to absorb the energy
from compression heating should be included whenever possible. In a high
flow rate system, the sharpness of pipe bends should be limited, solid particles
should be removed from he stream, sharp edges should be eliminated, and
electric charge build-up should be avoided. Whenever possible, organic
materials should be replaced by metal components, such as in valve seats
and regulator parts. Since materiale compatibility lists used by manu-
facturers may differ from lists established by NASA, the purchasing agency
must bear the final responeibility of materials compatibility for spucific

applications.
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Random Seclection of High Pressure Equipment Suppliers
Contacted for Oxygen Compatibility Information
1. Airco Cryogenics Division, 1900 Main St., Irvine, Calif. 92664,
Ph. 714-540-3010 (cryogenic pumps)
2. AiResearch Manufacturing Division of the Garrett Corporation, ]
9851 Sepulveda Blvd. Los Angeles, Calif. 90009, Ph. 213-588-1153

- (storage vessels).

3. American Instrument Co., 8020 Georgia Ave. Silver Spring, Maryland, .
;oo 20910, Ph. 301-589-1727 (pumps, valves) :
: 4, Autoclave Engineers, Inc., 2930 W. 22nd St., Erie, Pa., 16512,

PORRUSUE S

Ph. 814-838-2071 (storage and reactor vessels, valves, tubing,

pumps, intensifiers, metal diaphragm compressors, flanges) .-

bt b b ot Ehotarae S Romd v ar WA e <
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oy 5. Bingham - Willamette Company, Div. of Guy F. Atk;:.r‘zggn,ﬂemf"anm’
e N.W. Front Ave., Portland, Oregen-$T210, Ph. 910-464-8031 f
. i e = =Tipumps) i
6. Cosmodyne Corp., 2920 Columbia St., Torrance, Calif., 90509, f
' ; Ph. 213-320-5650 (pumps, vaporizers, tube trailers, storage vessel's) 3
by E 7. CVI Corp., P.O. Box 2138, Columbus, Ohio, 43216, Ph. 614-876-7381
5 (cryogenic piping, valves, vaporizers)
% 8. Flodyne Controls, Inc., 48 Commerce Dr., Murray Hills, New Jersey,
¢ 07974, Ph. 201-464-6200 (valves)
9. Harwocd Engineering Co., Walpole, Mass,, 02081, Ph. 617-668-3600 '.
(tubing, fittings, valves, pumps, compressors, intensifiers, gauges) )
10. High pressure Equipment Co., 1224 Linden Ave., Erie, Pa., 16505, i{
Ph. 814-838-2128 (tubing, couplings, fittings, valves, pressur. a~d
. reactor vessels, pumps, intensifiers, gauges)
i1, Linde Company, Dov. of Union Carbide Corporation, Tonawainda, New k:
' York, Ph. 716-555-1212 (pumps) . .
12, Ruska Instrument, 6123 Hillcraft Ave., Houston, Texas 77036, Ph. i

713-774-2533 (hizh pressure instrumentation) -
13, Ryan Industries Inc., 4800 Allmond Ave., Louisville, Ky, 40214,
Ph. 502-368-1633 (pumps, vaporizers, tube trailers, storage vesaels)

3




Vi High Pressure Oxygen Facilities

At the present time the bulk of the high pressure oxygen compatibility
research is being done at NASA-MSFC (Marshall Space Flight Center) and
NASA-WSTF (White Sands Test Facility). Existing high pressure programs
at NASA-MSFC concentrate on impact and flammability testing. High
pressure programs have been initiated at NASA-WSTF on ignition by
abrasion and electric arc as well as high pressure GOX and LOX imbact
testing and flash and fire point testing. The impact apparatus at MSFC
and WSTF, although not identical, are quite similar. Present information
indicates that practically no oxygen compatibility research is being con-
ducted at private laboratories in the 3, 000 to 10, 000 psi range. The use
of very high pressure oxygen is presently nearly restricted to NASA.

One exception is the use of high pressure breathirng oxygen systems

in the medical profession and aircraft industries. Most of the past high-
pressure research and experience stems from the development of such
breathing systems as well as those used in NASA programs. Johnstion (1970)
has compiled characteristics of these high pressure systems, along with the
failures experience of the metal and non-metals used, Rocketdyne
is establishing a facility to conduct mechanical impact studies at pressures
to 10,000 psia. The iméact tester now being built is the same as the

one used by NASA-MSFC.

The following list of facilities includes principally those that are
presently doing research or engineering involving high pressure oxygen
compatibility as well as a few that have considerable-high pressure
applications experience. Their testing capabilities and other Pertinent

facts are given in purentheses after each entry.

1. Battelle Memorial Institute
Columbus, Ohio . ,
(past compatibility research from 2500 to 12, 000 psi including
effects of vibration. shock, adiabatic compression, flow, and
tempexrature) '
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British Oxygen Co., Ltd
England

(ignition temperature to 3700 psi)

Kennedy Space Center, NASA
Cocoa Beach, Florida

(10,000 psi GOX usage)

Linde Company, Division of Union Carbide Corp.
Tonawanda, New York

(past: compatibility testing to 7500 psi, including adiabatic

compression, galling, bowder impact, promoted ignition, and

mechanical impact; most not to high pressure, present: ignition

and calorimetric bomb testing to 2000 psi)

McDonnell-Douglas Aircraft
Huntington Beach, California

(high pressure O, applications)

2
Manned Space Center, NASA
Houstor Texas

(high pressure O, applications, no testing)

2
Marshall Space Flight Center, NASA

Huntsville, Alabama

(extensive LOX and GOX testing to 10,000 psi - mechanical

impact, low pressure ilammabil.ty testing)

Naval Ship Research and Development Center
Annapolis Laboratory

Annapolis, Maryland

(ignition temperature testing to 3000 psi)

flow)

(also some lower pressure adiabatic compzression and hot.()z
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7. Rocketdyne Division, North Ainerican-Rockwell
Canoga Park, Califoruia
(mechanical impact testing to 10, 000 psi)
10. White Sands Test Facility, NASA.
White Sands, New Mexico
(GOX and LOX compatibility testing to 10, 000 psi - mechanical

impact, abrasive impact, pneumatic, flash and fire point).

