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Introduction

ORE oxygen is used than all other atmospheric gases

combined. About 300 billion cubic feet of oxygen was
produced in the U.S. in 1971 and nearly all of it was shipped
either as liquid or high pressure gas.! During its production,
transport, and use, oxygen is in contact with many different
materials, virtually all of which will burn. The problem of
choosing properly safe, or compatible, materials initiated this
review which has the objective of presenting a brief survey of the
compatibility of structural materials with oxygen.

A compatible material can be defined as one that will main-
tain its desirable properties in the presence of oxygen. The
oxidation process with bulk materials is either very slow and
controllable or violently fast and destructive; incompatibility
is usually analogous to the latter. Compatibility with oxygen is,
then, a relative quality determined by how readily and to what
degree a material will react with oxygen.

Included in this survey is a review of the historical develop-
ment of compatibility problems and research, a discussion of
compatibility testing methods, a summarization of the ignition
and combustion research reported in the literature, a discussion
of common materials for their relative oxygen compatibility,
and an effort to elucidate research areas which would enhance
our understanding of the compatibility of bulk materials.

Scope of the Review

That oxygen will readily react with structural materials is

obvious with only a cursory glance at accident histories.>~* The
large amount of energy released when a metal burns is the
primary energy source of most serious accidents. The con-
tinuously increasing use of oxygen® and its more frequent
proximity to people in medical, military, aerospace, and
oceanographic applications makes safety a more imperative
design consideration than ever before.

The past work concerning compatibility of materials with
oxygen is characterized by three general inadequacies. The first
and probably greatest is the lack of basic research and theoretical
attempts to understand the nature of the combustion of bulk
materials.® Second, is the stop-gap or configuration nature of
nearly all the testing that has been done with little attention to
the limitation or even definition of many experimental para-
meters. Third is the classified, proprietary, or other publicly-
obscure nature of the results of much of the work. These
inadequacies have jointly created a very difficult and complex
problem.

The whole problem of ignition and combustion of the many
materials that may come in contact with oxygen during its
production, transport and use must involve all conceivable
energy sources, contaminants in the structure and the oxygen,
defects in the structures and the materials, and perturbations
in the transferring and transporting procedures. It is reasonable
to assume that certain cleanliness and procedural limits will be
established and that the number of materials will be kept to a
practical limit. Within this context, we have limited this assess-
ment to structural materials, particularly metals, in liquid or
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gaseous oxygen’ but have considered all energy sources and
bulk materials of any surface state (usually clean). The role of
contaminants is a crucial one and to assume perfectly clean
materials would be to ignore one of the most probable promoted
ignition sources. Thus some attention is also directed toward
the effect of contaminants.

Only compatibility with oxygen is considered. Fluorine and
fluorine-oxygen mixtures, their properties, compatibility, and
safety are excellently covered in a book by Schmidt.® Compati-
bility of structural materials with fuels is strictly a chemical
problem since both fuel and oxidizer are not naturally present
in concentrated form. However, problems do exist with some
fuels, e.g., hydrogen, for which several plastics can act as
oxidizers.

The category of structural materials should include any
material used in pipes, valves, pumps, tanks, etc., which are
used in the production, storage, transport, or use of oxygen.
Nearly all of the organics and plastics have been rejected for
these applications as too readily combustible. Some of the more
compatible® *-1® are used nonstructurally, however, as gaskets,
valve seats, lubricants, and the like. This leaves primarily metals
as usable structural materials. Ceramics and metal matrix
composites will undoubtedly receive more consideration in the
future but available relevant data are virtually nonexistent. The
combustion of small droplets or particles has also been con-
sidered but only for the thermodynamic properties data avail-
able.

Combustion of Bulk Materials

The combustion of structural materials, particularly metals, is
unique in several ways when compared to gaseous combustion.
First and foremost metal combustion is almost always a
heterogeneous process; that is, both solid and vapor and
frequently liquid phases are present. This complicates the pro-
cess in many ways. Mass transport of metal and oxidizer to the
combustion region may have to be through solid or liquid
phases of both the metal and its oxide. This is no longer a simple
diffusion process and is probably rate-limiting. Latent heats of
phase changes and condensation of the combustion pro-
ducts!* 13 become important as do the thermophysical pro-
perties of the combustion products. In some cases, e.g.,
aluminum’ oxide,'* the mechanical behavior of the oxide is
critically important. Metals are also characterized by large
heats of combustion and, though frequently difficult to ignite,
burn violently. The interplay of these properties becomes very
complex. For example, the high reactivity of titanium is
attributed to the high solubility of titanium oxide in molten
titanium.® Or, aluminum doesn’t ignite until far above its
melting point!® which allows the molten metal to flow away
from the heat source-—perhaps to a material that will ignite. Or,
some polymer combustion products are excellent reducers of
protective oxide coatings.!” This complexity definitely has
limited understanding of the combustion process. In fact, the
single most important advance in understanding the combustion
process since man first became fascinated by fire was probably
the rejection of the phlogiston theory and the realization by
Lavoisier in the 18th century that oxygen was necessary for
combustion.

Generally, investigators have looked at the problem of
heterogeneous combustion in two stages: first, the dynamic
approach to the point of ignition, and second, a quasi-steady-
state combustion process. This distinction is readily made,
and the point of ignition is defined to be when the process
becomes self perpetuating. Ignition is usually accompanied by
the rapid emission of heat and light.

The energy required for ignition is extremely variable and very
dependent on the ignition source, the kind of energy which is
supplied, and the rate at which it is applied. Most of the research
_has been safety motivated and concentrates on prevention of the
ignition phase. The role of contaminants becomes extremely
important since most are more readily ignited and, in turn, can
initiate combustion in the metal. Once combustion has begun,
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the reaction can take many forms from violent fragmentation
to self quenching. Much less research has been done on the
burning process itself, particularly for bulk materials.

Historical Development

Historically, the impetus for metals or solids combustion
research has come from three sources: from the combustion
of powders (for mine safety in the early part of this century and
for flame temperature enhancement more recently), from the
combustion of metal foils and ribbons for a light source in
flash bulbs, and from the burgeoning use of oxygen for life
support and for a propulsion oxidizer in the aerospace fields.

The initial concern for combustion of powders was from a
safety standpoint, primarily in mines,® but has concentrated on
metal powders*®2° as they have become more common. This
research was significantly extended when the metals’ high heat
of combustion was utilized for flame temperature enhance-
ment'® or as an additive to rocket fuels.2! This has led to a
great deal of significant research on combustion of metal
particles.2? =26

The use of metal foils or ribbons as a light source for flash
lamps also started very early?’ and has been a continuing
stimulus to some research.?® 3% Both of these areas, however,
have limited application to bulk materials.

Although the U.S. Bureau of Mines studied the ignition of
solid metals as early as 1923%! in connection with compressor
safety, it wasn’t until some violent reactions were observed
between titanium and oxygen in 1959'° that significant concern
was voiced about the compatibility of metals with oxygen. Since
then, the experimental work has taken two principle directions—
a large effort of empirical compatibility testing centered around
the mechanical impact sensitivity threshold technique? and a
pursuit of the definition and measurement of an ignition
temperature.>® There has been little basic research and almost
no theoretical work. A comprehensive review paper (in 1963)
by Markstein® deplores the “small research effort™ and the “lack
of reliable thermodynamic data” as instrumental causes for the
lack of understanding. This is still true today and is indicated in
both areas by the disparity of impact test results>* and their lack
of correlation with other tests®>> and the unresolved behavior
of burning rates®® or ignition temperature with oxygen
pressure. 3137

There has been little ignition temperature study since the
initial flurry of activity in the early 1960’s which was sum-
marized by White and Ward in 1966.3* Perhaps the only
comprehensive studies since then have been one on centrifugal
pumps in Germany by Bauer et al.3®3° and one on the effects
of high pressure by Guter'® mostly on nonmetals.

