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ABSTRACT

Bisphenol A polycarbonate/acrylonitrile-butadiene-styrene (PC/ABS) with and without bisphenol A
bis(diphenyl phosphate) (BDP) and 5 wt.% zinc borate (Znb) were investigated. The pyrolysis was stud-
ied by thermogravimetry (TG), TG-FTIR and NMR, the fire behaviour with a cone calorimeter applying
different heat fluxes, LOI and UL 94. Fire residues were examined with NMR.

BDP affects the decomposition of PC/ABS and acts as a flame retardant in the gas and condensed phases.
The addition of Znb results in an additional hydrolysis of PC. The fire behaviour is similar to PC/ABS, aside
from a slightly increased LOI and a reduced peak heat release rate, both caused by borates improving
the barrier properties of the char. In PC/ABS + BDP +Znb, the addition of Znb yields a borate network and
amorphous phosphates. Znb also reacts with BDP to form alpha-zinc phosphate and borophosphates
that suppress the original flame retardancy mechanisms of BDP. The inorganic-organic residue formed
provides more effective flame retardancy, in particular at low irradiation in the cone calorimeter, and
a clear synergy in LOI, whereas for more developed fires BDP+Znb become less effective than BDP in

PC/ABS with respect to the total heat evolved.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Bisphenol A polycarbonate/acrylonitrile-butadiene-styrene
polymer blends (PC/ABS) are used in engineering for electronic
devices and applications like transportation, which have high
demands on fire behaviour. Within all flame retardants used
in PC/ABS, aryl phosphates, including bisphenol A bis(diphenyl
phosphate) (BDP) and resorcinol bis(diphenyl phosphate) (RDP),
are successful alternatives for flame retardants containing halogen.
They are the most commonly used halogen-free flame retardants
in PC/ABS [1-3].

The flame retardancy mechanisms of aryl phosphates in PC/ABS
were examined by Levchik et al. [4,5]. In an earlier paper we dis-
cussed the detailed thermal decomposition and fire behaviour of
BDP in PC/ABS [6]. BDP acts in both the condensed and gas phases.
Charring is caused by induced cross-linking, whereby BDP acts like
an acid precursor, and by the active incorporation of phosphate
groups into the network. In the gas phase, BDP acts by flame inhi-
bition, probably by providing volatile PO, P and P, species [7-9].
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To satisfy the increasing demands on flame retardancy efficiency
and combinations of properties, approaches have been made to
combine different flame retardants or flame retardants with adju-
vants, respectively, and thus to obtain new, superior synergisms
[10-13]. The combination of BDP with nano-dispersed boehmite,
asreported in an earlier study [ 14], yielded a synergism with regard
to LOI but showed antagonism in the charring of PC and BDP.

PC/ABS blends usually show relatively high smoke release.
Flame inhibition increases smoke release because of incomplete
oxidation. Zinc borate (Znb) is known as a multifunctional polymer
additive [15]. It is applied as a flame retardant, afterglow suppres-
sant, anti-tracking agent and is often used as smoke suppressant,
e.g. in PVC [16]. In general, smoke suppression is believed to be
achieved through different mechanisms in the condensed phase or
the gas phase, such as the elimination of carbon black precursors
or the removal of nucleation germs. Further, Znb is already used as
a flame retardant in pure PC, resulting in a significant increase in
LOI[17].

Hence in this study, the flame retardancy effect of BDP with
5wt.% Znb in PC/ABS and PC/ABS with 5wt.% Znb is studied. The
focus was on the interaction of BDP with Znb and on its influence on
the flame retardancy mechanisms, to reveal synergisms or antag-
onisms. Therefore this contribution lays important groundwork to
refine the halogen-free fire retardancy of PC/ABS.
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Fig. 1. Structure of BDP.

2. Experimental

Four different PC/ABS blends were investigated: PC/ABS with
and without BDP, with 5wt.% Znb and with BDP and 5wt.%
Znb. A PC:ABS ratio of 4.7:1 was maintained at all times.
The A:B:S ratio of ABS was 21:13:66. In all systems a master
batch was added, consisting of polytetrafluoroethylene (PTFE)
and SAN in the ratio 1:1. The molecular weight of BDP (Fig. 1)
with n=1 is Mygpp(n-1)= 692.6 gmol~!. The oligomeric BDP used
had an averaged repeating unit of n=1.1 and contained about
2.5 wt.% TPP (triphenyl phosphate). Znb had the molecular formula
2(Zn0)3(B,03)3.5(H,0) and a molecular weight of 434.7 gmol~1.
The samples were provided by Bayer MaterialScience AG (Dorma-
gen, Germany) and their contents are shown in Table 1.

