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Abstract

The aim of this work was to investigate the effect of
phosphorus-based additive and reactive flame retardants
(FR) on the flammability and mechanical properties of a
pentaerythritol-based model epoxy resin system cured with
a cycloaliphatic diamine hardener. Commercially available
ammonium polyphosphate (APP) was used as additive and
9,10-dihydro-9-oxa-10-phosphaphenantrene-10-oxide (DOPO)
as reactive flame retardant. The behaviour of these systems was
also compared to a recently synthesized phosphorus-containing
amine (TEDAP), which can be used both as flame retardant and
crosslinking agent.
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1 Introduction

Epoxy resins are extensively used in various industrial appli-
cation fields as, for example, adhesives, surface coatings, lami-
nates and matrix materials. Despite their exceptional character-
istics like prominent adhesion to many substrates; moisture, sol-
vent and chemical resistance; low shrinkage on cure; outstand-
ing mechanical and electronic resistant properties, their flamma-
bility can still limit their application. The heat exchange during
polymerization is also influences the potential fields of appli-
cation [I]. The use of structural units made of composites of
high mechanical loading capability, being suitable for replacing
metallic structures, is rapidly increasing in the aircraft industry
[2]. In the newest large commercial airliners the fuselage, the
wings and the empennage are also made of carbon fibre rein-
forced composites. In case of fire, the health risk is not the only
danger; also the decrease of mechanical properties can be signif-
icant [3]-[5]. Due to environmental reasons, the use of halogen-
containing flame retardants needs to be decreased. Their most
promising substitutes are the phosphorus-containing flame retar-
dants owing to their extremely wide and versatile range, since
the P element exists in various oxidation states [6]-[9]. The fire
retarded epoxy resins with conventional additives are usually
of poorer physical/mechanical properties than the unmodified
ones; therefore the use of reactive comonomers is preferred in
many cases. A great advantage of the reactive flame retardants is
that they are chemically bound to the matrix, so their release to
the environment is blocked, thus we can avoid the formation of
FR-containing wastewaters [10]. However, incorporating them
into the polymer structure several properties of the material gen-
erally decrease. The greatest challenge for the current research
works is to create a composite system with optimal balance of
mechanical performance and flame retardancy.

Ammonium polyphosphate (APP), an additive-type flame re-
tardant, with high phosphorus (31-32 wt%) and nitrogen (14—
15 wt%) content, is extensively used in thermoplastic poly-
mers, such as polypropylene [11}[12], ethylene-vinyl-acetate
[13], polyurea [14], polylactide [15], etc. The literature
deals with the application of APP in aromatic epoxy resins,
mainly in diglycidyl ether of bisphenol-A (DGEBA), however
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aliphatic epoxies are only scarcely discussed. In DGEBA/low
molecular weight polyamide (LWPA) matrix, the application
of 5 wt% APP resulted in V-0 rating [16]. By the application
of microencapsulated ammonium polyphosphate (MFAPP) in
DGEBA/cycloaliphatic amine system, 9 wt% additive was nec-
essary to reach V-0, accompanied with an LOI value of 30 [17].
In a glass fibre reinforced epoxy resin composite, the applica-
tion of 5 wt% of APP resulted in a V-0 composition, however
the LOI value was only 26 V/V% [18]. In a mixed DGEBA-
DGEBF epoxy, the peak of heat release could be reduced by
only 30% even at 20 wt% of APP-content [19].
9,10-Dihydro-9-oxa-10-phosphaphenantrene-10-oxide

(DOPO) is considered as the most common comonomer which
is used as reactive flame retardant. It can be incorporated
into the resin structure by reacting it with the oxirane ring
of the epoxy component. With increasing amount of the
DOPO-modified DGEBA, epoxy resin of 1-3% phosphorus
content has been synthesized [20]. V-0 rating in UL-94 test
could be reached when applying 3 wt% phosphorus in the
matrix cured with 4,4’-diaminodiphenylmethane (DDM), while
the LOI value increased to 30 V/V% [21].