The few experimental studies of burning rates of larger
specimens have all used electrical joule heating of tubes or wires
where the energy source stops as soon as combustion or melting
breaks the electrical continuity. And all but the often quoted
work of Dean and Thompson*® have measured only the low
density and easily combustible metals primarily used as light
sources. There are two recent exceptions to this in German
studies of burning rates in small elemental metal wires*®*! and
tubes*? of several German aluminum, copper, and iron alloys.
There have been no burning or propagation studies using bulk
metals.*3

Compatibility Test Methods

A test for the compatibility of a material with oxygen
basically consists of placing the material in oxygen in the
presence of a possible ignition source and observing the reaction
as a function of oxygen pressure, temperature, or the ignition
energy. The kinds of tests possible are limited only by the
ingenuity of selecting possible ignition sources. However, most
tests are quite realistic in simulating working conditions and
probable ignition sources. Somewhat arbitrarily, these tests are
described below by the following ignition categories: mechanical
impact, electrical, thermal, acoustic, abrasive, fracture, and
configurational, with most of the tests in the first three groups.
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There are also many experiments designed to measure some
specific thermodynamic property such as the heat of combus-
tion, oxide volume ratio, specific heat, or melting points.
Strictly speaking, these are not compatibility tests, but do
provide a basis for understanding the potential reactions. Most
compatibility tests are concerned principally with ignition, but
some are also designed to measure burning rates after combus-
tion has been initiated.

Mechanical Impact

One of the most probable ignition sources is just striking a
material in the presence of oxygen—be it dropping a wrench in
an oxygen spill, a piece of weld slag impinging a bend in an
oxygen pipe line, or simply the closing of a valve. The most
common version of this test, developed very early,** has
resulted in a large amount of data*>~3° and is one of only two
ASTM standard tests relating to oxygen compatibility.323*
In this test a falling weight imparts a known amount of energy
to a striker pin which is in contact with the specimen in the
presence of oxygen, and any reaction is noted. It is simple and
has the advantage of being adaptable to variable pressures and
liquid oxygen.> %33

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*® 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
rejection of some compatible as well as incompatible materials.
Blackstone and Ku3* have suggested that this test has also
passed some unacceptable materials.

The mechanical impact test procedure has undergone exten-
sive criticism.>*3* ~>® The criticism indicates essentially that the
statistical procedure of the test is at fault rather than the test
apparatus per se. Schwinghamer®® has refuted some of this
criticism. A different statistical approach has been recom-
mended by Jamison*® as a consequence of this criticism. Instead
of accepting a material if it doesn’t react in 20 tests at 70 ft-1bs,
Jamison recommends that the test be repeated 20 times at
different energies to find the energy at which 50 9/ 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. Accord-
ing to Jamison, the ‘“up-and-down” method of impact testing,
as an alternative to the go-no-go test, is both efficient and
repeatable. That the Bruceton method is more repeatable than
the go-no-go test is intuitively reasonable; however, the go-no-
go test is less time consuming and therefore is considered more
useful as a screening test if the occasional rejection of an
acceptable material is permissible.

Blackstone and Ku* and Jamison*® give historical accounts
of development of impact testors from the first, described by
Lucas and Riehl,** to current models. As a result of recent
attempts to improve the mechanical impact test it has been
suggested that the reaction intensity should also play a major
role in material selection in conjunction with the reaction
sensitivity. Jamison has pointed out that the improved repeat-
ability of the Bruceton method of impact sensitivity shows that
materials are not significantly different in sensitivity. However,
he indicates that materials differ widely in intensity since some
of them react violently and are totally consumed while others
are only slightly charred. It appears that further evaluation
may be in order to take advantage of both techniques and to
include the intensity of the reaction.

Electrical

Some of the most tragic®® and extensive®! oxygen accidents
have involved electrical ignition sources from powered electrical
circuitry. Ignition tests using electrical ignition are second only
to impact tests in frequency, partially due to flash bulb experi-
mentation. Most compatibility data, however, have come from
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the “flash and fire”3® test which discharges an electrical arc
in the vapor space above a specimen in an oxygen chamber.
The specimen temperature is slowly raised while the arc is
repeatedly struck until a “flash” or a sustaining “fire” is
observed. The temperatures are recorded for these “flash” and
“fire” points. The oxygen pressure can also be varied in this
versatile test and it permits the study of liquid-specimens as
well. This test has been mostly used for organic materials. A
modification of this test in which the arc impinges directly on
the specimen has also been used®>®® where the energy in the
arc is the primary variable. The generation of static electricity
in flowing oxygen systems has been determined to be quite
small.®*%> Another common test uses electrical Joule heating,
but this is really, then, a thermal ignition source.

Thermal

In reality all ignition sources are thermal sources, but usually
the conversion to thermal energy is so rapid that the primary
energy form is considered the source. Classed as thermal source
tests, then, are bomb tests, promoted ignition, and Joule heating.
In the oxygen bomb test!% %3 % the specimen and a volume of
oxygen are enclosed in a bomb whose temperature is slowly
raised until ignition is observed. The ignition temperature is
recorded. A calorimetric measure of the heat of combustion
released can also be obtained from the resulting pressure and
temperature excursions. Promoted ignition tests®® are a varia-
tion of this in which the amount of an explosive ignitor neces-
sary to cause combustion is the recorded variable. The energy of
the ignitor is readily subtracted from the resulting combustion
to obtain the heat of combustion of the specimen.

Electrical Joule heating is the other common thermal source
for the testing of metals. A current is passed through the speci-
men in the presence of oxygen until an ignition temperature is
reached. This test is obviously limited to metals and those that
ignite before they melt, but since most structural materials are
metals, it has resulted in a significant amount of relevant data.
Other thermal sources have varied from wood fires and
torches®® to infrared lasers.”~7°

Acoustic

There are two principal tests in this category; the pneumatic
impact and the shock wave. The pneumatic impact test®® is
designed to simulate the adiabatic compression resulting from a
rapidly opening high pressure valve. It is usually done just in
that manner with a small sample chamber suddenly opened to a
high pressure reservoir, and the temperature and pressure
reactions noted. These tests use the highest static pressures of all
the compatibility tests, exceeding 10,000 psi (70 MN/m?). Much
higher dynamic pressures have been tested using explosive
shock waves.”?

Abrasive

Galling caused by two pieces of metal rubbing was projected
as one of the possible causes of an oxygen tank truck accident”?
and there have been a few tests using this technique.!5-38:3%,62.73
Also the abrasive effect of fine particles in a flowing oxygen
stream has been®® and is being studied.”*

Fracture

A highly probable yet seldom observed accident source is
fracture. The exposure of a fresh clean surface to oxygen for
some metals can cause a violent reaction. Various methods have
been used from straight tensile tests’>*”7® to puncture by
bullets’® or other projectiles. Even the effect of the projectile
size and materials has been considered.”’

Conﬁgurational

The final test of oxygen compatibility for any material is
whether it will ignite in its final configuration, complete with
adjacent materials and possible contaminants. Because of our
lack of understanding of the ignition and combustion of
materials, most critical applications also undergo an environ-
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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 safety is of
prime concern.

Review of the Literature

Compatibility related research is extensive and scattered, but
relatively few papers are directly concerned with the comparison
of the oxygen compatibility of bulk materials. Those that are
frequently involve several different materials, both ignition
and combustion, and often several test techniques. To divide
the work by material, property, behavior, or test technique is
difficult. Therefore, at the risk of a relevant omission, we have
chosen about fifty papers that are broadly concerned with
compatibility and discussed them in the loosely defined cate-
gories of accidents, experiments, pressure effects, theory,
thermophysical properties, and related review papers. The
review papers themselves contain hundreds of references for
more specific pursuit if desired.