VII, Recommendations

The extension of GOX and LLOX applications to pressures above 3000
psia is rcasonable based on the present data. However, in cases where
extremely high reliability is demanded, such as in manned space flight, the
extension is considered marginal without further compatibility testing. Con-
siderable compatibility data exist at pressures up to 2000 psia; the sparse
compatibility data up to 7500 psia suggest no additional problems will be
encountered. However, to obtain high reliability, extensive materials com-
patibility testing to 10, 000 psia will have to be done. Some of these data
are now being obtained at NASA-MSFC and W3TF. Standavdization of test
procedures and materials is essential to reliability and interagency com-
parisons, and will also encourage involvement of indust. y in compatibility
testing. New data need to be combined with existing data to be analyzed for
proper interpretation. Old tests need to be studied for degree of validity,
and new tests which better describe oxy en compatibility are desirable.
Design and applications guidelines wm encourage safe use of 'dxygen and
uniform practice throughout NASA. Data necesiitated by future design
applications must be anticipated. In support of these general recommenda-
tions, an excerpt from the Apollo 13 - High Pressure Oxygen Report
(Johnston 1970) is given below; o T
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Despite the many standards and specifications reviewed -
by this panel, it has become obvious that a void exists ?
in several areas. One area of major concern is the
apparent lack of sufficient detail on nonmetallic mat-
erials and their application for high pressure oxygen
systems to enable a designer to select the proper mat-
erial for his system.

[ .

g

The reason for this is that a comprehensive test pro- .
gram has yet tn be defined and accomplished. Although S
some work has been started in this area, it appears
that the required effort is a major one and should begin
with developing a standard approach to the problem on
the part of both Government and industry so that all data
developed can ultimately be universally used without

the requirements for interpolating test results from a
many faceted approach.

ke &,

The second area of concern is that no standards and/or
specifications appear to exist on a total system which
points out the hazards resulting from misapplication oi
a component which may serve its function well in some

. applications, but may be trigger mechanism of disaster
i in another application.
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Based upon these generalities, the following specific recommenda-

tions are suggested:

1. Extend Measurements indicated below to high pressure (10, 000

psi) for materiais of immediate interest (Include effects of contamination).

(a) Ignition temperature
(b) Impact sensitivity
N (c) Flash and Fire temperatures

(d) Pertinent cdnf!guration tests

2. Develop and Standardize Tests and Materials

(a) The standardization of test procedures is essential if meaningful
results are to be obtained. This standardization is probably best coordinated
by a group not directly involved in conducting the messurements. Involvement
of ASTM would be very desirable and possibly NBS could assist in developing
standard test methods, with the coqperat_ioﬂ of test facilities, '
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(b) Standard reference materials for use in compatibility

tests should be established, These materials, which can be stocked

for distribution ty the Office of Standard Reference Materials, National

Bureau of Standards, are invaluable for the intercomparison of existing

apparatus as well as the standardization of new apparatus. The

establishment of standards should be done through a cooperative effort

of NBS and testing facilities. : .

(c) The development >f new tests more closely related to

fundamental physical or mechanical properties of materials is desirable.
Examples of existing tests which fall in this category are: ignition
temperature and flash and fire teinperature.

(d) An independent statistical analysis of the repeatability of

mechanical impact test data is needed. Past studies have not been con-

clusive and the continuing controversy and wealth of data is justification

for an in depth study.

3. Analyze Data to obtain best values.

(a) A statistical analysis of all existing compatibility data to

determine dependence on pressure, in particular, but also on other factors

affecting the reliability of the material. Multiple regression analysis .
would be necessary to extract this information from the existing data. The ?
data to be analyzed are principally +* ose listed in this report. This analysis

is not a trivial task; however, the resulting increased wozch of the data

justifies the effort. The general validity and uncertainty estimates of mat-

erial ranking data will be considerably improved as a result of this critical |

analysis.

(b) More universal agreement should be obtained on material
ranking lists. This can be initiated by establishing e[acli a list for each

standz d test within NASA. Work should proceed to exfex;d the acceptance
of these liats by other government agencies and industzry. Ultimately ’
international acceptance is desirable. It cannot be overqtraaud that the
test conditions are an integral part of any ranking Mast. | |
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(c) A compilation of thermodynamics data reievant to material

compatibility is essential to any effort to understand compatibility. Test
methods, test results, ranking lists, etc. are all riore meaningful when
they can be related to funda‘,mental properties. Such properties as ignition
temperature, heat of combustion, thermal diffusivity, melting and vaporiza-

tion temperatures of metals and their oxides should be considerad.

4. Adopt Guidelines for design and procedures for oxygen systems.

Participation of oxygen producers and equipinent manufacturers is indispensable
in this process.

(a) Oxygen system or components design can have many inherent

safety features that can be spelied out for the design engineer. This should
include the :naterials used, flow rates, valving rates, heat sinks, cleaning '
accessibility, filters, internal flow cross sections ,' temperature limits, and . i
many others. ’ I

(b) Cleanliness standards and procedural guidelines that are NASA

wide and even nation wide are essential to the safe operation of high pressure

oxygen systems.

vt 2t St E O vt rehnm 4

5. Fundamental Research should be pursued in all areas of ignition

and combustion, because understanding alwaye leads to better and safer
applicacicns. Two areas in particular stand out as areas of concern for high
pressure oxygen:

(a) The mechanical proparties of materials in the presence of high ——

pressure oxygen has been virtually ignored. Oxygen embrittiement is small

\

at low pressures but may be significant at 10, 000 psi. Fatigue behavior and - i
crack propagation rates in the presence of uxygen are not known for any _ ;g‘r‘?
pressures. i
(t) The burning behavior at mr_;_ oxygen pressure is in real doubt. .

Since the degrae of darnage is directly related to the burning rate, this ehouwld i ) dnﬁ

be known. The only study of burning rates versus pressure indicate possible

dramatic changes around 2000 psi.
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Some of the above recommendations are already being pursued by
NASA. ASRDI is sponsoring some ignition research at White Sands and is
establishing design and cleanliness guidelines at Lewis Research Center.
MSFC is funding some lower pressure combustion studies at NBS. fhese
should be considered an integral but initial part of NASA's pursuit of the

safe applications of high pressure oxygen. .

