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A method to study the two-step decomposition of binary blends in

cone calorimeter

Rodolphe Sonnier*, Amandine Viretto, Loic Dumazert, Benjamin Gallard

Centre des Matériaux de I'Ecole des Mines d’Alés - 6, Avenue de Claviéres, 30319 Alés Cedex, France

ABSTRACT

A method to distinguish the mass loss rates corresponding to each of the two decomposition steps in
binary blends is proposed. This method is suitable for cone calorimeter test and all other tests measuring
continuously mass loss and heat release in an independent way. Heat release rate curves recalculated
from the method well fit the experimental ones. Several systems including copolymers, polymers filled
with inert or hydrated fillers and binary blends were studied. It appears that the decomposition of these
materials is complex because the decomposition rate of one component influences the decomposition
rate of the second one. These interactions depend on the materials, their content and also the external
heat flux. Concerning binary blends, first results show the decomposition of the most thermally stable
polymer is delayed because the temperature within the material is maintained close to the pyrolysis
temperature of the least thermally stable polymer. Longer is the delay, higher is the decomposition rate
of the most thermally stable polymer. In some cases, this polymer can decompose at higher rate (but

later) than the least stable polymer.
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1. Introduction

The behavior of a material during burning is rather complex be-
cause it involves many chemical and physical phenomena. More-
over, a material is most often constituted by several components
and each component (polymers, reinforcing organic or inorganic
fibers, organic or mineral, inert or reactive flame retardants, var-
ious other additives...) undergoes pyrolysis according to its own
rate. The pyrolysis rate of a component mainly depends on its ther-
mal stability. It is expected that a less thermally stable compo-
nent decomposes rather earlier and then its fraction decreases over
time. Then the composition of the whole material changes contin-
uously. A composition gradient exists from the surface exposed to
the flame to the bulk and progresses over time. Of course, such
a gradient cannot be deduced easily from analyses at microscale
(like thermogravimetric analysis or pyrolysis-combustion flow
calorimetry).

It would be very useful to distinguish the specific rates of each
decomposition step in a complex material. Hence, the influence
of one step on another one can be assessed and such informa-
tion would allow tailoring better flame retardancy strategies. For
example, it would be possible to better understand why poly-
mer blends exhibit a complex behavior which cannot be simply
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deduced from a linear rule of mixtures. Quite often, the peak of
heat release rate (pHRR) of a blend in cone calorimeter is signifi-
cantly lower than the expected value calculated from such a rule.
As an example, Fig. 1 shows the pHRR of various ethylene methy-
lacrylate copolymer/poly(butylene terephthalate) (EMA/PBT) blends
in cone calorimeter test at 50 kW/m? (unpublished data). It can be
observed that the 50/50 (in weight) blend exhibits a pHRR close
to 600-650 kW/m? versus 1000 and 900 kW/m? for pure PBT and
EMA respectively.

Cone calorimeter is a powerful tool to study the fire behavior
of polymeric materials at bench scale [1-2]. During this test, the
heating front moves vertically from the upper to the lower sur-
face. If the material is thermally thick, a significant heat gradient
appears through its thickness. The relatively simple test geometry
allows calculating some important fire performances (as time-to-
ignition or mass loss rate in steady state) from the material prop-
erties (emissivity, specific heat, thermal conductivity, density, tem-
perature of ignition) and the test conditions (heat flux, heat trans-
fer coefficient) [3-5]. These approaches have some important is-
sues because they do not take into account several phenomena: in-
depth absorption [6], bubbling [7], heat distortion or sample break-
down [8-10] and the change of the material properties during the
burning... Nevertheless, in most cases, they provide a valuable in-
sight on the decomposition of materials.

But, to the best of our knowledge, materials tested in cone
calorimeter test are always considered as homogeneous, i.e. no
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Fig. 1. Peak of heat release rate of EMA/PBT blends according to EMA content in
cone calorimeter test (heat flux 50 kW/m?).

attempt to distinguish the specific decomposition kinetics of differ-
ent components has been performed. However, the different com-
ponents in a thorough blend can decompose at different rates if
their thermal stabilities are different. In fact, we assume that there
are as many pyrolysis fronts as components.

To distinguish each pyrolysis front is a challenge except when
one component (among two) is inert: in this case, the mass loss
rate of the material is obviously only due to the second com-
ponent. It is well-known that Fourier-transformed infrared spec-
troscopy (FTIR) analysis of gases can provide valuable informa-
tion about the decomposition of materials. A great example is
the use of TGA-FTIR experiments to study the pyrolysis of flame
retarded poly(butylene terephthalate) reinforced by glass fibers
[11-12]. Nevertheless, in cone calorimeter test, gases undergo oxi-
dation in flame before FTIR analysis. Therefore, FTIR analysis can-
not really help to identify gases from pyrolysis except before ig-
nition [13]. Another method is then needed to follow the relative
decomposition of each component in a material.

