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a b s t r a c t 

In the present work, the flammability of Kyowaglas is characterized experimentally. Kyowaglas is a lead- 

based composite used in glove boxes of nuclear facilities as a biological protection against radiation. It

consists of 70% wt PMMA (Poly(Methyl Methacrylate)) and 30% wt leaded compounds. The aim of the study 

is to understand the role and impact of lead during the combustion of Kyowaglas in order to deepen

knowledge of its thermal and fire behavior. A comparative study between Kyowaglas and virgin PMMA

is conducted to better understand the effect of lead on the combustion process of these materials. Fire

behavior is studied using cone calorimeter, pyrolysis-combustion flow calorimeter and thermogravimet- 

ric analysis. At different stages of cone calorimeter test, the samples and residues were examined and

characterized using different experimental techniques like microscopy, spectroscopy, X-ray diffraction

and calorimetry. Thermal analysis data show that lead seems to slightly accelerate the decomposition

of PMMA under inert atmosphere. However, it confers significant thermal stability during a cone test due

to the accumulation of lead on the surface of the sample. As the Kyowaglas burns, metallic lead is formed

and accumulated at the top surface slowing down the heat transfer. At the end of the cone calorimeter

test, lead oxide beads start to form on the surface of the residue due to the oxidation of metallic lead.
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. Introduction

In nuclear facilities such as fuel treatment or waste reprocess- 

ng plants, the first level of containment of nuclear materials is 

enerally the glove box. A glove box consists of a steel frame and 

anels of polymeric material, in most cases Polycarbonate (PC), 10 

m thick, and/or stainless steel sheets, 2 mm thick, with glove 

oles for handling of radioactive material. This box constitutes a 

losed volume and is kept in depression, in order to avoid any leak- 

ge of radioactive material. Depending on nature of elements con- 

ained in the glove box, an additional biological protection panel 

an be added to the outer wall, providing biological shielding to 

rotect the operator from radiation exposures. These panels are of- 

en made of Kyowaglas (70% wt of PMMA and 30% wt of leaded com- 

ounds of unknown nature) with a thickness of 50 mm [1] . 

Accidental fires in nuclear facilities can cause containments of 

love boxes to rupture with a dispersion of radioactive elements 

n the facility and the environment. Thus, for many years, indus- 

rialists and research organizations involved in nuclear industry 

ave been working on fire-related issues, in order to strengthen 
∗ Corresponding author.
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he means of prevention by a better understanding of the involved 

henomena. 

Despite the widespread use of Kyowaglas in nuclear industry, 

ew results are available, describing its overall fire behavior. This 

aterial has some drawbacks, which limit its use such as its high 

ost, heaviness, low mechanical and chemical stability and above 

ll its high toxicity [2] . The study of the fire behavior of Kyowaglas 

s therefore fundamental to better assess the hazard resulting from 

 glove box fire. 

The present study is part of a research program called FIGARO 

Fires Involving Glove boxes with Aerosol Release Occurrences), 

onducted by the Institut de Radioprotection et de Sûreté Nucléaire 

IRSN), on the characterization of glove box fires and the suspen- 

ion of radionuclides involved in these scenarios. This program al- 

ows a more realistic estimate of the quantity of radioactive mate- 

ial involved in a glove box fire scenario and likely to be released 

o the environment. As part of the FIGARO project, and for health 

easons, carrying out fire tests on glove boxes fitted with Kyowa- 

las panels would be dangerous due to the toxic nature of lead 

ompounds contained in these panels. Therefore, it is necessary to 

dentify a non-toxic surrogate material whose fire behavior is as 

lose as possible to that of Kyowaglas in order to carry out fire 

ests on glove boxes representative of those of nuclear facilities. To 

o this, it will first be important to characterize the Kyowaglas in 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymdegradstab.2021.109618&domain=pdf
mailto:helena.mastori@irsn.fr


o

g

g

a

l

T

r

r

v

i

i

a

s

a

p

2

2

(

p

2

2

g

i

s

c

s

p

i

a

d

f

p

e

t

t

a

4  

i  

m

2

p

a

t

s

t

a

w

r

T

u

i

c

p

a

Nomenclature (international system of units) 

%Residue residue yield - cone calorimeter (%) 

%Residue PCFC residue yield - PCFC (%) 

A sample area (m 

2 ) 

CHF critical heat flux (W/m 

2 ) 

Cp specific heat (J/kg.K) 

DTG differential thermogravimetry (%/s) 

E thermal effusivity (W.s 0.5 /m 

2 .K) 

EHC effective heat of combustion - cone calorime- 

ter (J/kg) 

EHC PCFC effective heat of combustion - PCFC (J/kg) 

hc convective heat transfer coefficient (W/m 

2 .K) 

h R radiation approximation coefficient (W/m 

2 .K) 

HRR heat release rate - cone calorimeter (W/m 

2 ) 

HRR PCFC heat release rate - PCFC (W/kg) 

k thermal conductivity (W/m.K) 

ML mass loss (%) 

MLR mass loss rate (kg/s) 

Pb lead 

PbO lead oxide 

PC poly carbonate 

pHRR peak of HRR - cone calorimeter (W/m 

2 ) 

pHRR PCFC peak of HRR - PCFC (W/kg) 

˙ q ′′e external heat flux (W/m 

2 ) 

˙ q ′′
fl

heat flux from the flame (W/m 

2 ) 

r surface reflectivity 

RSR smoke release rate ((m 

2 /s)/m 

2 ) 

SMLR specific mass loss rate (kg/m 

2 .s) 

SMLR averaged specific mass loss rate (kg/m 

2 .s) 

SPR smoke production rate (m 

2 /s) 

T temperature ( °C) 

t time (s) 

t pHRR time to pHRR (s) 

T 0 ambient temperature ( °C) 

T 10 temperature at which 10% weight loss occurs 

- ATG ( °C)

T 50 temperature at which 50% weight loss occurs

- ATG ( °C)

TG thermogravimetry (%)

THR total heat release - cone calorimeter (J/m 

2 )

THR PCFC total heat release - PCFC (J/kg)

T ig ignition temperature ( °C)

TOF time of flameout (s)

T pHRR-PCFC temperature at pHRR – PCFC ( °C)

T s surface temperature ( °C)

TSR total smoke release (m 

2 /m 

2 .kg)

TTI TIME TO IGNITIon (s)

x in-depth distance (m)

Greek characters 

α thermal diffusivity (m 

2 /s) 

βa ratio of the non-reflected heat flux to the in-depth 

βL ratio of the convective and radiative heat losses 

from the surface to the environment 

δ depth of thermal penetration (m) 

�G Gibbs Free Energy (J) 

�Hg latent heat of gasification (J/kg) 

ε surface emissivity (1- reflectivity r) 

κ absorption coefficient (m 

−1 ) 

ρ density (kg/m 

3 ) 

σ Stephan-Boltzmann constant (W/m 

2 .K 

4 ) 

θ temperature rise (T-T 0 ) ( °C) 
rder to deepen knowledge of its thermal behavior. Hence, Kyowa- 

las characterization is the purpose of the present paper. 

Hence, in this study the thermo-physical properties of Kyowa- 

las, namely specific heat capacity, density and thermal diffusivity, 

re estimated using Differential Scanning Calorimetry (DSC), He- 

ium pycnometry and Xenon Flash Apparatus (XFA), respectively. 

he fire behavior of Kyowaglas is assessed at microscale using Py- 

olysis Combustion Flow Calorimetry (PCFC) and Thermogravimet- 

ic Analysis (TGA) and at bench scale using a cone calorimeter at 

arious heat fluxes. A specific emphasis is paid on lead species dur- 

ng burning in order to understand what happens to lead and how 

t influences the flammability. For this purpose, the microstructure 

s well as the elementary composition of this material, at different 

tages, are characterized using Scanning Electron Microscopy (SEM) 

nd Energy-dispersive X-ray Spectroscopy (EDXS). For comparison 

urpose, the same tests were carried out on pure PMMA. 