Accidents

Surveys of oxygen related accidents have been conducted
recently by Ordin? and Johnston’® for NASA and by McQuaid
and Cole® for the Navy. Each of these surveys indicates a
surprisingly high rate of accidents caused by material in-
compatibility. The surveys by Ordin and Johnston covered
NASA, some Air Force, and some related contractor records.
Ordin reported 20 9} of the mishaps with liquid oxygen and 36 %,
of the mishaps with gaseous oxygen involved material in-
compatibility. Johnston reported 569, were caused by the
presence of oxygen incompatible materials. In many cases more
than one factor was involved in the mishaps. For example,
procedural errors were involved in 789, of the mishaps and
design errors were present in 63 9 of the mishaps according to
Ordin. Even though material incompatibility with oxygen was
present in fewer instances than procedural or design error, the
percentage due to 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 survey indicates an accident in a Navy
compressed gas system due to spontaneous ignition every four
weeks during the period Jan. 1968—May 1971. The survey
does not indicate what proportion of these accidents are due to
material incompatibility, but it does 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 personnel error. From this information one cannot rule out
that a sizeable proportion may be due to material incompati-
bility.

There are several other small collections of accident histories
from the U.S.,”%%® England*®! and Japan®? most of which
conclude that either incompatible materials or collections of
contaminants are the major causes of accidents. In addition,
there are several detailed accounts of specific accidents, most of
which involve liquid oxygen, probably because liquid oxygen
accidents tend to be more catastrophic. The accidents in air
separation plants’®®3 generally are caused by contaminant
accumulation, and tank truck accidents’>®4®5 are more fre-
quently caused by equipment failure or incompatible materials.
The Brooklyn truck accident of 19707286 and two Australian
accidents®® were investigated in great detail. The most
thoroughly documented accidents were, of course, the two
Apollo incidents®®¢! since they were thoroughly instrumented.
That they occurred at all, in spite of the extensive precautions
necessary for the required high reliability, is a manifestation
of the necessity for concern with oxygen compatibility.

Experiments
The experimental research on the ignition and combustion of
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bulk materials is extremely varied in subjects, techniques, and
specimens. Here we discuss chronologically the more general
papers that include data on several materials or otherwise
contribute to a relative comparison of oxygen compatibility.
There are many studies of a specific nature or on nonbulk
specimens which are also of value (see for example the many
references in Markstein® and White and Ward?33). Data from
these papers are also considered in the generalizations and
recommendations at the end of this paper, but are not discussed
in detail.

In 1923, three decades ahead of any other studies of bulk
metal-oxygen behavior, Jakowsky and Butzler®! undertook a
classic study to determine the pressure dependence of the
ignition temperature of the metals most frequently used in high
pressure oxygen systems: iron, copper, brass, and lead. From
this, they hoped to determine the metal most suitable for high
pressure oxygen use, i.e., the first compatibility study. They
ignited wires inside a pressurized bomb by electrical Joule
heating and determined the approximate temperature from
resistance vs temperature calibrations of similar wires. Ignition
was observed as the severing of the wire and by visual inspection.
The lead wire always melted before igniting as did the copper
and brass wires at atmospheric pressure. Ignition temperatures
decreased with pressure up to 2000 psi with the iron dropping
most rapidly. From this they concluded that the copper and
brass were better for high pressure applications.

In 1955, Wells®7 reported one of the first comprehensive
studies of burn rates for various kinds of steels. In order to
improve oxygen torch cutting techniques for the steel industry,
he studied the combustion rates of iron bars as a function of
the kind of steel, oxygen purity, oxygen flow, and bar diameter.
After being ignited by a carbon arc, rotating bars were fed into
an oxygen jet at increasing feed rates until they extinguished
themselves. The maximum rate which maintained burning was
taken as the combustion rate. He found that pure iron burned
three times faster than iron with 19/ carbon. Diluting the oxygen
with about 6 9, nitrogen also reduced the burning rate by a factor
of three. He also determined that the effects of bar diameter and
oxygen flow were simply those caused by increased or decreased
heat flow.

Hill et al.3% reported in 1956 on tests in which they placed
heated 2 in. (0.95 cm) rods of several materials into a super-
sonic stream of oxygen. Also electrically heated wires were
ignited in static atmospheres of air, oxygen, and nitrogen. Good
agreement was found between the experimental data and
theoretical ignition temperatures derived from simple heat
balance equations. In the static tests they observed effects of
local depletion of the oxygen as well as retardation by prior
oxidation of the surface. They determined that iron, carbon
steels, and other common steels, such as 4130, have spontaneous
ignition temperatures below their melting points followed by
rapid burning. Inconel,* copper, 18-8 stainless steel, Monel, *
and aluminum melted before ignition in the tests performed.
Titanium could be burned in air, oxygen, and even pure
nitrogen.

In a classic work on the combustion of metals in oxygen
published in 1958, Grosse and Conway® reported their “skating
sun” phenomenon of a region of aluminum combustion floating
on a molten pool of aluminum. The basic objective of the work
was to develop a technique of producing and utilizing high
temperature sources. This they accomplished in an oxygen-
powdered aluminum cutting torch with a flame temperature in
excess of 3000°C. They also investigated other powders and
performed some ignition temperature measurements on bulk
metals. This was done by heating a 10 g specimen to a given
temperature in an argon atmosphere and then exposing it to a
stream of oxygen. Grosse and Conway classify the 17 different
metals as those that ignite below or above the melting point and

* The use in this paper of trade names of specific products is
essential to a proper understanding of the work presented. Their use
in no way implies any approval, endorsement, or recommendation by
NBS.
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relate that to the oxide ratio. They also discuss thoroughly the
thermodynamics of metal combustion and the theoretical
adiabatic combustion temperature.

An excellent and comprehensive investigation of ignition
temperatures was reported in 1959 by Reynolds.®® He was
probably the first to make the strong distinction between ignition
and burning and also to correlate preignition behavior with the
more thoroughly studied slow oxidation process. The study is
primarily a theoretical investigation of various environmental
parameters but also includes determinations of several ignition
temperatures. He used electrically heated wires in both a static
chamber and a high velocity wind tunnel and determined
temperatures with an optical pyrometer. Tungsten, tantalum,
several titanium and beryllium alloys, and a martensitic stainless
steel all ignited near the predicted temperatures. An austenitic
steel, copper, nickel, and some nickel alloys melted before
igniting. Reynolds also concluded that pressure to 8 atms
(0.8 N/m?) and the shape of the specimen had little effect on
ignition temperatures.

Between 1954 and 1961 Harrison®®°! reported some extensive
measurements of the burning rates of small wires of aluminum,
iron, magnesium, molybdenum, titanium, and zirconium. The
wires were ignited at one end by a small titanium coil and
photographed while burning in various oxygen concentrations
up to 1009, oxygen and 1 atm. Harrison was probably the first
to experimentally show the importance of the melting and boil-
ing points of the metals and their oxides. He concluded that the
metals could be classified in three broad groups: 1) metals with
low boiling points, such as aluminum and magnesium, that burn
in the vapor phase; 2) metals with intermediate melting and high
boiling points that burn at a molten surface, e.g., iron and
titanium; and 3) metals, like zirconium, with refractory oxides
which burn to form a solid oxide through which the oxygen or
metal vapor must diffuse. He also showed that, at least at low
pressures, the burn rate is proportional to the square root of the
pressure. There also exists a minimum critical oxygen percentage
necessary to support combustion which is different for different
materials and increases with wire diameter.

Starting at this time (1959) and extending for a decade,
Kirschfeld?-%+41-92-9¢ pyblished the results of many different
promoted ignition, burning experiments on many different
materials: copper, brass, zinc, iron, aluminum, magnesium,
cobalt, cast iron, various steels, copper alloys, and nickel
alloys. He determined the effects on the burning rates of the
diameter of wires and cross sections and surface areas of tubes,
wires, and foils. The dependence of the combustion rate on
oxygen pressure to 225 atms (22.5 MN/m?) was determined for
many of the materials. Relative burn rates for many of the
materials were also discussed. For example, Kirschfeld could
not ignite and burn nickel wires up to 200 atm (20 MN/m?)
without twisting or alloying with other metals. Copper and
copper alloys burned slowly and with difficulty. High nickel
content stainless steels were also slow to burn. The chromium in
steel, with its high heat of combustion, tended to enhance burn
rates. Low carbon and unalloyed steels and pure iron had
combustion rates lower than many of the alloyed steels.
Aluminum, magnesium, zinc, and cobalt all burned even more
readily. The effect of size and shape of the specimens was a
proportionality to the burning cross section.