In this work, we propose a method to distinguish the decompo-
sition rates in cone calorimeter for a material exhibiting only two
decomposition steps. It includes two-layer composites, copolymers
like ethylene-vinyl acetate, polymer blends, polymer containing
hydrated fillers...

2. Presentation of the method

If we consider a material exhibiting two decomposition steps
(for example two polymers degrading in one step), mass loss (ML)
at each time is the sum of the mass losses from the first and the
second steps. The whole mass loss rate is also the sum of the in-
dividual mass loss rates (Eq. 1). Identically, heat release rate can
be divided in two parts: heat release rate corresponding to the
first step and heat release rate corresponding to the second one
(Eq. 2). Finally, each mass loss rate (MLR) is linked to the corre-
sponding heat release rate (HRR) and effective heat of combustion
(EHC) through Eq. 3.

MLR = MLRg¢p 1 + MLRgep 2 (1)
HRR = HRRstep 1 + HRRstep 2 (2)
HRR; = MLR; x EHG; (3)

MLR and HRR are measured during the cone calorimeter test. If
EHC of both decomposition steps are known and different enough,
Eq. (2) can be modified to obtain a system of two Eqs. (1) and (4))

and two unknown variables (MLRgep 1 and MLRgp, ») at each time.

HRR = MLRstep 1 x EHGstep 1 + MLRgtep 2 X EHCstep 2 (4)

Effective heats of combustion in cone calorimeter test are
generally close to the heats of complete combustion (except for
halogenated materials). When it is not the case (for example
poly(butylene terephthalate), the effective heat of combustion of
a polymer in blend was chosen to be equal to the effective heat
of combustion of the same pure polymer tested at the same heat
flux.

Such a system can be perfectly resolved. Moreover, the calcula-
tions must fulfill Eqs. (5) and (6).

/ MLR; = ML; (5)

fHRR =THR (6)

with THR the total heat release.

We have attempted to apply this approach to various materials.
In fact, other researchers have also used the change in effective
heat of combustion to study deeply the flame retardancy of ma-
terials. Seefeldt and Braun have studied wood-plastic composites
using cone calorimeter [14]. They assigned some changes in EHC
during burning to water release or char oxidation. Kramer et al.
have studied the burning of flexible polyurethane foams [15]. They
calculated the effective heat of combustion of the two decompo-
sition steps assigned to the decomposition of toluene-diisocyanate
(TDI) and polyether respectively. Then they showed that the effec-
tive heat of combustion increases during the collapse of the foam
in cone calorimeter test proving that the ratio of polyol consumed
to TDI compounds increases during this step. Nevertheless to the
best of our knowledge, it is the first time that this approach is sys-
tematically developed.

MLRstep 1 and MLRgep » during the whole cone calorimeter test
were calculated using Solver from Excel to minimize the difference
between the experimental and calculated HRR curves. Experimen-
tal HRR is measured every 5s. Average deviation between experi-
mental and calculated heat release rate was calculated as follows:

|HRRexp - HRRcalc| «5
At
with At the duration of the test and HRR.; and HRR.yxp the calcu-
lated and experimental heat release rates respectively.
Errors on EHC, mass losses and THR are also calculated. Errors
E were calculated as follows:
|Pexp - Pcalc|

exp

Average deviation =

(7)

Ep(%) = x 100 (8)
with Peyy and P the experimental and calculated properties
(EHC, ML or THR).

Table S1 in supporting information lists the different materi-
als, the average deviation on HRR and the errors on THR and mass
losses. It can be noted that errors are very low in most cases. Only
three materials exhibit an error higher than 5%, both on EHC and
THR but errors on mass loss are much lower. Average deviation is
often low and most often due to the deviation between calculated
and experimental peak of HRR (see Figs. S1, S2 and S3). In the
whole, calculated HRR fits quite well the experimental HRR data,
except the sharp pHRR in some cases (see Figs. S1-S4). Average
deviation for EMA/PBT 30/70 is rather high due to a shift between
calculated and experimental HRR curves (Fig. S5).

In the following we will attempt to analyze results by consid-
ering two parameters. The first one is the ratio between the mass
loss rate of the least thermally stable polymer (Pol—) and the mass



Table 1
Materials and corresponding effective heats of combustion.

Materials Grade Heat of complete Effective heat of combustion
combustion (kJ/g) in cone calorimeter (kJ/g)
Wood Unknown 103 10.3
Coating Unknown 25.9 25.9
Ethylene vinyl-acetate Escorene Ultra UL00226CC, Exxon Mobil  Step 1 17.8 Step 1 16.1
26 wt% of vinyl acetate Step 2 40.9 Step 2 36.9
Ethylene vinyl-acetate Alcudia PA440, Repsol Step 1 17.8 Step 1 16.1
28 wt% of vinyl acetate Step 2 40.9 Step 2 36.9
Magnesium dihydroxide Magnifin H10, Albemarle 0 0
Alumina Prolabo (D50= 28 jum) / /
Kaolinite Paralux, Imerys / /
Ethylene methylacrylate Lotryl 24MA005, Arkema 36.3 36.3
Polybutylene terephtalate ~ Vestodur 3000, Degussa 20 18.7
Low-density polyethylene  LDPE LD171 BA, Exxon Mobil 42.5 42.5
Polyamide 6 C206, Technyl, Rodia Engineering 28 28
Polyhydroxybutyrate Biocycle 1000, PHB industrial S/A 20.5 20.5
Table 2

loss rate of the most thermally stable one (Pol+) as presented in
Eq. (9).
MLRp,_

Rdeg = MILRpq/, 9)

Average Rgg is defined as the ratio between average mass loss
rates of both polymers, calculated between 20 and 70 wt% of rela-
tive mass losses.

