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Foreword

This is the Eleventh Volume in a series of Special Technical Publications produced by ASTM
Committee G4 on Flammability and Sensitivity of Materials in Oxygen-Enriched Atmospheres.
The Eleventh Volume consists of a group of peer-reviewed publications from the Journal of
ASTM International of work that was also presented at Committee G4s Eleventh International
Symposium on Flammability and Sensitivity of Materials in Oxygen-Enriched Atmospheres held
in Washington, DC in October 2006. This volume was edited by David B. Hirsch, Jacobs
Sverdrup Engineering, Inc., NASA White Sands Test Facility, Las Cruces, New Mexico, USA;
Robert Zawierucha, Materials Consultant, East Aurora, New York, USA; Theodore A. Steinberg,
School of Engineering Systems, Faculty of Built Environment and Engineering, Queensland
University of Technology, Brisbane, Queensland, Australia; and Herve Barthelemy, LAir Liquide
Group, Paris, France.



Contents

Overview ix

KEYNOTE ADDRESS

A Metallurgist’s Views on the Selection of Engineering Alloys for Applications
Involving Oxygen-Enriched Atmospheres: Keynote Address—R. ZAWIERUCHA 3

IGNITION AND COMBUSTION OF NONMETALS

Ignition of Combustion Modified Polyurethane Foam—O. M. PUTZEYS,
A. C. FERNANDEZ-PELLO, AND D. L. URBAN 15

Frictional Ignition Testing of Composite Materials—S. PERALTA, K. ROSALES,
M. J. ROBINSON, AND J. STOLTZFUS 26

Pneumatic Impact Ignition of Sebum Oil Film in High-Pressure Oxygen—S. A. TAPIA,
S. R. SMITH, F. Y. HSHIEH, AND J. M. STOLTZFUS 34

The Oxygen Index of Surgical Drape Materials—G. W. SERRAO, M. K. MICOU,
G. W. SIDEBOTHAM, AND G. L. WOLF 43

IGNITION AND COMBUSTION OF METALS

Promoted Metals Combustion at Ambient and Elevated Temperatures—C. D. ENGEL,
S. D. HERALD, AND S. E. DAVIS 51

Ignition of Metals at High Temperatures in Oxygen—M. J. SLOCKERS

AND R. ROBLES-CULBRETH 62

Promoted Combustion Testing of Pure and Ceramic-Coated Metals in High
Pressure Oxygen by the Federal Institute for Materials Research and
Testing (BAM)—C. BINDER, T. KASCH, T. BROCK, U. BECK, M. WEISE, AND M. SAHRE 80

Surface Ignition of Aluminum in Oxygen—G. CHIFFOLEAU, B. NEWTON,
N. J. H. HOLROYD, AND S. HAVERCROFT 86

Effect of Sample Geometry on Regression Rate of the Melting Interface for Carbon
Steel Burned in Oxygen—T. SUVOROVS, N. R. WARD, R. WILSON,
AND T. A. STEINBERG 98

OXYGEN COMPATIBILITY OF COMPONENTS AND SYSTEMS

Combustion Tests under High Pressure Oxygen: Promoted Ignition Combustion Test
Versus Metallic Disk Ignition Test—C. BINDER, T. KASCH, S. LEHNÉ, U. BECK,
M. WEISE, AND M. SAHRE 109

v



Oxygen Compatibility Assessment on Components and Systems—K. ROSALES,
M. SHOFFSTALL, AND J. STOLTZFUS 114

Mechanical Impact of Aluminum Alloy Gas Cylinder Pressurized
with Oxygen—G. CHIFFOLEAU, B. NEWTON, N. J. H. HOLROYD, AND S. HAVERCROFT 128

The Adiabatic Compression Test for Type Approval of Components - History and Final
Test Protocol—H. BARTHÉLÉMY 139

ANALYSIS OF IGNITION AND COMBUSTION

Flow Friction Fire History and Research—T. D. GALLUS AND J. M. STOLTZFUS 151

FAILURE ANALYSIS AND SAFETY

Oxygen Fires in Aluminum Alloy Cylinders—H. BARTHÉLÉMY 165

Ignition of a Composite Cylinder with Plastic Liner—H. BARTHÉLÉMY 172

Fires in P-3 Aircraft Oxygen Systems—J. STOLTZFUS 176

Review, Analysis, and Hazard Mitigation of the Life-Support Oxygen System
on Royal Australian Air Force P-3 Orion Spacecraft—P. J. HAY, D. M. C. BURNS,
AND T. A. STEINBERG 189