In this work, we aimed to compare the above-mentioned addi-
tive and reactive type flame retardants in a pentaerythritol-based
model epoxy resin system at the same levels of phosphorus-
content.

2 Materials and testing methods

2.1 Materials

The epoxy resin matrix consisted of epoxy component type
MR 3016 (tetraglycidyl ether of pentaerythritol, properties: non-
modified, resin-like reactive dilutant, epoxy equivalent: 156-
170; viscosity at 25 °C: 850-1200 mPa.s; density at 25 °C:
1.24 g/cm?®) applied with MH 3122 curing agent (3,3’-dimethyl-
4,4’-diamino-dicyclohexyl-methane, properties: amine number:
464-490 mg KOHY/g; viscosity at 25 °C: 80-120 mPa.s; density
at 20 °C: 0.944 g/cm?), both supplied by Ipox Chemicals Ltd.,
Hungary. This resin system is ideal for lamination and compos-
ite production, according to the specifications of the producer.

Ammonium polyphosphate produced by Nordmann Rass-
mann (NORD-MIN JLS APP) was used as additive type flame
retardant (properties: phosphorus content: 31-32%, nitrogen
content: 14-15%, average particle size: 15 um).

As reactive flame retardant, Struktol Polydis 3710 (DOPO;
9,10-dihydro-9-oxa-10-phosphaphenantrene-10-oxide, proper-
ties: MM: 216.17 g/mol, mp: 116 °C), supplied by Struktol
GmbH was used. In order to form a phosphorus-containing
epoxy component, DOPO was reacted with the MR 3016 at
160 °C for 6 hours [20][22]. As two DOPOs were reacted
with one molecule of the tetrafunctional epoxy resin, the epoxy
equivalent of the product is the double of the original compo-
nent.

A phosphorus-containing reactive amine, TEDAP (N, N’, N”’-
tris(2-aminoethyl)-phosphoric acid triamide, properties: amine

number: 510-530 mg KOH/g; viscosity at 20 °C: 400 mPa) syn-
thesized according to previous publication of the authors [23]
was applied as flame retardant curing agent.

2.2 Methods

2.2.1 Sample preparation

Preparation of epoxy resin samples: the epoxy and curing
agent amine components were mixed at room temperature in
a glass beaker in order to obtain a homogenous mixture. In
the case of the APP-containing formulations, the flame retar-
dant powder was thoroughly dispersed in the epoxy component,
and then the amine component was added and mixed as men-
tioned above. The samples were cured at room temperature for
24 hours in a silicon mould of appropriate size, and then post-
cured at 80 °C for 4 hours to reach the final mechanical proper-
ties.

2.2.2 Flammability tests

The fire resistance of the reference and flame retarded sys-
tems was characterized by limiting oxygen index measurements
(LOI, according to ASTM D-2863). The LOI value expresses
the lowest oxygen to nitrogen ratio where the combustion of
specimen is still self-supporting.

Standard UL-94 flammability tests (according to ASTM
1356-90 and ANSI//ASTM D-635/77, respectively) were also
carried out. UL-94 classification is used to determine ignitabil-
ity, dripping, and flame spreading rates and burning times of the
samples.

Mass Loss type cone calorimeter tests were carried out by an
instrument made by FTT Inc. using the ASTM E 906 standard
method. Specimens (100 mm x100 mm) were exposed to a con-
stant heat flux of 50 kW/m? and ignited. Heat release values and
mass reduction were continuously recorded during burning.

2.2.3 Mechanical measurements

The mechanical characteristics of specimens were determined
with instrumented tensile tester type Zwick Z020. In each static
mechanical measurement at least 5 specimens were tested.

Comparative static tensile strength measurements were car-
ried out on dumb-bell-shaped specimens according to 1SO 527-
2. The cross-head speed was set to 5 mm/min; the distance be-
tween the grips was 110 mm.