The second parameter Atyq is the difference between the time
for the least stable polymer to reach a mass loss of 10% and the
time for the most stable polymer to reach a mass loss of 10%
Eq. (10).

Atyo = tig,,, — t10p, (10)

with tyg is the time for 10% of mass loss.

Several issues limit the suitability of the method. First, the ma-
terials must decompose through only two steps exhibiting different
and known effective heats of combustion. In particular, in presence
of halogenated compounds and some phosphorus flame retardants,
the combustion efficiency can decrease according to the release of
halogenated gases in flame. Therefore, EHC varies continuously and
the method is not convenient anymore.

It must also be noted that the instantaneous mass loss rate
(and consequently the instantaneous effective heat of combustion)
measured in cone calorimeter is not reliable. The values must be
smoothed to calculate moving average on 5-10 data points. There-
fore, the beginning of the curve is not well taken into account.
Moreover, Solver from Excel is probably not the best software for
the optimization and better fitting may be found using more effi-
cient software. No attempt to compare different softwares was car-
ried out. Nevertheless as proven in the following and considering
errors in supporting information, the calculations satisfactorily fit
HRR curves.

3. Materials and calorimetry tests

Various materials were tested in this study. Table 1 lists the
different components and their heats of combustion in com-
plete combustion (as measured using pyrolysis-combustion flow
calorimetry) and in cone calorimeter test. Composites and blends
were prepared by co-rotating twin-screw extruder (Clextral BC21,
Firminy, France) and injection-molding machine (Krauss Maffei KM
50t). Conditions were chosen according to materials to be pre-
pared. Dimensions are 100 x 100x4 mm? for all specimens.

The pyrolysis combustion flow calorimetry (PCFC) from Fire
Testing technology (UK) was used to assess the thermal stability of
polymers and their heat of complete combustion. This device was
developed by Lyon et al. [16]. The sample was first heated from 80

List of studied materials and associated Aty and average Rye.

Materials Heat flux Aty (s)  Experimental
(kW/m?) average Ryeq

Coated wood 50 / /

EMA/MDH 75/25 50 45 1.64

EVA 50 5 2.50
EVA/alumina 50 25 0.64
EVA/kaolinite 50 75 2.34
EMA-PBT 80-20 50 25 138
EMA-PBT 50-50 50 25 118
EMA-PBT 30-70 50 120 0.39
LDPE-PA6 50-50 35 10 0.93
LDPE-PA6 50-50 50 -10 1.24
LDPE-PA6 50-50 75 -15 134
LDPE-PHB 50-50 35 85 1

LDPE-PHB 50-50 50 55 0.97
LDPE-PHB 50-50 75 15 0.86

to 750°C at 1°C/s in a pyrolyzer under nitrogen flow (anaerobic
pyrolysis — method A according to the standard ASTM D7309) and
the decomposition products were sent to a combustor where they
mixed with oxygen in excess at 900 °C. Under such conditions, all
gases were fully oxidized. Heat release rate (HRR) was then calcu-
lated by oxygen depletion according to Huggett's relation (1 kg of
consumed oxygen corresponds to 13.1 MJ of released energy) [17].
Effective heat of combustion was calculated as the total heat re-
lease divided by total mass loss.

A cone calorimeter from Fire Testing Technology (UK) was used.
Horizontal sample of 100 x 100x4 mm> was placed at 2.5 cm be-
low a conic heater and was exposed to various heat fluxes in
well-ventilated conditions (air rate 24L/s) and in the presence of
a spark igniter to force the ignition. As in PCFC test, HRR was de-
termined according to oxygen depletion (Huggett’s relation [17]).
This test was performed according to the ISO 5660 standard.

4. Experimental results

Table 2 lists the materials studied and the corresponding values
of Atyo and average Ry, The first material (coated wood) is not a
thorough blend but a two-layer composite. Then these parameters
have not been calculated.

4.1. Coated wood two-layer composite

The first example is a composite constituting by an 18 mm-thick
wood layer coated by a 3 mm varnish layer (Fig. 2). The exact na-
ture of both materials is unknown but their main flammability
properties were measured using PCFC. Effective heats of combus-
tion are 10.3 and 25.9 kJ/g for wood and coating respectively.



Fig. 2. Coated wood two-layer composite (coating has already been partially de-
composed on the picture).
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Fig. 3. Experimental and calculated HRR for coated wood composite in cone
calorimeter at 50 kW/m?.
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Fig. 4. Calculated MLR for coating and wood and Ry, in cone calorimeter at
50 kW/m?.