The effects of oxygen pressure bear special mention because
Kirschfeld has done more study of this than anybody else.
Generally speaking, but with significant exceptions, he finds an
approximate square root dependence of the combustion rate on
pressure. Some of the exceptions are as follows. Initially, at
pressures near 1 atm (0.1 MN/m?) the burn rates of magnesium
and brass decrease with increasing pressure because of the
suppression of the vaporization of the magnesium and the zinc
in the brass. At intermediate oxygen pressures [16-32 atm
(1.6-3.2 MN/m?)] the burn rates for aluminum and some steels
have discontinuities, apparently due to the involvement of
different species of oxides. At high pressures, several hundred
atmospheres, he also indicates a drastic shift to decreasing burn
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rates with some metals. This had been predicted by Spalding.®’

Littman and Church,?” in 1959, reported on the reactions of
titanium and zirconium with oxygen and steam. They used both
autoignition and the forming of fresh surfaces by tensile fracture
to show that both materials readily react with oxygen. The auto-
ignition temperatures dropped significantly from 1200°C to
about 100°C as the pressure was increased to 350 psi (23
MN/m?).

An often quoted experiment by Dean and Thompson*® in
1961 used resistance heating of tubes of various metals and
alloys in 50, 300, and 800 psi (~0.3, 2, and 5§ MN/m?) oxygen,
carbon dioxide, and a 50-50 mixture of the two. With motion
pictures they observed ignition and the extent of burning in
eight different stainless steels, six nickel alloys, two cobalt
alloys, and aluminum, copper, and titanium. The nickel alloys
did not ignite until their high melting points were reached as
was also the case with high nickel stainless steels; cobalt and the
remaining steels ignited more readily. A copper test section
ignited near its melting point only at 300 psi (2 MN/m?), and an
aluminum section melted at a very low temperature and stopped
the resistance heating. The titanium was very reactive, even in
pure carbon dioxide. o

As part of an evaluation of materials and methods for high
pressure oxygen systems [to 7500 psi (~50 MN/m?)], Baum
et al.®* in 1962 studied the effects of temperature, vibration,
shock, storage, flow, and surge on various materials and system
components. They chose four metals, 316 stainless steel, Monel,
brass, and copper, and several nonmetals for investigation.
After an extensive testing program of thermal cycling, shaking
and shocking, altering surface properties, eroding with high
speed flow and much more, they concluded that among the
metals stainless steel and Monel were much more suited to high
pressure structural use than brass and copper and that polytetra-
fluoroethylene (TFE) and polychlorotrifluoroethylene (CTFE)
were the best of the nonmetals for valve seat and seal materials.

In a 1963 study to determine the reactivity of titanium subject
to various aerospace conditions, Riehl, Key, and Gayle®? also
studied several other metals. Initially they found that various
surface coatings on the titanium could reduce but not eliminate
its impact sensitivity. They then tested several materials for
shock sensitivity by determining the size of ignition cord neces-
sary to cause a reaction in liquid or gaseous oxygen when
detonated adjacent to a tube containing a strip of the test
material and the oxygen. The materials tested in decreasing
order of ignitability were titanium, copper or nickel plated
titanium, magnesium, aluminum, the ignition cord itself,
fluorocarbon impregnated gaskets, and 304 stainless steel. It
should be noted that in this particular test the stainless steel
never did ignite and three metals were more shock sensitive than
the ignition cord itself. In various semiquantitative puncture and
electrical spark tests they concluded that titanium was much
more reactive than aluminum or stainless steel.

In another study to evaluate titanium alloys, 301 stainless
steel, and 2024 aluminum for liquid oxygen tanks, Christian
et al.”” reported in 1963 on diaphragm puncture, tensile fracture,
and simulated micrometeroid puncture tests. The titanium
alloys reacted readily with oxygen in many of the tests but
appeared to initiate reactions only if the fractures were rapid.
Slowly propagating fractures caused by cyclic loads did not
cause reactions. Neither the stainless steel nor the aluminum
alloy reacted; however, they report that aluminum did react
with liquid oxygen in the standard impact test.

Other similar tank rupture tests were reported by Dengler”’
and Stephens et al.®® These tests included tanks of titanium
alloys, 304 stainless steel, 6061 aluminum, and several fiber-
reinforced plastics. With projectile rupture only the titanium
alloys reacted.

One of the most comprehensive research programs on the
compatibility of materials with high pressure oxygen [7500 psi
(~50 MN/m?)] was published by Nihart and Smith®® in 1964.
In it they discuss previously performed work as well as un-
published work from their laboratory on velocity (particle)
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impact tests and promoted ignition tests. They also report the
detailed results of their oxygen bomb, promoted ignition, and
adiabatic compression tests. Besides many thread sealants,
lubricants, fluorocarbon plastics, and elastomers, they tested
four stainless steels (301, 304, 316, 17-7PH), three nickel alloys
(Inconel 600 and X-750 and Monel 400), aluminum, nickel,
copper, brass, silver, gold, and lead. In addition they pertormed
some system tests to determine the most important hazards for
high pressure oxygen systems. Nihart and Smith report that the
relative resistance of metals and alloys to ignition and combus-
tion in 7500 psi (~50 MN/m?) oxygen is the same as reported
for lower pressures and similar to that reported by Dean and
Thompson*® except for placing aluminum last instead of first.
They recommend the nickel alloys and discourage use of
aluminum, copper, and stainless steel for high pressures. With
reservations, the only plastic recommended for use was a glass-
filled TFE. The hazards judged to be most responsible for
ignitions in oxygen systems were adiabatic compression and
particulate matter loose in the system.

Beginning in 1964 Key et al.*5~48:99:100 have published the
results of many years and many thousands of impact tests in
liquid oxygen. The authors group the materials tested in the
categories of lubricants; sealants and threading compounds;
thermal and electrical insulations; plastics, elastomers, and
adhesives; gaskets and packing; metals and alloys; and chemi-
cals, solvents, detergents, and miscellaneous. For metals and
alloys they generally conclude that all ferrous and aluminum
alloys are not impact sensitive but titanium, magnesium,
zirconium, indium, and tin alloys are. They also note some
unusual effects; for example, adding pigment to the normally
unreactive TFE renders it highly sensitive to impact, and
chlorofluorocarbon oils and aluminum which are separately
insensitive yield a violent reaction to impact when together.

From 1964 until the present, the group at Princeton under
Glassman has published a great deal on the ignition behavior
of metals. Initially concerned with a spectroscopic investigation
of small particle ignition, Brzustowski and Glassman!0!-102
determined that aluminum and magnesium burned in the vapor
phase. They correlated physical properties, particularly of the
oxides, to the burning behavior. They also pointed out the
complexity of the process by identifying as many as nine regions
dominated by different combustion phenomena. Mellor!#193
developed a model of heterogeneous ignition emphasizing the
role of the oxide behavior and the importance of the oxide
volume ratio and correlated it with results for aluminum wires
and magnesium ribbons. Laurendau!®* later extended this
study to some ten different metallic elements utilizing induction
heated wires to determine ignition temperatures and study the
role of the oxides.

Kuehl'9*19 in 1965 reported on a study of metal particle
ignition and combustion of aluminum and beryllium. In it he
also reported some experimental measurements on electrically
heated wires and showed that the surface treatment can signifi-
cantly lower the ignition temperature of aluminum as can
burning in water vapor. He also included a good discussion of
vapor phase vs molten burning and the role that the oxides play.

Probably the largest variety of materials tested for ignition at
high pressures is provided in a study by Guter in 1967.1° He
determined the pressure dependence of the ignition temperature
of many materials in a stainless steel bomb capable of 250 atm
(25 MN/m?) and 450°C. The materials were classed in the five
groups of lubricants, rubbers, polymers, valve seat materials,
and metals and alloys. Generally he found significant reductions
in ignition temperature with increasing pressure, and TFE and
CTFE were the most ignition resistant of the nonmetals. None
of the metals ignited below his maximum temperature of 450°C.
However, a drop of oil added to the metal surface ignited at its
ignition temperature and raised the local metal temperature
enough to cause the metal to ignite.

