Marcelo Hirschler

I am submitting comments expressing my concern about the proposed regulation and include
several attachments.
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Comments on the draft rule regarding the use of organohalogen flame retardants

My name is Marcelo Hirschler and I have been an advocate for improved fire safety for many years, by
working in the areas of codes and standards at various organizations (see attached recent Curriculum
Vitae!).

I am concerned about the proposed regulation, “Safer Products for Washington,” that would prohibit the
use of organohalogen flame retardants in a variety of applications. In particular, this relates to electric
and electronic products with plastic external enclosures intended for indoor use. This category includes
all types of appliances (large and small) and wires and cables.

My concern relates both to the extreme scope of the proposed regulation and to its implications.

Extreme scope of the proposed regulation: With regard to the extreme scope, let me clarify that [ am
fully cognizant that some organohalogen flame retardants that had been in use for many years have since
been found to be of concern. Those flame retardants (specifically, for example pentabromodiphenyl ether
[also known as pentabromodiphenyl oxide or pentaBDE, octabromodiphenyl ether [also known as
octabromodiphenyl oxide or octaBDE, and decabromodiphenyl ether [also known as
decabromodiphenyl oxide or decaBDE]) are no longer commercial products being manufactured in the
US. In place of these materials a variety of alternative flame retardants have been developed by
manufacturers and have undergone a plethora of tests to assess their potential toxicity and environmental
effects and been found not to be of concern. Therefore, The approach of regulating organohalogen flame
retardants as a class does not have the correct scientific basis. There is much scientific rigor if every
individual flame retardant of concern is identified by its individual chemical structure (and/or its CAS
registry number) instead of an inappropriate broad brush approach covering every single organohalogen
flame retardant irrespective of whether it is or is not of concern, particularly since most of them have
been identified, as a result of all the testing, as not being of concern.

Similar structure is not sufficient to classify generically: It has been shown repeatedly that the vast
majority of the properties of a specific material can be very significantly different in terms of their
properties from those of materials with very similar chemical composition. I will provide three examples.

The first example of this are the “polychlorinated dibenzodioxins”, often simply known as “dioxins” or
“PCDDs”. In PCDDs, chlorine atoms are attached to a structure of two benzene rings joined by two
oxygen bridges at any of 8 different places on the molecule, at positions 1-4 and 69, as shown below.
They are named based on at which position the chlorine atom is attached.
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! Curriculum Vitae of Dr. Marcelo M. Hirschler, dated January 2023.
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There are a total of 75 different PCDD congeners. The most widely known PCDD. the 2, 3,7, 8
tetrachlorodibenzodioxin, shown below, is often incorrectly labeled simply as “dioxin’:

Cl O Cl

Cl O Cl

The relative toxic equivalency factor of the vast majority of these PCDDs?, when compared to the base
one (2, 3, 7, 8 tetrachlorodibenzodioxin) is virtually negligible (meaning that they are virtually nontoxic),
except for one that is about equally toxic (1,2,3,7,8-PeCDD), three that are 10 times less toxic, one that
is 100 times less toxic and one that is 3,000 times less toxic. In spite of this scientific finding, all
“dioxins” are treated as the same, when only a few of them are actually toxic. Obviously, I am not
proposing that any PCDDs be allowed for use in any way. Moreover, I am not claiming that the proposed
ban on the use of organohalogen flame retardants is in any way related to dioxins. However, the above
is an example as to why it is important to identify materials specifically rather than dealing with them as
a class.

The second example showing the fallacy of regulating all materials with similar chemical structure the
same way can be found in the field of medicine. Let’s use the example of the opioids to illustrate this
point. Below is shown the chemical structure of heroin (a dangerous illicit street drug; right) and of
oxycodone (a prescription pain reliever medication; left). It is clear that these two drugs have very similar
structures. However, one of them is dangerously toxic (and potentially lethal) while the other one is used
as an effective painkiller.

2 “The 2005 World Health Organization Re-evaluation of Human and Mammalian Toxic Equivalency Factors for Dioxins
and Dioxin-like Compounds”, by Martin van den Berg, Linda S. Birnbaum, Michael Denison, Mike De Vito, William
Farland, Mark Feeley, Heidelore Fiedler, Helen Hakansson, Annika Hanberg, Laurie Haws, Martin Rose, Stephen Safe,
Dieter Schrenk, Chiharu Tohyama, Angelika Tritscher, Jouko Tuomisto, Mats Tysklind, Nigel Walker, and Richard E.
Peterson, published in Toxicological Science 2006 Oct; 93(2): 223-241.
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The third example is of two substances with very similar chemical structure but very different function.
In this example there is the case of estradiol (which is a female sex hormone, on the left) and testosterone
(which is a male sex hormone, on the right). They have a similar structure but very different activity.

OH OH

HO O

Not all organohalogen flame retardants are similar: Many of the newer organohalogen flame
retardants are polymeric (and not monomeric) flame retardants, with very high molecular weight,
meaning that the probability of their volatilization to become airborne and cause respiratory effects is
very low. Many other newer organohalogen flame retardants are reactive, and not additive, meaning that
they are incorporated into the substrate (the plastic material) by covalently reacting with the plastic (or
polymeric) material when the plastic material is being created. The finished material thus contains a
built-in flame retardant that cannot easily migrate out (volatilize, or bloom to the surface) like the less
strongly bound additive flame retardants. It is essential that any regulation of flame retardant use must
take into account the difference between polymeric, oligomeric, and monomeric flame retardants and
between additive and reactive flame retardants. It is also essential that the opportunity for innovation
must be provided, which is not available when a full class of materials (including some that have not yet
been developed) is being banned, thereby declaring as unsafe potential materials that do not yet exist.

Also, a standard has relatively recently been approved by ASTM, as ASTM D8280-20a (Standard Test
Method for Determination of the Blooming of Brominated Flame Retardants onto the Surface of Plastic
Materials by Ion Chromatography), which allows the quantitative determination of the bromine
originating from any flame retardant that has bloomed onto the surface of the plastic after aging under
specified conditions. With this test, based on the known structure of the flame retardant used, the amount
of the flame retardant that bloomed can also be calculated. More importantly, the test can be used as a
pass/fail assessment to determine whether or not the flame retardant actually escapes onto the surface of
the material into which it has been incorporated. The use of this technique as a regulatory tool would
allow brominated flame retardants that “pass” the test to be used instead of just all brominated flame
retardants being lumped together .

The proposed regulation has the potential to lower fire safety.
Flame retardants improve fire safety and halogenated flame retardants are very efficient

The proposed regulation implies that any flame retardant can simply be substituted for an alternate one.
There is abundant evidence that this is not a valid assumption. In particular, this will be, at least partially,
of the mechanism of action of the flame retardants in question. It has been shown that brominated flame
retardants (for example) act primarily in the gas phase while many phosphorus-containing flame
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retardants act primarily in the condensed phase (I attach a study of mine from back in 1982%, with
information that was “recent” at the time). Therefore, it is clear that replacing a brominated flame
retardant by a phosphorus-containing one will not be a simple one-to-one replacement.

A few years ago (initially in 2005, and updated in 2015), for example, the US Environmental Protection
Agency* conducted a study looking at replacing a halogenated flame retardant (pentabromodiphenyl
ether) that was found to be undesirable and had been used to protect flexible polyurethane foam. As
stated earlier, the US manufacture of pentabromodiphenyl ether has long since been discontinued.
However, the reason the study is important to note is that it found that there were no easy replacements
that were equally efficient in providing the needed fire performance.

Another example of the fact that direct replacement is often not possible to achieve with the same result
is the case of plenum cables. In the US all electrical and optical fiber cables intended for use in plenums
(which are the spaces above the dropped ceiling where the air distribution system is located, meaning
heating and air conditioning) are required by the National Electrical Code and all building codes to meet
a very severe flammability requirement. In spite of over 30 years of research and development it has
been found that only systems that does contain halogenated materials are capable of achieving the
required fire performance, in terms of flame spread and smoke release. The result of that is that, if
halogenated materials were not allowed in plenum cables, a complete type of product would have to be
discontinued. I understand that electrical and optical fiber cables are (fortunately) not covered by the
proposed regulation.

I attach three documents that I authored demonstrating the improvements in fire safety as a result of the
use of flame retardants. They are a short 2016 report on the benefits of flame retardants’, and two studies
on the effects of flame retardants on heat release, published in Fire and Materials (a scientific journal)®’.
The studies on the effects of flame retardants on heat release are particularly important because it has
been shown that heat release rate is the most critical parameter associated with fire safety®. Consequently,
eliminating the use of flame retardants will lead to a significant lowering of fire safety.

Studies by the Swedish scientist Dr. Margaret Simonson on life cycle analyses (LCA) on TV sets’,
cables!®, and upholstered furniture!! showed that flame retardants do not pose environmental damage by
virtue of effectively improving fire performance and releasing much fewer polynuclear aromatic

3 "Recent developments in flame-retardant mechanisms", M.M. Hirschler, in "Developments in Polymer Stabilisation, Vol.
5", Ed. G. Scott, pp. 107-52, Applied Science Publ., London, 1982.

4 https://www.epa.gov/saferchoice/flame-retardants-used-flexible-polyurethane-foam

5 “Benefits of Flame Retardants”, by Marcelo Hirschler (unpublished report, January 2016).

¢ “Flame Retardants and Heat Release: Review of Traditional Studies on Products and on Groups of Polymers”, M.M.
Hirschler, Fire and Materials (Article published online, Fire and Materials, 03/11/2014, DOI: 10.1002/fam.2243), 2014 [39,
207-231, 2015].

7 “Flame Retardants and Heat Release: Review of Data on Individual Polymers”, M.M. Hirschler, Fire and Materials
(Article published online, Fire and Materials, 03/11/2014, DOI: 10.1002/fam.2242), 2014 [39, 232-258, 2015].

8 Heat Release Rate: The Single Most Important Variable in Fire Hazard”, V. Babrauskas and R.D. Peacock, Fire Safety
J. 18,255-272 (1992).

9 “Fire-LCA Model: TV Case Study”, SP Report 2000:13, Simonson, M., Blomqvist, P., Boldizar, A., Méller, K., Rosell, L.,
Tullin, C., Stripple, H. and Sundqvist, J.O., , Swedish National Testing and Research Institute, Fire Technology (2000).
10"Fire-LCA Model: Cables Case Study" SP Report 2001:22, Simonson, M., Andersson, P., Rosell L., Emanuelsson, V. and
Stripple H., Swedish National Testing and Research Institute, Fire Technology (2001).

1 "Fire Safety of Upholstered Furniture - LCA Analysis” SP Report 2003:22, Andersson, P., Simonson, M. and Stripple H.,
Swedish National Testing and Research Institute, Fire Technology (2003).
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hydrocarbons (PAH). Data from these studies demonstrated that PAH emissions from the improved fire
performance materials (such as TVs or upholstered furniture) were only some 3% of those from the
products with low fire performance. Thus, the studies showed that a reduction in the number of fires
because of the use of products containing materials with improved fire performance was associated with
significant benefit to the environment as well as saving lives from fires. In fact, the studies also identified
the fact that the reduction in problematic emissions of combustion products when using flame retardants
also led to a significant decrease in the overall toxicity of the products emitted.

Another study of particular interest was conducted at the National Bureau of Standards (now called the
National Institute of Standards and technology, NIST) published in 1988, where they compared the effect
on a variety of fire safety parameters of fire retarded and non-fire retarded products'?. The products
involved were the following: a TV cabinet, a business machine housing, an upholstered chair, an electric
cable, and an electric circuit board. Studies involved small-scale tests and room-scale tests. The
conclusions were overwhelming: the fire retarded products were much safer. From the other studies
mentioned above it was to be expected that the heat released by the fire retarded products was much
lower than that released by the non-fire retarded ones. Of special interest, however, were the facts that
the time available for escape was so much longer when the products were fire retarded (in fact 15 times
longer times available for escape for the fire retarded products) as was the toxicity of the atmosphere
containing the combustion products (3 times lower toxicity for the fire retarded products).

It is useful also to compare the amount of flame retardant that needs to be added to a plastic to achieve
an acceptable level of fire performance. For example, inorganic halogen-free flame retardants such as
alumina trihydrate needs to be used at additive levels as high as 70% for a variety of different polymeric
materials while brominated flame retardants can generate similar fire performance at additive (or
reactive) levels that are on the order of 10% only.

Summary

e The proposed ban on using any halogenated fire retardants without specifying the actual material
involved is technically incorrect since it does not distinguish (a) between materials that should
not be used and those that are safe for use, (b) between monomeric and polymeric flame
retardants and (c) between additive and reactive flame retardants.

e The proposed ban on using halogenated flame retardants has the potential for making it not
possible to achieve certain levels of fire performance that may not be obtainable with other flame
retardants.

e The proposed ban on using halogenated flame retardants may lead to a lowering of fire safety
without any associated advantage in terms of other environmental or toxicity issues.

/L\mwﬂ‘ WM

Marcelo M. Hirschler — January 30, 2023

12 “Fire Hazard Comparison of Fire-Retarded and Non-Fire-Retarded Products (NBS Special Publication SP 749)”,
Babrauskas, V., Harris, R. H., Jr., Gann, R. G., Levin, B. C,, Lee, B. T., Peacock, R. D., Paabo, M., Twilley, W., Yoklavich,
M. F., and Clark, H. M., National Bureau of Standards, Gaithersburg, MD (1988).
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MARCELO M. HIRSCHLER, Lic., Ph.D.
CURRICULUM VITAE

EDUCATION

University: University of Buenos Aires 1966-70
Licentiate in Chemistry - Major: Physical Chemistry

Post-graduate: University of Buenos Aires 1971-75
Doctor in Chemistry - Major: Polymer Physical Chemistry

EMPLOYMENT HISTORY

September 1995 -

Fire Science Consultant/President

GBH International, Mill Valley, California
March 1995 - September 1995

Fire Science Consultant

GBH International, Rocky River, Ohio
March 1991 - February 1995

Fire Science Consultant

Safety Engineering Laboratories, Inc., Rocky River, Ohio
December 1986 - February 1991

R & D Manager - Fire Sciences

BFGoodrich Co. - Geon Vinyl Division, Avon Lake, Ohio
June 1986 - December 1986

Sr. R & D Associate - Flammability

BFGoodrich Co. - Geon Vinyl Division, Avon Lake, Ohio
August 1984 - June 1986

R & D Associate - Flammability

BFGoodrich Co. - Chemical Group, Avon Lake, Ohio
October 1977 - July 1984

Temporary Lecturer (Physical Chemistry)

Department of Chemistry - The City University, London, England
October 1975 - October 1977

Post Doctoral Research Fellow

School of Molecular Sciences - University of Sussex, Brighton, England
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° June 1975 - October 1975
Researcher - Physical Chemistry of Carbons
R & D Department - ALUAR Aluminio Argentino, Buenos Aires, Argentina
° March 1971 - June 1975
Post-graduate Research Assistant, Department of Physical Chemistry
School of Pharmacy and Biochemistry - University of Buenos Aires
Buenos Aires, Argentina
) March 1970 - December 1971
Undergraduate Teaching Assistant, Department of Physical Chemistry
School of Exact and Natural Sciences - University of Buenos Aires
Buenos Aires, Argentina

SOME AWARDS

Interflam Trophy (UK): 1988

ASTM E-5 Certificate of Appreciation: 1989

Wire Association International: Best Electrical Paper 1989
ASTM Society Frank W. Reinhardt Award for Fire Terminology: 1990
ASTM E-5 Award of Recognition: 1995

ASTM E-5 Award of Recognition: 1998

Canadian Standards Association: Award of Merit: 1999
ASTM D-9 Award of Appreciation: 2001

ASTM E-5 Wayne Ellis Award from Society Chairman: June 2002
ASTM E-5 Award of Appreciation: 2005

ASTM E-5 Award of Special Recognition: 2006

ASTM D-20 Award of Appreciation: 2006

ASTM E-5 Award of Appreciation: 2007

ASTM E-5 Certificate of Appreciation: 2008

ASTM E-5 Award of Recognition: 2009

NFPA Committee Service Award: 2011

ASTM D-20 Award of Recognition: 2012

ASTM E-5 Award of Recognition: 2012

NFPA Certificate of Appreciation: 2013

ASTM E-5 Award of Recognition: 2013

ASTM E-5 Special Recognition Award: 2015

ASTM E-5 Award of Recognition: 2015

ASTM Society: Award of Merit: 2017

ASTM D-20: Outstanding Achievement Award: 2017
ASTM E-5 Award of Recognition: 2019

LANGUAGES

English, German, Spanish, French
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MEMBERSHIP PROFESSIONAL SOCIETIES

American Society for Testing and Materials (ASTM): (See below for committee details)
Canadian Standards Association (CSA)

Combustion Institute (Western States Section)

Institute of Electrical and Electronics Engineers (IEEE)

International Association for Fire Safety Science

International Association of Plumbing and Mechanical Officials (IAPMO)

International Code Council (ICC)

International Heat Release Association (IHRA)

National Fire Protection Association (NFPA) (Various Sections and committees)

ACTIVITIES

Marcelo Hirschler Provides Technical Expertise in Fire Safety Including:
Product Liability Expert Witness

Codes and Standards
Fire Safety Research and Testing Projects

WORK ACCOMPLISHED

Consultancy

Product Liability: Expert Witness on Fire Safety Subjects

Fire safety of mattresses

Fire safety of upholstered furniture

Flammability of textiles, including apparel and protective clothing

Fire safety in transportation, including especially automobiles and trains
Fire properties and fire testing of plastics

Fire properties and fire testing of cables

Smoke toxicity

Smoke corrosivity

Fire hazard

Codes and standards

Fire Research (Public Activities)

Manager Program for Interlaboratory Precision of Intermediate Scale Calorimeter Test
Method (ASTM E1623) (1997-1998)

Technical Coordinator, Fire Protection Research Foundation (NFPA, FPRF) Research
Advisory Council on Transportation Vehicles (2002-06)

Member of NIBS Smotox Steering Committee (1987-91)

Member of NFPRF Risk Assessment Advisory Committee (1987-91)
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Session chairman at many fire conferences, including: Fire and Materials, Materials for
Increased Fire Safety at Int. Conf. Fire Safety (Dr. C.J. Hilado), BCC Flame Retardancy,
Int. Association Fire Safety Science, Combustion Institute, American Chemical Society
Fire & Polymers, Fire Retardant Chemicals Association.

Editorial

Associate Editor, Fire and Materials Journal (1991-)

Editor: Flame Retardancy News (2005)

Editor: Fire Safety & Technology Bulletin (2006 - )

Member Editorial Board Journal Fire Sciences, Fire Safety Journal, Fire & Flammability
Bulletin (1995 to 2003), Journal of Testing and Evaluation

California State Fire Marshal Advisory Committees:

Member California State Fire Marshal Flame Retardant Advisory Committee (2013-5)
Member California State Fire Marshal Working Group on Implementation of Assembly
Bill 127 regarding flammability testing for insulation (2014-2015)

Member California State Fire Marshal Working Group on Wildland Urban Interface
Code (2016 through 2020, ongoing)

Codes and standards:

International Code Council

Member International Building Code Fire Safety Code Committee (2006-7, 2008-9 and
2010-11)

Proponent of code changes for IBC, IEBC, IFC, IMC, IPC, IRC, IWUIC, IgCC, at
various code development cycles

ASTM Committee Memberships

C16: Thermal Insulation

D07: Wood

DO09: Electrical and Electronic Insulating Materials
D11: Rubber and Rubber-like Materials

D13: Textiles

D20: Plastics

EO05: Fire

E34: Occupational Health and Safety

FO7: Aerospace and Aircraft

FO08: Sports Equipment, Playing Surfaces, and Facilities
F15: Consumer Products

F23: Personal Protective Clothing and Equipment
F24: Amusement Rides and Devices

F25: Ships and Marine Technology

F33: Detention and Correctional Facilities

F44: General Aviation Aircraft
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d ASTM EO05 (Fire Standards):

* Chairman ASTM E-5.91 and First Vice-Chairman Committee E05: Subcommittee on
Fire and Planning and Review (2014 -19)

* Chairman ASTM E-5.15: Subcommittee on Fire and Interior Furnishings and Contents
(1990-95)

* Chairman ASTM E-5.17: Subcommittee on Fire and Transportation (2010-15):

developed ASTM E2574, new standard fire test for school bus seating

Chairman ASTM E-5.21: Subcommittee on Smoke and Combustion Products (2004-9)

Chairman ASTM E-5.31: Subcommittee on Fire Terminology and Editorial (2000-5)

Recording Secretary ASTM EO05: Committee on Fire Standards (2000-5)

Member-at-large of executive subcommittee of ASTM EO05 (2006 - 07)

Membership Secretary ASTM E05 (2008-13)

Recording Secretary ASTM E-5.15: Subcommittee on Fire and Interior Furnishings and

Contents (1988-90 and 1996-2015)

* Recording Secretary ASTM E-5.91: Subcommittee on Planning and Review of Fire
Standards (1990-1999 and 2000-14)

* Recording Secretary ASTM E-5.17: Subcommittee on Fire and Transportation (2003-
2009)

* Recording Secretary ASTM E-5.21: Subcommittee on Smoke and Combustion Products
(2010-17)

* Chairman ASTM E-5.22.02: Task Group on ASTM E84 Steiner Tunnel Mounting
Methods (2002- ). Developed several tunnel testing mounting practices - including
ASTM E2231, ASTM E2404, ASTM E2573, ASTM E2579 and ASTM E2599

* Chairman ASTM E-5.13.1: Task Group on ASTM E603, Standard Guide for Room Fire
Experiments (1992-2009).

* Chairman ASTM E-5.13.8: Task Group on New Practice for Large Scale Heat Release
Tests (1997-2009). Developed practice ASTM E2067 and test method ASTM E2257

* Chairman ASTM E-5.15.3: Task Group on Fire Hazard Assessment of Floor Coverings
(1987-92)

* Chairman ASTM E-5.15.8: Task Group on Full Scale Fire Testing of Upholstered
Furniture (1989-). Developed full scale fire test methods: ASTM E1537, ASTM E1590
and ASTM E1822

* Chairman ASTM E-5.15.12: Task Group on Vandalized Mattresses for Correctional
Institutions (1991-93).

* Chairman ASTM E-5.15.13: Task Group on Fire Hazard Assessment of Upholstered
Furniture (1994-2009). Developed ASTM E2280, Standard guide on fire hazard
assessment for health care occupancies

* Chairman ASTM E-5.17.94: Task Group on Fire Hazard Assessment of Rail
Transportation Vehicles (1991-). Developed ASTM E2061, new guide on fire hazard
assessment of passenger rail vehicles
Chairman ASTM E-5.21.13: Task Group on Smoke Toxicity for Flashover Fires (1993-)
Chairman ASTM E-5.21.33: Task Group on ASTM E906 (Ohio State University Rate of
Heat Release Apparatus) (1994-2004).

* Chairman ASTM E-5.21.34: Task Group on Intermediate Scale Calorimeter (1997-
2004). Managed interlaboratory round robin for ASTM E1623 and updated standard

¥ Kk K K ¥ *
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* Chairman ASTM E-5.21.35: Task Group on Rate of Heat Release Apparatus by
Thermopile Method (1995-). Developed new test method ASTM E2102

* Chairman ASTM E-5.21.3: Task Group on ISO (5659-2) Smoke Chamber (1995-2004)
and NBS Smoke Chamber. Developed new test method ASTM E1995
Chairman ASTM E-5.21.60: Task Group on cone calorimeter (ASTM E 1354) (2009-)
Chairman ASTM E-5.21.80: Large scale heat release (2009- )
Chairman ASTM E-5.23.1: Task Group on Non-Combustibility (2008 -12) (merged into
ASTM E-5.23.2)

* Chairman ASTM E-5.23.2: Task Group on Alternate Method of Non-Combustibility

(2007 - ): Developed Test Method ASTM E2652

Chairman ASTM E-5.31/91 Task Group on Uncertainty (2002- )

Chairman ASTM E-5.31 Task Group on Terminology (2014-)

Chairman ASTM E-5.31 Task Group on Services/Functions Standards (2014-)

Chairman ASTM E-5.32.2: Task Group on 1990 Symposium on Fire Hazard and Fire

Risk Assessment (1988-1992). Editor of ASTM STP 1150 (Fire Hazard & Fire Risk

Assessment)

* Chairman ASTM E-5.35.2: Task Group on Examples of Fire Hazard Assessment
Standards (1989-91)

* % X ¥

° NFPA

* Chairman NFPA Technical Committee on Hazard and Risk of Contents and Furnishings
(2001-2013). Developed new NFPA 556, Guide on Vehicle Fire Safety, & NFPA 557,
Standard on Fire Loads
Chairman NFPA Technical Advisory Committee on Glossary of Terminology (2007-15)
Member NFPA Life Safety Technical Committee on Furnishings and Contents (1991-)
Member NFPA Building Code Technical Committee on Structures, Construction, and
Materials (2014 - )

* Member NFPA Technical Committee on Hazard and Risk of Contents and Furnishings
(1991-)

* Member NFPA National Electrical Code CMP 15: National Electrical Code Panel on
Places of Assembly (1993-2001)

Member NFPA Technical Committee on Fire Tests: (1996-)

Member NFPA Technical Committee on Merchant Vessels: (1998-)

Member (Alternate, for Society of the Plastics Industry) of NFPA Technical Committee
on Fixed Guideway Transit Systems [Trains]: (2001)

* Member (for North American Flame Retardant Alliance/Plenum Cable Association) of
NFPA Technical Committee on Air Conditioning [NFPA 90A-B]: (2002-)
* Member (for North American Flame Retardant Alliance) of NFPA Technical Committee

on Fixed Guideway Transit Systems [Trains] [NFPA 130]: (2019-)
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ASTM D09 (Electrical Insulation Materials)

Chairman ASTM D09: (2017-)

Chairman ASTM D-9.94: Subcommittee on Editorial (2008- )

Chairman ASTM D-9.21: Subcommittee on Fire Performance Standards (2010-6)
Chairman ASTM D-9.17: Subcommittee on Fire and Thermal Properties (2016 -)
Secretary ASTM D09: (2016-2017)

Secretary ASTM D-9.94: Subcommittee on Terminology and Editorial for Electrical
Insulation Materials (1994-2008)

Chairman ASTM D-9.21.3: Task Group on Smoke Obscuration on Burning of Electrical
Cables (1987-2016). Developed ASTM D5424

Chairman ASTM D-9.21.7: Task Group on Rate of Heat Release from Electrical Cables
(1992-2016). Developed ASTM D5537 and ASTM D6113

Chairman ASTM D-9.21.1: Task Group on Fire Hazard Assessment of Electrotechnical
Products (1995-2016). Developed Guide ASTM D5425

Chairman ASTM D-9.97-1: Task Group on March1999 "90th Anniversary Symposium
on Electrical Insulating Materials: International Issues" (1997-1999). Editor of ASTM
STP 1376 (1999)

Chairman ASTM D-9.97 Task Group on ASTM D9 Symposium on Electrical Materials
and Fire October 2004.

ASTM D20 (Plastics)

Chairman ASTM D20-20: Subcommittee on Plastic Lumber (2009- ) [Originally
subcommittee on Plastic Products]

Vice-chairman ASTM D20.20.03: Section on Plastics and Combustibility (2013-2017)
Chairman Task Group on ASTM D4968 (Practice for Review of Test Methods and
Specifications for Plastics (2015-)

Chairman ASTM D20-92: Subcommittee on Terminology (2022 -)

ASTM F33 (Detention and Correctional Occupancies)

Chairman ASTM F33.05 Task Group on Furnishings within Detention Occupancies
(1997-). Developed test methods ASTM F1534 and F1550 and guide ASTM F1870.

ASTM F15, ASTM F08 and other ASTM committees:

Chairman ASTM F15.15: Subcommittee on Wall Coverings (Responsible for a standard
specification and a standard classification for wall coverings)
Task group chair and member various task groups.

CSA (Canadian Standards Association)
Chairman Task Group on Circuit Integrity for CSA C22.2 No. 0.3 (1997-2000)

Member Committee CSA C22.2 No. 0.3 Wiring Test Methods (1992 -2010)
Member Committee CSA C22.2 No. 239 Control & Instrumentation Cables (1995 -2010)
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° IEEE (Institution of Electrical and Electronic Engineers)

* Member IEEE Technical Committee on Electrical Installations in Ships (IEEE 45)
(1999-2007)

* Member [EEE Technical Committee on Shipboard Wire and Cable (IEEE 1580) (2000-
07)

* Member IEEE Technical Committee on Environmental Assessment of Computer
Products, Imaging Equipment and Television (IEEE 1680) (2010-2018)

° ISO (International Organization for Standardization)

* Convenor ISO TC 61 SC4 WGS (Plastics — Burning Behavior - Ignitability and fire
growth tests) (2013 -)

Convenor ISO TC 92 WGS (Fire Safety — Fire terms and definitions) (2013 -)
Member ISO TC61 SC4 (Plastics Burning Behavior)

Member ISO TC61 SC4 WG2 (Smoke and corrosivity) (2017 -)

Member ISO TC61 SC4 WG9 (Other Products) (2017 -)

Member ISO TC61 SC4 WGI11 (PVC Products) (2015 -2019)

Member ISO TC92 SC1 (Building Products - Reaction to fire)

Member ISO TC92 SC3 (Building Products — Toxicity)

* % K K K % ®

° IEC (International Electrotechnical Commission)
* Member US TAG IEC TC89 (Cables and Fire)
Fire Safety Industrial Consultant (Public Information)

° Consultant to the Vinyl Institute on fire and PVC (1991-)

° Consultant to the Fire Retardant Chemicals Association/American Fire Safety
Council/North American Flame Retardants Alliance on codes and standards (1997 -)

° Consultant to the National Cotton Council on code issues (2003 -05)

) Expert on various fire issues, for a variety of industrial clients
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EMPLOYMENT RESPONSIBILITIES IN PREVIOUS WORK

| BFGoodrich - Geon Vinyl Division (Fire Sciences Manager)
° Head of BFGoodrich fire testing laboratory: routine small-scale tests.
° Head of BFGoodrich fire research: smoke toxicity and fire hazard assessment;

combustion and thermal analysis of poly(vinyl chloride) and other polymers; generation,
transport and decay of hydrogen chloride; smoke corrosivity; analytical techniques for
measuring combustion products. Provided a presence at national and international fire
conferences, for participation and presentation of scientific work. Carried out full scale
fire demonstrations, for research and public relations purposes. Supported line groups in
the development of new commercial compounds.

° Technical consultant for BFGoodrich on litigation and other external affairs regarding
fire and combustion toxicity

° Standards activities representing BFGoodrich: e.g. ASTM, NFPA, Canadian Standards

Association.
° Vinyl industry spokesperson
° Chairman Technical Fire Sciences Subcommittee, Coordinating Committee for Fire

Safety, Society of the Plastics Industry. Main spokesperson on fire activities for the
plastics industry. Liaison with Center for Fire Research (National Bureau of Standards),
NFPA, NIBS, etc.

° Technical Monitor SPI Carbon Monoxide and Fire Fatalities Project, etc. (1987-91)

° Chairman Combustibility Subcommittee, Vinyl Institute Technical Committee.

Technical monitor of projects at Center for Fire Research (NBS), Southwest Research

Institute

Chairman ASTM E-5.15: Subcommittee on Fire and Interior Furnishings and Contents

Secretary ASTM E-5.91: Subcommittee on Planning and Review of Fire Standards

Chairman ASTM E-5.15.3: Task Group on Fire Hazard Assessment of Floor Coverings

Chairman ASTM E-5.15.8: Task Group on Full Scale Fire Testing of Upholstered

Furniture

Chairman ASTM E-5.31.3: Task Group on Smoke Toxicity Definitions

° Chairman ASTM E-5.32.2: Task Group on 1990 Symposium on Fire Hazard and Fire
Risk Assessment

° Chairman ASTM E-5.35.2: Task Group on Examples of Fire Hazard Assessment
Standards

° Chairman ASTM D-9.21.3: Task Group on Smoke Obscuration on Burning of Electrical
Cables

° Member of NIBS Smotox Steering Committee (1987-91)

° Member of NFPRF Risk Assessment Advisory Committee (1987-91)

o Session chairman on Materials for Increased Fire Safety at Int. Conf. Fire Safety (Dr.
C.J. Hilado) (1987-91)

o Session chairman at Combustion Institute Eastern Section meetings

° Session Chairman at Fire Retardant Chem. Association meetings

° Member of ASTM Task Groups E-5.21.70 and D-9.21-4 (smoke corrosivity test
development), ASTM E-5.21.02 and E-5.21.03 (smoke obscuration test development),
and E5-21.11 (quick toxic fire hazard assessment)
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| BFGoodrich - Chemical Group & Geon Vinyl Division

° As subsequent job, at a lower level of responsibility.

| Department of Chemistry - The City University

° Supervision of post-graduate and undergraduate research students

° Research in combustion and air pollution: medium and high molecular weight

hydrocarbons, liquid fuels (gasoline, diesel efficiency and effects of additives), polymers
(thermal decomposition, flammability and flame retardance: efficiency and mechanism),
cellulosic materials (cellulose, cotton, cigarette paper: mechanisms and means of
decreasing emissions), emission processes of gaseous pollutants, etc.

° Consultant to the "Unit for Oxidation and Combustion Technology": Ministry of
Defense and industrial contract research organization.
° Consultant to the OECD (Organization for Economic Cooperation and Development;

Paris, France): industrial and automotive pollution issues.
] School of Molecular Sciences - University of Sussex

° Research in physical organic chemistry: syntheses and kinetics of radioactive decay by
protiodetritiation of polycyclic aromatic hydrocarbons.

| R & D Department - ALUAR Aluminio Argentino
° Planning for setting up a laboratory and literature search
] Department of Physical Chemistry - School of Pharmacy and Biochemistry -

University of Buenos Aires

° Research into polymerization mechanisms, leading to Ph.D.
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PUBLICATIONS

Books:

1)

2)

3)

228)

274)

345)

453)

4)

5)

6)

7)

8)

“The Combustion of Organic Polymers”, C.F. Cullis and M.M. Hirschler, Oxford University
Press, Oxford, UK, 1981.

“Oxidation of Organic Compounds. Solvent Effects in Radical Reactions”, N.M. Emanuel', G.E.
Zaikov and Z.K. Maizus, translators: A.K. Henn and 1.G. Evans, translation editor: M.M.
Hirschler, Pergamon Press, Oxford, UK, 1984.

“Fire hazard and fire risk assessment”, ASTM STP 1150, Amer. Soc. Testing and Materials,
Philadelphia, PA, US, Editor: M.M. Hirschler, (1992).

“Carbon monoxide and human lethality: Fire and non fire studies”, Editor in Chief: M.M.
Hirschler, Associate Editors: S.M. Debanne, J.B. Larsen and G.L. Nelson, Elsevier, New York,
US, 1993.

“Fire Calorimetry”, Editors: M.M. Hirschler and R.E. Lyon, DOT/FAA/CT-95-46, NTIS,
Alexandria, VA, US, 1995.

“Electrical Insulating Materials - International Issues”, ASTM STP 1376, Amer. Soc. Testing
and Materials, West Conshohocken, PA, US, Editor: M.M. Hirschler (2000).

“Practical Guide to Smoke and Combustion Products from Burning Polymers — Generation,

Assessment and Control”, M.M. Hirschler, S. Levchik and E.D. Weil, Smithers Rapra Technical
Publications, Shawbury, UK, 2011.

Other Scientific Publications and Presentations:

1974

"Free radical polymerization of methyl methacrylate in the presence of benzoquinone and triethyl
aluminium", J. Grotewold and M.M. Hirschler, Int. Symp. On Macromolecules, Rio de Janeiro, Brazil,
July 26-31, 1974.

"Formation of a methyl methacrylate oligomer by combining triethyl aluminium and
azobisisobutyronitrile", J. Grotewold and M.M. Hirschler, Kinetics and Photochemistry Symposium, Rio
Cuarto (Argentina), August 6-10, 1974.

1975

"Mechanism of polymerization of methyl methacrylate in the presence of triethyl aluminium together
with a typical free radical inhibitor or an initiator", Doctoral Dissertation, University of Buenos Aires.

"Report on carbons, carbonization, additives (oxidative and reductive) and polycyclic aromatic
hydrocarbons", M.M. Hirschler, Internal Publication, ALUAR Aluminio Argentino, 1975.

1977
"Stoichiometric formation of methyl methacrylate oligomer by triethyl aluminium in the presence of

azobisisobutyronitrile", J. Grotewold and M.M. Hirschler, J. Polymer Sci., A-1 (Polymer Chemistry), 15,
383-91 (1977).
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9)

10)

11)

12)

13)

14)

15)

16)

17)

18)

19)

20)

21)

22)

23)

24)

"Triethyl aluminium as a concentration-dependent coinitiator and chain-transfer agent of free radical
polymerization of methyl methacrylate in the presence of benzoquinone", J. Grotewold and M.M.
Hirschler, J. Polymer Sci., A-1 (Polymer Chemistry), 15, 393-404 (1977).

"Electrophilic aromatic substitution. Part 18. Protiodetritiation of anthracene, coronene and triphenylene
in anhydrous trifluoroacetic acid", H.V. Ansell, M.M. Hirschler and R. Taylor, J. Chem. Soc., Perkin II,
353-5 (1977).

1978

"The formation and destruction of pentenes during the combustion of pentane", C.F. Cullis and M.M.
Hirschler, Proc. Royal Soc. (London) A 364, 75-88 (1978).

"Isotopic tracer studies of the further reactions of pentenes in the combustion of pentane", C.F. Cullis and
M.M. Hirschler, Proc. Royal Soc. (London) A 364, 309-29 (1978).

1979

"Sulphur emissions into the atmosphere”, C.F. Cullis and M.M. Hirschler, Int. Symp. On Sulphur
Emissions and the Environment, London (U.K.), May 8-10, Soc. Chem. Industry, pp. 1-23 (1979).

1980

"Atmospheric cycles of some common elements: II. Man's activities", C.F. Cullis and M.M. Hirschler,
Educ. Chem. 17, 40-3 (1980).

"Sulphur emissions, the environment and chemical industry", M.M. Hirschler, Introductory Lecture, Int.
Symp. On Sulphur Emissions and the Environment, London (U.K.), May 8-10, 1979, Soc. Chem.
Industry, pp. 445-55 (Discussion Volume) (1980).

"Atmospheric sulphur: natural and man-made sources", C.F. Cullis and M.M. Hirschler, Atmos. Environ.,
14, 1263-78 (1980).

"Ignition of Kynar oxygen valve material", M.M. Hirschler, Report for Health and Safety Executive,
U.K., Contract No. 1186-46.04, November 1980.

"The effect of atropisomerism upon electrophilic aromatic reactivity: detritiation of hexa- and tetra-o-
phenylene", M.M. Hirschler and R. Taylor, J. Chem. Soc., Chem. Comm., 967-9 (1980).

1981

"Man's emission of carbon dioxide into the atmosphere", M.M. Hirschler, Atmos. Environ., 15, 719-27
(1981).

"Smoking and air pollution", C.F. Cullis and M.M. Hirschler, Seventh Int. Clean Air Conf., Clean Air
Soc. Australia and New Zealand, Adelaide (Australia), August 21-27, pp. 115-29 (1981).