In cone calorimeter, the heat front moves from the upper to the
lower surfaces. Then the coating is expected to be firstly decom-
posed before wood. Figures 3 and 4 represent respectively the ex-
perimental and calculated HRR curves and the relative mass losses
for both components. Ry, is defined for this material as the ra-
tio between the mass loss rate of the wood and the mass loss
rate of coating. As expected, the calculated mass loss rates show
that only the coating is degrading during the first 180s. The ratio
Ryeg is close to 0. At 180's, more than 80% of the coating is already
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Fig. 5. Experimental and calculated HRR and experimental EHC for EMA/MDH
75/25 in cone calorimeter at 50 kW/m?2.

decomposed. Then a sudden decrease of its relative mass loss rate
occurs while the relative mass loss rate of the wood layer starts
increasing. The mass loss rate of wood stabilizes around 0.07 g/s
after 300s. Rge becomes very high. Its real value may be infinite
but the optimization by Solver from Excel calculates a non-null but
negligible mass loss rate for coating. A good agreement between
experimental and calculated HRR is found.

This simple example proves that our method is able to fit ac-
curately the expected and quite obvious behavior of a multi-layers
composite. It may give new insights on fire behavior of laminated
materials. Indeed, some works have been carried out to locate the
flame retardants (FR) into a layer at the top surface of the mate-
rial in order to improve the FR efficiency without compromising
the mechanical properties [18-20]. Such a strategy seems to be a
promising approach for flame retardancy.

Then it is now possible to use it to fit the behavior of homoge-
neous (i.e. not multi-layered) blends.

4.2. EMA filled with magnesium dihydroxide

Ethylene-methylacrylate is a copolymer exhibiting only one de-
composition step centered on 470 °C. Its effective heat of complete
combustion is 36.3 kJ/g. Its effective heat of combustion in cone
calorimeter at 50 kW/m? is also 36.3 kJ/g, that means its combus-
tion is complete. Magnesium dihydroxide is a hydrated filler re-
leasing 31% of water around 350°C. The “effective heat of com-
bustion” of the released gases is obviously equal to 0kJ/g. MDH
does not act as charring promoter in EMA. Its main effects are
only gases dilution, cooling of the condensed phase through an
endothermic decomposition and barrier effect by accumulation of
magnesium oxide on the polymer surface [21].

EMA/MDH 75/25 blend can be considered as a two-step de-
grading blend: one step corresponds to the release of water by
MDH and a second step is the decomposition of EMA. Experimen-
tal and calculated HRR and experimental EHC in cone calorime-
ter at 50 kW/m?2 are given in Fig. 5 for this blend. It can be seen
that EHC increases faster up to 33 kJ/g at 200 s. Then EHC increases
more slowly up to around 38 kJ/g. The decrease at the end of the
test (after 600s) is not very reliable due to the very low mass loss
rate. Calculated heat release rate curve is very close to the experi-
mental one. Calculated THR is only slightly higher than experimen-
tal THR (131 MJ/m?2 versus 126 MJ/m?2). Calculated mass losses for
EMA and MDH perfectly fit the theoretical mass losses (according
to the initial composition). Calculated mean effective heat of com-
bustion is equal to the experimental one (32.9 kJ/g). Then our mod-
eling can be considered as satisfactory.
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Fig. 6. Relative mass loss rates for pure EMA, EMA in EMA/MDH 75/25 and MDH
in EMA/MDH 75/25 in cone calorimeter (50 kW/m?).

The fast then slow increase of EHC means that the ratio be-
tween EMA and MDH mass loss rates increases during the test. It
is not surprising while the thermal stability for EMA is significantly
higher than for MDH. This change is well observed when relative
mass losses for EMA and MDH are calculated (Fig. 6). The decom-
position of MDH is faster than EMA decomposition at the begin-
ning and both mass loss rates are roughly similar up to 400s. Atqq
is 45s. 50 wt% of MDH is decomposed after 180 s while 50 wt% of
EMA is decomposed after 290s. After 400s, MDH is fully decom-
posed. Then average Ry, (1.64) is much higher than the theoretical
value calculated from the composition (25/75).

The early release of water at the beginning of the test has
been already noted by different authors. For example, Hoffendahl
et al. have studied EVA flame retarded with aluminum trihydroxide
(ATH) and melamine borate [22]. They have calculated that 15% of
water has already released before ignition in cone calorimeter test.
Zhang et al. [23] have proposed to correct heat release rate by tak-
ing into account the decomposition heat of hydrated fillers. Never-
theless, their proposal was not acceptable because they corrected
the whole HRR curve by a constant factor. Our method shows that
it is possible to assess the true decomposition rate of hydrated
filler and then to use the method proposed by Zhang et al. to cor-
rect adequately the HRR curve.

