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Testing Summary 

A draft safety evaluation of the scenario for spherical resorcinol formaldehyde (SRF) resin fire inside 
the ion exchange column was performed by the Hanford Tank Waste Treatment and Immobilization Plant 
(WTP) Fire Safety organization.  The result of this draft evaluation suggested a potential change of the 
fire safety classification for the Cesium Ion Exchange Process System (CXP) emergency elution vessels, 
equipment, and piping, which may be overly bounding based on the fire performance data from the 
manufacturer of the ion exchange resin selected for use at the WTP.  To help resolve this question, key 
combustion properties of the SRF resin were measured by Southwest Research Institute (SwRI), 
following the American Society for Testing and Materials (ASTM) standard procedures, through a 
subcontract managed by Pacific Northwest National Laboratory (PNNL).  For some tests, the ASTM 
standard procedures were not entirely appropriate or practical for the SRF resin material, so the 
procedures were modified and deviations from the ASTM standard procedures were noted. 

This report summarizes the results of fire safety tests performed and reported by SwRI.  The efforts 
by PNNL were limited to summarizing the test results provided by SwRI into one consolidated data 
report.  All as-received SwRI reports are attached to this report in the Appendix.  Where applicable, the 
precision and bias of each test method, as given by each ASTM standard procedure, are included and 
compared with the SwRI test results of the SRF resin. 

Objectives 

The objectives for the SRF resin fire safety tests were 

 to determine whether the SRF resin is to ignite and burn at temperatures up to 750°C 

 to determine how much soot/smoke will be generated if the SRF resin burns or smolders 

 to determine the size of particulates generated if the SRF resin does generate soot/smoke. 

Table S.1 provides the objectives that applied to the SRF resin fire safety tests. 

Test Exceptions 

The test exception in Test Plan TP-WTPSP-002, Rev 3, that was applicable to this testing is presented 
in Table S.2. 

Results and Performance Against Success Criteria 

Success criteria for achieving the test objectives are discussed in Table S.3. 
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Table S.1.  Summary of Test Objectives and Results 

Test Objective 
Objective 

Met? Discussion 

 Determine whether the SRF 
resin is to ignite and burn at 
temperatures up to 750°C. 

Yes 

The flash ignition temperature (FIT) and spontaneous ignition 
temperature (SIT) were determined in accordance with ASTM 
D1929-96.  The average values of FIT and SIT from duplicate 
tests were 595°C and 613°C, respectively.  The results are 
summarized in Section 4.1. 

 Determine how much 
soot/smoke will be generated 
if the SRF resin burns or 
smolders. 

Yes 

The specific smoke extinction area (SEA), which is a ratio of 
smoke production to specimen mass loss, was measured in 
accordance with ASTM E1354-10.  The average SEA was 
13 m2/kg from duplicate runs.  The specific optical density (Ds) 
of smoke generated from a constant irradiation of 25 kW/m2 was 
determined in general accordance with ASTM E662-09 with 
deviations as described in Section 3.5.  The average maximum Ds 
values were 0.65 under flaming condition and 0.35 under 
nonflaming condition obtained from duplicate runs.  The results 
are summarized in Section 4.4. 

 Determine the size of 
particulates generated if the 
SRF resin does generate 
soot/smoke. 

Yes 

The particle size distribution of smoke generated from a constant 
irradiation of 25 kW/m2 was determined during smoke evaluation 
tests that were performed in general accordance with ASTM 
E662-09 (no applicable standard procedures for smoke particle 
size determination).  The median diameter (d50) was 2.4 µm 
under nonflaming condition and 4.0 µm under flaming condition.  
Under nonflaming condition, the largest particle was 7.2 µm and 
about 1.5% of the particles were smaller than 0.52 µm.  Under 
flaming condition, the largest particle was 11.1 µm and only 
about 0.3% of the particles were smaller than 0.52 µm. 

 

Table S.2.  Test Exception 

Test Exception Number Description of Test Exception 

24590-PTF-TEF-RT-11-00003, Rev 0 This test exception was received from Bechtel National, Inc. (BNI) on 
September 9, 2011.  It incorporates the approved Request for Technology 
Development (RTD), 24590-WTP-RTD-RT-11-0001, Rev 0, which 
requests data on the fire safety limits for soot/particulate generation and 
ignition temperature for the SRF ion exchange resin. 
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Table S.3.  Success Criteria for Achieving Test Objectives 

List Success Criteria 
Explain How the Tests Did or Did Not 

Meet the Success Criteria 

1. Provide test results for 
high-temperature analysis of resin to 
determine flash ignition/spontaneous 
ignition temperatures. 

This success criterion was met.  The flash ignition and spontaneous 
ignition temperatures were measured in accordance with ASTM 
D1929-96.  The flash ignition temperature was 595°C, and 
spontaneous ignition temperature was 613°C. 

2. Provide test results that include heat 
release rates and mass/soot/smoke yield 
if SRF resin were to burn or smolder. 

This success criterion was met.  The heat release rates and specific 
smoke extinction area were measured in accordance with ASTM 
E1354-10 and ASTM D7309-07A.  The peak heat release rate was 
52 kW/m2, and the maximum specific heat release rate was 21.6 W/g 
in an oxygen-free environment and 124.6 W/g in an oxidizing 
environment.  The specific smoke extinction area was 13 m2/kg.  The 
specific optical density of smoke generated from a constant 
irradiation of 25 kW/m2 was determined in general accordance with 
ASTM E662-09 with deviations as described in Section 3.5.  The 
average maximum specific optical density was 0.65 under a flaming 
condition and 0.35 under a nonflaming condition. 

3. Provide particle size distribution 
analysis of soot generated by SRF 
resin. 

This success criterion was met.  The particle size distribution of the 
smoke was determined in general accordance with ASTM E662-09 
(no applicable standard procedures for smoke particle size 
determination).  The median diameter (d50) was 2.4 µm under 
nonflaming condition and 4.0 µm under flaming condition.  Under 
nonflaming condition, the largest particle was 7.2 µm and about 
1.5% of the particles were smaller than 0.52 µm.  Under flaming 
condition, the largest particle was 11.1 µm and only about 0.3% of 
the particles were smaller than 0.52 µm. 
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Quality Requirements 

The PNNL Quality Assurance (QA) Program is based on the requirements defined in 
U.S. Department of Energy Order 414.1D, Quality Assurance, and 10 CFR 830, Energy/Nuclear Safety 
Management, Subpart A – Quality Assurance Requirements (a.k.a. the Quality Rule).  PNNL has chosen 
to implement the following consensus standards in a graded approach: 

 ASME NQA-1-2000, Quality Assurance Requirements for Nuclear Facility Applications, Part I, 
Requirements for Quality Assurance Programs for Nuclear Facilities 

 ASME NQA-1-2000, Part II, Subpart 2.7, Quality Assurance Requirements for Computer Software 
for Nuclear Facility Applications 

 ASME NQA-1-2000, Part IV, Subpart 4.2, Graded Approach Application of Quality Assurance 
Requirements for Research and Development. 

The Waste Treatment Plant Support Project (WTPSP) implements an NQA-1-2000 Quality 
Assurance Program, graded on the approach presented in NQA-1-2000, Part IV, Subpart 4.2.  The 
WTPSP Quality Assurance Manual (QA-WTPSP-0002) describes the technology life-cycle stages under 
the WTPSP Quality Assurance Plan (QA-WTPSP-0001).  The technology life cycle includes the 
progression of technology development, commercialization, and retirement in process phases of basic and 
applied research and development (R&D), engineering and production, and operation until process 
completion.  The life cycle is characterized by flexible and informal quality assurance activities in basic 
research that become more structured and formalized through the applied R&D stages. 

The work described in this report has been completed under the QA technology level of Applied 
Research.  The WTPSP addresses internal verification and validation activities by conducting an 
independent technical review of the final data report in accordance with WTPSP procedure 
QA-WTPSP-601, Document Preparation and Change.  This review verifies that the reported results are 
traceable, that inferences and conclusions are soundly based, and that the reported work satisfies the test 
plan objectives. 

The Southwest Research Institute, who performed the tests described in this report, is listed on the 
PNNL Approved Suppliers List. 

Test Conditions 

This report summarizes the fire test results performed by SwRI and submitted to PNNL. 

All test conditions delineated by the test plan and test exceptions were met.  A summary of test 
conditions is provided in Table S.4. 

Simulant Use 

Simulant was not developed for the tests summarized in this report.  The SRF resin was manufactured 
by Microbeads AS, a Norwegian company (www.micro-beads.com), and shipped in an 
approximately100-L steel drum.  WTP provided the entire drum to PNNL.  About 20 L of the resin were 
shipped to SwRI in a 20-L carboy. 
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Table S.4.  Test-Condition Summary 

Test Conditions Were Test Conditions Followed? 