VII. Summary

Based on the available data it appears that no fundamental problems
would prevent the common use of high pressure GOX or LOX. There are
dangers involved, of course, but with a reasonable set cf rules and guide-
lines, these dangers can be reduced to a workable level. It aprears tha’

a large proportion of pasi accidents are caused by material incompatibility

B ey b ek DR P A

. but an even larger proportion are caused by perconal carelessness or equip- i
ment failure. With care, the added hazards due to high pressure will not

increase accident rates si,nificantly,.

In high pressure systems the enhancement of existing ignition
sources is rnore important than the decreaserd ignition temperature of '
materials. For examp .e, in high pressure applications the effect of adiabatic

compression becomes increasingly important, higher flow rates enhance the

probability of ignition from friction, impact, static discharge, etc., and
reaction intensities increase because of the increased density and availability

of 02 . The possibility of ignition due to mechanical failures is also greater.

Thers are little compatibilit; data on'ihoet materials above 3000 psia and
much is needed. It is also deairably to have more quantitative fundarmnental
data. This requires study of the ;hysical phenomena involved and the
design of experiments to develop parameters re'pre.lenting these phenomena.
There is a strong need for more enginesring compatibility characterizaiion

measurements, such as configuration and component tests by menafacturers.
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From the available data the pressure dependence of ignition and
burning ar¢ not well characterized. Metal burning rates are proportional
to /P at lower pressures but at higher pressures barning rates decrear-.
Only a few ignition temperature versus pressure data are available, These
data show the ignition temperature decreasing with increasing pressure. It
would be unwise to extend these few data to other materials without furtker
confirming measurements. Some impact test data as a function of pressure
are available but considerably more are needed. These show, but not clearly,
an increasing sensitivity with pressure. Flash and fire point data also cshow

an increased sensitivity for non-metals at higher pressures.

Equipment for the handling and storage of high pressure oxygen, both
liquid and gas, is readily available. In some instances it is necessary to
specify the elimination of marginal materials. This presents a problem only if
a better substitute material is not yet available, Equipment manufacturers are

eager to cooperate in fabrication of more reliable components.

Present high pressure compatibility testing facilities are restricted
ncarly totally to NASA- WSTF and MSFC. Commercial laboratories have
performed various compatibility tests in the past but generally not above

about 3600 psi.

It is recommended that NASA extend specific experimental tests to
higher pressures, establish standard tests and reference materials, perform
statistical analyses of existing data, develop material ranking lists, and

encourage new test methods and fundamental research,
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APPENDIX I - HIGH PRESSURE OXYGEN COMPA IBILITY DATA
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APPENDIX II - NONMETALLIC MATERIALS DESIGN GUIDELINES AND
TEST DATA HANDBOOK, APPENDIX E MATERIALS TEST
DATA FOR APPLICATIONS IN HIGH PRESSURE OXYGEN
AND OTHER HAZARDOUS FLUIDS, NASA, MSC-02681 (1972)
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APPENDIX E MATERIALS TEST DATA FOR APPLICATIONS IN HIGH
PRESSURE OXYGEN AND OTHER HAZARDOUS FLUIDS

E1.0 INTRODUCTION

The test data presented in this appendix is from a computer generated report,
NB/RT-71-45, dated February 1972, It is sorted by manufacturer's desia-~
nation and presents thermai reaction data tu. materials tested in oxygen or other
hazardous tluids. These tests were initiated as a resuit of the Apollo 13 inves-
tigation ana were incorporated as Apoilc Progrim Office requirements by addendum
2 of MSC-PA-D~67~13, Apollo Spacecrait honmetallic Materials Requirements.
The tests included in this report are:

° Pneumatic impact in gaseous oxygen 4

° Mechanical impact in gaseous oxygen

(] The*mogravimetric analysis

. Flash and fire point’

° Reaction propagation in fluids other than oxygen

() Auto ignition

. Fluid impact in liquid oxygen and other fluids
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The following information is a 1’-ting of material usage and generic
identification found in the NB/RT-71-45 Test Data Listing. This
code contains six letters (three groups of two each). The first
group refers to the functional application of the material, while
the second gives the chemical composition. The third group vill
give additional information, usually chemical i{nformation if avail-

able. Reference is made to all of this information as number sixteen
of tha key on pages E2-1 and E2-2.
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i APPENDIX III - SELECTED SUMMARIES, CONCLUSIONS, AND RECOMMENDATIONS ?
¥ x EXCERPTED FROM THE INDICATED REFERENCES. ? :
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Attwood and Allen (1971)

"CONCLUSIONS AND RECOMMENDATIONS : i L

(1) The dependence of the spontaneocus ignition temperature, SIT, of a
material on test techniques such as heating rate and gas flow rate, and
on sample conditions such a8 powder or block, new and clean or used and
‘aged', has been demonstrated; but no consistent trends were apparent.

AL Vot (ot s ot il e i, o B o e

(2) Previously reported large decreases in SIT with increase in pressure ‘ :
above atmospheric are likely to have been partly caused by the change in ;
test technique. With few exceptions the 'Pot' test gives higher SITs than [ 5 Co

the 'Bomb’' test, hence the use of the 'Pot' test alone, to assess the suitabi-
lity of materials for use in oxygen, cannot be reco amended.

(3) Nylon is not recommended for use in high pressure oxygen. Xven when

new or unnsed its SIT can be below 300°C, and wear and 'ageing' during use !
can apparently lower the SIT to 155°C. These could have been contribatcry

factors to the six fires from which this investigation stemmed.

AR -5 SIS MBS o (Tt @ B Y e gt

(4) ZX32 a material suspected in one fire, did not ignite in any test.

(.., The SITs of several relatively new silicone materials have been measured ;
and generally increase with an increase in oxygen pressure. As this is the :
reverse of the behaviour of many non-silicone materials tested in 1950,
silicone materials might well be used more widely in high pressure oxygen
systems. Iiuwever, only limited tests have been made so far: further
investigation would be necessary before any definite conclusions could be iy
drawn. ‘

KR i,

{6) The need for a test or set of tests by which to define the compatibility 3
of a material with oxygen has been discussed and a programme of work

aimed at establishing such a test has been outlined. An interim standard :
test has been proposed and a method of interpreting any spread of results § :
suggested. " g :
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Baum, Goobich, and Trainer (1962)

"Conclusions

1. Teflon and Kel-F are both compatible with high-pressure oxygen systems

with regard to chemical reactivity, and they manifest 2 high degree of stability.