Comparison of mass loss rate of EMA in pure EMA and in
EMA/MDH is also very interesting. The mass loss rates are more or
less similar up to 180 s (the decomposition starts only few seconds
later for EMA in EMA-MDH because ignition occurs later - 71 s ver-
sus 52 ). But after 180s, the mass loss rate of EMA in EMA/MDH
is stable or decreases slowly continuously. On the contrary, pure
EMA decomposition is accelerated. This change in behavior occurs
after 180, i.e. when more than half MDH is already decomposed.
Moreover, when MDH is fully decomposed, EMA mass loss rate
does not accelerate. Then the stabilization of EMA mass loss rate
in EMA/MDH may not be assigned to the cooling of condensed
phase through endothermic decomposition of MDH. We assume
that this stabilization should be rather assigned to the accumu-
lation of magnesium oxide on the specimen surface leading to a
barrier insulating layer.

4.3. EVA copolymer

Ethylene-vinyl acetate is a copolymer degrading in two steps.
The first one corresponds to the release of acetic acid and the sec-
ond one to the decomposition of the polyene structure formed af-
ter the first step. In our case, the content of vinyl acetate is 26 wt%.
Both steps occur at different temperatures - around 300-350°C
for the release of acetic acid and 470°C for the second step in
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Fig. 7. Calculated MLR for the two decomposition steps of EVA and Ry, in cone
calorimeter at 50 kW/m? (dotted line corresponds to theoretical Rqey calculated ac-
cording to the composition).

PCFC. Moreover, the effective heats of combustion are very differ-
ent: 17.8 kJ/g for the first step and 40.9 kJ/g for the second one in
PCFC. The effective heat of complete combustion is then 36.7 k]/g.
In cone calorimeter at 50 kW/m?, the experimental EHC is only
33.2kJ/g, i.e. the combustion efficiency is 90%. Then we have con-
sidered the EHC of both steps in cone calorimeter are equal to
16.1 and 36.9 kJ/g respectively. This assumption is questionable: the
combustion efficiency of gases over temperature may be different
even when these gases are released from the same polymer [24].

Total heat release calculated according to our method is very
close to the experimental one (134.9 and 134.6 k]/g respectively).
Calculated mass losses for the first and the second steps of decom-
position are 6.2 and 29.6 wt%, very close to the theoretical values
(6.4 and 29.4 wt%).

As expected, the first decomposition step obviously occurs be-
fore the second one. The theoretical mean ratio between mass loss
rates (Rgeg) is 0.2 according to the composition (Fig. 7). During the
first 150, its real value is much higher than this average. Experi-
mental average Rgeg is 2.5. The peak of mass loss rate is reached af-
ter 150 s for the first step, and 190 s for the second one. After 200 s,
the first step is completed, i.e. that the temperature may be higher
than around 350°C in the whole specimen (even in the bottom
layer). The early release of acetic acid has already been shown by
various authors. Hoffendahl et al. have calculated that 81% of acetic
acid is released before ignition in the case of EVA filled with ATH
and melamine borate [22]. Zanetti et al. have also observed that
EVA decomposition shows two overlapping steps in cone calorime-
ter and they assigned the first one mainly to deacetylation [25].

We have also studied two EVA copolymers containing alumina
or kaolinite fillers. In these composites EVA contains 28 wt% of
vinyl acetate but the effective heats of combustion of steps 1 and 2
are kept constant. The content of filler is 50 wt%. Alumina is ther-
mally stable and kaolinite releases water only at high temperatures
(around 500 °C). In this last case, we have considered that kaolinite
does not release water during cone calorimeter test. This assump-
tion is not fully verified and experimental effective heat of com-
bustion is slightly lower than calculated (31.5 kJ/g versus 33.2 k]/g).
Despite this approximation, a quite good agreement between ex-
perimental and calculated HRR data is obtained. Figure 8 shows
the experimental and calculated HRR curves for both samples.

The relative mass losses of both decomposition steps for EVA
have also been plotted in EVA filled with 50 wt% of alumina
or kaolinite. The first step of decomposition is slowed down
in presence of fillers but there is no significant difference be-
tween EVA/alumina and EVA/kaolinite (see Fig. S6 in supporting
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information). The shift between both curves is due to the fact
that ignition occurs earlier for EVA/kaolinite. Very interestingly, the
mass loss rate for the second step of decomposition is similar for
pure EVA and EVA-alumina but much reduced for EVA-kaolinite
(Fig. 9). It has been assumed that kaolinite improves the flame
retardancy of EVA through barrier effect monitored by the high
viscosity of the sample [26]. In this formulation, the decrease of
mass loss rate for the first decomposition step is relatively low in
comparison to the very efficient slowdown of the second step. It
may be assumed that the barrier effect due to the accumulation of
kaolinite particles on the sample surface is able to maintain during
a long time the temperature in the condensed phase mainly in the
range 350-450 °C, i.e. the temperature reaches quickly 300-350 °C
(allowing the first decomposition step to occur) but more slowly
450-500 °C corresponding to the temperature range of the second
decomposition step.

