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a b s t r a c t 

The assessment of the modes of action of flame retardants (FRs) and their quantification is a challenging

issue. This study highlights that the condensed phase efficiency θ can be assessed by combining dif- 

ferent flammability tests (pyrolysis-combustion flow calorimeter PCFC, Limiting Oxygen Index LOI, cone

calorimeter). Relations were proposed to calculate LOI and pHRR in cone calorimeter from several pa- 

rameters including θ . A satisfying agreement between experimental values and calculated ones were 

found for a set of several dozens of FR-free polymers assuming that θ = 1 (i.e. no action in condensed 

phase).Then, θ was evaluated for EVA/PE blends containing Aluminium TriHydroxyde (ATH) and/or Mag- 

nesium DiHydroxyde (MDH) and for ABS containing Ammonium PolyPhosphate (APP) and/or DecaBro- 

moDiPhenylOxide (DBDPO) assuming that LOI and pHRR of flame-retardant compositions follow the same

relationships as those of unfilled polymers. The evolution of θ (as well as χ , i.e. the combustion effi- 

ciency) highlights the modes of action of FRs and can contribute to the discussion about possible synergy

or antagonism between FRs. Especially, an apparent synergism between APP/DBDPO is observed in cone

calorimeter from a performance point of view. Nevertheless, the calculation of χ and θ challenges this 

conclusion.
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. Introduction

Polymers are easily flammable, forcing to add flame-retardants 

o formulations. Many flame retardant systems improve the flame 

etardancy through different modes-of-action [1] in condensed 

hase (through char promotion or endothermic decomposition), or 

n gas phase (through radical trapping or dilution of fuels). Syner- 

ism between FRs is also often desired to improve the fire perfor- 

ances. For example, Ethylene Vinyl Acetate compounds are com- 

only used in the wire and cable industry, due to their outstand- 

ng properties (flexibility and elongation at break). EVA is flame 

etarded with high amount of fillers (up to 65%), especially with 

luminium and/or magnesium hydroxide (ATH & MDH) [ 2 , 3 ]. In 

rder to improve the fire retardancy of EVA compounds, many 

llers were used in combination with ATH or MDH like nanofillers 

uch as montmorillonite [4–7] , or phosphorous based additives 

8] . Other well-established synergistic systems can be cited, like

alogen-antimony synergy [9] which has an effect in both con- 

ensed and gas phases thanks to Sb 2 O 3 reaction with hydrogen 
∗ Corresponding author.

E-mail address: rodolphe.sonnier@mines-ales.fr (R. Sonnier).
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alides. Ternary intumescent systems are another synergistic sys- 

ems which promote the formation of a charred layer by a com- 

ined reaction between an acid source, a char forming agent and a 

lowing agent [ 10 , 11 ]. 

Assessing the relative efficiency of each mode-of-action would 

e useful to design better FR systems and to identify synergism 

etween FRs. While actions in gas phase can be estimated through 

he measurement of the combustion efficiency χ , the efficiency of 

he action in condensed phase, i.e. the relative efficiency of heat 

nd mass transfer at the solid surface (often called θ ) cannot be 

asily evaluated. Moreover, the importance of modes-of-action de- 

ends on the fire scenario (i.e. on the flame test). Therefore, the 

fficiency of a FR may be significantly different from one test to 

nother because test conditions and pass/fail criteria greatly differ. 

n LOI, the main criterion governing rating is the flame extinction 

fter removal of the ignition source. In cone calorimeter, the burn- 

ng is forced by exposing the material to a radiative source during 

he whole test. 

As an example, Cogen et al. [12] compared performances of 

alogen-free flame retardants in EVA/PE blends for wire and ca- 

le industry using different tests. They found some correlations 

etween PCFC and cone calorimeter, but no correlation was no- 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymdegradstab.2021.109767&domain=pdf
mailto:rodolphe.sonnier@mines-ales.fr
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iced between LOI and PCFC. Schartel et al. [13] studied seventeen 

C/ABS blends retarded with various additives. They found corre- 

ation between total heat release (THR) and char residue with the 

imiting oxygen index (LOI). But they showed a poor correlation 

ith the heat release capacity (HRC or sumHRC) with a high dis- 

ersion of LOI from 15 to 45 for HRC close to 400 J/g.K. 

This lack of correlation may be also used to assess the modes- 

f-action of FRs. Sonnier et al. [14] have evaluated the barrier ef- 

ect of different fillers combining two methods (namely PCFC and 

one calorimeter), based on the fact that some effects like flame 

nhibition or barrier effect cannot be observed in PCFC [15] but are 

fficient in cone calorimeter. 

Different studies proposed equations to calculate LOI using var- 

ous parameters. For example, Van Krevelen [16] proposed a re- 

ation between oxygen index and char yield measured in ther- 

ogravimetry (anaerobic pyrolysis). Lyon et al. [ 17,  18]  suggeste

n equation where LOI is predicted from flammability parameters 

easured by PCFC [19].  Nevertheless, these approaches are suit-

ble to a limited range of polymers and/or lead to meaningless 

alues for some materials. More recently, Lyon et al. [18] develop 

 Fire Growth Capacity (FGC) from PCFC data. This index involves 

he specific heat of complete combustion and the temperatures at 

% and 95% conversion of solid to gaseous fuel, that can be as- 

imilated respectively to the ignition temperature and the burning 

emperature at macroscale. FGC was correlated (R 

2 = 0,7) with LOI 

or a wide range of polymers. Other equations have also been pro- 

osed to calculate the pHRR in cone calorimeter from parameters 

easured at microscale [17].  
Moreover, a better quantification of FR modes-of-action is 

eeded to assess properly synergism. Indeed, synergism is of- 

en claimed but rarely proved. Synergism [20] can be postulated 

ased on performances only or by establishing specific mecha- 

isms. Camino et al. [21] focused on the cyclic chemical process 

hat controls the polymer combustion, and showed that the maxi- 

um synergistic effect should be obtained considering a quantita- 

ive ratio of the condensed to gas phase action. 