Viton, however, shows questionable compatibility although an insufficient
number of samples were tested in this program to draw firm conclusions.
AiResearch also reports some fzilures with Viton O-rings but nevertheless
they are using them as seals in the Mercury control equipment. In any case,
neoprene seals were fcund to be incompatible with high-pressure oxygen.

Pure Teflca sufiers from cert=in physical weaknesses. It tends to ¢old
flow very easily, and because of its high ductility and lubricity, it is easily
extruded out of shape when unconfined. Neither does a tbin, unsupported

Teflon disk have sufficient strength to prevent collapse when high-pressure
forces are applied,

Kel-F has sufficient strength ar4 rigidity to partially overcome the
cold-flow problem for short periods and it can withstand instantaneous impacts
frcm flov' that would cause Teflon to collapse or extrude. However, Kel-F
does not appear to be sufficiently ductile for seal use, nor does it provide the
lubricity of Teflon. A possible solution, aside from the conventional com-
pcunding of Teflon with ceramic, glass fiber, and asbestos cloth, is use of
a new corpound of Teflon and Kel-F. This compound consists of 80 parts
Kel-F and 20 parts Teflon. According to the developer, Minnesota Mining
and Manufacturing Corporation, it is sufficiently strong to resist coléd flow,
is more ductile than pure Kel-F, and retains the lubricity of Teflon. How-
ever, both Kel-F and Teflon should be employed as seals only when closely
confined (like O-rings) to prevent possible collapse or cold flow.

2. Appzvently the hydrccarbon-oxygen mixture is a rathcr complex one in that
merely mixing the two constituents does not appear to be the only thing neces-
sary to initiate a chemical reaction. Case histories of storage vessels at
2000 psi or less suddenly exploding fcr no apparent reason seem to sub-
stantiate the suggestion that a third factor or sequence of events must Le
present, However, the triggering agent may not be the same in all cases,

The only method whereby the explosive nature of hydrocarbon-oxyzen mix-
tures may be properly and more fully understood is through an =xtensive
series of carefully controlled deliberate explosions. Studiee of this type

have been conducted, but never at preasures of 500 atmospheres,

On the basis of the daia ava.la.ble trom the present exporiments. the
following can be concluded: A

(1) Below 400 F concentrations of 50 ppm or loss ara nnt highly reactive -
and do not constitute a major danger.

(2) If a reaction did accur, it was either too rapid, teo slow, or too slight

to be detected by visual readings of the pressurs gage T hy tmgeratm'e
fluctuations recorded by the tharmacoupll. »
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- Baum, et al. (Continued)

(3) If a reaction did occur, it did no* go to complztion. This conclusicn

is supported by the fact that traces of hydrocarbon were indicated in most
gas analyses. The reaction may not have been sustained for two possible
reaeons: (1) because of the low concentration, the gas was too finely
diffused and could not sustain a flame front and (2) the total heat of reaction

was small and was too quickly dissipated to '""set off'' the remaining unburned
gases.

.‘i‘l

AR AT TR i 1o e

2. On the basis of the five evaluaticns just discussed, .he four metals .
corsidered can be rated in the following order in terms of their posgible
application in high-pressure oxygen sysiems:

-

Stainless steel (Type 316) Good+ Shows sufficient strength and
ductility for pressure-vessei
use; has low oxidation rate
and good erosion resistance

Monel Good- Is less ztrong but sufficient
where weight is not a restrict-
ing factor; has lowest oxidation
rate

TR BT KL R T v BAEH K h AT B Tra 7 - eimd AP ST NS

Brass Poor to fair Has insufficient strengih ic:

o lightweight pressure-vessel
application, but demonstrates
good retention cf original
physicsal properties; good oxi-
dation resistance in dry atmos-
pheres but poor resistance in

. moist atmospheres; has only ,
fair erosion resistance 1

T S

Pure copper Very pcor .  Too weak to be used for pressure
) vessels; poor retention of physi-
cal properties; has high auto-
ignition temperature but also
has high oxidation rate when .
exposed for long periods .

g

The above rating is based on the investigation and analysis of only a small  :
sampling of each metal. More exiensive and detailed investigations are re- .. i
quired to determine quantitative results. Qualitatively, on the basis of the L
experiments psrformed, ounly stainlese ateel and Monel are acceptable alloys.

Brass and pure copper, although possessing some desirable cmw.borhucc.

should not be waed bccme of om: uctcn whtch cmpt he mm:iuuly
compensated, . ‘ N
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Baum, et al, (Continued)

4. It is evident or the basis of the data gathered that electrostatic charges
due to high-pressure oxygen flow are nnt gignificant in themselves, How-
ever, some factors which arise because of the flow of gas must be seriously
considered. One possible pioblem is ozone formation caused by the cooling
of the gas and the presence of clectrostatic charjes. The ozone molecule

is much more active, chemically, than ordinary »xygen and therefore likely
to lower the ignition temperature. A more important factor is the presence
of dust or liquid moisture in the gas stream. It has been shown that gases
passed through a pin~holc orifice under a pressure head of 1800 psi invariably
show a strong electrostatic charge only when either dust or liquid moisture
is present in the gas stream, These charges may be sufficiently large to
cause ignition.

In the experiments performed at Battelle, some dust particles were
present in the gas stream but probably they were not in sufficient quantity
to increase the electrostatic charge greatly, Of course, the longest flow
period was only 8 seconds and the pressure was not cons’ant during the entire
period.

Because the danger of detonation or chemical reaction being iaitiated by
an electrostatic charge is potentially large, further investigations shoul. bYe
performed but with larger volumes which will perrait longer flow periods.
Also, attempts should be made to contrnl and measure the arnount of dust
of moisture in the streaam to compare the effect on the charges genera‘*zd. In
general, however, regardiess of the negligible charge generated, equipment
should be grounded wherever pussible,

5. Rapid heating due to gas surging into confined spaces can produce a major
hazard. During the experiments at Battelle, a pressure regulator failed and
burned under surge conditions, Also Aihesearch discovered that many
materials 1ncluding neoprene and Viton reacted chemically when impacted

by a surging gas at 8000 psi.