"Biogenic sulphur emissions", M.M. Hirschler, Atmos. Environ. 15, 1336 (1981).
"The oxidative thermal stability of plastic propellants", A.W. Benbow and M.M. Hirschler, Report for
Procurement Executive, Propellants, Explosives and Rockets Motor Establishment, Ministry of Defence,

U.K., Contract No. D/RM 1/11/240, February 1981.

"The combined action of aluminium oxides and halogen compounds as flame retardants", F.K. Antia, C.F.
Cullis and M.M. Hirschler, Europ. Polymer J., 17, 451-5, (1981).

"The inhibition of polymer combustion by metal oxides", F.K. Antia, C.F. Cullis and M.M. Hirschler,
First Specialists' Mtg Combustion Institute, Bordeaux (France), July 20-25, pp. 602-7 (1981).
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25)

26)

1)

27)

28)

29)

30)

31)

32)

33)

34)

35)

36)

37)

38)

39)

"Experimental techniques for the combustion of fuels of low volatility and high reactivity", C.F. Cullis,
M.M. Hirschler and R.L. Rogers, 18th. Symp. (Int.) on Combustion, pp. 1575-82, The Combustion
Institute, Pittsburgh, 1981.

"The oxidation of decane in the gaseous and liquid phases", C.F. Cullis, M.M. Hirschler and R.L. Rogers,
Proc. Royal Soc. (London), A 375, 543-63 (1981).

"The Combustion of Organic Polymers", C.F. Cullis and M.M. Hirschler, Oxford University Press,
Oxford, 1981.

1982

"The cool-flame combustion of decane", C.F. Cullis, M.M. Hirschler and R.L. Rogers, Proc. Royal Soc.
(London), A 382, 429-40 (1982).

"Recent developments in flame-retardant mechanisms", M.M. Hirschler, in "Developments in Polymer
Stabilisation, Vol. 5", Ed. G. Scott, pp. 107-52, Applied Science Publ., London, 1982.

"Binary mixtures of metal compounds as flame retardants for organic polymers", F.K. Antia, C.F. Cullis
and M.M. Hirschler, Europ. Polymer J., 18, 95-107 (1982).

"Comprehensive study of the effect of composition on the flame-retardant activity of antimony oxide and
halogenated hydrocarbons in thermoplastic polymers", F.K. Antia, P.J. Baldry and M.M. Hirschler,
Europ. Polymer J., 18, 167-74 (1982).

"Effect of oxygen on the thermal decomposition of poly(vinylidene fluoride)", M.M. Hirschler, Europ.
Polymer J. 18, 463-7, (1982).

"Relation between the thermal behaviour and flame-retardant effectiveness of metal oxides in halogen-
containing thermoplastics", M.M. Hirschler, Sixth European Conf. on Flammability and Fire Retardants,
Alena Enterprises of Canada, June 24-25, Nice (France), 1982.

"Thermal stability and flammability of organic polymers", C.F. Cullis and M.M. Hirschler, [.U.P.A.C.
Macro '82, Polymer Degradation and Stabilisation, July 12-16, Amherst (U.S.), p. 286, 1982.

1983

"The role of specific elements in flame-retardant mechanisms", M.M. Hirschler, Polymer Flammability:
Mechanistic and Practical Aspects, P.D.D.G. Conf.,, Macro Group U.K. (Royal Soc. Chemistry),
September 2-3, Cambridge (U.K.), 1983 (Industrial Chemistry Bulletin, 2, 52 (1983)).

"The pyrolysis of cellulose under conditions of rapid heating", C.F. Cullis, M.M. Hirschler, R.P.
Townsend and V. Visanuvimol, Combust. Flame 49, 235-48 (1983).

"The combustion of cellulose under conditions of rapid heating", C.F. Cullis, M.M. Hirschler, R.P.
Townsend and V. Visanuvimol, Combust. Flame 49, 249-54 (1983).

"Flame retardance and smoke suppression by tin (IV) oxide phases and decabromobiphenyl", J.D.
Donaldson, J. Donbavand and M.M. Hirschler, Europ. Polymer J. 19, 33-41 (1983).

"Thermal analysis and flammability of polymers: Effect of halogen-metal additive systems", M.M.
Hirschler, Europ. Polymer J. 19, 121-9 (1983).

"The effect of combinations of aluminium (III) oxides and decabromobiphenyl on the flammability of and
smoke production from acrylonitrile-butadiene-styrene terpolymer", M.M. Hirschler and O. Tsika, Europ.
Polymer J., 19, 375-80 (1983).
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40)

41)

42)

43)

44)

45)

46)

47)

48)

49)

50)

51)

52)

53)

54)

55)

"Mechanism of action of pyrogenic silica as a smoke suppressant for polystyrene", R. Chalabi, C.F. Cullis
and M.M. Hirschler, Europ. Polymer J., 19, 461-8 (1983).

"The significance of thermoanalytical measurements in the assessment of polymer flammability", C.F.
Cullis and M.M. Hirschler, Polymer, 24, 834-40 (1983).

"The influence of metal chelates on the oxidative degradation of polypropylene"”, C.F. Cullis and M.M.
Hirschler, in Proc. Fifth Ann. Int. Conf. Advances in the Stabilisation and Controlled Degradation of
Polymers, Zurich (Switzerland), June 1-3, pp. 195-207 (1983).

"Metal oxides as flame retardants-smoke suppressants: recent developments", M.M. Hirschler, Seventh
Europ. Conf. on Flammability and Fire Retardants, Alena Enterprises of Canada, London (U.K.), June 9-
10, 1983.

"A novel dilution tunnel-flame burner system for studying the effects of automotive diesel fuels on air
quality", C.F. Cullis, M.M. Hirschler and M.A.M. Stroud, Sixth World Congress on Air Quality, Paris
(France), May 16-20, Int. Union Air Pollution Prevention Assocns, Vol. 4, pp. 265-72 (1983).

"Effects of organic sulphur compounds on the ignition of unleaded and leaded hydrocarbon fuels", C.F.
Cullis, M.M. Hirschler and G.0O.G. Okorodudu, 19th. Symp. (Int.) on Combustion, pp. 1475-86, The
Combustion Institute, Pittsburgh, 1983.

"The effects on alkane combustion of added sulphur compounds", C.F. Cullis, M.M. Hirschler, G.O.G.
Okorodudu and H.A.G. Okuns, Combust. Flame 54, 209-24 (1983).

1984

"Char formation from polyolefins: correlations with low-temperature oxygen uptake and with
flammability in the presence of metal-halogen systems", C.F. Cullis and M.M. Hirschler, Europ. Polymer
J. 20, 53-60 (1984).

"Reduction of smoke formation from and of flammability of thermoplastic polymers by metal oxides",
M.M. Hirschler, Polymer 25, 405-11 (1984).

"Degradation of polystyrene in the presence of magnesium compounds", M.M. Hirschler and T.R.
Thevaranjan, Pre-prints, Polymer Div., Amer. Chem. Soc., 189th. Ann. Mtg, pp 91-2 (1984).

"Effect of dispersing and binding agents on the flammability of, and smoke production from,
thermoplastic polymers", J.D. Donaldson, J. Donbavand and M.M. Hirschler, Europ. Polymer J., 20, 323-
7 (1984).

"The flame retardance of a natural polymer by a sulphur-aluminium-bromine system", C.F. Cullis, M.M.
Hirschler and M.A.A.M. Khattab, Europ. Polymer J. 20, 559-62 (1984).

"The flame-retardant and smoke-suppressant activity of molybdenum (VI) oxide and other metal oxides",
C.F. Cullis, M.M. Hirschler and T.R. Thevaranjan, Eighth Europ. Conf. on Flammability and Fire
Retardants, Alena Enterprises of Canada, Amsterdam (Holland), June 8-9, 1984.

"Combustion of cigarette paper under conditions similar to those during smoking", C.F. Cullis, D. Goring
and M.M. Hirschler, Cellucon '84 (Macro Group U.K.), Wrexham (Wales), Chapter 35, pp. 401-10, July
16-20, Ellis Horwood, Chichester, 1984.

"Heat transfer from fires", M.M. Hirschler, Report for BFGoodrich Chemical Co., July 1984.

"Metal chelates as flame retardants and smoke suppressants for thermoplastic polymers", C.F. Cullis,
A.M.M. Gad and M.M. Hirschler, Europ. Polymer J., 20, 707-11 (1984).
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56)

57)

58)

59)

60)

61)

62)

63)

64)

65)

2)

66)

67)

68)

69)

70)

"Combinations of titanium (IV) oxide, iron (III) oxide and molybdenum (VI) oxide as flame retardants
and smoke suppressants for thermoplastic polymers", C.F. Cullis, M.M. Hirschler and T.R. Thevaranjan,
Europ. Polymer J. 20, 841-7 (1984).

"Red phosphorus as a flame retardant for a thermoplastic nitrogen-containing polymer", J.R.A. Broadbent
and M.M. Hirschler, Europ. Polymer J. 20, 1087-93 (1984).

"The role of diffusion in the rapid combustion of cellulose", M.M. Hirschler and R.P. Townsend, Proc.
Royal Soc. (London), A 396, 119-30 (1984).

"Carbon monoxide from cigarette paper combustion", M.M. Hirschler and Y.R. Shashoua, Chemical and
Physical Processes in Combustion, Eastern Section Combustion Inst., 1984 Fall Tech. Mtg, Clearwater
Beach (FL, U.S.), p. 104/1-4, Dec. 3-5 1984.

"A novel engine-free dilution tunnel for the collection of particulate matter formed during combustion",
C.F. Cullis, M.M. Hirschler and M.A.M. Stroud, J. Phys. E: Sci. Instrum., 17, 317-22, (1984).

"The combustion of deuterium-labelled decane", D. Herron and M.M. Hirschler, Oxidation
Communications, 7, 321-32 (1984).

"Environmental implications of energy strategies (Transportation) Chapter 5: Diesel engines and Fuels",
C.F. Cullis and M.M. Hirschler, O.E.C.D., Paris, 1984.

"Environmental implications of energy strategies (Transportation) Chapter 6: Two-stroke engines", M.M.
Hirschler, O.E.C.D., Paris, 1984.

"Environmental implications of energy strategies (Transportation) Chapters 1-8", M.M. Hirschler
(Editor), O.E.C.D., Paris, 1984.

"Diesels: Increased air pollution vs. energetic and economic advantages", C.F. Cullis and M.M. Hirschler,
Eighth Int. Clean Air Conf., Clean Air Society of Australia and New Zealand, Melbourne (Australia),
May 1984.

"Oxidation of Organic Compounds. Solvent Effects in Radical Reactions", N.M. Emanuel', G.E. Zaikov
and Z.K. Maizus, translators: A.K. Henn and I.G. Evans, translation editor: M.M. Hirschler, Pergamon
Press, Oxford, 1984.

1985

"Effects of magnesium oxide/hydroxide on flammability and smoke production tendency of polystyrene",
M.M. Hirschler and T.R. Thevaranjan, Europ. Polymer J., 21, 371-5 (1985).

"Simultaneous thermal analysis of PVC compounds", M.M. Hirschler, Ninth Europ. Conf. Flammability
and Fire Retardants, Alena Enterprises of Canada, Bad Hofgastein (Austria), May 9-10, 1985.

"The effects of red phosphorus on the flammability and smoke-forming tendency of organic polymers",
C.F. Cullis, M.M. Hirschler and Q.M. Tao, Ninth Europ. Conf. Flammability and Fire Retardants, Alena
Enterprises of Canada, Bad Hofgastein (Austria), May 9-10, 1985.

"Efficiency of Metal-Containing Compounds in the Flame Retardance and Smoke Suppression of
Polymers", M.M. Hirschler, Am. Chem. Soc., Central Regional Meeting, paper 133, p. 54, June 5-7,
Akron, (OH, U.S.A.) 1985.

"Update on vinyl flammability, smoke and toxicity issues", M.M. Hirschler, Eighth Vinyl Formulators
Tech. Seminar, Sept. 24-27, Bolton Landing (NY, U.S.A.), 1985.
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71)

72)

73)

74)

75)

76)

77)

78)

79)

80)

81)

82)

83)

84)

85)

"Hazards in a house fire: example of a chair", M.M. Hirschler and G.F. Smith, Chemical and Physical
Processes in Combustion, Eastern Section Combustion Institute, 1985 Fall Tech. Mtg, Philadelphia (PA,
U.S.A)), p. 59/1-4, Nov. 4-6, 1985.

"Soot from fires. I. Properties and methods of investigation", M.M. Hirschler, J. Fire Sciences, 3, 343-74
(1985).

"Soot from fires. II. Mechanisms of carbon formation", M.M. Hirschler, J. Fire Sciences, 3, 380-414
(1985).

"Organosilicon compounds as antiknock additives", C.F. Cullis, D. Herron and M.M. Hirschler, Combust.
Flame, 59, 151-65 (1985).

1986

"Halogen-free flame-retardant thermoplastic polyurethanes”, D.R. Hall, M.M. Hirschler and C.M.
Yavornitzky, in Fire Safety Science, Proc. First Int. Symp. on Fire Safety Science, Oct. 7-11,
Gaithersburg (MD, U.S.A.), Eds. C.E. Grant and P.J. Pagni, pp. 421-30, Hemisphere, Washington, 1986.

"Thermal decomposition of poly(vinyl chloride). Kinetics of generation and decay of hydrogen chloride
in large and small systems and the effect of humidity", C.A. Bertelo, W.F. Carroll, M.M. Hirschler and
G.F. Smith, in Fire Safety Science, Proc. First Int. Symp. on Fire Safety Science, Oct. 7-11, Gaithersburg
(MD, U.S.A.), Eds. C.E. Grant and P.J. Pagni, pp. 1079-88, Hemisphere, Washington, 1986.

"Hydrogen chloride transport and decay in a large apparatus. I. Decomposition of poly(vinyl chloride)
wire insulation in a plenum by current overload", J.J. Beitel, C.A. Bertelo, W.F. Carroll, R.A. Gardner,
A.F. Grand, M.M. Hirschler and G.F. Smith, J. Fire Sciences, 4, 15-41 (1986).

"Thermal decomposition (STA and DSC) of poly (vinyl chloride) compounds under a variety of
atmospheres and heating rates", M.M. Hirschler, Europ. Polymer J., 22, 153-60 (1986).

"The effect of red phosphorus on the flammability and smoke-producing tendency of poly(vinyl chloride)
and polystyrene", C.F. Cullis, M.M. Hirschler and Q.M. Tao, Europ. Polymer J., 22, 161-7 (1986).

"Soot from fires. III. Soot suppression", M.M. Hirschler, J. Fire Sciences, 4, 42-72 (1986)

"Hydrogen chloride generation and decay from the thermal decomposition of poly(vinyl chloride) wire
insulation", C.A. Bertelo, W.F. Carroll, M.M. Hirschler and G.F. Smith, in Proc. 11th. Int. Conf. on Fire
Safety, Product Safety Corp., San Francisco (CA, U.S.A.), Jan. 13-17 (Ed. C.J. Hilado), pp. 192-204,
1986.

"Global man-made emissions of carbon monoxide and hydrocarbons", C.K.J. Cheng, C.F. Cullis and
M.M. Hirschler, Seventh World Clean Air Congress, August 25-29, pp. 323-9, Int. Union Air Pollution
Prevention Assocns, Sydney (Australia), 1986.

"Fires of the Eighties - Are They Different", M.M. Hirschler, Vinyl Institute Technical Information
Bulletin, September 1986.

"Hydrogen chloride decay in fire atmospheres", F.M. Galloway and M.M. Hirschler, National Bureau of
Standards Center for Fire Research Technical Seminar, October 15, 1986.

"Variables affecting decay of hydrogen chloride after a fire", M.M. Hirschler and G.F. Smith, Chemical
and Physical Processes in Combustion, Eastern Section Combustion Institute, 1986 Fall Tech. Mtg, San
Juan (Puerto Rico), p. 40/1-4, Dec. 15-17, 1986.
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86)

87)

88)

89)

90)

91)

92)

93)

94)

95)

96)

97)

98)

99)

100)

1987

"Generalized model for hydrogen chloride transport and decay", F.M. Galloway and M.M. Hirschler, in
Proc. 12th. Int. Conf. on Fire Safety, Product Safety Corp., San Francisco (CA, U.S.A.), Jan. 12-16 (Ed.
C.J. Hilado), pp. 124-43, 1987.

"Flammability and smoke characteristics of chlorinated poly(vinyl chloride) compounds", L.A. Chandler
and M.M. Hirschler, in Proc. 12th. Int. Conf. on Fire Safety, Product Safety Corp., San Francisco (CA,
U.S.A)), Jan. 12-16 (Ed. C.J. Hilado), pp. 124-43, 1987.

"A heated tube furnace test for the emission of acid gas from PVC wire coating materials: effects of
experimental procedures and mechanistic considerations", L.A. Chandler, M.M. Hirschler and G.F.
Smith, Europ. Polymer J., 23, 51-61 (1987).

"Hydrogen chloride transport and decay in a large apparatus: II. Variables affecting hydrogen chloride
decay", J.J. Beitel, C.A. Bertelo, W.F. Carroll, A.F. Grand, M.M. Hirschler and G.F. Smith, J. Fire
Sciences, 5, 105-45 (1987).

"Combustion gases of various building materials", M.M. Hirschler, Vinyl Institute Technical Information
Bulletin, April 1987.

"Hydrogen chloride release from poly(vinyl chloride): model for its decay", F.M. Galloway and M.M.
Hirschler, Europ. Polymer J., 23, 667 (1987).

"Further chlorination of poly(vinyl chloride): effects of flammability and smoke production tendency",
L.A. Chandler and M.M. Hirschler, Europ. Polymer J., 23, 677-83 (1987).

"Model for the mass transfer and decay of hydrogen chloride in a fire scenario", F.M. Galloway and M.M.
Hirschler, in ASTM E-5 Symposium on Mathematical modeling of fires and related fire test methods,
December 8, 1986, New Orleans, LA, "Mathematical Modeling of Fires", ASTM STP 983, Amer. Soc.
Testing and Materials, J.R. Mehaffey, pp. 35-57 (1987).

"The pyrolysis and combustion of cigarette constituents", P.J. Baldry, C.F. Cullis, D. Goring and M.M.
Hirschler, Proc. Int. Conf. on "Physical and Chemical Processes Occurring in a Burning Cigarette", R.J.
Reynolds Tobacco Co., Winston-Salem, April 26-29, pp. 280-301, 1987.

"Flammability and combustion toxicity parameters of PVC in perspective", M.M. Hirschler, PVC '87,
Third Int. Conf. on PVC Processing, Brighton (U.K.), April 28-30, 1987, British Plastics Federation, pp.
38/1-38/10.

"Combustibility of polymers", M.M. Hirschler, Gordon Research Conference on Analytical Pyrolysis,
July 6-10, Plymouth (NH, U.S.A.), 1987.

"Determination of fire properties of products by rate of heat release calorimetry: use of the National
Bureau of Standards Cone and Ohio State University instruments", M.M. Hirschler and G.F. Smith, Fire
Retardant Chemicals Association Fall Tech. Mtg, Monterey (CA, U.S.A.), Oct. 19-21, 1987, p. 133-146.

"Kinetic modelling of generation and decay of hydrogen chloride from burning PVC", W.F. Carroll,
M.M. Hirschler and G.F. Smith, in "PVC: The Issues", SPE RETEC, Atlantic City (NJ, U.S.A.),
September 16-17, pp. 76-85, 1987.

"Use of the NBS cone calorimeter as a means of measuring fire properties of polymeric materials", M.M.
Hirschler and G.F. Smith, Chemical and Physical Processes in Combustion, Eastern Section Combustion
Institute, 1987 Fall Tech. Mtg, Combined with NBS Ann. Conf. Fire Research, Nov. 2-5, p. 63/1-4, 1987.

"The combined effect of sulphur and nitrogen compounds on alkane combustion”, C.F. Cullis, M.M.
Hirschler and S.W. Wall, 21st. Symp. (Int.) on Combustion, The Combustion Institute, Pittsburgh, 1987,
p. 1223-1230.
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103)

104)

105)

106)

107)

108)

109)

110)

111)

112)

113)

114)

115)

116)

"How hazardous is PVC?", M.M. Hirschler, Fire Prevention, 204, 19-27 (1987).

"Corrosive effects of smoke on metal surfaces", M.M. Hirschler and G.F. Smith, Int. Conf. on "Corrosive
Effects of Combustion Products", October 13-14, London (U.K.), 1987.

"Fire hazard and toxic potency of the smoke from burning materials", M.M. Hirschler, J. Fire Sciences, 5,
289-307 (1987).

"Discussion on fire and halogen-free cables", M.M. Hirschler, in "Proc. Polymers in a Marine
Environment, 2nd. Int. Conf.", Oct. 14-16, 1987, Ed. D. Goring, Inst. Marine Engineers, London, p. 118-
119 (1989).

1988

"Generation of hydrogen chloride under forced conditions of minimal decay for modelling purposes",
F.M. Galloway, M.M. Hirschler and G.F. Smith, in Proc. 13th. Int. Conf. on Fire Safety, Product Safety
Corp., San Francisco (CA, U.S.A.), Jan. 11-15 (Ed. C.J. Hilado), pp. 81-102, 1988.

"Fire characteristics of standard and advanced PVC wire and cable compounds", A.W. Coaker and M.M.
Hirschler, in Proc. 13th. Int. Conf. on Fire Safety, Product Safety Corp., San Francisco (CA, U.S.A.), Jan.
11-15 (Ed. C.J. Hilado), pp. 397-416, 1988.

"A comparative study of test methods used to determine the toxic potency of smoke", H.L. Kaplan, M.M.
Hirschler, W.G. Switzer and A.W. Coaker, in Proc. 13th. Int. Conf. on Fire Safety, Product Safety Corp.,
San Francisco (CA, U.S.A.), Jan. 11-15 (Ed. C.J. Hilado), pp. 279-297, 1988.

"Fire performance of standard and advanced vinyl wire and cable compounds", M.M. Hirschler, at
Defense Fire Protection Association Winter Meeting, Arlington, VA, February 23-24, 1988.

"The combustion of cigarette paper", P.J. Baldry, C.F. Cullis, D. Goring and M.M. Hirschler, Fire and
Materials 12, 25-33 (1988).

"Fire properties of polyvinyl chloride", M.M. Hirschler, Vinyl Institute Technical Information Bulletin,
1988.

"Limitations of the UPITT method for the screening of materials for the toxic potency of smoke", H.L.
Kaplan, M.M. Hirschler and W.G. Switzer, Soc. Toxicol. 1988, 27th. Ann. Mtg, Poster # 574, The
Toxicologist 8 (1) 144 (1988).

"A comparative study of test methods used to determine the toxic potency of PVC smoke", W.G. Switzer,
H.L. Kaplan and M.M. Hirschler, Soc. Toxicol. 1988, 27th. Ann. Mtg, Poster # 572, The Toxicologist 8
(1) 144 (1988).

"End use testing for the corrosivity of smoke", J.D. Ryan, T.J. O'Neill and M.M. Hirschler, in "Dynamics
of Current Developments in Fire Safety of Polymers", Fire Retardant Chemicals Association Spring Tech.
Mtg, Grenelefe, FL, March 20-23, 1988, p. 150-68.

"First order evaluation of fire hazard in a room due to the burning of poly(vinyl chloride) products in a
plenum: estimation of the time required to establish an untenable atmosphere", M.M. Hirschler, J. Fire
Sci. 6, 100-120 (1988).

"Model for hydrogen chloride decay in fires", F.M. Galloway and M.M. Hirschler, Amer. Chem. Soc.,
Middle Atlantic Regional Meeting (MARM '88), May 24-26, 1988, Lancaster (PA, U.S.A.).

"Fire safety and poly(vinyl chloride)", Thirty Second Annual May Conference, Society Applied
Spectroscopy and American Chemical Society, Cleveland Section, May 24, 1988, Cleveland, OH.
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119)

120)

121)

122)

123)

124)

125)

126)

127)

128)

129)

130)

131)

132)

"Fire performance of poly(vinyl chloride) and its relation to fire hazard", M.M. Hirschler, in 1988 Prague
Meetings on Macromolecules, 31st Microsymposium on Macromolecules: "Poly(vinyl Chloride)", 18-21
July 1988, Prague (CZ), Makromol. Chem., Macromol. Symp. 29, 133-53 (1989).

"Update on smoke obscuration", Coordinating Committee on Fire Safety, Society of the Plastics Industry,
August 17-19, 1988, Wintergreen, VA.

"Update on smoke toxicity of vinyl compounds", R.K. Hinderer and M.M. Hirschler, SPE RETEC "Vinyl
- A material for the Future", September 15-16, 1988, Montreal (Canada), p.337-58.

"Corrosivity of smoke towards metals", M.M. Hirschler and G.F. Smith, SPE RETEC "Vinyl - A material
for the Future", September 15-16, 1988, Montreal (Canada), p. 361-83.

"Procedures for testing electrical cables with rate of heat release equipment", M.M. Hirschler, First Int.
Cone Calorimeter Users' Meeting, British Plastics Federation, London, UK, October 20, 1988.

"The measurement of smoke in rate of heat release equipment in a manner related to fire hazard", M.M.
Hirschler, in Proc. Int. Conf. "Fire: Control the Heat ... Reduce the Hazard", 23-25 Oct. 1988, London,
UK, Fire Research Station, Borehamwood, p. 9/1-17 (1988).

"Fire hazard assessment, fire testing, and fire performance of poly(vinyl chloride)", M.M. Hirschler,
Rohm & Haas Research Review, November 4, 1988, Bristol, PA.

"Small scale fire testing: rate of heat release", M.M. Hirschler, NFPA Research Section Symposium,
Nashville, TN, Nov. 13-15, 1988.

"Naval cables: Cone calorimeter rate of heat release fire performance study", M.M. Hirschler, G.F. Smith,
S. Shakir, B.L. Cross and D.T. Popovich, Report to U.S. Navy David Taylor Research Center,
RFQ#2843/881GU9 (November 1988).

1989

"Flammability of vinyl/foam systems for upholstered furniture", M.M. Hirschler and G.F. Smith, in Proc.
14th. Int. Conf. on Fire Safety, Product Safety Corp., San Francisco (CA, U.S.A.), Ed. C.J. Hilado, Jan. 9-
13 (Ed. C.J. Hilado), pp. 68-82 (1989).

"Application of a model for transport and decay of hydrogen chloride from burning poly(vinyl chloride)
to room-corridor-room experiments", F.M. Galloway and M.M. Hirschler, in Proc. 14th. Int. Conf. on Fire
Safety, Product Safety Corp., San Francisco (CA, U.S.A.), Jan. 9-13 (Ed. C.J. Hilado), pp.287-303
(1989).

"Usefulness of rate of heat release equipment in fire testing”, M.M. Hirschler, Coordinating Committee
for Fire Safety, Society of the Plastics Industry, Feb. 6-8, 1989, San Antonio, TX.

"A model for the spontaneous removal of airborne hydrogen chloride by common surfaces", F.M.
Galloway and M.M. Hirschler, Fire Safety Journal 14, 251-68 (1989).

"Model for the generation of hydrogen chloride from the combustion of poly(vinyl chloride) under
conditions of forcefully minimised decay", F.M. Galloway, M.M. Hirschler and G.F. Smith, Eur. Polymer
I., 25, 149-58 (1989).

"Update on the smoke toxicity of vinyl compounds", R.K. Hinderer and M.M. Hirschler, J. Vinyl
Technology, 11, 50-58 (1989).

"Corrosivity of smoke towards metals", M.M. Hirschler and G.F. Smith, J. Vinyl Technology 11, 62-70
(1989).
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136)

137)

138)

139)

140)

141)

142)

143)

144)

145)

146)

147)

148)

"The hazards of PVC. Response to "A second view, by A. Bresle", M.M. Hirschler, Fire Prevention, 217,
March, 21-23 (1989).

"Corrosive effects of smoke on metal surfaces", M.M. Hirschler and G.F. Smith, Fire Safety J., 15, 57-93
(1989).

"Man's emission of carbon monoxide and hydrocarbons into the atmosphere", C.F. Cullis and M.M.
Hirschler, Atmos. Environ. 23, 1195-1203 (1989).

"Large scale fire testing of chlorinated poly(vinyl chloride) sprinkler pipe", M.M. Hirschler and G.F.
Smith, in "Fire Retardant engineering Polymers and Alloys, Proc. Fire Retardant Chemicals Association
Spring Tech. Mtg", March 12-15, 1989, San Antonio, TX, p. 225-37 (1989).

"Evaluation of smoke toxic potency test methods: comparison of the NBS cup furnace, the radiant furnace
and the UPITT tests", H.L. Kaplan, W.G. Switzer, M.M. Hirschler and A.W. Coaker, J. Fire Sci., 7, 195-
213 (1989).

"The hazards of PVC. Response to "The Controversial Hazards of PVC", by J. Rayner", M.M. Hirschler,
Fire Prevention, 220, June, 17-18 (1989).

"Classification of tests for measuring smoke obscuration", ASTM E-5 Research Review, June 20, 1989,
Hilton Head, SC.

"Comparison between properties of poly(vinyl chloride) and cross-linked polyethylene cable
compounds", M.M. Hirschler, ASTM D-9 Symposium on Fire Risk Assessment and Fire Safety, as
related to Electronics and Electrical Insulation Systems", Salt Lake City, UT, July 12, 1989.

"Carbon monoxide in fire and non-fire fatalities and its implications to smoke toxicity testing and fire
hazard assessment", M.M. Hirschler, Coordinating Committee on Fire Safety, Society of the Plastics
Industry, Easton, MD, Aug. 16-18, 1989.

"Smoke and heat release following the burning of carpet tiles", M.M. Hirschler, in Proc. Int. Conf. on
Fires in Buildings, Toronto, Canada, Sept. 25-26 1989, Technomic, Lancaster, PA, p. 57-76 (1989).

"Effect of latex backcoatings on the fire performance of carpets", M.M. Hirschler and R.A. Poletti, in
"Fire Safety Problems Leading to Current Needs and Future Opportunities, Proc. Fire Retardant
Chemicals Association Fall Tech. Mtg, Oct. 15-18, 1989, Scottsdale, TX, pp. 133-150 (1989).

"New fire-retarded reduced-smoke vinyl compounds. Part I: Laboratory test results", A.W. Coaker, M.M.
Hirschler and C.L Shoemaker, Interwire '89, 59th. Annual Convention, Wire Association International,
Atlanta, GA, Oct. 29-31, 1989.

"New fire-retarded reduced-smoke vinyl compounds. Part II: Cable tests. Small scale and cable tray
tests", A.W. Coaker, M.M. Hirschler and C.L Shoemaker, Interwire '89, 59th. Annual Convention, Wire
Association International, Atlanta, GA, Oct. 29-31, 1989.

"New fire-retarded reduced-smoke vinyl compounds. Part III: New cable compounds based on vinyl
thermoplastic elastomers", A.W. Coaker, M.M. Hirschler and C.L Shoemaker, Interwire '89, 59th. Annual
Convention, Wire Association International, Atlanta, GA, Oct. 29-31, 1989.

"An evaluation of the performance properties of poly(vinyl chloride) wire and cable compounds for
severe service applications", A.W. Coaker, C. Tomanek and M.M. Hirschler, Interwire '89, 59th. Annual
Convention, Wire Association International, Atlanta, GA, p. 323-345, Oct. 29-31, 1989.

"Fire Properties of Polyvinyl chloride", M.M. Hirschler and Technical Committee of the Vinyl Institute,
Vinyl Institute, Soc. Plastics Industry, Washington, DC (1989).
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151)

152)

153)

154)

155)

156)

157)

158)

159)

160)

161)

162)

"Latex backcoatings on polypropylene carpets: fire performance testing”", M.M. Hirschler and R.A.
Poletti, J. Coated Fabrics, 19, 94-111 (1989).

1990

"The use of a model for hydrogen chloride transport and decay to predict airborne hydrogen chloride
concentrations in a full-scale room-corridor scenario", F.M. Galloway and M.M. Hirschler, in Proc. 15th.
Int. Conf. on Fire Safety, Product Safety Corp., San Francisco (CA, U.S.A.), Ed. C.J. Hilado, Jan. 8-12,
pp- 46-85 (1990).

"Rate of heat release testing for vinyl wire and cable materials with reduced flammability and smoke:
small scale and full-scale tests", A.W. Coaker, M.M. Hirschler and C.L. Shoemaker, in Proc. 15th. Int.
Conf. on Fire Safety, Product Safety Corp., San Francisco (CA, U.S.A.), Ed. C.J. Hilado, Jan. 8-12, pp.
220-256 (1990).

"General principles of fire hazard and the influence of smoke toxicity", M.M. Hirschler, in 15th. Int.
Conf. on Fire Safety, Product Safety Corp., San Francisco (CA, U.S.A.), Ed. C.J. Hilado, Jan. 8-12
(1990).

"Measurement of smoke obscuration with rate of heat release equipment", M.M. Hirschler, 2nd. Int. Cone
Calorimeter Workshop, London, UK, Jan. 19, 1990.

"Mechanisms of action of some sulphates as flame retardants for cellulose", C.F. Cullis, M.M. Hirschler
and M.A.A.M. Khattab, Eur. Polymer J., 26, 207-13 (1990).

"Flammability of sets of fabric/foam combinations for use in upholstered furniture", M.M. Hirschler and
G.F. Smith, Fire Safety J. 16, 13-31 (1990).

"Transport and decay of hydrogen chloride: Use of a model to predict hydrogen chloride concentrations in
fires involving a room-corridor-room arrangement", F.M. Galloway and M.M. Hirschler, Fire Safety J.,
16, 33-52 (1990).

"Classification of fire tests of interest to plastics", M.M. Hirschler, Coordinating Committee on Fire
Safety, Society of the Plastics Industry, Scottsdale, AZ, Feb. 5-7, 1990.

"Rate of heat release testing of vinyl power cables: Full scale cable tray tests and small-scale tests", A.W.
Coaker, M.M. Hirschler and C.L. Shoemaker, in Proc. 2nd. Int. Conf. on Electrical and Electronic
Materials, Ed. C.J. Hilado, San Francisco, CA, Feb. 26-28, 1990, Ed. C.J. Hilado, p. 58-84.

"Fire performance of a new family of vinyl thermoplastic elastomer alloys for plenum cable use", A.W.
Coaker, M.M. Hirschler and C.L. Shoemaker, in Proc. 2nd. Int. Conf. on Electrical and Electronic
Materials, Ed. C.J. Hilado, San Francisco, CA, Feb. 26-28, 1990, p. 113-126.

"Rate of heat release testing of cables in small scale (cone calorimeter) and large scale (cable trays)",
M.M. Hirschler, First US Cone Calorimeter Workshop, New Orleans, LA, March 28, 1990.

"The use of metal chelates as flame retardants and photostabilizers for polypropylene", C.F. Cullis,
A.M.M. Gad and M.M. Hirschler Eur. Polymer J. 26, 919-28 (1990).

"The toxicity of hydrogen chloride and of the smoke generated by poly(vinyl chloride), including effects
on various animal species, and the implications for fire safety", R.K. Hinderer and M.M. Hirschler, in
ASTM E-5 Symposium on Smoke, Dec. 3, 1988, Phoenix (AZ), "Characterization and Toxicity of
Smoke", ASTM STP 1082, Amer. Soc. Testing and Materials, Philadelphia, PA, Ed. H.J. Hasegawa, pp.
1-22, (1990).
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167)

168)

169)

170)

171)

172)

173)

174)

175)

176)

"Performance testing for the corrosivity of smoke", J.D. Ryan, V. Babrauskas, T.J. O'Neill and M.M.
Hirschler, in ASTM E-5 Symposium on Smoke, Dec. 3, 1988, Phoenix (AZ), "Characterization and
Toxicity of Smoke", ASTM STP 1082, Amer. Soc. Testing and Materials, Philadelphia, PA, Ed. H.J.
Hasegawa, pp. 75-88, (1990).

"New vinyl compounds and vinyl alloys for wire and cable applications with enhanced fire performance
characteristics", A.W. Coaker, M.M. Hirschler and C.L. Shoemaker, PVC '90, Fourth Int. Conf. on PVC
Processing, Brighton (U.K.), April 24-26, 1990, British Plastics Federation, pp. 6/1-6/18.

"A simple model for estimating emissions of carbon monoxide and hydrocarbons from the combustion of
coal", C.F. Cullis and M.M. Hirschler, Atmos. Environ. 24A, 1153-60 (1990).

"New low fire hazard vinyl wire and cable compounds", A.-W. Coaker and M.M. Hirschler, Fire Safety J.
16, 171-196 (1990).

"Smoke in fires: obscuration and toxicity", M.M. Hirschler, Plenary Lecture, Business Communications
Company Conference on Recent Advances in Flame Retardancy of Polymeric Materials, May 15-17,
1990, Stamford, CT, Eds. G.S. Kirshenbaum and M. Lewin, p. 70-82, Norwalk, CT, 1990.

"Fire performance of poly(vinyl chloride) products”", M.M. Hirschler and S. Shakir, Business
Communications Company Conference on Recent Advances in Flame Retardancy of Polymeric Materials,
May 15-17, 1990, Stamford, CT, Eds. G.S. Kirshenbaum and M. Lewin, p. 227-234, Norwalk, CT, 1990.

"General principles of fire hazard and the role of smoke toxicity", M.M. Hirschler, in "Fire and Polymers:
Hazards Identification and Prevention" (Ed. G.L. Nelson), ACS Symposium Series 425, Developed from
Symp. at 197th. ACS Mtg, Dallas, TX, April 9-14, 1989, Amer. Chem. Soc., Washington, DC, Chapter
28, p. 462-478 (1990).

"Heat release equipment to measure smoke", M.M. Hirschler, in "Fire and Polymers: Hazards
Identification and Prevention" (Ed. G.L. Nelson), ACS Symposium Series 425, Developed from Symp. at
197th. ACS Mtg, Dallas, TX, April 9-14, 1989, Amer. Chem. Soc., Washington, DC, Chapter 31, p. 520-
541 (1990).

"Fire hazard in a room due to a fire starting in a plenum: Effect of poly(vinyl chloride) wire coating",
F.M. Galloway and M.M. Hirschler, in "Fire and Polymers: Hazards Identification and Prevention" (Ed.
G.L. Nelson), ACS Symposium Series 425, Developed from Symp. at 197th. ACS Mtg, Dallas, TX, April
9-14, 1989, Amer. Chem. Soc., Washington, DC, Chapter 34, p. 592-611 (1990).

"The role of convective mass transfer in HCl decay for fire driven flows", F.M. Galloway and M.M.
Hirschler, AIAA/ASME Thermophysics and Heat Transfer Conf., June 18-20, 1990, Seattle, WA, Heat
and Mass Transfer in Fires, Eds J.G. Quintiere and L.Y. Cooper, Amer. Soc. Mechan. Engin., New York,
NY, HTD Vol. 141, 109-116 (1990).

"Vinyl thermoplastic elastomer alloys: Fire performance materials for use in telecommunications cables",
M.M. Hirschler, Intern. Communications Association "Solving the Wiring and Cabling Dilemma
Workshop", July 19-20, 1990, Chicago, IL.

"Measurement of smoke toxicity in a realistic manner", M.M. Hirschler, Coordinating Committee on Fire
Safety, Society of the Plastics Industry, Kingsmill, VA, Aug. 15-17, 1990.

"Small scale experiments for measuring HCI1 decay in fire atmospheres", F.M. Galloway, M.M. Hirschler
and G.F. Smith, in Proc. Interflam 1990, Ed. C.A. Franks, Sept. 3-6, 1990, Canterbury, UK, Interscience,
London, UK, p. 127-143 (1990).