Lewin [22] and Holdsworth [23] have defined several parame- 

ers to evaluate the synergy according to the results obtained in 

OI. 

This study principally focuses on two approaches proposed to 

ssess the actions of different FR systems in two different fire tests 

Limiting Oxygen Index and Cone calorimeter) using flammabil- 

ty data from Pyrolysis-Combustion Flow Calorimetry (PCFC). The 

oal of the study is to characterize quantitatively the efficiency in 

ondensed phase of FRs, with the aim of clarifying the means of 

uantitatively evaluating the synergy between FRs. Several exam- 

les based on EVA/PE and ABS compounds are discussed. Different 

odes of action are studied using a halogen FR (DBDPO) which 

cts in the gas phase action and a phosphorus based compound 

APP) which acts in condensed phase in order to evaluate if syner- 

istic effects were obtained [1] . 

. Experimental part

.1. Description of the method 

The determination of the limiting oxygen index involves the 

ustained ignition and the downward propagation of a flame along 

 vertically orientated sample. Therefore, LOI should be related 

o the laws which govern these two phenomena and particularly 

he flame propagation. Quintiere proposed a simplified theory for 

ame spread rate based on the hypothesis that spread is due to the 

gnition of a small volume heated by the flame. For thermally thin 

olids, which can be considered as a reasonable assumption for LOI 

pecimen, the flame spread velocity V f can thus be described by 
q. (1) [24] : 

 f = 

˙ q ′′ 
f 
δ f 

e ρC p 
(
T ig − T 0 

) (1) 

ith ˙ q ′′ 
f 

the heat flux from the flame, δ f the length heated by the 

ame, e the sample thickness, ρ the sample density, C p the heat ca- 

acity, T ig the ignition temperature, T 0 the ambient temperature. In 

q. (1) , V f is supposed to be the flame velocity in free atmosphere, 

.e. the oxygen concentration being 21 vol%. Additionally, V f is af- 

ected by the variation of oxygen concentration X O 2 . Nasr et al. in

heir work on confined fire showed that the heat flux from the

ame ˙ q ′′ 
f

is composed of a convective part which is proportional to 

 O 2 and of a radiative part which is proportional to X 4 
O 2 

[25] . In the

ase of LOI with downward flame spread, the radiative part of ˙ q ′′
f

hould be preponderant. Hence, the flame spread velocity should 

ary as: 

 f = k X 

4 
O 2 (2) 

LOI can be considered as the value of oxygen concentration for 

hich the flame spread velocity reaches a critical value V f c , this 

alue being independent of oxygen concentration. From these con- 

iderations, it can be proposed that: 

OI = X 

f ree atm 

O 2 

(
V f c 

V 

f ree at 

f 

) 

1
4

= 21 ×

⎛
⎝ V f c 

˙ q ′′ 
f 
δ f

e ρC p ( T ig −T 0 ) 

⎞ 

⎠
1
4

(3) 

In the present method, it is proposed that some parameters of 

q. (3) are directly related to parameters measured in PCFC exper- 

ments. Thus, T ig can be related to T max the temperature at maxi- 

um pyrolysis rate in PCFC. Moreover, the heat flux from the flame 

˙  ′′ 
f

can be written as: 

˙ 
 

′′ 
f = α × HRC × χ × θLOI (4) 

With α an ad hoc parameter (g.K.s −1 .m 

−2 ), HRC the heat release 

apacity (J.g −1 .K 

−1 ) measured in PCFC and assessing the decompo- 

ition rate and the dilution of the polymer in condensed phase, χ
he combustion efficiency assessing the gas phase action and θ the 

elative efficiency of FR in condensed phase (barrier effect or en- 

othermic effect, and more generally all phenomena which are not 

ffective in PCFC, i.e. which do affect neither HRC nor T max ). 

The combustion efficiency χ was calculated as follows using 

CFC and cone calorimeter parameters: 

= 

EH C cone

HC C PCF C 

(5) 

ith 

H C = 

T H R 

1 − f cone residue 

and H CC = 

T H R 

1 − f PCF C residue 

(6) 

f residue is the mass fraction of residue and THR is the total heat 

elease. χ was calculated by dividing the effective heat of combus- 

ion (EHC) of fuel gases in the cone calorimeter test by HCC, Heat 

f complete combustion, measured at PCFC [ 26 , 27 ]. χ characterizes 

specially the flame inhibition. It cannot be calculated using PCFC 

n standard conditions because combustion is assumed to be com- 

lete. χ may be calculated using PCFC only if a combustion tem- 

erature of isoconversion is known (i.e. the temperature in com- 

ustor for which heat of combustion in PCFC is equal to EHC in 

one calorimeter). But the data are too scarce to establish a pri- 

ri this temperature of isoconversion. Then, in this study, χ was 

alculated using PCFC and cone calorimeter and is assumed to be 

imilar in LOI. 