In a 1968 paper on the inflammability and combustibility
of metal tubes in quiet and circulating oxygen, Simon*? reports
the combustion temperature, burn-through times, and the
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volume of the metal lost for a standard promoted ignition for
eleven German alloys. The volume lost for a given amount of
igniter material provides a realistic measure of the extent of a
reaction caused by the ignition of a contaminant. The copper
alloys are much better in this respect than the stainless steels
which are better than the high chrome steels, carbon steels, and
aluminum alloys.

The ignition temperatures of electrically heated bars of two
Russian steels and a nickel alloy were compared by Nesgovorov
et al.1%7 at pressures up to 1800 psi (12.4 MN/m?). A linear
decrease with pressure was observed with the nickel alloy
dropping faster so that at high pressures the steels may be
better.

In 1970 Barrere!®® reported the results of photographic and
spectroscopic studies of electrically heated and promoted
ignition of burning wires of aluminium, magnesium, beryllium,
and boron as part of an assessment of particle burning for
rocket propellant enhancement. He divides metals generally into
volatile and nonvolatile categories to describe the burning and
concludes that it is very complex.

In a series of experiments to make more of the test informa-
tion more relevant to actual use, Bauer et al.*®3° performed in
1970 and 1971 some fire tests on centrifugal liquid oxygen
pumps made of various metals. In addition to generating a
wealth of information about safe pump operation, they per-
formed some comparative tests of identical pumps made with
impellers and casings of bronze, stainless steels, and aluminum
alloys. After artificially seizing the impeller to cause it to rub
on the casings and injecting various pieces of metal into the
operating pumps, they concluded that bronze casings and
impellers provide the greatest security against fire and explosion
damage. Stainless steel was second best. Some of the results
were quite spectacular; for example, injecting a rusty nail into an
aluminum pump caused immediate detonation. The results were
not always reproducible, as with tests with bronze casings and
aluminum impellers.

In 1971, Keeping®? reported on a series of tests to rank
materials for oxygen compatibility. Three tests were discussed
as a review of British testing efforts; a high pressure auto-
ignition bomb test, a ““pot” test in which a sample was placed in
a flowing stream of hot oxygen, and a liquid oxygen impact test.
He also discussed several modifications to make the tests more
relevant and urged standardization of test procedures. In
addition, he reported on a series of promoted ignition tests in
which the amount of a standard fuel necessary to ignite the
specimen was recorded. The order of decreasing resistance to
ignition was copper, Monel, some steels, and titanium. In the
course of the tests he noted the hazard of rust contaminants
and their highly exothermic reaction with aluminum. He also
urged the use of steel sections no less than about 1 mm minimum
dimension because of the increased resistance to ignition.

In a series of experiments with oxygen turbo-compressors
Naegeli'®® evaluated the effects of various rotor and stator
materials when forced to rub and gall at high velocities. He
concluded that silver, nickel, and copper are better than the
stainless steels even though the steels may be more resistant to
ignition. This is principally because in compressor applications
local heating is important and the higher thermal conductivities
are more desirable.

Pressure Effects

Recent trends in aerospace, military, and commercial use of
both liquid and gaseous oxygen point toward use of higher
pressure. With this increased use to 10,000 psi (70 MN/m?) and
higher, compatibility considerations are of paramount impor-
tance. Deep concern with safety is rightfully prevalent through-
out the field. Recently, the authors performed a survey of the
compatibility of materials with high pressure oxygen service!*®
and its contents are summarized below.

There are considerable high pressure data available, but, in
some instances, the inconsistencies produce a confusing picture.
The principal sources containing information regarding the
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Fig. 1 Ignition temperature of metals as a function of pressure. Data
taken from Refs. 31 and 107.

effect of pressure on oxygen compatibility are Attwood,*
Baum,%* Dean,*® Guter,'® Kimzey,'!! Kirschfeld****5 and
NASA MSC-02681%° which were discussed previously. An
extensive tabulation of test data is contained in Appendix E of
NASA MSC-02681. It contains the high pressure compatibility
test data of both metals and nonmetals, not just nonmetals as
indicated by the title of the source document. The document is
periodically updated to include the most recent NASA test data.
The sources of oxygen compatibility information include
considerable data below 3000 psia (20 MN/m?) and these data
are useful for projections at higher pressures.

The existing high pressure compatibility data can be sum-
marized as follows. The ignition temperatures of metals
generally decrease with increasing pressure. However, there are
insufficient data available to quantitatively define this pressure
dependence for but a few metals over relatively small pressure
ranges. Figure 1 illustrates the available ignition temperature
data which approach the high pressure range. It is interesting
to note that the nickel alloy curve crosses the steel curve,
suggesting the possibility that steels may be better suited for
high pressure service. No ignition temperature data exist above
2000 psia (14 MN/m?). There appears to be a definite need for a
careful measurement of ignition temperature as a function of
pressure up to at least 10,000 psia for some of the more techni-
cally important metals. The effect of specimen size and shape
should also be investigated.

The burning rate of metals generally increases with the square
root of pressure and inversely with cross-sectional area at low
pressures, but at higher pressures burning rates decrease, as
shown by Kirschfeld.3%#%°5 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 been extensively studied; however, the repeatability
of the data are in question (see compatibility test section).
Because of this lack of repeatability, it is difficult to be certain
from the available data if metals are more or less sensitive to
mechanical impact at higher pressures. The dependence on
pressure, according to these data, is, at best, small. On the basis
of the impact test data alone, it appears that any of the common
metals and alloys, including aluminum and stainless steel, are
acceptable for use. However, it is noted that the nickel and
copper alloys are less sensitive to mechanical impact than
aluminum and stainless steel, in particular.*°

Other high pressure data such as ignition by electric arc,
particle impact, and flash and fire point data are being deter-
mined by Stradling’* 112113 for both metals and nonmetals.
Some of these measurements will be at pressures to 10,000 psia
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(~70 MN/m?) and, therefore, will be very useful for material
ranking.

The ignition temperatures, as well as the related flash and fire
point temperatures of nonmetals generally decrease with
increasing pressure up to about 1500 psia (10 MN/m?). Above
this pressure ignition temperatures tend to be independent of
pressure. A few typical curves of flash temperature vs pressure
are presented in Fig. 2. One should note the close correspon-
dence between flash point and ignition temperature. It can also
be observed that the flash points are nearly independent of
pressure at 2000 psi, strengthening the conclusion of Nihart and
Smith®® that the ignition temperature is independent of pressure
from 2000 to 7500 psia (~ 14 to ~50 MN/m?).

Due-to the imprecision of the mechanical impact data on
nonmetals it is difficult to readily detect a pressure dependence
in sensitivity. Although more compatibility data exist for non-
metals than metals, additional data at high pressures are needed
to confirm the pressure dependence of ignition and impact
characteristics. A more critical need, however, is the investiga-
tion of other nonmetals to find those with the highest oxygen
compatibility. Some materials which have probably not been
fully explored for oxygen use are the ceramics and compositcs.

Hust and Clark!!® conclude that “The extension of gaseous
and liquid oxygen applications to pressures above 3000 psia is
reasonable based on the present data. However, in cases where
extremely high reliability is demanded, the extension is con-
sidered 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 addi-
tional problems will be encountered. However, to obtair high
reliability, extensive materials compatibility testing to 10,000
psia will have to be done.

“In high pressure systems the enhancement of existing
ignition sources is more important than the decreased ignition
temperature of materials. For example, in high pressure appli-
cations 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 avail-
ability of O,. The possibility of ignition due to mechanical
failures is also greater.

“There are few compatibility data on most materials above
3000 psia and much is needed. It is also desirable to have more
quantitative fundamental data. This requires study of the
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physical phenomena involved and the design of experiments to
develop parameters representing these phenomena. There is
also a strong need for more engineering compatibility charac-
terization measurements, such as configuration and component
tests by manufacturers.”

