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Abstract The flame retardancy of sorbitol-based epoxy resin istargeted. From the bioepoxy 3% phosphorus-containing matrix
samples were prepared. Surprisingly, only HB classification of UL-94 test was reached with the application of ammonium
polyphosphate (APP) and resorcinol bis(diphenyl phosphate) (RDP). V-0 was reached in the case of red phosphorus (RP) and
ammonium salt of DOPO (DXA), while the melamine salt resulted in HB rating, due to the lower P-content of the sample. In the
meantime, the highest LOI value was reached in the case of APP. The V-0 red phosphorus composition, however, has an LOI of
aslow as 25 V/V%. In the case of the thermogravimetric analysis, the application of red phosphorus resulted in significantly
increased thermal stability, but faster degradation than in the case of the reference. The RDP showed somewhat decreased
stability, due to the less stable phosphorus ester bonds. The amount of the charred residues is increasing with the flame retardant
content, but to different extents depending on the type of flame retardant. The highest values were reached with APP. Regarding
the cone calorimeter results; the lowest heat release rate belongs to the APP-containing sample, while the V-0 compositions (RP
and DXA) show poorer performance in this respect.
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EFFECT OF PHOSPHORUS FRs ON BIOEPOXY RESIN

INTRODUCTION

The need for the development of polymersginatingfrom renewable sources abding
recyclable, or more favorably biodegradable at the end of therryldke, is increasing with the
decreasing amount of the mineral oil stock and with the spreading of the envirdnmenta
awareness. Epoxy resins are widelgdign different industries due to their favorable properties
(e.g. chemical mechanical and electrical resistastiffnes3, especially in those cases, where
thar relatively high pricdas balancedy their technological advantages (e.g. electronic imgust
transportation). However, theain disadvantage of the bioepoxy matrices, as well as the mineral
oil-based oness the flammability of the organic matrix.

The use of halogeoontaining flame retardants needs to be decredsedto environmental
reasms-. Their most promising substitutes are the phospheougaining flame retardanss the

P element exists in various oxidation states, resultingedtremely wide and versatile
possibilitie$ . Phosphorusontaining flame retardants can act both ingbkd®’- and the gas
phasé&® The phosphorusontaining gases, produced during combustion, are less toxic than the
decomposition products of the halogentaining flame retardarst, and the developing
phosphoric acid can react with the degraded polyfeeming a stable charred surface layer.
Phosphorusontaining fire retardantare particularly effective ircured epoxy resins, and
especiallyin the most sugabased bioepoxy resinas theyhave acharring effect due to thieigh
concentration of OH-groups.

In this work we aimed at answering botbnewability and firesafety demands: the flame
retardancy of a commercially already availalsenewablesorbitotbased bioepoxy resicured

with a cycloaliphatic amine hardener was investigated. Environmentally favorable phussphor
flame retardants were applied in different concentratisosthat the epoxy resin samgple
contaired the same amount of phosphorus (1, 2 and 3 mass%, respectel@ralflame
retardantswere compared including ammonium polyphosphate (APP), resorcinol bis(diphenyl
phosphate) (RDP), red phospho(&) and DOPQderivatives(DXA and DXM). The criteria

for the flame retardant selection were: commercial availabhigying different physical form
(solid/liquid) and showing different mode of action (gas/solid phase action, or thei

combination). Thehermal stability and flame retardant efficacy of the different compositions



was tested by means thfermogravimetric @alysis TGA), UL-94, limiting oxygen index IOI)
and mass loss type cone calorimeter tests, respectively.

RESULTS AND DISCUSSION

LOI and UL-94 tests

The chemical structure of the epoxy resin components and the applied flame retardant
can be seen ondgiire 1. The LOI values and W84 ratings of the reference and flame retarded

samples are summarized in Table 1.

@] HoN
| \Y

sorbitol-based epoxy monomer )
N_ __N melamine salt of

10-hydroxy-DOPO (DMX)

HZN/\Q\/Q/\NHZ b
cycloaliphatic amine hardener ammonium salt of
O

_<

10-hydroxy-DOPO (DXA)

P
A\
NH,* O O
0] o]
II_O ol
o=f 70 o 19 |9
0 0 NH{'O—IT—O Fl’—O Fl’—O'NH4+
o, o O NH,*
NH4 NH4+ n
resorcinol bis(diphenyl phosphate) (RDP) ammonium polyphosphate (APP)

Figure 1 Chemical structure of the epoxy resin components and the applied flandaméetar