However, there is also evidence that at lower pressures, or when the
receiver volurne is comparatively large, the effect of surge compression is
minor. This conclusion is suppourted by the results of the surge experiments’
at Battelle and similar experiments performad.at AiResearch.

On the basis of the experimental results and data available, it can be
concluded that the rise in temperature due to adiabatic compression to 8000
psi is probably not sufficient to cause large masses of metal to ignite. How-
ever, the possibility of thin sectioned metal wire and of polymers such as
neoprene igniting is great, Also the danger of organic or hydrocarbon
contaminants chemically reacting ie serious since many of these have ignition
temperatures below 500 F', especially in highepressure gaseous ozygen.
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Baum, et al. (Continued)

6. Since the basic aims of the regearch were to evaluate the relative safety
of 7500-pei gaseous oxygen systems and to identify the hazards which can be

i1 their operation, the conclusioa: usied beiow concern these sub-
jecte specifically.

T E A -
cxpuetad

Although some of the research resuits indicate that - .lative safety can
be maintained apart from absolutely ideal conditions, it cannot be assumed
that high standards of cleanliness and handling technique are not desirable.
Whenever ideal conditions and procedures are possible, they must be insisted
upon. However, zalthough danger increases with iess ideal conditions, certain l\
compromises can sometimes be tolerated. Only through continued research \
and through accumulated engineering experience can a more confident assess- »
ment of the extent of these allowable compromises be made. Until the time '
that further resesurch and engineering provides additional information for
formulation of recomumendations, the conclusions given below can be used
as general guides:

(1) Contamninat=d oxygen gas at 7500 psi, as investigated in this program
and under the environmental conditions imposed wher considered inde-
pendently of the equipmant or system employed, is relatively safz from
spontaneous combustior. or dsionation.

(2) Hazardous chemical reactions of 7500-psi oxygen gas with foreign
elements seem to ba dependent upon conditions other than simple mixing,
proximity, or high-velocity flow. Temperature is believed to be the
most critical variable and the minimum temperature at which a reactioa
will occur is in turn dependent upon the existing pressure.

(3) Hazards and difficulties encountered in the operation of high-pressure
gaseous oxygen systems seem to ke atiributable primarily to poor system
design and to the use of pooxly designed eqripment.

In addition to the general conclusions above the following more technical
and specific conclusions have been drawn:

{1) Absoclutel-* ciean, dust-free atmosphere.i are not essential to safe
operation,

(2} Concentratious cf hydrocarbons in the order of 5C ppm or lesa are
not dangerously reactive.

(3) Electrostatic ~harges caused by short flow periods through a amall - f\\
orifice appear to bu aegligible.

(4) Stainless steel and Monel are acceptible materials cf construction.

(5) Uncoated or unplated copper appears to oxidise too rndily to he
used extensively.

16) Although cases of combustica involving Teflon and Kel-F kave been
reported, the cxperiments conductad ahow inst these are acceptable -
nox.metallic sealing mmxialn.» S . .
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Baum, et al, (Continued)

RECOMMENDATIONS

| N co= €
laa¥C MELL &

[<h

Two primary recommeadatiosns

conclusions presented above.

{1} A broader, more detailed study of materials compatibility with
7.,00-psi oxygen gas should be pursued. This stucy should be an
atiempt to derive a more exact understanding of the conditions that
initiate combustion. Extensive experiment:tion with stainless steel,
Monel, anodized alurtinum, Teflon compounds, ¥el-F compounds,
and varicus thread lubricants and sealants should be conducted to
permit a proper statistical analysis. These experiments should have
two objectives:

(a) Determination of the spontareous ignition temperature
urder static conditions and after various periods of exposure.

(b) Determination of the spontaneous ignition tempexrature
during surge conditions and evaluation of the influence of the
volume ‘o surface-area ratio.

(2) Because of the inadequacy of available equipment to provide reliable,

long-time performar e for absolutely leakproof operatica, a develop-
ment progra should be initiated. This program should be planned to
investigate ci .tica. d2sign criteria. The components that require
further siudy, in estimated order of priority, are:

@ Fittings
e Valves, manual and remote °
¢ Lightweight preéaure vesgsels

e Regulators, "

rmulated on the bacis of the
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Guter (1967)

"SUMMARY AND DISCUSSION

Ignition temperatures in high pressure gas were determined using a
stainless steel bomb in which samples could be raised to the ignition tem-
peratuve in a few minutes, The effect on ignition temperature of changes
in total pressure, rate oi heating, ''ageing'', i.e. prolonged storage of
material in oxygen under pressure, oxygen concentradon, and the physical
state of the sample were determined in the high pressure apparatus. A
si.npler apparatus called the ‘pot' ignition apparatus was developed for the
rapid determination of ignition temiperatures in oxygen at atmospheric ‘
pressure.,

The many materials examined have been classified in the following
five groups:

1. Lubricants, including thread sealing compounds.
2. Natural and Synthetic Rubber Hose Materials.,

3. Polymers,

4, Valve Seat materiala,

5. Metals and Alloys.

The ignition temperatures of the materials in Class I were relatively un-
affected by changes in oxygen pressure. The Aroclors (chlorinated diphenyls)
were particularly resistant, and had ignition temperatures above 400°C. If
their other properties are satisfactory they should prove suitable for use as
lubricants and hydraulic fluide in oxygen systems. Acheson Grease u. 30

and the Ministry's anti-seize and sealing compound also had high ignition
temperatures which were unaffected by pressure. For this reason thay would be
preferred to the silicone greases for use in oxygen.