Thermal decomposition was investigated by thermogravimetry
(TG) (TGA/SDTA 851, Mettler Toledo, Germany). For evolved gas
analysis, the same TG coupled with a Fourier transform infrared
spectrometer (TG-FTIR, Nexus 470, Nicolet, Germany) was used.
All measurements were performed under nitrogen with a heating
rate of 10Kmin~! and a sample weight of 10 mg. Decomposition
kinetics were based on varying heating rates (2, 5 and 10 Kmin—1).
Values for residue were taken at the end of the main decomposi-
tion step. The standard deviation for TGA was about 1 wt.%, which
included the contribution of buoyant forces.

To analyse the forced-flaming behaviour [18], a cone calorime-
ter from FTT, UK was used, according to ISO 5660. The
samples (100 mm x 100 mm x 3 mm) were measured horizon-
tally in a frame, using different external heat fluxes (35, 50
and 70kWm~2). The total heat release (THR) was taken at
the time of flame-out. The flammability was determined by
the UL 94 test according to IEC60695-11-10 (sample size:
120 mm x 12.5mm x 3 mm x 1.5 mm) and by limiting oxygen test
(LOI), following ISO 4589 (sample size: 80 mm x 10 mm x 4 mm).

Solid-state nuclear magnetic resonance (NMR)was used to anal-
yse the residues of heat-treated samples and cone calorimeter
measurements. The thermal treatment was carried outina horizon-
tal quartz tube furnace under air and nitrogen flow (200 ml min—1),
in a temperature range between 610 and 820 K. The samples were
heated at a heating rate of 10Kmin~!, holding the final temper-
atures for 10 min before cooling down again. To obtain residues
from cone calorimeter measurements, samples were burned for 65
and 147 s, respectively, and quenched in liquid nitrogen to ensure
rapid cooling and avoid oxidation. The NMR measurements were
performed using an AVANCE 600 and a DMX 400 spectrometer

Table 1
Investigated materials (remaining wt.% other additives).
PC/ABS+... / BDP 5wt.% Znb BDP +5 wt.% Znb
PC 81.2 71.0 77.1 66.8
ABS 17.3 15.0 16.4 14.2
PTFE/SAN 0.9 0.9 0.9 0.9
BDP 12.5 12.5
Znb 5.0 5.0

(Bruker Biospin GmbH, Rheinstetten, Germany). Magic angle sam-
ple spinning (MAS) was applied using 4 mm zirconia rotors. All
MAS experiments were carried out at room temperature. '3C NMR
spectra were recorded at a Larmor frequency of 100.6 MHz with a
4 mm double-resonance probe. Due to the low natural abundance
of 13C (1.1%), cross-polarisation with magic angle sample spinning
(CPMAS) was used. The 'H 90° pulse length was 2.8 s, a CP con-
tact time of 0.5-4.0 ms was used with repetition times of 3s. The
carbon spin-lock field strength was held constant, while the pro-
ton spin-lock field was ramped down to 50% of the initial value
during CP. Proton decoupling was carried out with a 15° two-pulse
phase modulation (TPPM) sequence. 13C chemical shifts were ref-
erenced using the glycine COOH signal set to §(13C)=176.4 ppm
as a secondary standard. The MAS frequency was 13 kHz. 3'P NMR
spectra were acquired at a Larmor frequency of 161.9 MHz (DMX
400) with a 4 mm double-resonance MAS NMR probe, a spinning
speed of 13 kHz and single-pulse excitation with a 90°-pulse length
of 5.5 ws. To ensure full relaxation a repetition time of 600s was
used. The 3P chemical shifts were referenced to 85% phosphoric
acid at 3(3'P)=0ppm via the secondary standard hydroxyapatite
at 8(31P)=2.3 ppm. "B NMR was carried out at 192.5 MHz (Avance
600) with single-pulse excitation using a selective 90° pulse of
1.25 ps, a MAS frequency of 10kHz and a relaxation delay of 10s.
Chemical shifts are reported relative to BF3(OEt;) using the nar-
row signal of crystalline BPO4 at 8(''B)=—4.1 ppm as an external
secondary standard.