1. Fire safety testing will also be performed to obtain data on 
potential soot and combustion byproducts generated by an 
ion exchange resin fire to assist the WTP Project in 
assessing off-gas filtration requirements.  An independent 
laboratory will conduct tests using WTP-supplied SRF 
resin.  The testing will include standard small-scale fire 
behavior characterization testing according to ASTM 
E1354-10, Standard Test Method for Heat and Visible 
Smoke Release Rates Using an Oxygen Consumption 
Calorimeter; ASTM D1929-96, Standard Test Method for 
Determining Ignition Temperature; ASTM D7309-07A, 
Standard Test Method for Determining Flammability 
Characteristics of Plastics and Other Solid Materials 
Using Microscale Combustion Calorimetry; ASTM 
E800-07, Standard Measurement of Gasses Present Or 
Generated During Fires Using Gas Sampling Protocol; 
and ASTM E662-09, Standard Test Method for Specific 
Optical Density of Smoke Generated by Solid Materials. 

Fire safety testing was performed by an 
independent laboratory, Southwest Research 
Institute.  The WTP-supplied SRF resin was 
filtered and then dried for 2 to 12 h depending 
on the amount of material required for each 
test at 70°C before testing.  All tests were 
performed in general accordance with the 
standard procedures:  ASTM E1354-10, 
ASTM D1929-96, ASTM D7309-07A, 
ASTM E800-07, and ASTM E662-09, except 
for the deviations from ASTM E662-09 in the 
following items:  1) furnace, 2) pilot burner, 
and 3) drying condition (see Section 3.5 for 
detailed descriptions and Table 3.1 for a 
summary). 

 

Discrepancies and Follow-On Tests 

Large differences in CO and CO2 concentrations were observed between duplicate tests (Table 4.8).  
SwRI performed careful review of the raw data files to investigate the potential cause of these large 
differences and did not find any indication that the tests were done incorrectly.  It is suspected that the 
large differences are likely due to the characteristics inherent to the present SRF resin material.  It is 
suggested that the gas analyses be repeated so that the assumption on the characteristics of the SRF resin 
may be checked. 
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Acronyms and Abbreviations 

ASTM American Society for Testing and Materials 

BNI Bechtel National, Inc. 

CHF critical heat flux 

CXP Cesium Ion Exchange Process System 

DOE U.S. Department of Energy 

EHC effective heat of combustion 

FIT flash ignition temperature 

FPI fire propagation index 

FTIR Fourier transform infrared 

GGRF ground gel resorcinol-formaldehyde 

HRR heat release rate 

HRRpeak peak heat release rate 

ISO International Organization for Standardization 

MLR mass loss rate 

ORP  Office of River Protection 

PMMA poly methyl methacrylate 

PNNL Pacific Northwest National Laboratory 

PTF pretreatment facility 

QA quality assurance 

R&D research and development 

RF resorcinol formaldehyde 

RTD request for technology development 

SEA specific smoke extinction area 

SIT spontaneous ignition temperature 

SRF spherical resorcinol formaldehyde 

SwRI Southwest Research Institute 

THR total heat release 

TRP thermal response parameter 

WTP Hanford Tank Waste Treatment and Immobilization Plant 

WTPSP Waste Treatment Plant Support Project 
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Symbols 

A exposed area of test sample 

a, b linear regression coefficients for repeatability or reproducibility 

d50 median diameter 

Dm mass optical density of smoke 

Ds specific optical density of smoke 

hc specific heat release 

hc,gas specific heat of combustion of specimen gases 

I intensity of light transmitted through smoke 

I0 intensity of incident light 

K light extinction coefficient 

kc convection coefficient 

L light path length 

Δm mass loss 

Δms mass loss per unit sample surface area 

Qmax maximum specific heat release rate 

r repeatability limit 

R reproducibility limit 

SA total smoke production per unit sample area 

sr standard deviation for repeatability limit (r) 

sR standard deviation for reproducibility limit (R) 

Tig surface temperature at ignition 

tig time to ignition 

tT total test duration 

Tmax heat release temperature 

T∞ ambient temperature 

V volume of test chamber 

V  volume flow rate of exhaust at the location of the light extinction measurement 

Yp pyrolysis residue 

ε surface emissivity 

η  heat release capacity 

σ Stefan–Boltzmann constant 
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1.1 

1.0 Introduction 

Ion exchange using the spherical resorcinol-formaldehyde (SRF) resin has been selected by Bechtel 
National, Inc. (BNI) and approved by the U.S. Department of Energy (DOE) Office of River Protection 
(ORP) for use in the Pretreatment Facility (PTF) of the Hanford Tank Waste Treatment and 
Immobilization Plant (WTP).  SRF is an engineered spherical form of the older ground gel 
resorcinol-formaldehyde (GGRF) resin, also termed resorcinol-formaldehyde (RF). 

A draft safety evaluation of the scenario for resin fire inside the ion exchange column was performed 
by the WTP Fire Safety organization.  The result of this draft evaluation suggested a potential change of 
the fire safety classification for the Cesium Ion Exchange Process System (CXP) emergency elution 
vessels, equipment, and piping.  To help resolve this question, key combustion properties of the SRF resin 
were measured by Southwest Research Institute (SwRI), following the standard procedures, through a 
subcontract managed by Pacific Northwest National Laboratory (PNNL). 

Section 2.0 details the basis of the PNNL Quality Assurance (QA) Program as applied to the WTP 
quality requirements.  PNNL QA program was flowed down to SwRI.  Section 3.0 describes the test 
methods and ASTM standard procedures used in this testing.  Section 4.0 summarizes the results of the 
experimental tests performed by SwRI.  Section 5.0 provides all test results summarized in one table.  
Section 6.0 provides a list of pertinent references.  All as-received SwRI reports are included in the 
Appendix.  Some errors found in the as-received SwRI reports were corrected and additional data that 
were missing in the as-received reports were added to this summary report. 
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2.0 Quality Assurance 

The PNNL Quality Assurance (QA) Program is based on the requirements defined in 
U.S. Department of Energy Order 414.1D, Quality Assurance, and 10 CFR 830, Energy/Nuclear Safety 
Management, Subpart A – Quality Assurance Requirements (a.k.a. the Quality Rule).  PNNL has chosen 
to implement the following consensus standards in a graded approach: 

 ASME NQA-1-2000, Quality Assurance Requirements for Nuclear Facility Applications, Part I, 
Requirements for Quality Assurance Programs for Nuclear Facilities 

 ASME NQA-1-2000, Part II, Subpart 2.7, Quality Assurance Requirements for Computer Software 
for Nuclear Facility Applications 

 ASME NQA-1-2000, Part IV, Subpart 4.2, Graded Approach Application of Quality Assurance 
Requirements for Research and Development. 

The Waste Treatment Plant Support Project (WTPSP) implements an NQA-1-2000 Quality 
Assurance Program, graded on the approach presented in NQA-1-2000, Part IV, Subpart 4.2.  The 
WTPSP Quality Assurance Manual (QA-WTPSP-0002) describes the technology life-cycle stages under 
the WTPSP Quality Assurance Plan (QA-WTPSP-0001).  The technology life cycle includes the 
progression of technology development, commercialization, and retirement in process phases of basic and 
applied research and development (R&D), engineering and production, and operation until process 
completion.  The life cycle is characterized by flexible and informal quality assurance activities in basic 
research that become more structured and formalized through the applied R&D stages. 

The work described in this report has been completed under the QA technology level of Applied 
Research.  WTPSP addresses internal verification and validation activities by conducting an independent 
technical review of the final data report in accordance with WTPSP’s procedure QA-WTPSP-601, 
Document Preparation and Change.  This review verifies that the reported results are traceable, that 
inferences and conclusions are soundly based, and that the reported work satisfies the test plan objectives. 

The Southwest Research Institute, who performed the tests described in this report, is listed on the 
PNNL Approved Suppliers List. 
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3.0 Experimental 

This section describes the test methods and procedures used by SwRI to perform various fire safety 
tests on the SRF resin provided by PNNL.  Table 3.1, presented at the end of this section, summarizes the 
ASTM standard test procedures used by SwRI for this testing. 

All tests were performed in duplicate.  For cone calorimeter, microscale combustion calorimeter, and 
smoke density tests, each run consisted of three tests (total six tests) as required by ASTM standards. 

3.1 Sample Preparation 

PNNL provided SwRI with one 20-L carboy of SRF resin that consisted of a micro bead resin 
material dispersed in water.  For all tests described in this report, the sample was filtered and then dried 
for 2 to 12 h depending on the amount of material required for each test in an oven at 70°C prior to 
testing.  This temperature was chosen not to over-dry the resin.  The resin was constantly monitored to 
achieve a consistency in drying condition gauged by the color.  After drying, the sample consisted of only 
the micro bead material.  The beads became statically charged in the absence of the water medium, so 
they were placed in a closed container after drying in an effort not to lose any beads.  Each sample was 
then stored in a controlled environment maintained at 23°C ± 3°C and 50% ± 5% relative humidity until 
just prior to testing. 