. Experimental description

.1. Materials 

Kyowaglas sheets supplied by KYOWAGLAS-XA®, Kuraray 

Tokyo, Japan) are used in this study. Clear PMMA V825T was sup- 

lied by ALTUGLAS® International. 

.2. Experimental techniques 

.2.1. Differential scanning calorimetry (DSC) 

DSC is a technique that measures the heat flux absorbed or 

iven off by a specimen as a function of temperature or time when 

t is subjected to a temperature program in a controlled atmo- 

phere. The DSC device comprises two micro-furnaces on which 

rucibles are placed, the first corresponding to the sample and the 

econd to the reference. The two crucibles are of the same com- 

osition, thermally decoupled and maintained at a constant and 

dentical temperature. Each of the micro-furnaces is equipped with 

 temperature sensor and a heat resistance. The principle of this 

evice is that at all times, the temperatures of the two micro- 

urnaces are kept identical. When a thermal phenomenon takes 

lace in the specimen, the device reacts to restore temperature 

quality. The resulting difference in the heat exchanged between 

he crucibles and the micro-furnaces is recorded in the form of a 

hermogram. In this study, the specific heat (Cp) is measured using 

 PerkinElmer DSC apparatus over the temperature range -20 °C to 

0 °C, ± 0.1 °C, at a heating rate of 2 °C/min. The tested samples are

n the form of grains. Their weight is in the range 8-10 mg. All DSC

easurements are done in duplicate, and the results are averaged. 

.2.2. Xenon flash apparatus (XFA) 

Thermal diffusivity ( α) was measured using a Xenon Flash Ap- 

aratus from Linseis under nitrogen at ambient temperature. XFA 

pparatus is similar to Laser Flash apparatus but the light source 

hat is used is Xenon instead of Laser. To measure thermal diffu- 

ivity, the sample is placed on a sample holder located in the cen- 

er of a furnace. The temperature is set and the furnace stabilizes 

t the set temperature. The lower part of the sample is irradiated 

ith a programmed energy pulse (Xenon-Flash lamp). The pulse 

esults in a homogeneous rise in temperature within the sample. 

his temperature rise is measured on the upper side of the sample 

sing a high speed infrared detector. Thereafter, thermal diffusivity 

s calculated from the temperature versus time curve with an ac- 

uracy of ± 2.4%. The samples tested are in the form of a circular 

ellet 2 cm in diameter and 2 mm thick. All XFA measurements 

re repeated four times, and the results are averaged. Knowing the 
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alues of the density and the specific heat of the material, thermal 

onductivity (k) was then calculated using Eq. (1):  

 ≈ Cp.α.ρ (1) 

here k is the thermal conductivity (W/m.K), α is the thermal dif- 

usivity (m 

2 /s), Cp is the specific heat (J/kg.K) and ρ is the density 

kg/m 

3 ). 

.2.3. Helium pycnometry 

Helium pycnometry tests were carried out on Micromeritics Ac- 

uPyc 1330 gas pycnometer to determine the density. This device 

akes it possible to measure the density of a sample. It has two 

hambers whose volumes are known. The sample is placed in the 

rst chamber in which inert gas, helium, is admitted at known am- 

ient pressure and temperature. The second chamber, called the 

xpansion chamber, is also in a helium atmosphere, at known am- 

ient pressure and temperature. After opening the valve connect- 

ng the two chambers, the helium contained in the first chamber 

xpands to occupy all of the available volume. In accordance with 

he ideal gas law, measuring the pressure before and after open- 

ng the valve allows the actual volume of a sample to be deduced. 

hen a sample weight is specified, the density is derived auto- 

atically with an accuracy of ± 0.01%. The weight of the samples 

hich are in the form of grains is in the range 5-8 mg. All density

easurements are done in duplicate, and the results are averaged. 

.2.4. Thermo-gravimetric analysis (TGA) 

TGA is an adapted technique for studying the mass variation of 

amples submitted to temperature stress. A TGA apparatus typi- 

ally consists of a sealed enclosure with controlled atmosphere, a 

urnace and a thermocouple for measuring the temperature, a mi- 

robalance and a computer in order to control the measurement 

nd to record the data. TGA experiments were performed under 

itrogen using a Setaram Instrumentation apparatus. Temperature 

anges from room temperature up to 900 °C at a rate of 10 °C/min.

he weight of the samples is in the range 8-10 mg. TGA measure- 

ents are done in duplicate for each material. Good repeatability 

s observed between the different tests. 

.2.5. Pyrolysis combustion flow calorimetry (PCFC) 

PCFC developed by Lyon and Walters [ 3 , 4 ] allows quantifying 

he heat release at microscale with only a few milligrams of mate- 

ial. The PCFC is a combustion microcalorimeter that measures the 

ombustibility of a small amount of sample. This device is made 

p of two chambers: a so-called pyrolysis chamber (pyrolyzer) in 

hich the material is thermally degraded and a post combustion 

hamber (combustor) in which the combustion effluents are con- 

eyed and undergo oxidative combustion. The thermal degrada- 

ion of the sample takes place under an inert atmosphere (anaer- 

bic condition). In some cases, one can work in an oxidizing at- 

osphere (aerobic condition) from 25 °C to 750 °C. The combus- 

ion gases produced are then directed into the second combus- 

ion chamber where their oxidation takes place at 900 °C. An oxy- 

en analyzer measures the amount of oxygen consumed to deter- 

ine the heat of combustion of thermal degradation products. In- 

eed, according to the principle of Huggett which stipulates that 

he heat of combustion of an organic material is directly related to 

he quantity of oxygen necessary for its combustion, one can de- 

ermine the heat release rate (HRR) (W/g), peak of HRR (pHRR), 

otal Heat Release (THR) and Effective Heat of Combustion (EHC). 

n this study, all the measurements with the PCFC analyses were 

arried out using a FAA micro-calorimeter from Fire Testing Technol- 

gy (UK) in standard conditions, i.e. anaerobic pyrolysis (method 

 from ASTM standard D 7309 [5] ) from 100 to 750 °C at 1 °C/s

nd combustion at 900 °C in excess of oxygen. Some tests were also 

erformed on virgin material or residue previously obtained from 
naerobic pyrolysis according to method B (aerobic pyrolysis) with 

n oxygen fraction of 20% in the pyrolysis chamber. The mass of 

he sample was about 10.00 ± 0.05 mg. All PCFC measurements 

re done in triplicate, and the results are averaged. 

.2.6. Cone calorimetry 

The calorimeter cone is one of the basic test equipment in the 

eld of fire behavior. It was developed by Babrauskas in the 1980s 

 6 , 7 ] in order to study the heat release produced during the com-

ustion of materials subjected to an incident radiative flux. The 

amples are placed in a conical shaped furnace radiating a pre- 

etermined incident flux and the amount of heat produced per 

ime unit is measured by oxygen consumption calorimetry [ 8 , 9 ]. 

his experimental device meets the ISO 5660-1 [10] , ISO 5660-2 

11] & ISO 5660-3 [12] and ASTM E 1354 [13] standards. According

o these standards, the characterized sample should have an area

f 100 mm × 100 mm and a maximum thickness of 50 mm. Dif- 

erent combustion parameters can be determined using this tech- 

ique such as the heat release rate (HRR) and peak of HRR (pHRR)

ith oxygen depletion, the effective heat of combustion (EHC), the

otal heat release (THR), the mass loss rate (MLR), the smoke pro- 

uction rate (SPR), the time to ignition and the time of flameout 

TTI and TOF respectively). The evaluation of these properties was 

arried out using a device provided by FTT (Fire Testing Technology) . 