3. Results and discussion
3.1. Thermal decomposition

The TG results of PC/ABS, PC/ABS + BDP, PC/ABS + 5 wt.% Znb and
PC/ABS +BDP +5 wt.% Znb are summarized in Table 2 and the cor-
responding masses and mass loss rates are shown in Fig. 2. PC/ABS,
PC/ABS +BDP, PC/ABS + 5 wt.% Znb and PC/ABS + BDP + 5 wt.% Znb all
decomposed in two main decomposition steps. The decomposition
of PC/ABS and PC/ABS+BDP was discussed in detail in a previ-
ous paper [6]. As main results the first decomposition step was
related to the ABS decomposition and the second to PC, which was
confirmed by the characteristic decomposition temperatures, the
mass losses (both Fig. 2 and Table 2) and volatile pyrolysis prod-
ucts (Fig. 3). The addition of BDP to PC/ABS led to a shift in the
temperature (+24 K) of the maximum weight loss of PC to higher
temperatures. Further, there was a decrease in the decomposition
temperature of ABS. The shifting of the decomposition tempera-
ture of PC to higher and of ABS to lower temperatures resulted in
a clear separation of both decomposition steps, as seen in Fig. 2.
The residue increased further when BDP was added. This increase
in char resulted from an interaction of BDP with PC. BDP acts
hereby as an acid precursor which induces the charring and per-
forms cross-linking with decomposition products of PC, probably

Table 2
Thermal analysis of PC/ABS, PC/ABS+BDP, PC/ABS+Znb and PC/ABS+BDP+Znb
under nitrogen at a heating rate of 10 Kmin~'.

PC/ABS+... / BDP 5wt%Znb BDP+5wt%Znb Error
Tonset in K 681 673 682 669 +2
Mass loss I (decomposition of ABS)
Weight loss in wt.% 20.9 24.7 29.5 259 +1
Tmax1 in K 715 699 711 706 +2
Mass loss II (decomposition of PC)
Weight loss in wt.% 56.4 46.6 43.9 434 +1
Tmaxz in K 776 800 778 798 +2
Residue

Mass in wt.% 22.7 28.7 26.6 30.7 =1l
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Fig. 2. Mass loss and mass loss rates of PC/ABS, PC/ABS +BDP, PC/ABS +Znb and PC/ABS +BDP+Znb and Znb alone, measured with TG in nitrogen atmosphere at a heating

rate of 10 Kmin—'.

with phenolic groups of PC generated through Fries rearrange-
ment.

The decomposition of Znb resulted in a significant release of
water (around 13 wt.%). However PC/ABS+Znb did not show an
additional third decomposition step due to the partial hydrolysis
of PC, as was reported for PC/ABS + boehmite [14]. Adding 5 wt.% of
Znb to PC/ABS resulted in an onset temperature (Topset ) identical to
the one for PC/ABS, and in very similar temperatures for the max-
imum weight loss rate (Tpmax) in both the first decomposition step
and the PC-related second decomposition step (Table 2). Therefore,
at first glance adding Znb and thus releasing water had no influ-
ence on the decomposition temperatures of the polymer, whereas
the mass losses of the two decomposition steps in PC/ABS +Znb
differed significantly from the ones of PC/ABS. For the first decom-
position step there was an increase of 8.6 wt.% compared to PC/ABS.
The resulting value can not be explained only by the pyrolysis of
ABS and Znb water release (25.9 wt.% > 16 + 0.6 wt.%). The mass loss
during the second decomposition step decreases correspondingly
by 12.5wt.%. Thus PC hydrolyses partially at lower temperatures,
coinciding with the decomposition of ABS. This conclusion was con-
firmed by the earlier beginning of product release rates of CO, and
phenol derivatives (Fig. 3).

The residue of PC/ABS +Znb was very similar to that calculated
for a superposition of the effects of PC/ABS and Znb, when they
decompose separately (26.6 wt.%~21.5+4.5 wt.%). This is some-
how surprising, considering the additional hydrolysis of PC.

For PC/ABS+BDP+Znb the mass loss of the first decompo-
sition step was increased only slightly (1.2wt.%) compared to
PC/ABS +BDP without Znb (Table 2). The mass loss of the sec-
ond PC decomposition step was also quite similar to the one for
PC/ABS +BDP, considering that for PC/ABS + BDP + Znb less polymer
decomposes than in PC/ABS +BDP. It is assumed that BDP reacts
instead of PC with some of the water released by Znb. Further the

1 PC/ABS +

—
—4—BDP co,

—»—5 wt.% Znb
—>—BDP +5wt%

0.2
(2361 cm™)

Extinction

Time in min

decomposition temperatures were quite similar for PC/ABS + BDP
with and without Znb. PC/ABS + BDP +Znb had an onset temper-
ature, temperature of the maximum mass loss rate for the first
decomposition step, and temperature of the maximum mass loss
rate for the second decomposition step that differed by only 2-7 K
from those of PC/ABS + BDP (Table 2). The residue was a little bit less
than that calculated taking into consideration that PC/ABS + BDP
and Znb decomposed separately (30.7 wt.% <31.7 wt.%). Compar-
ing the data observed for PC/ABS+BDP+Znb with those for
PC/ABS +Znb and PC/ABS +BDP, a significant interaction between
BDP and Znb became obvious. Most probably alternative reactions
occurred to the reaction of BDP with PC and the water release of
Znb and PC.