3.2 Flash Ignition Temperature and Spontaneous Ignition 
Temperature Using Hot-Air Furnace 

The flash ignition temperature (FIT) and spontaneous ignition temperature (SIT) of SRF resin were 
determined using a hot-air furnace according to ASTM D1929-96, Standard Test Method for Determining 
Ignition Temperature.  The hot-air ignition furnace consists primarily of an electrical heating unit and 
specimen holder.  The furnace tube is a vertical tube with an inside diameter of 100 ± 5 mm and a length 
of 230 ± 20 mm, made of ceramic that will withstand at least 750°C.  The inner ceramic tube, with an 
inside diameter of 75 ± 5 mm, a length of 230 ± 20 mm, and a thickness of approximately 3 mm, is placed 
inside the furnace tube and positioned 20 ± 2 mm above the furnace floor on spacer blocks.  The pilot 
flame is located immediately above the opening.  The test apparatus is shown in Figure 3.1. 

The FIT is the minimum temperature at which, under specified test conditions, sufficient flammable 
gases are emitted to ignite momentarily upon application of a small external pilot flame.  The lowest air 
temperature at which a flash is observed during a 10-min period is recorded as the FIT. 

The SIT is the minimum temperature at which the self-heating properties of the specimen lead to 
ignition or ignition occurs spontaneously, under specified test conditions, in the absence of any additional 
flame ignition source.  The lowest air temperature at which the specimen ignites during a 10-min period is 
recorded as the SIT. 
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Figure 3.1.  Schematic of Southwest Research Institute Hot-Air Furnace 
(from SwRI report for R13295.12.008a) 

3.3 Cone Calorimeter Tests 

Heat release rate (HRR, kW/m2), mass loss rate (MLR, g/[m2s]), effective heat of combustion 
(EHC, MJ/kg), and specific smoke extinction area (SEA, m2/kg) of SRF resin were determined using a 
cone calorimeter according to ASTM E1354-10, Standard Test Method for Heat and Visible Smoke 
Release Rates for Materials and Products Using an Oxygen Consumption Calorimeter. 

The cone calorimeter is a small-scale test apparatus that measures primarily the rate of heat release of 
materials and products under a wide range of conditions using the oxygen consumption technique.  A 
schematic of the cone calorimeter apparatus is provided in Figure 3.2.  The cone calorimeter used for tests 
at SwRI is shown in Figure 3.3. 

For organic solids, liquids, and gases, a nearly constant net amount of heat is released per unit mass of 
oxygen consumed for complete combustion.  An average value for this constant of 13.1 MJ/kg of oxygen 
can be used for practical applications and is accurate with very few exceptions to within ± 5%.  Therefore, 
measurements of the oxygen consumed in a combustion system can be used to determine the net heat 
released.  This technique, generally referred to as the “oxygen consumption technique,” is now the most 
widely used and accurate method for measuring heat release rate in experimental fires. 
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Figure 3.2.  Schematic of Cone Calorimeter Apparatus (from SwRI report for R13295.12.008b) 

 

Figure 3.3.  Cone Calorimeter Apparatus at SwRI 
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In the cone calorimeter, a square sample 100 × 100 mm (4 × 4 in.) is exposed to the radiant flux of an 
electric heater.  The heater has the shape of a truncated cone (hence the name of the instrument) and is 
capable of providing heat fluxes to the specimen in the range of 0–110 kW/m2.  An electric spark igniter 
is used for piloted ignition of the pyrolysis gases produced by the radiant heater. 

Prior to testing, the test specimen is wrapped in aluminum foil, backed with a layer of low-density 
refractory fiber blanket, and placed in a standard specimen holder.  At the start of a test, the specimen in 
the appropriate holder is placed on the load cell located below the heater.  The top edge of the specimen is 
positioned 25 mm below the base plate of the heater.  The electric spark igniter is located 13 mm above 
the center of the specimen.  The electric spark igniter is removed 4 s after the pyrolysis gases are released 
by the specimen ignition. 

The products of combustion and entrained air are collected in a hood and extracted through an 
exhaust duct by a fan.  A gas sample is drawn from the exhaust duct and analyzed for oxygen 
concentration.  The gas temperature and differential pressure across an orifice plate are used for 
calculating the mass flow rate of the exhaust gases.  Smoke production is determined based on the 
measured light obscuration in the duct using a laser photometer located close to the gas sampling point. 

3.4 Microscale Combustion Calorimeter 

Specific heat release rate of the SRF resin was determined using a microscale combustion calorimeter 
according to ASTM D7309-07A, Standard Test Method for Determining Flammability Characteristics of 
Plastics and Other Solid Materials Using Microscale Combustion Calorimetry. 

Similar to a cone calorimeter, a microscale calorimeter is a small-scale test apparatus that also uses 
the oxygen consumption technique to measure the rate of heat release of materials and products.  The 
ASTM D7309-07A apparatus (see Figure 3.4) consists primarily of two heating chambers and a specimen 
holder (a part of the specimen thermocouple post).  The heating chambers are two sections of a vertical 
tube.  The sample sits in the pyrolysing chamber, and the pyrolysis gases move up toward the combustor 
furnace. 

The combustor furnace was set at 900°C.  The pyrolysis chamber was set at 75°C and was ramped up 
to 850°C at a specified heating rate of 1 K/s.  The ASTM D7309-07A standard specifies two different test 
methods.  Method A is controlled thermal decomposition, and Method B is controlled thermal oxidative 
decomposition.  The primary difference between the two methods is the point at which the oxygen is 
introduced.  In Method A, the purge gas nitrogen flows through the pyrolyser section, then the 
nitrogen/oxygen mixture, along with any pyrolysis gases emitted from the sample, travel through the 
combustor furnace.  In this method, the heat of combustion of the volatile components (gases) is 
measured, but the heat of combustion of any solid residue is not.  In Method B, the nitrogen/oxygen 
mixture is introduced into the pyrolyser section.  In this method, the net calorific value of the specimen 
gases and solid residue are measured.  Because Method A can be used to obtain the heat release capacity 
ηc (J/g-K), which is a flammability parameter unique to this test method, Method A is typically used.  The 
heat release rate is calculated based on oxygen consumption, and the specimen mass loss is determined 
based on weight measurements before and after testing. 
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Figure 3.4.  Schematic of Microscale Combustion Calorimeter (from SwRI report for R13295.12.008d) 

3.5 Smoke Evaluation and Gas Analysis 

Specific optical density of smoke was determined in general accordance with ASTM E662-09, 
Standard Test Method for Specific Optical Density of Smoke Generated by Solid Materials.  The gas 
analysis was performed using the Fourier transform infrared (FTIR) spectroscopy according to ASTM 
E800-07, Standard Guide for Measurement of Gases Present or Generated During Fires.  Because there 
is no applicable standard procedure, the particle size distribution was measured following the same 
procedure used for specific optical density determination. 

A radiant heat furnace was used to provide a constant irradiance of 25 kW/m2 in two exposures, 
flaming and nonflaming.  A nonflaming exposure was used to determine smoke particle size distribution.  
Specific optical density measurement of smoke was performed under both flaming and nonflaming 
exposures.  The furnace was not the same as that prescribed in procedure ASTM E662.  Because the 
material could not sit in the sample holder in a vertical orientation, the International Organization for 
Standardization (ISO) 5659 furnace (a radiator cone) was used.  The ISO 5659 is a similar smoke 
generation test which is typically run in the horizontal orientation.  A pilot flame is used during flaming 
exposure and is centered in front of and parallel to the specimen holder.  The pilot flame is also different 
from that prescribed in the ASTM E662-09 procedure, which is a six-flamed pilot burner.  Instead, the 
ISO 5659 single-flame pilot burner was used because this ISO 5659 burner is more appropriate for the 
present tests using the ISO 5659 furnace. 

ASTM E662-09 standard requires samples to be dried for 24 h at 60°C ± 3°C (140°F ± 5°F) prior to 
testing.  However, the pre-drying condition described in Section 3.1 was already selected as the best 
condition for the present material and therefore it was determined that a 24 h drying is not necessary.  
Test specimens measuring 3  3 in., +0, −0.03 in. (76.2  76.2 mm, +0, −0.8 mm) were covered across 
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the back and along the edges with a single sheet of aluminum foil with the dull side in contact with the 
specimen. 

Specific optical density measurement was conducted for 10 min unless a minimum light transmittance 
value had not yet occurred, in which case the test was continued for an additional 10 min.  Notes were 
made relevant to any burning characteristics such as delamination, intumescence, shrinkage, and ignition.  
Test runs were carried out with a chamber wall temperature of 35°C ± 2°C (95°F ± 4°F).  The tests for 
smoke particle size distribution were conducted for 20 min. 