ample sheets of 100 × 100 × 10 mm 

3 and 100 × 100 × 6 mm 

3 , 

espectively for Kyowaglas and PMMA, were exposed to the ra- 

iating cone under a range of heat fluxes (25-50-75 kW/m 

2 ) in 

resence of spark igniter to force ignition. Kyowaglas sheets ana- 

yzed in this study are industrially machined so as to obtain square 

lates. PMMA sheets are obtained by extrusion and injection at 

MT - Mines Alès. The mold of the injection molding machine has a 

aximum thickness of 6 mm. This is the reason why this study in- 

olves Kyowaglas and PMMA sheets of different thicknesses. How- 

ver, in order to ensure that the thickness of the PMMA samples 

oes not affect their fire behavior, 12 mm thick samples, obtained 

y superimposing two 6 mm samples, are analyzed. Indeed, cone 

ests are performed on these PMMA samples of different thick- 

esses (Fig. A1 in Appendice A). The results show the same val- 

es of thermal properties (TTI, pHRR, THR, TSR, EHC, etc…) for 

oth thicknesses. Thus, in this study, only 6 mm thick samples are 

onsidered. Thereby, the weight of the samples was in the range 

40-150 g for Kyowaglas and 70 g for PMMA. Cone tests are done

n duplicate for each material and each irradiance level. Good re- 

eatability is observed between the different tests. During cone 

alorimeter tests at 50 kW/m 

2 , the temperature of the upper sur- 

ace was measured using an infrared camera (Optris - temperature 

ange 150–900 °C) that was placed above the specimen in an in- 

lined position in order to record the temperature field of the up- 

er surface. The distance between the specimen and the cone bot- 

om was increased to 60 mm to allow a correct measurement but 

he heat flux was kept equal to 50 kW/m ². 

.2.7. Scanning electron microscopy (SEM) 

Scanning Electron Microscopy is an electron microscopy tech- 

ique which by scanning the sample with an electron beam is able 

o produce images of the surface of a sample. The electron-matter 

nteraction generates several types of emissions. The secondary 

lectrons make it possible to image the surface of the sample, with 

opographic contrast. Backscattered electrons give an image with 

hemical contrast on a flat surface. X-ray photons make chemi- 

al analysis possible in Energy Dispersion Spectroscopy (EDS). The 

nergy dispersive X-ray spectrometry makes it possible to obtain 

 quantitative or qualitative analysis of the chemical elements in 

 solid sample by counting the number of X-ray photons emitted 

y the latter during a determined time when it is bombarded by 

n electron beam. In this paper, micrographs were obtained under 
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igh vacuum using a FEI Quanta 200 environmental scanning elec- 

ron microscope. Samples were cut and deposited on an adhesive 

ilver paint. The SEM was equipped with an energy dispersive X- 

ay spectroscopy (EDXS) using Oxford INCA Energy 300 system and 

 detector of 133 eV which was used to identify lead and other 

lements contained in the samples. 

. Results and discussion

.1. Morphology 

Kyowaglas is a material composed of a PMMA matrix (around 

0% wt ) and around 30% wt of lead salts (methacrylic acid and 

liphatic acid [14] ). As Kyowaglas is a registered trademark, the 

resence of additives at low content is not excluded. Kyowaglas 

 Fig. 1 (a)) is transparent as PMMA ( Fig. 1 (b)), evidencing that the

0% lead species, detected by EDXS, are not present as submicronic 

r micronic fillers ( Fig. 2 (a) and (b)). 

.2. Thermo-physical properties of Kyowaglas and PMMA 

Thermo-physical properties are measured at room temperature 

nd listed in Table 1.  Kyowaglas and PMMA have similar therma

onductivity and diffusivity. However, a difference is noted in the 

pecific heat and density. The fact that Kyowaglas contains lead ex- 

lains the difference in density and specific heat. In general, metals 

ave a lower C p value than polymers, especially since they have a 

igher atomic weight. Thermal effusivity is the square root of the 

roduct of k, ρ and C p.
 

 Note that the values of PMMA thermo-

hysical properties are consistent with the literature [ 15,  16 ]. 
Fig. 1. (a) Kyowaglas plate 100 × 100 × 10 mm

Fig. 2. SEM micrographs of (a) K
.2.1. Decomposition at microscale 

The thermal stability of Kyowaglas and PMMA was investigated 

y TGA analysis. Figs. 3 and 4 show respectively the TG (Ther- 

ogravimetry) and DTG (Differential Thermogravimetry) curves of 

ure PMMA (red) and Kyowaglas (blue) under nitrogen flow. TGA 

ata of Kyowaglas and PMMA are given in Table 2 . The data in-

lude the temperature at which 10% weight loss occurs (T 10 : onset 

emperature of degradation), the temperature for 50% degradation 

T 50 ) as the mid-point of degradation, and the amount of residue 

t 900 °C. 

About 20% of Kyowaglas decomposed between 200 °C and 

65 °C, whereas pure PMMA decomposition started at 290 °C. On 

he other hand, the main decomposition of PMMA ends at 415 °C, 

hereas that of Kyowaglas ends at 600 °C. 

Pure PMMA showed no residue (complete decomposition). 

hen incorporating lead into PMMA, the resultant Kyowaglas 

omposite exhibited a residual weight of about 32%, which is at- 

ributed to the amount of incorporated lead. Additionally, DTG 

urves show one single peak for PMMA for T ≈ 370 °C (in agree- 

ent with [17] ) and two different peaks for Kyowaglas (T ≈ 340 °C 

nd T ≈ 400 °C) which means that the decomposition of Kyowaglas 

akes place in two stages. TGA analysis showed that the main de- 

omposition phase starts at approximately the same temperature 

or both materials (T 10 PMMA = 330 °C and T 10 Kyowa = 326 °C). 

To investigate the role of lead in the combustion of Kyowa- 

las, PCFC tests were also performed. The HRR PCFC versus tempera- 

ure curves (anaerobic pyrolysis) of Kyowaglas and pure PMMA are 

hown in Fig. 5 . PMMA curve and values are in good agreement 

ith previous results found in the literature [18] . Lead seems to 

lter the thermal decomposition profile of PMMA contained in Ky- 
 

3 (b) PMMA plate 100 × 100 × 6 mm 

3 . 

yowaglas and (b) PMMA.



Table 1

Thermo-physical properties of Kyowaglas and PMMA at room temperature.

Thermal

conductivity k

(W/m.K)

Density ρ

(kg.m 

−3 ) 

Specific heat Cp

(J.kg.K)

Thermal

diffusivity α

(m 

2 /s)

Thermal

effusivity E

(W.s 0.5 /m 

2 .K)

Kyowaglas 0.15 ± 1.10 −3 1604 ±1.2 1044 ± 11 8.9.10 −8 ±
6.10−10

501.2 ± 3 

PMMA 0.16 ± 3.10 −3 1192 ±1 1416 ± 8 9.2.10 −8 ±
9.10−10

520 ± 4 

Fig. 3. TG curves for Kyowaglas (blue) and PMMA (red). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.).

Table 2

TGA parameter of Kyowaglas and PMMA under nitro- 

gen atmosphere.

T 10 ( °C) T 50 ( °C) % Residue

Kyowaglas 326 ± 1 390 ± 2 32 ± 0.2 

PMMA 330 ± 1 361 ± 3 0
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waglas. Pure PMMA primarily decomposes in one-step (one peak 

round 385 °C), but Kyowaglas has a multi-step decomposition pro- 

ess (two peaks at 365 °C and 400 °C) as seen in TGA. As seen in

igs. 4 and 5 , the incorporation of Pb species leads to an earlier

ecomposition of Kyowaglas. The first peak of Kyowaglas decom- 

osition occurs at 365 °C while pure PMMA decomposes around 

85 °C ( Fig. 5 ). It was stated in a previous research work that lead

nd lead oxides accelerate thermal degradation of polyurethanes 

nd isophthalate resins [ 19 , 20 ]. Thus, the early decomposition of 

yowaglas can be attributed to lead species that are contained in 

yowaglas which may accelerate its decomposition to occur at a 

ower temperature under an inert atmosphere. 