Aty and average Ry, change drastically for these three mate-
rials. Atyq slightly increases with alumina but the increase is very
significant with kaolinite due to the slowdown of the second de-
composition step. Alumina slows down the mass loss rate for the
first step but not for the second one. Therefore, Ry, decreases
strongly (but remains higher than the theoretical one: 0.64 versus
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Fig. 10. Calculated MLR for EMA and PBT in EMA/PBT 50/50 and Rg4, in cone
calorimeter at 50 kwW/m? (dotted line corresponds to the theoretical Rgeg calculated
according to the composition).

0.2). Kaolinite slows down both decomposition steps similarly: Rgeg
remains close to the value observed for pure EVA (2.34 versus 2.5).

4.4. EMA/PBT blends: influence of the composition

Pure EMA and PBT and various EMA/PBT blends (80/20, 50/50
and 30/70) were studied using cone calorimeter at 50 kW/m?2. EMA
exhibits high effective heat of combustion of 36.3 kJ/g in PCFC and
in cone calorimeter. PBT exhibits a quite low EHC in cone calorime-
ter (18.7kJ/g) in comparison to PCFC (20Kk]/g). Then the combus-
tion efficiency is only 0.94. Such a value was already obtained in
a previous study about PC/PBT blends [27]. PBT is slightly char-
ring - around 7-8% depending on the delay between the flame out
and the end of the test because the char is slowly decomposed
by thermo-oxidation. We have considered that PBT is able to char
also in blends. It is quite reasonable: a blend 50-50 exhibits char
content close to 3-3.5 wt%. Thermal stability of EMA and PBT (ac-
cording to the temperature of the pHRR in PCFC) is 470 and 420 °C
respectively.

Good agreement was found between calculated and experimen-
tal HRR for the three blends. The worst fitting is obtained for the
blend 50/50 with an error of 7.2% on THR (Fig. S4). Nevertheless
we assume the calculated curve is quite satisfactory.

As expected from their respective thermal stabilities, PBT starts
degrading earlier than EMA (Fig. 10), as proved by the value of
Aty (255). Up to 150, Ryeg is higher than the theoretical Ry, cal-
culated according to the composition (i.e. 1). The peak of mass loss
rate for PBT is reached after 130s and 190s for EMA. After 1505,
the most part of PBT is already decomposed and Ry, becomes
lower than 1. Similar results are obtained for EMA/PBT 80/20 and
30/70: Rgeq is always higher than the theoretical Ry, (respectively
0.25 and 2.3) at the beginning of the test and the peak of mass loss
rate for PBT is always reached before the peak of mass loss rate for
EMA. Nevertheless, Aty is significantly higher for EMA/PBT 30/70
(120s versus 25s) and average Ry, is very low (lower than the
theoretical Rgeq: 0.39 versus 2.3).

Figures 11 and 12 show the relative mass losses in pure poly-
mers and blends for EMA and PBT respectively. It can be observed
that the mass loss rate of EMA is very similar in pure EMA and
in EMA/PBT blends 80/20 and 50/50. In other words, when EMA
is the matrix, its decomposition rate is not really modified by the
presence of PBT nodules.

On the contrary, when PBT is the matrix, EMA mass loss rate
changes strongly: the decomposition starts very slowly during al-
most 100 s and then accelerates (At is 120s). This may be due to
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Fig. 11. Relative mass loss rates for EMA in pure EMA and EMA/PBT blends in cone

calorimeter (50 kW/m?).

100 - omm. XBOB0000000
o 3 ,.0".."
. 00
O e ”..d'
Q 80 - 0 Oues®
S o4
E .;O.
2 60 | <
. S ¢ o PBT in EMA-PBT 80-20
1%} © 4
g 50 . PBT in EMA-PBT 50-50
o 40 .;8 . o PBT in EMA-PBT 30-70
> )
k= P . e Pure PBT
3 £
€ 20 - obob N
o
.5060 Q
.o ()
0 Sar . . ; 1
0 100 200 300 400 500
Time (s)

Fig. 12. Relative mass loss rates for PBT in pure PBT and EMA/PBT blends in cone
calorimeter (50 kW/m?).

the fact that the pyrolysis front is piloted by the matrix (i.e. PBT).
Then the temperature remains close to the pyrolysis temperature
of PBT and does not increase up to a value high enough to promote
the fast decomposition of EMA. When PBT is almost fully decom-
posed, the mass loss rate of EMA increases very fast because the
temperature can increase and EMA is already at high temperature
(i.e. PBT pyrolysis temperature) in the whole sample. Therefore av-
erage R,y is very low. Patel et al. have shown that a high thermal
conductivity delays the ignition but promotes heat buildup within
the system leading to a higher heat release rate later [28].

On the contrary, the mass loss rate of PBT in blends seems to
be rather constant or slightly lower than its value for pure PBT.
The decomposition of PBT in blends starts earlier than in pure PBT.
Then it may be considered that less heat is built up within the
specimen when decomposition starts. Consequently the mass loss
rate may be slightly lower.