Investigation of Oxygen-Acetylene Flashback Reactions in Welding Hoses—B. NEWTON,
G. CHIFFOLEAU, D. PRYOR, AND H. BEESON 202

Analysis Tools Used to Evaluate Oxygen Hazards and the Oxygen Compatibility
of Metals—E. T. FORSYTH, B. E. NEWTON, AND G. CHIFFOLEAU 215

AEROSPACE APPLICATIONS

Electrical Arc Ignition Testing of Spacesuit Materials—S. SMITH, T. GALLUS, S. TAPIA,
E. BALL, AND H. BEESON 229

Proficiency Testing for Evaluating Aerospace Materials Test Anomalies—D. HIRSCH,
S. MOTTO, G. PEYTON, AND H. BEESON 247

Comparison of Carbon Dioxide and Helium as Fire Extinguishing Agents
for Spacecraft—Y. SON, G. ZOUEIN, S. GOKOGLU, AND P. D. RONNEY 253

An Investigation of Regression Rate of the Melting Interface for Iron Burning
in Normal-Gravity and Reduced-Gravity—N. R. WARD, T. SUVOROVS,
AND T. A. STEINBERG 259

vi CONTENTS



Proactive Mitigation of PCTFE-Related Ignition Hazards in Oxygen Systems:
I. Development of a Voluntary Consensus Standard Specification to
Control Property Variation in Finished PCTFE Parts—J. M. WALLER,
H. L. JULIEN, B. E. NEWTON, AND H. D. BEESON 271

Proactive Mitigation of PCTFE-Related Ignition Hazards in Oxygen Systems:
II. Testing of Inventoried �At-Risk� PCTFE Parts and Hazards Analyses
of Corresponding Ground Service Equipment at the Kennedy
Space Center—J. M. WALLER, K. A. MURRAY, A. R. STAVELAND, P. D. FUGHNAN,
D. TYRE, S. R. SMITH, T. GALLUS, B. E. NEWTON, F.-Y. HSHIEH AND H. BEESON 286

MISCELLANEOUS

Filtration of Gaseous or Liquid Oxygen in Industrial Applications and Associated
Fire Risks—A. COLSON AND E. FANO 301

ASTM G 175 Interlaboratory Study on Forced Ignition Testing—S. R. SMITH

AND J. M. STOLTZFUS 314

Mechanical Impact Testing: Data Review and Analysis—C. D. ENGEL, S. D. HERALD,
AND S. E. DAVIS 319

Materials Compatibility with Nitrogen Trifluoride (NF3)—B. E. NEWTON

AND G. CHIFFOLEAU 334

Promoted Ignition of a Cylinder Valve in NF3— G. CHIFFOLEAU, B. E. NEWTON,
T. CHOU AND B. WILSON 350

Indexes 359

viiCONTENTS



Overview

This is the eleventh Special Technical Publication �STP� originating from ASTM Committee G4
focusing on Flammability and Sensitivity of Materials in Oxygen-Enriched Environments. As in
the past STPs, the eleventh volume expands upon the objectives that have been carried forward
since the first STP was published in 1983. These objectives include:

• Review the current research on polymers and metals ignition and combustion;
• Overview principles of oxygen systems design and issues related to materials compatibil-

ity with oxygen; contribute to the knowledge on the most current risk management con-
cepts, practices, approaches, and procedures used by individuals and organizations in-
volved in the design, use, retrofitting, maintenance, and cleaning of oxygen systems;

• Review accident/incident case studies related to oxygen systems and oxygen handling
procedures;

• Provide the most current data related to the flammability and sensitivity of materials in
oxygen-enriched atmospheres to designers, users, manufacturers, and maintainers of oxy-
gen components and systems and to support the Committee G4’s Technical and Profes-
sional Training Course on Fire Hazards in Oxygen Systems and Oxygen Systems Opera-
tion and Maintenance standards;

• Discuss enhancement, development, and use of standards sponsored by ASTM Committee
G04 on Compatibility and Sensitivity of Materials in Oxygen Enriched Atmospheres;

• Provide a readily accessible reference addressing oxygen compatibility.