Specific optical density measurement was made based on the attenuation of a vertically oriented light 
beam through smoke accumulating within the chamber.  Results are expressed in terms of the 
dimensionless specific optical density, Ds.  A clear beam value was recorded upon evacuation of smoke 
from the box to determine a correction factor.  The maximum corrected specific optical density value 
from each of the runs at a single exposure condition were averaged and reported.  Per the standard 
procedure, smoke density values were rounded to two significant figures. 

Gas analysis was performed during the third measurement for specific optical density in flaming and 
nonflaming exposures using an FTIR spectrometer.  The sample was drawn through a preheated line to 
prevent condensation and adsorption and then filtered into a preheated gas cell.  Analysis was conducted 
for CO, CO2, HCl, HCN, HF, HBr, SO2, and NOx. 

As described above, for specific optical density measurement and gas analysis it was necessary to 
modify the ASTM E662-09 standard and follow the ISO 5659 standard for the furnace and pilot burner 
because of the nature of the present SRF resin material.  However, these deviations are expected to have 
little impacts on the test results because both are in general similar test methods. 
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Table 3.1.  Standard Procedures Used by Southwest Research Institute 

Main Analysis/Property 
Test 

Equipment(s) 
Standard Procedures used 

by SwRI 

Deviation 
from 

Standard 
Procedure? 

SWRI Report 
No. 

Flash ignition temperature 
(FIT) and spontaneous 
ignition temperature (SIT) 

Hot-air ignition 
furnace  

ASTM D1929-96, Standard 
Test Method for 
Determining Ignition 
Temperature of Plastics 

No R13295.12.008a 

Heat release rates (kW/m2), 
mass loss rate (g/[m2s]), 
effective heat of combustion 
(MJ/kg), specific smoke 
extinction area (m2/kg) 
critical heat flux (kW/m2) for 
ignition(a) and fire 
propagation index (FPI, 
m5/3/[kW2/3s1/2])(a) 

Cone 
calorimeter 
using oxygen 
consumption 
technique 

ASTM E1354-10, Standard 
Test Method for Heat and 
Visible Smoke Release Rates 
for Materials and Products 
Using an Oxygen 
Consumption Calorimeter 

No R13295.12.008b 
R13295.12.008c 

Heat release rate given by 
maximum specific heat 
release rate (Qmax, W/g) and 
effective heat of combustion 
given by specific heat release 
of sample (hc, J/g) 

Microscale 
combustion 
calorimeter 
using oxygen 
consumption 
technique 

ASTM D7309-07A, 
Standard Test Method for 
Determining Flammability 
Characteristics of Plastics 
and Other Solid Materials 
Using Microscale 
Combustion Calorimetry 

No R13295.12.008d 

Maximum specific optical 
density (Ds, dimensionless), 
and maximum gas 
concentrations (ppm) 

Radiant cone 
heat furnace 

Fourier 
transform 
infrared 
spectrometer 

ASTM E662-09(b), Standard 
Test Method for Specific 
Optical Density of Smoke 
Generated by Solid 
Materials 
ASTM E800-07(b), Standard 
Guide for Measurement of 
Gases Present or Generated 
During Fires 

Furnace(c) 
Pilot 
burner(d) 

Pre-drying(e) 

 

R13295.12.008f 

Particle size distribution of 
generated smoke 

Radiant cone 
heat furnace 

Not applicable(f) Not 
applicable 

R13295.12.008e 
 

(a) Calculated from data given in R13295.12.008b and R13295.12.008c. 
(b) In general accordance with the standard procedures.  Any changes made in a standard testing procedure are 

done to customize a test to the type of material being tested in unusual circumstances.  These changes are done 
in a manner that would not impact the results of a test in an unanticipated way. 

(c) ISO 5659 furnace run in the horizontal orientation was used because the material could not sit in the sample 
holder in a vertical orientation of the ASTM E662-09 furnace. 

(d) ISO 5659 single-flame pilot burner was used instead of ASTM E662-09 six-flamed pilot burner because this 
ISO 5659 burner is more appropriate for the present tests using the ISO 5659 furnace. 

(e) Pre-dried for 2 to 12 h at 70°C prior to testing instead of ASTM E662-09 standard of 24 h pre-drying at 60°C 
because the 24 h pre-drying would be an over drying for this material, which will adversely affect the test 
results.  The 2 to 12 h drying at 70°C was already selected as the best condition for this material. 

(f) There is no applicable standard procedure.  
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4.0 Results and Discussion 

The results of the SRF resin fire tests reported by SwRI are summarized in this section.  Where 
applicable, the precision and bias of each test method as given by each ASTM procedure are included.  
The precision and bias measures used in ASTM standards are defined as follows, per ASTM E177-10, 
Standard Practice for Use of the Terms Precision and Bias in ASTM Test Methods: 

 precision:  the closeness of agreement between independent test results obtained under stipulated 
conditions 

 bias:  the difference between the expectation of the test results and an accepted reference value 
 repeatability:  precision under repeatability conditions 
 repeatability conditions:  conditions where independent test results are obtained with the same 

method on identical test items in the same laboratory by the same operator using the same equipment 
within short intervals of time 

 repeatability limit (r):  the value below which the absolute difference between two individual test 
results obtained under repeatability conditions may be expected to occur with a probability of 
approximately 0.95 (95%) 

 reproducibility:  precision under reproducibility conditions 
 reproducibility conditions:  conditions where test results are obtained with the same method on 

identical test items in different laboratories with different operators using different equipment 
 reproducibility limit (R):  the value below which the absolute difference between two test results 

obtained under reproducibility conditions may be expected to occur with a probability of 
approximately 0.95 (95%). 

4.1 Flash Ignition Temperature and Spontaneous Ignition 
Temperature 

The results of FIT and SIT measurements of the SRF resin and negative and positive standards are 
summarized in Table 4.1.  The negative test was performed on marinite, which is a non-combustible 
material and positive test was performed on poly methyl methacrylate (PMMA).  Table 4.1 also includes 
the repeatability and reproducibility ranges determined from interlaboratory tests involving seven 
laboratories, on six polymeric materials, with triplicate tests of each material (ASTM D1929-96).  The 
difference between two tests in this study (10°C for FIT and 5°C for SIT) is comparable to the 
repeatability limit for FIT and significantly smaller than the repeatability limit for SIT.  It should be noted 
that the ASTM precision estimate is for the difference between averages determined from triplicate tests, 
whereas the difference reported in this study is based on one test per each run.  Information on bias of this 
test method is not yet available. 
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Table 4.1.  Flash Ignition Temperature and Spontaneous Ignition Temperature of SRF Resin 

Property FIT (°C) SIT (°C) 

Initial Run 600 615 
Duplicate Run 590 610 
Average 595 613 
Difference 10 5 

Precision estimates(a) 
r 8–13 11–31 
R 27–117 47–103 

Negative and positive standards 
Marinite (negative standard) NM No ignition 
PMMA (positive standard) NM 420 
(a) Determined from interlaboratory tests involving seven laboratories 

on six polymeric materials with triplicate tests (ASTM D1929-96). 
NM: not measured. 

4.2 Cone Calorimeter Results 

Table 4.2 shows the results of cone calorimeter tests on SRF resin and negative (marinite) and 
positive (PMMA) standards according to standard procedure ASTM E1354-10 for the following 
properties: 

 peak heat release rate (HRRpeak, kW/m2):  the maximum value of the heat release rate per unit 
sample area 

 time to ignition (tig, s):  time to ignition/sustained flaming (flame over specimen surface for at least 
4 s) 

 total heat release (THR, MJ/m2):  total amount of heat released per unit sample area 

 mass loss (g/m2):  total mass loss per unit sample area 

 mass loss rate (MLR, g/[m2s]):  average specimen mass loss rate per unit sample area computed over 
the test duration 

 effective heat of combustion (EHC, MJ/kg):  effective heat of combustion (the ratio of heat release 
rate to mass loss rate) averaged over the test duration or the entire test if ignition does not occur 

 total smoke production (SA, m2/m2):  total smoke production per unit sample area during the test 
duration 

 smoke extinction area (SEA, m2/kg):  specific smoke extinction area (the ratio of smoke production to 
specimen mass loss) averaged over the test duration. 
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Table 4.2.  Results from Cone Calorimeter Tests of SRF Resin Performed at 100 kW/m2 Heat Flux 

Property 
HRRpeak 
(kW/m2) 

tig 
(s) 

THR 
(MJ/m2) 

Mass loss 
(g/m2) 

MLR 
(g/[m2s]) 

EHC 
(MJ/kg) 

Initial run(a) 50 42 122.6 9810 2.7 12.5 

Duplicate run(a) 53 28 124.1 8782 2.5 14.1 

Average 51 35 123.4 9296 2.6 13.3 
Difference 3 14 1.5 1028 0.2 1.6 

Precision estimates(b) 

r 20.0 8.5 15.8 NA NA 1.9 

R 67.7 15.1 22.7 NA NA 3.2 

Negative and positive standards(c) 

Marinite (negative standard) 5 NI 0.2 465 0.2 0.3 

PMMA (positive standard) 819 23 414.1 19131 30.7 21.6 
(a) Average of triplicate results. 
(b) Based on interlaboratory tests involving six laboratories on six different materials (ASTM E1354-10). 
(c)  Tested at 50 kW/m2 heat flux. 
NA not available. 
NI no ignition. 