"Testing of fabric/foam combinations using the cone and OSU rate of heat release calorimeters", M.M.
Hirschler, 3rd. Int. Cone Calorimeter Workshop, Canterbury, UK, Sept. 6-7, 1990.
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179)

180)

181)

182)

183)

184)

185)

186)

187)

188)

189)

190)

"Key to smoke obscuration measurements relevant to fire hazard: Heat release calorimetry test
equipment", M.M. Hirschler, in Fire Safety Developments and Testing: Toxicity, Heat Release, Product
Development and Smoke Corrosivity, Proc. Fire Retardant Chemicals Association Fall Tech. Mtg,
Pontevedra Beach, FL, Oct. 21-24, 1990, FRCA, Lancaster, PA, p. 127-155 (1990).

"Effect of burning conditions on the toxicity of wood in a radiant apparatus", M.M. Hirschler, Poster #
20, at National Institute of Standards and Technology Center for Fire Research Annual Conf. Fire
Research, NIST, Gaithersburg, MD, Oct 29-31 (1990).

"Flammability testing of new vinyl compounds with low flammability and low smoke release in cables",
A.W. Coaker, M.M. Hirschler, S. Shakir and C.L. Shoemaker, in Proc. 39th. Int. Wire & Cable Symp.,
US Army Communications -Electronics Command (CECOM), Fort Monmouth NJ, Ed. E.F. Godwin,
Reno, NV, Nov. 13-15, 1990, p. 643-54.

"Update on smoke corrosivity", M.M. Hirschler, in Proc. 39th. Int. Wire & Cable Symp., US Army
Communications-Electronics Command (CECOM), Fort Monmouth NJ, Ed. E.F. Godwin, Reno, NV,
Nov. 13-15, 1990, p. 661-72.

1991

"Hydrogen chloride transport and decay in a simulated heating, ventilating and air conditioning system",
F.M. Galloway and M.M. Hirschler, in Proc. 16th. Int. Conf. on Fire Safety, Product Safety Corp., San
Francisco (CA, U.S.A.), Ed. C.J. Hilado, Jan. 14-17, pp. 40-53 (1991).

"Fire performance of fabric/foam combinations as upholstered furniture composites in rate of heat release
equipment (cone and Ohio State University calorimeters)", M.M. Hirschler and S. Shakir, in Proc. 16th.
Int. Conf. on Fire Safety, Product Safety Corp., San Francisco (CA, U.S.A.), Ed. C.J. Hilado, Jan. 14-17,
pp- 239-258 (1991).

"Measurement of smoke toxicity in a manner appropriate to fire hazard assessment", M.M. Hirschler, in
Proc. 16th. Int. Conf. on Fire Safety, Product Safety Corp., San Francisco (CA, U.S.A.), Ed. C.J. Hilado,
Jan. 14-17, p. 354-69 (1991).

"Studies on the effects of phosphorus-nitrogen-bromine systems on the combustion of some thermoplastic
polymers", C.F. Cullis, M.M. Hirschler and Q.M. Tao, Eur. Polymer J. 27, 281-89 (1991).

"Heat release from plastics materials", M.M. Hirschler, 2nd. Int. Symp. Heat Release and Fire Hazard,
Brussels, Belgium, Feb. 27-28, 1991, Interscience, London, UK, and also at 1st US Symposium on Heat
Release and Fire Hazard, San Diego, CA, December 12-13, 1991.

"How to measure smoke obscuration in a manner relevant to fire hazard assessment: Use of heat release
calorimetry test equipment", M.M. Hirschler, J. Fire Sciences, 9, 183-222 (1991).

"Smoke toxicity measurements made so that the results can be used for improved fire safety”, M.M.
Hirschler, J. Fire Sciences, 9, 330-47 (1991).

"Experiments for hydrogen chloride transport and decay in a simulated heating, ventilating and air
conditioning system and comparison of the results with predictions from a theoretical model", F.M.
Galloway and M.M. Hirschler, J. Fire Sciences, 9, 259-75 (1991).

"Comparison of the fire performance of various upholstered furniture composite combinations
(fabric/foam) in two rate of heat release calorimeters: cone and Ohio State University instruments", M.M.
Hirschler and S. Shakir, J. Fire Sciences, 9, 222-248 (1991).

"Investigation of a radiant furnace smoke toxicity test apparatus", M.M. Hirschler and S. Shakir, Business
Communications Company 2nd. Conference on Recent Advances in Flame Retardancy of Polymeric
Materials, May 14-16, 1991, Stamford, CT, Eds. G.S. Kirshenbaum and M. Lewin, p. 323-34, Norwalk,
CT, 1991.
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196)

197)

198)

199)

200)

201)

202)

203)

204)

205)

"The measurement of smoke in rate of heat release equipment in a manner related to fire hazard", M.M.
Hirschler, Fire Safety J., 17, 239-258 (1991).

"Investigation of a smoke toxicity fire model for use on wood", M.M. Hirschler and G.F. Smith, in Fire
Safety Science, Proc. Third Int. Symp. on Fire Safety Science, July 8-12, Edinburgh, Scotland, UK, pp.
615-24, Eds. G. Cox and B. Langford, Elsevier, London, 1991.

"A critical evaluation of the proposed NIBS toxicity test", F.B. Clarke and M.M. Hirschler, J. Fire
Sciences, 9, 406-23 (1991).

"PVC in fires", Ohio Arson School, Columbus, OH, August 5, 1991.

"Smoke toxicity and toxic hazard", at IEEE T&D Conference Panel on Flammability Issues for Wire and
Cable, Dallas, TX, Sept. 27, 1991.

"Testing of electrical cables using full scale and small-scale test methods", M.M. Hirschler, in Fire Safety
in Electrical and Electronic Applications and Composites, Proc. Fire Retardant Chemicals Association
Fall Tech. Mtg, San Diego, CA, Oct. 20-23, 1991, FRCA, Lancaster, PA, p. 167-94 (1991).

1992

"Assessment of the irritancy of smoke (non flaming mode) from wire coating materials", M.M. Hirschler
and D.A. Purser, in Proc. 17th. Int. Conf. on Fire Safety, Product Safety Corp., San Francisco (CA,
U.S.A)), Ed. C.J. Hilado, Jan. 13-17, pp. 70-97 (1992).

"Statistical analysis of the smoke released by a set of over 100 carpets in the NBS smoke density
chamber", M.M. Hirschler, in Proc. 17th. Int. Conf. on Fire Safety, Product Safety Corp., San Francisco
(CA, U.S.A)), Ed. C.J. Hilado, Jan. 13-17, pp. 264-75 (1992).

"What does oxygen index correlate to?", E.D. Weil, M.M. Hirschler, N. Patel, M. Said and S. Shakir, in
Proc. 17th. Int. Conf. on Fire Safety, Product Safety Corp., San Francisco (CA, U.S.A.), Ed. C.J. Hilado,
Jan. 13-17, pp. 353-77 (1992).

"Smoke and heat release and ignitability as measures of fire hazard from burning of carpet tiles", M.M.
Hirschler, Fire Safety J. 18, 305-24 (1992).

"Measurements of cable fire properties by using heat release equipment", M.M. Hirschler and S. Shakir,
Flame Retardants '92, Plastics and Rubber Institute Fire Retardants Tech. Mtg, Jan. 22-23, 1992, Elsevier,
London, UK, pp. 77-99.

"Comparison of the cone calorimeter and the Ohio State University rate of heat release calorimeter, as
instruments to measure fire performance of plastics", M.M. Hirschler, in 3rd. Int. Workshop on Heat
Release, Queen Mary and Westfield College, University of London, Jan. 24, 1992.

"ASTM ES5 activities related to contents and furnishings", M.M. Hirschler, NFPA Symposium on
Contents and Furnishings, February 19-20, 1992, NIST, Gaithersburg, MD.

"Smoke toxicity of vinyl wire and cable compounds", M.M. Hirschler and A.F. Grand, in "Technical and
Marketing Issues Impacting the Fire Safety of Building and Construction and Home Furnishings
Applications", Proc. Fire Retardant Chemicals Association Spring Tech. Mtg, Orlando, F1, Mar. 29-Apr.1,
1992, FRCA, Lancaster, PA, p. 149-65 (1992).

"Forum Comments on 'A Method to determine the potential toxicity of smoke from burning polymers: I11.
Comparison of synthetic polymers to Douglas fir using the UPITT II flaming combustion/toxicity of
smoke apparatus by D.J. Caldwell and Y. Alarie"', M.M. Hirschler, J. Fire Sciences, 10, 97-101, 1992.
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207)

208)

209)

210)

211)

212)

213)

214)

3)

215)

216)

217)

218)

219)

220)

221)

"Effect of orientation on the smoke emitted by materials in the NBS smoke density chamber", M.M.
Hirschler, Business Communications Company 3rd. Conference on Recent Advances in Flame
Retardancy of Polymeric Materials, May 19-21, 1991, Stamford, CT, Eds. M. Lewin, p. 320-27, Norwalk,
CT, 1992.

"Surface parameters from small scale experiments used for measuring HCI transport and decay in fire
atmospheres", F.M. Galloway, M.M. Hirschler and G.F. Smith, Fire and Materials, 15, 181-89 (1992).

"Rate of heat release testing for vinyl wire and cable materials with reduced flammability and smoke.
Full scale cable tray tests and small-scale tests", A. W. Coaker, M.M. Hirschler and C.L. Shoemaker, Fire
Safety J., 19, 19-53 (1992).

"The use of a model for hydrogen chloride transport and decay to predict airborne hydrogen chloride
concentrations in a full-scale room-corridor scenario”, F.M. Galloway and M.M. Hirschler, Fire Safety J.
19, 73-101 (1992).

"Heat release from plastic materials", M.M. Hirschler, Chapter 12 a, in "Heat Release in Fires", Elsevier,
London, UK, Eds. V. Babrauskas and S.J. Grayson, 1992. pp. 375-422.

"Carpet tiles and fire performance", M.M. Hirschler, Crosstalk, 40 (7), pp. 1-4 (April) 1992.

"Emission of particulate matter during diesel fuel combustion", C.F. Cullis, M.M. Hirschler and M.A.M.
Stroud, 24th. Int. Symp. Combustion, July 1992, Sydney, Australia.

"Survey of fire testing of electrical cables", M.M. Hirschler, Fire and Materials, 16(3), 107-18 (1992).

"Studies of the effects of phosphorus and its compounds on the combustion of cellulose", C.F. Cullis,
M.M. Hirschler and R.G. Madden, Europ. Polymer J., 28, 493-97 (1992).

"Fire hazard and fire risk assessment", ASTM STP 1150, Amer. Soc. Testing and Materials, Philadelphia,
PA, Editor: M.M. Hirschler, (1992).

"The importance of carbon monoxide in the toxicity of fire atmospheres", S.M. Debanne, M.M. Hirschler
and G. L. Nelson, ASTM E-5 Symposium on Fire hazard and fire risk assessment, December 3, 1990, San
Antonio, TX, "Fire Hazard and Fire Risk Assessment", ASTM STP 1150, Amer. Soc. Testing and
Materials, Philadelphia, PA, Ed. M.M. Hirschler, pp. 9-23 (1992).

"Electrical cable fire hazard assessment with the cone calorimeter", M.M. Hirschler, ASTM Symposium
on Fire Hazard and Fire Risk Assessment", ASTM E-5 Symposium on Fire hazard and fire risk
assessment, December 3, 1990, San Antonio, TX, "Fire Hazard and Fire Risk Assessment", ASTM STP
1150, Amer. Soc. Testing and Materials, Philadelphia, PA, Ed. M.M. Hirschler, pp. 44-65 (1992).

"Smoke results from a set of over 100 carpets in the NBS smoke chamber. Statistical analysis and
investigation of affecting factors", M.M. Hirschler, Fire and Materials, 16(3), 127-33 (1992).

"Flame spread of bunched cables in a horizontal orientation", private cable coalition report, 135 pages, 19
figures, 25 tables and 300 references, 1992.

"Oxygen Index: correlations to other fire tests", E.D. Weil, M.M. Hirschler, N.G. Patel, M.M. Said and S.
Shakir, Fire and Materials, 16, 159-67, 1992.

"Testing for corrosivity of smoke in materials and products", S.J. Grayson and M.M. Hirschler, Fire and
Materials, 1st. Int. Conf. and Exhibition, Crystal City, VA, Sept. 24-25, 1992, pp. 201-12.

"The hydrogen chloride generation and deposition capability in Hazard 1", F.M. Galloway and M.M.
Hirschler, National Inst. Standards and Technology Hazard I and FPETOOL Users' Conference, October
15-6, Rockville, MD, 1992.
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223)

224)

225)

226)

227)

228)

229)

230)

231)

232)

233)

234)

235)

236)

"Analysis of the National Fire Protection Association fire risk assessment framework: Example
calculation", F.M. Galloway and M.M. Hirschler, National Institute of Standards and Technology Annual
Conference on Fire Research, October 13-15, 1992, Rockville, MD, pp. 145-46.

"Fire safety and ASTM standards: Why have fire standards", M.M. Hirschler, ASTM Standardization
News, November 1992, pp. 72-77.

"Use of the National Bureau of Standards smoke density chamber to measure smoke obscuration at
different orientations", M.M. Hirschler, Fire Safety '92 Conference, Polyplastex, Clearwater Beach, FL,
November 9-11, 1992, pp. 107-32.

"Activity in the United States on fire and upholstered furniture (and other furnishings)", M.M. Hirschler,
in Third European Conference on Furniture Flammability (EUCOFF '92), 24-25 November 1992,
Brussels, Belgium, Interscience, London, UK, pp. 41-49.

1993

"Decay of hydrogen chloride in the presence of various fluids and surfaces", F.M. Galloway and M.M.
Hirschler, in Proc. 18th. Int. Conf. on Fire Safety, Product Safety Corp., San Francisco (CA, U.S.A.), Ed.
C.J. Hilado, Jan. 11-15, pp. 72-103 (1993).

"Analysis of Test Results from a Variety of Smoke Corrosivity Test Methods", M.M. Hirschler, in Proc.
18th. Int. Conf. on Fire Safety, Product Safety Corp., San Francisco (CA, U.S.A.), Ed. C.J. Hilado, Jan.
11-15, pp. 360-92 (1993).

"Irritancy of the smoke emitted by wire coating materials (with and without halogens) in the non flaming
mode", M.M. Hirschler and D.A. Purser, Fire and Materials, 17, 7-20, 1993.

"Carbon monoxide and human lethality: Fire and non fire studies", Editor in Chief: M.M. Hirschler,
Associate Editors: S.M. Debanne, J.B. Larsen and G.L. Nelson, Elsevier, 1993.

"Carbon Monoxide and Human Lethality: Introduction" M.M. Hirschler, Chapter 1, in "Carbon monoxide
and human lethality: Fire and non fire studies", Editor in Chief: M.M. Hirschler, Associate Editors: S.M.
Debanne, J.B. Larsen and G.L. Nelson, Elsevier, 1993, pp. 1-2.

"Carbon Monoxide and the Toxicity of Fire Smoke", M.M. Hirschler, Chapter 9 in "Carbon monoxide and
human lethality: Fire and non fire studies", Editor in Chief: M.M. Hirschler, Associate Editors: S.M.
Debanne, J.B. Larsen and G.L. Nelson, Elsevier, 1993, pp. 227-249.

"Report on cone calorimeter testing and fire hazard assessment of polyester materials", J.M. Hoffmann,
D.J. Hoffmann and M.M. Hirschler, proprietary report, March 1993,

"Comparison of smoke release data from full scale room tests with results in the cone calorimeter and the
NBS smoke chamber", M.M. Hirschler, in Proc. Interflam 1993, Oxford, UK, March 30-April 1, 1993, pp.
203-212.

"Disadvantages of cone testing in the vertical orientation", M.M. Hirschler, 4th. International Heat
Release Workshop, Oxford, UK, April 2, 1993.

"Recent advances in the toxicity of the smoke from PVC materials", M.M. Hirschler, PVC '93, Fifth Int.
Conf. on PVC, PVC The Future, The Institute of Materials, Brighton (U.K.), April 27-29, 1993, pp. 430-
42.

"An investigation into the use of heat release calorimetry for testing electrical cables", S.J. Grayson and
M.M. Hirschler, 1st Japan Symposium on Heat Release and Fire Hazard, Tsukuba, Japan, 10-11 May,
Vol. I, pp. I11/45-111/50, Ed. Y. Hasemi, 1993.
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238)

239)

240)

241)

241)

242)

243)

244)

245)

246)

247)

248)

249)

250)

"Comparison of the smoke toxicity of four vinyl wire and cable compounds using different test methods",
M.M. Hirschler and A.F. Grand, Fire and Materials, 17, 79-90, 1993.

"Analysis of an attachment for use with the National Bureau of Standards smoke density chamber to
enable measurements of smoke obscuration to be done at different orientations", M.M. Hirschler, Fire and
Materials, 17, 173-83, 1993.

"Why not use the cone calorimeter with vertical samples?", M.M. Hirschler, Business Communications
Company 4th. Conference on Recent Advances in Flame Retardancy of Polymeric Materials, May 18-20,
1993, Stamford, CT, Ed. M. Lewin, p. 230-238, Norwalk, CT, 1993.

"Survey of fire retardant polypropylene materials commercially available", M.M. Hirschler, proprietary
report, July 1993.

"Can heat release testing really predict flame spread of electrical cables?", M.M. Hirschler, Fire and
Materials, 2nd. Int. Conf. and Exhibition, Crystal City, VA, Sept. 23-24, 1993, pp. 181-90.

"Large Scale Heat Release Tests with Electrical Cables", Hirschler, M.M., in "1993 Annual Conference
on Fire Research: Book of Abstracts", W.J. Duffin, Editor, NISTIR 5280, National Institute Standards &
Technology, Gaithersburg, MD, Oct. 18-20, 1993, pp. 49-50.

"A set of fire tests on 21 electrical cables in a large and a small scale", M.M. Hirschler, in Customer
Demands for Improved Total Performance of Flame Retarded Materials, Proc. Fire Retardant Chemicals
Association Fall Tech. Mtg, Tucson, AZ, Oct. 26-29, 1993, FRCA, Lancaster, PA, p. 129-48 (1993).

"Discussion of Smoke Corrosivity Test Methods: Analysis of Existing Tests and of Their Results", M.M.
Hirschler, Fire and Materials, 17, 231-47 (1993).

1994

"National and international developments in standards for buildings and contents", S.J. Grayson and
M.M. Hirschler, in Proc. 19th. Int. Conf. on Fire Safety, Product Safety Corp., San Francisco (CA,
U.S.A)), Ed. C.J. Hilado, Jan. 10-14, pp. 75-88 (1994).

"The role of carbon monoxide in the toxicity of fire atmospheres", M.M. Hirschler, in Proc. 19th. Int.
Conf. on Fire Safety, Product Safety Corp., San Francisco (CA, U.S.A.), Ed. C.J. Hilado, Jan. 10-14, pp.
163-84 (1994).

"Fire Retardance, Smoke Toxicity and Fire Hazard", M.M. Hirschler, in Proc. Flame Retardants '94,
British Plastics Federation Editor, Interscience Communications, London, UK, Jan. 26-27, 1994, pp. 225-
37 (1994).

"Application of a transport and decay model for hydrogen chloride to hydrogen chloride generation in the
presence of various fluids and surfaces, but without poly(vinyl chloride)", F.M. Galloway and M.M.
Hirschler, Fire and Materials, 18, 31-43 (1994).

"Comparison of large scale and small-scale heat release tests with electrical cables", M.M. Hirschler, Fire
and Materials, 18, 61-76 (1994).

"Full Scale Furniture Fire Testing: Actual Test Methods and Predictive Tools", M.M. Hirschler, in Fire
Safety Advances in High Performance Plastic Products, Proc. Fire Retardant Chemicals Association
Spring Tech. Mtg, San Antonio, TX, Mar. 13-16, 1994, FRCA, Lancaster, PA, p. 175-89 (1994).

"Fire tests and interior furnishings", M.M. Hirschler, in "Fire and Flammability of Furnishings and
Contents of Buildings", ASTM E-5 Symposium, December 7, 1992, Miami, FL, ASTM STP 1233, Amer.
Soc. Testing and Materials, Philadelphia, PA, Ed. A.J. Fowell, pp. 7-31 (1994).
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253)

254)

255)

256)

257)

258)

259)

260)

261)

262)

263)

264)

265)

"Concepts behind ASTM E931-85: Empirical practice for the classification of occupancies for their
relative fire hazard to life", M.M. Hirschler, in "Fire and Flammability of Furnishings and Contents of
Buildings", ASTM E-5 Symposium, December 7, 1992, Miami, FL, ASTM STP 1233, Amer. Soc.
Testing and Materials, Philadelphia, PA, Ed. A.J. Fowell, pp. 32-49 (1994).

"A new international standard for flammability testing", V. Babrauskas, S.J. Grayson and M.M. Hirschler,
Plastics Engineering, L(4), pp. 29-31, 1994.

"Use of the cone calorimeter to determine smoke corrosivity", M.M. Hirschler, Business Communications
Company 5th. Conference on Recent Advances in Flame Retardancy of Polymeric Materials, May 24-26,
1994, Stamford, CT, Ed. M. Lewin, p. 254-263, Norwalk, CT, 1994.

"New International Standard Will Have Major Impact on Japanese Plastics Fire Standards", S.J. Grayson,
V. Babrauskas, and M.M. Hirschler, J. Japan Association for Fire Science & Engineering, 44(3), 6-10
(1994).

"Toxicity of the smoke from PVC materials: new concepts", M.M. Hirschler, Progress in Rubber &
Plastics Technology, 10-2, 154-69, 1994.

"Fire safety: Technical and legal issues", M.M. Hirschler, American Red Cross, Cleveland, OH, Business
& Industry Council for Emergency Planning & Preparedness Technical Seminar, Cleveland, OH, June 2,
1994.

"Use of large-scale heat release testing to predict flame spread of electrical cables", M.M. Hirschler, at
Fourth International Symposium on Fire Safety Science, June 13-17, 1994, Ottawa, Canada.

"Tools Available to Predict Full Scale Fire Performance of Furniture", M.M. Hirschler, Amer. Chem. Soc.
Symposium on Fire and Polymers, Aug. 21-23, Ed. G.L. Nelson, Preprints Polymer Mats Science &
Engng Div., 71, 97-98, 1994.

"Comparison of heat release and other fire-test response data obtained from the cone calorimeter and cone
corrosimeter", M.M. Hirschler, Fire and Materials, 3rd. Int. Conf. and Exhibition, Crystal City, VA, Oct.
27-28, 1994, pp. 111-128.

"Progress at ASTM to develop a fire hazard assessment for fire safety in rail transportation", M.M.
Hirschler, Fire and Materials, 3rd. Int. Conf. and Exhibition, Crystal City, VA, Oct. 27-28, 1994, pp. 129-
138.

"ASTM Is Developing A Fire Hazard Assessment Standard for Rail Transportation: What Does This
Mean and Why Is It Being Done?", M.M. Hirschler, ASTM Standardization News, pp. 44-49, November
1994.

"Supplementary Report on cone calorimeter testing and fire hazard assessment of other polyester
materials", J.M. Hoffmann, D.J. Hoffmann and M.M. Hirschler, proprietary report, December 1994.

1995

"How to prevent flashover fires due to furnishings or contents of a room", M.M. Hirschler, in Proc. 20th.
Int. Conf. on Fire Safety, Product Safety Corp., San Francisco (CA, U.S.A.), Ed. C.J. Hilado, Jan. 9-13,
pp. 39-52 (1995).

"Fire Hazard Assessment for Rail Transportation. Progress to develop an ASTM standard", M.M.
Hirschler, in Proc. 20th. Int. Conf. on Fire Safety, Product Safety Corp., San Francisco (CA, U.S.A.), Ed.
C.J. Hilado, Jan. 9-13, pp. 179-188 (1995).

"Analysis of heat release and other data from a series of plastic materials tested in the cone calorimeter"”,
M.M. Hirschler, in Proc. 20th. Int. Conf. on Fire Safety, Product Safety Corp., San Francisco (CA,
U.S.A)), Ed. C.J. Hilado, Jan. 9-13, pp. 214-228 (1995).
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268)

269)

270)

271)

272)

273)

274)

275)

276)

277)

278)

279)

280)

281)

"Fire and Polyvinyl Chloride", M.M. Hirschler, Vinyl Institute Technical Information Bulletin, 1995.

"Combustion Products of Vinyl and Other Building Materials", M.M. Hirschler, Vinyl Institute Technical
Information Bulletin, 1995.

"Tools Available to Predict Full Scale Fire Performance of Furniture", M.M. Hirschler, in "Fire and
Polymers II. Materials and Tests for Hazard Prevention" (Ed. G.L. Nelson), ACS Symposium Series 599,
Developed from ACS Symp. in 208th ACS National Mtg, Aug. 21-25, 1994, Washington, DC, Chapter
36, pp. 593-608, Amer. Chem. Soc. Washington, DC, 1995.

"Smoke Corrosivity: Technical Issues and Testing", M.M. Hirschler, in "Fire and Polymers II. Materials
and Tests for Hazard Prevention" (Ed. G.L. Nelson), ACS Symposium Series 599, Developed from ACS
Symp. in 208th ACS National Mtg, Aug. 21-25, 1994, Washington, DC, Chapter 34, pp. 553-578, Amer.
Chem. Soc. Washington, DC, 1995.

"Smoke Toxicity. How Important is it for Fire Safety?", M.M. Hirschler, Business Communications
Company Sixth Ann. Conference on Recent Advances in Flame Retardancy of Polymeric Materials, May
23-25, 1995, Stamford, CT, Ed. M. Lewin, p. 297-311, Norwalk, CT, 1995.

"Toxic Hazards from Computer Health Quiz Device", M.M. Hirschler and J.M. Hoffmann, proprietary
report (April 1995).

"Thermal Decomposition of Polymers", C.L. Beyler and Marcelo M. Hirschler, Chapter 1-7 in SFPE
Handbook of Fire Protection Engineering (2nd Edn)", Editor-in-chief: P.J. DiNenno, pp. 1.99-1.119,
NFPA, Quincy, MA, 1995.

"Use of Heat Release Rate Calorimetry in Standards", M.M. Hirschler, in "Fire Calorimetry", Ed. M.M.
Hirschler & R.E. Lyon, Fire Calorimetry Symposium, 50th. Calorimetry Conf., July 23-28, 1995,
Gaithersburg, MD, pp. 69-80.

"Fire Calorimetry", Editors: M.M. Hirschler and R.E. Lyon, DOT/FAA/CT-95-46, NTIS, 1995.

"Survey of American Test Methods Associated with Fire Performance of Materials or Products", M.M.
Hirschler, Fifth European Conference on Fire Retardant Polymers, Salford, UK, Sept. 4-7, 1995.

"Comparison of ASTM Standards with International Standards for Buildings and Contents", S.J. Grayson
and M.M. Hirschler,, in "Fire Standards in the International Marketplace", ASTM E-5 Symposium,
December 5, 1994, Phoenix, AZ, ASTM STP 1163, Amer. Soc. Testing and Materials, ASTM STP 1163,
Philadelphia, PA, Ed. A.F. Grand, pp. 41-60 (1995).

"Tests on Plastic Materials for the Wire and Cable Industry Using the Cone Corrosimeter and the Cone
Calorimeter", M.M. Hirschler, in "The Electronic Information Age and Its Demands on Fire Safety", Fire
Retardant Chemicals Association Fall Mtg, Rancho Mirage, CA, Oct. 29- Nov. 1, 1995, pp. 103-124.

"Heat Release Testing of Stacking Chairs", M.M. Hirschler and J. Trevifio, Fire and Materials, 3rd. Int.
Conf. and Exhibition, Crystal City, VA, Nov. 15-16, 1995, pp. 145-154.

"Issues Associated with Measurement of Effective Heat of Combustion", M.M. Hirschler, Int. Heat
Release Workshop, Nov. 17, 1995, Crystal City, VA.

"Control of solid and gaseous pollutants formed during diesel fuel combustion", C.F. Cullis, M.M.
Hirschler and M.A.M. Stroud, in Trans. Inst. Chemical Engineers 73B, 278-84 (1995).

"Product Liability and Fire (Or: Who Cares How We Test for Flammability?)", M.M. Hirschler, in Fire
Retardant Chemicals Association Newsletter, 22(3), 2-3 (1995).
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284)

285)

286)

287)

288)

289)

290)

291)

292)

293)

294)

295)

1996

"Repeatability Study on Heat Release Testing of Stacking Chairs", M.M. Hirschler and J. Trevifio, in
Proc. 21st. Int. Conf. on Fire Safety, Product Safety Corp., San Francisco (CA, U.S.A.), Ed. C.J. Hilado,
Jan. 10-14, pp. 56-68 (1996).

"Comparison of Two Fabrics with Potential for Use as Protective Clothing", M.M. Hirschler, in Proc.
21st. Int. Conf. on Fire Safety, Product Safety Corp., San Francisco (CA, U.S.A.), Ed. C.J. Hilado, Jan.
10-14, pp. 160-72 (1996).

"Comparative Analysis of Effectiveness of Fire Retardants Using Heat Release Calorimetry”, M.M.
Hirschler, Flame Retardants '96, January 17-18, 1996, London, pp. 199-214, Interscience
Communications, London, UK, 1996.

"A Comparative Study of the Fire Performance of Materials for Cable Applications. Part I. Tests on
Materials and Insulated Wires", M.A. Barnes, P.J. Briggs, M.M. Hirschler, A.F. Matheson, and T.J.
O'Neill, Fire and Materials 20, 1-16 (1996).

"A Comparative Study of the Fire Performance of Halogenated and Non-Halogenated Materials for Cable
Applications. Part II. Tests on Cables", M.A. Barnes, P.J. Briggs, M.M. Hirschler, A.F. Matheson, and
T.J. O'Neill, Fire and Materials 20, 17-37 (1996).

"Tests of the Protective Effect of Clothing in Apparel Fires", M.M. Hirschler, D.J. Hoffmann, J.M.
Hoffmann, L. Kelley and M. Kroll, J. Fire Sciences 14, 104-23 (1996).

"Fires and the Elderly. Fatalities During Residential Fires in the UK: 1982-84", M.M. Hirschler and D.
Christian, Interflam 1996, Cambridge, UK, March 26-28, 1996, pp. 777-91.

"Fabric Flammability: Survey of Flame Spread of Modern Fabrics", M.M. Hirschler and T. Piansay,
Business Communications Company Seventh Ann. Conference on Recent Advances in Flame Retardancy
of Polymeric Materials, May 20-22, 1996, Stamford, CT, Ed. M. Lewin, pp. 263-274, Norwalk, CT, 1996.

"Correlation Between Various Fire Tests for Electrical Cables and Their Implications for Fire Hazard
Assessment", M.M. Hirschler, Fire Risk & Hazard Assessment Symposium, National Fire Protection
Research Foundation, June 27-28, 1996, San Francisco, CA, pp 210-230.

"Pollutant Emissions from Explosives", M.M. Hirschler, Proprietary Report, February 1996.

"Advantage of Modern Testing Techniques: Case Study to Predict Smoke Obscuration in Steiner Tunnel
Fire Test", M.M. Hirschler, in "Tomorrow's Trends in Fire Retardant Regulations, Testing, Applications
and Current Technologies", Fire Retardant Chemicals Association Fall Mtg, Naples, FL, Oct. 13-16,
1996, pp. 87-102.

"Fire Hazard Assessment of Personal Computers in a Home and in a Small Office", M.M. Hirschler,
Proprietary Report (August 1996).

"Survey of American Test Methods Associated with Fire Performance of Materials or Products", M.M.
Hirschler, Polymer Degradation and Stability, 54, 333-343 (1996).

1997
"Analysis of Cone Calorimeter and Room-Scale Data on Fire Performance of Upholstered Furniture", in

Proc. 23rd. Int. Conf. on Fire Safety, Product Safety Corp., San Francisco (CA, U.S.A.), Ed. C.J. Hilado,
Jan. 13-17, pp. 59-78 (1997).
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299)

300)

301)

302)

303)

304)

305)

306)

307)

308)

309)

310)

311)

312)

"Testing Techniques Associated with Heat Release: The Cone Calorimeter (and its Applications) and
Room/Furniture Scale Tests", in Proc. 23rd. Int. Conf. on Fire Safety, Product Safety Corp., San
Francisco (CA, U.S.A.), Ed. C.J. Hilado, Jan. 13-17, pp. 156-169 (1997).

"Smoke Obscuration in the Steiner Tunnel Test. Can it be Predicted?", in Proc. 23rd. Int. Conf. on Fire
Safety, Product Safety Corp., San Francisco (CA, U.S.A.), Ed. C.J. Hilado, Jan. 13-17, pp. 170-82 (1997).

"Mathematical Models to Analyse the Effect of Physical Properties of Cigarettes on the Propensity of the
Cigarette to Ignite Cellulosic Fabrics", M.M. Hirschler, Fire and Materials, 21, 33-39 (1997).

"Heat Release Testing of Stacked Chairs. Analysis of Repeatability in a Single Laboratory", M.M.
Hirschler and Javier O. Trevifio, Fire and Materials 21, 85-93 (1997).

"Analysis of Thermal Performance of Two Fabrics Intended for Use as Protective Clothing", M.M.
Hirschler, Fire and Materials 21, 115-21 (1997).

"Comparison of the Propensity of Cigarettes to Ignite Upholstered Furniture Fabrics and Cotton Ducks
(500 Fabric Study)", M.M. Hirschler, Fire and Materials 21, 123-41 (1997).

"Use of Fire Hazard Assessment as a Code Compliance Tool", M.M. Hirschler, in "International Meeting
on Advances in Fire Safety", Fire Retardant Chemicals Association Spring Mtg, San Francisco, CA, Mar.
16-19, 1997, pp 157-170.

"A New Mattress Fire Test for Use in Detention Environments", M.M. Hirschler, Business
Communications Company Eighth Ann. Conference on Recent Advances in Flame Retardancy of
Polymeric Materials, June 2-4, 1997, Stamford, CT, Ed. M. Lewin, pp. 309-22, Norwalk, CT, 1997.

"Study on Causes of Residential Fire Fatalities Among the Elderly, in the United Kingdom (1982-84)",
M.M. Hirschler and S.D. Christian, Business Communications Company Eighth Ann. Conference on
Recent Advances in Flame Retardancy of Polymeric Materials, June 2-4, 1997, Stamford, CT, Ed. M.
Lewin, pp. 366-81, Norwalk, CT, 1997.

"Repeatability and Reproducibility of Fire Tests for Cigarette Ignition of Upholstered Furniture
Composites", M.M. Hirschler, Fire and Materials 22, 25-37 (1998).

"Analysis of Full-Scale Fire Tests of Wall Linings in Ranch House", in "Very Large-Scale Fires", ASTM
STP 1336, pp. 20-40 (1998), Eds. N. Alvares, S.J. Grayson and N. Keltner, from ASTM Symposium at
ASTM EO05 on June 16, 1997, St. Louis, MO, Amer. Soc. Testing & Materials, West Conshohocken, PA.

"Effect of a Single Furnishing Product on Fire Hazard in Actual Occupancies, Based on Heat Release
Rate", M.M. Hirschler, Fire Risk & Hazard Assessment Symposium, National Fire Protection Research
Foundation, June 25-27, 1997, San Francisco, CA, pp. 216-242.

"Upholstered Furniture Fire Testing: Comparison of Cone Calorimeter and Room Calorimeter Results
from Fabric Project for Predicting Fire Performance", M.M. Hirschler, 2nd. Int. Conf. on Fire Research &
Engnrng, Soc. Fire Protection Engineers, Gaithersburg, MD, Aug. 11-14 1997.

"Progress Report on U.S. Research on Test Methods and Materials", M.M. Hirschler and T. Kashiwagi,
UJNR (1997).

"Preliminary Study of Non Halogen Flame Retardant, Low Smoke/Corrosivity Wire and Cable
Insulation", E.D. Weil and M.M. Hirschler, Proprietary Report, August 1997.

"Update on Fire Test Methods Used for Materials or Products", M.M. Hirschler, in Fire Retardant
Chemicals Association Fall Mtg, Cleveland, OH, Oct. 1997.

"Fire Hazard Assessment: Roadblock or Opportunity?", M.M. Hirschler, in National Fire Protection
Association Fall Mtg Speaker Session # 2, Kansas City, MO, Nov. 18 1997, NFPA, Quincy, MA.
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314)

315)

316)

317)

318)

319)

320)

321)

322)

323)

324)

325)

326)

327)

"Analysis of and Potential Correlations Between Fire Tests for Electrical Cables, and How to Use This
Information for Fire Hazard Assessment", M.M. Hirschler, Fire Technology, 33, 291-315, (1997).
1998

"Heat Release Test for Mattresses Intended for Use in Correctional Environments", M.M. Hirschler, in
Proc. 24th. Int. Conf. on Fire Safety, Product Safety Corp., San Francisco (CA, U.S.A.), Ed. C.J. Hilado,
Jan. 12-16, pp. 74-88 (1998).

"How to Get Large Scale Fire Test Data Without Running Expensive Tests", M.M. Hirschler, in Proc.
24th. Int. Conf. on Fire Safety, Product Safety Corp., San Francisco (CA, U.S.A.), Ed. C.J. Hilado, Jan.
12-16, pp. 266-287 (1998).

"How to Assess the Effect of an Individual Product on the Fire Hazard in a Real Occupancy, Based on
Heat Release Rate", M.M. Hirschler, Flame Retardants '98, February 3-4, 1998, London, pp. 225-40,
Interscience Communications, London, UK, 1998.

"Fire Performance of Poly(Vinyl Chloride) - Update and Recent Developments", M.M. Hirschler, Flame
Retardants '98, February 3-4, 1998, London, pp. 103-23, Interscience Communications, London, UK,
1998.

"New NFPA Code for Life Safety of Merchant Marine Vessels", M.M. Hirschler, Fire and Materials
Conf., San Antonio, TX, Feb. 23-24, 1998, Interscience Communications, London, UK, pp. 251-62.

"Intermediate Scale Heat Release Rate Calorimeter (ICAL): Preliminary Information on Interlaboratory
Round Robin for Precision", M.M. Hirschler, Int. Heat Release Association Mtg, Feb. 25. 1998, San
Antonio, TX.

"Fire Retardant Activity: Quantitative Comparison of Additives", M.M. Hirschler, in "Fire Safety and
Technology", Fire Retardant Chemicals Association Spring Mtg, Atlanta, GA, Mar. 22-25, 1998, pp. 195-
217.

"Naval Fire Safety and the New NFPA Code for Life Safety of Merchant Vessels", M.M. Hirschler,
ASTM F25 Symp. On Fire Safety in Ships, Atlanta, GA, May 6, 1998.

"Smoke Detectors in Rental Residential Units. Case Studies of Actual Fires Without Detectors", M.M.
Hirschler, Business Communications Company Ninth Ann. Conference on Recent Advances in Flame
Retardancy of Polymeric Materials, June 1-3, 1998, Stamford, CT, Ed. M. Lewin, pp. 370-383, Norwalk,
CT, 1998.

"Equipment from Fire Testing Technology", M.M. Hirschler and S. Upton, Business Communications
Company Ninth Ann. Conference on Recent Advances in Flame Retardancy of Polymeric Materials, June
1-3, 1998, Stamford, CT, Ed. M. Lewin, pp. 413-429, Norwalk, CT, 1998.