The Eleventh Volume consists of a group of peer-reviewed publications from the Journal of
ASTM International of work that was also presented at Committee G4’s Eleventh International
Symposium held in Washington, DC, USA in October 2006. The volume contains 32 papers on
topics related to ignition and combustion of non-metals, ignition and combustion of metals,
oxygen compatibility of components and systems, analysis of ignition and combustion, failure
analysis and safety, and aerospace applications.

The keynote address was presented by Robert Zawierucha, Materials Consultant, East Aurora,
New York. He retired in 2006 as Praxairs Materials Engineering Manager after 37 years of
service in the industrial gas area. Mr. Zawierucha has been an active contributor to the ASTM
Committee G4 publications since 1986 and was actively involved in testing engineering alloys
for compatibility in oxygen-enriched atmospheres for over 30 years. In addition, he has been a
member of key CGA technical committees dealing with issues of significance to the industrial
business such as aluminum-structured packing for oxygen distillation columns, hydrogen, carbon
monoxide and Syngas. His presentation provides a review of materials testing techniques and
criteria for selecting engineering alloys for oxygen service. In addition, potential advanced oxy-
gen applications and materials and future test requirements for these applications are discussed.

Four papers focus on ignition and combustion of non-metals. A study conducted at the University
of California at Berkeley presents results from an experimental study on the ignition of fire
retarded polyurethane foam in oxygen concentrations from 30 % to 60 %. The experiments show
that the foam undergoes a weak smoldering reaction that requires significant assistance in the
form of external heat input in order to propagate. Furthermore, given sufficient oxygen and
radiant heat flux, the smoldering reaction can produce enough volatile fuel and heat to trigger gas
phase ignition. The NASA Johnson Space Center White Sands Test Facility �WSTF� presents

ix



two papers, one of which is on frictional ignition testing of composite materials. The paper
describes the test system, approach, data results, and findings of the reciprocal friction performed
on composite sample materials being considered for propellant tanks for aerospace applications.
The second paper investigates the rapid pressurization ignition of sebum contaminant in high-
pressure oxygen. The level of sebum contaminant that can be expected to be deposited by
handling oxygen system components and the threshold levels of sebum contaminant required for
rapid pressurization ignition in a high-pressure oxygen system are presented. A fourth paper on
ignition of non-metals is a study conducted to characterize the flammability of commonly used
surgical drapes by their oxygen index. The paper indicates that materials commonly used for
surgical draping have an oxygen index less than or near the oxygen content of ambient air,
making them particularly susceptible to fire.

Five papers address ignition and combustion of metals. NASA Marshall Space Flight Center
�MSFC� presents a study on promoted combustion of metals in ambient and elevated tempera-
tures. The focus of this work is on examining the transitional region and the quasi-steady burning
region of metals. Experimental data obtained on a new heated promoted combustion facility at
the MSFC is presented. The pressure boundaries of acceptable, non-burning usage are found to
be lowered at elevated temperatures. Interest in the effects of increasing pressure and tempera-
ture on the flammability of metals led to an industry-sponsored program for heated combustion
testing of metals. WSTF provides a paper summarizing the results of heated promoted combus-
tion tests from the industry-sponsored 98-1 program. Promoted combustion testing of coated
metal rods in high pressure oxygen by the Federal Institute for Materials Research and Testing
�BAM� are presented from the new promoted ignition test apparatus allowing investigations with
pure oxygen or oxygen mixtures at pressures up to 500 bar and at temperatures up to 400 °C
under static or flowing conditions. A study on surface ignition of aluminum in oxygen is pro-
vided by Wendell Hall and Associates �WHA� who developed a test method to evaluate the
ignitibility of various aluminum surfaces. An alternative concept of threshold pressure is sug-
gested and the influence of surface treatments on aluminum is evaluated. The Queensland Uni-
versity of Technology presents a study on the effect of sample geometry on flammability of
carbon steel in oxygen. Promoted-ignition testing on carbon steel rods of varying cross-sectional
area and shape was performed in high pressure oxygen to assess the effect of sample geometry
on the regression rate of the melting interface.