The product release rates also showed this effect of adding Znb in
PC/ABS +BDP +Znb (Fig. 3). As shown in an earlier paper [6], adding
BDP in PC/ABS +BDP results in an increase of CO, and a decrease
in phenol release. It was concluded that the enhanced charring of
PC/ABS + BDP was accompanied by this change in volatile release
rates. For PC/ABS + BDP +Znb there was less CO, production than
for PC/ABS+BDP. Further for PC/ABS+BDP+Znb there was an
increased release of phenol derivatives. Actually both the CO, and
the phenol release of PC/ABS, PC/ABS +Znb and PC/ABS + BDP +Znb
were quite similar, whereas only PC/ABS +BDP showed a clearly
different behaviour.

The reaction kinetics in Fig. 4 shows at least two main activation
energies for PC/ABS, the first at around 180 k] mol~! and the second
at around 230 k] mol~1. These values were related to the decompo-
sition dominated by ABS and PC, respectively. The decomposition
of ABS and PC overlapped strongly for PC/ABS, which is shown
clearly by decreasing and increasing activation energies rather than
constant plateau values. Between the conversion regions related
to ABS and PC decomposition, respectively, a clear minimum in
activation energy occurs between 15% and 40% of conversion, indi-
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—
0.015 | —¢—BDP
| —P»—5wt% zinc , Phenol
borate n
0.010 - —>BDP + 5 wt.% l derlvatesd
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Fig. 3. Pyrolysis product release rates determined by TG-FTIR for CO, and phenol derivatives, comparing PC/ABS, PC/ABS + BDP, PC/ABS +Znb and PC/ABS +BDP +Znb.
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Fig. 4. Activation energy (Ep) versus conversion, comparing PC/ABS, PC/ABS + BDP,
PC/ABS +Znb and PC/ABS + BDP +Znb.

cating the interaction between the two decomposition processes.
Adding BDP to PC/ABS results in separation of the decomposi-
tion processes. Consequently two plateau activation energies were
observed. The first plateau at about 170k] mol~! corresponded to
the ABS decomposition. The second plateau at 220 k] mol~! repre-
sented the PC decomposition. They are separated by a minimum
in activation energy at between 23% and 33% conversion, indicat-
ing the reduced interaction between ABS decomposition products
and PC decomposition during the beginning of PC decomposition.
For PC/ABS +Znb and PC/ABS +BDP +Znb, clearly stronger minima
were observed between 25 and 50% of conversion. This indicates
the partial hydrolysis of PC. Further the activation energy was
increased for ABS and decreased for PC in the samples containing
Znb.

13C solid-state NMR investigations of the residue were per-
formed to examine the decomposition of PC in PC/ABS +Znb and
PC/ABS +BDP +Znb. Fig. 5 shows the spectra for the PC/ABS +Znb
system on the left and for PC/ABS + BDP +Znb on the right, for sam-
ple heat treatments at 670, 730 and 820K. The peak assignment
for the PC signals is also shown on the left. It should be noted
that the BDP 13C solid-state NMR signals cannot be distinguished
from the PC ones, such that no further assignment is given on
the right. The main results can be summarized as follows: (i) the
signals at 150 ppm was higher for the system with BDP than for
PC/ABS +Znb without BDP; (ii) with BDP the PC matrix decomposes
at higher temperatures (best seen by a comparison of the spectra
taken after 730K heat treatment), resulting in an NMR spectrum
typical for aromatic, sp2-hybridized C-atoms [19] and thus for char;
and (iii) a new signal at about 140 ppm emerges particularly in the
PC/ABS +BDP +Znb system (assigned by Cg).

Note that the temperature program for preparing the solid
residues investigated by NMR was different from the constant heat-
ing rate used in TG. Taking into account that the same mass loss is
observed 50K earlier, the results correspond with the results of
thermal analysis, both showing an increase in the thermal stability
of PC by BDP. The new peak at 140 ppm can be assigned to xanthon-
like structures. In the literature [1,20] xanthons already have been
described for the decomposition of PC, as secondary products
whichresult from such phenomena as Fries rearrangements (Fig. 6).
This signal was more pronounced for PC/ABS + BDP +Znb than for
PC/ABS +Znb. The reason for this is the acidic character of BDP at
high temperatures which supports Fries rearrangements, resulting
in more xanthon-like structures in the char.