From Eqs. (3) and (4) , it comes: 

OI = 21 ×
(

β
HRC× χ×θLOI 

( T max −T 0 ) 

) 

1
4

(7) 



Fig. 1. LOI versus calculated index: experimental data and Eqs. (9) and (10) .
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The coefficient β includes all parameters supposed to be con- 

tant whatever the materials ( V f c , δ f , e , α) but also the thermo-

hysical properties ( ρ, C p ) because they were shown to have mi- 

or influence on LOI. 

The method proposed in this study assumes that LOI can 

e predicted by a so-called Calculated Index (CI) identified in 

q. (7) and mainly based on flammability parameters measured in 

CFC as shown in equation 8. 

I = 

HRC ∗ χ ∗ θLOI

( T max − T 0 ) 
(8) 

To check the validity of Eq. (7) relating LOI and CI, a set of

6 pure polymers (see Table S1 in supporting information) from 

28] was used assuming that θ = 1 since no flame retardant effect

n condensed phase was expected. This reference provides the LOI

alues as well as the heat release capacity, the temperature of igni- 

ion that will be assimilated to the temperature at maximum HRR 

n PCFC and the combustion efficiency. Note that this assumption 

 θ = 1) appears reasonable for most of polymers. In case of char- 

ing polymers, this assumption may be more questionable. 

The experimental data were fitted using Eq. (7) . The higher co- 

fficient of determination (R ² = 0.88) was obtained with β = 2 , 

eaning that 

OI = 25 × ( CI ) 
− 1

4 (9) 

The data were also fitted using a power law letting free the ex- 

onent. The highest coefficient of determination (R ² = 0,89) was 

btained for the following relation: 

OI = 22 . 784 × ( CI ) 
−0 . 341 (10) 

Since the exponent in Eq. (10) was close to that in Eq. (9) de-

uced from the physical theory, it was chosen to keep Eq. (10) that 

ives the highest coefficient of determination. Fig. 1 highlights that 

q. (10) with the new calculated index CI enables to obtain a good 

rediction of the LOI for pure polymers considering θ = 1. 

As mentioned before, considering thermophysical properties in 

he denominator of CI: 

CI therm = 

HRC∗χ∗θLOI 
( T max −T 0 ) ∗( ρ ∗ cp ) 

did not improve the prediction of 

OI (R 

2 = 0.86), while HRC, χ and �T have to be taken into ac- 

ount to maximize the correlation between experimental LOI and 
I (with θ = 1). It can be noticed that if HRC is not used in CI

he correlation collapses to R 

2 = 0.65 whereas without χ or �T, 

 

2 decreases moderately respectively to 0.83 and 0.84. This can be 

xplained by a larger variation range of HRC or combustion effi- 

iency compared to that of thermophysical properties. 

Then for flame retardant polymers (i.e. when θLOI is not a pri- 

ri equal to 1), θ LOI can be extracted as follows by replacing CI in 

q. (11) : 

LOI = 

�T 

HRC × χ
×

(
LOI 

22 . 784 

)− 1
0 , 341

(11) 

According to Lyon et al. [17] , peak of HRR measured at cone 

alorimeter can be related to the heat release capacity measured 

ith PCFC by the following equations: 

pH RR = 

H RC × q ′′ext

n g 
(12) 

ith 

 g = 

h g
�T p

X × θCC 

(13) 

θCC can be extracted from Eqs. (12) and (13) : 

CC = 

pHRR × h g × q ′′ext

HRC × �T p × X 

(14) 

 

′′ 
ext is the external heat flux, h g is the enthalpy of gasification with 

n average value considered to be 2 kJ/g and �T p is the pyroly- 

is temperature interval (measured as the half width of HRR peak 

nd considered equal to 50 K for pure polymers). Hence, assuming 

hat θ = 1 for pure polymers (see table S2 in supporting informa- 

ion), Fig. 2 shows experimental pHRR versus pHRR calculated from 

q. (12) . Considering that the coefficient of correlation is accept- 

ble (R 

2 = 0.84), this equation can be used to extract θCC which 

uantifies the condensed phase efficiency in the cone calorimeter 

est. 

In the following, these methods will be applied to flame retar- 

ant polymers in order to determine the value of θ in the case it 

ould be different from 1. Hence condensed phase actions can be 

uantified and possible synergism between FR can be highlighted. 

or that purpose, the fire behaviour of several formulations was 

nvestigated. 



Fig. 2. Relationships between experimental pHRR measured at 50 kW/m 

2 versus calculated pHRR.

Table 1

Detailed mass composition of the compounds studied (in wt%).

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

polymers

EVA/PE 80 60 40 80 60 40 60 40

ABS 80 70 60 80 70 60 70 60

FR

ATH 20 40 60 20 30

MDH 20 40 60 20 30

APP 20 30 40 15 20

DBDPO 20 30 40 15 20
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.2. Materials and methods 

Polymers used in this study were a mixture of ethylene vinyl 

cetate with 26wt% of vinyl acetate (EVA Escorene UL00226CC 

rom Exxon Mobil Chemicals) and polyethylene (LDPE PE-019 from 

epsol), and acrylonitrile butadiene styrene (ABS Terluran GP22 

atural from Ineos). The FRs used were Magnesium hydroxide 

MDH – FR20 from ICL-IP), Aluminium hydroxide (ATH - Martinal 

L104 from Huber-Martinswerk), Ammonium polyphosphate (APP 

xolit AP422 from Clariant) and Decabromodiphenyloxide (DBDPO 

R1210 from ICL-IP). 