Four papers focus on issues related to oxygen compatibility of components and systems. A BAM
study indicates that transfer of test results on materials to valves and fittings in real life situations
is complex. Consequently, BAM developed a metallic disc ignition test; a commonly used
nonmetallic sealing ring is placed in front of this disc and serves as an igniter after which the test
array is exposed to high pressure gaseous oxygen impacts. A WSTF paper on oxygen compat-
ibility assessment on components and systems indicates that a systematic approach to identify
and address fire hazards in oxygen systems is essential to protecting personnel and equipment.
The oxygen compatibility assessment process designed by WSTF can be used to determine the
presence of fire hazards in oxygen systems and the likelihood of a fire; this process may be used
as both a design guide and an approval process. WHA provides a study on mechanical impact of
aluminum cylinders pressurized with oxygen. There are reported fires involving aluminum medi-
cal oxygen cylinders that have ignited after experiencing mechanical impacts. A mechanical
impact test was developed by WHA to investigate the conditions required to cause ignition of a
cylinder and valve assembly by this ignition mechanism. Cylinder assemblies were tested with
various orientation and impact points including the cylinder valves. A paper provided by L’air
Liquide explains why the adiabatic compression test was proposed for the qualification of
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oxygen-compatible equipment such as valves, regulators, and flexhoses and addresses how this
test method was developed and improved over the years and how harmonization was reached in
various related standards.

In the analysis of ignition and combustion section, WSTF provides a review on a relatively little
investigated ignition mechanism - flow friction. The paper indicates that there have been fires in
oxygen systems that could not be attributed to most common ignition mechanisms, some of
which have been attributed to a poorly understood ignition mechanism for polymers, called flow
friction. A brief history of fires attributed to flow friction is presented.

Six papers relate to failure analysis and safety. Two papers on this subject were provided by L’air
Liquide, both involving oxygen cylinders. The first describes two accidents involving aluminum
cylinders, while the second paper describes an accident involving composite cylinders. The
composite cylinder accident was attributed to the violent reaction of the oxygen �contained in the
compressed air� with the plastic liner. Recommendations to avoid repetition of such accidents are
proposed. A WSTF paper discusses a failure analysis conducted by the WSTF Oxygen Hazards
and Testing Team on the 2003 U.S. Navy VP-62 fire. The study indicates that the fire started due
to heat generated by an oxygen leak past a silicone check valve seal �flow friction� or possibly by
the particle impact near the seat of one of the aluminum manifold and check valve �MCV�
assembly. To prevent future fires of this nature, the U.S. and Canadian fleets of P-3 aircraft have
been retrofitted with MCV with an upgraded design and more burn-resistant materials. To ensure
the ongoing safe operation of the Royal Australian Air Force �RAAF� P-3 Orion life-support
oxygen system, a system review was completed that included a failure modes and effects analy-
sis combined with an oxygen hazards and fire risk analysis. A paper provides a brief summary of
the analyses performed and the results obtained. Risk tables were generated; their use lead to the
recommendations for changes incorporated onto RAAF P-3 Orion aircraft. A common concern in
the welding industry is the development of conditions where oxygen acetylene flashback reac-
tions can propagate into a welding hose causing it to burst due to the rapid localized pressuriza-
tion associated with an oxygen-acetylene deflagration-to-detonation transition. A WHA investi-
gation of a recent welding hose fire resulted in testing to evaluate the conditions under which
detonations could be generated within welding hoses and the conditions in which welding hoses
would burst when exposed to these events. This paper reports on elements of the welding hose
fire investigation, the conditions for flashback reactions to develop, and the analytical work
performed during the accident reconstruction to characterize deflagration-to-detonation transition
within typical welding hoses. Performing analyses of the fire hazards in oxygen systems is
critical to avoiding fires. Oxygen Safety Consultants �OSC� and WHA have applied new engi-
neering technologies and materials test data to better understand, discern, and characterize oxy-
gen fire hazards. Their paper describes some of the new technologies and materials test data used
and how they can be applied to evaluating the compatibility of metals in oxygen service, includ-
ing three-dimensional component analysis, computational fluid dynamics flow modeling, metals
flammability test data in static, flowing, and high-temperature oxygen, and metals ignition test
data.