The flexural strength was determined according to 1SO
178:2001, using rectangular specimens of 10 mm x 4 mm (width
x thickness). The cross-head speed was set to 5 mm/min; the
span was 64 mm (16 x thickness).

Dynamic mechanical analysis (DMA) was used for the de-
termination of the glass transition temperature of the reference
and flame retarded resins. The measurements were carried out
in a DMA Q800 instrument, in the range of 20-150 °C, with a
heating rate of 3 °C/min, applying 3 point bend testing mode of
50 mm span length with a pre-load force of 0.1 N. 20 um was
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the amplitude of the loading with 1 Hz frequency. The T4 was
determined at the peak of tan(s).

3 Results and discussion

3.1 Flammability properties

The flame retardant efficacy of an additive (APP) and two
types of reactive flame retardants was compared. The additive
flame retardant (FR) was used as received. Commercially avail-
able DOPO was reacted with the pentaerythritol-based epoxy
component (MR 3016) in order to form phosphorus-containing
epoxy component, which can act as reactive flame retardant.
As every second epoxy group of the resin was reacted with the
flame retardant DOPO, the epoxy equivalent of the synthesized
P-containing epoxy component (referred as EP-DOPO in the
followings) was doubled, as expected, according to the titration
measurements. The synthesized phosphorus-containing amine
(TEDAP) can act as reactive flame retardant as it contains pri-
mary and secondary amines, which functional groups are able to
open the epoxy ring and so cure the resin. The flame retardants
compared in this study thus are representing all the possibilities
for the flame retardancy of epoxy resins, i.e. both components
(epoxy and hardener) can contain P-atoms, and also an additive
type material was tested.

APP was applied in 5 different concentrations in the refer-
ence epoxy resin system (pentaerythritol-based epoxy compo-
nent cured with cycloaliphatic hardener) in order to change the
phosphorus content by 1 wt% in the range of 1-5%. In the case
of the reactive flame retardants (EP-DOPO and TEDAP), in or-
der to increase the P-content, portions of the epoxy and amine
component were replaced by the corresponding flame retarded
ones, respectively. By this method, maximum 4 wt% P-content
could be reached when the epoxy component was totally re-
placed by EP-DOPO, while 3 wt% of phosphorus could be in-
corporated to the resin at the outmost when applying TEDAP as
crosslinking agent.

3.1.1 UL-94 and LOI

The UL-94 test is an industrially accepted way for the classi-
fication of flame retardancy of materials (of the same thickness).
The LOI (oxygen volume percentage in the surrounding atmo-
sphere) values represent also an easily comprehensible compar-
ison of different materials. As the oxygen content of the air is
21 V/V%, the samples which burn continuously when ignited in
air, has an LOI value of 21.

The UL-94 and LOI values of the prepared samples are sum-
marized in Table[I} The numbers in parenthesis after HB clas-
sification represent the flame spread rates (when it was measur-
able).

The reference pentaerythritol-based matrix cured with cy-
cloaliphatic hardener showed an LOI value of 23 V/V% which
indicates an easily flammable material. With the addition of the
additive-type flame retardant (APP) the LOI value could be in-
creased by 4 V/V% even at 1% phosphorus-content. At 2 wt%

Tab. 1. LOI and UL-94 values of the samples

Flame retardant LOI UL-94 rating
(VIV%)  (horizontal flame spreading)
reference 23 HB (32 mm/min)
APP_1%P 27 HB (-)
APP_2%P 32 HB (-)
APP_3%P 32 HB ()
APP_4%P 32 V-1
APP_5%P 32 V-0
EP-DOPO_1%P 23 HB (14.3 mm/min)
EP-DOPO_2%P 23 HB (-)
EP-DOPO_3%P 23 HB (-)
EP-DOPO_4%P 24 HB (-)
TEDAP_1%P 25 V-2
TEDAP_2%P 30 V-1
TEDAP_3%P 33 V-0

P the LOI increased to 32 V/V%, which value could not be im-
proved further, despite of the increasing P-content. By the ap-
plication of DOPO-modified epoxy component (EP-DOPQ), no
change could be detected in the LOI values, only at 4 wt% P-
content a very slight improvement of 1 V/V% could be reached
from 23 to 24. If the phosphorus-containing amine, TEDAP was
used as crosslinking agent, the LOI could be increased signifi-
cantly. With the increasing P-content, the measured values were
25, 30 and 33 V/V%, respectively.