The ignition temperatures of the rubber hose materials in Class II were
all considerably reduced by increasing the oxygen pressure, except in the
case of silicone rubber whicu ignited above 300°C. The natural and synthetic
rubbers, other than silicone, were found tc ignite at temperatures below 200°C
in oxygen at pressares of 100 atmospheres or higher. The ignition tempera-
tures were coneiderably reduced if traces of thc fabric used as reinforcement
in the completed hose were included with the sample. increases in heating
rate led to significant reductions in the ignition temperatures of hycar, neoprene
and BTR Hose (Specificaticn 1180). Provided certain precautions are strictly
observed it is suggested that rubber hoses may be used with high pressure
oxygen,

Included in Class III were Teflon, Kel-F and phosphorylated polyvinyl
alcohol which were the most resistant non-metallic materials examined.
They failed to ignite in oxygen at 250 atmospheres when heated to 350°C,

:
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Guter (Continced)

In the 'pot' test they sometimes ignited at temperatures above 500°C.
Increasing the oxygen pressure to 175 atmospheres reduced the ignition
temperature of most of the other materials included 1n Class 1ii, but

with polythene, nylon and perspex a further increase in pressure to 250 .
atmospheres caused only an insignificant increase in the ignition tempera-
ture. Polythzne, red vulcanised fibre and rosin bonded fabric were also
examined in air; the ignition temperatures in air were found to be rather
higher than in oxygen but ro definite relationship between the partial
pressure of the oxygen and the ignition temperature or these materials

was obtained. Special ageing experiments provided interesting results, but
unfortunately did not yield general conclusions.

The materials in Class IV with the exception of GACO seating materials
had relatively low ignition temperatures. The much higher ignition tem-
peraturcs obtained with some of the materials in Class UI suggest that they
may be preferred for making valve seats, provided their mechanical pro-
perties are satisfactory.

None of the metals and ailoys in Class V ignited in oxygen at 250
atmospheres when heated alore to 350°C. Coprer, magnesium alloy and
mild steel turnings ignited in the preserce of a drop ot oil if heated to about
200°C in oxygen at 250 atmospheres.

Changes in gas flowrate, oxygen ccncentration, heating rate and physical
state had no marked effect on ignition temperature for most of the materials
examired. Exceptions were some Class II materials which were affected
by heating rate and Bna which in the form of shavings ignited at tempera-
tures more than 100° below the corcesponding ignition teinperatures for
samples in block forxm.

Materials in Classes II, III and [V werc examined by the 'pot' test. In
general, it was found that the higher the 'pot’ ignition temperature the higher
was the ignition temperature in high pressure oxygen. Unfortunately the
'pot' ignition temperature gave no indication of the effect of pressure in the
range 50 - 250 atmospheres on ignition temperature.

No attemrt was made to examine the behaviour of the materials under
actual working conditions at high pressure. It iz not possible therefore to
relate the ignition temperatures observed under controlled conditions to the
hazards associated with the everyday use of combustible materials in high
pressure oxygen, However as no materials ignited at a temperature belew
100°C and very few below 150°C in oxygen at pressures up to 250 atmospheres
it seems highly probable that with careful selection a number of materials
which are not entirely non-inflammable can be safeiy used in oxygen at high
pressures. When using such materials it is important to avoid any sudden
changes in pressure or temperature, and to ensure the absence of any
inflammable dust or other material moze susceptible to ignition, which might
initiate ccmbustion.
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Guter (Continued)

The nossibility of fires in high pressure oxygen systems would be
largely avoided by measures that would prevent conversion of the free
energy of the compressed gas into heat. If this could be acunieved in the
design of equipmert then the ignition characteristics of the materials that
come into contact with the oxygen would be of secondary imnortance. Until
this ideal is reached, safety in the use of high pressure uxygen will deperd
not only on the selection of materials with a high ignition temperature, but
on careful attention to the design of the apparatus, and upon the obhservance ‘
of a number of elementary bul essential precautions. As the starting-point Y
of combustion will clearly be determined by the material of lowest ignition k
temperature which happens to be present, it is important to exclude care-
fuliy all traces or organic dust and oil. Particles of dust and fibre intro-
duce a special hazard in connection with the temperature rise which occurs
on adiabatic compression in a closed tube. In this case the rise in tem-
perature of the gas may be considerable, but its heat capacity is small.
The gas is therefore unable to raise appreciably the temperature of any
massive body with which it is in contact, and its heat is rapidly dissipated.
A small particle of fibre in the gas stream, however, can be raised to
a temperature approaching that of the gas, and can therefore readily be
ignited. When this occurs it will cause the igniticn of any other inflammable
material in its vicinity.

The work described ia this report does not provide a basis for choice
of materials for use in high pressure oxygen without regard to the circum-
stances of use, but it is hoped that it will serve as a useful guide for the
selection of the best materials for a particular duty, and the range of
conditions under which they can be safely used."

(Parts of the summary and discussion are omitted. )
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Juhnston (1970)

"CONCLUSIONS:

1. No great technology differences exist among the fields reviewed.

2. Breathing oxygen sysiems utilized today have been quite successful in
meeting their intent. The majiority of the relatively few failures which have
occurred have been traced to poor handling practices.

3. The success of today's designs has been the result of designing by
experience, largely without thorough scientific understanding.

4. Improvement in and standardization of specifications and guidelines
are needed in the following areas:

a. Svstem design requirements as a tunction of pressure, and use.

b. Materials requirements and a suitable list of materials for specific
applications.,

c. Materials test methods which will verify suitability of materials
for the given applications.

d. Accurate testing methods for determination of a given systems
contamination level.

e. Allowable contamination levels and materials including particle
sizes for the various system pressure levels,"
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Kimzey (1970)
"CONCLJDING REMARKS

The literature available prior to the Apollo 13 incident indicates that
little work has been performed on electrically induced ignition of metals.
Much work has been done on impact ignition, particularily in LOX environ-
ments; however, much of the data are not directly usable due to the wide
variety of e..perimental techniques employed. Sufficient work has been
performed to permit the following observations:

1. The ignition temperature of a metal in LLOX is independent
of pressure, convection, and oxygen percentage.

2. The effect of halogen impurities on the ignition temperature
of metals cannot be determined from existing data.

3. Ignition temperatures, like boiling points, or melting points,
appear to be depressed by the addition of impurities. '

-
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Marzani (1968)

"CONCLUSION

The following conclusions are made with regard to material evaluation:

T'rom a fire-resiotance standpoint, TFE is superior to the other
materials tested.

e CTFE is nearly as high in fire resistance. Polyvinylidene fluoride

and the polyimides are intermediate. Polyurethanes, ethylene-prcopvlene

rubbers and polvethylene are lowest.

e The incl:sion of fire-resistant materials in composites with less

fire-resistant materials does not insure that the composite will have
improved fire resistance.