Table 3 lists the total heat release (THR PCFC ), peak of HRR 

pHRR PCFC ), residue yield (%Residue PCFC ), effective heat of com- 

ustion (EHC PCFC ) and pHRR temperature (T pHRR PCFC ) values for 

oth materials obtained with PCFC measurements. According to 

able 3 , it is evident that the pHRR PCFC value of Kyowaglas is much

ower than that of PMMA. PMMA has a high pHRR PCFC value of 

63 W/g. As for Kyowaglas, the pHRR PCFC decreased to 158 W/g, 

hich represents a decrease of 65.9%. This decrease can be ex- 

lained by a lower flammability of Kyowaglas when compared to 

MMA. THR calculated from the total area under the HRR 
PCFC PCFC 
eaks is another important parameter for fire hazard evaluation 

21] . THR PCFC showed the same trend as pHRR PCFC , with a decrease

f 33.3%, this value corresponds to the residue yield of Kyowaglas.

ffective heat of combustion of Kyowaglas (25 kJ/g) shows little

hange compared to that of pure PMMA (24 kJ/g). Combining with

he residue yields of PMMA and Kyowaglas, which are respectively

 and 33%, it is suggested that lead shows thermal stabilization ef- 

ects that mainly occur in the condensed phase despite the slightly 

arlier decomposition of Kyowaglas. This thermal stability is char- 

cterized, on the one hand, by lower HRR peaks and, on the other 

and, by the thermal decomposition which continues at higher 

emperatures. T pHRR-PCFC values are close (around 380 °C) for both 

aterials and are in good agreement with decomposition temper- 

tures recorded with TGA. PCFC data presented here convincingly 

emonstrate that Kyowaglas has a lower flammability than PMMA, 

ndicating the stabilizing role of lead in Kyowaglas. 

.3. Fire behavior 

.3.1. Heat release rate (HRR) 

Charring and non-charring polymers show different temporal 

ariations of heat release rate per unit area ( Fig. 6 ). It should

e noted that in this paper the term “char” refers to a compact 

esidue layer rich in lead and/or lead oxide which is formed on the 

op of the sample as the Kyowaglas burns. In addition, the compar- 

tive study carried out between Kyowaglas and PMMA concerns 

amples of different thicknesses, as mentioned earlier. Indeed, Ky- 

waglas samples have a thickness of 10 mm against 6 mm for 

MMA. However, as mentioned earlier, this difference in thickness 



Fig. 4. DTG curves for Kyowaglas (blue) and PMMA (red). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.).

Fig. 5. Heat release rate curves for PMMA (red), PMMA data from literature [18] (yellow) and Kyowaglas (blue) in anaerobic pyrolysis conditions. (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of this article.).

Table 3

PCFC parameters for Kyowaglas and PMMA.

pHRR PCFC

(W.g −1 ) THR PCFC (kJ.g −1 ) 

%Residue PCFC

(%) EHC PCFC (kJ.g −1 ) 

T pHRR-PCFC

( °C)

Kyowaglas 158 ± 4 16.6 ± 0.2 33 ± 0.5 25 ± 0.3 370-400 ± 5

PMMA 463 ± 8 24 ± 0.5 0 24 ± 0.5 380 ± 6
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oes not affect the values of TTI and pHRR (see Fig. A1 in Appendix

). 

For non-charring polymers as PMMA ( Fig. 6 (a)), HRR increases 

ontinuously from ignition up to reaching a peak of heat release 

ate when the most important part of PMMA is decomposed [22] . 

his peak is followed by a sudden decrease and flame out. The 

hickness of the pyrolysis zone continuously increases due to the 
eat feedback from the flame [23] . The decomposition is very fast. 

oiling of PMMA starts before piloted ignition and is observed dur- 

ng the whole burning phase. As already observed by different au- 

hors, the pHRR of such materials is very sensitive to heat flux 

 24 , 25 ]. pHRR increases strongly with heat flux. 

For charring polymers, a first HRR peak shortly after piloted- 

gnition is observed in Fig. 6 (b). As the pyrolysis front progresses, 



Fig. 6. HRR evolution as a function of time under different external heat fluxes for:

(a) PMMA and (b) Kyowaglas. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.).

a

t

C

s

2

p

p

a

i

o

c

c

t

A

[

b

t

t

A

p

s

v  

o

c

t

a

t

b

s

o

d

3

m

R

K

Fig. 7. Mass loss evolution as a function of time for three heat fluxes, for Kyowaglas

(blue curves) and PMMA (red curves). (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.).

Fig. 8. Evolution of mass loss rate (MLR) as function of time for different external

heat fluxes for Kyowaglas (blue curves) and PMMA (red curves). (For interpretation

of the references to color in this figure legend, the reader is referred to the web

version of this article.).

Table 4

Cone calorimeter tests results for Kyowaglas.

25 kW/m 

2 50 kW/m 

2 75 kW/m 

2

TTI (s) 121 ± 1 30 ± 2 12 ± 1 

TOF (s) 1283 ± 10 981 ± 50 805 ± 62 

pHRR (kW/m 

2 ) 350.7 ± 5 409 ± 12 481.1 ± 2 

t pHRR (s) 140 ± 3 45 ± 3 30 ± 1 

THR (MJ/m 

2 ) 269.5 ± 3 279.4 ± 1 288.7 ± 12 

THR (kJ/g) 17 ± 0.1 17.5 ± 0.1 17 ± 0.7 

Residue (% wt ) 34.4 ± 0.4 33.6 ± 0.3 34.5 ± 0.7 

EHC (MJ/kg) 26 ± 0.1 26.4 ± 0.1 25.9 ± 0.7 

TSR (m 

2 /m 

2 .g) 24 ± 1 25 ± 1 26 ± 2 

F

W

p

K

2

p

2

c

a

a

P

s

3

m

t

 heat-resistant residue layer gradually forms and accumulates be- 

ween the surface of the sample and the inner virgin Kyowaglas. 

onsequently, the HRR decreases after the first peak. This decrease 

tops at a certain heat release rate depending on heat flux (from 

00 kW/m ² at 25 kW/m ² to 300 kW/m ² at 75 kW/m ²). A clear 

lateau is observed when the sample thickness is 23 mm (Ap- 

endix A – Fig. A2). This plateau proves that the burning reaches 

 steady state. Nevertheless, for 10 mm-thick sample, the plateau 

s very short, especially at high heat flux, and a second pHRR is 

bserved. Two explanations appear in the literature for the oc- 

urrence of this second pHRR. The first explanation concerns the 

ontinuous increase in temperature that causes cracks and evacua- 

ion paths of volatile substances in the residue layer thus formed. 

s the cracks go widen and deepen, the HRR reaches a maximum 

26] . According to the second explanation, the second peak may

e due to the insulated backside. Indeed, when the heat reaches

he insulated back surface, there is an accumulation of energy due

o the insulation, which results in an increase of HRR [ 23 , 26–28 ].

nother study also shows that increasing the thickness of the sam- 

le results in a decrease in the second maximum peak. When the 

ample is thick enough, its heat release rate reaches a steady state 

alue and the second peak of HRR no longer occurs [29] . The sec-

nd explanation seems more realistic since when a cone test is 

arried out with a thicker sample (23 mm instead of 10 mm), 

he plateau lasts for a longer time and the second peak does not 

ppear. Therefore, this peak is considered as an artefact due to 

he use of rock wool to insulate the back surface and should not 

e taken into account. After the second peak, flaming combustion 

tops once the volatile pyrolysis gases are exhausted and thermo- 

xidation takes place. The reaction then becomes oxidizer diffusion 

ominated [ 30 , 31 ]. 