Figure 13 summarizes the mass loss rates for EMA and PBT in
pure polymers and blends. Mass loss rates were measured between
20% and 70% of relative mass loss. Even when relative mass loss
rate for PBT is lower than for EMA, do not forget that PBT starts
degrading before EMA. We can now explain why EMA/PBT 50/50
exhibits a lower pHRR than expected (i.e. lower than the value cal-
culated from a linear rule of mixtures). Not only the peaks of mass
loss rate of both polymers are not reached at the same time but
their values are lower than in pure EMA or PBT (except the mass
loss rate of EMA in EMA/PBT 30/70).
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Fig. 13. Relative mass loss rates for EMA and PBT in pure polymers and various
EMA/PBT blends in cone calorimeter (50 kW/m?).
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Fig. 14. Calculated MLR for LDPE and PAG6 in PE/PA6 50/50 and Ry in cone
calorimeter at 50 kW/m? (dotted line corresponds to the theoretical average Rgeg
calculated according to the composition).

4.5. LDPE/PA6 and LDPE/PHB 50/50 blends: influence of the heat flux

Two blends were studied at various heat fluxes (35, 50,
75 kW/m?2). The first one is LDPE/PAG 50/50. Both polymers exhibit
quite similar thermal stability: pHRR in PCFC is observed at 470
and 490 °C respectively for PA6 and LDPE. On the contrary, LDPE
and PHB from the second blend have very different thermal sta-
bility. Indeed, PHB is probably one of the least thermally stable
synthetic polymers. Its pHRR in PCFC occurs at 310°C. Effective
heats of complete combustion of these three polymers are differ-
ent enough to allow decoupling of their mass loss rates: 42.5Kk]/g
for LDPE, 28 k]/g for PA6 and 20.5 kJ/g for PHB. The effective heats
of combustion in cone calorimeter were chosen equal to these val-
ues, assuming a complete combustion. Experimental effective heats
of combustion of blends were found in very good agreement with
this assumption: 35.5Kk]J/g for LDPE/PA6 50/50 and 31.9Kk]/g for
LDPE/PHB 50/50 versus theoretical EHC equal to 35.3 and 31.5Kk]/g
respectively.

Figure 14 shows the relative mass losses for both polymers and
the ratio Rye; when LDPE/PAG is tested at 50 kW/m?Z. It can be ob-
served that Ry, is close to 1 up to 200s, i.e. the mass loss rates of
both polymers are roughly similar during the most part of burning.
They increase together in the first part of the test and they reach
both their peaks in the range 150-200s. These observations were
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Fig. 16. Relative mass loss rates for LDPE in LDPE/PA6 blends in cone calorimeter
at various heat fluxes.

also made for the tests at 35 and 75 kW/m?. It can be noted that
the mass loss rate of LDPE increases sharply after 140s and de-
creases suddenly after 180s. This change was reproducible but not
observed for tests at 35 and 75 kW/m?2.

Figures 15 and 16 represent the relative mass losses at various
heat fluxes for PA6 and LDPE respectively. As expected mass loss
rates increase when heat flux increases for both polymers. More
interestingly, the comparison between both figures shows that rel-
ative mass losses are quite similar for both polymers at similar
heat flux. For example mass loss reaches 50 wt% at 35, 50 and
75 kW/m? after 255, 185 and 120's for PA6 and 260, 185 and 125
for LDPE. While PA6 and LDPE exhibit close thermal stabilities,
their decomposition rate in cone calorimeter test is very similar.
Atyg is close to 0 and average Ry, is in the range 0.93-1.34 (close
to 1) in the three cases.

The behavior of LDPE/PHB 50/50 is completely different.
Figure 17 shows the relative mass loss rates for both polymers and
the ratio Ry,,. Contrarily to the previous blend, one polymer (PHB)
decomposes much earlier than the other one (LDPE). Atyq is higher
than for LDPE/PA6 blends. Ry, remains higher than 1 up to 150s
when approximately 80% of PHB is already decomposed. The de-
lay between both peaks of mass loss rate is also relatively high:
55s. These observations are confirmed at other heat fluxes (35 and
75 kW/m?2).
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Fig. 17. Calculated MLR for LDPE and PHB in LDPE/PHB 50/50 and Ry in cone
calorimeter at 50 kW/m? (dotted line corresponds to the theoretical average Rgeq
calculated according to the composition).
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Fig. 18. Relative mass loss rates for PHB in LDPE/PHB blends in cone calorimeter at
various heat fluxes.
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Fig. 19. Relative mass loss rates for LDPE in LDPE/PHB blends in cone calorimeter
at various heat fluxes.

Figures 18 and 19 show the relative mass losses at various heat
fluxes for PHB and LDPE respectively. The relative mass loss rate of
LDPE increases progressively when heat flux increases as already
observed for LDPE/PA6 blends. On the contrary, relative mass loss
rate is similar for PHB at 50 and 75kW/mZ. It is due to the fact
that ignition occurs very quickly in both cases (25 and 12s): PHB
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Fig. 20. Average Rg,, and Aty for various systems studied.

is degrading so fast that the change in its decomposition rate is
almost undetectable above 50 kW/m?2. This explains also why Aty
is relatively low at 75kW/m?2 (only 15s versus 55-85s at lower
heat fluxes). The comparison between both figures also shows that
PHB is degrading much earlier before LDPE at all heat fluxes.