"Fire Hazard Assessment: Roadblock or Opportunity?", M.M. Hirschler, Fire Technology, 34 (2), 177-
187 (1998).

"Fire Hazard of Automotive Interiors", M.M. Hirschler, Fire Risk & Hazard Assessment Symposium,
National Fire Protection Research Foundation, June 24-26, 1998, San Francisco, CA, pp. 164-195.

"Fire Test to Assess Flame Spread and Smoke Obscuration of Plenum Cables. Background and Issues",
M.M. Hirschler, in "Fire Safety and Technology", Fire Retardant Chemicals Association Fall Mtg,
Newport, RI, Oct. 4-7, 1998.

"What I Have Learned While Writing Draft Fire Hazard Assessment Standards and Guides for ASTM E-
5" M.M. Hirschler, in "ASTM' Role in Performance-Based Fire Codes and Standards", ASTM STP 1377,
pp- 28-43 (1999), Ed., J.R. Hall, from ASTM EO05 Symposium in Nashville, TN, Dec. 8, 1998, Amer. Soc.
Testing & Materials, West Conshohocken, PA.
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329)

330)

331)

332)

333)

334)

335)

336)

337)

338)

339)

340)

1999

"Heat and Smoke Measurements of Construction Materials Tested in a Room-Corner Configuration
According to NFPA 265", M.M. Hirschler and M.L. Janssens, 27th Int. Conf. Fire Safety, Jan. 11-15,
1999, Product Safety Corp., San Francisco (CA, U.S.A.), Ed. C.J. Hilado, pp. 70-93 (1999), San
Francisco, CA.

"Fire Test to Assess Flame Spread and Smoke Obscuration of Plenum Cables. Background and Issues",
M.M. Hirschler, Fire and Materials Conf., San Antonio, TX, Feb. 22-23, 1999, Interscience
Communications, London, UK, pp. 37-57.

"Room Fire Testing - Recent Experiences and Implications", G. Finley, M.L. Janssens & M.M. Hirschler,
Fire and Materials Conf., San Antonio, TX, Feb. 22-23, 1999, Interscience Communications, London,
UK, pp. 83-94.

"Smoke Obscuration Measurements in the NFPA 265 Room-Corner Test", M.M. Hirschler & M.L.
Janssens, Fire and Materials Conf., San Antonio, TX, Feb. 22-23, 1999, Interscience Communications,
London, UK, pp. 179-198.

"Interlaboratory Round Robin for Evaluation of Precision of the Intermediate Scale Calorimeter, ICAL,
ASTM E1623: Results", in International Heat Release Association Meeting, San Antonio, TX, February
24, 1999.

"Use of Heat Release Rate to Predict Whether Individual Furnishings Would Cause Self Propagating
Fires", M.M. Hirschler, Fire Safety J., 32, 273-296 (1999).

"Fire: Codes, Standards and Regulations", M.M. Hirschler, in BCC Course on Fire Issues, Stamford, CT,
May 1999.

"Plenum Cable Fire Test Method: History and Implications", M.M. Hirschler, Business Communications
Company Tenth Ann. Conference on Recent Advances in Flame Retardancy of Polymeric Materials,
May20-22, 1999, Stamford, CT, Ed. M. Lewin, pp. 325-349, Norwalk, CT, 1999.

"Smoke Toxicity: Yields of Toxicants in Fires and Implications for Lethality and Incapacitation", M.M.
Hirschler, Business Communications Company Tenth Ann. Conference on Recent Advances in Flame
Retardancy of Polymeric Materials, May 20-22, 1999, Stamford, CT, Ed. M. Lewin, pp. 407-417,
Norwalk, CT, 1999.

"Fire Hazard Assessment in Post-Flashover Fires: Analysis of the Toxic Fraction of Fire Hazard" M.M.
Hirschler, in Proc. Fire Risk and Hazard Research Application Symposium, NFPRF, San Diego, CA, June
23-25, 1999, pp. 86-100.

"Factory Mutual Research Corporation Standard 4910 Fire Propagation Apparatus", M.M. Hirschler, in
Making Fabs Firesafe: Toward Inherently Firesafe Fabs. An Industry Forum on FM 4910 Plastics", at
Semicon West, San Francisco, July 15, 1999.

"Intermediate Scale Calorimetry (ICAL). Precision Information and Latest Developments", M.M.
Hirschler, in Fire Retardant Polymers, 7th. European Conf., Univ. Greenwich, London, UK, Sept. 8-10,
1999.

"Fire Standards and Fire Testing, as Presented by Fire Testing Technology", S.J. Grayson and M.M.
Hirschler, in Fire Retardant Chemicals Association Fall Mtg, Tucson, AZ, Oct. 25-27, 1999.
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341)

342)

343)

344)

345)

346)

347)

348)

349)

350)

351)

352)

353)

354)

355)

"An Intermediate Scale Calorimetry Test: ICAL (ASTM E 1623). Precision (Repeatability and
Reproducibility) and Applications", M.M. Hirschler, in Fire Retardant Chemicals Association Fall Mtg,
Tucson, AZ, Oct. 25-27, 1999, pp. 117-149.

"Fire Performance of Automotive Interior Materials", M.M. Hirschler, ASTM E05 (Committee on Fire
Standards) Research Review, New Orleans, LA, Dec. 6, 1999.

2000

"New ASTM Standard Practice on How to Conduct Large Scale Heat Release Tests," M.M. Hirschler,
Intern. Heat Release Association Mtg, London, UK, February 7, 2000.

"Recent Codes and Standards in the USA that Use Fire Hazard Assessment/Heat Release," M.M.
Hirschler, Intern. Heat Release Association Mtg, London, UK, February 7, 2000.

"Electrical Insulating Materials - International Issues", ASTM STP 1376, Amer. Soc. Testing and
Materials, West Conshohocken, PA, Editor: M.M. Hirschler (2000).

"Fire Testing of Electrical Materials", M.M. Hirschler, in ASTM Symposium on Electrical Insulation
Materials: International Issues, March 15, 1999, Seattle, WA, Symposium Chairman: M.M. Hirschler,
also in ASTM E1376, Electrical Insulating Materials - International Issues", Editor M.M. Hirschler,
ASTM, West Conshohocken, PA, pp. 168-205.

"Fire Hazard and Smoke Toxicity: Post-Flashover Fire Issues or Incapacitation via Irritancy?", M.M.
Hirschler, Flame Retardants 2000, February 8-9, 2000, London, pp. 193-204, Interscience
Communications, London, UK, 2000.

"International Fire Test for Electrical Cables", M.M. Hirschler, 29th Int. Conf. Fire Safety, Jan. 10-13,
2000, Product Safety Corp., San Francisco (CA, U.S.A.), Ed. C.J. Hilado, pp. 138-62 (2000), San
Francisco, CA

"Fire Safety of Rail Passenger Vehicle Interior Materials: Recent Developments”, M.M. Hirschler, in
Spring Tech. Mtg of Fire Retardant Chemicals Association, Washington, DC, March 13-15, 2000, pp.
195-218.

"Fire Testing of Electrical Cables in Transportation Environments: Trains, Ships and Aircraft", M.M.
Hirschler, Business Communications Company Eleventh Ann. Conference on Recent Advances in Flame
Retardancy of Polymeric Materials, May 22-24, 2000, Stamford, CT, Ed. M. Lewin, pp.281-297,
Norwalk, CT, 2000.

"Chemical Aspects of Thermal Decomposition of Polymeric Materials", M.M. Hirschler, in "Fire
Retardancy of Polymeric Materials", Eds. A.F. Grand and C.A. Wilkie, Marcel Dekker, New York, NY,
2000, pp. 27-79.

"Use of Heat Release Measurements and/or Fire Hazard Assessment in Codes and Standards in the USA",
Fire Risk & Hazard Assessment Symposium, National Fire Protection Research Foundation, June 28-30,
2000, Atlantic City, NJ, pp. 254-276.

"Fire Tests, Standards and Codes", Course on Fire and Polymers, Amer. Chem. Soc., Washington, DC,
Aug. 19, 2000.

"Fire Performance of Organic Polymers, Thermal Decomposition, and Chemical Composition", M.M.
Hirschler, American Chemical Society Preprints, August 2000 National Meeting, Symposium on Fire and
Polymers, Symp. Chair: G.L. Nelson and C. Wilkie, Washington, DC.

"Intermediate Scale Heat Release Calorimetry (ICAL) - Precision Information and Latest Developments",
M.M. Hirschler, Polymer International 49, 1199-1209, (2000).
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357)

358)

359)

360)

361)

362)

363)

364)

365)

366)

367)

368)

369)

370)

"Recent Activities in Codes and Standards Relevant to the Fire Retardants Industry”, M.M. Hirschler, in
Fall Tech. Mtg of Fire Retardant Chemicals Association, Jacksonville, FL, October 15-18, 2000, pp. 83-
99.

2001

"Mattress/Bedding Fires: Statistics and Fire Data Associated with Recent Experience", M.M. Hirschler,
Fire and Materials Conf., San Francisco, CA, Jan. 22-24, 2001, Interscience Communications, London,
UK, pp. 129-140.

"Using the Cone Calorimeter as a Screening Tool for the NFPA 265 and NFPA 286 Room Test
Procedures", M.L. Janssens, S.E. Dillon and M.M. Hirschler, Fire and Materials Conf., San Francisco,
CA, Jan. 22-24, 2001, Interscience Communications, London, UK, pp. 529-540.

"Fire Performance of Organic Polymers, Thermal Decomposition, and Chemical Composition", M.M.
Hirschler, American Chemical Society, Fire and Polymers - Materials and Solutions for Hazard
Prevention, ACS Symposium Series 797, Editors: G.L. Nelson and C.A. Wilkie, Washington, DC, 2001,
pp. 293-306.

"Cable Fire Tests", M.M. Hirschler, Federal Aviation Administration Fire Safety Section, Materials
Group Meeting, Ottawa, Ont., Canada, February 13-14, 2001.

"Fire Safety of Electrical Cables in Rail Transportation", Marcelo M. Hirschler, NFPA World Safety
Congress, Anaheim, CA, May 13-17, 2001.

"Determining the Fire Safety of a Material Via Fire Hazard Assessment", M.M. Hirschler, Business
Communications Company Twelfth Ann. Conference on Recent Advances in Flame Retardancy of
Polymeric Materials, May 21-23, 2001, Stamford, CT, Ed. M. Lewin, pp. 332-354, Norwalk, CT, 2001.

"Fire Safety in Detention Environments", Marcelo M. Hirschler, Fire Risk & Hazard Assessment
Symposium, Fire Protection Research Foundation, June 20-22, 2001, Baltimore, MD, pp. 241-273, NFPA,
Quincy, MA.

"Christmas Tree Lights and Fire Safety with PVC", Marcelo M. Hirschler, Underwriters Laboratories
International Seminar on Wire and Cable, August 2001, Hong Kong.

"Fire Hazard Associated with Mattresses in Detention Facilities", Coordinating Committee on Fire Safety,
Society of the Plastics Industry/American Plastics Council, Williamsburg, VA, August 20-21, 2001.

"Fire Safety Analysis of a Locomotive", Donald J. Hoffmann and Marcelo M. Hirschler, proprietary
report, September 2001.

"Can the Cone Calorimeter be Used to Predict Full Scale Heat and Smoke Release Cable Tray Results
from a Full-Scale Test Protocol?", Marcelo M. Hirschler, Proc. Interflam 2001, Edinburgh, UK,
September 17-19, 2001, pp. 137-148, Interscience Communications, London, UK.

“Upholstered Furniture and Mattress Fire Safety Requirements in the USA”, Marcelo M. Hirschler,
International Isocyanate Institute Meeting, Edinburgh, UK, September 20, 2001.

"Statistics of Fires Involving Wire and Cable in Concealed Spaced and the Associated Fire Hazard and
Fire Risk", Marcelo M. Hirschler, in Proc. Fire Retardant Trends and Advances, Fall Fire Retardant
Chemicals Association Technical Meeting, Oct. 14-16, 2001, pp. 1-19, FRCA, Lancaster, PA.

"Fire Testing of Electric Cables for Public Transportation"”, Marcelo M. Hirschler, Proc. Third Triennial
International Fire & Cabin Safety Research Conference, Federal Aviation Administration, Atlantic City,
NJ, Oct. 22-25, 2001, pp.
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372)

373)

374)

375)

376)

377)

378)

379)

380)

381)

382)

383)

2002

"Thermal Decomposition of Polymers", C.L. Beyler and Marcelo M. Hirschler, Chapter in SFPE
Handbook of Fire Protection Engineering (3rd Edn)", Editor-in-chief: P.J. DiNenno, pp. 1/110-1/131,
NFPA, Quincy, MA, 2002.

"How to Decide if a Material is Suitable for an Application Where Fire Safety is Required", M.M.
Hirschler, Flame Retardants 2002, February 5-6, 2002, London, pp. 45-56, Interscience Communications,
London, UK, 2002.

"Fire Performance of Plastics in Car Interiors", S.J. Grayson and M.M. Hirschler, Flame Retardants 2002,
February 5-6, 2002, London, pp.197-207, Interscience Communications, London, UK, 2002.

“Update on Codes and Standards Committee of the Fire Retardant Chemicals Association”, Marcelo M.
Hirschler, at Spring Fire Retardant Chemicals Association Technical Meeting, March 10-13, 2002, San
Antonio, TX, FRCA, Lancaster, PA.

“Fire Safety Issues Relevant to Flocking Materials”, M.M. Hirschler, American Flocking Association
Annual Meeting, May 10, 2002, Scottsdale, AZ.

“Predicting Large-Scale Fire Performance from Small-Scale Fire Test Data”, M.M. Hirschler and M.L.
Janssens, NFPA World Safety Conference & Exposition, Minneapolis, MN, May 19-23, 2002.

“Flammability of Mattresses: Recent Fire Test Data and Implications”, M.M. Hirschler, Business
Communications Company Thirteenth Ann. Conference on Recent Advances in Flame Retardancy of
Polymeric Materials, June 3-5, 2002, Stamford, CT, Ed. M. Lewin, pp. 280-302, Norwalk, CT, 2002.

“Rate of Heat Release of Plastic Materials from Car Interiors”, M.M. Hirschler, D.J. Hoffmann, J.M.
Hoffmann and E.C. Kroll, Business Communications Company Eleventh Ann. Conference on Recent
Advances in Flame Retardancy of Polymeric Materials, June 3-5, 2002, Stamford, CT, Ed. M. Lewin, pp.
370-394, Norwalk, CT, 2002.

“Fire Hazard Associated with Decorative Lights”, Marcelo M. Hirschler, Fire Risk & Hazard Assessment
Symposium, Fire Protection Research Foundation, July 2002, Baltimore, MD, pp.283-306, NFPA,
Quincy, MA.

“Developments in Codes, Standards and Regulations Associated with Upholstery in the United States”,
Marcelo M. Hirschler, in Proc. Fire Retardant Trends and Advances, Fall Fire Retardant Chemicals
Association Technical Meeting, Oct. 21-22, 2002, pp. 1-26, FRCA, Lancaster, PA.

“Specifying Decorative Lighting”, Marcelo M. Hirschler, Selling Christmas Decorations, Fall 2002 Issue.

2003

"Fire Hazard Associated with Passenger Cars and Vans”, M.M. Hirschler, D.J. Hoffmann, J.M. Hoffmann
and E.C. Kroll, Fire and Materials Conf., San Francisco, CA, Jan. 27-28, 2003, Interscience
Communications, London, UK, pp. 307-319.

“Fire Hazard Assessment of Personal Computers in a Home and in a Small Office”, M.M. Hirschler,
Business Communications Company Fourteenth Ann. Conference on Recent Advances in Flame
Retardancy of Polymeric Materials, June 2-4, 2003, Stamford, CT, Ed. M. Lewin, pp. 324-365, Norwalk,
CT, 2003.
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385)

386)

387)

388)

389)

390)

391)

392)

393)

394)

395)

396)

397)

"Update on the Activities of the New Fire and Transportation Vehicles Research Advisory Council of the
Fire Protection Research Foundation", M.M. Hirschler, Fire Risk & Hazard Assessment Symposium, Fire
Protection Research Foundation, July 2003, Baltimore, MD, pp. 85-101, NFPA, Quincy, MA.

"Fire Safety in Rail Transportation Vehicles: Special Focus on Recent Activities at the Federal Railroad
Administration, NFPA 130 and ASTM E 2061", M.M. Hirschler, Fire Risk & Hazard Assessment
Symposium, Fire Protection Research Foundation, July 2003, Baltimore, MD, pp. 440-459, NFPA,
Quincy, MA.

"Fire Tests for Life Safety Code Users - Supplement 5 of the Handbook of the NFPA 101 Life Safety
Code 2003, Ninth Edition", (Ed. R. Cote and G.E. Harrington), M.M. Hirschler, 2003, pp.1053-1078,
NFPA, Quincy, MA, 2003.

"Update on the Fire Protection Research Foundation Research Advisory Council on Fire and
Transportation Vehicles", M.M. Hirschler, Composites 2003, Convention and Trade Show of the
Composites Fabricators Association, October 1-3, 2003, Anaheim, CA.

"Flammability and Fire Performance of Polymers", M.M. Hirschler, Chapter in American Chemical
Society, "Comprehensive Desk Reference of Polymer Characterization and Analysis", Robert F. Brady,
Ed., Amer. Chem. Soc., Washington, DC, 2003, Chapter 26, pp. 700-738.

2004

"Fire Safety of Cars, Trains, Ships and Airplanes. What Has Been Happening Recently in the USA",
M.M. Hirschler, Flame Retardants 2004, January 27-28, 2004, London, pp. 241-252, Interscience
Communications, London, UK, 2004.

“Residential Upholstered Furniture in the United States and Fire Hazard”, M.M. Hirschler, Business
Communications Company Fifteenth Ann. Conference on Recent Advances in Flame Retardancy of
Polymeric Materials, June 7-9, 2004, Stamford, CT, Ed. M. Lewin, p. 300-319, Norwalk, CT, 2004.

“Fire Performance of Personal Computers and Fire Hazard in a Home and in a Small Office”, M.M.
Hirschler, Proc. Interflam 2004, Edinburgh, UK, July 5-7, 2004, pp. 1383-95, Interscience
Communications, London, UK.

"Update on the Activities of the Fire and Transportation Vehicles Research Advisory Council of the Fire
Protection Research Foundation", M.M. Hirschler, Fire Risk & Hazard Assessment Symposium, Fire
Protection Research Foundation, June 2004, Annapolis, MD, CD, NFPA, Quincy, MA.

"Fire Safety of Children’s Playground Structures", M.M. Hirschler, Fire Risk & Hazard Assessment
Symposium, Fire Protection Research Foundation, June 2004, Annapolis, MD, CD, NFPA, Quincy, MA.

“Fire Safety Issues Associated with Transportation Vehicles. Update on Codes, Standards &
Regulations”, M.M. Hirschler, American Fire Safety Council Fire Safety Conference, Sept. 27-29, 2004,
CD, Las Vegas, NV.

“Fire and Transportation Vehicles - State of the Art: Regulatory Requirements and Guidelines - A White
Paper”, M.M. Hirschler (Technical Coordinator) et al., Fire Protection Research Foundation Research
Advisory Council on Transportation Vehicles, October 2004.

“Fire Testing of Electrical and Optical Fiber Cables for Ships, Trains, Subways and Airplanes", M.M.
Hirschler, ASTM Committee D09 Symposium on Recent Developments in Fire Properties and Other
Properties of Electrical and Optical Fiber Cables, October 4, 2004, Washington, DC.

“Fire Testing of Interior Finish”, M.M. Hirschler, J. Fire Protection Engineering, Issue # 24, Fall 2004,
pp. 16-24.

2005
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399)

400)

401)

402)

403)

404)

405)

406)

407)

408)

409)

410)

411)

412)

“New NFPA Proposed Guide for Identification and Development of Mitigation Strategies for Fire Hazard
to Occupants of Road Vehicles”, M.M. Hirschler, Fire and Materials Conf., San Francisco, CA, Jan. 31-
Feb. 1, 2005, Interscience Communications, London, UK, pp. 457-468.

“Evolution of Hydrogen Chloride Following Thermal Decomposition of Poly(Vinyl Chloride)”, M.M.
Hirschler, Business Communications Company Fifteenth Ann. Conference on Recent Advances in Flame
Retardancy of Polymeric Materials, May 23-25 2005, Stamford, CT, Ed. M. Lewin, pp., Norwalk, CT,
2005.

“Are Indoor Children’s Playground Structures Fire Safe?”, M.M. Hirschler, Business Communications
Company Sixteenth Ann. Conference on Recent Advances in Flame Retardancy of Polymeric Materials,
May 23-25 2005, Stamford, CT, Ed. M. Lewin, pp., Norwalk, CT, 2005.

“Are we properly protecting children playing in playground structures in malls and restaurants?”, M.M.
Hirschler, Session M02, June 6 at NFPA World Safety Conference & Exposition, Las Vegas, NV, June 6-
10, 2005.

“Fire Testing of Electrical and Optical Fiber Cables for Transportation Vehicles, especially in North
America”, M.M. Hirschler, Journal of ASTM International, Vol. 2 (10), Paper ID JAI12851, Online
ISSN: 1546-962X, Published online 24 August 2005.

“Heat Release, as used in Codes in the USA”, M.M. Hirschler, in International Workshop on Calorimetry,
Federal Institute for Materials Research and Testing, Berlin, Germany, Sep. 6, 2005.

“Experience in Full Scale Fire Testing of Consumer Products”, M.M. Hirschler, in 10" European Meeting
on Fire Retardancy and Protection of Materials, Federal Institute for Materials Research and Testing,
Berlin, Germany, Sep. 7-9, 2005.

“Analysis of Work on Smoke Component Yields from Room-Scale Fire Tests”, M.M. Hirschler, Fire and
Materials, 29, 303-14 (2005).

“Flammability and Fire Performance”, M.M. Hirschler, Chapter 13 in “PVC Handbook”, Ed. C.E. Wilkes,
J.W. Summers & C.A. Daniels, Carl Hanser, Cincinnati, OH, 2005, pp. 419-481.

“Hydrogen Chloride Evolution from the Heating of Poly(vinyl Chloride) Compounds”, M.M. Hirschler,
Fire and Materials, 29, 367-82 (2005).

“Fire Safety in Surface Transportation”, M.M. Hirschler, in Proc. Safety in Terrestrial Passenger
Transportation, Grupo GIDAI, University of Cantabria, Santander, Spain, Oct. 20, 2005.

“Critique of “ISO TS 13571 - 2002 - Life-threatening components of fire — Guidelines for the estimation
of time available for escape using fire data”, M.M. Hirschler, Report to Alliance for the Polyurethane
Industry, Arlington, VA, November 2005.

2006

"Fire Tests for Life Safety Code Users - Supplement 5 of the Handbook of the NFPA 101 Life Safety
Code 2006, Tenth Edition", (Ed. R. Cote and G.E. Harrington), M.M. Hirschler, 2005, pp.1171-1200,
NFPA, Quincy, MA, 2006.

"Fire Safety, Smoke Toxicity and Acidity", M.M. Hirschler, Flame Retardants 2006, February 14-15,
2006, London, pp. 47-58, Interscience Communications, London, UK, 2006.

“Can we use calorimetry to ensure we have safer plastics?”, M.M. Hirschler, in International Heat
Release Association Workshop on Developments in Calorimetry, Society of Chemical Industry, London,
February 16, 2006.
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414)

415)

416)

417)

418)

419)

420)

421)

422)

423)

424)

425)

426)

427)

“How is calorimetry being used in standards and regulations in the US?”, M.M. Hirschler, in International
Heat Release Association Workshop on Developments in Calorimetry, Society of Chemical Industry,
London, February 16, 2006.

“Forensic Evaluations of Fabric Flammability”, M.M. Hirschler, P.Y. Umino and J.B. Zicherman,
Business Communications Company Seventeenth Ann. Conference on Recent Advances in Flame
Retardancy of Polymeric Materials, May 22-24, 2006, Stamford, CT, Ed. M. Lewin, pp., Norwalk, CT,
2006.

“Wiring and Other Materials in Plenums”, M.M. Hirschler, September 2006, International Code Council
Annual Conference, Lake Buena Vista, FL.

“Fire Safety of Transportation Vehicles”, M.M. Hirschler, November 2006 SAMPE Fall Technical
Conference — Dallas, TX.

2007

“Are All Wildland Fire Shelters Suitable for Protecting Fire Fighters?”, M.M. Hirschler, Fire and
Materials Conf., San Francisco, CA, Jan. 29-31, 2007, Interscience Communications, London, UK.

“Why do we need a standard furniture calorimeter fire test?”, M.M. Hirschler, Fire and Materials Conf.,
San Francisco, CA, Jan. 29-31, 2007, Interscience Communications, London, UK.

“Improving Survivability in Motor Vehicle Fires”, K.H. Digges, R.G. Gann, S.J. Grayson, M.M.
Hirschler, R.E. Lyon, D.A. Purser, J.G. Quintiere, R.R. Stephenson and A. Tewarson Fire and Materials
Conf., San Francisco, CA, Jan. 29-31, 2007, Interscience Communications, London, UK.

“Predicting Real Fire Performance of Products from Small Scale Tests”, S.J. Grayson and M.M.
Hirschler, Business Communications Company Eighteenth Ann. Conference on Recent Advances in
Flame Retardancy of Polymeric Materials, May 21-23, 2007, Stamford, CT, Ed. M. Lewin, Norwalk, CT,
2007.

“Workshop on Fire Testing, Methods and Regulations”, M.M. Hirschler, at Conf. On Environmentally
Friendly Flame Retardants, July 18, 2007, Baltimore, MD, Intertech-Pira.

“Developments in requirements for wires and cables”, M.M. Hirschler, at Conf. On Environmentally
Friendly Flame Retardants, July 19-20, 2007, Baltimore, MD, Intertech-Pira.

“Improving Survivability in Motor Vehicle Fires”, K.H. Digges, R.G. Gann, S.J. Grayson, M.M.
Hirschler, R.E. Lyon, D.A. Purser, J.G. Quintiere, R.R. Stephenson and A. Tewarson, Proc. Interflam
2007, pp. 135-43, London, UK, September 3-5, 2007, Interscience Communications, London, UK.

“Fire Losses, Fire Hazard & Fire Risk Associated with Plenum Cables”, M.M. Hirschler, Proc. Interflam
2007, pp. 1129-37, London, UK, September 3-5, 2007, Interscience Communications, London, UK.

“Survey of Small-Scale Flame Spread Test Results of Modern Fabrics”, M.M. Hirschler and T. Piansay,
Fire and Materials, 31, 373-386 (2007).

“Recent Activities in US Codes”, M.M. Hirschler, in American Fire Safety Council Second International
Symposium on Flame Retardants and Fire Safety, San Francisco, CA, Oct. 7-10, 2007, AFSC,
Washington, DC.

“Trends in Interior Finish Requirements”, M.M. Hirschler, Fire Protection Engineering Emerging Trends
Newsletter, Issue 15, December 2007.

2008
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"Regulatory developments in North America that will affect the use of flame retardants", M.M. Hirschler,
Flame Retardants 2008, February 12-13, 2008, London, pp. 11-22, Interscience Communications,
London, UK, 2008.

“Thermal Decomposition of Polymers”, Marcelo M. Hirschler and Alexander B. Morgan, Chapter in
SFPE Handbook of Fire Protection Engineering (4th Edn)", Editor-in-chief: P.J. DiNenno, pp.1/112-
1/143, NFPA, Quincy, MA, 2008.

“Concepts and Protocols of Fire Testing”, Chapter 06.3 in NFPA Fire Protection Handbook, 20 Edn,
Editor-in-chief: Arthur Cote, pp. 6/35-6/60, NFPA, Quincy, MA, 2008.

“Interior Finish”, M.M. Hirschler, Chapter 18.2 in “NFPA Fire Protection Handbook, 20" Edn”, Editor-
in-chief: Arthur Cote, pp. 18/23-18/42, NFPA, Quincy, MA, 2008.

“Improving the Fire Safety of Road Vehicles”, M.M. Hirschler, Chapter 16 in “Advances in Fire
Retardant Materials”, pp. 443-466, Ed. By R. Horrocks and D. Price, Woodhead Publishing Ltd., London,
UK, 2008.

“Human Survivability in Motor Vehicle Fires”, K.H. Digges, R.G. Gann, S.J. Grayson, M.M. Hirschler,
R.E. Lyon, D.A. Purser, J.G. Quintiere, R.R. Stephenson and A. Tewarson, Fire and Materials, 32, 249-
258, 2008.

“Polyurethane Foam and Fire Safety”, M.M. Hirschler, Polymers for Advanced Technology, Special
Issue: Menachem Lewin 90 Birthday, 19, 521-29 2008.

“Is Upholstered Furniture a Flammable Solid?””, M.M. Hirschler and T.T. Earl, Business Communications
Company Nineteenth Ann. Conference on Recent Advances in Flame Retardancy of Polymeric Materials,
June 9-11, 2008, Stamford, CT, Ed. M. Lewin, Norwalk, CT, 2008.

"Fire Tests for Life Safety Code Users - Supplement 5 of the Handbook of the NFPA 101 Life Safety
Code 2009, Eleventh Edition", (Ed. R. Cote and G.E. Harrington), M.M. Hirschler, 2008, pp. 1181-1214,
NFPA, Quincy, MA, 2008.

“Transport and Decay of Combustion Products in Fires”, M.M. Hirschler and F.M. Galloway, in Symp.
On Hazards of Combustion Products: Toxicity, Opacity, Corrosivity and Heat Release, Nov. 10-11, 2008,
pp- 73-96, Interscience Communications, London, UK, 2008.

“Heat Release Testing of Consumer Products”, M.M. Hirschler, in ASTM Symp. On Advances in the
State of the Art of Fire Testing, Dec. 11, 2008, Miami Beach, FL, Amer. Soc. Testing & Materials, West
Conshohocken, PA.

2009

“Environmental Protection Agency Project on Flame Retardants in Printed Circuit Boards”, M.M.
Hirschler, Fire and Materials Conf., San Francisco, CA, Jan. 26-28, 2009, pp. 13-24, Interscience
Communications, London, UK.

“Do We Use Flammable Solids in our Furniture and Mattresses?”, M.M. Hirschler and T.T. Earl, Fire and
Materials Conf., San Francisco, CA, Jan. 26-28, 2009, pp. 657-668, Interscience Communications,
London, UK.

“Plastic Siding, US Regulatory Requirements and Fire Safety”, M.M. Hirschler and T.T. Earl, Business
Communications Company Twentieth Ann. Conference on Recent Advances in Flame Retardancy of
Polymeric Materials, June 2009, Stamford, CT, Ed. M. Lewin, Norwalk, CT, 2009.

“Regulations, codes and standards relevant to fire issues in the US”, M.M. Hirschler, Chapter 21 in “Fire
Retardancy of Polymeric Materials, Second Edition”, C.A. Wilkie and A.B. Morgan, eds., pp. 587-669,
Taylor and Francis, Palm Beach, FL, 2009.
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“Forensic Evaluation of Clothing Flammability”, M.M. Hirschler, P.Y. Umino and J.B. Zicherman, Fire
and Materials, 33, 345-64 (2009).

“Heat Release Testing of Consumer Products”, M.M. Hirschler, Journal ASTM International (JAI), 6(5)
DOI: 10.1520/JA1102258, May 2009, Amer. Soc. Testing & Materials, West Conshohocken, PA.

2010

“Fire Test for Code Use: Steiner Tunnel Test Variations”, M.M. Hirschler, Business Communications
Company Twenty-First Ann. Conference on Recent Advances in Flame Retardancy of Polymeric
Materials, May 2010, Stamford, CT, Ed. M. Lewin, Wellesley, MA, 2010.

“Smoke and Combustion Products — Recent Progress and Some Issues”, E.D. Weil, S. Levchik and M.M.
Hirschler, Business Communications Company Twenty-First Ann. Conference on Recent Advances in
Flame Retardancy of Polymeric Materials, May 2010, Stamford, CT, Ed. M. Lewin, Norwalk, CT, 2010.

“Fire Test Standards Used in US Codes and Regulations”, M.M. Hirschler, Proc. Interflam 2010, pp. 983-
994, Nottingham, UK, July 5-7, 2010, Interscience Communications, London, UK.

“La Importancia de la Emisioén de Calor en Incendios” (The Importance of Heat Release in Fires), Plenary
Lecture, in Latin American Seminar on Fire Protection Engineering, July 12-14, 2010, Lima, Perq,
Engineering Services SAC, Lima, Pert.

“Ensayos para Medir Efectos de Materiales y Productos en Incendios” (Test Methods to Assess Effects of
Materials and Products in Fires), in Latin American Seminar on Fire Protection Engineering, July 12-14,
2010, Lima, Peru, Engineering Services SAC, Lima, Peru.

“New NFPA Guide on Fire Hazard in Road Vehicles”, Hirschler, M.M., in Int. Conference: “FIVE (Fires
in Vehicles)”, Gothenburg, Sweden, Sept. 29-30, 2010.

2011

“Use of the Steiner Tunnel for Fire Testing in North America”, M.M. Hirschler, Fire and Materials Conf.,
San Francisco, CA, Jan. 31-Feb. 2, 2011, pp. 27-38, Interscience Communications, London, UK.

“Testing of Residential Electrical Generators”, M.M. Hirschler, Fire and Materials Conf., San Francisco,
CA, Jan. 31-Feb. 2, 2011, pp. 71-81, Interscience Communications, London, UK.

“NFPA Guide on Fire and Road Vehicles”, M.M. Hirschler, SFPE Emerging Trends, Society of Fire
Protection Engineers, Bethesda, MD, Spring 2011.

“Codes and Regulations Associated with Fire Safety” in Course on Regulatory Fire Testing — How Fire
Testing is Used in Codes and Regulations, by M.M. Hirschler and M.L. Janssens, Feb. 3, 2011, San
Francisco, CA.

“Practical Guide to Smoke and Combustion Products from Burning Polymers — Generation, Assessment
and Control”, M.M. Hirschler, S. Levchik and E.D. Weil, Smithers Rapra Technical Publications,
Shawbury, UK, 2011.

“Introduction: Smoke in Context”, M.M. Hirschler, Preface to “Practical Guide to Smoke and
Combustion Products from Burning Polymers — Generation, Assessment and Control”, M.M. Hirschler, S.
Levchik and E.D. Weil, Smithers Rapra Technical Publications, Shawbury, UK, 2011.

“Transport and Decay of Combustion Products”, M.M. Hirschler, Chapter 4 in “Practical Guide to Smoke
and Combustion Products from Burning Polymers — Generation, Assessment and Control”, M.M.
Hirschler, S. Levchik and E.D. Weil, Smithers Rapra Technical Publications, Shawbury, UK, 2011.
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“Fire Tests to Assess Smoke and Combustion Product Generation”, M.M. Hirschler, Chapter 5 in
“Practical Guide to Smoke and Combustion Products from Burning Polymers — Generation, Assessment
and Control”, M.M. Hirschler, S. Levchik and E.D. Weil, Smithers Rapra Technical Publications,
Shawbury, UK, 2011.

“Regulations, Codes and Standards Associated with Smoke”, M.M. Hirschler, Chapter 7 in “Practical
Guide to Smoke and Combustion Products from Burning Polymers — Generation, Assessment and
Control”, M.M. Hirschler, S. Levchik and E.D. Weil, Smithers Rapra Technical Publications, Shawbury,
UK, 2011.

“Fire Hazard and Smoke Generation”, M.M. Hirschler, Chapter 8 in “Practical Guide to Smoke and
Combustion Products from Burning Polymers — Generation, Assessment and Control”, M.M. Hirschler, S.
Levchik and E.D. Weil, Smithers Rapra Technical Publications, Shawbury, UK, 2011.

“Interior Finish Fire Testing in US Codes and EC Directives”, M.M. Hirschler, Business Communications
Company Twenty-Second Ann. Conference on Recent Advances in Flame Retardancy of Polymeric
Materials, May 2011, Stamford, CT, Ed. M. Lewin and C. Wilkie, Wellesley, MA, 2011.

“Development of a Proposed ASTM Guide to Continued Applicability of Reports on Fire Test
Standards”, M.M. Hirschler and T.T. Earl, in ASTM Symp. On Uncertainty and What to do About it, Jun.
16,2011, Anaheim, CA, Amer. Soc. Testing & Materials, West Conshohocken, PA.

“PVC Flammability”, M.M. Hirschler, in VinylTech 2011, Issues Affecting Vinyl World Wide, Oct. 17-
19, 2011, New Orleans, LA, Society of Plastics Engineers, Newtown, CT.

“Ignition Scenario and Enclosure Effects on the Burning Rate of Upholstered Furniture”, M.L. Janssens
and M.M. Hirschler, in 2011 SFPE Annual Meeting: Professional Development Conference and
Exposition, Portland, OR, Oct. 23-28, SFPE, Bethesda, MD.

“Literature Review of Ignition Scenario and Enclosure Effects on the Burning Rate of Upholstered
Furniture”, M.M. Hirschler and M.L. Janssens, in December 2011 ASTM EO05 Research Review,
12/5/2011, Tampa, FL.

2012

“Fire Safety Requirements for Interior Wall and Ceiling Finish in US Codes”, T.T. Earl and M.M.
Hirschler, in American Chemical Society Spring 2012 Meeting, Fire and Polymers VI Symposium, San
Diego, CA, March 25-29, 2012.

“A New Fire Test for School Bus Seating”, M.M. Hirschler, Business Communications Company
Twenty-Third Ann. Conference on Recent Advances in Flame Retardancy of Polymeric Materials, May
21-23, 2012, Stamford, CT, Ed. C. Wilkie, Wellesley, MA, 2012.

“The use of flame retardants and fire safety”, M.M. Hirschler, in December 2012 ASTM EO05
Research Review, 12/4/2012, Atlanta, GA.

“Fire Testing Requirements for Interior Finish in United States Codes”, T.T. Earl and M.M. Hirschler, in
“ACS Books: Fire and Polymers VI, New Advances in Flame Retardant Chemistry and Science”, Editors:
Alexander Morgan and Charles Wilkie, pp. 495-521, American Chemical Society, Washington, DC,
2012.

“Reducing Uncertainty of Quantifying the Burning Rate of Upholstered Furniture”, Janssens, M.L., Ewan,
D.M., Gomez, C., Hirschler, M.M., Huczek, J.P., Mason, R.I. Overholt, K.J., and Sharp, J.M. SwRI Project
No. 0.1.15998, Award No. 2010-DN-BX-K221, for National Institute of Justice, 2012.

2013
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“Fire Performance of Polyurethane Foam: California Technical Bulletin CA TB 117 and British Standard BS
58527, M.S. Blais, M.M. Hirschler and M.L. Janssens, in Fire and Materials Conf., San Francisco, CA, Jan.
28-30, 2013, pp. 319-330, Interscience Communications, London, UK.

“Effect of Ignition Scenario and Type of Padding on the Burning Behavior of Upholstered Furniture”, M.L.
Janssens, M.M. Hirschler and R.L. Mason, in Fire and Materials Conf., San Francisco, CA, Jan. 28-30,
2013, pp. 331-342, Interscience Communications, London, UK.