Compounds were extruded using a Clextral BC21 twin-screw 

xtruder (length 90 mm, speed 200 rpm). The obtained pellets 

ere injection moulded (Krauss Maffei 180-CX 50 t) to prepare 

quare specimens (100 × 100 × 4 mm 

3 ). The formulations carried 

ut for this study are detailed in the Table 1 . 

Each formulation was characterized using three methods. The 

one calorimeter experiments were carried out using a Fire Test- 

ng Technology (FTT) apparatus. A horizontal sample sheet of 

00 × 100 × 4 mm 

3 was placed at 25 mm below a conical heater. 

amples were tested at a heat flux of 50 kW/m 

2 with piloted ig- 

ition. All samples were tested twice. The PCFC analyses were per- 

ormed with a FTT apparatus. The samples were heated from 150 

o 900 °C at 1 °C/s in a pyrolyzer under nitrogen flow. Gases pro-

uced during pyrolysis were sent into a combustor and burnt at 

 temperature of 900 °C in presence of 20% of oxygen. In both 

ethods, heat release rate was calculated according to the con- 

umption of oxygen thanks to the Huggett’s relation which consid- 

rs that 1 kg of consumed oxygen during the combustion corre- 

ponds to 13.1 MJ of released energy. LOI was measured according 

b

o ISO 4589 specifications with a precision of 1% imposed by the 

ccuracy of the machine using a Stanton Redcroft instrument. Tests 

ere performed on 100 × 10 × 4 mm 

3 samples that were cut from 

he injected sheets. 

. Results and discussion

.1. Fire performances of fr systems 

.1.1. Cone calorimeter 

Some HRR curves in cone calorimeter are shown in Fig. 3 . As 

xpected, pHRR is clearly reduced when the content of fillers in 

he polymer increases. Particularly, in EVA/PE, the incorporation of 

etallic hydroxides allows increasing time-to-ignition due to the 

elease of water through endothermic decomposition, which cools 

he surface of the polymer and dilutes the fuel in gas phase [29] .

oreover, MDH seems to be better than ATH to increase time-to 

gnition, at 60wt% TTI = 133 s for MDH and 98 s for ATH. This

henomenon is maybe due to the release of water, which occurs 

t low temperature for ATH when the pyrolysis has not started 

et. MDH releases water at higher temperature during the first 

tep of degradation of EVA (i.e. release of acetic acid). Percent- 

ge of ATH and MDH must be at least 60wt% in order to reach an

mportant improvement in terms of pHRR which becomes lower 

han 200 kW/m 

2 . Nevertheless, it may be noticed that at 60wt% 

he protective layer formed by dehydrated ATH is effective longer 

han that formed by dehydrated MDH. This may be related to the 

hickness of the mineral layer. Indeed, residue from alumina (after 

TH decomposition) is around 4mm-thick, while magnesium oxide 

orms a very thin layer. Combining the two fillers allows to com- 

ine the effects: indeed, the presence of 30wt% MDH leads to a 



Fig. 3. Cone calorimeter curves for flame retarded EVA/PE and ABS at 50 kW/m 
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Fig. 4. pHRR in cone calorimetry (50 kW/m 

2 ) for EVA-PE filled with ATH (A), MDH

(M) and ATH + MDH ( A + M ).

Fig. 5. pHRR in cone calorimetry (50 kW/m 

2 ) for ABS filled with APP (AP), DBDPO
igh TTI of 120 s while the presence of 30wt% of ATH is enough

o reach a significant decrease of HRR and a flaming period higher 

han 700 s. The second peak at 700 s may be caused by cracking

har or when the pyrolysis front reaches the bottom of the sample. 

Concerning flame retarded ABS compounds, using APP or DB- 

PO at 20wt% and 30wt% content decreases TTI. ABS containing 

0wt% and 40wt% of APP shows a curve typical of a material ex- 

ibiting a barrier effect with an increase in HRR until an efficient 

har layer is formed and then a progressive decrease of HRR up to 

he flame-out. 

On the contrary, DBDPO-containing ABS curves are character- 

stic for a non-charring material with no residue and an increase 

p to a quasi-static HRR that goes ahead until the pHRR occurs 

ust before the flame out. DBDPO seems to act more efficiently 

han APP. The combination of the two FRs (20/20wt%) decreases 

he pHRR to a constant value under 200 kW/m 

2 and leads to the 

isappearance of both the first peak of HRR observed after igni- 

ion with APP, and the second peak observed with DBDPO at the 

nd of the test. This behaviour may indicate that DBDPO by its gas 

hase action hinders the peak of HRR just after ignition while APP 

romotes the formation of a char that leads to controlled decom- 

osition rate up to the flame-out. 

Results obtained with cone calorimeter are summarized in 

igs. 4 and 5 . These Figures also highlight that combining ATH and 

DH do not provide a remarkable effect of synergy. From perfor- 

ances point of view, the combination of 20wt% APP and 20wt% 

BDPO may be considered as synergistic, i.e. at the same filler con- 

ent, the combination of both APP and DBDPO leads to lower pHRR 

han the incorporation of APP or DBDPO alone. 