Theory

There is really no comprehensive theory that is directly
relatable to relative compatibility but there are several theories
concerning ignition of solids and a few models for continuous
heterogeneous combustion. Any comparisons between materials
would have to be made by adjusting the physical properties
contained in a particular model and somehow accounting for
the different physical behavior of the different materials and
their oxides. Nearly all the theories are based on a heat balance
technique and, for ignition, look for the point at which the
temperature rise is self-sustaining. Regions of heat deposition
and heat removal are defined, and various models differ
basically in how detailed this description is. Nearly all ignore
possible intermediate chemical reactions or excitations and mass
flow and some even ignore the effects of condensation. Because
of the interplay of the different melting and boiling points, the
solubility and size of the oxides, the heat of combustion and
vaporization, the mechanical properties of the oxide, and much
more, it is a very difficult task to develop a theory that will
describe more than one kind of material. No simple unified
theory will probably ever suffice for all materials.

Briefly described below are some of the more recent theo-
retical works. One older’'* and several more recent
reviews33:115:116 of jonition theories are available for more
detailed discussions.

Eyring and Zwolinski''’ were the first to use a simple heat
balance between the heat produced by the chemical reaction
and that lost by conduction through the oxide coat to obtain a
buik ignition temperature. Hill et al.®® extended this to include
convection and radiation losses because in their experiment
conduction losses were small. This is exemplary of the rapid
specialization of theories to match specific materials or condi-
tions. Altman and Grant!!® looked at the heat balance around
a hot wire used to ignite a rocket propellant. Other specialized
considerations are the ignition of single particles by Friedman
and Macék''”-12° and Belyaev,!?! ignition of evaporating fuels
by Hermance et al.,!2%!23 the transition from ignition to
burning by Anderson,!?* and a recent concern about the
role radiation plays in the ignition of solids by Linan and
Williams.!2® Boddington'26-1?7 has explored the extension of
Frank-Kamenetskii’s criticality parameter!2® to solid bodies of
various shapes to try to predict when they will ignite.

In an early (1956) review of ignition temperatures of solid
metals, Reynolds and Williams* ! present a thorough discussion
of the many parameters involved in ignition including pressure,
temperature, flow, surface state, heat transfer, etc., and the rate
limiting factors. They divorce ignition from burning and treat
ignition as an extension of slow oxidation. The ignition tempera-
ture is defined as the minimum of the time derivative of the
temperature, i.e., where the rate of the temperature rise begins
to increase. They generate universal curves of temperature, time,
and heat flow which agree very well with experiment.

The review of thermal ignition theory by Merzhanov and
Averson''¢ includes some basic theory by Merzhanov!?°~ 13!
and a good discussion of many of the usually ignored effects
such as the depletion of the reactants, size effects, and phase
transformations.

The review of metal ignition and flame models by Glassman
et al.'' also describes an ignition theory which can help
account for the important physical behavior of the reaction
products, e.g., oxide coatings. The authors define a transition
temperature where the reaction rate becomes independent of
time at a constant temperature and relate it to the point where
oxide layers become nonprotective. The transition temperature
should be a unique value of the metal-oxide system and it is
favorably compared with experiments.
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Models for steady-state burning behavior are much less
prevalent. Markstein!32 probably has the best over-all dis-
cussion of the heterogeneous combustion process and whether
metals will burn in the vapor phase or from the solid or some
combination. Coffin®® was one of the first to discuss a model for
burning to explain his results in burning magnesium ribbons.
He assumed magnesium vapor phase burning and a finite
reaction zone away from the surface. The burning of solid
rocket propellants has been the impetus for calculations by
Spalding®” Belyaev and Bakhman,'?! and Culick and
Dehority.'*® Spalding in 1959 predicted the negative pressure
dependence at high pressures which was later seen by Kirsch-
feld.>® Other discussions varying in the degree of complexity of
the interactions considered in the combustion zone are by Lordi
and Markstein,!3* Merzhanov,'3! and Henderson'” who con-
siders polymerization as a possible stage in the burning of
aluminum and beryllium.

Thermophysical Properties

Many of the papers already discussed have collections of
relevant thermophysical or thermochemical properties. It is
beyond the scope of this review to compile and critically evaluate
these data, but it should be done.

Probably the best collection of data is in White and Ward?? a
review paper published in 1966 on the ignition of metals in
oxygen. They include tables of melting points, boiling points,
densities, heats of fusion, and vaporization, vapor pressures vs
temperature, thermal conductivities, and specific heats of nearly
all the metals and their oxides. Several tables of metal ignition
temperatures vs pressure or oxygen dilution for both bulk and
fine particles are included in the summary of the work.

Ignition temperatures are collected in several papers, e.g.,
Mellor.1°® Both Marzani'?®® and Guter'® include ignition
temperatures of many nonmetals with the latter including the
pressure dependence. Keeping®® and Brady’? include properties
of some of the oxides and Reynolds and Williams®® include
slow oxidation data and rate constants. Baum et al.%% show
methods and calculations of adiabatic temperature rises,
pressure, and temperature relations, and vessel effects. Ignition
temperatures, burn rates, and properties from several references
are collected by McKinley.*® Grosse and Conway'® show an
interesting plot of heat of formation of the metal oxides vs
atomic number which shows maxima at beryllium, aluminium,
titanium, and zirconium and minima at nickel-copper, silver,
and gold.

The thermodynamic properties of oxygen are reported by
McCarty and Weber!® and, of course, there are a great deal of
data in the Handbook of Chemistry and Physics.'>"

Review Papers

There are several review papers that are relevant to considera-
tions of compatibility with oxygen. Many of these have been
mentioned already and some have been discussed in detail, such
as the theory reviews by Merzhanov and Averson!!'® and
Glassman et al.'!® and the high pressure review by Hust and
Clark.*'®

The slow oxidation of metals which has been related to
ignition by Reynolds and Williams is covered by Smeltzer and
Perrow!3% and Seybolt.!3? Earlier reviews of the reactivity of
metals with oxygen were in 1958 by Reynolds®® who set out the
initial guidelines for compatibility testing, in 1963 by Jackson
et al.!® who considered mostly titanium but many different kinds
of tests, and in 1964 a brief summary by Brady.”®> A very
thorough review of the ignition of many metals in oxygen was
published by White and Ward?? in 1966. Kimzey'!! reviewed
the factors affecting ignition of metals in high pressure oxygen
systems in 1970 and McKinley*® published an excellent review
of the experimental work on ignition and combustion of metals
in 1971.

The first review of combustion research which included solids
was prepared in 1946 by A. D. Little, Inc.'*° Grosse and
Conway'¢ also discussed previous work in their paper on the
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Table 1 Thermal data on metals and alloys®
Lenition Meltin Boilin Melting Boiling Thermal Thermal Heat of Oxide
Materials tim K t I% t Ig( temp of temp of conductivity at  diffusivity at combustion volume
P cmp emp oxide(s) K oxide(s) K 300K(W/emK) 300K (cm?/s)  (J/g) ratio
Elements
Aluminum > 1000 933 2720 2323 3800 22 0.91 31,000 ~1.3
Beryllium ~ 2500 1356 2750 2820 ~4300 1.6 0.44 68,000 0.7°
Copper 1300 1360 2855 1503-1600 . 4.0 1.15 2,400 1.71
Gold does not ignite 1336 2980 ... 3.1 1.24 8 ...
Iron 1200 1812 3160 1693-1870 0.8 0.23 7,000° 2.23
Magnesium 900 923 1390 3075 3350 1.6 0.90 25,000 0.81
Manganese 1517 2314 2058 3400 0.23 0.063 7,000 1.25
Molybdenum 1023 2890 5100 1070-2880  1530- 1.4 0.63 6,100 ~33
Nickel 1730 1730 3110 2230 0.6 0.15 4,000 1.64
Silver does not ignite 1233 2450 .- 4.0 1.61 140 e
Tantalum 1550 3270 5700 2073 0.6 0.26 5,600 2.54
Tin 1140 505 2960 1353-2200 . 0.6 0.39 2,400 1.32
Titanium ~ 1600 1950-2070 3550 1920-2400  3000-3300 0.18 0.076 16,000° 1.73
Zinc 1170 693 1181 2250 . 1.25 0.46 5,300 1.44
Zirconium 1670 2125 4650 2960 0.43 0.23 12,000 1.56
Copper alloys
Berylco 25¢ 1133-1144  1144-1255 0.24-0.38 ~0.38
Brass 70/30 1273 1183 1.26 0.39 3,600
Nickel alloys )
Inconel® 1620 1670 0.11 0.040 4,700
Hastelloy® 1600 1640 0.11 0.040 5,000
Monel® 1520 1600 0.25 0.066 3,400
Iron alloys
Cr steel 1420 1670 0.30 0.085 7,700
Stainless steels 1400-1670 1670 0.15 0.043 8,000
(300-400)
Carbon steel 1370 1780 0.80 0.23 7,500°
Titanium alloys
Ti-6Al-4V ~1600 1803-1908 0.066 0.027 16,000°
Ti-8Mn 1610 1775 0.11 0.051 16,000°
Nonmetals
TFE 750 ~ 600 0.002 ~0.001 1,100
CTFE 700 ~ 500 0.002 ~0.001 1,500°
Polyethylene 450 ~400 0.004 0.002° 9,000
Nylon® 475 ~ 500 0.003 0.002° 7,000

“ Most data taken from Refs. 16, 33, 43, 89 and 115.
® Approximated.