The 3P NMR spectra of the solid residues of PC/ABS + BDP + Znb
samples as a function of the temperature are shown in the left
of Fig. 7. The spectrum at 670K is the same as for non-heat-

treated samples. There is a broad peak at —19.2ppm (signal
width = 1100 Hz) indicating the BDP structure in the solid state. 3P
NMR investigation of the liquid BDP showed a corresponding sharp
peak at —17.6 ppm with a signal width of 144 Hz. The difference
in state of aggregation is due to the molecular mixing of BDP in
PC/ABS. The signal of BDP decrease due to the release of phosphate
into the gas phase, the reaction of BDP with zinc borate and the
formation of different kind of phosphates in the condensed phase:
crystalline and amorphous orthophosphates (PO4), O3P-0-PO3,
03P-0-P0O,-0-P03, 03P-0-P0O,-0-P0O,-0-P0O3, up to polyphos-
phates. The ratio between P and O is 1:4 for orthophosphates and
approaches 1:2 for polyphosphates. First decomposition products
occurred at >760 K, where a broad signal around O ppm emerges. At
higher temperatures a-Zn3(PO4), and BPO,4 are formed as a result
of a reaction between BDP as the only phosphate-containing phase
and Znb. However, the main phosphate part in the solid residues
forms amorphous structures as seen by the broad peak pattern
ranging from about 20 to —20 ppm.

The "B NMR spectra as function of the temperature are shown
in the right of Fig. 7. All spectra show the presence of planar BO3
units (20-7 ppm region, typical second-order quadrupolar peak
shape)and tetragonal BO4 groups (narrow peak at 0 ppm). The main
results are that with increasing temperature (i) the BO3/BO4 ratio
rises, (ii) an amorphous borate network forms which contains the
main borate content, and (iii) for temperatures higher than 790K
BPO,4 (signal at around —5 ppm) [21] occurs. The change in BO3/BO4
ratio and the formation of an amorphous borate network is analo-
gous to the changes observed for the phosphates in the 3P NMR.
The BPO, formation was consistently observed by both the 1'BNMR
and the 3P NMR investigation.

Based on the changes in the products released and the pyrolysis
products observed in the solid state in particular, we concluded that
the reaction between BDP and Znb reduces the amount of phospho-
rus performing cross-linking. Further the temperature > 760-790 K
observed for the reaction between BDP and Znb corresponds to
a mass loss>55wt.%. This indicates that in the beginning of PC
decomposition BDP is still available to perform cross-linking with
PC in PC/ABS +BDP +Znb, similar to PC/ABS + BDP. This interpreta-
tion corresponds to the shift in PC decomposition temperature in
PC/ABS +BDP +Znb, similar to PC/ABS + BDP. Only at higher temper-
atures the cross-linking mechanism was eliminated between BDP
and PC decomposition products.

3.2. Fire behaviour

The results for time to ignition (tig,, cone calorimeter with
an irradiation of 35 kW m~2), for flammability (reaction to small
flame: LOI and UL 94) and for forced-flaming fire behaviour (cone
calorimeter with three different heat fluxes) are summarized in
Table 3 and illustrated in Fig. 8. The t;, was increased significantly
by adding BDP to PC/ABS (+13s). The addition of 5wt.% Znb to
PC/ABS led to a decreased tig, (—8s). Also the combination of BDP
and Znb resulted in a worsened tig,, (-7 s) for PC/ABS + BDP +Znb.
For the flammability, PC/ABS combined with BDP resulted in an
increase in LOI from 23.6% to 28.1% (+4.5%). The addition of 5 wt.%
Znb to PC/ABS provided for some minor improvement in the LOI
(+1.9%). The best result was achieved for the combination of BDP
and Znb, with a LOI of 32.7%, revealing a clear synergistic effect in
LOI (+9.1% > +(4.5% + 1.9%)).

PC/ABS and PC/ABS +Znb achieved HB classification in the UL 94.
Adding BDP to PC/ABS yielded V-0 for both 1.5 and 3 mm thick
samples, with almost immediate self-extinction after removing the
burner. PC/ABS + BDP + Znb showed V-0 for the 3 mm thick samples
and V-1 for the 1.5 mm thick specimens, because of burning slightly
longer than 10s. Thus combining BDP and Znb revealed a slight
antagonism with respect to UL 94.
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The fire behaviour under forced-flaming conditions in the cone
calorimeter was discussed in detail for PC/ABS and PC/ABS + BDP in
one of our previous papers [6]. All of the heat release rate curves
(Fig. 8) show the typical shape for charring polymers, with the
peak heat release rate (pHRR) right after the initial increase when
the char layer is formed. Further, all investigated PC/ABS mate-
rials showed intensive deformation during the cone calorimeter
tests, influencing the HRR and pHRR. There is no clear flame-out,
but rather a continuous change-over from burning to afterglow-
ing. BDP works as efficient flame retardant in PC/ABS, decreasing
both the THR that characterizes the fire load observed in the cone
calorimeter and the pHRR that influences the fire growth. BDP
in PC/ABS +BDP introduces additional charring (increased residue)
or/and improved barrier properties, respectively, in the condensed
phase, and flame inhibition (reduction in the THR/ML = total heat
release per mass loss) in the gas phase. The flame inhibition
depends on the irradiance applied. It increases with increasing irra-
diation and nearly vanishes upon application of 35 kW m~2. Apart
from the pHRR, PC/ABS+Znb showed cone calorimeter results
somewhat similar to PC/ABS. The THR and the amount of residue
were very similar for 50 and 70 kW m~2, whereas THR is increased
and the residue decreased upon application of 35 kW m~2. Con-
sidering the fact that the addition of 5wt.% Znb results in less