The thermal and thermo-oxidative decomposition of flame re- 

arded EVA has been widely reported in the literature [30] . It takes 

lace in two steps: the first one corresponds to a deacetylation, 

ith the elimination of acid acetic between 300 °C and 400 °C, the 

econd step is attributed to the degradation of unsaturated prod- 

cts obtained during the first step. The PCFC curves show the two 

HRR corresponding respectively to the first and the second steps 

f the EVA decomposition. 
(D) and APP + DBDPO (AP + D ).



Fig. 6. PCFC curves of the flame retarded EVA/PE and ABS compounds.

Fig. 7. HRC measured by PCFC for EVA-PE filled with ATH and MDH.
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Fig. 8. HRC measured by PCFC for ABS filled with APP and DBDPO.
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PCFC results show a decrease of HRR for each filler ( Fig. 6 ). The

eduction in pHRR for all compounds is less distinct than in cone 

alorimeter test. Moreover, for EVA/PE compounds, the decrease of 

RR is proportional to the filler content: ATH and MDH act in a 

ery similar way, with a decrease in HRC of 20%, 40% and more 

han 50% for respectively 20wt%, 40wt% and 60wt% of fillers, then 

his decrease is almost exclusively assigned to the dilution of the 

ondensed phase. Results obtained with PCFC are summarized in 

igs. 7 and 8 . The mixture of ATH and MDH does not show any

ynergy since HRC of the blends is approximately equal to the 

ean value of HRCs of the components. PCFC does not consider 

hysical effects like the barrier effect because of the sample size 

2 mg). Flame inhibition (from DBDPO) is also not effective in PCFC 

n standard conditions. Nevertheless, for ABS compounds, the de- 

rease of HRR is lower with APP than with DBDPO. As an example, 

ith a 40wt% filler content, the HRC decreases by 56% with DBDPO 

hile the decrease is only 37% with APP. Concerning the mixture of 
he two FRs, the decrease in HRC for 40wt%(APP + DBDPO) is close 

o the formulation with 40wt% of DBDPO. 

In LOI, for both polymers and with the different flame- 

etardants, the increase of FR content leads to the increase of LOI. 

his effect appears exponential for ATH or MDH in EVA/PE and DB- 

PO in ABS. Fig. 9 shows that in EVA/PE containing ATH or MDH, 

OI values are not significantly different and, once again, no ef- 

ect of synergy was observed for this parameter when combining 

TH and MDH. For ABS, DBDPO is much more efficient than APP. 

o effect of synergy was observed, i.e. the mixture of both addi- 

ives does not have a greater effect than each one considered sep- 

rately. On the contrary, the formulations containing both fillers 

ave the same behaviour than those containing only APP. Hence, 

he fire spreads slowly and the test ended because of the time of 

ombustion was higher than 3 min for oxygen index (OI) < LOI. 

n the contrary, for ABS filled with DBDPO only, the behaviour 

as completely different with a rapid extinction for OI < LOI and 

 faster flame spread for OI ≥ LOI. Then, the mode of action of 



Fig. 9. LOI versus FR content for EVA-PE systems and ABS systems.

Table 2

Main results of cone calorimeter, PCFC and LOI tests.

Cone calorimeter PCFC LOI

FRwt% pHRR (kW/m ²) EHC (kJ/g) χ HRC (J/g.K) HCC (kJ/g) �T( °C) �T p ( °C) LOI (%)

EVA/PE 0% 1407 35.8 0.92 910 38.9 452 38.5 21

ATH 20% 934 33.2 0.98 668 33.9 457 37.3 23

40% 397 29.4 0.93 537 31.8 457 34.4 25

60% 156 23.5 0.93 355 25.1 454 32.4 43

MDH 20% 1166 33.8 0.95 703 35.6 456 36.6 23

40% 608 31.0 0.94 524 33.0 456 35.6 26

60% 340 25.7 0.98 321 26.4 450 39.2 44

ATH-MDH 40% 613 30.3 0.95 533 31.9 460 35.5 25

60% 225 25.0 0.97 338 25.7 455 34.4 44

ABS 0% 1231 30.0 0.86 638 34.8 414 53.2 19

APP 20% 535 25.0 0.73 523 34.4 415 58.1 23

30% 432 28.5 0.98 428 29.1 413 56.2 24.5

40% 385 30.7 1.12 401 27.4 411 56.4 26

DBDPO 20% 438 11.7 0.40 411 29.3 404 63 25

30% 323 8.6 0.35 370 24.8 394 61.3 33

40% 227 7.0 0.34 284 20.8 394 68.1 38

APP-DBDPO 30% 251 14.1 0.46 347 30.3 397 69.4 25

40% 179 11.4 0.39 295 29.3 397 70.8 28
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PP seems to limit the flame inhibition of DBDPO in LOI test. In 

ur case, it seems that mixing a brominated FR, which acts in gas 

hase by flame inhibition, and APP that acts in condensed phase 

s char promoter leads to an antagonistic effect in LOI test. 

All main data from cone calorimeter, PCFC and LOI tests are 

ummarized in Table 2 . The combustion efficiency χ is close to one 

or the majority of the formulations, except for DBDPO compounds 

ith a combustion efficiency around 0.40, even in presence of APP. 

his low value illustrates the flame inhibition of this halogenated 

ame retardant. 