The LOI value of the samples significantly increases with the additiianoé retardanto the
matrix, however, according to the results, the effect of the different typlesra retardants is

diverse. In the case of tlaenmonium polyphosphate (APPgsorcinol bis(diphenyl phosphate)
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(RDP) and melamin and ammonium salts of 10-hydroxy-9,10-dihydro-9-oxa-10-
phosphaphenanthrerld®-oxide ©OOPO), the LOI value gradually increases with thereasing
P-content, meanwhile, in the case of red phosphorus,ithecesignificant difference between
the samplesThis phenomenoiuggestshat thered phosphorus, which acts only in the solid
phase and cannot enter to the combustion zem®t able tanfluence the radical processes of
the flaming. In the case of tfflame retardantsith more pronounced gadiase effect, the
measured LOI values are higher, 28V/V%. On the other hand, the highesigen index
valuewas reached with the use of the intumesaeminonium polyphosphatas the formed

charred layer effctively hinders the gas transport from the polymer to the combustion zone.

Table 1LOI and UL-94 results of theeference and flame retarded samples

Sample -o! UL-94

(VIV%)
reference 20 HB (20 mmmin)
APP_1%P 27 HB (vertical £'ignition)
APP_2%P 30 HB (vertical ' ignition)
APP_3%P 31 HB (vertical 2%ignition)
RDP_1%P 25 HB (vertical £'ignition)
RDP_2%P 27 HB (vertical ' ignition)
RDP_3%P 28 HB (vertical 2%ignition)
RP_1%P 26 HB (vertical £'ignition)
RP_2%P 25 V-1
RP_3%P 25 V-0
DXA 1%P 25 HB (vertical £'ignition)
DXA_2%P 27 HB (vertical 2¢ignition)
DXA_3%P 29 V-0
DXM_1%P 27 HB (vertical £'ignition)
DXM_2%P 29 HB (vertical 2¢ignition)
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The UL-94 resultsshow no clear tendencied/ith the addition of red phosphorus and

ammonium salt of DOPO (DXAY-0 rating was reached, while in the case of DXM the samples
burned until the holding clamp. This is attributed to the low P-content of the additive a
consequently high amount needed to reach the same phosphorus daheematrix (see the
Experimental): the extremely high viscosity of the DXM_3%P matrix impeded thglesam
preparationAs a general rule,% Pcontent is sufficient to reach appropriate flame retardancy
thus it was surprising, that neither APP, nor RDP was found to be effective enougthtag-eac
rating. Mixedflame retardantormulations containing both APP and RDP waiso prepared

with 3% Rcontent®. It was found, that due the balanced sadidd gas phase mechanism of the
combinedlame retardantomposition a synergistic effect reveals between the solid,
intumescentype flame retardant (APP) and the liquid RDP (which acts mainly in the gas phas

as radical scavenger), resulting in a LOI valu8o#/V% and VO rating?®.

Thermogravimetric analysis

The thermal stability of the reference and 3% P-containing samples wasideteby
thermogravimetric analysis. The measured mass redwdiafunction of temperature is shown
on Figure 2 Thethermallyless stable formulation is the REBntaining onegue to the less
stable phosphorus ester bonds present in the molésutiegradation starts atemperature
15°C lower than the reference, while that of the red phosplronisining sample starts at
arounda temperatur@0°C higher than the oth samples, in this case with a sudden mass
decrease, similarly to the reference resin. In the case of the other formulatioegrddaton
process is more prolonged, especially in the caaenafionium polyphosphat®ue to the effect
of the flame retarahts (except RDP), the temperatures belonging to 50% mass decrease
increasegdwhich can be attributed to the degradation delaying effect diaiine retardants
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Figure 2 TGA curves of the reference and 3%éhtaining samples

The amount of the charreedsidues at 800°C is increased in case of all types of flame
retardants. The addition of the DOPO-derivatives resulted in doubled amount oéresid
around 10% instead of 5% for the reference. The red phospiriPyiand the resorcinol
bis(diphenylphosphat€RDP)-containing samples reached almost the same resuleven, due
to different reasond.he pure soligbhase effect of the RP obviously produces high amount of
char, meanwhile although RDP has significant piease effeé¢t'*'*2 its aromatic structure
promotes the char formation resulting in high amount of residue. The highest residue tzelongs
the intumescent APP (23%).