polymer, the THR of PC/ABS+Znb normalized with the polymer
content is worsened and the carbonaceous char yield is decreased.
Part of the carbonaceous char is replaced by inorganic residue,
accompanied by the release of more carbon as fuel into the flame.
This was confirmed by slightly higher THR/ML. In some contrast
to the impact on the fire risk THR, the pHRR was decreased. As
there was neither a gas-phase activity (no decrease in THR/ML)
nor additional charring in the condensed phase (no increase in
residue) observed, this behaviour is attributed to an enhanced bar-
rier effect of the inorganic-organic char of PC/ABS +Znb compared
to the organic char of PC/ABS. Barrier effects due to the formation
of glassy borate coatings are known from the literature [22,23]. The
pronounced specific impact of inorganic-carbonaceous barrier on
the pHRR without reducing THR is also observed for layered silicate
in polymer nanocomposites [24-26].

The total smoke release per mass loss (TSR/ML) indicated that
no smoke suppressant effect occurred for PC/ABS +Znb compared
to PC/ABS.

Combining Znb and BDP in PC/ABS, the cone calorimeter results
for a low external heat flux of 35 kW m~2 first of all confirmed the
synergistic effect observed in the LOL The pHRR was decreased
without increasing the burning time and the THR decreased com-
pared to PC/ABS+BDP. As the THR/ML of PC/ABS +BDP +Znb for

o
o ( > o
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Il -H,0
AR o—c—o —_— OH —_—
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Fig. 6. Xanthon-like structure as secondary product from Fries rearrangements of PC.
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Fig. 7. 3'P (left) and ''B MAS NMR measurements (right) for heated PC/ABS + BDP +Znb samples at different temperatures.

35 kW m~2 was very similar to the value of the PC/ABS, there is no
gas-phase mechanism responsible for these positive effects. The
flame retardancy is accompanied by an increased residue, indi-
cating condensed-phase mechanisms. In particular an enhanced
barrier effect is concluded, decreasing the pHRR and resulting in
extinction before all of the combusted material is consumed.

In Table 3 main cone calorimeter results in dependence on
the heat flux are illustrated. In contrast to the increase of
residue at 35kWm=2, for 50 and 70kWm2 the residue for
PC/ABS +BDP +Znb was quite similar to the one from PC/ABS + BDP,
even though it contained 4.5 wt.% inert Znb. An increased release
of carbon and thus fuel is indicated. The THR was increased for
PC/ABS +BDP + Znb compared to PC/ABS + BDP. For 70kW m~2, the
THR for PC/ABS + BDP +Znb was almost as high as for PC/ABS and
much higher than for PC/ABS + BDP without Znb. An increased burn-
ing time indicated that the barrier was still there, but able only
to delay the consumption of combustible material, not to disrupt
pyrolysis as was observed for 35 kW m~2. Hence for higher heat
fluxes (50 and 70 kW m~2) the fire retardancy of PC/ABS + BDP + Znb
was worsened compared to PC/ABS + BDP with respect to THR. Two
reasons for this are indicated: (i) the increased release of carbon
and (ii) the increase in THR/ML for PC/ABS +BDP +Znb compared
to PC/ABS +BDP. The latter is due to a switching off of the flame

inhibition effect of BDP when it was combined with Znb. This effect
has been reported before for the combustion efficiency of PC/ABS,
PC/ABS +BDP and PC/ABS +BDP +Znb using cone calorimeter and
pyrolysis combustion flow calorimeter (PCFC) results in the litera-
ture [27]. Further, both the reduced carbonaceous charring due to
the interaction between PC and BDP and the reduced phosphorus
release correspond to the presented pyrolysis investigation, indi-
cating the alternative reaction of BDP and Znb in the condensed
phase. Measurements of the phosphorus content of the fire residues
suggested that nearly all of the phosphorus stayed in the residue.
The switching off of the flame inhibition was accompanied by a
reduction in smoke release solely through the improved combus-
tion efficiency.