Horrocks et al. [31] applied a linear methodology in order to 

efine a synergistic effect, using the following equation: 

E = 

( O I F R + S+ P − O I p ) 

( ( O I F R + P − O I P ) + ( O I S+ P − O I P ) ) 
(15) 

here OI FR + P + S is the OI for polymer containing a flame retardant 

ith a synergist. In our case, for the formulations containing two 

ame retardants, one of the additives is considered as the syner- 

ist. Thus Eq. (15) can be applied in order to evaluate the potential 

ynergistic effect between ATH and MDH in EVA/PE and between 

PP and DBDPO in ABS. In the case of EVA/PE filled with 60wt% of 

TH and MDH, SE was equal to 2.6, supposing a good synergy be- 

ween ATH and MDH, while SE was only 1 for 40wt% of ATH and

DH. This confirms the need to use high filler content in order 

o optimize the FR efficiency. Nevertheless, previously we showed 

hat 60wt% of ATH or MDH have the same impact than 60wt% of 

ATH + MDH]. Then the index proposed by Horrocks is not repre- 
entative in our case. For flame retarded ABS with 40wt% of APP 

nd DBDPO, SE was equal to 0.9 illustrating an antagonistic effect, 

s actually observed. 

Contrary to LOI, some synergistic effects can be observed in 

ther tests. The most obvious synergy is observed between APP 

nd DBDPO in ABS in the cone calorimeter test since pHRR of the 

ormulations containing the additive mixture is lower than that of 

ompositions containing only one filler at the same total content. 

ince this synergy was not noticeable in the LOI measurements, it 

an be concluded that synergies depend on the test used. Note that 

ynergism is only considered from a performance point of view, i.e. 

ithout considering the supposed underlying mechanism. 

.1.2. Assessment of FR efficiency in condensed phase 

Assuming that LOI and pHRR in cone calorimeter of flame- 

etardant polymers can be predicted according to Eqs. (11) and 

14) , θ was determined for the EVA/PE and ABS flame retarded

ormulations. Although the Eqs. (10) and (12) allow assessing LOI

nd pHRR with an acceptable accuracy for pure polymers, θ is not

trictly equal to 1. In order to compare the efficiency of different

R systems in a same polymer (ABS or EVA/PE), reduced values of

elative efficiency of heat and mass transfer at the surface θ LOI r or

cc r are introduced.

r = 

θ F R polymer 

θ pure polymer 

(16) 

θ values are summarized in Table 3 . Uncertainties of θ were 

valuated using the variance formula, Eq. (17) , and considering 



Fig. 10. θCC r versus FR content for EVA-PE compounds and ABS compounds.

Table 3

θ and θ r for the formulations studied.

Wt% FR θ LOI θ LOI r θCC θ CC r

EVA/PE / 0.74 1 ± 0.06 1.74 1 ± 0.08 

ATH 20 0.74 1.00 ± 0.06 1.53 0.88 ± 0.23 

40 0.76 1.04 ± 0.1 0.93 0.53 ± 0.14 

60 0.24 0.33 ± 0.03 0.58 0.33 ± 0.09 

MDH 20 0.72 0.98 ± 0.08 1.91 1.09 ± 0.3 

40 0.69 0.93 ± 0.13 1.38 0.79 ± 0.22 

60 0.24 0.32 ± 0.06 1.11 0.64 ± 0.2 

ATH-MDH 40 0.75 1.02 ± 0.09 1.36 0.78 ± 0.2 

60 0.23 0.31 ± 0.03 0.79 0.46 ± 0.12 

ABS / 1.37 1 ± 0.07 1.79 1 ± 0.08 

APP 20 1.50 1.09 ± 0.09 1.34 0.58 ± 0.16 

30 0.87 0.63 ± 0.04 1.13 0.44 ± 0.11 

40 0.68 0.50 ± 0.04 0.83 0.36 ± 0.1 

DBDPO 20 1.33 0.97 ± 0.05 2.14 1.01 ± 0.27 

30 1.15 0.84 ± 0.05 2.02 0.98 ± 0.26 

40 1.03 0.75 ± 0.08 1.90 0.83 ± 0.25 

APP-DBDPO 30 2.05 1.49 ± 0.09 1.24 0.53 ± 0.14 

40 2.08 1.52 ± 0.15 1.25 0.52 ± 0.15 

t

v

2

L

u

c

d

(

3

c

i

c

c

o

a

p

t

c

i

b

fi

a

t

b

d

t

c

r

o

m

b

b

s

e

c

O

s

3

r

t

c

0

2

c

a

r

m

t

t

t

f

4

θ
p

a

O

r

r

s

he standard deviation of each parameter. Typically, standard de- 

iations are ± 15 J/g.K, ± 2 K, ± 0.03, ± 500 J/g, ± 1% and ±
0 kW/m 

2 , respectively for the parameters HRC, �T and �T p , χ, h g 
OI and pHRR. 

 

2 
c ( y ) =

n ∑ 

i =1

(
df 

dxi 

)2

u 

2 ( xi ) (17) 

With u(x i ) the standard deviation of the parameter x i . The un- 

ertainty of θ CC r is much more important than that of θ LOI r 

ue to the high standard deviation of the enthalpy of gasification 

20 0 0 ± 500 J/g according to Lyon et al. [17] ). 