® Cf the parameters affecting combustion, pressure has the greatest
effect on material ignition temperature. Sample size is impcrtant in
determining the flammability limits. Sample geometsy can be an
important factor in ignition temperature and reaction kinetics.

e Materials ignite mocre readily at lower pressures in oxygen than
in air, Above 2400 psig the difference disappears.

The following conclusions are made with regard to the method of study:

e The modified high-pressure bomb satisfactorily provided repro-
ducible spontaneous -ignition data on small samples of solid materials

in an oxygen atmosphere. Iata indicate a favorable degree of correlation

with published data.

e This test method should be considered in any effort to establish a
standardized test procedure for determining the spontaneous-ignition
temperatures of solid materials at elevated pressures,

~

5 A standardized test will not necessarily yield a result which witl
be applicable under every condition of material usage.'
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Nihart and Smith (1964)
"CONCLUSIONS

The following conclusions are based upon the results of the present
experimental test programn and other daia referenced in this report.

1. The spontaneous ignition temperatures of the materials tested are
essentially the same in 7500 psi oxygen as in 2000 psi oxygen.

2. The relative resistance of metals and alloys to ignition and com-
Lustion in 7500 psi oxygen agrees in general with results obtained in earlier
Linde test work at 2000 psi and with the results of Dean and Thompson (1961)
except for aluminum.

. "
o

3. Only three thread lubricants might have possible safe application
in 7500 psi oxygen. These lubricants are Dixon's Flake Graphite No, 1,
Burnil Brand Microplates, and Almasol Powder. Further information on
their lubricating properties and thermal stability would need to be known
before a complete recommendation could be made. One drawback to this
type of lubricant is that there is always a possibility of particulate matter
inadvertently getting into the high pressure system.

4, The only thread sealant tested in this program which might be
recommended for 7500 psi oxygen service would be 50-50 soft solder (which
could be used in tinning threads). TFE tape is not recommended because of
the possibility of pieces getting into the gas stream.

5. Recognizing that some type of packing is needed for static and
dynami- seals, plass-filled TFE would be the only material presently
recommended for use. Even its use presents a hazard and it should only
be used when tightly confined.

6. Inccnel alloy 600, brass, Monel alloy 400, and nickel are re-
commended for use in 7500 psi oxygen. Other metals might be acceptable
if plated with rickel, silver, or gold. Monel alloy K-500 might also be
acceptable but it was not given the promoted ignition test in 7500 psi oxygen.

7. Of the materials tested, stainless steel and aluminum are the
least satisfactory for use at oxygen pressures of 7500 psi,

8. Copper is not recommended because of the results of Baum,

Goobich, and Trainer (1962). Other copper alloys might be acceptable .-

material but would need to be tested.

9. Electrostatic charges developed during the charging of a small
high pressure receiver were found to be negligible.

10. The simulated system v.as pressurized with oxygen to instantaneous
pressures ranging from 665 to 7100 psi without incident. Pressurisation time
varied from 0,5 to 0.21 seconds.
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Nihart et al. (Continued)

The hazards considered to be most responsible for ignitions in ocxygen
systems are:

a. Adiabatic Compression - High temperatures may be produced
when low pressure oxygen is suddenly brought to a high ticssure, such as
when a valve is suddenly opened between a high press.re and a low pressure
portion of the system. These temperatures cah be hizh enough o ignite
organic materials or small particles of metal.

b. Particulate Matter - Particles may be accelerated in a high velocity
stream and impacted against organic materials or metallic burrs, projections,
etc. Their energy is converted to high local temperatures by this impact with
subsequent ignition of associated materials. Even the particles themselves
might be ignited if they were either organic or metallic in nature, :

These hazards may be substantially reduced by proper cleaning of the
equipment initially, use of filters (especially ahead of regulators) minirnum
use of organic material, and judicicus cperation of valves and regulators to
prevent rapid increases in pressure.

There are other mechanisms by which ignition may occur but these
Lave been well covered by Reynales (1959).

RECOMMENDATIONS

1. Further study should be made on the copper allcys to define more
clearly their compatibility and applicability in 7500 psi systems.

2. More tests should be conducted on metals and alloys to determine
the effect of geometric configuration on the relative ignition temperatures.

3. There is need for further investigation into thread lubricants and
thread sealants. This study would need to cover their physical properties
such as lubrication and sealing qualities as well as their compatibility with
oxygen. Development of special lubricants and sealants might be required.

4. A program is needed to levelop and build better hardware constructed of
materials more compatible with high pressure oxygen. The program should gover
any and all equipment which would be used in a 7500 psi oxygen system."

<
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Ordin (1971)
"SAFETY RECOMMENDATIONS

Although the solution to many of the problems which caused the oxygen
mishaps cannot be specifically prescrited withou. further researca and
development efforts, several practical safety regulations are recommended
to increase the operaiional safety. These recommendations based on specific
mishaps include the following:

(a) Prevent the cross connecting of fuel, oxygen and purge lines by
means of designs and permit no subsequent uncontroiled revisions
by maintenance personnel.

(b) Suitably restrain all flexible iines at specific intervals.

(c) Prevent the verting and disposal of oxygen near eiectrical
systems or other ignition sources capable of initiating and promoting
fires.

(d) Provide controlled valve operation of oxygen valves to limit
generation of heat due to gas compression.

(e) Label pressure lines with values of operational, proof, and
design burst pressure.

(f) Conduct pre-operational hazard analyses on liquid and gaseous
pressure systems before checkout, operation or maintenance.

(g) Insure verification of pressure relief before liquid and gas lines
are disconnected.

(h) Emphasize hazards of operations in oxygen systems through
training. Many operating personnel are not fully aware of the hazards
associated with oxygen systems.

(i) Maintain records of any rework on tanks, lines and related equip-
ment.  The operations performed should be available to evaluate con-
tinued use of equipn.ent,

(j) Fluids used should be identified and environmental chamber
operations include a verification of the composition of the gas mixtures
employed.

(k) Liquid oxygen loading rates should be established comniensurate
with duct and equipment fatigue capacitieas. Material failures have
been induced by low stress, high frequency vibrations caused by
excessive fill rates. Instrurnentaticn should be installed to measure
and monitor induced vibrations.
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Orain (Continued)

(1) Standards should be established interfacing the electrical systems
tc the oxygen systems. Problems of electrical arcing of interior
lights ani fixtures should be resolved.