PC/ABS+BDP+Znb showed the greatest reduction in pHRR:
around 30%, 40% and 50% reduction for 35, 50 and 70kWm~2,
respectively (Table 3). The relative effect is equal to the size,
assuming both relative effects observed when BDP is added in
PC/ABS +BDP and Znb in PC/ABS +Znb, decreasing the pHRR in a
serial manner. Somewhat analogous results have been reported
for red phosphorus and magnesium hydroxide [28,29], for which
the reaction to amorphous metal phosphate reduces the release
of phosphorus and yields improved barrier properties of the
char.

500 | PC/ABS +
.y, - 60
——BDP
5 400 - —»—5wt.% Znb o
§ —>—BDP +5wi% IS
B Znb 40 2
'é 300 PC/ABS + E
= _ =
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Fig. 8. Heat release rate (HRR) und total heat release (THR) for PC/ABS, PC/ABS + BDP, PC/ABS +Znb and PC/ABS + BDP + Znb, applying an external heat flux of 50 kW m~2.
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Fig. 9. 3'P MAS NMR results for heated PC/ABS + BDP + Znb samples. Left: samples from disrupted cone calorimeter tests, taken after 65 and 147 s, respectively, at top (loose
char) and underneath (pyrolysis zone), right: comparison of spectra under air and nitrogen atmosphere.

NMR investigations of cone calorimeter residues were per-
formed to gain insight into the chemical reactions behind the
condensed-phase mechanisms that differ for the investigated
materials and change with increasing heat flux applied. For this
purpose cone calorimeter measurements were run and disrupted
by simultaneous extinction and quenching in liquid nitrogen. The
samples for the NMR measurements were taken from the black-
coloured top, which represents the loose char after combustion,
and from the underlying solid layer, which corresponds to the
pyrolysis zone. These spectra are shown in the left of Fig. 9. In

Table 3
Fire behaviour of PC/ABS, PC/ABS+BDP, PC/ABS+5wt% Znb and
PC/ABS +BDP + 5 wt.% Znb.
PC/ABS+. .. / BDP 5wt%Znb BDP+5wt.%Znb Error
Ignition/flammability
tign, 35 kW m~2 (s) 83 96 75 76 +5
LOI (wt.%) 23.6 281 255 32.7 +1
UL 94 (1.5 mm) HB V-0 HB V-1
UL 94 (3 mm) HB V-0 HB V-0
Flaming combustion (cone calorimeter); irradiation: 35 kW m~2
THR (MJ m~2) 44 46 58 36 +7
PHRR (kW m~2) 366 323 288 254 +25
Residue (wt.%) 47 41 35 59 +3
THR/ML (MJm—2g-') 23 2.2 25 23 +0.1
Burning time (s) 189 228 299 199 +20
TSR/ML (g~1) 111 134 94 99 +15
Flaming combustion (cone calorimeter); irradiation: 50 kW m—2
THR (MJ m~2) 60 45 63 51 +7
PHRR (kW m~2) 555 357 370 290 +25
Residue (wt.%) 29 35 31 41 +3
THR/ML(MJm—2g-') 24 20 25 23 +0.1
Burning time (s) 170 172 240 246 +20
TSR/ML (g~ 1) 90 161 114 121 +15
Flaming combustion (cone calorimeter); irradiation: 70 kW m—2
THR (MJ m~2) 64 45 62 60 +7
PHRR (kW m~2) 616 412 489 332 +25
Residue (wt.%) 25 32 31 31 +3
THR/ML(MJm—2g-1) 24 18 25 2.2 +0.1
Burning time (s) 193 163 205 265 +20
TSR/ML (g~ 1) 122 170 116 134 +15

the pyrolysis zone BDP is the main phosphate component and
some a-Zn3(P0y); is also formed, but no BPO,4. BPO4 is detected
only in the loose char, in which temperatures clearly higher than
the pyrolysis temperature of PC were reached. This result and its
interpretation are consistent with the thermal analysis presented
before. The formation of BPO4 requires higher temperatures than
the formation of «-Zn3(POg4),. However, also reactions with left-
over oxygen below the flame may accumulate in the loose residue
on the top of the sample. Thus samples were also heated under air
to check for any possible influence of present oxygen, in particular
on the P:0 ratio controlling the formation of the different phos-
phates. The spectra on the right of Fig. 9 show that a-Zn3(PO4), and
BPO4 were formed both under thermo-oxidative (air) and under
thermal (nitrogen) conditions. In air, though, more BPO, is formed
and a much higher amount of orthophosphate is built, presum-
ably caused by additional oxygen from the air shifting the P:0
ratio towards 1:4. In the pyrolysis zone the ratio of a-Zn3(POy4);
to BPO4 corresponded to the results of the heated samples under
nitrogen atmosphere. Therefore anaerobe decomposition control-
ling the pyrolysis is confirmed. For the loose char the amount of
orthophosphates increased, which indicates an additional thermo-
oxidative impact.