 
Property SA (m2/m2) SEA (m2/kg) 

Initial run(a) 76 8 

Duplicate run(a) 159 18 

Average 118 13 
Difference 83 10 

Precision estimates(b) 

r NA 60.0 

R NA 65.8 

Negative and positive standards(c) 

Marinite (negative standard) 42 91 

PMMA (positive standard) 1377 72 
(a) Average of triplicate results.
(b) Based on interlaboratory tests involving six laboratories on six different 
materials (ASTM E1354-10). 
(c) Tested at 50 kW/m2 heat flux. 
NA not available. 

Table 4.2 also includes the repeatability limit and reproducibility limit values related to the precision 
of the cone calorimeter test method.  The ASTM E1354-10 procedure was conducted in interlaboratory 
trials involving six laboratories on six different materials.  The r and R values were calculated from 
sample-based standard deviation estimates for repeatability (sr) and for reproducibility (sR) using the 
relations: 

 2.8 rr s  (1) 

 2.8 RR s  (2) 
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The resulting r or R values then were used to fit linear regression models in the form 

 y a bx   (3) 

where y is r or R for each property, x is the average of measured value for each property, and a and b are 
linear regression coefficients.  The values for each property were calculated from the coefficient values 
given in ASTM E1354-10, and the average measured values in this study are given in Table 4.2. 

The differences from duplicate tests in this study are, in general, comparable to or significantly 
smaller than the corresponding repeatability limits except for the time to ignition (tig).  The difference 
from duplicate tests for tig (14 s) in this study is larger than the repeatability limit (8.5 s), which is 
understandable considering the difference in the heat flux values used:  this study used 100 kW/m2 
whereas the ASTM interlaboratory studies used 25 and 50 kW/m2. 

For an estimated bias, ASTM E1354-10 states that the use of the oxygen consumption technique 
results in an expected error band of ± 5% compared to the true value. 

Additional tests were performed at varied heat fluxes from 40 kW/m2 through 80 kW/m2, in addition 
to the tests at 100 kW/m2 summarized in Table 4.2, to measure the surface temperature at ignition (Tig) 
needed to calculate the critical heat flux (CHF) using 

 4 4( ) ( )c
ig ig

k
CHF T T T T

       (4) 

where kc is convection coefficient (0.012 kW/[m2K]), ε is surface emissivity (estimated at 0.9), Tig is 
surface temperature at ignition (K), T∞ is ambient temperature (293 K), and σ is Stefan–Boltzmann 
constant (5.67  10-11 kW/[m2K4]).  The average value of Tig, along with extrapolated and bracketed CHF 
values are summarized in Table 4.3. 

Table 4.3.  Average Surface Temperature at Ignition and Extrapolated and Bracketed Critical Heat Flux 
for Ignition 

Average Surface 
Temperature at 
Ignition, Tig (K) 

CHF for Ignition - 
Extrapolated 

(kW/m2) 

CHF for Ignition - 
Bracketed (kW/m2) 

873 40.3 42.0 

The tig values were also obtained from tests at varied heat fluxes from 40 kW/m2 through 100 kW/m2.  

Figure 4.1 shows the plot of 1/2
igt   versus external heat flux, which was used to calculate the thermal 

response parameter (TRP).  The TRP is a measure of the thermal inertia of a material (product of thermal 
conductivity, density, and specific heat).  It is defined as the inverse of the slope of the linear fit obtained 

from the 1/2
igt   versus external heat flux data, which is given as 465 ± 22 kWs1/2/m2 in Figure 4.1. 
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Figure 4.1.  Time to Ignition as a Function of External Heat Flux to Determine the TRP (from SwRI 
report for R13295.12.008c) 

The fire propagation index (FPI) is a measure of full-scale flame spread propensity and is calculated 
based on the TRP and peak HRR data.  Typically, the FPI is computed with peak HRR measured at 
50 kW/m2 exposure irradiance of the test specimen.  However, because the WTP was interested in HRR 
data at a heat flux of 100 kW/m2, values of FPI were calculated for both heat fluxes and reported in 
Table 4.4.  Along with the HRR and additional data obtained from tests at 50 kW/m2, the FPI is calculated 
from 

 
1/31000(0.042 )peakHRR

FPI
TRP

  (5) 

Table 4.4.  Summary of Cone Calorimeter Test Results and Calculated Fire Propagation Index (FPI) at 50 
and 100 kW/m2 

Heat Flux 
HRRpeak 
(kW/m2) 

THR 
(MJ/m2) 

EHC 
(MJ/kg) 

SEA 
(m2/kg) 

FPI 
m5/3/[kW2/3s1/2] 

50 kW/m2(a) 44 116 13.7(b) 8.0(c) 2.64 

100 kW/m2(d) 51 123 13.3 12.5(e) 2.77 
(a) Average of triplicate test results.
(b) Average EHC for two of three runs was 12.2 MJ/kg (one run was 16.7 MJ/kg, which skews the 

average). 
(c) Average SEA for two of three runs was 1.5 m2/kg (one run was 22 m2/kg, which skews the average). 
(d) Average of six test results. 
(e) There is a fair amount of scatter in this measured parameter, likely due to exactly how a given batch of 

samples was dried prior to testing.
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4.3 Microscale Calorimeter Results 

Table 4.5 shows the results of flammability characteristics following the standard procedure 
ASTM D7309-07A Method A between 75°C and 750°C at a heating rate of 1 K/s.  The negative test was 
performed on silver and positive test was performed on PMMA.  In Table 4.5, results are listed for the 
following properties: 

 maximum specific heat release rate (Qmax, W/g):  the maximum value of the specific heat release rate 
recorded during the test 

 heat release temperature (Tmax, °C):  the specimen temperature at which the specific heat release rate 
is a maximum during controlled thermal decomposition 

 heat release capacity (η, J/[gK]):  the maximum specific heat release rate during controlled thermal 
decomposition divided by the heating rate of the test 

 specific heat release (hc, J/g):  the net heat of complete combustion of the volatiles liberated during 
controlled thermal decomposition per unit initial specimen mass 

 pyrolysis residue (Yp, g/g):  the fraction of the initial specimen mass remaining after controlled 
anaerobic thermal decomposition (Method A only) 

 specific heat of combustion for specimen gases (hc,gas, J/g):  the net heat of complete combustion of 
the volatiles liberated during controlled thermal decomposition per unit mass of volatiles, i.e., 
hc,gas = hc/(1 − Yp). 

Table 4.5also includes the repeatability limit and reproducibility limit values related to the precision 
of the microscale calorimeter test method based on interlaboratory trials involving twelve laboratories on 
five different solid materials. 

The differences from duplicate tests in this study are, in general, comparable to or significantly 
smaller than the corresponding repeatability limits except for the heat release temperature (Tmax).  The 
large difference for Tmax (14°C) compared to the repeatability limit (5.1–6.6°C) is likely due to the 
characteristics of the present SRF resin material different from those common materials used in the 
interlaboratory studies. 
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Table 4.5.  Micro-Calorimeter Test Results of SRF Resin, Method A, 75–750°C, 1 K/s 

Property Qmax (W/g) Tmax (°C) η (J/[gK]) hc (kJ/g) Yp (g/g) 
hc,gas 
(kJ/g) 

Initial run(a) 22.4 641 22.4 5.171 0.5754 12.296 
Duplicate run(a) 20.8 655 20.8 4.237 0.5853 10.139 
Average 21.6 648 21.6 4.704 0.5804 11.218 
Difference 1.6 14 1.6 0.934 0.0099 2.157 

Precision estimates(b) 
r 18.5–70.0 5.1–6.6 20.8–91.0 0.6–2.3 0.0053–0.0380 NA 
R 53.3–250.1 23.0–42.3 50.5–242.0 2.8–6.4 0.0091–0.0712 NA 

Negative and positive standards 
Silver (negative standard) 9.7 1010 9.7 3.350 1 0 
PMMA (positive standard) 383.8 674 383.8 27.653 0 27.653 
(a) Average of triplicate results. 
(b) Based on interlaboratory tests involving twelve laboratories on five different solid materials (ASTM D7309-07A). 
NA not available. 

The results of the similar tests performed per ASTM D7309-07A Method B are summarized in 
Table 4.6.  The η value is the same as Qmax because the heating rate used in all tests was 1 K/s for both 
Methods A and B.  For Method B, the test measures net heat of combustion of both the specimen gases 
and solid residue, i.e., Yp = 0, and therefore hc,gas = hc.  The precision data for Method B were not 
available.  There was no statement on the bias for the ASTM D7309-07A method. 