“Effect of Enclosure on Heat Release Rate in Furniture Fires”, M. M. Hirschler and M.L. Janssens, in Fire and
Materials Conf., San Francisco, CA, Jan. 28-30, 2013, pp. 343-354, Interscience Communications,
London, UK.

“School Bus Fire Testing: New ASTM Seating Standard”, T.T. Earl and M.M. Hirschler, in Fire and
Materials Conf., San Francisco, CA, Jan. 28-30, 2013, pp. 575-584, Interscience Communications,
London, UK.

“Codes and Regulations Associated with Fire Safety” in Course on Regulatory Fire Testing — How Fire
Testing is Used in Codes and Regulations, by M.M. Hirschler and M.L. Janssens, Jan. 31, 2013, San
Francisco, CA.

“Safety, health and environmental aspects of flame retardants”, M.M. Hirschler, Chapter 6 in “Handbook
of flame retardant textiles”, edited by Fatma Selcen Kilinc-Balci, Woodhead Publishing, Sawston, UK,
pp. 108-173, 2013.

“Fire Safety and Flame Retardants”, M.M. Hirschler, Business Communications Company Twenty-Fourth
Ann. Conference on Recent Advances in Flame Retardancy of Polymeric Materials, May 2013, Stamford, CT,
Ed. C. Wilkie, Wellesley, MA, 2013.

“New NFPA Standard on Assessment of Fire Loads”, M.M. Hirschler, Proc. Interflam 2013, pp. 687-692,
Egham, Surrey, UK, June 24-26, 2013, Interscience Communications, London, UK.

“Requirements for Fire Safety of Upholstered Furniture”, M.M. Hirschler, Proc. Interflam 2013, pp. 801-
812, Egham, Surrey, UK, June 24-26, 2013, Interscience Communications, London, UK.

“Modeling the Burning Rate of Upholstered Furniture for Different Ignition Scenarios”, M.L. Janssens,
K.J. Overholt and M.M. Hirschler, Proc. Interflam 2013, pp. 827-838, Egham, Surrey, UK, June 24-26,
2013, Interscience Communications, London, UK.

“Effects of Adding Flame Retardants on Heat Release”, M.M. Hirschler, Report by GBH International to North
American Flame Retardants Alliance (NAFRA), October 2013.

“Decisions at the 2012-13 ICC Code Hearings Affecting Fire Testing — The IBC, IRC, IFC,
IMC, IWUIC and IEBC Codes”, M.M. Hirschler, in December 2013 ASTM E05 Research Review,
12/9/2013, Jacksonville, FL.

2014

“Open Flame Testing of Upholstered Furniture and Fire Safety”, M.M. Hirschler, IAFSS Fire Safety Science
News # 36, pp. 27-29, February 2014.

“Survey of Ignition Sources for Electrical and Electronic Materials”, M.M. Hirschler, Business
Communications Company Twenty-Fifth Ann. Conference on Recent Advances in Flame Retardancy of
Polymeric Materials, May 2014, Stamford, CT, Ed. C. Wilkie, Wellesley, MA, 2014.

“Flame Retardants and Heat Release: Review of Traditional Studies on Products and on Groups of
Polymers”, M.M. Hirschler, Fire and Materials (Article published online, Fire and Materials, 03/11/2014,
DOI: 10.1002/fam.2243), 2014 [39, 207-231, 2015].
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495)
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“Flame Retardants and Heat Release: Review of Data on Individual Polymers”, M.M. Hirschler, Fire and
Materials (Article published online, Fire and Materials, 03/11/2014, DOI: 10.1002/fam.2242), 2014 [39,
232-258, 2015].

“Foam Plastics in Building Construction”, D.H. Evans and M.M. Hirschler, Session T44 at NFPA Conference
and Expo, June 9-12, 2014, Las Vegas, NV.

“Flame Retardants: Background and Effectiveness”, M.M. Hirschler, in Fire Protection Engineering, Third
Quarter (July, pp. 32-42) 2014.

“Questions and Answers on Issues Raised During CA AB 127 Working Group (Summarized from Working
Group Input)”, J.J. Beitel, M.D. Fischer, M.M. Hirschler and L.A. Ross, California Assembly Bill 127
Working Group of California State Fire Marshal, http://osfm.fire.ca.gov/codedevelopment/wgfsbim.php ,
December 2014.

2015

“Effect of flame retardants on polymer heat release rate”, M.M. Hirschler, in Fire and Materials Conf., San
Francisco, CA, Feb. 2-4, 2015, pp. 484-498, Interscience Communications, London, UK.

“Regulation of foam plastic insulation by US construction codes”, T.T. Earl and M.M. Hirschler, in Fire and
Materials Conf., San Francisco, CA, Feb. 2-4, 2015, pp. 529-542, Interscience Communications, London,
UK.

“Reaction to Fire Requirements in US Codes Related to Building Materials”, M.M. Hirschler, in PINFA
Meeting on “Flammability Requirements for Commercial Buildings & Construction” (Tampa, FL, April 15-
16, 2015).

“Fire Testing for Codes & Regulations - Why conduct fire testing? - What about new materials?”, M.M.
Hirschler, One-Day Course, Tampa, FL, April 14, 2015, Tampa, FL.

“Upholstered Furniture Fire Safety: Recent Findings & Regulations”, M.M. Hirschler, Business
Communications Company Twenty-Sixth Ann. Conference on Recent Advances in Flame Retardancy of
Polymeric Materials, May 2015, Stamford, CT, Ed. C. Wilkie, Wellesley, MA, 2015.

“Foam Plastics Used in Construction and Challenges”, M.M. Hirschler, 2015 Waterloo/Sereca Flammability
Meeting, Waterloo, ON, Canada, July 7-9, 2015, JensenHughes, Baltimore, MD.

“Investigation on the Use of Flame Retarded Foam Plastic Insulation Materials in Building Construction”, J.J.
Beitel, M.D. Fischer, M.M. Hirschler and L.A. Ross, Proceedings of the 58th Annual 2015 Polyurethanes
Technical Conference, Orlando, FL, October 5-7, 2015, Center for the Polyurethanes Industry, American
Chemistry Council, Washington, DC, 2015.

“Flame Retardants and their Toxicity”, M.M. Hirschler, in Fire Protection Engineering, Fourth Quarter
(October) 2015.

“Codes and Regulations Relevant to Fire Safety Requirements for Industrial Fabrics”, M.M. Hirschler,
Webinar for Industrial Fabrics Association International, Roseville, MN, Dec. 15, 2015.

2016

“Fire Safety and Technical Considerations for Evolving Technology within Highway Transportation
Vehicles”, S. Levchik and M.M. Hirschler, in PINFA Meeting on “Flammability Requirements for Surface
Transportation” (Montreal, PQ, Canada, April 26-27, 2016).

“Use and Misuse of Steiner Tunnel Test for Building Products”, M.M. Hirschler, Business Communications
Company Twenty-Seventh Ann. Conference on Recent Advances in Flame Retardancy of Polymeric
Materials, May 2016, Stamford, CT, Ed. C. Wilkie, Wellesley, MA, 2016.
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515)

“NFPA 101, Life Safety Code, Combustible Decorative Features and the Las Vegas Strip”, D.H. Evans
and M.M. Hirschler, Session T44 at NFPA Conference and Expo, June 13-16, 2016, Las Vegas, NV.

“Codes & standards development in the USA: How does it work?”, M.M. Hirschler, Proc. Interflam 2016, pp.
1175-1186, Egham, Surrey, UK, July 4-6, 2016, Interscience Communications, London, UK.

“Use of Flame Retardants to Comply with Fire Safety Requirements for Textiles”, M.M. Hirschler, in “Shining
a Light on Flammability in Textile Applications - AATCC Flammability Symposium”, September 21-22,
2016, Cary, NC, AATCC — Association of Textile, Apparel & Materials Professionals, Research Triangle
Park, NC.

“The Extended ASTM E84 Fire Test”, M.M. Hirschler, in December 2016 ASTM E05 Research Review,
12/6/2016, Orlando, FL.

2017

“Fire safety requirements for wires and cables”, M.M. Hirschler, in Fire and Materials Conf., San Francisco,
CA, Feb. 6-8, 2017, pp. 2-16, Interscience Communications, London, UK.

“Unregulated combustibles: Decorative Materials”, D.H. Evans and M.M. Hirschler, in Fire and Materials
Conf., San Francisco, CA, Feb. 6-8, 2017, pp. 790-802, Interscience Communications, London, UK.

“Combustible Decorations: Fire Hazard & Codes & Standards”, T.T. Earl and M.M. Hirschler, Business
Communications Company Twenty-Eighth Ann. Conference on Recent Advances in Flame Retardancy of
Polymeric Materials, June 2017, Newton, MA, Ed. C. Wilkie, Wellesley, MA, 2017.

“Poly(vinyl chloride) and its fire properties”, M.M. Hirschler, Fire and Materials Journal, 41(8), 993-1006,
2017.

“Procedures for development and revision of codes and standards associated with fire safety in the USA and its
fire properties”, M.M. Hirschler, Fire and Materials Journal, 41(8), 1058-1071, 2017.

“International Building Code — Chapter 14 and Fire Safety”, Technical course for Bellevue, WA and
neighboring jurisdictions, October 25, 2017.

“Concepts and Protocols of Fire Testing”, M.M. Hirschler, Chapter 6.3 in NFPA Fire Protection
Handbook, 215 Edn, NFPA, Quincy, MA, 2017.

Rebuttal to “Flame retardants in UK furniture increase smoke toxicity more than they reduce fire growth rate”
by S. McKenna, R. Birtles, K. Dickens, R. Walker, M. Spearpoint, A. Stec and R. Hull (2018 Apr;196:429-
439. doi: 10.1016/j.chemosphere.2017.12.017. Epub 2017 Dec 5.), by Marcelo M. Hirschler

2018

“Exterior Cladding Fires and Regulatory Requirements”, M.M. Hirschler, Business Communications Company
Twenty-Ninth Ann. Conference on Recent Advances in Flame Retardancy of Polymeric Materials, May 2018,
Stamford, CT, Ed. C. Wilkie, 2018.

2019
“Update on Exterior Cladding and US Regulatory Requirements”, M.M. Hirschler, Business Communications
Company Thirtieth Ann. Conference on Recent Advances in Flame Retardancy of Polymeric Materials, May

2019, San Antonio, TX, Ed. C. Wilkie, 2019.

“Facades: What are the Requirements in the USA?”, M.M. Hirschler, Proc. Interflam 2019, pp. 169-182,
Egham, Surrey, UK, July 1-3, 2019, Interscience Communications, London, UK.
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2020

516) “Fagade requirements in the 2021 edition of the US International Building Code”, M.M. Hirschler, Fire and
Materials, pp. 1-12, 2020, https://doi.org/10.1002/fam.2803 .

517) “Foam Plastic Insulation and Requirements in I Codes”, M.M. Hirschler, California Building Inspectors Group
(CALBIG), March 11, 2020, redwood City, CA.

2022

518) “Noncombustibility: Testing and Regulatory Requirements”, M.M. Hirschler, Fire and Materials. First
published: 24 June 2022 https://doi.org/10.1002/fam.3087

2023

519) “Wildland Urban Interface Code Comparisons: IWUIC (ICC) and Chapter 7A (California)”, M.M. Hirschler,
Wildfire Resilient Structures (WiReS) Conference and Tradeshow, February 7-10, 2023, San Diego, CA.
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From: "Developments in Polymer Stabilisation, Vol. 5"
ed. G. Scott, Applied Science Publ., London, 1982.
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It has traditionally been assumed that chlorinated additive fiarrstg
retardants act by virtue of their ease of elimination of hydrogen chlolrlde. .
This is borne out by the finding that, e.g. for polypropylene,. aliphatic
chlorinated hydrocarbons are ineffective flame n::tardan-ts; their d‘.ecom-
position is so fast that they evolve hydrogen chloride dlljrmg processing of
the polymer.®! Analogously chlorinated biphenyls or prpenyl ethers have
a very strong Cl—C bond so that their decomposition 1s too slow to -be
effective. Thus compounds such as perchloropentacyclodecane with
intermediate CI—C bond strengths are found to be the most useful flame

FLAME RETARDANT MECHANISMS: RECENT DEVELOPMENTS 115
retardants for this polymer.®’ In general, aromatic chlorine-containing
compounds are said to perform poorly as additive flame retardants,?>
although little evidence is found in the literature for this statement.
Thermogravimetric studies of the decomposition of liquid and solid
chlorinated alkanes frequently used as flame retardants have shown that
hydrogen chloride is in fact evolved, at least in the absence of polymer.33:3
This suggests that HCl is later effective as a gas-phase flame inhibitor. Thus
the flame chain-carriers would react with HCI and transform reactive
radicals into relatively unreactive ones such as chlorine atoms. The
mechanism of this action will be discussed more fully in conjunction with
brominated flame retardants. Hydrogen bromide is a very efficient flame
inhibitor, e.g. for polypropylene some five times more so than hydrogen
chloride (on a molar basis).2® When additive flame retardants containing
chlorine are compared with their brominated analogues, in terms of their
efficiency in reducing the LOI of polypropylene, the relative slope values are
less than or equal to 2-2.2°

It can thus be concluded that, although there may be some gas-phase
action for chlorine compounds, it is relatively inefficient and the bulk of the
flame-retardant effect takes place in the condensed phase.

An alternative theory®®~*® has been proposed which assumes the
operative mechanism to be a purely physical dilution of the flammable
mixtures or a ‘blanketing’ of the flames by volatile chlorinated species. This
mechanism would explain the action of the large number of inorganic
chlorides and oxychlorides used, particularly for cellulosic materials. These
additives are usually hygroscopic and thus liberate non-flammable gases
including HCI. ;

Before studying other flame retardant elements, it is of interest to look at
the mechanism™f combustion of the most important chlorinated polymer:
poly(vinyl chloride) (PVC). It decomposes principally by a chain-stripping
process liberating hydrogen chloride, so that a polyenic residual structure
remains:

~ChxaCaly

This dehydrochlorinated charry residue can be cyclised to yield benzene, a
process which occurs intramolecularly and not intermolecularly.3® It is also
possible for some main-chain C—C scissions to occur and small C,and C,
products to be formed which later yield carbon oxides as the sole
oxygenated products. The formation of the char and of the aromatic
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Benefits of Flame Retardants — Marcelo M. Hirschler - January 2016
Some of the benefits of flame retardants can be seen from the following facts.

1. The use of flame retardants in combustible materials leads to a decrease in the heat released in
fires.

2. The use of the correct type and amount of flame retardants improves the fire performance of the
associated materials.

3. Fires with properly flame retarded products result in much fewer toxic products than fires with
the same products without flame retardants.

4. Fires with properly flame retarded products result in much less destruction than fires with the
same products without flame retardants.

5. Fires with properly flame retarded products result in much less flame spread to nearby products
than fires with the same products without flame retardants.

6. Fires with consumer products have decreased significantly over the last 30 years or so, partially
because of the increased use of flame retardants.

1. Flame retardants and heat release.

Flame retardants can be used to significantly decrease heat release rate of polymers, and the effectiveness
of such systems can be extremely high. A set of studies [1-3] of the effects of flame retardants on the
heat release of natural and synthetic combustible materials showed the effectiveness of flame retardants
on heat release. The figure below [1] shows a large number of systems (a total of 56 systems) and the
percentage improvement in peak heat release rate due to the addition of various flame retardant systems.
The improvement can be higher than 80%.

Another study investigated the fire performance of 5 non-flame-retarded products and compared it with
that of properly flame retarded alternate products [4]. The full sets of non-flame-retarded and flame
retarded products were ignited in a room-corridor arrangement and the heat released by the non-flame-
retarded products was 4-5 times higher than that released by the flame retarded products (1,640 kW vs.
345 kW).

The emphasis on heat release is presented because it has been demonstrated that the peak heat release
rate is the key property governing the intensity of a fire [5]. Heat release rate is critical because as the
heat release rate becomes greater more materials will ignite and burn and will propagate the fire. On the
other hand, if heat release rate remains small, it is possible (or even likely) that the next product will not
ignite and that the fire will be confined to the area (or even the object) of origin. Thus, a higher heat
release rate will promote faster flame spread. On the other hand, neither increased smoke obscuration
nor increased smoke toxicity will cause a fire to become bigger. It is essential to understand the concept
that heat release rate if the most important fire safety property because a distinction needs to be made
between: (a) the reason a fire becomes big and results in large losses (including fire fatalities, fire injuries
and significant property loss) and (b) the actual “cause of death” for a fire fatality. The two are different.
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% Improvement Pk HRR Due to FR Systems

2. Flame retardants and improved fire performance.

As discussed above, the most important means to describe fire performance is based on heat release.
However, it is also clear that fire growth and flame spread are predicted by heat release rate. Two
extensive research programs dealing with fire growth on combustible wall lining materials tested several
wall lining materials in bench-scale and large-scale fire tests and both showed that fire growth (for
example measured as flame spread) was much lower for materials that generated lower heat release [6,
7]. This led to the development of models predicting whether full room involvement (also known as
flashover) results as a function of the heat released by the materials. Therefore, since flame retardants
decrease heat release they also improve fire performance. including fire fatalities, fire injuries and
significant property loss) and (b) the actual “cause of death” for a fire fatality. The two are different.

It is essential to note, a flame retardant system must be tailored to the substrate (or polymer) that it is
used with. It is an essential requirement for an adequate flame retarded polymeric system to exhibit
adequate fire performance that the flame retardant additive system appropriately improves the heat
release rate of the substrate. This often requires extensive research to ensure that the right system is used
for each substrate. Typically, flame retardants that are effective with a specific substrate are ineffective
with alternate substrates (even if they are similar in chemical composition).
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3. Flame retardants and toxic product release.

In order to understand this it is important to review the concept of flashover, which is that stage in the
development of a contained fire in which all exposed surfaces reach ignition temperature more or less
simultaneously and fire spreads rapidly throughout the space. In practice fire statistics classify any fire
that goes beyond the room of origin as a “flashover fire” [8], because typically additional details are not
available and because a fire that has gone beyond the room of origin has clearly been a very large fire.
Thus, any discussion of “flashover fires” includes all fires that are either known to have gone to flashover
or known to have gone beyond the room of origin, without distinction. In the US the vast majority of
fire fatalities occur away from the room of fire origin (i.e. have been classified as flashover fires because
they extended beyond the room of origin [8]). At the moment when fires go to flashover the concentration
of combustion products (i.e. toxic gases) accelerates significantly, so that there is both a quantitative and
a qualitative difference in the toxicity of the atmosphere as soon as the fire becomes a flashover fire.
That is one of the key reasons why fire atmospheres are much more toxic after flashover [8].

On the other hand, the “cause of death” (in the US) is usually listed as “the effects of smoke inhalation”.
This means that the listed “cause of death” is, more often than not, the direct result of insult by smoke
and toxic gases, while the actual cause of death is that the fire became large (typically a flashover fire)
because the heat release rate was large. It is important to note that it is now consensus in the fire safety
community that the smoke toxicity of virtually all common products, whether they contain flame
retardants or not and irrespective of the combustible substrate involved, have very similar smoke toxic
potencies [9, 10, 11].

In the study comparing flame retarded and non-flame retarded products discussed above [4] the results
showed that none of the test specimens produced smoke of extreme toxicity. The smoke from both sets
of products was similar in potency and comparable to the potency of the smoke produced by materials
commonly found in buildings. However, in terms of the total quantities of toxic gases produced in the
room fire tests, expressed in ‘CO equivalents,’ the quantities produced by the flame retarded products
were one third of the amounts of toxic products produced by the non-flame-retarded products. With
regard to the overall fire hazard the study indicated that the impact of flame retardant materials on the
survivability of the building occupants was also assessed by comparing the time to untenability in the
burn room, which is applicable to the occupants of the burn room. The results showed that the average
available escape time was more than 15-fold greater for the flame retarded products than for the non-
flame-retarded products.

4. Flame retardants and total amounts burnt.

Multiple studies have shown that when properly flame retarded products are involved in a fire, the fire
is much less likely to spread to other products and much more likely to remain small. This means that
the amount of products burnt will be much smaller. In the study discussed above [4] it was found that
three of the five flame retarded products assessed would not ignite (and thus would not burn) when
exposed to the same fire source that caused any one of the non-flame-retarded products to burn and be
destroyed completely. Thus, the only way that the five flame retarded products could be made to burn is
by using an auxiliary burner to avoid finding no flame propagation at all. The study found that the amount
of material consumed in the fire tests for the flame retarded products (in spite of the additional burner)
was less than half the amount lost in the tests for the non-flame-retarded products.
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Interestingly, when products produce significantly lower heat release (and thus much less material
destroyed or burnt) there is also usually lower smoke released, leading to better visibility for victims
trying to escape or first responders trying to initiate rescue from a fire. In the study above, the amount
of smoke generated from both tests was not significantly different but in 90% of studies of room-corner
fire tests (where flame propagation, heat release and smoke release are assessed) the products with lower
heat release also had lower smoke release [12].

5. Lower flame spread for properly flame retarded products.

This has been explained earlier. The lower heat release resulting from properly flame retarding products
has as a consequence, lower flame spread [6, 7]. For example, building interior finishes, principally wall
and ceiling coverings, can have a major impact on both fire growth and ultimate fire size [13]. Wall and
ceiling coverings may act like a “fuse,” spreading flames away from fire origin to involve other objects,
causing the fire to grow to large size. Interior finishes may also provide a large, unbroken surface over
which flame spreads. As the wall or ceiling covering exhibits higher heat release rate, the flame spreads
faster to involve greater surface area and the fire size increases. If the interior finish exhibits poor fire
performance, the flames from the interior finish may release sufficient energy to cause the formation of
a hot gas layer. If the wall or ceiling covering is well flame retarded the fire will stop spreading and
cease being a problem. NFPA fire loss statistics show that interior wall coverings are responsible for
being the item first ignited in homes in many fires and for an even larger proportion of civilian fire
fatalities. The most recent statistics on home structure fires were published in 2015 [14].

6. Fire statistics show that fewer fires are starting at consumer products now.

Fires associated with a variety of consumer products have decreased significantly over the last 30 years
or so, as shown in the following list (based on NFPA statistical data in various reports). One of the
reasons for this decrease (but, of course not the only one) is the use of flame retardants improving the
fire performance of consumer products.

Fires starting in various consumer products
1980 | 2010-2011 | Decrease (%) Reference

Heating Equipment
230,300 53,600 77 15
Electrical 75,000 47,700 36 16
Washers & dryers
25,000 16,800 33 17

Refrigerators, freezers, ice
makers 3,040 1,680 45 18
Electronic equipment rooms

1,600 190 88 19
Office equipment (non-home)
1,720 600 65 20
Office equipment (home) *
540 640 -19 20

* Note that the use of office equipment (computers) in homes has increased from less than 2%
in 1980 to more than 75% in 2010, meaning that the proportion of fires to computers in homes
has decreased
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Flame retardants and heat release: review of traditional studies on
products and on groups of polymers
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SUMMARY

This is part of a project considering whether flame retardants affect polymer heat release, a critical issue to
assess whether adding flame retardants decreases fire hazard. The work investigated the following. (1) Fire
properties affecting fire hazard, confirming that heat release rate is the key fire property most strongly
influencing fire hazard. (2) Ways to assess heat release and whether full-scale fire heat release rate can be
predicted from small-scale test results, confirming that cone calorimeter and Ohio State University data are
adequate to predict full-scale heat release. (3) Analysis of key 1988 NBS/NIST study comparing the fire
hazard of flame retarded products versus non-flame retarded products for the same application. This
confirmed that the study demonstrated that flame retardants lower fire hazard and that the levels of additives
in the flame retarded products used were not excessive. (4) Review of studies investigating effects of flame
retardants on various polymeric systems. The overall conclusion is that flame retardants does indeed improve
fire safety (when used appropriately) primarily because they decrease heat release. Part 2 of the project
(separately) considers the key polymers that need to be potentially flame retarded and reviews recent studies
on effects of flame retardants on heat released by such polymers. Copyright © 2014 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Fire safety can be improved in one of two ways, or via a combination of both, as shown later. This
work will address exclusively passive fire protection.

* Passive fire protection. This means using materials and products with superior fire performance so
as to either minimize the probability of ignition or, if ignition does occur, minimize the damaging
effects of the resulting fire.

e Active fire protection. This means relying on fire detection and suppression systems (such as
smoke alarms and sprinklers). Fire detection systems alert the occupants (and/or first responders,
such as fire fighters) while fire suppression systems extinguish the fire.

Flame retardants are materials that can be incorporated into combustible materials to improve their fire
performance. It has been shown in many studies that flame retardants can be effective in having effects
such as making materials or products less easily ignitable and/or reducing flame spread and they are
extensively used to help materials and/or products meet certain fire test requirements. In view of the
fact that there is no fire if ignition does not occur, a delay in ignition will improve fire safety. However,
because fire hazard assumes that ignition has occurred, it is important to also study the effects of flame
retardants on fire hazard, with an emphasis on the key property of heat release, as explained later.

*Correspondence to: Marcelo M. Hirschler, GBH International, 2 Friars Lane, Mill Valley, CA 94941, USA.
"E-mail: gbhint@aol.com

Copyright © 2014 John Wiley & Sons, Ltd.
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Fire risk is the combination of fire hazard and of the probability of fire occurring. Fire hazard is
defined as ‘the potential for harm associated with fire’. Fire risk is defined as ‘an estimation of
expected fire loss that combines the potential for harm in various fire scenarios that can occur with
the probabilities of occurrence of those scenarios’. It is essential to understand that it is possible to
have high fire hazard but low fire risk because the probability of such a fire is low.

Most, if not all, solid combustible materials (plastics, wood, textiles, rubbers, and so on) are
polymeric (meaning that they have a complex chemical structure, with repeating units). Many
polymeric materials, whether natural or synthetic, have poor fire performance in the absence of added
flame retardants. That is particularly important for those polymers that are in widest use, such as
polyolefins (polyethylene or polypropylene), polyurethane, polystyrene, polyethylene terephthalate,
nylon, and cotton. When a polymer is used in applications where fire safety is an important
consideration, the lack of intrinsic fire safety must be addressed for ensuring passive fire protection.
The following are examples of different approaches:

¢ adding flame retardants (i.e., using additive flame retardants),

e creating new polymers with better fire performance though syntheses of variations of the polymer
(i.e., using reactive flame retardants),

¢ blending or otherwise compounding it with other polymers with better fire performance (i.e., creating
blends or mixtures), and

e encapsulating the polymer or separating it from the potential exposure to the heat insult.

This study is looking primarily at the first aspect, namely additive flame retardants and fire hazard, mainly
because more information is available on them. Information on direct comparisons of heat release between a
flame retarded system with reactive flame retardants and the equivalent non-flame retarded materials is
rarely published. Typical applications where fire safety can be critical are upholstered furniture,
mattresses, wire and cable, interior finish, insulation, appliance and computer housings, among others.

This work presents information on a few key studies that investigated the potential effects of using
flame retardants (whether additive or reactive) in order to improve the fire performance, with an
emphasis on heat release, of polymeric materials. Such analyses will be primarily based on individual
polymers. One portion of this study involves a new discussion of an essential study conducted at
NBS (precursor of NIST) in 1988 analyzing the effects of flame retardants on the fire performance of
five important consumer products: TV cabinet housings, business machine housings, upholstered
chairs, cable arrays, and laminated circuit boards. This particular study has been misinterpreted recently.

A separate publication will review recent studies of heat released by individual polymers before and
after the addition of flame retardants [1].

2. HEAT RELEASE RATE AND FIRE HAZARD

Until relatively recently, heat release rate measurements were seen by some people as just another
piece of data to gather. In fact, the importance of heat release as a fundamental fire safety property
is still not a full part of the public understanding of fire safety. However, fire scientists have now
concluded that heat release is much more than a set of data. It has been shown by multiple analyses
of fire hazard that heat release rate is the most important fire property and that the peak heat release
rate is the numerical indicator of the intensity of a fire [2-8]. Key studies have demonstrated that
heat release rate is much more critical than either ignitability (whether expressed as time to ignition
or minimum heat flux for ignition) or smoke toxicity in affecting the probability of survival in a fire,
as shown later in this work [2].

The key demonstration that heat release rate is much more important than other fire properties in terms
of fire hazard can be seen from Table I [2]. In the work, a simple analysis was made (using the fire hazard
zone model HAZARD 1) where the authors considered variations on a fire scenario in which a single
upholstered chair burns in a small room with a single doorway opening. They calculated the hazard for
the scenarios in terms of the predicted time to lethality. Fire properties of the burning chair in the base
case were taken directly from typical such fire properties in the NIST data base. In order to assess the
relative importance of several factors, the authors studied the following variations:

Copyright © 2014 John Wiley & Sons, Ltd. Fire Mater. 2015; 39:207-231
DOI: 10.1002/fam
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Table I. Effect of individual variables on fire hazard, example of chair [2].

Scenario Predicted time to lethality (s)
Base case Greater than 600
Double heat release rate 180

Double material smoke toxicity Greater than 600
Halve time to ignition Greater than 600

(1) base case, that is, a single burning chair in the room,

(2) the same chair with double the heat release rate,

(3) the same chair with double the smoke toxicity of the materials, and

(4) the same chair with half the time to ignition for the burning chair (from 70 to 35s).

The authors considered the predicted temperatures and the levels of carbon dioxide in the
compartment’s upper layer. They chose carbon dioxide (instead of other gas species) because it has
been shown that the carbon dioxide concentration is representative of the type and shape of the
concentration-time curves for other gases. The results demonstrated that, as expected, changing
the heat release rate has a much greater effect on fire hazard than changing the time to ignition or
the smoke toxicity. The authors note that, of course, a significant improvement in time to ignition
can lead to the absence of a fire; however, that affects fire risk and not fire hazard, because fire
hazard presupposes that ignition has occurred. The effects of the changes in the three variations
from the base case can be seen in Table I. The conclusions of this work is that doubling the heat
release rate reduces the predicted time to lethality from greater than 600 s (the total simulation time)
to about one third of that time, roughly the same time as the calculated time to incapacitation for all
other scenarios. On the other hand, the effects of similar changes in time to ignition and in smoke
toxicity have a negligible effect on predicted time to lethality. Note, that it is, of course, not always
possible (or perhaps never possible) in practice to change one of the three variables (heat release
rate, time to ignition, and smoke toxic potency) completely independently, without affecting the
others. However, that in no way affects the data analysis and conclusions.

In simpler terms, heat release rate is critical because, as the heat release rate becomes larger, more
materials will ignite and burn and will propagate the fire. On the other hand, if heat release rate
remains small, it is possible (or even likely) that the next product will not ignite and that the fire
will be confined to the area (or even the object) of origin. Thus, a higher heat release rate will
promote faster flame spread. On the other hand, neither increased smoke obscuration nor increased
smoke toxicity will cause a fire to become bigger.

It is essential to understand the concept that heat release rate if the most important fire safety
property because a distinction needs to be made between (a) the reason a fire becomes big and
results in large losses (including fire fatalities, fire injuries, and significant property loss) and (b) the
actual ‘cause of death’ for a fire fatality. The two are different.

In order to understand this, it is important to review the concept of flashover, defined by the Life
Safety Code as ‘A stage in the development of a contained fire in which all exposed surfaces reach
ignition temperature more or less simultaneously and fire spreads rapidly throughout the space.” In
actual practice, fire statistics classify any fire that goes beyond the room of origin as a ‘flashover
fire’ [9], because typically additional details are not available and because a fire that has gone
beyond the room of origin has clearly been a very large fire. Thus, it should be noted that future
descriptions in this work will talk about ‘flashover fires’ when the fire is either known to have gone
to flashover or known to have gone beyond the room of origin, without distinction. In the USA, the
vast majority of fire fatalities occur away from the room of fire origin (i.e., have been classified as
flashover fires because they extended beyond the room of origin [9]).

At the moment when fires go to flashover, the concentration of combustion products (i.e., toxic
gases) accelerates significantly, so that there is both a quantitative and a qualitative difference in the
toxicity of the atmosphere as soon as the fire becomes a flashover fire. That is one of the key
reasons why the toxicity of a fire atmosphere is much more toxic after flashover [7,9].

Copyright © 2014 John Wiley & Sons, Ltd. Fire Mater. 2015; 39:207-231
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On the other hand, the ‘cause of death’ (in the USA) is usually listed as ‘the effects of smoke
inhalation’. This means that the listed ‘cause of death’ is, more often than not, the direct result of
insult by smoke and toxic gases, while the actual cause of death is that the fire became large
(typically a flashover fire) because the heat release rate was large. Thus, the size of the heat
release rate is the best predictor of the fire hazard that caused a fire to become big. If a fire stays
small (i.e., has a low heat release rate), it is unlikely to lead to significant numbers of fire fatalities.
Thus, the relative toxicity of the gases emitted in fires (smoke emissions) plays a small role in fire
hazard. For the reason indicated earlier, the examples shown in this work will primarily address heat
release.

In some publications, it is stated that smoke toxicity is a measure of fire hazard: that is incorrect. The
literature shows that the principal toxicant dominating smoke toxicity is carbon monoxide, found in all
fires. In that connection, it is worth looking at toxic potency of smoke data, and Figure 1 illustrates that
the toxic potency of the smoke of virtually all individual polymers is within such a narrow band
(in toxicological terms) as to be almost indistinguishable [10]. In particular, this work showed that
the smoke toxicity of all polymeric materials (including those releasing irritants) can be assessed
together based on the lethal effective dose and that there is no need to introduce the flawed concept
of fractional effective concentration (which assumes that victims are instantly incapacitated when a
certain concentration of an irritant is reached). The latter concept is used by some toxicologists as a
way to deal differently with polymeric materials containing heteroatoms, such as halogens or
nitrogen. While academically potentially interesting, the technical literature and the practical reality
of fires show that this is a flawed concept for predicting human survivability in fires. The work
mentioned earlier [10] reviewed toxicity studies, including some performed by exposure of animals
and people, in the late 19th century and early 20th century, to irritant gases alone or by their
exposure to smoke containing them. The critical issue found was subject behavior and whether
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Figure 1. Levels of smoke toxicity (in orders of magnitude) [10].
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incapacitation or lethality occurred eventually. It was found that rats and baboons were not
incapacitated at huge concentrations of irritants (and in fact sometimes, they died a long time after
exposure, but they were able to perform the escape functions that they were taught to do, to escape
from their exposure). Moreover, the volunteer humans were also neither incapacitated nor killed.
This showed that irritants do not usually cause incapacitation, even at concentrations that may
eventually kill the victims.

3. USE OF THE CONE CALORIMETER AS A FIRE HAZARD PREDICTIVE TOOL

The cone calorimeter is a specialized piece of fire test equipment that is used to assess heat release data,
as well as ignitability, mass loss, and smoke released by burning materials. There have been a large
number of studies that have demonstrated that the cone calorimeter (ASTM E1354 [11]) can be
successfully used for many products to predict full-scale (or at least relatively large scale) fire
performance of the corresponding products. The most widely studied products are wires and cables,
upholstered furniture, mattresses, wall linings, and aircraft panels.

The fire performance of wire and cable products is probably the one that has been investigated most
extensively, usually in comparison with vertical cable tray tests, such as the UL 1685/CSA FT4 test
[12—14]. One study looked at materials used in cable jackets and insulations, where a variety of
different polymers were included. Tests were conducted in the cone calorimeter and in a vertical
cable tray test [15]. The results showed that there is excellent correlation (Figure 2) between the
cone calorimeter peak heat release rate (on the one hand) and tray cable heat release rate and tray
cable char length (on the other hand). Tray cable char length was assessed because it is the typical
property measured in tray cable tests. In particular, both ways (cable tray char length and cable tray
heat release) of assessing the fire performance of the cables at a larger scale indicate the same trend.
In fact, whichever way the data are analyzed, there is a steady increase in cable tray heat release
with cone calorimeter heat release at low heat release values and then a leveling off of cable tray
heat release (which in the cable tray test is a result of the full consumption of the cables). Similar
information was also obtained by another study [16], which focused exclusively on PVC-based
cables. These two studies are part of a series of studies, summarized in subsequent work [17], that
have established that the cone calorimeter is fully suitable as a predictive tool for electrical cables
(see, e.g., Figures 3-5). The figures show how predictions can be made from cone test results. This
is important because it allows trends obtained in cone calorimeter tests to be indicative of trends in
full-scale fire tests with cables.

A similar type of prediction results from analyzing data from the cone calorimeter on tests of
upholstered furniture composite tests [18]. The Association of Contract Textiles/Decorative Fabrics
Association (ACT/DFA) study was intended to investigate whether the cone calorimeter could be
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Figure 2. Char length for cables in the vertical cable tray test (UL 1685/CSA FT4) and peak heat release rate
in the cone calorimeter as a function of cable tray peak heat release rate [13].
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Predictions from Cone Calorimeter
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Figure 3. Comparison of flame spread in tray tests with char length and heat release rate [17].
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Figure 5. Indication of vertical cable tray test results predicted from cone test results [17].

used to predict CA TB 133/ASTM EI1537 [19, 20] data. They chose 26 upholstery fabrics,
representative of the most widely used compositions and weights, and conducted cone calorimeter
tests, at an initial test heat flux of 35 kW/mz, with tests in the horizontal orientation. They also ran
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full-scale ASTM E1537 tests, using the California room. The data were not analyzed directly by ACT/
DFA but were analyzed later by a different author [18]. The samples were prepared as recommended
by the Combustion Behaviour of Upholstered Furniture (CBUF) project of the European Union (EU)
[21]. The fabrics (with a very broad weight range) were all tested on a conventional slightly flame
retarded polyurethane foam (complying with CA TB 117 [22]), weighing approximately 1.4 1b./ft’,
and an interliner, as well as on a highly flame retarded formulation containing high levels of
melamine. The two interliners used were a polyaramid weighing approximately 2oz./yd® and a
coated glass weighing approximately 100z./yd®. Soon after the ACT/DFA work was completed,
NIST conducted a study with 27 fabric/barrier/foam systems that were tested in the cone calorimeter
and in the CA TB 133/ASTM E1537 test [23]. The analysis of the ACT/DFA work [18] included
consideration of the NIST results also.

The full-scale testing for this furniture work was conducted using the standard mock-up cushions,
constructed with thread recommended by the manufacturers of the interliners. There was no
replication of full-scale work. Several predictive equations and approaches to fire safety correlations
were investigated, including one proposed by NIST when they compared work in two standard
rooms (California and ASTM) [24]. The NIST equation [24] assumed that the key cut-off, when the
full-scale construction is a standard mock-up, should be for systems with a 3 min average cone
calorimeter heat release rate of 160 kW/m?; as shown later, that value is too high. However, a
system was proposed [18] that resulted in better predictions. With that system, in some cases, the
cone calorimeter erroneously labeled as unsafe systems (i.e., fabric/foam or fabric/barrier/foam
combinations), which were found to be safe in full-scale testing, but in no cases did the cone
calorimeter predict satisfactory performance for systems that failed large-scale tests. This was an
improvement over the NIST recommendations [24]. When using the NIST suggestions, as expanded
to more systems, eight systems (out of 27) were predicted to perform well (from cone calorimeter
data) but actually had poor fire performance in the full-scale test. Four of the eight systems
incorrectly predicted contained melamine foam (which was only adequately predicted in two of six
systems). In the case of one system that performed badly (although the cone data did not predict
that), the repeat full-scale test performed well. The results are partially invalidated by the fact that
plastic (nylon) zippers were used in several systems, a construction feature known to make systems
perform badly. As a summary of this analysis, the cone calorimeter correctly predicted whether 67
of the 78 ACT-DFA systems would cause a self-propagating fire (86%) and whether 19 of the 27
NIST systems would cause a self-propagating fire (70%). If the melamine foam systems are
excluded, the analysis predicted adequately 49 out of the 52 ACT-DFA systems (94%) and 16 out
of the 20 NIST systems (80%). The threshold value estimated by NIST (a 3 min average heat release
rate of 160 kW/m?) does not use the cone calorimeter as a direct predictor of full-scale heat release
rate but rather as an indicator of the probability of a system to be made into a safe item of
upholstered furniture. The results of this flawed ‘correlation’ are shown in Figure 6.
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Figure 6. Prediction of CA TB 133 test results from cone calorimeter [17].
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Figure 7 indicates that there is a ‘safe zone’ (based on heat release) for which furniture upholstery
systems are likely to lead to safe constructions, within a reasonable probability.