The added amount of Znb contained enough Zn to consume 90%
of the phosphorus added by BDP. The added B can consume up
to 64% of the phosphorus. Hence the reaction of BDP with Znb is
concluded to compete with the release of phosphorus and with
the reaction between BDP and PC decomposition products. The
formation of a-Zn3(PO4), and borophosphates decreases flame
inhibition and charring mechanisms based on BDP, as observed for
PC/ABS + BDP +Znb in comparison to PC/ABS + BDP at high external
heat fluxes.

For LOI and at low external heat flux in the cone calorimeter,
PC/ABS +BDP +Znb shows a superior performance, indicating that
the deteriorating consumption of BDP and the alternative improved
barrier performance are not the only effects occurring. The formed
inorganic-organic residue caused an additional flame retarding
effect with respect to residue and THR, particularly when such low
irradiations are applied. This is somehow surprising, since the com-
mon barrier effect reducing the pHRR showed an increasing impact
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Fig. 10. 3P MAS NMR results of PC/ABS + BDP + Znb fire residues applying different
external heat fluxes in the cone calorimeter. Data were normalized to the maximum.

with increasing irradiation and not for decreasing irradiation, as
has been reported for other systems in the literature [27,30,31].
In Fig. 10 the NMR results of PC/ABS + BDP +Znb fire residues are
shown when irradiations of 35 and 70 kW m~2 were applied in the
cone calorimeter. For the lower irradiation many more amorphous
orthophosphates were built than for 70 kW m~2 in comparison to
crystalline a-Zn3(POg4),. It is assumed that particularly the amor-
phous structures, such as those that occur when lower irradiations
are applied, cause additional flame retardancy benefits.

4. Conclusion

The addition of 5wt.% Znb to PC/ABS results in a slightly
increased LOI and no significant change in UL 94. Under forced-
flaming behaviour a decreased pHRR was obtained, caused by
enhanced barrier effects through the inorganic-organic residue in
comparison to the carbonaceous char of PC/ABS.

Combining BDP with 5wt.% Znb in PC/ABS leads to a reaction
between both additives. The almost complete conversion of BDP
and Znb to alpha-zinc phosphate and borophosphate leaves nei-
ther phosphorus to perform flame inhibition in the gas phase nor
phosphorus to induce cross-linking in the condensed phase. Instead
alpha-zinc phosphate, unspecific orthophosphates and borophos-
phate act as a barrier to hinder mass and heat transport.

The effectiveness of the combination of BDP and Znb depends
on the fire scenario. For an external heat flux of 35kWm2
and for LOI, which represent the beginning of a fire and the
flammability (reaction to small flame), a significant synergism was
obtained. The formed barrier, consisting of highly amorphous phos-
phates, results in better flame retardancy than the gas-phase and
condensed-phase mechanisms of BDP in PC/ABS. However, for
UL 94 representing an upward flame spread, specimens with a
thickness of 3 mm achieved V-0 with a little longer after burning
time than PC/ABS +BDP without Znb, and for 1.5 mm the perfor-
mance was worsened from V-0 to V-1. Also for a fire scenario
of a more developed fire, as represented by higher external heat
fluxes (50 and 70 kW m~2), BDP combined with Znb fails as an effi-
cient flame retardant since the reduced pHRR is accompanied by
antagonistic behaviour in THR. The resulting barrier of zinc-, boro-

and orthophosphates is in essential aspects less effective than the
mechanisms of BDP in PC/ABS without Znb.

Although Znb is often used as a smoke suppressant, the effect of
5wt.% Znb in combination with BDP in PC/ABS was not very pro-
nounced. The reduction of the smoke release was obtained because
of a higher combustion efficiency when the flame inhibition effect
of BDP vanishes. Furthermore, 5wt.% Znb in PC/ABS without BDP
yielded no smoke reduction at all.

The comprehensive study delivers a picture of the flame retar-
dancy mechanisms that are active and control the fire behaviour. It
becomes clear that the mechanisms and thus the efficiency of the
flame retardants depend on the applied fire scenario or fire tests,
respectively. Thus this study provides a foundation for the further
development and optimization of tailor-made halogen-free flame
retarded PC/ABS.
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