The main objective of this paper is to present the method to
distinguish the decomposition rates of two polymers in blend. But
in the next section we will attempt to explain the main observa-
tions previously noted.

5. Discussion

Main results are summarized in Fig. 20 for the three polymer
blends studied in this work: EMA/PBT, LDPE/PA6 and LDPE/PHB.
Remind that Atyg is the difference between the time for the least
stable polymer to reach a mass loss of 10% and the time for the
most stable polymer to reach a mass loss of 10%. Average Rgeq is
the ratio between the mass loss rate of the least stable polymer
and the mass loss rate of the most stable polymer between 20%
and 70% of their mass loss.

In the whole, it can be observed that Aty increases when
the difference in thermal stability increases. Its value is close to
0s for LDPE-PA6 blends, around 25s for EMA-PBT blends (except
the specimen tested at 75 kW/m?2) and around 50s for LDPE-PHB
blends. The relatively low value for LDPE-PHB tested at 75 kW/m?
(15s) is due to the fact that PHB is degrading very fast at medium
to high heat flux. Its decomposition rate does not change anymore
while the decomposition rate of LDPE still increases when heat flux
increases above 50 kW/m?.

Very interestingly the figure may reveal a surprising correla-
tion between both parameters. Lower is Atjg and higher is average
Rgeg- This correlation can be explained as follows: when the least
stable polymer starts degrading, the temperature in the pyrolysis
zone is more or less maintained at the pyrolysis temperature of
this polymer. The pyrolysis front progresses through the specimen
and the thickness of the pyrolysis zone increases according to var-
ious parameters as heat flux and thermophysical properties (espe-
cially thermal conductivity). Obviously other phenomena occur and
make the burning more complex as polymer melting, bubbling and
convection of the molten phase. Extensive studies of the heat gra-
dient within a burning specimen have been already carried out us-
ing thermocouples [29-30]. As long as the least stable polymer is
pyrolyzing, the pyrolysis temperature of the most stable polymer
is hardly reached. Nevertheless, heat is built up within the mate-
rial. Longer is the period before the decomposition of this poly-
mer starts (i.e. higher is Atyg), larger is the fraction of the material

already heated at the pyrolysis temperature of the least stable
polymer. When the least stable polymer is decomposed, the tem-
perature can increase to allow the most stable polymer to pyrolyze.
Then its decomposition rate is very fast. Therefore average Ry is
low.

The difference in thermal stability between LDPE and PHB is so
high that LDPE starts degrading a long time after PHB. But LDPE is
already at the PHB pyrolysis temperature within the whole speci-
men whichever applied heat flux. Consequently the mass loss rate
of LDPE is higher than the mass loss rate of PHB (and also than
LDPE in LDPE-PA6 blends). Average R, is always lower than 1.

On the contrary, when there are few differences in thermal sta-
bility between both polymers as in the case of LDPE-PA6 and EMA-
PBT 80-20 and 50-50, average R is higher than 1: the mass loss
rate of the least stable polymer is the highest. One exception is the
blend EMA/PBT 30/70. Aty is very high and EMA starts degrading
a long time after PBT. This may be due to the fact that PBT is the
matrix in this blend. In that case, the temperature in condensed
phase is maintained close to the pyrolysis temperature of PBT up
to this polymer is almost fully decomposed.

6. Conclusion

A method is proposed to distinguish the relative mass loss rates
for a material exhibiting two decomposition steps. One condition
to apply this method is that the effective heats of combustion of
both steps are known and different enough. This includes many
polymer binary blends, but also some copolymers, polymers filled
with hydrated fillers and two-layer composites.

Calculated heat release rate curves fit very well experimental
curves allowing a new insight on the fire behavior of materials,
even if many systems remain too complex as ternary blends, or
halogen-containing materials.

Polymer blends exhibit quite often lower peak of heat release
rate as expected (according to a linear rule of mixtures), not only
because the mass loss rate peaks of both polymers occur at dif-
ferent times, but also because the mass loss rate of one or both
polymers is slowed down.

First results show that the least thermally stable component in
the material decomposes earlier, but not necessarily faster than the
most thermally stable one. Indeed, the temperature in the con-
densed phase may be mainly controlled by the pyrolysis of the
least thermally stable polymer. When the thermal stabilities are
very different, the time before the most thermally stable polymer
starts to decompose is longer, but this polymer is heated to the py-
rolysis temperature of the least stable polymer during this period.
When its decomposition starts, its mass loss rate is then very high.

We hope that this method will help to better understand the
fire behavior of materials in cone calorimeter tests. The method
can also be applied to other fire tests, if mass loss and heat release
are measured continuously during the test.

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.combustflame.2016.04.
016.
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