.3.2. Mass loss (ML) and mass loss rate (MLR) 

Fig. 7 shows the variation of the mass loss (ML) for both studied 

aterials as a function of time for different external heat fluxes. 

egardless of the heat flux, the final mass of PMMA is zero while 

yowaglas loses almost 70% of its initial mass. 
Transient evolutions of mass loss rate (MLR) are presented in 

ig. 8 for Kyowaglas and PMMA for different external heat fluxes. 

hen the external heat flux increases from 25 to 75 kW.m 

−2 , sam- 

les’ mass is lost on a shorter time. For example, in the case of 

yowaglas, mass loss takes around 16 min at 75 kW.m 

−2 against 

2 min at 25 kW.m 

−2 , with a higher maximal intensity of the MLR 

eak around 0.24 g.s −1 at 75 kW.m 

−2 compared to 0.18 g.s −1 at 

5 kW.m 

−2 . Similar phenomena are observed for PMMA. The in- 

orporation of lead into the PMMA matrix decreases the MLR peak 

mplitude at a given external heat flux. For 75 kW.m 

−2 , MLR peak 

mplitude decreases from about 0.46 to 0.25 g.s −1 when 30% wt of 

b-compounds are added to the PMMA matrix (Kyowaglas). The 

ame observation can be made for other heat fluxes. 

.3.3. Cone calorimeter parameters 

Tables 4 and 5 present the results of cone calorimeter experi- 

ents for Kyowaglas and PMMA, respectively. According to these 

ables, regardless of the heat flux, flammability is much lower for 



Table 5

Cone calorimeter tests results for PMMA.

25 kW/m 

2 50 kW/m 

2 75 kW/m 

2

TTI (s) 114 ± 4 31 ± 1 8 ± 1 

TOF (s) 662 ± 32 397 ± 7 296 ± 16 

pHRR (kW/m 

2 ) 479 ± 29 894 ± 31 1257 ± 13 

t pHRR (s) 490 ± 2 275 ± 3 160 ± 3 

THR (MJ/m 

2 ) 190 ± 3 188 ± 6 192 ± 0.7 

THR (kJ/g) 23.9 ± 0.6 23.5 ± 0.1 24.1 ± 0.1 

Residue (% wt ) 0 0 0

EHC (MJ/kg) 23.9 ± 0.6 23.5 ± 0.1 24.1 ± 0.1 

TSR (m 

2 /m 

2 .g) 12 ± 2 14 ± 1 13 ± 1 
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yowaglas than for PMMA. For example, pHRR and THR of Kyowa- 

las at 25 kW/m ² are 350 kW/m 

2 and 17 kJ/g, versus 480 kW/m ²
nd 24 kJ/g for PMMA, corresponding to reductions of 27% and 

9% respectively. Higher is the heat flux, higher is the reduction in 

HRR recorded for Kyowaglas. Regarding EHC values, PMMA shows 

imilar values of EHC in the cone tests and PCFC under anaerobic 

onditions ( Table 3 ). However, the EHC values obtained for Kyowa- 

las in the cone tests are slightly higher than those obtained with 

CFC. This is probably due to lead oxidation during cone calorime- 

er testing due to the presence of oxygen especially towards the 

nd of the tests. 

Compared with PMMA, Kyowaglas has a very dense and strong 

elf-formed residue layer which reduces the heat transfer and the 

ow rate of volatiles, maintaining a HRR at a lower value (plateau 

n Fig. 6 ). According to Schartel and Hull [26] , PMMA exhibits ther-

ally thick non-charring behavior, unlike Kyowaglas, which ex- 

ibits thermally thick charring behavior. 

.3.4. Thermal behavior 

Homogeneous materials can be classified mainly into two cate- 

ories: thermally "thick" and thermally "thin" materials. A material 

an be considered thermally "thin" when the temperature variation 

cross its thickness is negligible for a given period of time [32] . 

therwise, it is considered thermally "thick". For thermally thick 

aterials, the depth of thermal penetration δ, which characterizes 

he speed of penetration and the attenuation of a thermal wave in 

 medium, is less than its physical thickness (10 and 6 mm for Ky- 

waglas and PMMA, respectively) [33–35] . In this case, a tempera- 

ure gradient is created between the two opposite sides [ 36 , 37 ]. δ
s calculated as follows: 

≈
√ 

α.T T I (2) 

here TTI is the time to ignition (s) and α is the thermal diffusiv- 

ty (m 

2 /s). 

Table 6 indicates that Kyowaglas and PMMA are considered 

hermally "thick", for the three irradiances studied, as long as their 

hickness is much higher than 3.3 mm and 3.2 mm, respectively. 

his is in good agreement with the findings drawn from the HRR 

urve shape discussed above. As a matter of fact, it was stated that 

hermally thick non-residue forming samples, like PMMA, show a 

trong initial increase after ignition up to a quasi-static HRR value. 

he latter is marked by a plateau for low irradiance levels and 

y a shoulder for high irradiance levels as shown in Fig. 6 (a). The

uasi-steady HRR remains until the pHRR occurs towards the end 

f the test [26] . Concerning thermally thick residue forming sam- 

les, an initial increase in HRR is observed until the formation of 

 residue layer that thickens with time. This results in a decrease 

n HRR [26] . Kyowaglas shows a similar behavior as can be seen in

ig. 6 (b). 

.3.5. Ignition temperature (T ig ) and critical heat flux (CHF) 

Among the parameters that allow the characterization of the 

re risk and the decomposition of materials, time to ignition (TTI) 
s considered as a critical parameter [ 24 , 38 , 39 ]. A sample with a

ow TTI exhibits a high fire risk and reduced thermal resistance. 

he relation between TTI and heat flux makes it possible to eval- 

ate the flammability properties of the material such as ignition 

emperature (T ig ) and critical heat flux (CHF). The latter corre- 

ponds to the minimum heat flux for which the surface of the 

ample reaches ignition temperature marking the start of ignition 

35] . Time to ignition data, for Kyowaglas and PMMA, under dif- 

erent heat fluxes are listed in Tables 4 and 5 , respectively. Both

aterials exhibit similar TTI at fixed heat flux, meaning that the

resence of lead compounds have no significant effect on ignition.

In the literature, various authors have proposed models and 

heories relating TTI, incident radiant heat flux and thermo- 

hysical properties of materials in order to better understand their 

hermal decomposition. Some of these theories were developed 

nder the assumption that radiation does not penetrate into the 

olid phase. However, it must be borne in mind that clear PMMA 

ehaves as a semi-transparent material when subjected to ther- 

al radiation [40] . Unlike perfectly transparent materials, semi- 

ransparent materials absorb radiation. This absorption takes place 

n depth not just at the surface, in contrast with opaque bodies, 

nd plays a major role in the heating and the ignition of the ma- 

erial [41] . Hence, predictions and models that assume that there’s 

o in-depth absorption of radiation, do not apply to clear PMMA. 

n this paper, reference is made to Jiang’s model [42] for the de- 

cription of the temperature field in the material when subjected 

o a constant heat flux, which is the case of cone calorimeter tests. 

his model considers a semi-infinite medium which absorbs radi- 

tion according to Beer’s law with an absorption coefficient κ . Un- 

er these conditions, the heat equation in the sample is given by 

q. (3) : 

∂ 2 θ

∂ x 2 
− ρC P 

k 

∂θ

∂t 
= − ( 1 − r ) ̇ q ′′ e κ

k 
e −κx (3) 

here θ = T-T 0 is the temperature rise, x is the in-depth distance 

nd r is the surface reflectivity. 

The initial and boundary conditions are as follows: 

 

θ ( x, 0 ) = 0 

−k ∂θ
∂x 

| x =0 = −h C ( T S − T 0 ) − εσ
(
T 4 S − T 40

)
θ ( ∞ , t ) = 0 

(4) 

here T S is the surface temperature. 

Moreover, for the radiated flux the following approximation is 

ntroduced: (
T 4 S − T 40

)
≈ h R ( T S − T 0 ) (5) 

here h R is the radiation approximation coefficient. 