Table 4.6.  Micro-Calorimeter Test Results of SRF Resin, Method B, 75–750°C, 1 K/s 

Property Qmax (W/g) Tmax (°C) η (J/[gK]) hc (kJ/g) 

Initial run(a) 127.6 566 127.6 13.374 
Duplicate run(a) 121.5 568 121.5 12.703 
Average 124.6 567 124.6 13.039 
Difference 6.1 2 6.1 0.671 
(a) Average of triplicate results. 

 

4.4 Smoke Particle Size and Specific Optical Density 

Figure 4.2 and Figure 4.3 show the particle size distribution of smoke generated from the tests 
performed under nonflaming condition and under flaming condition, respectively.  The median diameter 
(d50) was 2.4 µm under nonflaming condition and 4.0 µm (average from duplicate tests) under flaming 
condition.  Under nonflaming condition, the largest particle was 7.2 µm and about 1.5% of the particles 
were smaller than 0.52 µm.  Under flaming condition, the largest particle was 11.1 µm and only about 
0.3% of the particles were smaller than 0.52 µm. 
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Figure 4.2.  Smoke Particle Size Distribution of SRF Resin Under Nonflaming Condition 

 

Figure 4.3.  Smoke Particle Size Distribution of SRF Resin Under Flaming Condition (blue = initial test, 
red = duplicate test) 

Figure 4.4 and Figure 4.5 show the particle size distribution of smoke generated from the negative 
standard (calcium silicate) and positive standard (Schneller core), respectively.  The d50 was 3.2 µm for 
negative standard and 1.8 µm for positive standard. 
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Figure 4.4.  Smoke Particle Size Distribution of Negative Standard Under Nonflaming Condition 

 

Figure 4.5.  Smoke Particle Size Distribution of Positive Standard Under Flaming Condition 

Table 4.7 summarizes the results for specific optical density of smoke (Ds) determined in general 
accordance with standard procedure ASTM E662-09 but with some deviations as described in 
Section 3.5.  The negative test was performed on calcium silicate, which is non-combustible material and 
positive tests were performed on α-cellulose material under the nonflaming condition and on Schneller 
core panel under the flaming condition.  The results from negative and positive tests are given in 
Table 4.7.  Table 4.7 also includes the precision estimates obtained from interlaboratory trials.  For 
standard procedure ASTM E662-09, the precision estimates are given as relative r and R calculated by 
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dividing the r and R by average optical density, which need to be compared with relative difference that is 
also included in Table 4.7.  The difference from duplicate runs in this study is generally comparable to the 
relative repeatability limits although there were deviations from the ASTM standards as described in 
Section 3.5.  Standard procedure ASTM E662-09 states that the bias of this test method is unknown 
because the value of specific optical density obtained in this procedure is defined only in terms of this test 
method. 

The maximum gas concentrations measured using an FTIR spectrometer are in Table 4.8.  The other 
gases that were also measured—HCl, HCN, HF, HBr, and NOx—were not detected in the SRF resin 
sample.  Table 4.8 also includes maximum gas concentration results from negative and positive tests.  
There are large differences in CO and CO2 concentrations between duplicate results.  SwRI performed 
careful review of the raw data files to investigate the potential cause of these large differences and did not 
find any indication that the tests were done incorrectly.  It is suspected that the large differences are likely 
due to the characteristics inherent to the present SRF resin material. 

Table 4.7.  Maximum Specific Optical Density (Ds) 

Test Run 
Flaming Condition Nonflaming Condition 

Maximum Ds 
Maximum Ds 
(corrected) 

Maximum Ds 
Maximum Ds 
(corrected) 

Initial run(a) 0.60 0.56 0.44 0.30 
Duplicate run(a) 0.70 0.41 0.26 0.21 
Average 0.65 0.49 0.35 0.26 
Difference 0.10 0.15 0.18 0.09 
Relative difference 15.4% 30.9% 51.4% 35.3% 

Precision estimates(b) 
Relative r 5.7%–47.5% NA 5.0%–51.4% NA 
Relative R 23.0%–117.7% NA 16.0%–91.5% NA 

Negative and positive standards 
Calcium silicate (negative standard) 0.50 0.50 0.47 0.00 
α-cellulose (positive standard) NM NM 178.69 150.14 
Schneller core (positive standard) 107.65 91.98 NM NM 
(a) Average of triplicate results. 
(b) Based on interlaboratory tests (ASTM E662-09). 
NA not available. 
NM not measured. 
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Table 4.8.  Maximum Gas Concentrations 

Exposure Mode CO (ppm) CO2 (ppm) SO2 (ppm) HCN (ppm) 

Nonflaming 803 ± 6 834 ± 41 3 ± 1 ND 

Flaming 1681 ± 18 1628 ± 63 7 ± 2 ND 

Nonflaming, duplicate 88 ± 1 3421 ± 123 2.3 ± 1.5 ND 

Flaming, duplicate 762 ± 55 1057 ± 43 7 ± 3 ND 

Negative and positive standards 

negative, nonflaming ND 116 ± 21 ND ND 

negative, flaming ND 1113 ± 38 ND 10 ± 2 

positive, nonflaming 332 ± 2 820 ± 37 3 ± 1 ND 

positive, flaming 20 ± 1 501 ± 7 ND ND 
± represents the 90% confidence level in the concentration measurement. 
ND  not detected. 

4.5 Discussion on Smoke Data 

Smoke is defined as the airborne solid and liquid particulates and gases evolved when a material 
undergoes pyrolysis or combustion (ASTM E176-10).  The property most widely used to characterize the 
smoke is the light extinction coefficient.  The physical basis for light extinction measurements is 
Bouguer’s law (also known Lambert’s law) (Mulholland 1995): 

 
0

KLI
e

I
  (6) 

where I0 is intensity of the incident light, I is the intensity of the light transmitted through the smoke, L is 
the light path length (m), and K is the light extinction coefficient (m-1). 

Per ASTM E662-09 standard, the specific optical density, Ds (dimensionless), is calculated by the 
equation: 
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where V is the volume of test chamber (m3) and A is the exposed area of test sample (m2).  The Ds 
represents the amount of visible smoke accumulated in a test chamber measured over unit path length 
within a chamber of unit volume produced from a sample of unit surface area.  When the mass loss of the 
sample is measured, the mass optical density, Dm, is the appropriate measure of visible smoke: 

 s
m

D A
D

m



 (8) 

where Δm is the mass loss (kg).  Table 4.9 summarizes the maximum Ds (from Table 4.7, average value 
for SRF resin), the mass loss, and resulting maximum mass optical density values of the SRF resin 
compared with those of the negative and positive standard materials.  Table 4.9 shows that the SRF resin 
has the maximum Ds and Dm comparable to or lower than the negative standard, calcium silicate, which is 
a non-combustible material. 
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Table 4.9.  Maximum Mass Optical Density (Dm) 

Material 
Flaming Condition Nonflaming Condition 

Max Ds 
(corrected) 

Mass 
loss (g) 

Max Dm 
(m2/kg) 

Max Ds 
(corrected) 

Mass 
loss (g) 

Max Dm 
(m2/kg) 

SRF resin 0.49 17.54 0.12 0.26 17.73 0.06 
Calcium silicate (negative standard) 0.50 1.80 1.18 0.00 2.00 0.00 
α-cellulose (positive standard) NM NM NM 150.1 3.20 198.8 
Schneller core (positive standard) 91.98 3.26 119.6 NM NM NM 
NM  not measured. 

The smoke data from cone calorimetry per ASTM E1354-10 standard are also obtained from the light 
extinction measurements based on Equation (6).  However, the cone calorimetry is a dynamic test method 
that measures the smoke in the flowing exhaust generated at 50 or 100 kW/m2 heat flux compared to the 
static method of ASTM E662-09 standard that measures the smoke accumulated in a closed system 
(smoke chamber) generated at 25 kW/m2 heat flux.  Per ASTM E1354-10 standard, the total smoke 
production per unit sample area, SA, (m2/m2) is calculated by: 
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where V  is the volume flow rate of exhaust at the location of the light extinction measurement (m3/s) and 
tT is the total test duration.  Then, the specific extinction area, SEA (kg/m2), is calculated by: 

 SEA A

s

S

m

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 (10) 

where sm  is the mass loss per unit sample surface area (kg/m2).  The SEA is a measure of the 

instantaneous amount of smoke being produced per unit mass of sample burnt, which is equivalent to the 
Dm from the smoke chamber test, although they are obtained under different test conditions mentioned 
above.  As was summarized in Table 4.2, the total smoke production (SA) of SRF resin is slightly larger 
but the SEA of SRF resin is significantly smaller than the negative standard, marinite board, which is also 
a non-combustible material. 