The European study mentioned earlier (the CBUF project [21]) predicted that systems with average
rate of heat release <65 kW/m? would not cause self-propagating fires; all 12 systems complying with
that criterion in the ACT-DFA study gave good full-scale results. The conclusion from the ACT/DFA
work was that the cone calorimeter could be used as a surrogate test method to assess whether systems
are likely to cause a self-propagating fire or whether they are safe. An important secondary finding was
the realization that the fabric has a much greater effect in cone testing than in real-scale fires. The
majority of predictive errors from the cone calorimeter are false positives, meaning materials that
perform adequately in large-scale tests are falsely predicted to fail by cone data; these errors do not
negatively affect fire safety.

Similar work to the furniture work discussed earlier was also performed for mattresses [25], for a
series of wall linings in Europe [26], and for a series of special wall linings, namely aircraft
panels [27]. In the case of mattresses, the transition region in the cone calorimeter is still at roughly
the same 3min average value for heat release rate as for upholstered furniture: 100-200 kW/m?
average (3min). The corresponding equation is similar to that for upholstered furniture. However,
experience has shown that bedding (such as sheets and blankets) can substantially affect heat
release from mattresses, particularly when the actual mattress has fairly poor fire performance.
Thus, in general, tests with mattresses and bedding are of particular interest for systems with fairly
high heat release rate values. With regard to wall linings, it is interesting to note that the aircraft
cabin wall lining data and actual room wall lining data (from a European project using the ISO
9705 room—corner test [28]) can both be correlated with a simple empirical equation, a first order
approximation for relative time to flashover in a room-corner scenario. This information was
generalized in a study that addressed several different products [29]. The predictive equation for
relative time to flashover based on cone calorimeter data at an incident heat flux of 50kW/m?
suggests that time to flashover is proportional to the ratio of time to ignition to peak heat release
rate, a ratio sometimes called the fire performance index or FPI [30]. An example using the
aircraft panel and European wall lining data is shown in Figure 8 [29]. Figure 9 shows that the
cone calorimeter can even be used to predict zones of flashover potential for wall and ceiling
linings based on a fire model, such as the one by Karlsson [31] instead of a simple correlation like
Figure 8.

It has also been shown that the computer model Conetools [32], developed at SP (in Sweden), serves
as a useful means to predict ISO 9705 room—corner fire test results for wall linings from small-scale fire
test results in the cone calorimeter (e.g., [33]). Additionally, the work just cited and other scientific
work also showed [33, 34] that the use of the cone calorimeter and Conetools can, in a preliminary
fashion, help to predict results for wall linings in the European regulatory single burning item test
(SBI test, EN 13823 [35]).
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In conclusion, even from the limited amount of work discussed here, it is clear that the cone
calorimeter can be used appropriately to assess fire performance of materials and products, and this
will be performed in subsequent sections.

4. OTHER SMALL-SCALE HEAT RELEASE TESTS USEFUL AS PREDICTIVE TOOLS

The cone calorimeter (ASTM E1354 [11], ISO 5660 [36]) is a key tool for small-scale testing of
materials, composites, and products to assess heat release rate. However, it is not the only such test,
and two other key small-scale tests can be used to test materials for heat release: the Ohio State
University (OSU) heat release rate calorimeter (Smith [37], ASTM E906 [38], FAA Aircraft
Materials Fire Test Handbook Chapter 5 [39]) and the FM Fire Propagation Apparatus (Tewarson [40],
ASTM E2058 [41], FM FPA). In this study, some OSU work will be discussed here but no specific
FM FPA work.

In the past, a large number of fire tests or techniques have been used, and many are still being used,
to measure various individual properties associated with the fire performance of materials
(and sometimes products). The measurement of single properties is inconsistent with the concept of
fire hazard, because fire hazard is associated with the combination of a multitude of fire properties,
including the ignitability of a material, its flammability, the amount of heat released from it when it
burns, the rate at which this heat is released, the rate at which the material is consumed, the smoke
production tendency, and the intrinsic toxic potency of the smoke. In 1972, Edwin Smith published
detailed information on one test method (OSU heat release rate apparatus) that is capable of
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measuring combined properties including heat release [37]. Such combined properties are thus more
directly associated with fire hazard than any individual fire property. Hirschler and Smith [42]
correlated data from the OSU with data from a full-scale non-standard room—corner test (Table II),
showing a reasonable degree of predictability from the test, in that materials showing high heat
release in the OSU also show high heat release in the room and vice versa.

In much more extensive (and predictive) studies, the OSU was used by the Federal Aviation
Administration (FAA) in order to correlate material (and composite) data with data from full aircraft
burns [43]. The FAA established a four-part research program to define how heat release criteria would
provide appropriate safety guidance. The concept was to see whether this could then be incorporated
into regulations to ensure fire safety. Using time to flashover as the primary end-point, the FAA work
established a full-scale aircraft post-crash scenario to evaluate and ‘rank’ the fire performance of the
aircraft interior materials, while monitoring all major fire properties [44]. Then, the FAA evaluated and
‘ranked” a group of five representative generic cabin interior wall panel constructions in the full-scale
aircraft fire test scenario [45]. Subsequently, the FAA established a series of input conditions and pass/
fail criteria using the OSU test to obtain results that could be used to ‘rank’ the five materials in the
same order as they were ranked by the full-scale tests [46]. Finally, NIST and FM Global were
commissioned to investigate whether the cone calorimeter (at NIST) and the FPA apparatus (at FM
Global) would give reasonably correlated results: they gave the same type of rankings as the OSU,
even if they gave different absolute numbers. The result of this work was the development of pass/fail
criteria of 65 kW/m?® peak heat release rate and 65 kW min/m? average total heat released after 2 min of
test in a 5 min test in the OSU, at an incident heat flux of 35 kW/m?. This reliance on heat release rate
has proven to be extremely effective, and a July 2013 post-crash aircraft fire is an example of its
effectiveness: an Asiana jet crashed in San Francisco airport with 307 people on board and no fire
fatalities (although three passengers died of other injuries [47]).

5. NBS/NIST FULL-SCALE STUDIES ON FLAME RETARDED PRODUCTS

Much of the research on flame retarded materials has focused on individual materials or on products
that contain them. The potential synergy between flame retarded materials in a room fire scenario is
less well documented. In other words, the question is does individual product protection add up to a
greater protection in a room containing several disparate product types? In an attempt to document

Table II. Comparison of heat release in OSU and room—corner test [42].

Pk HRR OSU THR OSU at 10 min OSU heat flux THR full

kW/m® MJ/m® kW/m® MJ
Natural wood oak panel 74 24.8 30 90
Natural wood oak panel 121 30.2 41 90
FR ABS 112 13.6 30 70
FR ABS 264 29.9 41 70
Polycarbonate 211 31.2 30 134
Polycarbonate 434 102.2 41 134
FR Acrylic 37 9.2 30 37
FR Acrylic 52 17.9 41 37
Generic PVC 96 21.4 30 30
Generic PVC 109 24.8 45 30
Low smoke PVC 23 6.9 30 30
Low smoke PVC 70 29.3 45 30
CPVC 20 6.3 30 28
CPVC 20 6.3 41 28
Full-scale ignition source 33

Notes: Pk HRR OSU, peak heat release rate from Ohio State University (ASTM E906) heat release test; THR
OSU, total heat released during Ohio State University heat release test; THR full, total heat released during full-
scale room—corner test.
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and understand this, NIST (then NBS) conducted a study in 1988 [48]. This seminal study went
beyond just investigating the effects of flame retardants on improved fire safety for individual
materials and products but looked at a full set of flame retarded materials, their use in products and
a comparison with the corresponding non-flame-retarded materials.

The study involved five different product categories, which were assembled and tested in small-
scale and in full-scale room fires. In one set of products, all five products were made with flame
retarded materials, whereas in the other set, the same base polymers were used but without flame
retardant additives. The products involved were (in the order in the report) the following: (1)
television housings, (2) business machine housings, (3) upholstered chairs, (4) electric cable arrays,
and (5) laminated electronic circuit boards. These products were studied thoroughly in full-scale
fires, in bench-scale fire tests, and by computer modeling.

The objective of this study was to investigate the fire hazard of a wide array of flame retardant
containing products relative to non-flame-retarded but otherwise substantially identical products. The
question to be answered was whether the fire hazard is reduced. The flame retarded formulations
were chosen, in accordance with the report, to represent ones that are (or were, at the time)
commercially available and in common use, but which were anticipated to represent high quality
performance. None of the systems was designed to provide exceptional fire performance.

In this publication, it was believed essential to retain, as much as possible, the language from the
original NBS/NIST publication, from 1988, demonstrating that the systems were designed to
provide adequate fire performance, within the state-of-art of the time. The executive summary states
as follows: ‘the two central issues to be explored were:

“(1) For today’s most commonly used FR/polymer systems, is the overall fire hazard reduced, when
compared to similar non-fire retarded (NFR) items?”

“(2) Since both the commercially popular FR chemicals and the base polymer formulations can be
expected to change in the future, can appropriate bench-scale test methodologies be validated which
would allow future testing to be quick and simple?””

The executive summary continues with the following statement regarding approach. ‘To answer these
questions, a wide-ranging experimental program was formulated. Five representatives of commonly used
plastic products were especially manufactured (using commercial formulations) for this program, each in
an NFR and an FR version.” Note that the approach addressed ‘commonly used plastic products’ and
‘commercial formulations’ and that there was no intent to meet any specific regulatory requirement.

The formulations used were the following:

(a) TV cabinet housing: High impact polystyrene in both sets. The FR System was composed of
12% of a brominated material (decabromobiphenyl oxide) and 4% antimony oxide.

(b) Business machine housing: Polyphenylene oxide in both sets. The FR System was composed of
triaryl phosphate ester for 1% P.

(c) Upholstered chair: Flexible polyurethane foam padding and the same nylon cover fabric
(250 kg/m?) for both sets. The non-FR foam had a density of 25kg/m’, and the FR system
contained an organic chlorinated phosphate, an organic brominated flame retardant, and 35%
alumina trihydrate, for a content of 4.75% Br, 2.6% Cl, 0.32% P, and 10.0% Al and a density
of 64kg/m>. The FR system was intended to perform better than foam intended for CA TB
117 use but was probably not as good as a BS 5852 crib # 5 foam.

(d) Cable array: Each electric cable contained five conductors (copper wires, 14 AWG, 1.63 mm
diameter) with insulated wire outside diameter of 3.30 mm. The outside diameter of the jacketed
cable was 12.7mm. The same wire jacket was used in both sets, and it was a black
chlorosulphonated polyethylene containing antimony oxide (12.2% Cl and 2% Sb). The insulation
of the non-FR system was cross-linked ethylene vinyl acetate (EVA) copolymer with clay
(18.9 phr), antioxidant (2 phr), processing aid (1 phr), and catalyst (1.5 phr). The FR system
was cross-linked EVA copolymer with clay (28 phr), chlorinated cycloaliphatic flame retardant
(38 phr), antimony oxide (18.9 phr), antioxidant (2 phr), processing aid (1 phr), and catalyst
(1.5 phr). The FR system was probably intended to represent a vertical tray cable composition.
It would not have complied with riser of plenum cable requirements.
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(e) Laminated circuit board: This material was intended to represent glass/polyester electric circuit
boards but contained no copper or electrical components. The board was 6.4 mm thick. The poly-
mer in both systems was polyester resin. The non-FR system contained 38 wt% polyester, 44 wt%
calcium carbonate, and 18 wt% fiberglass reinforcement. The FR system contained 39 wt% polyes-
ter, decabromobiphenyl oxide (10 wt%), antimony oxide (3 wt%), and alumina trihydrate (30 wt%)
and 18 wt% fiberglass reinforcement. It was probably intended to represent a UL 94 VO compound.

Tables III and IV contain the cone calorimeter data for the various products at two different incident
heat fluxes. Clearly, flame retardants had a significant effect on heat release rate and effective heat of
combustion. Furniture calorimeter tests (i.e., tests in which the product is placed on a load cell under a
hood and the heat and smoke released are assessed) were conducted on all products. A natural gas
burner with a nominal face of 180 mmx 150 mm and operating at SOkW for 200s was used for
most tests, except for the cable products, in which case a line burner 0.36 m long with the same flow
of natural gas was used. Table V shows the furniture calorimeter data. Once more, the improvement
due to the flame retardants is very significant.

Table III. Cone calorimeter data of NBS/NIST products (30 kW/m? heat flux) [48].

Material FR or NFR Pk HRR (kW/m?) Effective heat combustion (MJ/kg)
TV cabinet NFR 970 30
TV cabinet FR 340 12
Bus. machine NFR 650 30
Bus. machine FR 280 21
Chair (fabric/foam) NFR 470 27
Chair (fabric/foam) FR 290 18
Chair (foam only) NFR 540 27
Chair (foam only) FR 180 15
Cable (jacket/insulation) NFR 360 28
Cable (jacket/insulation) FR 380 23
Cable (jacket) 270 23
Cable (jacket) 280 23
Cable (insulation) NFR 740 39
Cable (insulation) FR 260 23
Circuit board NFR 250 21
Circuit board FR 100 13

Notes: Pk HRR, peak heat release rate from cone calorimeter heat release test; NFR, non-flame retarded product;

FR, flame retarded product.

Table IV. Cone calorimeter data of NBS/NIST products (100 KW/m? heat flux) [48].

Material FR or NFR Pk HRR (kW/m?) Effective heat combustion (MJ/kg)
TV cabinet NFR 1400 29
TV cabinet FR 480 10
Bus. machine NFR 1100 29
Bus. machine FR 570 20
Chair (fabric/foam) NFR 1460 28
Chair (fabric/foam) FR 760 18
Chair (foam only) NFR 1580 29
Chair (foam only) FR 310 14
Cable (jacket/insulation) NFR 550 26
Cable (jacket/insulation) FR 380 21
Cable (insulation) NFR 1280 38
Cable (insulation) FR 490 21
Circuit board NFR 250 18
Circuit board FR 147 14

Notes: Pk HRR, peak heat release rate from cone calorimeter heat release test; NFR, non-flame retarded product;

FR, flame retarded product.
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Table V. Furniture calorimeter data of NBS/NIST products [48].

Material FR or NFR Pk HRR (kW) Effective heat combustion (MJ/kg)
TV cabinet NFR 515 23

TV cabinet FR 180 20

TV cabinet FR 175 20

Bus. machine NFR 560 24

Bus. machine FR 380 28

Chair (fabric/foam) NFR 1160 26

Chair (fabric/foam) NFR 1205 27

Chair (fabric/foam) FR 50 No data (too low)
Cable (vertical) NFR 400 41

Cable (vertical) FR 75 No data (too low)
Cable (jacket, vertical) 140 34

Cable (Z configuration) NFR 245 35

Cable (Z configuration) FR 130 34

Circuit board NFR 205 18

Circuit board FR 100 No data (too low)

Notes: Pk HRR, peak heat release rate from furniture calorimeter full-scale heat release test; NFR, non-flame
retarded product; FR, flame retarded product.

In order to analyze the data for all products together, the full set of NFR products were set in an
array as shown in Figure 10 and in a room—corridor arrangement as shown in Figure 11. The small-
scale and furniture scale calorimeter data (Table V) predicted that the chair would ignite with the
small 50kW burner (on for 200s) and then spread flame to get the other items ignited. When
the same data were used for the FR products, the furniture calorimeter information showed that if
the same array was used as used for the NFR products, only the TV cabinet and the chair would
ignite, and the heat release/flame spread would originate virtually mainly from the burner and the
TV and would give very low mass loss rate and would not contribute significantly to the fire
buildup. Thus, it became clear to NBS/NIST that the array used for the NFR products would not be
suitable to burn the FR products and that an auxiliary burner (120 kW, on for 2100s, starting 300 s
before the ignition of the 50kW burner) would need to be used to avoid finding no flame
propagation at all. Therefore, the arrangements shown in Figures 12 and 13 were used. The
summary of the key data from the two sets of burns is shown in Table VI.

With regard to smoke toxicity, the executive summary states ‘The results showed that none of the
test specimens produced smoke of extreme toxicity. The smoke from both the FR and NFR products
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Figure 10. NBS/NIST layout of full-scale product burns for non-FR products [48].
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Figure 11. NBS/NIST room—corridor layout of full-scale product burns for non-FR products [48].
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Figure 12. NBS/NIST layout of full-scale product burns for FR products [48].

was similar in potency and comparable to the potency of the smoke produced by materials commonly
found in buildings.’

With regard to overall fire hazard, the executive summary states ‘“The impact of FR materials on the
survivability of the building occupants was assessed in two ways: (1) Comparing the time to
untenability in the burn room; this is applicable to the occupants of the burn room. (2) Comparing the
total production of heat, toxic gases, and smoke from the fire; this is applicable to occupants of the
building remote from the room of fire origin.” It continues ‘For the FR tests, the average available
escape time was more than 15-fold greater than for the occupants of the NFR room. With regard to
the production of combustion products,

e “The amount of material consumed in the fire for the FR tests was less than half the amount lost in
the NFR tests.”

* “The FR tests indicated an amount of heat released from the fire which was % that released by the
NFR tests.”

» “The total quantities of toxic gases produced in the room fire tests, expressed in ‘CO equivalents,’
were Y5 for the FR products, compared to the NFR ones.”

* “The production of smoke was not significantly different between the room fire tests using NFR
products and those with FR products.”

“Thus, in these tests, the fire retardant additives did decrease the overall hazard of their host
products.”

In summary, the study showed that the proper selection of flame retardants can improve fire and life
safety by significantly lowering heat release, toxic product release, and mass loss, while dramatically
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Figure 13. NBS/NIST room—corridor layout of full-scale product burns for FR products [48].

Table VI. Summary of full-scale results in NBS/NIST Tests [48].

NFR array FR array Comparison
Available escape time 113s 1789 15.8 fold longer time to escape from FR
Total heat released 750 MJ 200 MJ 3.5-4.0 fold heat released by NFR
Smoke released (Overall) No significant difference between systems
Toxic gas production (As CO equivalent) 3 fold less toxicity from FR
Mass loss (Based on initial mass) Less than half the amount lost from FR
Auxiliary burner Did not affect NFR Products No Burning of FR Products Without It
Predicted heat release 1640 kW 345 kW 4-5 fold higher heat release rate for NFR

Notes: NFR array, array of non-flame retarded products; FR array, array of flame retarded products.

increasing time available for escape or rescue. In summary, the FR products are associated with a much
lower fire hazard. Moreover, the ignition sources needed to cause FR products to burn are much larger
than those for non-flame retarded products, if the products have been properly flame retarded. The
authors noted that it is possible to develop flame retarded products that are not effective in lowering fire
hazard because they are either ineffective systems or are being added at insufficient levels.

An interesting subsequent analysis of the NBS/NIST test data [49] found that the flame retardants added
(many of which were brominated materials) did not just have an ‘overall positive effect’ from the point of
view of fire hazard (over the non-flame-retarded products), something which has been demonstrated
statistically, but that there is no evidence that the flame retardants adversely affected any aspect of fire hazard.

The NBS/NIST work was also analyzed soon after its completion by two of the authors [2] for the
identification of the most important physical variable in the tests, which is a predictor of the resulting
fire hazard. They found that a key conclusion of the work was that the heat release rate was that
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variable and that it was much more predictive than time to ignition and toxicity of the difference in
hazard. This brings this present work full circle, to the analysis shown at the beginning of the paper.

6. EFFECTS ON SMOKE RELEASE

This subject will be addressed very briefly. A study was made looking at five series of studies of room—
corner tests in which heat and smoke release was assessed [8]. The analysis of these five series of full-
scale room—corner tests in which heat and smoke release was measured showed that, in most cases,
when heat release is low (as represented in Table VII by the ‘materials with adequate heat and low
smoke’), the material or product will generate low heat and low smoke. On the opposite end of the
scale, there are materials reaching early flashover, and they will often release very high smoke. In
between, those two cases can be found some 10% of materials or products that release adequate
(or low) heat but high smoke. This is the basis for data analyses that developed properties known as
‘smoke parameter’ or ‘smoke factor’ that combine heat release rate data and smoke obscuration data so
as to give a better understanding of the type of smoke obscuration to be expected in real fires or in
large-scale tests as opposed to the (often misleading) data obtained from small-scale tests. The
consequence of this is that smoke release needs to be considered to identify those few cases where high
smoke is associated with low heat. In general, however, as flame retardants tend to lower heat release
(as shown earlier), they will either have minimal effect on full-scale smoke release or decrease such
smoke release. This is important for the present analysis to highlight the positive effect of flame retardants.

7. MAJOR CONE CALORIMETER STUDIES OF INDIVIDUAL AND GROUPS OF FLAME
RETARDED MATERIALS

In one study, 35 materials were investigated with the cone calorimeter at three incident heat fluxes
(20, 40, and 70kW/m?) [4]. In that study, several of the materials tested represented flame retarded
and non-flame-retarded versions of the same polymers for similar types of applications. In some
cases, there is more than one flame retarded version. Table VIII shows the peak heat release rate of a
flame retarded and a non-flame-retarded version and the ratio between the two. In each case, the peak
heat release rate is significantly decreased by the flame retardant system, in some cases by an order of
magnitude. Some information on the materials tested is shown in the notes to the table. Table IX shows
some other materials (for which less detailed information is available) [50, 51], tested either in the cone
calorimeter or in the OSU calorimeter (ASTM E906 [38]). Some additional materials, also tested in the
cone calorimeter, were also added [52]. The conclusions are similar to those for the results in
Table VIII. Another comprehensive study looked at a large number of different polymers and at the
effects of flame retardants on all of them [53]; there is too much information in the study to summarize
it here, other than to indicate that flame retardants lowered heat release for all polymers studied.

When investigating flexible polyurethane foam, which is widely used for upholstered furniture, one
study [5] looked at the effects of incorporating flame retardants into polyurethane foam on the cone
calorimeter, and some results are shown in Table X. The effectiveness (to some extent) of adding
flame retardants to achieve compliance with the traditional open flame test in CA TB 117 [22] is

Table VII. Full-scale room—corner tests measuring heat and smoke [8].

Room—corner ~ Materials reaching ~ Materials with adequate =~ Materials with adequate Number of
test series early flashover heat and low smoke heat and high smoke materials tested

SwRI 1 8 1 10

EUREFIC 14 12 2 28

SBI 12 15 3 30

Coast Guard 3 5 1 9

BFGoodrich 1 5 1 7

Overall 31 45 8 84
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Table VIII. Effect of flame retardants on cone calorimeter peak heat release rate [4].

Material Heat flux Pk HRR non-FR Pk HRR FR Ratio of HRR
KW/m? KW/m? KW/m?

ABS (+ FR1) 20 614 224 2.7
ABS (+ FR1) 40 944 402 2.3
ABS (+ FR1) 70 1311 409 3.2
ABS (+ FR2) 20 614 224 2.7
ABS (+ FR2) 40 944 291 3.2
ABS (+ FR2) 70 1311 419 3.1
PE 20 913 88 10.3
PE 40 1408 192 7.3
PE 70 2735 268 10.2
PVC rigid 20 102 25 4
PVC rigid 40 183 84 2.2
PVC rigid 70 190 93 2.1
PVC wire and cable 20 116 9 12.8
PVC wire and cable 40 167 64 2.6
PVC wire and cable 70 232 100 2.3
PVC wire and cable # 2 20 116 72 1.6
PVC wire and cable # 2 40 167 92 1.8
PVC wire and cable # 2 70 232 134 1.7
Polystyrene 20 723 277 2.6
Polystyrene 40 1101 334 33
Polystyrene 70 1555 445 35

Notes: ABS non-FR, Cycolac CTB acrylonitrile butadiene styrene terpolymer (Borg Warner); ABS/FR1, Cycolac
KJT acrylonitrile butadiene styrene terpolymer flame retarded with bromine compounds (Borg Warner); ABS/
FR2, polymeric system containing ABS and some PVC as additive; LDPE, polyethylene (Marlex HXM 50100),
LDPE/FR Black non-halogen flame retarded, irradiation cross-linkable, polyethylene copolymer cable jacket
compound (DEQD-1388, Union Carbide); PVC rigid, poly(vinyl chloride) rigid weatherable extrusion compound
with minimal additives (BFGoodrich); PVC rigid FR, chlorinated PVC sheet compound (BFGoodrich); PVC wire
and cable, flexible wire and cable PVC compound (non-flame retarded) (BFGoodrich); PVC wire and cable/FR 1,
flexible vinyl thermoplastic elastomer alloy wire and cable jacket experimental compound, example of a family of
VTE alloys (BFGoodrich); PVC wire and cable/FR 2, flexible wire and cable poly(vinyl chloride) compound
(containing flame retardants) (BFGoodrich); Polystyrene crystal, Huntsman 333 (Huntsman); FR, flame retarded
polystyrene crystal, Huntsman 351 (Huntsman); Pk HRR non-FR, peak heat release rate in cone calorimeter test
for non-flame retarded materials; Pk HRR FR, peak heat release rate in cone calorimeter test for flame retarded
materials; ratio of HRR, ratio between Pk HRR non-FR and Pk HRR FR.

weak but clear. However, much better improvements can be found with additional levels of flame
retardants. The importance of choosing the right level of flame retardant additives is exemplified by
a recent unpublished cone calorimetric study of two foams [54] with a small amount of flame
retardant added, in order to comply with the widely criticized FMVSS 302 [55] test used for foams
(and other plastics) inside automobiles. The study showed that the foams treated purely to meet
FMVSS 302 and the untreated foams exhibited virtually no difference in heat release (Figure 14).
The effect of adding enough flame retardants to polyurethane foam simply to meet CA TB 117 has
some effect, albeit not very large, on heat release. However, results from a US National Institute of
Justice (NIJ) research study on estimations of the burning rates of upholstered furniture [56] show
something that had not been identified earlier. When polyurethane foam is treated with flame
retardants to achieve CA TB 117 level and the foam is used in conjunction with a flame retarded
fabric (the study used a cotton fabric that met the requirements of NFPA 701 [57]), the effect on
heat release is very significant, while it is much less significant when used with a very flammable
fabric (compare Figures 15 and 16, both showing cone calorimeter data) [58]. The same work also
expanded the work by conducting full-scale tests. Figure 17 shows the effect of using CA TB 117
foam as compared to non-FR foam with an FR cotton fabric on a one seat sofa ignited in the seat by
the ASTM E1537 square burner [59]. The figure shows that the system with the flame retarded foam
and the flame retarded fabric has such a significant effect on heat release that there is virtually no
fire from the sofa after ignition. For comparison, Figure 18 shows that, if neither the foam nor the
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Table IX. Effect of flame retardants on cone calorimeter or Ohio State University calorimeter peak heat
release rate [50-52].

Material Heat flux Pk HRR non-FR Pk HRR FR  Ratio of HRR
kW/m® kW/m® kW/m®
EVA (cross-linked) 30 463 110 4.2
EVA (thermoplastic) 30 574 83 6.9
HDPE 30 1803 114 15.8
HDPE # 2 50 1167 476 2.5
Polypropylene 30 1555 174 8.9
PVC rigid # 2 30 98 42 23
PVC rigid # 3 30 118 56 2.1
Plywood 25 114 43 2.7
Plywood 50 150 75 2.0
Particle board * 25 151 66 2.3
Particle board B (+ FR1) 25 160 70 2.3
Particle board B (+FR1) 50 227 141 1.6
Particle board B (+FR2) 50 227 52 4.4
Polyethylene wire and cable (+ Cl FR1) 50 800 165 4.8
Polyethylene wire and cable (+ C1 FR2) 50 800 517 L5
Polyethylene wire and cable (+ mineral FR3) 50 800 126 6.3
Polyethylene wire and cable (+ ATH FR4) 50 800 271 3.0
Polyethylene wire and cable (+ ATH FR5) 50 800 179 4.5
Lumber (+ FR to FSI <25) 75 226 83 2.7

All tests in cone calorimeter except for those marked with an asterisk (*) for particle board. The tests on polyeth-
ylene wire and cable compounds originate from reference [47], lumber and FR lumber from reference [49], and all
others from reference [46].

Notes: Pk HRR non-FR, peak heat release rate in cone calorimeter test for non-flame retarded materials; Pk HRR
FR, peak heat release rate in cone calorimeter test for flame retarded materials; ratio of HRR, ratio between Pk
HRR non-FR and Pk HRR FR.

Table X. Cone calorimeter study of various polyurethane foams [5].

Type of foam Incident heat flux Peak heat release rate Effective heat of combustion
Units kW/m? kW/m? MJ/kg

Non-FR foam 25 420 25.6

CA TB 117 foam 25 350 227

Non-FR foam 35 910 23.1

CMHR foam 35 110 10.8

Notes: Non-FR foam, polyurethane foam without added flame retardants; CA TB 117 foam, polyurethane foam
with added flame retardants to achieve compliance with CA TB 117 test; CMHR foam, polyurethane foam with
added flame retardants to achieve compliance with an improved (unnamed) fire test.

fabric is flame retarded, the sofa releases abundant heat and results in a significant fire and flashover,
while a sofa with non-FR cotton and CA TB 117 foam gave off much less (but still too much) heat.
Note that this particular study was performed using two seat sofas in a very large room. The effect
on heat release of adding flame retardants to the foam is clearly noticeable but is less pronounced
than it is in the presence of a flame retarded fabric.

Another study investigated polyurethane foam in the cone calorimeter (at an incident heat flux of
25kW/m?) and in the British Standard BS 5852 [60], using various wood cribs, ranging from # 4
(smallest, 8.5¢g), through # 5 (17.0g) up to # 7 (largest, 126 g) [61]. It showed that well flame
retarded polyurethane foam (using, in this case, melamine flame retardants) could resist very severe
ignition sources and, even if ignited, would generate low heat release and perform very well in
mock-up furniture tests. The study used two foams (one without flame retardants and one that met
BS 5852 crib # 5). Some cone calorimeter results, together with the pass/fail results according to BS
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Cone Calorimeter Heat Release Rate
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Figure 14. Alexander Morgan cone calorimeter: polyurethane foam treated for FMVSS 302 [54].
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Figure 15. NIJ cone calorimeter comparison of polyurethane foam treated for CA TB 117 and non-FR with
an FR cotton fabric treated for NFPA 701 [56,58].
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Figure 16. N1J cone calorimeter comparison of polyurethane foam treated for CA TB 117 and non-FR with a
non-FR cotton fabric [56,58].

5852, are shown in Table XI. It was of interest that one of the fabrics (polyolefin) was so poor that it
would fail the BS 5852 test with both foams while one of the fabrics was so good that even the non-
flame-retarded foam passed the BS 5852 test with the largest wood crib.

One type of materials needs to be considered separately: those are foam plastic insulation materials.
It is often difficult to conduct a proper fire test with these materials, especially those that are melting
materials, such as polystyrene foam. In the USA, these materials are usually assessed for code use
by means of the Steiner tunnel (ASTM E84 [62]), while in the EU, they are being assessed
primarily by means of the Euroclass testing system, via the SBI test (EN 13823 [35]) or by the
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Full Scale Mock-up Tests With ASTM E1537 Ignition Source
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Figure 17. NIJ full-scale (ASTM E1537, one seat sofa) comparison of polyurethane foam treated for CA TB
117 and non-FR with an FR cotton fabric treated for NFPA 701 [56,58].
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Figure 18. N1J full-scale (ASTM E1537, two seat sofa) comparison of polyurethane foam treated for CA TB
117 and non-FR with non-FR cotton fabric [56,58].

Table XI. Cone calorimeter study of two polyurethane foams with and without fabrics [58].

Type of system Time to ignition Pk HRR Eff. Ht. Comb BS 5852/crib #
s KW/m? MJ/kg

Non-FR foam 3 533 29 Fail/4
Melamine foam 7007 97 6 Pass/7
Polyolefin/non-FR foam 15 613 35 Fail/4
Polyolefin/mel foam 22 450 31 Fail/4
Nylon/non-FR foam 515 341 20 Fail/4
Nylon/mel foam 3349 313 23 Pass/5
Canvas/non-FR foam 134 355 12

Canvas/mel foam 159 187 19

Flex vinyl/non-FR foam 548 142 8 Pass/7
Flex vinyl/mel foam 10,000 117 3 Pass/7

Notes: Non-FR Foam, polyurethane foam without added flame retardants; melamine foam (mel foam), polyure-
thane foam with added melamine flame retardants to achieve compliance with an improved (unnamed) fire test;
Pk HRR, peak heat release rate in cone calorimeter test; Eff. Ht. Comb., effective heat of combustion in cone cal-
orimeter test.

ignition test (ISO 11925-1 [63]). With both systems, the flame retarded polystyrene foam significantly
outperforms the foam that is not flame retarded. In the ASTM E84 test, flame retarded foam typically
exhibits a flame spread index (FSI) in the range of 20-70 and a smoke developed index (SDI) of less
than 450 (code requirements are for an FSI less of than 75 and an SDI of less than 450). On the other
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hand, if the foam is not flame retarded, it inevitably fails the requirements. In the EU, flame retarded
extruded or expanded polystyrene will normally result in a Euroclass ranging from B (rarely) to E
(depending on the level of flame retardants added), while a non-flame-retarded foam will almost
always result in a fail (i.e., Euroclass F) [64].

A comprehensive study of the flammability characteristics of foam plastics at NIST [65] was
designed to try to obtain a test method for foam plastics that is a suitable alternative to the Steiner
Tunnel Test as a measure of flammability for foamed plastic. The work investigated test apparatuses
such as the cone calorimeter and the lateral ignition and flame spread test apparatus (LIFT, ASTM
E1321, [66]), and the authors were attempting to more completely characterize foamed plastic
flammability. Key flammability properties were obtained from these apparatuses to describe
ignitability, flame spread rate, heat release rate, and smoke obscuration. An extensive data set of
these flammability properties for 10 selected foamed plastics was generated. The tested materials
included melting foams (polystyrene foams) and charring foams (polyurethanes, polyisocyanurate,
and phenolic foams). The problems due to the effects of melting and dripping were limited by
testing the materials in the horizontal orientation. In addition, an integrated approach to material
flammability characterization was presented that uses these parameters to predict fire growth
potential. The results were somewhat disappointing in that no test apparatus was identified that
would assess the materials appropriately. The authors developed variations of both the cone
calorimeter and the LIFT, but they were still unsatisfactory, and they recommended that modeling
work be used. However, this does not affect the conclusions from the actual tests conducted,
namely, that flame retarded foam plastics outperform non-flame-retarded ones.

Important work on television sets, which are emblematic of other appliances, was primarily
conducted by Jiirgen Troitzsch [67, 68], who was able to show that non-flame-retarded television
sets, such as those commonly used in Europe, can quickly take a room to flashover. The main full-
scale fire test was carried out with a TV set purchased in Germany, with a 20 x20 mm hole cut in
the lateral right front side of the back plate adjacent to the housing, where flame originating from a
solid fuel pellet (0.15 g, 40-55W, 5-10 mm flame) was applied. After ignition, the solid fuel pellet
flame impinged on the back plate on top of it and later on the edge of the housing, simulating an
external and internal low intensity ignition source. After just 24 s following pellet ignition, the TV
back plate began to burn, and after 4.5 min, a pre-flashover situation developed in the room, with
full flashover at 7 min, when all the furniture started burning, with big flames and high temperatures.
The fire safety requirements for the cabinet of that TV set were no more than the horizontal (HB)
version of the UL 94 test [69]. In contrast, TV sets purchased in the USA and in Japan, where the
cabinets had to be flame retarded in order to meet the vertical requirements of the UL 94 test (Class
UL 94 V2, V1, VO, or 5V), either did not ignite or extinguished quickly when exposed to ignition
sources as high as 200 mL of isopropanol or cloth soaked in isopropanol (representing up to 40 kW
insults).

A separate study by Margaret Simonson on TV sets showed the vital benefit (for fire safety and
environmental issues) found in life cycle analyses of flame retarded products versus non-flame-
retarded products conducted at SP in Sweden [70]. Similar studies followed later also on
upholstered furniture [71] and on cables [72], also at SP.

8. DISCUSSION AND CONCLUSIONS

A recent study found, based on much of the same data reviewed here, that the addition of flame
retardants improves fire safety in a variety of ways but with particular emphasis on the fact that it
increases time available for escape and rescue [73]. A 1999 publication [45] looked specifically at
the NBS/NIST work discussed in depth in the first part of this study and concluded that the addition
of flame retardants had a positive effect on not just the overall time available for escape but also on
the smoke toxicity of the fire atmospheres. The author stated ‘there is no evidence that [the flame
retardants] adversely affect any aspect of fire hazard. Because they reduce ignitability they reduce
flame spread, because they reduce flame spread they reduce the fire’s burning rate; because they
reduce the burning rate they reduce the quantity of smoke the fire produces.’
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Another study investigated the safety, health, and environmental aspects of flame retardants [74] and
concluded that ‘this survey shows that the appropriate use of flame retardants, as a class, effectively
provides improved fire safety via lowering the probability of ignition, the heat released and the
amounts of smoke, combustion products and dangerous environmental toxicants. In consequence the
use of flame retardants increases the available time for escape from a fire.” Much of the work in this
specific study was based on earlier work [75] that received insufficient analysis.

In this work, the investigation of the importance of heat release rate in fire hazard, the investigation
of the use of small-scale heat release tests for predictions of real-scale heat release information, and the
in-depth analysis of the NBS/NIST work are all based on the best fire safety science.

In summary, this work demonstrates the following:

(1) Heat release (and particularly heat release rate) is the most important property associated with
fire hazard and fire safety.

(2) The NBS/NIST work of 1988 demonstrated that flame retardants (as used in five products) de-
creased heat release and significantly increased time available for escape and rescue from a fire
and fire safety.

(3) Cone calorimeter (and OSU calorimeter) data on small-scale samples can be used to measure
heat release rate and to predict the results of fires in full scale with many materials and products.

(4) Flame retardants, when added as appropriately researched systems, will decrease heat release
rate by well beyond statistical deviations for the polymeric materials studied, which represent
most of those where fire safety is a potential concern.