Using Laplace transform, the analytical solution of Eqs. (3) and 

4) is as follows:

( x, t ) = T ( x, t ) − T 0 = −βa T 0 e 
−κx

+ βa T 0 
2 

e κ
2 αt−κx er f c 

(
κ

√ 

αt − x

2 

√
αt 

)

+βa T 0 ( 1 + βL ) 

2 ( 1 − βL ) 
e κ

2 αt+ κx er f c 

(
κ

√ 

αt + 

x 

2 

√ 

αt 

)

− βa T 0
βL ( 1 − βL ) 

e β
2 
L κ

2 αt+ βL κx er f c 

(
βL κ

√ 

αt + 

x 

2 

√ 

αt 

)

+ βa T 0 ( 1 + βL )

βL 

er f c 

(
x 

2 

√ 

αt 

)
(6) 

here βa = 

( 1 −r ) ̇ q ′′e
κk T 0

and βL = 

( h c + ε h R ) 
κk

are ratios of heat transfer 

oefficients. βa is the ratio of the non-reflected incident heat flux 

o the in-depth heat transfer, and β is the ratio of the convective 
L 



Table 6

Thermal penetration depth calculation for Kyowaglas and PMMA.

External Heat flux ˙ q ′′ e (kW/m 

2 ) Thermal penetration depth δ (mm)

Kyowaglas 25 3.3 ± 0.01 

50 1.6 ± 0.02 

75 1 ± 0.02 

PMMA 25 3.2 ± 0.03 

50 1.7 ± 0.02 

75 0.9 ± 0.03 

Table 7

Kyowaglas and PMMA properties and constants used in the analysis.

Kyowaglas PMMA

k (W/m.K) 0.15 ± 0.01 0.16 ± 3.10 −3 

ρ (kg/m 

3 ) 1604 ± 1.2 1192 ± 1 

Cp (J/kg.K) 1044 ± 11 1416 ± 8 

α (m 

2 /s) 8.9.10 −8 ± 6.10 −10 9.2.10 −8 ± 9.10 −10 

h C (W/m 

2 .K) [ 44 , 45 ] 10 10

κ (m 

−1 ) [ 42 , 43 ] 960 960

ε [43] 0.86 0.86

r [43] 0.04 0.04

h R (W/m 

2 .K) [42] 21.5 21.5

˙ q ′′ e (W/m 

2 ) 50000 ± 5% 50000 ± 5% 

Fig. 9. Cone calorimeter test during which surface temperature is measured using

an infrared camera.
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nd radiative heat losses from the surface to the environment. ε is 

he emissivity ( ε = 1-r). 

Table 7 gathers the values of the various parameters mentioned 

n Eq. (6) for clear PMMA and Kyowaglas that are studied in this 

aper. The value of the absorption coefficient κ is that given by 

iang, which is similar to that given by Linteris [43] . The values of

and r are correlated and given by manufacturer and are in good 

greement with those given by Linteris as well [43] . The value of 

 R , that reflects a linear approximation of radiation losses, was de- 

ermined by the least squares method by minimizing the difference 

etween the linear curve and the T 4 curve within the interval [T 0 - 

 ig ]. According to Jiang [42] , h R value slightly varies between 20 

nd 24 W/m 

2 .K which is in good agreement with the calculated 

alue in Table 7 . Since κ and ε values of Kyowaglas are not known 

hey are assumed to be identical to that of PMMA. 

In this study, surface temperature is measured using infrared 

amera for PMMA and Kyowaglas at 50 kW/m ² as shown in Fig. 9 .

ne should note that during cone calorimeter tests equipped with 

nfrared camera, the distance between the specimen and the cone 

ottom is 60 mm instead of 25 mm for tests without a camera. 
n these conditions, TTI for Kyowaglas and PMMA are 65 and 38 

econds, respectively. 

Fig. 10 represents experimental curves of the variation of the 

urface temperature for Kyowaglas and PMMA as a function of 

ime under an irradiance level of 50 kW/m 

2 . It also shows the 

urve obtained with Jiang’s model. On this figure, infrared camera 

llows measuring the ignition temperature (T ig ) that is defined as 

he onset of the sudden rise in temperature [45] . The time corre- 

ponding to the onset of the sudden rise in temperature occurs at 

he ignition times of Kyowaglas and PMMA. Experimental T ig for 

yowaglas and PMMA are 372 °C and 382 °C, respectively. Both ma- 

erials exhibit similar T ig which are in good agreement with values 

btained with PCFC. Additionally, Fig. 10 shows that the agreement 

etween experimental data and Jiang’s prediction model is satis- 

actory, especially during the initial rise in temperature (for T ≤
50 °C). For temperatures above 350 °C, the model no longer fit with 

he experimental data, this is probably due to differentiated ther- 

al phenomena observed for the two materials. Indeed, PMMA ex- 

ibits a bubbling phenomenon while a residue layer starts to form 

or Kyowaglas. 

Correlations between TTI and incident heat flux ˙ q ′′ e can be ob- 

ained from approximate solutions. For thermally thin materials, 

orrelation shows that 1 
T T I ∝ ˙ q ′′ e while for thermally thick materials 

1 √ 

T T I
∝ ˙ q ′′ e [ 46 , 47 ]. As mentioned earlier in §3.3.4 , PMMA and Ky-

waglas are considered as thermally thick materials. Fig. 11 shows 

he variation of experimental values of TTI −1/2 as a function of the 

ncident heat flux as well as the TTI values obtained from Jiang’s 

odel for PMMA and Kyowaglas. Jiang considers TTI as the time 

equired for the surface (x = 0) to reach the ignition temperature 

T ig ), namely 372 °C and 382 °C for Kyowaglas and PMMA, respec- 

ively. This figure shows that Jiang’s model describes TTI values 

uite well for low external heat fluxes. However, the model de- 

iates from experimental data for high irradiance levels. 

Jiang’s model, as represented in Fig. 11 , can be described by a 

arabolic law whose equation is given on the graph for each mate- 

ial. As it is typically observed in piloted ignition tests, (TTI) −1/2 

ecreases with a decrease in the incident heat flux, approach- 

ng a limit value that is identified as the critical heat flux (CHF) 

 24 , 48 ]. Hence, the extrapolation of Jiang’s curves gives an inter- 

ection with the abscissa axis that corresponds to CHF. Kyowaglas 

nd PMMA show close values of CHF, namely 5.4 and 5.6 kW/m 

2 , 

espectively. CHF value for PMMA is in good agreement with the 

iterature [ 44 , 48 ]. 

.3.6. Specific mass loss rate (SMLR) 

The specific mass loss rate is determined as the ratio between 

LR and the sample area [24] (A = 88.4 cm 

2 ) that is specified ac-

ording to the ISO 5660 standard [49] . Experimental average SMLR 

 SMLR ) for Kyowaglas and PMMA are plotted in Fig. 12 as func- 

ion of external heat flux. SMLR increases as the external heat flux 

ncreases. For example, it goes from 14 up to 32 g/m 

2 .s and from

 up to 21 g/m 

2 .s, for PMMA and Kyowaglas respectively, when 

xternal heat flux increases from 25 to 75 kW/m 

2 . However, the 

ependence of SMLR on external heat flux is more remarkable for 

MMA than for Kyowaglas. 



Fig. 10. Experimental curves of surface temperature variation as a function of time for Kyowaglas and PMMA under an irradiance level of 50 kW/m 

2 . Dashed line: Surface

temperature curve obtained using Jiang’s model. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

Fig. 11. (TTI) −1/2 variation as a function of external heat flux for PMMA and Kyowa- 

glas compared to Jiang’s model that is applied for each material.
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Fig. 12. Averaged Specific Mass Loss Rate as a function of external heat flux for

PMMA (red) and Kyowaglas (blue). (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.).
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.3.7. Heat of gasification ( �H g ) 

SMLR is defined by Eq. (7) as the sum of the external heat flux 

 ̇ q ′′ e ) and the heat flux from the flame ( ̇ q ′′ 
f l

), less the radiative heat

ux loss ( εσT 4 
ig 

), divided by the latent heat of gasification ( �H g )

 24 , 45 ]. 