(m) Insure availability of recent information on results of testing
and of field experiences on the compatibility of materials with oxygen."

v .
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Schwinghamer (1971)

"CONCLUSIONS

Without a satisfactory solution to the problem of materials reaction
sensitivity in LOX and GOX, Lighly reliable expendable launch vehicles and
non-reusable spacecraft would not have been possible. The basic test method
which accomplished this end was the ABMA and MSFC-SPEC-106B. As a
result cf the Apollo 13 incident, increased emphasis is being placed on
materials compatibility in a high pressure GOX environment.

Besides impact sensitivity of materials, approximately adiabatic
compression conditions can contrive to induce materials reacrivity. Tests
run at high pressure using the new MSFC tester bave so far shown that:

1) The materials used in thLe tests cited in Table II showed an inverse
relationship between thickness and impact sensitivity.

2) Of the materials tested to date, sever-ai tend to indicate that impact
8o .itivity in GOX is more pressure dependent than in LOX.

3) The impact sensitivity of the materials tested to date in GOX at the
pressures tested showed enhanced impact sensitivity with higher pressure.

4) The rank ordering of the materials tested so far in LOX up to 1000 psia
(6.8 x 10° Newtons/m?) is the same as the rank ordering resuiting from
tests in LOX at 14.7 psia (9.5 x 104 Newtons/m?),

- While there is agreement on the syntactical basis of probability theory
as it applies to LOX/GOX compatibility testing, there is indeed the danger
of a disparity between the syntactics and the explanation a.d interpretation
of these signs in terms of the real-world. Statistics can be a useful indicator
if cautiously and correctly applied. There is the distinct dangjer of a retreat
to, or a preoccupation with, ‘''cure all' test methods and techniques, r 2anwhile
disregarding the necessity for hard data acquired from statistically meaningiul
numbers of tests.

Future plans at MSFC include inveatigation and research on a variety
of LOX/GOX sensitivity testing met!. :ds and techniques. It is expected that
configuration testing will continue to be necessary in special situations.

In the final analysis, the many questions of materials compatibility
in LOX and GOX will undoubtedly continue to be crucial considerations to the
aeraspace designer concerned with our future space vehicles and spacecraft.
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White and Ward (1966)
"SUMMARY AND CONCLUSIONS

The ignition of metals in oxygen and oxygen atriospheres was re-
viewed from the viewpoints of (a) methods that have hzen used to study
behavior, (b) ¢xperimental values “hat have been obtained, and (c, the
status of theories that permii the calculation of ignition temperatures.

‘ While no clearcut definition of ignition temperature has been developed,
it appears probable that a definite or an absolute ignition temperature does

exist for a particular metal-oxygen system. In general ternis, if the energy
input as converted to heat is greater than the heat dissipation, a tempera-
ture will be reached at which ignitior. of the mctal will occur., Practically.
this tempc rature appears dependenc on many factors some of which arc S
relatively static (e. g., atmosphere, composition, purity, inetal surface
area and condition, etc.) and others that may be dynamic (e.g., pressure,
impact, impact velocity, vibration, etc.})., No standard tast procedares
or methods have heen deveioped to evaluate the ignition tempexatures of
metals. The net result is that varying values have been reported for the
same or similar metal-oxygen systems,

e R L o L‘d(“ww -
1
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Despite these differences, the following generalizations can be offered
on the basis of the experimental evaluations performed to date:

(1) All metals, with the possible exception of gold and platinum,
can be expected to ignite in oxygen at scme elevated temperature.

A W T \WET M SR (asbnr SRty (8

(2) Alloys of several systems have been shown to ignite in oxygen
systems at relatively low temperatures and some at LOX tempera-
tures if sorne external cource of energy input is present. Generally,
tne presence of a fresh metal surface is alsc necessary to cause
ignition at these low temperatures. These ignition-gensitive alloy ,
svstems include the alloys of titanium, zirconium, thorium, uranium, F
iead, tin, and magnesium. HERN

o ot s o

(3) A number of secondary eueryy input sourcses . ve besn shown to - R
cause ignition of these sensitive alloys in oxygen systemsa. The_ e souices ] )
also probably produce a fresh metal surface and aroc identified as follows: L
;) In Gaseous Ogyg'en ) w T _ S o ’ | ) | | i

Yol e

', Electric spark I ~ Streas rupture
Puncture Explosive shock.

In Liquid Oxygen

Mechanical impact Puncture
Explosive shock, A
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White et al. (Continued)

(4) A number of otl er methods of secondary energy input and methods
oi exposing [resh metal do not producce ignition. These are as follows:

In Gascous Oxxgen

High-velocity flow

Low-cycle fatigue cracking

Impact nn the cutside of a coniainer without puncture

High-velocity flow through a small orifice g
Rapid pressurization

In Liquid Oxygen

Impact on the outside of & container without punciure
Rapid pressurization

Machining

Friction and galling

Tensile rupture

Mechanical vibration

Sonic vibration

Ultraso'.' . bration

Highev.-.>_l:- . ow through an orifice,

(5) Anjacresse in pressure of a gaseous oxygen system tends to promote
ignition at lower temperatures or with lower secondary energy inputs,
The dilution of oxygen with an inert material, gaseous or liquid, terds

to reduce sensitivity of metals in oxygea systems. However, propagation
is not affected much until the dilution is very great, on the order of

90 percent inext gas or liquid.

(6) A number of alloy systams have been shown to be relatively

insensitive to ignition in an oxygen eavironment either at high tempera-
tures or at low temperatures witk high secondary energy inputs. These
alloy syatems include: uwustenitic stainless stoels, nickel alloys, cobalt
alloys, copper alloys, azxd silver alloys, Alloys of these systems show
the best service recozd -and alsoc show the leaat sensitivity in laboratory

tests. o
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W hite ¢t al. (Continued)

{7) Anothcr group of alloys appears to be somewhat intermediate
Letween the sensitive and insensitive grcups cited in Items 2 and 6.
This group includes aluminum zalloys, the 400 series stainless steels,
and carbon and low-alloy high-strength steels. These materials
would be expected to find limited use in relatively nonsensitive
applicatiors.

(Remaining discussion has been omittad).
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