The UL-94 test also confirmed the flammability of the ref-
erence resin by the rapid flame spreading rate of 32 mm/min,
which makes the sample highly burning, and so the rating HB.
When the additive APP was applied at 1 wt% of phosphorus
content, the sample passed the horizontal test, which means no
flame spreading rate could be determined. The classification of
the APP-containing compositions remained HB even at 3 wt%
P-content, as the flame reached the brace during the vertical test,
while the dripping stopped at 2 wt%. V-1 rating was measured
when applying 4 wt% P in the matrix, while the best, V-0 clas-
sification could be reached only at 5 wt% phosphorus-content
(15% APP-content) indicated in bold italic in Table [Z} All the
compositions prepared with EP-DOPO reached only HB rating,
however, the flame spreading rate decreased at 1 wt% P-content
by more than 50% of the value measured for the reference resin
(from 32 mm/min to 14.3 mm/min). When higher P-loadings
were applied, no flame spreading was detected during the hori-
zontal test, but in every case, burning droplets ignited the cotton
under the sample. When the P-containing amine, TEDAP was
applied as curing agent, even at 1 wt% P-content the sample
passed the requirements of V-2 rating. With increasing FR con-
tent, the UL-94 ratings improved, and at 3% P-loading, reached
the best, V-0 rating (Table [I).

3.1.2 Cone calorimeter

Measurements in Cone calorimeter detect the combustion
characteristics of the materials. Sudden heat-shock and forced
ignition can be applied to simulate the effect of a burning en-
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vironment in a real fire. In the course of the test, the time to
ignition (TTI) can be observed, and the heat release values can
be calculated from the recorded data. The peak of heat release
rate (PHRR) and the total heat released (THR) values are gener-
ally used for determining the efficiency of the flame retardants.

The results obtained for the samples with the three different-
type flame retardants with different P-content are summarized in
Table[2

Tab. 2. Cone calorimetric result of the samples

Flame retardant TTI pHRR THR  residue

(sec)  (kwW/m?)  (MJ/im?2) (%)
reference 13 706.4 103.5 0
APP_1%P 23 546.5 108.5 105
APP_2%P 25 538.8 71.5 13.8
APP_3%P 29 420.8 82.5 13.6
APP_4%P 23 358.2 76.7 17.9
APP_5%P 28 363.6 68.2 18.0
EP-DOPO_1%P 22 704.4 97.2 2.0
EP-DOPO_2%P 26 760.3 102.7 75
EP-DOPO_3%P 10 682.0 106.0 5.6
EP-DOPO_4%P 26 648.3 92.3 11.0
TEDAP_1%P 22 668.2 97.5 6.6
TEDAP_2%P 17 243.7 59.4 26.0
TEDAP_3%P 95 111.4 28.0 40.1

The heat release curves of the APP-containing flame retardant
formulations are presented in Figure[T}
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Fig. 1. Heat release curves of APP-containing samples

The time to ignition (TTI) was shifted in all cases, indepen-
dently of the APP (and so the P) content, to about the double of
the TTI recorded for the reference system. The 1 and 2 % P-
containing samples show almost the same shape, with a pHRR
reduced by 25%. The compositions with 4% and 5% P content
acted similarly to each other without any significant difference
in their pHRR and THR values. At 5 wt% P-loading, the THR
could be reduced by 30% compared to the reference resin sys-
tem, while the residual mass reached 20 wt%.