MLR = 

(
1 

�H g 

)
˙ q ′′ e + 

(
˙ q ′′ 

f l 
− εσ T 4

ig

�H g 

)
(7) 

The heat of gasification �H g of a solid is defined as the heat 

equired/absorbed to change one unit mass of solid at its boiling 

oint into volatile products under standard atmospheric pressure. 

he slopes (0.267 and 0.3581) of Kyowaglas and PMMA data, re- 

pectively, obtained from Fig. 12 allow the computation of �H g by 

sing the inverse of the slope of Eq. (7) . Thus, the values of �H g 

or Kyowaglas and PMMA are 3.74 and 2.79 kJ.g −1 , respectively. The 

esults show that the incorporation of leaded compounds gener- 

tes an increase in the latent heat of gasification. This means that 

ead species might act as heat sinks by absorbing the heat from 

he polymer. As a result, the energy required for gasification be- 
omes greater and the resistance of the Kyowaglas to produce a 

ixture of combustible gases increases which can result in a bet- 

er thermal resistance. The flame heat flux ˙ q ′′ 
f l 

can also be calcu- 

ated using Eq. (7) . For Kyowaglas and PMMA, ˙ q ′′ 
f l

is approximately 

.7 and 17.8 kW.m 

−2 , respectively. �H g and ˙ q ′′
f l

values for PMMA 

re in good agreement with previous results from the literature 

 24 , 32 , 44 , 45 , 50 , 51 ]. 

.3.8. Smoke production 

Smoke Production Rate (SPR) was also recorded for both ma- 

erials at three irradiances 25, 50 and 75 kW/m 

2 . Fig. 13 (a) and

b) show the SPR as function of time for PMMA and Kyowaglas,

espectively. In this figure, for an irradiance level of 25 kW/m 

2 ,

MMA begins to emit smoke around t = 115 s which corresponds

o its time to ignition, thereafter this smoke rate remains con- 

tant around 0.015 m 

2 /s. Kyowaglas emits smoke slightly later than 

MMA from t = 125 s which also corresponds to its time to ig- 

ition. When compared to Fig. 6 , smoke production is triggered 

uring the initial sudden increase of HRR for both materials. The 

mount of smoke produced during the combustion of Kyowaglas 



Fig. 13. SPR as function of time for (a) PMMA and (b) Kyowaglas at different irra- 

diance levels. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.).

Table 8

TSR values for PMMA and Kyowaglas at 25, 50 and 75

kW/m 

2 .

Total Smoke Release TSR (m 

2 /m 

2 .g)

PMMA Kyowaglas

25 kW/m 

2 12.7 ± 0.2 24.1 ± 0.1 

50 kW/m 

2 14.1 ± 0.1 25 ± 0.1 

75 kW/m 

2 13.8 ± 0.2 26.7 ± 0.2 
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Fig. 14. RSR as function of HRR for (a) PMMA and (b) Kyowaglas. (For interpretation

of the references to color in this figure legend, the reader is referred to the web

version of this article.).
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ncreases continuously over time until reaching a peak which ap- 

ears towards the end of the test with a maximum of about 0.04 

nd 0.07 m 

2 /s for irradiance levels of 25 and 75 kW/m 

2 , respec-

ively. This maximum corresponds to the second pHRR and is fol- 

owed by a fast decrease up to flame out. 

Table 8 shows total smoke release (TSR) values for both studied 

aterials at different irradiance levels. Results show that PMMA 

nd Kyowaglas both exhibit an almost constant amount of smoke 

or the different irradiance levels. The latter is approximately 13 

nd 25 m 

2 /m 

2 .g for PMMA and Kyowaglas, respectively. Further- 

ore, Table 8 shows that the Kyowaglas produces twice as much 

moke as PMMA despite a lower amount of gas release. 

Smoke production depends on the nature and the amount of 

aterials but also on the decomposition rate. In order to get new 

nsights on smoke production, Fig. 14 (a) and (b) plot Smoke Re- 

ease Rate (RSR) versus HRR as proposed in a previous paper 

52] for PMMA and Kyowaglas, respectively. RSR, like TSR, is one

f the different smoke parameters that are provided by standard

one calorimeter tests. It is given by the extinction coefficient mul- 

iplied by the flow rate through the duct divided by the exposed 

urface area of sample (88.4 cm 

2 ). Even if the curves of Fig. 14 are

oisy, clear differences appear between PMMA and Kyowaglas ir- 

espective of the decomposition rate. For PMMA, RSR increases 

lowly with HRR. Indeed, RSR values are around 2 (m ²/s)/m ² and 

 (m ²/s)/m ² for HRR equal to 400 and 800 kW/m ², respectively. The 

atio RSR/HRR (called A in [52] ) is close to 0.005 m ²/kJ in good

greement with our previous findings. For Kyowaglas, after the first 
HRR, RSR increases much faster with HRR. RSR is between 5-7 

m ²/s)/m ² for HRR equal to 400 kW/m ². Then, smoke production is 

nhanced in Kyowaglas. 

.4. Residue 

The main objective of this document is to achieve a charac- 

erization as complete as possible of Kyowaglas, in particular con- 

erning its fire behavior. The first part of this paper described the 

aterial at room temperature before it was subjected to thermal 

tresses. Subsequently, a second part was devoted to the evalua- 

ion and the evolution of its thermal properties during combustion. 

his last part is then dedicated to the residue formation from the 

urning of Kyowaglas. 

As mentioned above, while non-charring materials, as PMMA, 

urn completely without leaving a residue, Kyowaglas has a mass 

oss of around 70% as shown by TGA, PCFC measurements and cone 

ests. During the combustion of Kyowaglas, the material undergoes 

everal changes in its physical state (see Fig. 15 ). Indeed, the ma- 

erial undergoes a transition from the solid state to a molten state 

 Fig. 15 (a)), followed by a bubbling phenomenon ( Fig. 15 (b)) just 

efore ignition ( Fig. 15 (c)). A residue thick layer begins to form 

s the combustion process continues ( Fig. 15 (d)). Before flameout, 

.e. when flame starts to vanish, leaded beads appear on the sur- 

ace ( Fig. 15 (e)). At the end of the test, the entire surface of the

esidue seems to be covered by small leaded beads of different

izes ( Figs. 15 (f) and 16 ).

In order to understand the origin of these beads, and given that 

hey only appear towards the end of the test before flame out, 

hree samples were analyzed by X-ray diffraction (XRD) ( Fig. 17 ). 

he first sample (a) consists of Kyowaglas before burning. The sec- 

nd sample (b) consists of Kyowaglas residue which has under- 

one an interrupted cone test at the plateau level (for t ≈ 220 s 

nd at an irradiance level of 50 kW/m 

2 ). At this stage, beads have

ot yet been observed but rather a yellowish residue in the center 

nd black at the edges. The last sample (c) consists of Kyowaglas 

esidue which has undergone a complete cone test. Fig. 18 shows 



Fig. 15. Different burning stages of Kyowaglas.

Fig. 16. Kyowaglas residue covered with leaded beads after a cone test.
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Fig. 17. Kyowaglas samples: (a) before cone calorimeter test, (b) after an interrupted cone
he XRD spectra obtained for each sample. On the first spectrum, 

o peak is observed evidencing that Kyowaglas is fully amorphous. 

n the second spectrum, two species appear: lead (Pb) at 32 °, 36 °, 
2 ° and 61 ° [ 53 , 54 ], the remaining peaks are attributed to lead ox-

de (PbO) with higher intensity [ 55 , 56 ]. On the last spectrum, the

eaks of lead (Pb) tend to disappear and only lead oxide is present 

hile beads cover the whole surface. 