.1.3. Assessment of FR efficiency in condensed phase in cone 

alorimeter 

Fig. 10 reports θCC values for the flame-retarded compounds. It 

s noteworthy that, despite some large standard deviations, the dis- 

repancy between formulations is much important, therefore con- 

lusions can be drawn. 

In EVA/PE blends, no effect in gas phase was observed for ATH 

r MDH according to combustion efficiency values (close to 1 in 

ll cases). ATH exhibits a higher condensed phase efficiency com- 

ared to MDH in EVA/PE compounds. This result is related to the 

hickness of the mineral residue and is in agreement with the HRR 

urve shape in cone calorimeter. According to [32] , the curve shape 

s representative of an efficient barrier effect in the case of ATH- 
ased formulations (at 60wt% of FR). Additionally, the results con- 

rm that there is no synergism between ATH and MDH. 

θCC r for ABS formulations containing APP decreases (about 0.6 

t 40wt% content). This result evidence the charring promotion by 

he phosphorus FR. On the contrary, θCC r is close to 1 for DBDPO- 

ased formulations, highlighting that FR acts only in gas phase and 

oes not promote any charring. The smaller is θCC r , the better is 

he efficiency in condensed phase. 

Table 4 shows the residue content r obtained in PCFC and cone 

alorimeter. On the whole, for EVA/PE formulations, residues are 

oughly the same in both tests. It may be noticed that the fraction 

f residue is correlated with θ . This confirms the condensed phase 

ode of action of those fillers even if not only the char content 

ut also its structure has an effect on its insulating character as 

arrier layer. For ABS, the residue of APP containing formulations is 

ignificantly higher in cone calorimeter test: it means that barrier 

ffect in cone calorimeter leads to incomplete pyrolysis (residue 

ontains not only char but also a fraction of unpyrolyzed polymer). 

n the contrary, formulations with DPDPO are almost totally con- 

umed whatever the test. 

.1.4. Assessment of FR efficiency in condensed phase in LOI 

The influence of each FR system was assessed for all the flame 

etarded polymers using the calculated index. The values of θ for 

he LOI test can be deduced from Eq. (16) using all the parameters 

ollected at the previous tests. The values are listed in Table 2 . 

In EVA/PE compounds, θ LOI r decreases from 1 to 0.33 and 

.32 for 60wt% of ATH and MDH respectively. However, with only 

0wt% and 40wt% of fillers, θ LOI r does not decrease. At these filler 

ontents, LOI increases moderately from 21% to 25% (40wt% ATH) 

nd 26% (40wt%MDH), that is mainly due to the decrease in HRC, 

esulting from the dilution of the condensed phase (i.e. the poly- 

er is partly replaced by the mineral fillers). It is well known 

hat ATH and MDH need to be used at a content equal or greater 

han 60wt% to be efficient, below this content, the mode of ac- 

ion in condensed phase is not significant in LOI. For the ABS-based 

ormulations containing APP, θ LOI r decreases from 1 to 0.50 with 

0wt% fillers. By comparison, DBDPO induces a limited decrease of 

r from 1 to 0.75 while LOI increases more than with APP. As ex- 

ected, this shows that APP, as a phosphorus flame retardant, has 

n important condensed phase effect with the formation of a char. 

n the contrary, DBDPO mainly acts in the vapour phase and traps 

adicals propagating thermal oxidation in the flame. That is why θ r 

emains higher for DBDPO compounds while χ is assumed to be 

ignificantly reduced (according to cone calorimeter data) ( Fig. 11 ). 



Table 4

Experimental percentage of residue for flame retarded EVA/PE and ABS in cone calorimeter and PCFC.

EVA/PE ATH MDH ATH-MDH ABS APP DBDPO APP-DBDPO

Wt% 100% 20% 40% 60% 20% 40% 60% 40% 60% 0% 20% 30% 40% 20% 30% 40% 30% 40%

r CC (%) 0 14 26 42 16 28 43 28 42 0 14 24 30 0.4 4 7 16 20

r PCFC (%) 0 11 26 39 13 28 41 25 40 0 11.8 8.3 17.4 4.7 4 2.7 13 20.6

Fig. 11. θ LOI r versus FR content for EVA-PE compounds and ABS compounds.
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Furthermore, APP and DBDPO lead to a strong antagonistic ef- 

ect in condensed phase since Fig. 11 shows an increase of θ to 

alues largely higher than 1. The combustion efficiency remaining 

ow for the APP/DBDPO combination ( χ between 0.39 and 0.46 in 

one calorimeter), the low values of LOI would not be related to 

n inefficient action of DBDPO in gas phase. It may be noticed that 

his result depends on the assumption that χ which was calculated 

sing PCFC and cone calorimeter is similar in LOI. Further investi- 

ation is needed to check this assumption. 

.1.5. Respective contribution of combustion efficiency and phase 

ondensed efficiency 

Since DBDPO and APP act through different modes-of-action, 

he discussion is focused on the ABS formulations in cone 

alorimeter. The gas phase effect of DBDPO inhibits the combus- 

ion whereas the charring promotion from APP traps the fuel in 

he solid by charring and/or promotes barrier effect through the 

ormation of protective residue layer. 