< The use of trade names in this paper of specific products is essential to a proper understanding of the work presented. Their use in no way implies any approval, endorsement,

or recommendation by NBS.

combustion of metals in oxygen. Probably the best reviews of
the combustion of metals and the heterogeneous combustion
process are by Markstein®13% in 1962 and 1967. Essenhigh'!
also considers heterogeneous combustion in 1967 and Axworthy
and Evers!#? in 1971 reviewed the postignition combustion
behavior of metals in high pressure oxygen systems and discuss
what should be measured to characterize it.

In other reviews Gordon et al.?* and Friedman?? cover
techniques for combustion research, Cochran et al.'*3 review
the combustion research in zero-gravity, and Pelouch!** con-
siders the safety aspects in design for oxygen systems.

Several texts are also worth mentioning as possible reference
sources. These are the Fundamentals of Combustion by Streh-
low,'*® Heterogeneous Combustion edited by Wolfhard et al.,'*¢
High Temperature Oxidation of Metals by Kofstad,'*” and The
Electrical Aspects of Combustion by Lawton and Weinberg.!48

Relative Compatibility of Materials

Virtually all of the metals, with the possible exceptions of
gold and platinum, will react with oxygen at some temperature
and pressure, yet some are consistently more difficult than others
to ignite or to maintain burning. Ideally, it would be possible to
rank the various materials for compatibility but it is only
possible for a given set of conditions. In a different application
this ranking could be totally different, as the disparity of some
of the test results indicate.

McKinley*® has taken an excellent approach in ranking

materials only for a specific test and has done so for eleven
references. The relative position of a material in the ranking
will be different for different tests. The order for electrical
ignition of a wire, for example, ranks aluminum first while a
promoted ignition test ranks it last. Choosing a material, then,
entails evaluating the test method closest to approximating the
actual application conditions.

Another way of analyzing relative compatibility is to
formulate an equation for a compatibility index with variable
weighting factors. The equation is dependent on the physical
properties of the materials and the magnitudes of the weighting
factors are based on the particular application. For example,
the compatibility index could be defined as being proportional
to ignition temperature, thermal diffusivity, impact energy
necessary to react, mass, etc., and inversely proportional to the
heat of combustion, operating temperature and pressure, flow
velocities, etc. Then there would have to be several weighting
factors for different systems to evaluate potential ignition
sources, risks, exposure to oxygen, damage effects, etc. It cannot
be overstressed that a compatibility index is very arbitrary but
may well suffice for comparisons for a given specific application.

It is possible, however, to discuss the general behavior of a
group of materials in the presence of oxygen in hopes of pro-
viding some guidance where there is wide range of choice. Some
general characteristics of the compatibility of some of the more
common structural materials, mostly alloy classes, are described
below. The relevant physical properties of the base metals, for
some of the alloys, and some other materials are shown in
Table 1.
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Nickel and copper alloys

Nickel and copper alloys are generally the most compatible
metals available for oxygen use. The high nickel alloys and
nickel copper alloys are difficult to ignite and even more
difficult to keep burning.*®¢®* They show a definite quenchant
behavior*?-#8:89 probably due to low heats of combustion and
high thermal diffusivity so that the heat is carried away rapidly.
Nickel-copper alloys are being used more and more for safety in
high pressure applications in spite of the added cost.

Stainless steels

Those stainless steels with high nickel content are generally
better for use with oxygen. Austenitic steels are also better than
martensitic. Low carbon and low alloy steels begin to behave
more like iron which is more readily ignited and burns faster but
occasionally will quench itself with slag.®® The stainless steels,
as a class, have relatively high ignition temperatures3® and in
some tests show quenchant behavior if they do ignite.*! With
their excellent mechanical properties the stainless steels are
frequently the best balance between cost and safety.

Aluminum alloys

Aluminum alloys are widely used in oxygen systems and have
an impressive safety record. Several accidents have involved
aluminum burning but are usually ignited by some other
source.”>7%:83 Aluminum, however, is classed generally with the
other light metals with relatively low ignition temperatures,
high heats of combustion, and violent fragmentation when it
does burn.>*93-93:105 Aluyminum alloys will frequently melt
before igniting!**° and can flow away from the heat source
which would hinder any reaction. It could stop the reaction, but
may cause hot, molten aluminum to flow to another part of the
system. The low cost and weight per unit strength of aluminum
alloys, however, have led to common use in oxygen systems.

Titanium alloys

These light, strong alloys are commonly used in aerospace
applications but are very reactive with oxygen and are seldom
used with it. A fresh surface of titanium will react violently!>
and its alloys pass few of the compatibility tests.®2 These facts
coupled with a relatively low ignition temperature and high
heat of combustion virtually exclude it from use.

Other metals

Nearly all the other metals suffer from low ignition tempera-
tures and ready combustion once ignited. Basically, all the light
alkali metals, the transition metals (except Cu, Ni, and perhaps
Co), the rare earths, and the transuranium elements!4° 13! have
shown undesirable behavior with oxygen. Notable exceptions
are the noble metals which are virtually inert but limited by their
high cost.

Nonmetals

Very few nonmetals are used structurally with oxygen systems.
Two notable exceptions are polytetrafluoroethylene (TFE) and
polychlorotrifluoroethylene (CTFE). Compared to metals these
materials are highly combustible!® but are the best of what is
available. TFE and CTFE are more compatible than other
organic materials because they are highly fluorinated with the
strong fluorine-carbon bond. Generally, the more halogenated
(particularly with fluorine) a hydrocarbon is, the safer it will be
with oxygen.

The search for highly compatible materials for use with
oxygen is far from over. Nonmetals are urgently needed. Some
materials which have probably not been fully explored are the
ceramics and composites.

Recommended Selection Procedure

To assist in choosing a properly safe material we have out-
lined some considerations and guidelines as follows. Obviously
one should first select materials which physically fulfill the
mechanical demands of the component considered. These
materials can then be analyzed to select the most chemically
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compatible material. This selection process often can be 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
advocated. 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 recommendations based
upon the results of individual investigations often are highly
contradictory, 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.*®6593-%5 We believe the material
selection process should be accomplished by matching the
particular demands of the equipment component with the
materials best satisfying these demands. Material selection on
this basis assumes the existence of several types of compatibility
and physical properties data for these materials. For example, if
a component is likely to be impacted but not likely to be in a
high temperature environment, major consideration should be
given to materials with a low impact sensitivity before consider-
ing their ranking according to ignition temperature. The
importance of equipment design 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.

The following is a priority sequence of guidelines that can 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 material which is least likely to ignite under
the operational 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.