Mass Loss Calorimetry

The mass loss calorimetry measurements are used for the determination of complex
properties of the combustion, i.e. heat release rate (HRR), time to ignitionhetecbrded
HRR curves are displayed on FigureBased on the results, it can be stated that the peak of heat
release ratdecreases by 380% due to the incorporation of flametardants to the matrix.
Despite the W rating in UL94 measurements, the most modest effect was observed in the case
of red phosphorusThe DOPGQderivatives showed somewhat better flame retarefficacy, but

the best result was reached in the cagheAPP containing sample.
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Figure 3 Heat releaseurves of the reference and 3%éhtaining samples

To understand these results, the mode of action of the difftas@ retardants needs to be

taken into account: Although tmed phosphorus, acting grih the solidphase, forms a
carbonaceous layer, this layer is not charred as in the caseapfithenium polyphosphate, thus

it can be oxidized much easier during the combustion. The ammonium salt of the DOPO act
only in the gas phase according to thenofacturer, thus the flame spreadinglackening by

the radical scavenger mechanism. Meanwhile, in the case of DXM, the metaodifies the
charstructure besides the ggshase effect of the DOPO. The RDP acts mainly in the gas phase,
but due to its aromatic structure, it lIsmsnesolid-phase effect as well.

CONCLUSIONS

From the sorbitotbased bioepoxy 3% phosphomsntaining matrix samples were
preparedand tested. To reach the saméo&ling, different amounts dfame retardantsvere
added, according to their-dntent. Surprisingly, only HB classification of k84 test was
reached with the application of APP and RDPO Was reached in the caseretl phosphorus
and ammonium salt of DOPQOwhile the use of the melamine salt BOPO resulted in HB
classification due to the lowerfontent of the sample. On the other hand, the highest LOI value
was reached in the case of APP. The kéd phosphorus contang composition, however, has

an LOI of as low as 25 V/V%. Regarding the cone calorimeter resultg; heompositions (RP
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and DXA) show a moderate flame retardant effect, while the lowest peak of heseredte
(equivalent to 60% reduction compared to the reference) belongs to the APP-contanpiey s

EXPERIMENTAL

As a bioepoxy matrixsorbitol polyglicidyl ether frade name Erisys G&O), received
from Emerald Performance Materials, wasred with a cycloaliphatic amirtgpe hardener
(3,3-dimethyl-4,4’-diaminodicyclohexylmethane (MH31223)pplied by Ipox Chemicalstd.
The chosencycloaliphatic hardener provides a relatively rigid backbone of the cured polymer,
resulting in highglass transition temperature of the reference resi {C2°. As flame retardant
additives ammonium polyphospha{@&PP) (NORD-MIN JLS APP, supplier: Nordmann
Rassmann), resorcinol bis(diphenyl phosphé&®)P) (Fyrolflex RDP, supplier: ICL Industrial
Products), red phosphor(RP) (RP6500, supplier: Clariant) and two types of DO&#&Divatives
(DXA-12: ammonium 6Hdibenzo[c,e][1,2]oxaphosphinind@ate 6oxide and DXM-11
melamine salt of 1Mydroxy-9,10-dihydro-3xa10-phosphaphenanthrene-Ggide, received
from Metadynea Austriajvere usedThe characteristicodf the flame retardarstare detailed in
Table2.

Table 2 Properties of the flame retardants

Amount needed for
Name Physical appearance P-content (%) 1% P in the matrix
(% of the matrix)

APP white powder 31-32 3.2
RDP yellowish liquid 10,7 9.3
RP reddish-brown past¢ 43-47 2.2
DXA white powder 12-12.5 8.2
DXM* white powder 8.4-8.7 11.7

*Maximum P-content in the matrix was 2% due to the high viscosity ofiéimee retardedesin

Epoxy resin samples of gradually increasing phosphorus content (1, 2 and 3%) were

prepared. The curing procedure consisted of isothermal heat steps: 2 h at 80°C, 2 h at 120°C.
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The thermal stability was determined using a TA Q5000 device of TA Instruments in the
range of 25-800°C, heating rate: 10 °C/min,gss flow rate 30 ml/min. PlatinunrHT sample
pan was used, the sample size was about 15 mg in each case.

The fire behaviour of the reference and flame retarded systems was characterized by
limiting oxygen index measurements (LOI, according to ISO 468the sample size was 120
mm x 15 mm x 4 mmStandardJL -94 flammability tests (according &0 9772 and ISO 9773,
respectively) weralsocarried outwith a sample sizef 120 mm x 15 mm x 4 mnMass loss
type cone calorimetertests were carried out by an inshent made by FTT Inc. using the ISO
13927 standard method. Specimens (100 mm x 100 mm x 2 mm) were exposed to a constant
heat flux of 25 kW/rhiand ignited.
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