Table 4.10 summarizes the d50 and estimated concentration of smoke used in particle size distribution 
for the SRF resin compared with those for the negative and positive standard materials.  Table 4.10 also 
notes that the estimated concentrations for the SRF resin and negative standard material are 
indistinguishable from background, which supports the results obtained from light extinction 
measurements discussed above. 
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Table 4.10.  Summary of Particle Size Distribution Measurement Results 

Material 
d50, 
µm 

Estimated 
concentration, 

µg/m3 Note 
SRF resin, flaming 4.0 10.9 indistinguishable from background 
SRF resin, nonflaming 2.4 4.2 indistinguishable from background 
Calcium silicate (negative standard), flaming 3.2 8.7 indistinguishable from background 
Schneller core (positive standard), flaming 1.8 3589   





 

5.1 

5.0 Summary 

Table 5.1 summarizes the mean, difference, and repeatability limit presented in Section 4.  The 
differences from duplicate tests in this study are, in general, comparable to or significantly smaller than 
the corresponding repeatability limits, suggesting general satisfactory precision of the test results.  
Exceptions were noted for the time to ignition (tig, ASTM E1354-10) and heat release temperature (Tmax, 
ASTM D7309-07A) of which potential explanations were provided in Section 4. 

Table 5.1.  Summary of Fire Test Results on SRF Resin 

ASTM 
Procedure Analysis/Property 

Mean Difference 
Repeatability 

Limit 
ASTM 
D1929-96 

Flash ignition temperature, FIT (°C) 595 10 8–13 
Spontaneous ignition temperature, SIT (°C) 613 5 11–31 

ASTM 
E1354-10 

Heat release rate, HRRpeak (kW/m2) 51 3 20.0 
Time to ignition, tig (s) 35 14 8.5 
Total heat release, THR (MJ/m2) 123.4 1.5 15.8 
Mass loss (g/m2) 9296 1028 NA 
Mass loss rate, MLR (g/[m2s]) 2.6 0.2 NA 
Effective heat of combustion, EHC (MJ/kg) 13.3 1.6 1.9 
Total smoke production, SA (m2/ m2) 118 83 NA 
Specific smoke extinction area, SEA (m2/kg) 13 10 60.0 
Critical heat flux for ignition – extrapolated (kW/m2) 40.3 -- NA 
Critical heat flux for ignition –bracketed (kW/m2) 42.0 -- NA 
FPI (m5/3/[kW2/3s1/2]) at 50 kW/m2 2.64 -- NA 
FPI (m5/3/[kW2/3s1/2]) at 100 kW/m2 2.77 -- NA 

ASTM 
D7309-07A, 
Method A 

Maximum specific heat release rate, Qmax (W/g) 21.6 1.6 18.5–70.0 
Heat release temperature, Tmax (°C) 648 14 5.1–6.6 
Heat release capacity, η (J/gK) 21.6 1.6 20.8–91.0 
Specific heat release, hc (kJ/g) 4.704 0.934 0.6–2.3 
Pyrolysis residue, Yp (g/g) 0.5804 0.0099 0.0053–0.0380 
Specific heat of combustion,  hc,gas (kJ/g) 11.218 2.157 NA 

ASTM 
D7309-07A, 
Method B 

Maximum specific heat release rate, Qmax (W/g) 124.6 6.1 NA 
Heat release temperature, Tmax (°C) 567 2 NA 
Heat release capacity, η (J/gK) 124.6 6.1 NA 
Specific heat release, hc (kJ/g) 13.039 0.671 NA 

ASTM 
E662-09(a) 

Maximum specific optical density, Ds (flaming) 0.65 0.10 0.04–0.31(b) 
Corrected maximum specific optical density, 
Ds(corr) (flaming) 

0.49 0.15 NA 

Maximum specific optical density, Ds (nonflaming) 0.35 0.18 0.02–0.18(b) 
Corrected maximum specific optical density, 
Ds(corr) (nonflaming) 

0.26 0.09 NA 

None Maximum concentration of CO (ppm) (flaming) 1681 ± 18; 762 ± 55 -- NA 
Maximum concentration of CO (ppm) (nonflaming) 803 ± 6; 88 ± 1 -- NA 
Maximum concentration of CO2 (ppm) (flaming) 1628 ± 63; 1057 ± 43 -- NA 
Maximum concentration of CO2 (ppm) (nonflaming) 834 ± 41; 3421 ± 123 -- NA 
Maximum concentration of SO2 (ppm) (flaming) 7 ± 2; 7 ± 3 -- NA 
Maximum concentration of SO2 (ppm) (nonflaming) 3 ± 1; 2.3 ± 1.5 -- NA 

(a) With deviations described in Section 3.5. 
(b) Calculated by multiplying the average value with the relative repeatability limit given in Table 4.7. 
-- Not applicable. 
NA Not available. 

 



 

5.2 

It is suggested that the gas analyses be repeated so that the large differences in CO and CO2 
concentrations between duplicate results may be better understood. 

From the smoke tests based on the light extinction measurements under dynamic (ASTM E1354-10) 
and static (ASTM E662-09) conditions, it was shown that the SRF resin had smoke production 
comparable to or slightly higher than that of negative standard materials that are non-combustible. 
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1.0 INTRODUCTION 

ASTM D 1929, Standard Test Method for Determining Ignition Temperature of Plastics, 

covers a laboratory determination of the spontaneous ignition temperature (SIT) and flash ignition 

temperature (FIT) of plastics using a hot-air furnace.  The hot-air ignition furnace consists primarily of 

an electrical heating unit and specimen holder.  The furnace tube is a vertical tube with an inside 

diameter of 100 ± 5 mm and a length of 230 ± 20 mm, made of ceramic that will withstand at least 

750 °C.  The inner ceramic tube, with an inside diameter of 75 ± 5 mm, a length of 230 ± 20 mm, and 

a thickness of approximately 3 mm, is placed inside the furnace tube and positioned 20 ± 2 mm above 

the furnace floor on spacer blocks.  The pilot flame is located immediately above the opening.  The 

test apparatus is shown in Figure 1. 

Testing was performed on the test samples in accordance with the quality assurance 

requirements of the DOE/RL-96-68, Hanford Analytical Services Quality Assurance Requirements 

Documents, Volumes 1 and 4 (HASQARDS), latest revision.  In accordance with the HASQARDs, a 

positive, a negative, and duplicate tests were run, in addition to the one standard test.  The positive 

tests were performed on PMMA (Poly methyl methacrylate).  This is a know standard used in testing 

and it was selected as the positive standard.  The negative tests were performed on marinate board, 

which is a non-combustible material.  This material is often used as a substrate or backer board in 

standard fire testing.  It does not react to flame or heat except to lose moisture.   

 
Figure 1.  Schematic of Southwest Research Institute (SwRI) Hot-Air Furnace. 

SIT is the minimum temperature at which the self-heating properties of the specimen lead to 

ignition or ignition occurs of itself, under specified test conditions, in the absence of any additional 

 

TC 

TC 

Pilot Flame 
Air 

20 mm 

~9 ½  in. 

> 6 in.  

TC 

Calcium  
Silicate 

Terminals 
Refractory Cover 

50 turns No. 16  
Nichrome  wire,  
embedded in  
cement 

3 in. 

TC 

TC 

Pilot Flame 
Air 

~240 mm 

> 150 mm  

25 mm 

Calcium  
Silicate 

Terminals 
Refractory Cover 

50 turns No. 16  
Nichrome  
embedded in  
cement 

75 mm 

250 mm 

C
e

ra
m

ic 

100 mm 



Battelle Memorial Institute 3 SwRI Project No. 01.13295.12.008a 

flame ignition source.  The lowest air temperature at which the specimen ignites during a 10-min 

period is recorded as the spontaneous ignition temperature. 

FIT is the minimum temperature at which, under specified test conditions, sufficient 

flammable gases are emitted to ignite momentarily upon application of a small external pilot flame.  

The lowest air temperature at which a flash is observed during a 10-min period is recorded as the flash 

ignition temperature. 

2.0 SAMPLE IDENTIFICATION AND PREPARATION 

Battelle Memorial Institute, located in Richland, Washington, provided a material identified 

as Resorcinol-Formaldehyde Polymer for testing in accordance with ASTM D 1929.  A description of 

the material provided by the client can be found in Table 1.  On November 11, 2011, SwRI received 

one 20-L bottle of specimen described in the table below. 

TABLE 1. SAMPLE DESCRIPTION PROVIDED BY BATTELLE MEMORIAL INSTITUTE. 