The first guideline is most likely satisfied by selecting the
material with highest ignition temperature but is also affected
by the presence of oxide coatings or the possibility of inter-
material reactions. For example, it has been reported and
discussed by Key,*®*® Ordin,” and Keeping®?* that chlorofluoro
compounds may react strongly with aluminum under shear
forces. This reaction may be sufficient to ignite aluminum in the
presence of oxygen. Iron rust according to Keeping®? signifi-
cantly lowers the ignition resistance of aluminum in oxygen.
Materials with a high thermal diffusivity are better in dynamic
systems since local energy impulses will result in less pro-
nounced hot spots than with low diffusivity materials. In a static
system high thermal conductivity materials are 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 result in hot spots for
ignition. If the ignition temperature is sufficiently above the
melting point, sharp edges will probably be smoothed by
melting before ignition occurs. This has been reported to be the
case for aluminum by Keeping.®® At high pressures the pre-
vention of ignition should be the principal goal because any
reaction will probably be catastrophically destructive.

The second guideline, selecting a material which tends to
quench itself, is influenced by several factors. The heat of
combustion is the most important. If it is sufficiently low, the
heat may be conducted away rapidly enough to quench the
burning. The reaction products may also interfere with con-
tinued oxidation. 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 also utilize good design to slow down the
reaction. 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 either quench
or slow a reaction propagating along the pipe. The shape and
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size of components at strategic points in a system can be
significant in controlling a reaction. Thermal anchoring of
potentially reactive components to a cold heat sink can also be
useful in curtailing a burn. A rapid operating system to shut
down the oxygen supply may prevent extensive damage, unless
the initial burn occurs with explosive violence. Limiting the
oxygen availability by restricting oxygen flow where possible is
desirable for control purposes.

The balancing of these considerations on top of the normal
design criteria provides a tough problem indeed. We hope that
by enumerating some of them we have aided future safe design.
Much more data, however, would be of help.

Future Research

To be able to specify those materials that are compatible with
oxygen under all conceivable conditions that could occur would
require an understanding of all oxidation phenomena that would
be legendary. However, the application of academic research
capabilities to basic combustion coupled with a correlated series
of empirical testing programs could come close to achieving this
goal. Such a program would have to include a wide range of
work : for example, generation and collection of all the thermo-
dynamic data for all states of metals and their oxides, explora-
tion of new materials of construction such as composites and
new modes of use such as slush or solid oxygen, development
of a series of materials screening tests, and evaluation of the
contaminant-component interaction to the point of being able to
specify minimum potential energy levels for interaction. This is
obviously beyond the scope of any single effort on a non-
emergency basis. Three areas of work should be considered as a
beginning: existing information, empirical testing, and basic
research.

Existing Information

As was indicated in the review of past work, there are a great
deal of uncorrelated data available in the literature, and no time
or effort should be wasted in attempting to sort out the many
different tests and their multiplicity of parameters. However,
considerable basic thermophysical properties data are available,
some of them hidden in the compatibility tests but most available
in chemical or combustion research journals and handbooks.
These include the melting point, boiling point, density, heat of
fusion, heat of vaporization, specific heat, heat of formation,
heat of ionization, vapor pressure, thermal conductivity, ignition
temperatures, oxygen and oxide solubility, oxide volume ratios,
and oxidation states for all the metals, their oxides, and other
potential structural materials. These data are necessary for any
comparison with theoretical predictions, comparisons between
materials, and a prerequisite for experimental design. Therefore,
they should be collected, critically evaluated, and published in a
form useful for design engineers and research scientists.

The other aspect of existing information that can be utilized
is a correlation of presently operational test apparatus. In order
to do this, a set of well characterized, standard research
materials could be established to be provided to any group
willing to run tests on them and disclose their results. With the
proper choice of materials, say several metals and some non-
metals, a wide range of comparisons could be made with the
elimination of the troublesome materials and preparation
parameters. This program, at a minimal cost, would provide
several beneficial results. First, it would generate an interest in
the whole problem of compatibility and encourage an awareness
of work going on in the whole field. It would also allow extension
of any group’s capabilities and confidence in its results. Also, it
could rapidly indicate those tests or kinds of tests that are
consistent as well as those that are obviously not. These
materials would then provide a basis for comparison with any
new tests.

Empirical Testing
Empirical testing of candidate materials in configurations

COMPATIBILITY OF STRUCTURAL MATERIALS WITH OXYGEN 451

closely approximating their potential use is obviously the most
practical approach and has a definite application in this problem.
To provide an accident situation involving oxygen transport, a
structural material must not only ignite but continue to burn to
sufficiently weaken the structure. In contrast to this, a space
application may be aborted with ignition only, since component
reliability is synonymous with personnel safety.

For this reason, a wide ranging and comprehensive research
program on the ignition of materials should be undertaken.
Several major categories of ignition sources can readily be
defined and standard test materials could be examined in each.
Some ignition sources have been well covered but could be
looked at again with the same test materials for good correlation.
The role of contaminants is a crucial one for ignition and should
always be included. (A major effort along these lines has been
initiated by the Aerospace Safety Research and Data Institute
of NASA.)

For an accident situation, ignition is almost always assumed
and the propagation of burning is what determines the nature of
the accident. Some materials have been shown to be difficult to
burn and in some cases even show a quenchant behavior,
probably due to their large heat capacities, small heats of
combustion, and the role of their combustion products. Nearly
all of the research done on burning rates has been with small
wires, ribbons, or tubes. Therefore, research into the burning
behavior of bulk materials with minimum dimensions of the
order of 1 cm should be done. This would involve ignition of
different shapes of bulk samples of structural materials in an
attempt to understand the role of the mass, shape, surface state,
and environment in the propagation of combustion. The idea
would be to look for parameters that by design could aid in
quenching any reactions. (A small effort along this line has been
initiated at NBS.)

Basic Research

As was indicated earlier, the biggest problem in the com-
patibility of materials is the lack of basic understanding of the
heterogeneous combustion process. This is not only because
there has been no urgent practical need for it in the past, but
also because its inherent high combustion rates and high
temperatures make it very difficult to study. It has been sug-
gested!3? that a good way to study combustion would be to
slow the combustion process down by oxygen deprivation; thus,
only part of the energy needed to sustain combustion would be
supplied by the heat of combustion of the burning materials.
The additional energy would be supplied by an external source.
(An effort encompassing this is also underway at NBS, utilizing
an infrared laser as the supplemental energy source.) New
sophisticated techniques such as mass spectrographic analysis,
spin resonance, Raman scattering, or scanning electron micro-
scopes can be used to identify chemical species or oxidation
or ionization states of the reactants. An integral part of the
effort should be an analytical study of relating slow oxida-
tion!3%147:152 5 combustion behavior as suggested by
Reynolds.®®

Other areas of basic research which should be explored are
ignition and combustion theory (e.g., how big and how hot a
spot is necessary), alteration of mechanical properties (particu-
larly fatigue and crack propagation) in an oxygen environment,
long term interaction with contaminants (metallic or oxide
whisker, crack, or third compound formation), stress corrosion
and the role of defect structures, thermo-mechanical oxide
behavior, and electronic behavior in the heterogeneous com-
bustion process.

Of particular interest, because it can be documented as
accident causes,>8%1%3 should be the effect of an oxygen
environment on the fatigue properties of the structural materials
used in oxygen systems. Both the maximum design stress and the
flaw size rejection during initial nondestructive testing are
critically dependent on this knowledge. The fatigue behavior of
a pressurized oxygen container is very critical, particularly if the
pressure is cycled, yet very little work has been done.®* Crack
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growth enhancement has been reported for a titanium alloy by
Jackson et al.!® and the absence of any enhancement for a
nickel alloy has been reported by NASA.!>* This is an area of
investigation that has been sorely neglected.

All in all, there is a great deal that can yet be done.

Note added in Proof: A significant and thorough effort to col-
lect, evaluate, and summarize oxygen safety information, identify
safety problem areas, and initiate necessary research has been
underway for several years at the Aerospace Safety Research and
Data Institute (ASRDI) at NASA Lewis Research Center. Since
submission of this manuscript several of their efforts have resulted
in publications which are not included in the References and,
in fact, supersede Refs. 2 and 144. The ASRDI output includes
several papers on compatibility, safety, cleaning requirements,
accidents, fluid properties, ignition and combustion which are
nicely summarized in Ref. 155.
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