The compositions prepared with EP-DOPO flame retarded
epoxy component (Figure [2) could not decrease the flammabil-
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Fig. 2. Heat release curves of EP-DOPO-containing resins

ity of the matrix significantly based on the cone calorimeter test
results. The only positive effect, which can be highlighted, is
the shift of the peak of heat release in time by about 50 sec;
however the pHRR values were almost the same in all the cases.
The THR values did not change considerably with the increas-
ing phosphorus-content and the increase of the residual mass
was also inferior to that of the samples containing APP. DOPO
is considered as effective flame retardant for epoxy resins, its in-
efficacy in the pentaerythritol-based epoxy resin was surprising.
Its poor performance can be explained with the incompatibility
of the condensed aromatic structured DOPO with the aliphatic
epoxy component. This phenomenon highlights the importance
of compatibility in the flame retardancy process and the neces-
sity of the adjustment of the structure of the flame retardants to
the polymer matrix to be protected.

The application of the P-containing hardener (TEDAP) in in-
creasing amounts led to a continuously decreased flammability
of the resin (Figure[3). When only 1 wt% P is present in the sys-
tem, there is no significant difference compared to the reference
values, but the higher the P-content, the lower the pHRR and
THR values. As for the TEDAP_2%P, the peak of heat release
could be decreased by more than 65%, and also the THR could
be reduced by about 40%. When the cycloaliphatic curing agent
was totally replaced by the phosphorus-containing one (3 wt%
P), the TTI was shifted in time by 80 sec, the pHRR was reduced
to the seventh of the original value, and the THR by more than
70% (Table[2). The amount of the charred residue also increased
considerably with the increasing portion of TEDAP: at 2wt% P-
content 26%, while at 3% more than 40% of the original mass
remained in the sample holder after combustion (Table [2).

For a better comparison, the HRR curves of the reference
sample and matrices containing 3 wt% P delivered by different-
type flame retardants, are plotted in Figure 4 In the case of
the applied aliphatic matrix there is practically no difference be-
tween the reference resin and the DOPO-containing one, which
indicates that the DOPO cannot exercise its beneficial effect in
this resin system. The samples containing APP and TEDAP
reached the same LOI values, but to reach the V-0 rating, the
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Fig. 3. Heat releases of the TEDAP-cured compositions

application of the latter one was necessary. Concerning their
heat release results, the introduction of 3% P by means of APP
resulted in 40% decrease of the peak of heat release (pHRR)
comparing to the reference epoxy, (to 420 kW/m? that of the ref-
erence sample was 706 kW/m?), and shifted in time to 150 sec,
while by the incorporation of the same amount of phosphorus
by TEDAP component resulted in 85% lower pHRR value than
that of the reference.
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Fig. 4. Comparison of the heat release curves of different flame retardants at
3 wt% P-content

3.2 Mechanical characterization

Although the samples were able to bear the mechanical load-
ings of fire tests, the EP-DOPO containing formulations showed
exceptional brittleness while being mounted in the tensile tester;
therefore no mechanical tests could be performed. the results of
the samples containing more than 1 wt% P could not be evalu-
ated even in the case of DMA measurements.

3.2.1 Tensile properties

The samples containing additive flame retardant (APP) show
somewhat poorer tensile strength values than the reference resin,
but no significant difference could be detected between the FR
concentrations applied, which indicate homogenous dispersion
of the FR particles (no aggregates could be found in the matri-
ces). When the flame retardant crosslinking agent (TEDAP) is

used in low concentration, the tensile strength was as high as
that of the reference matrix, however, in higher concentrations,
the measured strength was reduced by about 30%. The elasticity
moduli of the investigated formulations did not change signifi-
cantly, only when applying the reactive FR in higher concentra-
tions (2 and 3 wt%), due to the lower crosslink-density of this
system, which could also be proved by DMA measurements (see
in Chapter 3.2.3).
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Fig. 5. Tensile strength and elasticity moduli of the flame retarded systems