Samples (b) and (c) are then analyzed using scanning electron 

icroscope (SEM). An elementary analysis was also carried out in 

rder to identify the elements present in these residues. For sam- 

le (b) three different zones of different colors are analyzed: yel- 

ow, grey and black zones. Figs. 19–21 present the SEM observa- 

ions carried out on the three respective zones. Fig. 22 shows the 

icrostructure of sample (c). 

On Fig. 19 (yellow zone), plates of square geometric shape (yel- 

ow arrows) scattered in a spongy structure are observed. Elemen- 

al analysis of these structures shows that they consist of 19% at Pb, 

0.4% at carbon and 26% at oxygen. Regarding the grey area ( Fig. 20 ), 

ome filaments appear (red arrows); the geometric shapes ob- 

erved in the yellow area no longer appear there. These filaments 
 calorimeter test at the plateau level and (c) after a complete cone calorimeter test. 



Fig. 18. XRD spectra for the three studied samples. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.).

Fig. 19. Yellow zone analysis by SEM from sample (b).

Fig. 20. Gray zone analysis by SEM from sample (b).



Fig. 21. Black zone analysis by SEM from sample (b).

Fig. 22. SEM observations of different zones from sample (c) that has undergone a full cone test.
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re made up of 10% at Pb, 70% at carbon and 20% at oxygen. Finally, 

he black area highlights the presence of leaded beads of different 

izes. Indeed, Fig. 21 shows that the surface of the analyzed sam- 

le is covered with leaded beads (blue arrows). In addition, these 

eads appear to be formed from an arrangement of the square 

lates observed in the yellow area. Some of these plates are miss- 

ng from the bead surface (green arrows). Elemental analysis of 

his zone shows that it is made up of 30% at Pb, 35% at carbon and

5% at oxygen. 

With regard to sample (c), it should be reminded that it is 

 Kyowaglas residue obtained after a complete test with cone 

alorimeter, it highlights a significant presence of leaded beads dis- 

ributed in a spongy structure. Fig. 22 shows different SEM obser- 

ations of different zones from sample (c). The XRD spectrum of 

ig. 18 shows that these beads are mainly composed of lead oxide 

PbO). 
Moreover, PCFC tests were carried out under different condi- 

ions (aerobic and/or anaerobic pyrolysis). Indeed, these tests can 

e divided into three categories. The first category consists of 

erforming PCFC analysis on Kyowaglas under anaerobic pyrolysis 

onditions. The second category consists of performing PCFC analy- 

is on Kyowaglas under aerobic pyrolysis conditions. The last cate- 

ory concerns PCFC analysis on Kyowaglas under anaerobic pyroly- 

is conditions and the resulting residue was subsequently tested 

ith PCFC under conditions of aerobic pyrolysis. Fig. 23 shows 

he XRD spectra obtained for each sample. When Kyowaglas or its 

esidue undergoes aerobic pyrolysis, there is no evidence of metal- 

ic lead (Pb). In fact, the green and blue spectra only show the 

resence of lead oxide (PbO). However, when Kyowaglas undergoes 

naerobic pyrolysis, four peaks are observed on the red spectrum 

hich correspond to the metallic Pb. 



Fig. 23. XRD spectra for the three studied samples. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.).

Fig. 24. Ellingham diagram of lead oxides at 1 bar.
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From the results obtained with PCFC, SEM and XRD, lead com- 

ounds, regardless of the form in which they exist in Kyowaglas, 

eem to change their morphology when they transform/decompose 

o PbO. First, square plates are observed, which will then strongly 

ggregate to form microparticles preferentially assembled into 

pheres. 

Furthermore, from these results, the oxidation of lead to form 

bO seems to occur only when the temperature drops and in the 

resence of oxygen. Indeed, the XRD analysis shows the presence 

f PbO: 

- At the edges of the sample having undergone an interrupted

cone calorimeter test ( Fig. 21 (sample b)).

- Over the entire residue surface of the sample having undergone

a complete cone calorimeter test ( Fig. 18 (sample c)).

- In the residue of the sample which has undergone aerobic py- 

rolysis with PCFC ( Fig. 23 – blue curve).

Metallic lead is only detected in certain areas of the residue

rom the interrupted cone test (probably the yellow area) and in 

he residue of the sample that has undergone anaerobic pyrolysis 

ith PCFC. 

This can be explained by the Ellingham diagram. The latter 

akes it possible to foresee the temperature dependence of the 

tability of compounds and to predict the equilibria between a 

etal and its oxides as a function of temperature [57] . The Elling- 

am diagram plots the Gibbs free energy ( �G) for oxidation reac- 

ions as a function of temperature. The �G of a reaction evaluates 

he thermodynamic driving force that makes a reaction occur. If 

G is negative, the reaction occurs spontaneously. If �G is posi- 

ive, the reaction cannot occur spontaneously without external in- 

uts (like heat). Most commonly known lead oxide pairs were plot- 

ed in Fig. 24 . This diagram offers various features. Among these 

eatures, we are interested in two in particular. Feature (1) states 

hat the lower the position of a metal’s line in the Ellingham di- 

gram, the greater is the stability of its oxide [58] . Indeed, when 

he reaction’s line is closer to the top of the diagram ( �G → 0), the

etal’s oxides are unstable, these reactions concern mainly “no- 

le” metals, like platinum and gold. As the reaction’s line moves 

own toward the bottom of the diagram, metals become progres- 

ively more reactive and their oxides become more stable. Feature 

2) assumes that the stability of metallic oxides decreases with in- 

rease in temperature because compounds become less stable as

heir free energy gets close to zero [59] .

From the reactions presented in Fig. 24 , reaction (c) is to be 

he most favorable (feature (1)), since its free energy value is the 

ost negative of all. From this plot, and the XRD spectra presented 

bove, it is clear that PbO is the only lead oxide that could be

ormed. It is reasonable to think that regions where PbO is de- 

ected are richer in Oxygen than other zones. Such Oxygen is likely 

o combine with Pb in Kyowaglas to form PbO. 

However, according to feature (2), PbO is less stable thus does 

ot form at high temperatures. This could explain the appearance 

f the PbO beads during the last moments of the test, just be- 

ore flameout when the temperature decreases and when a greater 

mount of oxygen is available. 

. Conclusions

In this paper, the fire behavior of pure PMMA and Kyowaglas, 

omposed of 70% PMMA and 30% leaded compounds, is evaluated. 

TGA analyzes under inert gas show that the decomposition of 

yowaglas takes place in two stages and only one for PMMA. This 

ouble decomposition of Kyowaglas is verified with PCFC under 

naerobic pyrolysis. The final mass obtained being equal to the 

eight percentage of lead in the Kyowaglas. This means that lead- 

ompounds remain in the condensed phase. 
Cone calorimetry results highlight a lower flammability for Ky- 

waglas compared to PMMA. Indeed, the rate of heat release dur- 

ng combustion tends to decrease when lead is incorporated (Ky- 

waglas). In contrast, the total smoke given off during combustion 

ncreases strongly when lead is incorporated. Indeed, the value 

f TSR is practically doubled for Kyowaglas. The mass loss curves 

ecorded during the cone calorimeter tests show a sort of stabi- 

izing effect of lead, and the final quantities of residues obtained 

orrespond well to the mass of lead species incorporated in the 

yowaglas. The low flammability observed in the case of Kyowa- 

las is probably due to the barrier effect which, on the one hand, 

imits the fluxes between the flame and the condensed phase and 

n the other hand allows a higher heating of the surface. 

As a non-charring material, PMMA burns completely without 

eaving a residue. On the other hand, Kyowaglas has a mass loss 

f around 70%. SEM and XRD analyses on the Kyowaglas residue 

howed that metallic lead forms as the Kyowaglas burns. However, 

his metallic lead seems to oxidize with the ambient oxygen to 

orm PbO beads which cover the entire surface of the residue to- 

ards the end of the cone tests, just before flameout, when the 

emperature drops and oxygen availability increases. 
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