In conclusion, this work demonstrates that the correct use of flame retardants (by using efficient
systems, designed for the substrate, at sufficient levels) will decrease heat release rate and thus have
a very positive effect on fire safety.
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SUMMARY

This work is the second of two parts that considered the following issue: do flame retardants affect heat
release of polymers? The reason for investigating the issue is because it is important to assess whether the
addition of flame retardants positively decreases fire hazard. This part of the work considered the two follow-
ing issues. (1) Analysis of the individual polymeric materials that need to be studied. (2) Analysis of the data
found on heat release (particularly peak heat release rate), ignitability (if available), and other thermal
properties (as available) of polymers in small-scale test data in recent years. The effects are being presented
in terms of the percentage of improvement. The work demonstrated that, almost without exception, when
adequately compounded systems were developed, the peak heat release rate of the flame retarded system
was lower than that of the non-flame retarded system. The overall conclusion of the two-part study was that
flame retardants does indeed improve fire safety (when used appropriately) and that a key reason for the ben-
eficial effect of flame retardants is that they decrease heat release. Copyright © 2014 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The first part of this two-part study [1] investigated the effects of flame retardants on heat release of
products and of groups of polymers. It concluded that the correct use of flame retardants (by using
efficient systems, designed for the substrate, at sufficient levels) will decrease heat release rate and
thus have a very positive effect on fire safety.

Until relatively recently, heat release rate measurements were seen by some people as just another
piece of data to gather. In fact, the importance of heat release as a fundamental fire safety property
is still not a full part of the public understanding of fire safety. However, fire scientists have now
concluded that heat release is much more than a set of data. It has been shown by multiple analyses
of fire hazard that heat release rate is the most important fire property and that the peak heat release
rate (Pk HRR) is the numerical indicator of the intensity of a fire [2-8]. One key study has
demonstrated that heat release rate is much more critical than either ignitability or smoke toxicity in
affecting the probability of survival in a fire [2].

Fire safety can be improved in one of two ways, or via a combination of both, as shown later. This
work will address exclusively passive fire protection.

* Passive fire protection. This means using materials and products with superior fire performance so
as to either minimize the probability of ignition or, if ignition does occur, minimize the damaging
effects of the resulting fire.

*Correspondence to: Marcelo M. Hirschler, GBH International, 2 Friars Lane, Mill Valley, CA 94941, USA.
"E-mail: gbhint@aol.com
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* Active fire protection. This means relying on fire detection and suppression systems (such as
smoke alarms and sprinklers). Fire detection systems alert the occupants (and/or first responders,
such as fire fighters) while fire suppression systems extinguish the fire.

Flame retardants are materials that can be incorporated into combustible materials to improve their fire
performance. It has been shown in many studies that flame retardants can be effective in having effects
such as making materials or products less easily ignitable and/or reducing flame spread and they are
extensively used to help materials and/or products meet certain fire test requirements. In view of the
fact that there is no fire if ignition does not occur, a delay in ignition will improve fire safety. However,
fire hazard assumes that ignition has occurred, so it is important to study the effects of flame retardants
on fire hazard, with an emphasis on the key property of heat release, as explained later.

Fire risk is the combination of fire hazard and of the probability of fire occurring. Fire hazard is
defined as ‘the potential for harm associated with fire’. Fire risk is defined as ‘an estimation of
expected fire loss that combines the potential for harm in various fire scenarios that can occur with
the probabilities of occurrence of those scenarios’. It is essential to understand that it is possible to
have high fire hazard but low fire risk because the probability of such a fire is low.

Most, if not all, solid combustible materials (plastics, wood, textiles, rubbers, and so on) are
polymeric (meaning that they have a complex chemical structure, with repeating units). Many
polymeric materials, whether natural or synthetic, have poor fire performance in the absence of
added flame retardants. That is particularly important for those polymers that are in widest use, such
as polyolefins (polyethylene or polypropylene (PP)), polyurethane, polystyrene, polyethylene
terephthalate (PET), nylon, or cotton. When a polymer is used in applications where fire safety is an
important consideration, the lack of intrinsic fire safety must be addressed for ensuring passive fire
protection. The following are examples of different approaches:

* adding flame retardants (i.e., using additive flame retardants),

e creating new polymers with better fire performance though syntheses of variations of the polymer
(i.e., using reactive flame retardants),

* blending or otherwise compounding it with other polymers with better fire performance (i.e.,
creating blends or mixtures), and

e encapsulating the polymer or separating it from the potential exposure to the heat insult.

This study will look primarily at the first aspect, namely, additive flame retardants and fire hazard.
Typical applications where fire safety can be critical are upholstered furniture, mattresses, wire and
cable, interior finish, insulation, appliance, and computer housings, among others.

2. KEY POLYMERS OR MATERIALS TO INVESTIGATE

The world of natural and synthetic polymers is enormous, and it is literally impossible to study every
polymer that is commercially available or that may become commercially available in the near future.
Therefore, it is important to prioritize the polymers that are of major importance and that need to be
investigated. Several criteria were considered in order to come to a determination of a list. First, it is
essential to consider all synthetic polymers that are of major use worldwide (or at least in the
developed world) and that decision can be made based on the amount of material sold. Another
important criterion is that polymers that are important in critical applications where fire safety is a
major concern need to be investigated. A third criterion used was to choose natural materials that
have the potential to be flame retarded and that are used in key applications where fire safety
matters and where synthetic polymers are possible alternatives. A fourth criterion was not to choose
polymers that rarely require additional flame retardance, primarily because of their inherent excellent
fire performance or because they are used in applications where fire safety is rarely a major concern.

Statistics from the American Chemistry Council (among others) show that the synthetic polymer
with the highest production volume is polyethylene (including high density polyethylene, low
density polyethylene (LDPE), linear LDPE, and various blends). In terms of volume, polyethylene is
followed by PP, poly(vinyl chloride) (PVC), and polystyrene. The major markets for these polymers
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are building and construction, transportation, electrical and electronics, furniture and furnishings,
appliances, and packaging. According to the American Chemistry Council, sales of thermoplastics in
the USA in 2012 is distributed in the following markets: packaging (34%), consumer and
institutional (20%), building and construction (16%), transportation (4%), furniture and furnishings
(2%), electrical and electronic (2%), and industrial and machinery (1%), with the remainder all
others or export. In all of these areas (with the possible exception of packaging), multiple
applications exist where fire safety needs to be considered.

In the area of building and construction, fire safety is an important consideration particularly for
interior finish, insulation, roofing, siding, and exterior veneers. Polymers of interest here include
polyolefins, polystyrene, rigid PVC, wood, cellulose, and rigid polyurethane. In the area of
transportation, many polymers are used, including primarily the following (as analyzed, for highway
vehicles, for a recent NFPA document (NFPA 556)): polyurethanes, PP, PVC, polyethylene, nylons/
polyamides, ABS, and engineering thermoplastics. In the area of furniture and furnishings, fire
safety is essential, especially for upholstered furniture and mattresses, because that is the area where
the highest heat content in buildings is found. Polymers of interest here include flexible
polyurethanes and materials used for fabrics, such as cotton, polyester, nylon, wool and silk, and
wood. Protective clothing is an area where fire safety is a consideration, and the typical materials
used are aromatic polyamides and cellulosics. In the area of electrical and electronics, the key areas
are wire and cable, connectors, and circuit/wiring boards. Polymers of interest here include flexible
PVC, polyolefins (including polyethylene and ethylene vinyl acetate (EVA)), thermoplastic
polyurethanes, epoxies, and fluoropolymers. In the area of appliances, there are two types of
products with fire safety considerations: housings for appliances and electronic/computer equipment
and the interior circuitry for such products. Polymers of interest here include various engineering
thermoplastics, such as styrenics (including ABS and high impact polystyrene or HIPS),
polycarbonate (PC), polyesters (including PET and polybutylene terephthalate, PBT), poly ether
ether ketone and similar polymers, polyamides/nylons, polyphenylene oxide based blends, and rigid
PVC. In the area of packaging, there are relatively low fire safety concerns. A few of the polymeric
materials mentioned earlier need not be investigated further in this work because they are rarely
treated with flame retardants, because of their intrinsically excellent fire performance.

The resulting list of materials is not necessarily comprehensive but will cover a very significant
range. With these criteria, the following list was created (in alphabetical order):

* ABS and/or other styrenics, including HIPS,

¢ cellulose or cotton fabrics,

e engineering thermoplastics (including PC),

* epoxy resins,

e EVA and/or other polyolefin blends and/or copolymers,
¢ flexible PVC,

* LDPE,

 nylon and/or other polyamides,

e polyesters (including also PET fabrics),

* polycarbonate,

* polypropylene,

* polystyrene,

e polyurethane (foam and thermoplastic polyurethane),
e rigid PVC, and

* wood (different species, if possible).

With the criteria earlier, the following short list was created of materials that need not be
investigated (in alphabetical order).

e aromatic polyamides {very high thermal stability; often used without additives for protective
clothing or barriers},

e fluoropolymers (including polytetrafluoroethylene and others) {superior fire performance;
normally used as is for electrical and piping applications},
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 poly ether ether ketone and similar polymers {superior fire performance; normally used as is for
engineered plastics applications},

* silk {sufficient fire performance for high-end textile applications}, and

* wool {sufficient fire performance for certain textile applications}.

The major polymeric system that was considered for analysis and was not investigated (because no
data have been published) is cellulose loose fill insulation, a material that is extensively used and
almost always used in flame retarded form, but which does not seem to have been tested for heat
release rate, either before or after the addition of flame retardants.

3. HEAT RELEASE EFFECTS OF FLAME RETARDANTS ON INDIVIDUAL POLYMERS

The cone calorimeter is a specialized piece of fire test equipment that is used to assess heat release data,
as well as ignitability, mass loss, and smoke released by burning materials. There have been a large
number of studies that have demonstrated that the cone calorimeter (ASTM E1354 [9]) can be
successfully used for many products to predict full-scale (or at least relatively large scale) fire
performance of the corresponding products. The most widely studied products are wires and cables,
upholstered furniture, mattresses, wall linings, and aircraft panels. The cone calorimeter is the
primary fire testing technique used in the studies reviewed here.

Another heat release technique was developed by Richard Lyon, at the Federal Aviation
Administration (FAA) in 2004, namely, the pyrolysis—combustion flow calorimeter (PCFC) or micro
calorimeter [10]. This new fire test instrument was later standardized as ASTM D7309 [11], and it
quickly and easily measures the combustibility or pyrolysis (aerobic or anaerobic) of materials, such
as plastics, wood, or textiles, with samples that are only a few milligrams and results that are
obtained in minutes. Its output includes the heat release capacity, a fundamental material property
that can be correlated with the heat release rate. Lyon and co-workers have developed correlations
with other standard heat release instrument fire test data (including the cone calorimeter). Lyon and
collaborators have published extensively using this technique and showed its effectiveness in
classifying polymeric materials on the basis of their heat release capacity. These publications also
include results using flame retarded materials. However, the direct comparisons of results of flame
retarded materials with their non-flame retarded alternates are easier understood using the cone
calorimeter, and that is the focus that will be used in this work.

The effects of the flame retardant additives on each of the individual properties studied are being
presented in a variety of tables and calculated as a percentage improvement.

3.1. Polyolefins

Polyolefins are among the highest heat release polymers and are also among the most widely used
materials for a variety of applications. The first part of this study [1] includes tables that contain
data on the heat release of a variety of polyolefin systems [4,12-14] and demonstrates the
effectiveness of flame retardants in decreasing heat release for such polymers. An NBS/NIST study
[14] discussed in detail in the first part of this work also included a cable coating compound that is
composed of polyolefins. Some other recent work on polyolefins follows. Tables I and II include
work on the effectiveness of inorganic and phosphorus-based flame retardants on EVA and on a PP
copolymer, tested in the cone calorimeter at an initial test heat flux of 40kW/m? [15]. The three
flame retardant additives used were aluminum trihydrate (ATH), magnesium hydroxide (MDH), and
Fyrol P26 (a proprietary commercial additive with 36% phosphorus). It is notable that there is a
significant improvement in heat release rate, particularly Pk HRR, for both polymers but a much
lower effect on time to ignition (TTI) or on the ratio of the two properties (FPI or fire performance
index). The percentage improvement in Pk HRR in the EVA systems investigated is in the 76-88%
range, and in the PP systems, it ranged from 60 to 79%.

A different study on EVA cable jacket compounds (containing calcium carbonate) uses several
mineral fillers, namely, ATH, MDH, huntite (HU), and hydromagnesite (HM) plus combinations of
these additives [16] (Table III). The numbers in the table following the HU and HM designations
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Table 1. Effectiveness of inorganic and phosphorus-containing flame retardants on heat and ignitability
properties of EVA [15].

TTI Pk HRR FPI Avg HRR THR
EVA s kW/m’ (m’skW ") kW/m* MJ/m?
40kW/m*
Untreated 25 1905 0.01 645 88
Plus 60% ATH 28 460 0.06 244 64
Improvement % 12 76 364 62 27
Plus 57% ATH 3% Fyrol 35 221 0.16 147 63
Improvement % 40 88 1107 77 28
Plus 60% MDH 44 381 0.12 286 68
Improvement % 76 80 780 56 23
Plus 57% MDH 3% Fyrol 38 311 0.12 183 63
Improvement % 52 84 831 72 28

Notes: TTI, time to ignition in cone calorimeter test; Pk HRR, peak heat release rate in cone calorimeter test; Avg
HRR, average heat release rate during test in cone calorimeter test; THR, total heat released in cone calorimeter
test; FPI, fire performance index (ratio of time to ignition and peak heat release rate, in cone calorimeter test);
ATH, aluminum trihydrate; MDH: magnesium hydroxide; Fyrol, Fyrol P26, a proprietary commercial phospho-
rus-containing flame retardant with 36% phosphorus; improvement %, percentage improvement in relevant prop-
erty based on the untreated material.

Table II. Effectiveness of inorganic and phosphorus-containing flame retardants on heat and ignitability
properties of PP [15].

TTI Pk HRR FPI Avg HRR THR
PP copolymer at 40 kW/m? S KW/m? m’skW ™! KW/m? MJ/m?
Untreated 19 2540 0.01 805 105
Plus 30% MDH 21 1010 0.02 550 91
Improvement % 11 60 178 32 13
Plus 25% MDH 5% Fyrol 12 545 0.02 355 84
Improvement % -37 79 194 56 20

Notes: TTI, time to ignition in cone calorimeter test; Pk HRR, peak heat release rate in cone calorimeter test; Avg
HRR, average heat release rate during test in cone calorimeter test; THR, total heat released in cone calorimeter
test; FPI, fire performance index (ratio of time to ignition and peak heat release rate, in cone calorimeter test);
MDH, magnesium hydroxide; Fyrol, Fyrol P26, a proprietary commercial phosphorus-containing flame retardant
with 36% phosphorus; improvement %, percentage improvement in relevant property based on the untreated
material.

indicate the amount of each flame retardant added. The fire test is the cone calorimeter at initial test
heat fluxes of 30, 50, and 70 kW/m?. The range of improvements in Pk HRR is in the range of 17-46%.

Some effects of adding clays and ammonium phosphate on HDPE are shown in Table IV [17]. The
testing was conducted in the cone calorimeter at an initial test heat flux of 35kW/m?. The three
additives used were clay (sodium montmorillonite), ammonium phosphate monobasic (MB), and
sodium montmorillonite modified with ammonium phosphate monobasic (M1). It is notable that
there is a significant improvement in heat release rate, particularly Pk HRR but a much lower effect
on TTI or on the ratio of the two properties (FPI). This is a consequence of the polymer being
investigated and of the type of flame retardant additive used, which affects primarily heat release
rate. The percentage improvement in Pk HRR in the systems investigated ranged from 21% to 47%.

Table V shows the effects on another two wire and cable polyolefin systems, LDPE, and ethyl butyl
acetate (EBA) using inorganic additives and silicone coupling agents [18]. The mix of additives used
was a masterbatch containing 30% calcium carbonate and 12.5% silicone. The test method is the cone
calorimeter at an initial test heat flux of 35 kW/m?. There are improvements in both heat release and
ignitability, with the Pk HRR being improved 77% in LDPE and 50-75% in EBA.
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Table III. Effectiveness of inorganic flame retardants on heat and ignitability properties of an EVA cable
jacket compound [16].

TTI Pk HRR FPI Avg HRR
EVA cable jacket compound S KW/m? m*skW ! KW/m?
30 kW/m®
Untreated (plus calcium carbonate) 210 186 1.13 107
Plus ATH 226 117 1.93 81
Improvement % 8 37 71 24
Plus Hydromagnesite 302 117 2.58 83
Improvement % 44 37 129 22
Plus HU24HM67 249 139 1.79 73
Improvement % 19 25 59 32
Plus HU43HMS50 219 130 1.68 68
Improvement % 4 30 49 36
Plus HU77HM18 227 135 1.68 64
Improvement % 8 27 49 40
Plus HU9SHMS 236 154 1.53 52
Improvement % 12 17 36 51
50kW/m*
Untreated (plus calcium carbonate) 83 257 0.32 107
Plus ATH 98 169 0.58 84
Improvement % 18 34 80 21
Plus MDH 125 163 0.77 88
Improvement % 51 37 137 18
Plus Hydromagnesite 101 168 0.60 89
Improvement % 22 35 86 17
Plus HU24HM67 93 162 0.57 74
Improvement % 12 37 78 31
Plus HU41HMS57 88 168 0.52 71
Improvement % 6 35 62 34
Plus HU43HM50 81 154 0.53 56
Improvement % -2 40 63 48
Plus HU77HM18 90 138 0.65 41
Improvement % 8 46 102 62
Plus HU95SHMS 78 174 0.45 57
Improvement % —6 32 39 47
70 kW/m®
Untreated (plus calcium carbonate) 43 251 0.17 187
Plus ATH 54 208 0.26 102
Improvement % 26 17 52 45
Plus Hydromagnesite 48 197 0.24 106
Improvement % 12 22 42 43
Plus HU24HM67 44 190 0.23 90
Improvement % 2 24 35 52
Plus HU43HM50 40 191 0.21 84
Improvement % -7 24 22 55
Plus HU77HM18 40 189 0.21 85
Improvement % -7 25 24 55
Plus HU95SHMS 43 202 0.21 103
Improvement % 0 20 24 45

Notes: TTI, time to ignition in cone calorimeter test; Pk HRR, peak heat release rate in cone calorimeter test; Avg
HRR, average heat release rate during test in cone calorimeter test; FPI, fire performance index (ratio of time to
ignition and peak heat release rate, in cone calorimeter test); ATH, aluminum trihydrate; HU, huntite; HM,
hydromagnesite, numbers indicate amounts of HU and of HM; improvement %, percentage improvement in
relevant property based on the untreated material.

NFPA 556 [19] is a guide on hazard assessment of passenger road vehicles, and it contains heat and
ignitability parameters from cone calorimeter tests for a set of 9 PP materials that have been flame
retarded (Table VI). It does not contain the data for the corresponding non-flame retarded PP, but
data from Hirschler [4] show that Pk HRR for non-flame retarded PP was measured at 1170 kW/m?>
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Table IV. Effectiveness of clay and phosphate-treated clay flame retardants on heat and ignitability
properties of HDPE [17].

TTI Pk HRR FPI Avg HRR THR
HDPE at 35 kW/m® s kW/m® m’skW ! kW/m® MJ/m*
Untreated 91 1744 0.05 502 174
Plus 5% clay 67 1218 0.06 550 171
Improvement % —26 30 5 —-10 2
Plus 7.5% clay 71 927 0.08 478 142
Improvement % 22 47 47 5 18
Plus 10% clay 52 1006 0.05 483 165
Improvement % —43 42 —1 4 5
Plus 5% M1 83 1288 0.06 456 143
Improvement % -9 26 24 9 18
Plus 7.5% M1 88 1147 0.08 441 142
Improvement % -3 34 47 12 18
Plus 10% M1 63 946 0.07 414 147
Improvement % =31 46 28 18 16
Plus 5% MB + 5% M1 48 1361 0.04 510 165
Improvement % —47 22 -32 -2 5
Plus 10% MB +2.5% M1 53 1051 0.05 479 135
Improvement % —42 40 -3 5 22
Plus 7.5% MB +5% M1 43 1194 0.04 653 166
Improvement % -53 32 =31 -30 5
Plus 10% MB +5% M1 41 1372 0.03 506 159
Improvement % —55 21 —43 —1 9
Plus 5% MB +10% M1 42 1309 0.03 460 156
Improvement % —54 25 -39 8 10

Notes: TTI, time to ignition in cone calorimeter test; Pk HRR, peak heat release rate in cone calorimeter test; Avg
HRR, average heat release rate during test in cone calorimeter test; THR, total heat released in cone calorimeter
test; FPI, fire performance index (ratio of time to ignition and peak heat release rate, in cone calorimeter test); clay,
sodium montmorillonite; MB, ammonium phosphate monobasic; M1, and sodium montmorillonite modified with
ammonium phosphate monobasic; improvement %, percentage improvement in relevant property based on the
untreated material.

Table V. Effectiveness of calcium and silicon mixed flame retardants on heat and ignitability properties of
polyolefin wire and cable compounds [18].

TTI Pk HRR FPI1 Eff. Heat Comb.

S kKW/m? mZskw ™! MlJ/kg
LDPE alone 76 1420 0.05 41.0
LDPE and Ca Si mix 95 320 0.30 26.0
Improvement % 25 77 455 37
Ethyl butyl acetate 77 1304 0.06 40.9
EBA and silicone alone 84 1044 0.08 334
Improvement % 9 20 36 18
EBA and calcium carbonate only 102 658 0.16 26.3
Improvement % 32 50 163 36
EBA and Ca Si mix 148 326 0.45 24.1
Improvement % 92 75 669 41

Notes: TTI, time to ignition in cone calorimeter test; Pk HRR, peak heat release rate in cone calorimeter test; Eff.
Heat Comb., effective heat of combustion in cone calorimeter test; FPL, fire performance index (ratio of time to
ignition and peak heat release rate, in cone calorimeter test); EBA, ethyl butyl acetate; improvement %, percentage
improvement in relevant property based on the untreated material.

at an incident heat flux of 20 and 1509 kW/m? at an incident heat flux of 40 kW/m?. Similar information
can be found in a table in part 1 of this study [1]. These data again show the positive effect of flame
retardants on the heat release of this polyolefin.
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Table VI. Cone calorimeter data for nine flame retarded polypropylene materials at heat flux indicated (in
kW/m?2) [19].

TTI Pk HRR FPI Avg HRR 3 Eff. Heat Comb
s KW/m2 m*skW ! KW/m? MJ/kg

At 20kW/m2
#1 382 236 1.62 183 23.6
#2 325 168 1.93 136 29.8
#3 377 207 1.82 173 24.4
#4 384 195 1.97 157 25.3
#5 396 301 1.32 199 24.3
#6 387 215 1.80 131 25.9
#7 402 228 1.76 185 27.1
#8 377 207 1.82 173 26.8
#9 386 202 1.91 173 27.8

At 40 kW/m2
#1 80 243 0.33 170 23.9
#2 63 206 0.31 144 28.6
#3 62 209 0.30 167 252
#4 72 206 0.35 144 25.4
#5 74 231 0.32 160 252
#6 70 193 0.36 155 26.1
#7 75 193 0.39 138 25.9
#8 71 188 0.38 139 25.8
#9 67 172 0.39 127 25.7

Notes: TTI, time to ignition in cone calorimeter test; Pk HRR, peak heat release rate in cone calorimeter test; Avg
HRR 3, average heat release rate during the 3 min following ignition in cone calorimeter test; Eff. Heat Comb,
effective heat of combustion in cone calorimeter test.

Another study looked at the effects of adding, to polyethylene and to PP, 3% of an organically
modified clay (a proprietary commercial additive called Cloisite 30B) and 3% of various brominated
materials, creating halogen-containing polymer nanocomposites [20]. The four brominated additives
are butyric acid pentabromobenzyl ester (FR1), pentabromobenzyl ester polyacrylate (FR2),
methacrylate acid pentabromobenzyl ester (FR3), and acrylic acid pentabromobenzyl ester (FR4).
The results are shown in Table VII. There is clearly a good reduction in Pk HRR, but the TTI and
the total heat released remain virtually unchanged, within statistical significance. The fact that the
TTTI is lowered means, the nanocomposites are usually easier to ignite than the virgin polymer and
the fact that the THR is unchanged means that the nanocomposite essentially burns up completely.

Having introduced the concept of using nanocomposites as flame retardant additives, it is worth
mentioning here that such materials have been used in numerous studies with a variety of polymers
(very often polyolefins and styrenics) and they show huge decreases in heat release rate (particularly
Pk HRR), but these decreases are often accompanied by the same type of effect discussed earlier: no
effect (or detrimental effect) on TTI and no effect on total heat released. Moreover, the Pk HRR of
the flame retarded system is often still quite high. In a study by Kashiwagi et al. [21], the Pk HRR
of a PP system decreased from over 3000 kW/m? to values ranging from 600 to 800 kW/m?>. The
extensive amount of scientific literature on these systems will not be reviewed here because it would
go beyond the scope of the present work. However, interested readers should consult work included
in a Wilkie and Morgan book on flame retardants [22], including studies by Jiang [23], Lopez-
Cuesta [24], Marosi [25], and Delichatsios [26], as well as a Wilkie and Morgan book entitled
‘Flame Retardant Polymer Nanocomposites’ [27] and additional work by Beyer [28], Gilman [29],
and Schartel [30]. Typically, nanocomposites are parts of complex multi-component systems.

A pair of interesting NIST studies [31, 32] looked at the fire testing of materials intended for use in
electronic equipment, in small scale and in full scale. The small-scale work [31] showed that the heat
released by the type of PP chosen for the cone calorimeter tests is very high and that not all flame
retardant systems can be effective in reducing the heat release rate to manageable levels. However,
the addition of a ‘non-halogen’ flame retardant system resulted in a PP material with a Pk HRR of
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Table VII. Effectiveness of halogen-containing nanocomposites as flame retardants on heat and ignitability
properties of some polyolefins [20].

TTI Pk HRR FPI THR
Cone calorimeter
at 35kW/m” s kW/m® m’skW ! MJ/m*
Polyethylene
Untreated 73 1949 0.04 100
Plus FR4 75 1577 0.05 92
Improvement % 3 19 27 8
Plus FR2 64 1817 0.04 95
Improvement % —12 7 —6 5
Plus FR1 75 1190 0.06 88
Improvement % 3 39 68 12
Plus FR3 67 1762 0.04 97
Improvement % -8 10 2 3
Polypropylene
Untreated 50 1642 0.03 60
Plus FR4 44 1656 0.03 72
Improvement % —12 —1 —13 -20
Plus FR1 48 1281 0.04 73
Improvement % —4 22 23 —-22
Plus FR3 46 957 0.05 74
Improvement % -8 42 58 —23
Plus FR2 67 1762 0.04 97
Improvement % —6 54 103 -2

Notes: TTI, time to ignition in cone calorimeter test; Pk HRR, peak heat release rate in cone calorimeter test; THR,
total heat released during test in cone calorimeter test; FPL, fire performance index (ratio of time to ignition and peak
heat release rate, in cone calorimeter test); FR1, butyric acid pentabromobenzyl ester; FR2, pentabromobenzy] ester
polyacrylate; FR3, methacrylate acid pentabromobenzyl ester; FR4, acrylic acid pentabromobenzyl ester; improve-
ment %, percentage improvement in relevant property based on the untreated material.

some 450 kW/m?, compared to a corresponding value of more than 2000 kW/m? for the (untested)
non-flame retarded PP material. No tabular data are presented because no direct comparison can be
referenced. In later sections of this work, some of the data on other polymeric systems from the
studies will be presented.

3.2. Styrenics

Polystyrene and ABS are widely used thermoplastic engineering polymers, which are also poor fire
performers in the absence of flame retardants. The NBS/NIST data [14] show that the heat release
rate of the TV cabinet material (made out of polystyrene) is improved by flame retardants, and a
table in part 1 of this study includes data that shows how the heat release rate of ABS and of
polystyrene are also very positively affected by flame retardants [1]. The following data comes from
more recent studies on specific polymers: three studies on polystyrene and one on ABS.

The same work that studied the effects of adding, to polyolefins, 3% of an organically modified clay
(Cloisite 30B) and 3% of various brominated materials, creating halogen-containing polymer
nanocomposites, also studied the effects on polystyrene [20]. In this case, an added flame retardant
was also used, namely, antimony trioxide (ATO). Conclusions are similar to those for the
polyolefins, and the data are shown in Table VIIIL.

Table IX shows that brominated additives are effective at decreasing heat release and ignitability of
HIPS [33], particularly in the presence of antimony oxide as a synergist. The tests were conducted in a
cone calorimeter at an incident heat flux of 40 kW/m?”. The combined systems have particularly strong
effects on the FPI. One study investigated the effects of synthetic micas (or synthetic clays) and of
natural clays (sodium montmorillonite and treated versions of sodium montmorillonite) on
polystyrene and on a combination of polystyrene and a polystyrene co-maleic anhydride. The results
are shown later in Tables X—XII [34]. A recent study looked at layered double hydroxides as flame
retardants for polystyrene (Table XIII) [35].
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Table VIII. Effectiveness of halogen-containing nanocomposites and antimony oxide as flame retardants on
heat and ignitability properties of polystyrene materials [20].

TTI Pk HRR FPI THR

Cone calorimeter at
35kW/m® s kW/m® (m’skW ™) MJ/m*

Polystyrene
Untreated 59 1242 0.05 100
Plus FR1 43 1065 0.04 77
Improvement % -27 14 —15 23
Plus FR1+ATO 41 590 0.07 50
Improvement % -31 52 46 50
Plus FR2 33 707 0.05 62
Improvement % —44 43 -2 38
Plus FR2 + ATO 42 541 0.08 45
Improvement % -29 56 63 55
Plus FR3 34 967 0.04 71
Improvement % —42 22 —26 29
Plus FR3 + ATO 43 813 0.05 51
Improvement % —27 35 11 49
Plus FR4 34 813 0.04 75
Improvement % —42 35 —12 25
Plus FR4 + ATO 44 875 0.05 61
Improvement % -25 30 6 39

Notes: TTI, time to ignition in cone calorimeter test; Pk HRR, peak heat release rate in cone calorimeter test; THR,
total heat released during test in cone calorimeter test; FPI, fire performance index (ratio of time to ignition and peak
heat release rate, in cone calorimeter test); FR1, butyric acid pentabromobenzyl ester; FR2, pentabromobenzyl ester
polyacrylate; FR3, methacrylate acid pentabromobenzyl ester; FR4, acrylic acid pentabromobenzyl ester; ATO,
antimony oxide; improvement %, percentage improvement in relevant property based on the untreated material.

Table IX. Effectiveness of brominated additives (with and without antimony oxide) as flame retardants on
heat and ignitability properties of high impact polystyrene [33].

TTI Pk HRR Av HRR 3 min Eff. Ht Comb FPI

Cone at 40 kW/m?> S KW/m? kW/m? Ml/kg m’skW ™!
HIPS 60 968 621 30.7 0.06
HIPS + SbO 62 910 580 28.6 0.07
HIPS + Deca 55 708 470 17.0 0.08
HIPS + Deca + SbO 72 360 255 10.1 0.20
HIPS + DBE 54 782 487 18.6 0.07
HIPS + DBE + SBO 78 393 302 10.8 0.20
HIPS + BT93 54 768 509 19.6 0.07
HIPS + BT93 + SbO 88 423 293 12.2 0.21
HIPS + HBCD 72 885 710 232 0.08
HIPS + HBCD + SbO 80 766 423 13.2 0.10
Improvement % SbO 3 6 7 7 10
Improvement % Deca -8 27 24 45 25
Improvement % Deca+ SbO 20 63 59 67 223
Improvement % DBE —10 19 22 39 11
Improvement % DBE + SbO 30 59 51 65 220
Improvement % BT93 —10 21 18 36 13
Improvement % BT93 + SbO 47 56 53 60 236
Improvement % HBCD 20 9 —-14 24 31
Improvement % HBCD + SbO 33 21 32 57 68

Notes: Brominated additives at 12%; antimony oxide at 4%; Sb, antimony oxide; Deca, decabromodiphenyl oxide;
DBE, decabromodipheny! ethane; BT93, ethylenebis(tetrabromophthalimide); HBCDE, hexabromocyclododecane;
TTL time to ignition in cone calorimeter test; Pk HRR, peak heat release rate in cone calorimeter test; Avg HRR
3 min, average heat release rate during the 3 min following ignition in cone calorimeter test; Eff. Ht Comb, effective
heat of combustion in cone calorimeter test; FPI, fire performance index (ratio of time to ignition and peak heat release
rate, in cone calorimeter test).
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Table X. Effectiveness of synthetic micas as flame retardants on heat and ignitability properties of
polystyrene materials [34].

Cone at 50 kW/m? TTI Pk HRR FPI Ht Comb THR
Synthetic Micas S KW/m? m*skW ! MlJ/kg MJ/m?
Polystyrene 65 1294 0.05 30.6 111
PS+1 (18.6 wt% Mica O) 51 513 0.10 27.9 94
PS +2 (9.3 wt% Mica O) 49 428 0.11 27.1 98
PS+3 (1.9 wt% Mica O) 63 911 0.07 29.4 111
PS+4 (10 wt% Mica N) 41 995 0.04 30.8 113
PS+5 (5 wt% Mica N) 43 1146 0.04 31.7 117
PS +6 (1 wt% Mica N) 52 1201 0.04 31.9 117

Mica O: dimethyl, di(hydrogenated tallow) ammonium treated sodium fluorinated synthetic mica
Mica N: sodium fluorinated synthetic mica

Improvement % 1 —22 60 98 9 15
Improvement % 2 —25 67 128 11 12
Improvement % 3 -3 30 38 4 0
Improvement % 4 =37 23 —18 -1 -2
Improvement % 5 —-34 11 -25 —4 -5
Improvement % 6 -20 7 —14 —4 -5

Notes: TTI, time to ignition in cone calorimeter test; Pk HRR, peak heat release rate in cone calorimeter test; THR,
total heat released during test in cone calorimeter test; Ht Comb, effective heat of combustion in cone calorimeter
test; FPI, fire performance index (ratio of time to ignition and peak heat release rate, in cone calorimeter test);
improvement %, percentage improvement in relevant property based on the untreated material.

Table XI. Effectiveness of sodium montmorillonites as flame retardants on heat and ignitability properties of
polystyrene materials [34].

Cone at 50 kW/m> TTI Pk HRR FPI Ht Comb THR
Sodium montmorillonite S KW/m?> (m%skw ™1 Ml/kg MJ/m?>
Polystyrene 65 1294 0.05 30.6 111
PS+1 (16.2 wt% MMT O) 52 446 0.12 26.9 97
PS+2 (8.1 wt% MMT O) 58 555 0.10 26.6 98
PS+3 (1.6 wt% MMT O) 66 1080 0.06 29.9 111
PS+4 (10 wt% MMT N) 40 792 0.05 29.2 106
PS+5 (5wt% MMT N) 41 993 0.04 29.5 111
PS+6 (1 wt% MMT N) 57 1106 0.05 29.8 110

MMT O: dimethyl, di(hydrogenated tallow) ammonium treated montmorillonite (Cloisite 15A)
MMT N: sodium montmorillonite (Cloisite Na+)

Improvement % 1 -20 66 132 12 13
Improvement % 2 —11 57 108 13 12
Improvement % 3 2 17 22 2 0
Improvement % 4 —38 39 1 5 5
Improvement % 5 —37 23 —18 4 0
Improvement % 6 —12 15 3 3 1

Notes: TTI, time to ignition in cone calorimeter test; Pk HRR, peak heat release rate in cone calorimeter test; THR,
total heat released during test in cone calorimeter test; Ht Comb, effective heat of combustion in cone calorimeter
test; FPI, fire performance index (ratio of time to ignition and peak heat release rate, in cone calorimeter test);
improvement %, percentage improvement in relevant property based on the untreated material.

A different recent study, using a mass loss cone (ASTM E2102 [36]), looked at ABS and a
combination of three flame retardants: ethane-1,2-bis pentabromophenyl, antimony oxide, and zinc
borate. The effects are very significant, as shown in Table XIV [37].

The NIST work discussed earlier, on materials for electronic equipment, [31] included comparisons
for HIPS, and the data are being analyzed in Table XV. The flame retardants used are identified simply
as brominated and non-halogen. In both cases, improvements can be found on Pk HRR (31-57%) as
well as in the other key parameters (TTI, effective heat of combustion, and total heat released).
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Table XII. Effectiveness of phosphonium synthetic micas as flame retardants on heat and ignitability
properties of polystyrene and associated materials [34].

Cone at 50 kW/m? TTI Pk HRR FPI Ht Comb THR
Phosphonium treated synthetic micas S KW/m? (m*skW 1 MlJ/kg MJ/m?
Polystyrene 65 1294 0.05 30.6 30.6
PS + 1 (styrene/maleic anhydride) 64 1280 0.05 30.8 30.8
PS+2 (PS+1+8.3 wt% Mica P) 65 557 0.12 26.5 26.5
PS+3 (8.3 wt% Mica P) 64 586 0.11 26.6 26.6

Mica P: triphenyl, n-hexadecyl phosphonium treated sodium fluorinated synthetic mica
System 1: addition of styrene/maleic anhydride

Improvement % 1 -2 1 0 -1 -1
Improvement % 2 0 57 132 13 13
Improvement % 3 -2 55 117 13 13

Notes: TTI, time to ignition in cone calorimeter test; Pk HRR, peak heat release rate in cone calorimeter test; THR,
total heat released during test in cone calorimeter test; Ht Comb, effective heat of combustion in cone calorimeter
test; FPI, fire performance index (ratio of time to ignition and peak heat release rate, in cone calorimeter test);
improvement %, percentage improvement in relevant property based on the untreated material.

Table XIII. Effectiveness of layered double hydroxides as flame retardants on heat and ignitability properties
of polystyrene [35].

TTI Pk HRR FPI THR
Cone at 35 kW/m® s kW/m’ (m’skW ™) MJ/m®
Polystyrene 88 813 0.11 138
PS +5 wt% LDH-DBP 72 616 0.12 133
Improvement % —18 24 8 4
PS +5 wt%5 LDH-SMM 30 min DBP 65 517 0.13 133
Improvement % —26 36 16 4
PS +5 wt% LDH-SMM 60 min DBP 66 621 0.11 131
Improvement % =25 24 -2 5
PS + 5 wt% LDH syntal DBP 59 627 0.09 129
Improvement % -33 23 —13 7
PS + 10 wt% LDH-DBP 74 444 0.17 127
Improvement % —16 45 54 8
PS + 15 wt% LDH-DBP 95 402 0.24 125
Improvement % 8 51 118 9

Notes: DBP, 3,4-dihydroxybenzophenone; LDH, layered double hydroxides; SMM, surface modification; LDH
syntal, commercial material; TTI, time to ignition in cone calorimeter test; Pk HRR, peak heat release rate in cone
calorimeter test; THR, total heat released during test in cone calorimeter test; Ht Comb, effective heat of combustion
in cone calorimeter test; FPI, fire performance index (ratio of time to ignition and peak heat release rate, in cone
calorimeter test); improvement %, percentage improvement in relevant property based on the untreated material.

Recent cone calorimeter work compared the fire performance of a commercial non-flame retarded
expanded polystyrene (EPS) foam with a commercial flame retarded EPS foam [38]. The work both
conducted its own cone calorimeter work, at an incident heat flux of 35kW/m2, and compared work
performed earlier [39, 40] with other foamed EPS systems, at incident heat fluxes ranging from 30 to
50kW/m?. The results (Table XVI) show that a certain level of improvement was obtained on the Pk
HRR and on the TTI for all systems.