3.2.2 Bending properties

Besides the tensile characterization, three point bending tests
were carried out in order to investigate the elasticity of the flame
retarded matrices. Based on the measured bending strength
and bending elasticity moduli (Figure[6), there is no significant
difference between the reference pentaerythritol-based epoxy
cured with the cycloaliphatic amine hardener and the flame re-
tarded compositions containing the additive APP. The measured
strength values appeared in the range of 70-85 MPa, while the
bending elasticity moduli are between 2-2,5 GPa. the bending
strength decreased significantly, when the reactive fr was used in
higher concentrations, especially when the cycloaliphatic amine
was fully replaced by the TEDAP; similarly as in the case of
the tensile strength measurements. the 3 wt% P-containing sys-
tem has 35% lower strength than that of the reference, while the
modulus decreased by tierce.

3.2.3 Glass transition temperature

The glass transition temperatures (Tg) of the flame retarded
matrices were determined at the peak of tan(s) applying 3 point
bend testing mode of DMA. The Ty of the reference resin ap-
peared at 58 °C (Figure [7). The application of low amount
of the additive-type flame retardant (APP) increased this value:
when 1 or 2 wt% phosphorus was incorporated in the matrix
(3 and 6 wt% APP, respectively) the glass transition tempera-
ture increased to about 80 °C. When about 10 wt% APP was
present in the system, this value reached even more than 90 °C.
This phenomenon can be explained by the presence of the well-
dispersed FR particles. By means of their homogeneity and
rigidity, the APP particles can block the segmental movements
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of the cross-linked epoxy matrix. When higher concentrations
were applied, this beneficial effect was compensated by the in-
teraction of monomers with the filler particles during the poly-
merization process, which reduces the degree of crosslinking, so
the T4 decreases comparing to the reference level.

If TEDAP was used as hardener, the chemical structure of the
resulted epoxy network was changed. As the reference hardener,
due to the cycloaliphatic rings in its structure, is somewhat rigid,
consequently higher T is foreseen for the reference composi-
tion than with TEDAP having quite long aliphatic chains. The
epoxy resin with TEDAP allows faster segmental movements
within the network. The Ty results are in good accordance with
these expectations: the higher the aliphatic TEDAP-content, the
lower the Tq. When the cycloaliphatic hardener is totally re-
placed, the glass transition temperature was decreased by 30%,
from 58 to 40 °C (Figure[7).
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Fig. 7. Glass transition temperatures

4 Conclusions

In this work, three types of phosphorus-based flame retardants
were investigated in a model aliphatic epoxy resin. The appli-
cation of DOPO in this system did not lead to significantly in-
creased flame retardancy because of the molecular incompatibil-
ity of the components due to the different character of the flame
retardant, with condensed aromatic structure, and the aliphatic
epoxy component. Still, the flame spreading rate decreased in

the UL-94 test, and also the peak of heat release could be shifted
in time. The additive APP and the reactive TEDAP decreased
the flammability of the resin. To reach V-0 rating, 5 wt% of
phosphorus (15 wt% APP) was needed in the case of the addi-
tive FR, while with the application of TEDAP, 3 wt% of P was
enough for the same result. The effectiveness of the reactive
flame retardant was even more evident in the case of the cone
calorimeter tests: the pHRR decreased to its seventh, while the
amount of the residual char was 40%. Concerning the mechan-
ical properties, the APP-containing formulations showed some-
what lower tensile strength than the reference resin; however the
bending properties were not significantly influenced by the FR
additive. The lower crosslink density and thus decreased Ty is
characteristic to the TEDAP-cured resins, which led to some-
what poorer mechanical properties than those of the reference
resin. The requirements of a coating system (flame retardancy
and mechanical resistance) can be fulfilled by both systems,
however in this pentaerythritol-based epoxy resin the reactive
TEDAP proved to be more effective flame retardant than the ad-
ditive APP.
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