Material ID Description Color 

Resorcinol-Formaldehyde Polymer Micro Bead Red 

The samples provided consisted of a micro bead material dispersed in water.  The material 

was tested in worst case scenario, which is with the water removed.  This process was achieved by 

first filtering the material, and then drying it in an oven.  The sample was dried for a minimum of 10 h 

at 60 °C ± 3 °C (140 °F ± 5 °F) prior to testing.  After drying, the sample consisted of only the micro 

bead material; the beads became statically charged in the absence of the water medium and; therefore, 

they were placed in a closed container after drying, in an effort not to lose any beads.  Each sample 

was then conditioned in a controlled environment maintained at 23 °C ± 3 °C and 50% ± 5% relative 

humidity until just prior to testing, but for not less than 40 h prior to testing.   

3.0 RESULTS 

Testing was conducted November 29, and December 1–3 and 5, 2011.  Table 2 contains the 

results for the material provided by Battelle Memorial Institute.  Test results are accurate to ± 5 °C, 

and are presented in detail at the end of this report.  These test results relate only to the behavior of 

test specimens under the particular conditions of the test.  They are not intended to be used, and shall 

not be used, to assess the potential fire hazards of a material in use. 

TABLE 2.  IGNITION TEMPERATURE DATA. 

Material ID SIT FIT 

Resorcinol-Formaldehyde Polymer  615 °C 600 °C 

Resorcinol-Formaldehyde Polymer  (Duplicate Run) 610 °C 590 °C 

Marinite, Negative Standard NA NA 

PMMA, Positive Standard 420 °C NA 
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Client:
Operator:
Test Date(s):

420

Test ID

11-337PNN008F65

11-337PNN008F45

11-337PNN008F65

11-337PNN008F45

ASTM D 1929 TEST DATA SHEET - SPONTANEOUS IGNITION

S O U T H W E S T   R E S E A R C H   I N S T I T U T E

Sample

Final Temperature (°C)

Ignition

Battelle Memorial Institute

A. Lowry

Color:

Mass Loss Sample FurnaceAir

Material ID*:
Description*:

Ignition Type: Spontaneous

November 11, 2011Receipt Date:

Black

December 3 and 5, 2011

474

484

467

479

0.75

0.00

2.40 417
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Melt
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Total Test 
Time

4344232.87
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Final    Initial Temperature (°C)

Air

(g) (g)

2.87

Date Prepared by SwRI:

* Information/instructions provided by the Client
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Client:
Operator:
Test Date(s):

NA

Test ID

11-336PNN008E1S

11-336PNN008E1S

ASTM D 1929 TEST DATA SHEET - SPONTANEOUS IGNITION

S O U T H W E S T   R E S E A R C H   I N S T I T U T E

Sample

Final Temperature (°C)

Ignition

Battelle Memorial Institute

A. Lowery

Color:

Mass Loss Sample FurnaceAir

Material ID*:
Description*:

Ignition Type: Spontaneous

In stockReceipt Date:

White

December 2, 2011

8098092.62 0.27 750

Observed 
Smoke

Combustion 
Time

(min:s) (min:s)

Observed 
Bubbling

None

Observed 
Soot

Observed 
Charring

Observed 
Melt

NO

Average Sample Mass:

SPONTANEOUS IGNITION TEMPERATURE (°C) :

Furnace
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Total Test 
Time

753

Final    Initial Temperature (°C)

Air

(g) (g)

Date Prepared by SwRI:

* Information/instructions provided by the Client

2.89

Initial    

Prepared within 48h test
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Marinate
Solid Fire resistant backer board
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Client:
Operator:
Test Date(s):

615

Test ID

11-333PNN00A75

11-333PNN00A65

11-333PNN00A55

11-333PNN00A75

11-333PNN00A65
11-333PNN00A55

ASTM D 1929 TEST DATA SHEET - SPONTANEOUS IGNITION

S O U T H W E S T   R E S E A R C H   I N S T I T U T E

Sample

Final Temperature (°C)

Ignition

Battelle Memorial Institute

Nathaniel Ramos

Color:

Mass Loss Sample FurnaceAir

Material ID*:
Description*:

Ignition Type: Spontaneous

November 11, 2011Receipt Date:

Red

November 29, 2011

1.75 630 6763.00 1.25 684

Observed 
Smoke

Combustion 
Time

(min:s) (min:s)

1:42

687

Observed 
Bubbling

None

Yes

Observed 
Soot

Observed 
Charring

Observed 
Melt

635 Yes

Total Test 
Time
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No

Average Sample Mass:

SPONTANEOUS IGNITION TEMPERATURE (°C) :

Furnace

615 670 678675

662614603605

1.76 626

Final    Initial Temperature (°C)

Air

(g) (g)

1.24

6091.691.31

3.00

Date Prepared by SwRI:

* Information/instructions provided by the Client

3.00

Initial    

Prepared within 48h test

633

None

3.00 g

Resorcinol-Formaldehyde Polymer
Small Beads

SPONTANEOUS IGNITION OBSERVATIONS
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Yes1:56
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Client:
Operator:
Test Date(s):

600

Test ID

11-336PNN00B4F

11-335PNN00B1F

11-336PNN00B4F

11-335PNN00B1F

Combustion 
Type

(min:s)

None

Yes None None

None

Observed 
Melt
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8:260:59

10:400:40 NA

NA

NA

Flaming at 5:15
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660

FLASH IGNITION OBSERVATIONS

3.00 591 No5985901.53 1.47 628

3.00 653600 608
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Mass

RESULTS
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Air

Color:

Initial    

(g)

Mass Loss

(g)

ASTM D 1929 TEST DATA SHEET - FLASH IGNITION

S O U T H W E S T   R E S E A R C H   I N S T I T U T E

Sample

Final Temperature (°C)

Ignition

Battelle Memorial Institute

Nathaniel Ramos

Mass    

Sample

Ignition Type: Flash

November 11, 2011

Date Prepared by SwRI: Prepared within 48h test

Receipt Date:

* Information/instructions provided by the Client FLASH IGNITION TEMPERATURE (°C) :
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December 1, 2011
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Client:
Operator:
Test Date(s):

610

Test ID

11-336PNN00D1S

11-336PNN00D2S

11-336PNN00D1S

11-336PNN00D2S

6111.24 659610

(min:s)

Total Test 
Time

NA 2:34

(g)

Mass

RESULTS

(g) (g)

None0:31

None

6:00

10:34

3.00

Date Prepared by SwRI:

* Information/instructions provided by the Client

3.00

Initial    

Prepared within 48h test

640

None

Yes None None

Yes0:34

Mass    

Insertion 
Time

(min:s)

609

619

3.00 g

Receipt Date:

Yes

Observed 
Soot

Observed 
Charring

Observed 
Melt

No

Average Sample Mass:

SPONTANEOUS IGNITION TEMPERATURE (°C) :

Furnace

600

Resorcinol-Formaldehyde Polymer

Final    Initial Temperature (°C)

Air

December 2, 2011

Small Beads

658

670

658

669

1.54

1.76

1.46 603

Observed 
Smoke

Combustion 
Time

(min:s) (min:s)

Observed 
Bubbling

None

SPONTANEOUS IGNITION OBSERVATIONS

NA NA

ASTM D 1929 TEST DATA SHEET - SPONTANEOUS IGNITION

S O U T H W E S T   R E S E A R C H   I N S T I T U T E

Sample

Final Temperature (°C)

Ignition

Battelle Memorial Institute

A. Lowry

Color:

Mass Loss Sample FurnaceAir

Ignition Type: Spontaneous

November 11, 2011

RedMaterial ID*:
Description*:
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Fermaldehyde SIT Test 2 (Duplicate)

Sample T (°C) Air T (°C) Furnace T (°C)



 

Battelle Memorial Institute A-6 SwRI Project No. 01.13295.12.008a 

 

Client:
Operator:
Test Date(s):

590

Test ID

11-336PNN00C3F

11-335PNN00C2F

11-335PNN00C1F

11-336PNN00C3F

11-335PNN00C2F

11-335PNN00C1F

576

NA

None

Observed 
Soot

(min:s)

(g)

Yes None None

None

Observed 
Melt

3.00 5991.57

1.45

1.43

(g)

Insertion 
Time

(min:s)

Observed 
Smoke

(min:s)

Combustion 
Type

(min:s)

None

Small Beads

* Information/instructions provided by the Client

Average Sample Mass: 3.00 g

Mass Loss

Yes None None

1.55 589

NoneFlaming at 5:150:41

1.40 1.60

Observed 
Bubbling

0:41

NA

(g)

None 10:40

10:42

Flaming at 5:39

ASTM D 1929 TEST DATA SHEET - FLASH IGNITION

S O U T H W E S T   R E S E A R C H   I N S T I T U T E

Sample

Final Temperature (°C)

Ignition

Battelle Memorial Institute

A. Lowry

Mass    

Sample

Color:Material ID*:
Description*:

Mass

RESULTS

Ignition Type: Flash

November 11, 2011

Date Prepared by SwRI: Prepared within 48h test

Receipt Date:

Initial Temperature (°C)
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633590 600
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0:40 NA
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