In flame retarded ABS compounds, both modes of action can be 

ctive. Fig. 12 plots θCC r versus χ for ABS formulations. The first 

iagonal represents the situation where the combustion efficiency 

s equal to the condensed phase efficiency. Thus, the contribution 

f the combustion efficiency and the condensed phase efficiency is 

evealed using such a graph. Hence, for ABS/APP-DBDPO [70/30], 

he decrease in θCC r is 37% while the decrease in χ is 46%. Thus, 

he respective contribution of condensed phase efficiency can be 

valuated to be 37/(37 + 46)x100 = 45% and the part of combustion 

fficiency is equal to 46/(37 + 46)x100 = 55% . 

The decrease in θCC r corresponds to the condensed phase ef- 

ect whereas the decrease in χ corresponds to the combustion ef- 

ciency illustrating the gas phase mode of action. Hence, “isoeffi- 

iency” curves for which χθ = constant can be plotted. χθ is con- 

idered as the burning efficiency and isoefficiency curves allow to 

llustrate the graphical position of all mixtures with the same effi- 

iency. Thus, it appears that ABS filled with 20wt% APP and 20wt% 

BDPO has a burning efficiency of 0.25. 

For this latter composition, a synergy (i.e. a lower pHRR than 

orresponding formulations with the same content of only one 

R) was highlighted in cone calorimeter. Isoefficiency curves reveal 

hat the burning efficiency is actually lower for the formulations 

ontaining both FRs. 
However, the term “synergy” is debatable. Indeed, Fig. 13 shows 

he evolution of θCC r and χ in ABS as function of respectively APP 

nd DBDPO content. This clearly reveals that θ and χ do not de- 

rease linearly with the FR content. In both cases, there is a strong 

ecrease at low filler content and then the FR efficiency seems to 

each a plateau from 20wt% for DBDPO and from 30wt% for APP. In 

hese conditions, the rule of mixtures is probably not appropriate 

o evidence a synergy effect. Obviously, the efficiency of 20wt% DB- 

PO in ABS/DBDPO/APP (60/20/20) will be higher than half of the 

fficiency of 40wt% DBDPO in ABS/DBDPO (60/40) without consid- 

ring any interaction between DBDPO and APP. 

Considering Fig. 13 and assuming an additive contribution of 

as phase and condensed phase effects, it can be supposed that 

he best burning efficiency at the lowest filler content is reached 

or DBDPO/ABS ratio of 20/80 and APP/ABS ratio of 30/70. Solv- 

ng this equation system would lead to an optimal ABS/DBDPO/APP 

omposition with the ratio 60/15/25. 

θCC r for ABS with 20wt% APP and χ for ABS with 20wt% DB- 

PO are equal to 0.58 and 0.40 respectively. The product is equal 

o 0.23, i.e. very close to the burning efficiency obtained for the 

ormulation containing 20wt% of APP and 20wt% of DBDPO (0.25) 

hich exhibits values of 0.52 and 0.39 for θCC r and χ respectively. 

ased on such analysis, the combination APP/DBDPO seems to act 

ccording to a simple additive effect without interactions between 

oth fillers. This analysis illustrates that the synergy is not so obvi- 

us between the two additives. This is particularly due to the fact 

hat their separate effect does not vary linearly with their content 

s shown in Fig. 13 . 

. Conclusion

In this study, the efficiency of different FR systems in con- 

ensed phase was assessed using equations predicting the LOI 

nd pHRR from a couple of parameters. The equation for pHRR 

n cone calorimeter has been proposed by Lyon while the equa- 

ion for LOI was obtained from a set of 26 pure polymers. In 

oth cases, the reliability of these equations was checked assum- 

ng that the efficiency in condensed phase is equal to 1 for pure 

olymers. 

The values for the efficiency in condensed phase are in agree- 

ent with the expected modes-of-action of the FR systems stud- 



Fig. 12. θCC r versus χ for flame retarded ABS compounds and several isoefficiency curves.

Fig. 13. Evolution of θCC r and χ according to the content of APP and DBDPO respectively.
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ed. ATH and MDH act in condensed phase but their action is effi- 

ient only for high contents (40wt% in cone calorimeter and 60wt% 

n LOI). APP acts only in condensed phase (low θ and χ close to 

) while DBDPO is an efficient flame inhibitor acting manly in gas

hase ( θ close to 1 and low χ ).

The method allows a quantitative assessment of the modes- 

f-action by discriminating actions in gas and condensed phases. 

soefficiency curves can be drawn to identify the modes-of-action, 

rom pure flame inhibitor ( θ close to 1 and low χ ) to char pro-

oter ( χ close to 1 and low θ ). 

It also provides information about synergistic or antagonistic 

ffect. Combining ATH and MDH does not seem to be a suitable 

trategy. On the contrary, strong negative or positive interactions 

ave been highlighted between APP and DBDPO. Antagonism was 
ointed out in LOI, through a high θ value (considering that χ is 

he same in LOI and in cone calorimeter). 

Nevertheless, synergism may be falsely postulated because the 

ffect of a flame retardant is not proportional to its content. In- 

eed, synergism was apparently highlighted in the cone calorime- 

er test from a performance point of view. The combination 

PP/DBDPO (20/20) shows a low χ (i.e. a high efficiency in gas 

hase) and an intermediate θ (between the values for DBDPO and 

PP only). Nevertheless, the efficiency burning is similar to the 

roduct of θ for ABS filled with 20wt% APP and χ for ABS filled 

ith 20wt% DBDPO (i.e. considering that both FR act indepen- 

ently, one in condensed phase and the second in gas phase ex- 

lusively). Therefore, synergism between APP and DBDPO is ques- 

ionable. 
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