Six papers relate to aerospace applications. A frayed wire was found inside the extravehicular
mobility unit �EMU� spacesuit, which led to concerns that it may be possible to ignite materials
in the EMU by electrical arcing. As a result, WSTF developed three arc-ignition test methods;
the most severe method was used to characterize the materials presently used in the EMU by
determining the minimum level of current necessary to initiate combustion at a given voltage.
The inherent problems identified with the mechanical and pneumatic impact testing per ASTM
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G86 and G74 would not allow precise identification or the magnitude of problems related to
running the tests, such as lack of consistency of systems performance, lack of adherence to
procedures, etc. Excessive variability leads to increasing instances of accepting the null hypoth-
esis erroneously, and so to the false logical deduction that problems are nonexistent when they do
really exist. A WSTF paper attempts to develop and recommend an approach that could lead to
increased accuracy in problems diagnostics. The approach presented could also be used to evalu-
ate variable effects with increased confidence and tolerance optimization. University of Southern
California at Los Angeles conducted a study on the rates of flame spread and minimum oxygen
concentrations supporting flame spread over thermally-thick fuel beds at earth gravity and mi-
crogravity for varying concentrations of a gaseous extinguishing agent �N2, CO2, or He� added to
O2– N2 atmospheres. At earth gravity, CO2 was the most effective on a molar basis at reducing
spread rate whereas at microgravity, He was the most effective at reducing spread rate and
causing flame extinction. These results are particularly noteworthy considering that the Interna-
tional Space Station employs CO2 as fire extinguishers; the results suggest that helium may be a
better suppressant agent on both mass and mole basis in microgravity. A Queensland University
of Technology study investigates the causes of increasing regression rates of the melting inter-
face for metals burning in reduced-gravity. The sudden increase in regression rate of the melting
interface indicates that it is due to a change in the geometry of the molten ball, rather than higher
temperatures. A one-dimensional, steady state heat transfer model was developed, correlating
regression rate of the melting interface to surface area of the solid/liquid interface. Revelations of
dimensional instability in polychlorotrifluoroethyelene �PCTFE� semifinished articles and fin-
ished parts raised concerns that leaks or part failure could occur during service, leading to
catastrophic component or system failure especially in high-pressure gaseous oxygen systems.
WSTF lead and effort to evaluate the factors contributing to property variation in PCTFE; the
effects of molding method, resin grade, process route, annealing method, and machining on
dimensional stability, molecular weight, and crystallinity were determined. A voluntary consen-
sus material specification was then implemented to control properties in finished PCTFE parts
used in aerospace applications. In a related paper, representative PCTFE replacement parts used
in at risk high pressure oxygen and air systems at KSC were removed from inventory and tested.
Tests included determination of dimensional stability by thermo mechanical analysis and metrol-
ogy, percent crystallinity by specific gravity, and the effect of annealing. Dimensional instability
was determined not to be a major issue in existing inventories; however, annealing was found to
lead, on occasion, to out-of-tolerance parts.

Five papers address miscellaneous subjects. The importance of proper filtration, recommenda-
tions for filters design, installation, and maintenance are presented in an L’air Liquide paper.
Experience shows that accidents with gaseous oxygen filters are often extremely severe and can
have catastrophic consequences, and therefore there is a serious risk for fire spreading which
should not be ignored. ASTM G175 is a standard test method for evaluating the ignition sensi-
tivity and fault tolerance of oxygen regulators used for medical and emergency applications. To
assess the reproducibility of ASTM G175, a series of interlaboratory tests were performed; the
results are presented and discussed in a WSTF paper. Mechanical impact is a real ignition
mechanism which must be considered and understood in the design of oxygen systems. ASTM
G86 is a commonly used test method used to evaluate ignition sensitivity of materials to me-
chanical impact in GOX or LOX environments. The use of test data from this method has been
questioned because of the lack of a clear method of application of the data and variability found
between tests, material batches, and facilities. A MSFC paper explores a large database, which
has been accumulated over many years. A recent test program was sponsored by seven compa-
nies that are involved in the worldwide distribution and use of NF3 to develop several test
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systems and materials compatibility data for the most common metals and non-metals utilized in
NF3 transfer systems. A WHA paper presents the data developed by the industry steering group
on the compatibility of 12 metallic materials and 15 non-metallic materials with NF3. In a related
paper, WHA presents a new test approach developed to ignite a non-metallic seat of a cylinder
valve pressurized with NF3 to investigate whether the ignition of the seat would kindle the
surrounding sub-components of the valve and ultimately whether a kindling reaction would
develop that could breach the valve body. The new test provides an approach for evaluating the
propagation propensity of NF3 components containing non-metallic materials.

The Eleventh Volume on Flammability and Sensitivity of Materials in Oxygen-Enriched Atmo-
spheres provides a diverse source of new information to air separation industry, oxygen manu-
facturers, manufacturers of components for oxygen and other industrial gases service, manufac-
turers of materials intended for oxygen and other industrial gases service, and users of oxygen
and oxygen-enriched atmospheres aerospace, medical, industrial gases, chemical processing,
steel and metals refining, as well as to military-commercial-recreational diving.
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