3.3. Engineering thermoplastics

Engineering thermoplastics are widely used for a large number of applications, even if they are not as
high volume as polyolefins or styrenics. The NBS/NIST study [14] included two products that fall
under this category: the business machine housing (a polyphenylene oxide) and the laminated circuit
board (a polyester). Some other recent work on engineering thermoplastics follows. A study on PC
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Table XIV. Mass loss cone study of the effectiveness of various flame retardants on heat and ignitability
properties of ABS [37].

TTI Pk HRR FPI THR
Mass loss cone at
35kW/m® s kW/m® (m’skW ™) MJ/m*
Untreated ABS 83 900 0.09 134
Plus FR1 64 239 0.27 44
Plus FR2 67 257 0.26 40
Plus FR3 65 203 0.32 31
Plus FR4 60 265 0.23 35
Plus FRS 72 360 0.20 57
Plus FR6 64 336 0.19 92
Improvement % FR1 -23 73 190 67
Improvement % FR2 —19 71 183 70
Improvement % FR3 —22 77 247 77
Improvement % FR4 —28 71 146 74
Improvement % FRS —13 60 117 57
Improvement % FR6 -23 63 107 31

Notes: FR1, EBP + 6 phr antimony oxide; FR2, EBP +4.5 phr antimony oxide + 1.5 phr zinc borate; FR3, EBP + 3 phr
antimony oxide + 3 phr zinc borate; FR4, EBP + 1.5 phr antimony oxide +4.5 phr zinc borate; FR5, EBP + 6 phr zinc
borate; FR6, zinc borate only; EBP, ethane-1,2-bis pentabromophenyl; TTI, time to ignition in mass loss cone (ASTM
E2102) test; Pk HRR, peak heat release rate in mass loss cone test with thermopile column; THR, total heat released
during test in mass loss cone test; FPI, fire performance index (ratio of time to ignition and peak heat release rate, in
mass loss cone test); improvement %, percentage improvement in relevant property based on the untreated material.

Table XV. Effectiveness of flame retardant systems on heat and ignitability properties of polystyrene (HIPS)

[31].
TTI Pk HRR FPI THR Ht Comb

Cone at 50 kW/m? s kW/m? MJ/m? Ml/kg
HIPS 30 723 0.04 59.5 33.9
HIPS + brominated FR 33 318 0.10 23.8 12.3
HIPS + brominated FR 41 502 0.08 33.8 16.4
HIPS + non-halogen FR 34 313 0.11 42.2 22.3
Improvement % brominated FR (1) 10 56 150 60 64
Improvement % brominated FR (2) 37 31 97 43 52
Improvement % non-halogen FR 13 57 162 29 34

Notes: TTI, time to ignition in cone calorimeter test; Pk HRR, peak heat release rate in cone calorimeter test; THR,
total heat released during test in cone calorimeter test; Ht Comb, effective heat of combustion in cone calorimeter
test; FPI, fire performance index (ratio of time to ignition and peak heat release rate, in cone calorimeter test);
improvement %, percentage improvement in relevant property based on the untreated material.

was recently conducted in the cone calorimeter at an incident heat flux of 50 kW/m?, using intumescent
flame retardants containing nitrogen and phosphorus (Table XVII) [41]. The next table (Table XVIII)
shows the effect (based on mass loss cone data) of a variety of flame retardants on a polyamide 6
(nylon) [42]. One study on a plastic PET is shown in Table XIX [43]. The same work also
addresses PET fabrics and that will be shown in the section on fibers. An engineering thermoplastic
often used in wire and cable applications is thermoplastic polyurethane and a recent study will be
shown here, although this could also have been added to a section on polyurethanes. The study used
the cone calorimeter at an incident heat flux of 50 kW/m?, and the results are shown in Table XX [44].

The NIST work discussed earlier, on materials for electronic equipment [31], included comparisons
for PC and PC/ABS blends, and the data is being analyzed in Table XXI. The flame retardants used are
identified simply as brominated, phosphorus containing, and non-halogen. In the case of PC alone, the
brominated flame retarded materials have very significant improvements in Pk HRR (57-68%), but the
effects on other key parameters (TTI, effective heat of combustion, and total heat released) are
negligible or even detrimental. The non-halogen system used has little effect. In the case of PC/
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Table XVI. Effectiveness of flame retardant systems on heat and ignitability properties of foamed expanded
polystyrene (EPS) [38].

TTI Pk HRR FPI
Foamed EPS at 35 kW/m? S KW/m? MJ/m?
EPS 717.7 310.5 0.25
EPS Plus Commercial FR 81 230.6 0.35
Improvement % FR 4 26 40
Foamed EPS at 30 kW/m? TTI Pk HRR FPI
s kW/m? MJ/m?
EPS 73 299 0.24
EPS Plus Commercial FR 77 238 0.32
Improvement % FR 5 20 33
Foamed EPS at 40 kW/m?> TTI Pk HRR FPI
S KW/m? MJ/m?
EPS 28 394 0.07
EPS Plus Commercial FR 40 321 0.12
Improvement % FR 43 19 75
Foamed EPS 50 kW/m?> TTI Pk HRR FPI
s KW/m? MJ/m?
EPS 18 407 0.04
EPS Plus Commercial FR 24 379 0.06
Improvement % FR 33 7 43

Notes: Data at 35 kW/m? were determined by the authors [38], while data at 30, 40, and 50 kW/m? were obtained
by comparison of published data from other authors [39, 40]. TTL time to ignition in cone calorimeter test; Pk
HRR, peak heat release rate in cone calorimeter test; FPI, fire performance index (ratio of time to ignition and peak
heat release rate, in cone calorimeter test); improvement %, percentage improvement in relevant property based on
the untreated material.

Table XVII. Effectiveness of intumescent flame retardants on heat and ignitability properties of a
polycarbonate material [41].

Polycarbonate TTI Pk HRR FPI THR
Cone at 50 kW/m> S KW/m? (mzskW”) MJ/m>
Untreated polycarbonate 58 357 0.16 80
Plus FR1 52 219 0.24 69
Plus FR2 54 192 0.28 52

FR1: intumescent FR with P and N BASPB: bis-aminobenzyl spirocylic pentaerythritol bisphosphonate

FR2: intumescent FR with P and N ABDPP: arylene-N,NO-bis(2,2-dimethyl-1,3-propanediol phosphoramidate)
Improvement % FR1 —10 39 46 14
Improvement % FR2 -7 46 73 35

Notes: TTI, time to ignition in cone calorimeter test; Pk HRR, peak heat release rate in cone calorimeter test; THR,
total heat released during test in cone calorimeter test; Ht Comb, effective heat of combustion in cone calorimeter
test; FPI, fire performance index (ratio of time to ignition and peak heat release rate, in cone calorimeter test); im-
provement %, percentage improvement in relevant property based on the untreated material.

ABS, very significant improvements were found in all the key fire properties, including 85%
improvement in FPL

3.4. Poly(vinyl chloride)

Poly(vinyl chloride) can be used as a rigid material (for pipes, conduits, siding, and profiles) or as a
flexible material (typically for wire and cable, wall coverings, or floor coverings). The most
common need for improved fire performance is in the area of flexible PVC because rigid PVC
already has good fire performance. Numerous tables in part 1 of this study [1] include several
examples of the positive effects of flame retardants on heat release of both rigid and flexible PVC.
Some newer examples (three for wire and cable compounds, one for wall coverings, and one for
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Table XVIII. Mass loss cone study of the effectiveness of various flame retardants on heat release of a
polyamide 6 [42].

Nylon polyamide 6 Pk HRR Avg HRR THR
Mass loss cone at 35 kW/m? kW/m? kW/m? MJ/m?
PA6 975 375 163
PA6+0OP2 695 300 158
PA6+OP3 480 235 136
PA6 +OP4 335 190 122
PAG6+OP5 755 345 160
PA6+OP6 720 325 149
PA6 + OP7 575 315 143
PA6+OP8 380 186 135
PA6+0OP9 535 288 141
Improvement % OP2 29 20 3
Improvement % OP3 51 37 17
Improvement % OP4 66 49 25
Improvement % OP5 23 8 2
Improvement % OP6 26 13 9
Improvement % OP7 41 16 12
Improvement % OPS8 61 50 17
Improvement % OP9 45 23 13

Notes: OP2, 15% organic phosphinate; OP3, 14% OP 1% Zn borate; OP3, 12% OP 3% Zn borate; OP5, 14% OP
1% borophosphate; OP6, 12% OP 3% borophosphate; OP7, 14% OP 1% organo clay; OP8, 13% OP 1% zinc
borate 1% organo clay; OP9, 13% OP 1% borophosphate 1% organo clay; Pk HRR, peak heat release rate in mass
loss cone test with thermopile column (ASTM E2102); THR, total heat released during test in mass loss cone test;
Avg HRR, average heat release rate during mass loss cone test; improvement %, percentage improvement in
relevant property based on the untreated material.

Table XIX. Effectiveness of expanded graphite flame retardants on heat and ignitability properties of a PET
material [41].

TTI Pk HRR FPI

PET plastic cone at 35 KkW/m? S KW/m? (mzskW”)
Untreated PET plastic 209 523 0.40
Plus exp. graphite (EG) 189 303 0.62
Plus Nanol 187 349 0.54
Plus Nano 2 174 440 0.40
Plus Nano 3 220 438 0.50
Plus EG + Nanol 179 231 0.77
Plus EG + Nano2 210 304 0.69
Plus EG + Nano 3 222 347 0.64
Improvement % EG —10 42 56
Improvement % Nanol —11 33 34
Improvement % Nano2 —17 16 -1
Improvement % Nano3 5 16 26
Improvement % EG Nanol —14 56 94
Improvement % EG Nano2 0 42 73
Improvement % EG Nano3 6 34 60

Notes: TTI, time to ignition in cone calorimeter test; Pk HRR, peak heat release rate in cone calorimeter test; FPI,
fire performance index (ratio of time to ignition and peak heat release rate, in cone calorimeter test); improvement
%, percentage improvement in relevant property based on the untreated material.

conduits and window profiles) are also shown. In the case of rigid PVC, the effects of flame retardants
on heat release tend to be low because the primary reason these materials are being added is smoke
release or other issues.

Table XXII shows heat release testing results for rigid PVC materials at incident heat fluxes of 30
and 50 kW/m? [45] in the Ohio State University calorimeter (OSU, ASTM E906 [46]). Tables XXIII
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Table XX. Effectiveness of nanocomposites as flame retardants on heat and ignitability properties of a
thermoplastic polyurethane (TPU) [44].

TPU TTI Pk HRR FPI Avg HRR 3min Ht Comb
Cone at 50 KW/m? s kWm?  (m*skwh KW/m? Ml/kg
Untreated TPU 28 1031 0.03 515 27
TPU + 5% Cloisite 30B 27 518 0.05 376 28
TPU + 5% Multiwalled carbon nanotubes (MWNT) 21 571 0.04 492 28
TPU + 5% Carbon nanofibers 21 808 0.03 361 27
Improvement %, Cloisite 30B —4 50 92 27 —4
Improvement %, carbon nanotubes -25 45 35 4 —4
Improvement %, carbon nanofibers -25 22 —4 30 0

Notes: Cloisite 30B, montmorillonite (MMT) surface treated with methyl, tallow, bis-2-hydroxyethyl, quaternary
ammonium; TTI, time to ignition in cone calorimeter test; Pk HRR, peak heat release rate in cone calorimeter test;
Avg HRR 3 min, average heat release rate during 3 min following ignition in cone calorimeter test; Ht Comb,
effective heat of combustion in cone calorimeter test; FPI, fire performance index (ratio of time to ignition and
peak heat release rate, in cone calorimeter test); improvement %, percentage improvement in relevant property
based on the untreated material.

Table XXI. Effectiveness of flame retardant systems on heat and ignitability properties of polycarbonate and
polycarbonate/ABS blends [31].

TTI Pk HRR FP1 THR Ht Comb
Cone at 50 kW/m? s KW/m? MJ/m? MI/kg
PC 77 885 0.09 375 24.0
PC +brominated FR 51 378 0.13 252 223
PC + brominated FR 41 280 0.15 45.9 21.2
PC +non-halogen FR 46 829 0.06 38.8 23.6
Improvement % brominated FR (1) —34 57 55 33 7
Improvement % brominated FR (2) —47 68 68 —22 12
Improvement % non-halogen FR —40 6 —36 -3 2
Cone at 50 kW/m? TTI Pk HRR FPI THR Ht Comb
s KW/m? MJ/m* MJ/kg
PC/ABS 34 543 0.06 444 29.7
PC/ABS + Phosphorus FR 45 388 0.12 35 20.6
Improvement % Phosphorus FR 32 29 85 21 31

Notes: TTI, time to ignition in cone calorimeter test; Pk HRR, peak heat release rate in cone calorimeter test; THR,
total heat released during test in cone calorimeter test; Ht Comb, effective heat of combustion in cone calorimeter
test; FPI, fire performance index (ratio of time to ignition and peak heat release rate, in cone calorimeter test); im-
provement %, percentage improvement in relevant property based on the untreated material.

and XXIV show results of wire and cable compounds tested in the cone calorimeter [47, 48].
Significant improvements in heat release are evident. Work conducted in the cone calorimeter to
look at the effects of various additives, with particular emphasis on a phosphate plasticizer as a
flame retardant additive which also replaces traditional phthalate plasticizers, in wall coverings and
in plenum cables is shown in Tables XXV and XXVI [49].

3.5. Polyurethane foams

Polyurethane foams have been discussed extensively earlier, including in the NBS/NIST work.
However, it is worth noting that the improvement keeps being found, even in recent work, both on
flexible foams (Table XXVII) [50] and on rigid foams (Tables XXVIII [50] and XXIX [16]).
Moreover, a recent analysis has looked at flexible polyurethane foam used in upholstered furniture
[51] and found the significant positive contributions to heat release made by flame retardants,
provided they are added at a sufficiently high level to be effective (i.e., beyond just the level needed
to comply with the discredited automotive test FMVSS 302 [52]).
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Table XXII. Effectiveness of molybdenum smoke suppressants as flame retardants on heat release of rigid
PVC materials [45].

Pk HRR at 30 Pk HRR at 50

OSU calorimeter KW/m? kW/m?
PVC for conduits 60 76

PVC+AOM 0.5 phr 64 60

PVC+AOM 1 phr 62 63

PVC+AOM 2.5 phr 50 53

PVC+AOM 5 phr 47 54

Improvement % AOM 0.5 phr -7 21

Improvement % AOM 1 phr -3 17

Improvement % AOM 2.5 phr 17 30

Improvement % AOM 5 phr 22 29
PVC for window profile 70

PVC+AOM 1.3 phr 58

PVC+AOM 2.5 phr 60

PVC+AOM 5 phr 57

PVC+Mo tri 1.3 phr 58

PVC +Mo tri 2.5 phr 57

Improvement % AOM 1.3 phr 17

Improvement % AOM 2.5 phr 14

Improvement % AOM 5 phr 19

Improvement % Mo Tri 1.3 phr 17

Improvement % Mo Tri 2.5 phr 19

Notes: AOM, ammonium molybdate; Mo Tri, molybdenum trioxide; Pk HRR, peak heat release rate from Ohio
State University (ASTM E906) heat release test at relevant heat flux; improvement %, percentage improvement
in relevant property based on the untreated material.

Table XXIII. Effectiveness of flame retardants on heat and ignitability properties of PVC with phosphorus-
containing plasticizers [47].

Cone at 50 kW/m’ TTI Pk HRR FPI
With P plasticizers S KW/m?> (m’*skW 1)
PVC for cables 29 190 0.15
PVC +system 1 23 115 0.20
PVC +system 2 28 123 0.23
PVC +system 3 25 141 0.18
PVC +system 4 30 118 0.25
PVC +system 5 25 121 0.21
PVC +system 6 26 121 0.21
Improvement % 1 —21 39 31
Improvement % 2 -3 35 49
Improvement % 3 —14 26 16
Improvement % 4 3 38 67
Improvement % 5 —14 36 35
Improvement % 6 —10 36 41

Notes: TTI, time to ignition in cone calorimeter test; Pk HRR, peak heat release rate in cone calorimeter test; FPI,
fire performance index (ratio of time to ignition and peak heat release rate, in cone calorimeter test); improvement
%, percentage improvement in relevant property based on the untreated material.

3.6. Epoxy resins

Epoxy resins are used extensively in two primary applications: printed wiring or circuit boards and
adhesives. Table XXX presents some recent data [53]. The improvement in Pk HRR from the
addition of the flame retardants (in that particular system) exceeds 80%.
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Table XXIV. Effectiveness of tin-based flame retardants on heat and ignitability properties of PVC with
phosphorus-containing plasticizers [48].

PVC for cables with P plasticizers TTI Pk HRR FPI
Cone at 50 kW/m® s kW/m® (m’skW ™)
PVC control 22 260 0.08
PVC+ATH 45 163 0.28
PVC+ATH+LDH 52 72 0.72
PVC+ATH+Sn LDH1 46 74 0.62
PVC+ATH + Sn LDH2 48 73 0.66
PVC+ ATH + Sn LDH3 56 59 0.95
Improvement % ATH 105 37 226
Improvement % ATH +LDH 136 72 754
Improvement % ATH Sn LDH1 109 72 635
Improvement % ATH Sn LDH2 118 72 677
Improvement % ATH Sn LDH3 155 77 1022

Notes: Plasticizer, 8-Methylnonyl diphenyl phosphate; LDH, layered double hydroxide with Mg+ Al nitrates;
LDH Sn, LDH + Sn, various ratios; ATH, alumina trihydrate; TTI, time to ignition in cone calorimeter test;
Pk HRR, peak heat release rate in cone calorimeter test; FPI, fire performance index (ratio of time to ignition
and peak heat release rate, in cone calorimeter test); improvement %, percentage improvement in relevant
property based on the untreated material.

Table XXV. Effectiveness of flame retardants on heat release of PVC wall coverings using phosphorus-
containing plasticizers [49].

Cone at 50 kKW/m? Pk HRR Improvement Avg HRR Ht Comb
PVC wall coverings KW/m? % KW/m? MlJ/kg
PVC +40 DOP +20 Ca (control) 228 0 146 16.9
Additive system 1 167 27 116 14.0
Additive system 2 191 16 127 11.2
Additive system 3 203 11 132 13.0
Additive system 4 135 41 104 10.8
Additive system 5 90 61 83 11.9
Additive system 6 91 60 89 113
Additive system 7 102 55 84 9.8
Additive system 8 94 59 79 10.7
Additive system 9 102 55 83 11.7
Additive system 10 99 57 81 9.9
Additive system 11 99 57 82 10.1
Additive system 12 107 53 85 9.3
Additive system 13 109 52 90 9.6
Additive system 14 95 58 71 8.5
Additive system 15 91 60 73 8.3
Additive system 16 81 64 69 8.8
Additive system 17 159 30 102 10.5
Additive system 18 165 28 101 13.0
Additive system 19 105 54 80 10.6
Additive system 20 83 64 63 11.0
Additive system 21 98 57 67 104

Notes: DOP, dioctyl phthalate plasticizer; Ca, calcium carbonate; TTI, time to ignition in cone calorimeter test; Pk
HRR, peak heat release rate in cone calorimeter test; Avg HRR, average heat release rate during test in cone cal-
orimeter test; Ht Comb, effective heat of combustion in cone calorimeter test; FPI, fire performance index (ratio of
time to ignition and peak heat release rate, in cone calorimeter test); improvement %, percentage improvement in
Pk HRR based on the untreated material.
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Table XXVI. Effectiveness of flame retardants on heat release of PVC plenum cable compounds using
phosphorus-containing plasticizers [49].

Cone at 40 kW/m? Pk HRR Improvement Avg HRR Ht Comb
PVC cables (for plenum) KW/m? % KW/m? MlJ/kg
PVC Non FR +DOP (control) 283 0 170 15.7
Additive system 1 161 43 47 12.9
Additive system 2 132 53 76 11.5
Additive system 3 134 53 64 12.0
Additive system 4 158 44 83 10.7
Additive system 5 128 55 80 10.8
Additive system 6 127 55 94 11.4
Additive system 7 117 59 76 114

Notes: Pk HRR, peak heat release rate in cone calorimeter test; Avg HRR, average heat release rate during test in
cone calorimeter test; Ht Comb, effective heat of combustion in cone calorimeter test; improvement %, percentage
improvement in Pk HRR based on the untreated material.

Table XXVIIL. Effectiveness of flame retardants on heat release of a flexible polyurethane foam [50].

Cone at 25 kW/m? TTI Pk HRR Improvement FPI Avg HRR THR
Flexible PU foam s (kKW/m?) % m’skW ™' kW/m® MJ/ m®
Control 15.6 412 0 0.04 225 57.4
Additive system 1 13.7 249 40 0.06 126 54.2
With Zn stearate 372 340 17 1.09 174 64.4
With Mg stearate 39.1 444 8 0.09 194 70.8
With ATH 16.0 401 3 0.04 218 60.1
With Fyrol RDP 22.6 429 4 0.05 210 56.7
With Fyrol FR2 18.4 326 21 0.06 163 48.2
With CI P ester 28.4 315 24 0.09 144 19.9
With alkyl aryl phosphate 26.1 274 33 0.10 154 49.2

Notes: TTI, time to ignition in cone calorimeter test; Pk HRR, peak heat release rate in cone calorimeter test; Avg
HRR, average heat release rate during test in cone calorimeter test; THR, total heat released during test in cone
calorimeter test; FPI, fire performance index (ratio of time to ignition and peak heat release rate, in cone calorim-
eter test); improvement %, percentage improvement in Pk HRR based on the untreated material.

Table XXVIII. Effectiveness of flame retardants on heat release of a rigid polyurethane foam [50].

Cone at 25 kW/m? TTI Pk HRR Improvement FPI
Rigid PU foam S kW/m? % mZskW ™!
Control 26 890 0 0.03
With alkyl aryl phosphate 41 548 38 0.07
With Fyrol RDP 65 910 2 0.07
With Fyrol RDP +Zn stearate 33 720 19 0.05
With Zn stannate and Zn stearate 9 485 46 0.02
With Zinc stannate 31 424 52 0.07
With Zn hydroxystannate 36 471 47 0.08

Notes: TTI, time to ignition in cone calorimeter test; Pk HRR, peak heat release rate in cone calorimeter test; FPI,
fire performance index (ratio of time to ignition and peak heat release rate, in cone calorimeter test); improvement
%, percentage improvement in Pk HRR based on the untreated material.
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Table XXIX. Effectiveness of flame retardants on heat release of a polyisocyanurate foam [16].

Cone at 40 kW/m? TTI Pk HRR FPI Av HRR THR
Polyisocyanurate foam S KW/m? mZskW ™! KW/m? MJ/m?
Untreated 43 161 0.03 69 11
Plus TCPP 4.6 87 0.05 19 5
Improvement % 7 46 98 72 55

Notes: TTI, time to ignition in cone calorimeter test; Pk HRR, peak heat release rate in cone calorimeter test; Avg
HRR, average heat release rate during test in cone calorimeter test; THR, total heat released during test in cone
calorimeter test; FPI, fire performance index (ratio of time to ignition and peak heat release rate, in cone
calorimeter test); improvement %, percentage improvement in relevant property based on the untreated material;
TCPP, tris (1-chloro-2-propyl) phosphate.

Table XXX. Effectiveness of flame retardants on heat release of an epoxy resin [53].

TTI Pk HRR FPI THR Avg HRR Eff. Ht Combust
Cone at 50 kW/m? s kW/m? m* kW' MJ/m? KkW/m? MI/kg
Epoxy 62 1192 0.05 184 350 26.8
Epoxy + APP 41 200 0.21 104 107 23.8
Epoxy + Mod APP 47 184 0.26 98 77 20.5
Improvement % APP —34 83 294 43 69 11
Improvement % ModAPP —24 85 391 47 78 24

Notes: APP, ammonium polyphosphate; ModAPP, APP modified with silane; TTI, time to ignition in cone
calorimeter test; Pk HRR, peak heat release rate in cone calorimeter test; Avg HRR, average heat release rate
during test in cone calorimeter test; THR, total heat released during test in cone calorimeter test; Eff. Ht Combust,
effective heat of combustion during cone calorimeter test; FPI, fire performance index (ratio of time to ignition and
peak heat release rate, in cone calorimeter test); improvement %, percentage improvement in relevant property
based on the untreated material.

Table XXXI. Effectiveness of expanded graphite flame retardants on heat and ignitability properties of a
PET fiber material [43].

PET fibers TTI Pk HRR FPI
Cone at 35 kW/m? S KW/m? mZskW™!
Untreated PET fibers 128 510 0.25
Plus exp. graphite (EG) 102 92 1.11
Plus Nanol 128 213 0.60
Plus EG + Nanol 106 272 0.39
Improvement % EG -20 82 342
Improvement % Nanol 0 58 139
Improvement % EG Nanol —17 47 55

Notes: TTI, time to ignition in cone calorimeter test; Pk HRR, peak heat release rate in cone calorimeter test; FPI,
fire performance index (ratio of time to ignition and peak heat release rate, in cone calorimeter test); improvement
%, percentage improvement in relevant property based on the untreated material.

3.7. Textiles

Four examples are being presented associated with textiles: one work on PET polyester fibers
(Table XXXI) [43], three types of work on cotton fibers (Tables XXXII-XXXIV [54-56]), and one
study on a glass-reinforced polyester composite, with and without a barrier (Table XXXV) [57]. In
all cases, the cone calorimeter was used for the studies and showed significant improvements in Pk
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Table XXXII. Effectiveness of a flame retardant additive on heat release of cotton fabric and fiber [54].

Cotton fabric Cotton fiber

Cotton Pk HRR THR Pk HRR THR
Cone at 50kW/m’ kW/m* MJ/m® kW/m® MJ/m’
Untreated cotton 220 2.7 145 2.4
Cotton + FR 50 g/L 180 2.5 115 22
Cotton+FR 100 g/L. 170 2.3 105 1.7
Cotton + FR 150 g/L 160 2.0 100 1.6
Cotton +FR 200 g/ 155 2.0 90 1.4
Cotton + FR 250 g/LL 150 2.0 75 1.3
Cotton + FR 300 g/LL 135 1.9 70 1.3
Improvement % 50 18 7 21 8
Improvement % 100 23 15 28 29
Improvement % 150 27 26 31 33
Improvement % 200 30 26 38 42
Improvement % 250 32 26 48 46
Improvement % 300 39 30 52 46

Notes: Pk HRR, peak heat release rate in cone calorimeter test; THR, total heat released during test in cone
calorimeter test; improvement %, percentage improvement in relevant property based on the untreated material.

Table XXXIII. Effectiveness of flame retardants on heat and ignitability properties of cotton in normal and
enriched atmospheres [55].

Cotton fabric TTI Pk HRR FPI Eff. Ht Combust Avg HRR
Cone at 25 kW/m” S KW/m? mZskW ™! MlJ/kg KW/m?
Atmosphere: air

Untreated cotton 22 340 0.06 12 200
Cotton+N FR 34 120 0.28 7 60
Improvement % N FR 55 65 338 42 70
Atmosphere: 30% oxygen

Untreated cotton 21 360 0.06 13.0 230
Cotton+N FR 34 170 0.20 7.0 70
Cotton+M FR 39 110 0.35 3.5 30
Improvement % N FR 62 53 243 46 70
Improvement % M FR 86 69 508 73 87

Notes: TTI, time to ignition in cone calorimeter test; Pk HRR, peak heat release rate in cone calorimeter test; Avg
HRR, average heat release rate during test in cone calorimeter test; THR, total heat released during test in cone
calorimeter test; Eff. Ht Combust, effective heat of combustion during cone calorimeter test; FPI, fire performance
index (ratio of time to ignition and peak heat release rate, in cone calorimeter test); improvement %, percentage
improvement in relevant property based on the untreated material.

HRR. The PET fabric study (Table XXXI) involved additives (based primarily on expanded graphite
and nanocomposites) that were similar to those used in the PET plastic study presented earlier [44]; the
Pk HRR improvements exceeded 45% in all cases studied. The same team that did the PET studies also
investigated cotton fabrics (Table XXXII); in this case, the additives were able to decrease Pk HRRs by
18-39% (unfortunately, the flame retardant additives are identified only by a trade name). Two other
teams did cotton heat release additive studies on cotton fabrics relatively recently. In one case, the
Pk HRR decreased significantly when burnt both in air (65%) and in a 30% oxygen atmosphere (53
and 69%); the additives were described by commercial trade names only (Table XXXIII [55]). The
other cotton study (from the US Forest Products Lab) looked at the effect of adding diammonium
phosphate (SRRC2) or a mixture of diammonium phosphate and dimethyloldihydroxyethyleneurea
(SRRC1) to cotton fabrics; they found improvements of 43-65% depending on the heat flux
(Table XXXIV).
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Table XXXIV. Effectiveness of flame retardants on heat and ignitability properties of cotton [56].

TTI Pk HRR FPI Eff. Ht Combust
Cone testing of cotton S KW/m? m’skW ! MIJ/kg
20kW/m®
Untreated 14 137 0.10 15.9
Cotton+SRRC 1 23 57 0.40 10.4
Cotton + SRRC 2 28 48 0.58 8.2
Improvement % SRRC1 64 58 295 35
Improvement % SRRC2 100 65 471 48
30kW/m*
Untreated 9 152 0.06 16.5
Cotton+SRRC 1 10 86 0.12 13.2
Cotton + SRRC 2 12 86 0.14 10.9
Improvement % SRRC1 11 43 96 20
Improvement % SRRC2 33 43 136 34
50 kW/m®
Untreated 5 196 0.03 17.7
Cotton+SRRC 1 8 102 0.08 13.5
Cotton + SRRC 2 12 83 0.14 11.6
Improvement % SRRC1 60 48 207 24
Improvement % SRRC2 140 58 467 34

Notes: SRRC 1 Mix, with N and P; SRRC 2 Mix, with P; TTI, time to ignition in cone calorimeter test; Pk HRR,
peak heat release rate in cone calorimeter test; Eff. Ht Combust, effective heat of combustion during cone calorim-
eter test; FPI, fire performance index (ratio of time to ignition and peak heat release rate, in cone calorimeter test);
improvement %, percentage improvement in relevant property based on the untreated material.

Table XXXYV. Effectiveness of flame retardants on heat and ignitability properties of GRP composites [57].

GRP composites TTI Pk HRR Eff. Ht Comb THR

Cone at 50 kW/m? S KW/m? MlJ/kg MJ/m?

Polyester + glass
GRP 29 343 25.0 52
GRP + MP 28 262 19.0 36
GRP + APP 23 268 23.0 37
GRP + MPP 24 303 22.0 41
GRP+ATH 30 243 23.0 45
GRP +FR 29 176 12.0 28
Improvement % MP -3 24 24 31
Improvement % APP —21 22 8 29
Improvement % MPP —-17 12 12 21
Improvement % ATH 3 29 8 13
Improvement % FR 0 49 52 46

GRP composites/barrier

Polyester + glass
GRP 229 220 20.0 45
GRP + MP 200 196 20.0 38
GRP + APP 230 175 21.0 49
GRP + MPP 213 210 19.0 46
GRP+ATH 251 196 19.0 42
GRP+FR 204 148 17.0 37
Improvement % MP 590 43 20 27
Improvement % APP 693 49 16 6
Improvement % MPP 634 39 24 12
Improvement % ATH 766 43 24 19
Improvement % FR 603 57 32 29

Notes: MP, melamine phosphate; APP, ammonium polyphosphate; MPP, melamine pyrophosphate; FR,
halogenated phosphate ester; ATH, alumina trihydrate; TTI, time to ignition in cone calorimeter test; Pk HRR,
peak heat release rate in cone calorimeter test; THR, total heat released during test in cone calorimeter test; Eff.
Ht Combust, effective heat of combustion during cone calorimeter test; improvement %, percentage improvement
in relevant property based on the untreated material.
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The data from study on GRP and barriers can be found in Table XXXV [57]. The composite was
studied as is or with a thin silicate insulative fabric. The flame retardant additives used were
melamine phosphate (MP), melamine pyrophosphate (MPP), ammonium polyphosphate (APP), a
halogenated phosphate ester (FR), and ATH. The improvements in Pk HRR were particularly
impressive with the insulative fabric, but even without it, improvement of 49% was found, for
example, with the halogenated phosphate ester.

3.8. Wood

The last series of examples being presented involve various wood products. Note that it has already been
discussed, in the first paper of this project [1], earlier that fire-retardant treated wood, a product that is
regulated via a flame spread test and not a heat release test, exhibits reduced heat release in
comparison with wood that is untreated. In all cases, flame retardants improve heat release. Two of
the studies involved cone calorimeter testing (Tables XXX VI and XXXVII [58, 59] and one involves
mass loss cone testing Table XXXVIII [60]). In one case, the information presented includes also the
Euroclass achieved by the different wood specimens, showing that lower heat release also has
regulatory implications, in the European Union in this case, but this effect is also valid in US codes
(with different classifications).

Table XXXVI. Effectiveness of flame retardants on heat release of some particleboards [58].

Wood Materials TTI Pk HRR Avg HRR 3 min
Cone at 50 kW/m® s KW/m? KW/m?
Untreated low density particleboards
1 45 225 176
2 39 212 161
3 32 227 158
4 36 202 156
5 34 227 160
6 41 256 185
7 47 213 160
8 25 238 140
9 33 261 169
Average of above 37 229 163
FRT low density particleboards
1 55 118 66
2 54 151 92
3 47 183 107
Average of above 52 151 88
Improvement % due to FR 41 34 46
Untreated medium density particleboards
1 35 248 160
2 38 264 168
3 31 254 157
4 32 290 168
Average of above 34 264 163
FRT medium density particleboards
1 641 117 84
2 942 68 94
3 29 175 102
4 38 166 109
5 828 81 93
Average of above 496 121 96
Improvement % due to FR 1358 54 41

Notes: TTI, time to ignition in cone calorimeter test; Pk HRR, peak heat release rate in cone calorimeter test; Avg
HRR 3 min, average heat release rate during 3 min following ignition in cone calorimeter test; improvement % due
to FR, percentage improvement in relevant property based on the untreated material; average of above, average
values of the individual cone calorimeter tests above this row.
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Table XXXVII. Effectiveness of flame retardants on heat release of two different species of wood [59].

TTI Pk HRR FPI Euroclass
Cone at 50 kW/m> S kW/m? m’s kw !
Wood (larch)
Untreated 17 171 0.10 C
Plus FRT treatment 1 38 136 0.28 C
Plus FRT treatment 2 26 76 0.34 B
Improvement % FRT treatment 1 124 20 181
Improvement % FRT treatment 2 53 56 244
Wood (thermowood pine)
Untreated 14 165 0.08 C
Plus FR treatment 3 108 56 1.93 B
Plus FR treatment 4 31 84 0.37 B
Plus FR treatment 5 125 51 2.45 B
Improvement % FRT treatment 3 535 67 1840
Improvement % FRT treatment 4 82 51 271
Improvement % FRT treatment 5 635 70 2365

Notes: TTI, time to ignition in cone calorimeter test; Pk HRR, peak heat release rate in cone calorimeter test; FPI,
fire performance index (ratio of time to ignition and peak heat release rate, in cone calorimeter test); Euroclass,
classification in the European Union classification system for construction materials; improvement %, percentage
improvement in relevant property based on the untreated material.

Table XXXVIII. Mass loss cone study of the effectiveness of various flame retardant systems on heat and
ignitability properties of pine wood [60].

Wood (pine) TTI Pk HRR FPI
Mass loss cone at 35 kW/m? S kW/m? m’skW !
Untreated 98 182 0.54
Plus FR1 115 139 0.83
Plus FR2 101 121 0.83
Plus FR3 127 144 0.88
Plus FR4 81 103 0.79
Plus FR5 120 107 1.12
Plus FR6 70 107 0.65
Plus FR7 68 137 0.50
Plus FR8 55 97 0.57
Plus FR9 72 78 0.92
Improvement % FR1 17 24 54
Improvement % FR2 3 34 55
Improvement % FR3 30 21 64
Improvement % FR4 —17 43 46
Improvement % FR5 22 41 108
Improvement % FR6 -29 41 21
Improvement % FR7 -31 25 -8
Improvement % FR8 —44 47 5
Improvement % FR9 -27 57 71

Notes: FR1, Cu based wood preservative Cu: 0.11% w/w; FR2, tribromoneopentyl alcohol 1.1-0.81% Br; FR3,
phosphoric acid 3-(diphenoxy-phosphoryloxy)-phenyl ester diphenyl ester 5.5-0.58% P; FR4, chlorinated paraffin
with 65% Cl content 22.7-14.8% Cl; FRS, tetrabromobisphenol A bis (2,3-dibromopropyl ether) 1.9-0.65%
aliphatic Br and 0.65% aromatic Br; FR6, Cu preservative + FR2; FR7, Cu preservative + FR3; FR8, Cu preserva-
tive + FR4; FR9, Cu preservative + FRS5; TTI, time to ignition in cone calorimeter test; Pk HRR, peak heat release
rate in cone calorimeter test; FPI, fire performance index (ratio of time to ignition and peak heat release rate, in
cone calorimeter test); improvement %, percentage improvement in relevant property based on the untreated
material.
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4. DISCUSSION AND CONCLUSIONS

It is worth mentioning that a few other publications have investigated different aspects of the effects of
flame retardants on fire safety. In one study [61], it was found that the addition of flame retardants
improves fire safety in a variety of ways but with particular emphasis on the fact that it increases
time available for escape and rescue. In a 1999 study [62], the seminal NBS/NIST work [14] was
analyzed. The author concluded that the addition of flame retardants did not just have a positive
effect on the overall time available for escape (a key fire hazard issue) but that it also positively
affected the smoke toxicity of the fire atmospheres. The author stated ‘there is no evidence that [the
flame retardants] adversely affect any aspect of fire hazard. Because they reduce ignitability they
reduce flame spread, because they reduce flame spread they reduce the fire’s burning rate; because
they reduce the burning rate they reduce the quantity of smoke the fire produces.” Another study
that investigated the safety, health, and environmental aspects of flame retardants [63] concluded
that ‘this survey shows that the appropriate use of flame retardants, as a class, effectively provides
improved fire safety via lowering the probability of ignition, the heat released and the amounts of
smoke, combustion products and dangerous environmental toxicants. In consequence the use of
flame retardants increases the available time for escape from a fire.” Much of the work in that
specific study was based on earlier work that had received insufficient analysis.

The first part of this work, which included an in-depth analysis of the seminal NBS/NIST work [14]
as well as a consideration of the importance of heat release rate in fire hazard and the usefulness of cone
calorimeter data to predict real scale heat release information, was based on the best fire safety science.
The initial work concluded that the NBS/NIST work of 1988 demonstrated that flame retardants (as
used in five products) decreased heat release and significantly increased time available for escape
and rescue from a fire and fire safety. It also showed that cone calorimeter (and OSU calorimeter)
data on small-scale samples can be used to measure heat release rate and to predict the results of
fires in full scale with many materials and products.

The studies reviewed in the present portion of the work were those conducted primarily in the initial
21st century years. The choice of studies was based on the availability of the data, and some of the
studies are of uneven quality. However, the breadth of the work covered and the similarity of the
interpretation that can be obtained from the studies indicate that the conclusions that can be drawn
are fully appropriate.

In summary, this work demonstrates that flame retardants, when added as appropriately researched
with the correct systems and in the proper amounts, will decrease the heat release rate for virtually all
polymeric materials. Thus, the correct use of flame retardants will decrease heat release rate and lower
fire hazard and, thus, have a very positive effect on fire safety.
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