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Abstract: The article presents the effect of Mg (OH),, Al (OH),,
Roflam F5 and Roflam B7 on the flammability properties of
hardened epoxy resin Epidian 5. After an analysis of the heat
release rate in a cone calorimeter and executing a
thermogravimetric analysis, it was found that the introduced
additives are effective flame retardants of the tested epoxy
materials. The lowest value of the maximum heat release rate was
recorded for the sample consisting of Epidian 5 and 10 wt.% of
Roflam F5 and 5 wt. AI(OH),.

Keywords: epoxy resins; fire-retardant modification; fire

Streszczenie. W artykule zaprezentowano wptyw Mg(OH),,
Al(OH), oraz Roflamu F5 i Roflamu B7 na wiasciwosci palne
utwardzonej zywicy epoksydowej Epidian 5. Po analizie szyb-
kosci wydzielania ciepta w kalorymetrze stozkowym oraz ana-
lizie termograwimetrycznej stwierdzono, ze wprowadzone do-
datki sa skutecznymi antypirenami testowanych materialow
epoksydowych. Najmniejsza wartos¢ maksymalnej szybkosci
wydzielania ciepta zanotowano dla probki sktadajacej si¢ z Epi-
dianu 5 oraz 10% wag. Roflamu F5 oraz 5% wag. AI(OH),.

Stowa kluczowe: zywice epoksydowe; modyfikacje uniepalnia-

properties

ince the invention of epoxy resin

in the 1930s, significant advan-

ces in its use have been made, al-

lowing for an expansion of its
application possibilities, e.g. in compo-
site materials, cast floors, castings, ad-
hesives, etc. However, materials formed
of cured epoxy resins are relatively
flammable and, as e.g. structural mate-
rials or as part of interior finishes and
furnishings in escape routes, should be
fire-modified [1]. The combustion of
epoxy resins releases a large amount of
heat and smoke per unit time, which can
reduce the time to evacuate building oc-
cupants under fire conditions. Therefo-
re, modifying epoxy resins to reduce
their combustion without compromising
their performance and negative environ-
mental impact [2] is important for the fi-
re safety of facilities. For environmen-
tal reasons, more attention is being fo-
cused on the introduction of flame retar-
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dants into epoxy resins, which, under fi-
re conditions, reduce the amount of he-
at and smoke released and the toxicity of
thermal decomposition and combustion
products.

Originally, the way to modify fire re-
tardant epoxy materials was to introdu-
ce halogen compounds during the syn-
thesis of resins or into the finished po-
lymer mass. Nowadays, the use of halo-
genated flame retardants is restricted or
banned due to the release of large quan-
tities of irritant and toxic gases, inclu-
ding bromodihydrogen, hydrogen chlo-
ride, dibenzodioxins and dibenzofurans
[3], which are deemed to be harmful to
man and to the environment [4]. Due to
these limitations, there has been an in-
tense increase in interest in halogen-free
combustion reaction inhibitors designa-
ted for polymeric materials, which can
reduce the rate of heat release from mo-
dified materials and typically reduce the
emission of toxic thermal decomposi-
tion and combustion products [5]. In re-
cent years, phosphorus-based non-halo-
gen flame retardants [6,7] as well as tho-
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se based on silicon [8, 9], boron [10 —
12], nanoadditives [13] have been
extensively developed and used to mo-
dify epoxy resins. Among these, a par-
ticular role was played by the antipyre-
ne DOPO (9,10-dihydro-9-oxa-10-pho-
sphaphenanthrene-10-oxide) and its de-
rivatives, which is found to have a high
reactivity with resins, relatively high
thermal stability and flame retardant ef-
fectiveness [14]. In contrast, modifica-
tions of epoxy resins with phosphorus-
-based compounds showed a significant
decrease in their thermal stability, but
reduced their flammability when perma-
nent charred layers were formed on the
surface of the polymer material. Fur-
thermore, the flame retardant effective-
ness of flame retardants on the flamma-
bility of epoxy resins was dependent on
the concentration of the introduced fla-
me retardant [15]. Currently, there is
a trend towards developing a more com-
plex modification of epoxy resins,
which consists of several flame retar-
dant components. Many flame retardant
modifications of polymers containing,
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for example, phosphaphenanthrene and
other functional groups contained,
among others, in maleimide [16,17],
phosphazene [18], triazine [19], triazi-
ne-trione [20] and silsesquioxane [21]
also make epoxy resins less flammable.
Furthermore, a synergistic effect was
observed when different antipyrene gro-
ups were introduced into one polymer
matrix, e.g. phosphazene and phospha-
phenanthrene [22]. Flame retardants that
contain a phosphorus atom can either
act in the condensed (solid, polymer)
phase, the vapour phase or simultane-
ously in both phases. Some phosphorus
compounds, e.g. phosphine oxide, de-
compose in the condensed phase to form
phosphoric or polyphosphoric acid.
These can act as catalysts in dehydration
reactions, reacting for example with cel-
lulose or in the case of rigid polyuretha-
nes. Polyphosphoric acid can also form
a viscous, molten surface layer on the
polymer surface. This layer can shield
the polymer base from flame (heat) and
oxygen from the air. The effect of for-
ming intumescent layers with an acid,
such as phosphoric acid, is to form lay-
ers of carbonisation on the polymer sur-
face, protecting the polymer from heat
and oxidation

For this reason, the article attempts to
effectively modify the flame retardancy
of these polymers and further analyses
their flammability providing an expla-
nation of the mechanism of action of the
flame retardants used.

Experimental Studies
Description of Samples for Testing.
The fireproof modification of materials
formed from an epoxy resin that bears
the trade name Epidian 5 comprised the
addition of selected flame retardants to
the polymer base at an appropriate con-
centration determined in an experimen-
tal way. To Epidian 5 commercially
available halogen-free admixtures were
added while stirring continuously with
a mechanical stirrer (at V = 300 rpm):
Roflam B7 (tert-butylphenyl phosphate)
or Roflam F5 (phenyl-isopropylphenyl
phosphate) in the range of 5 + 10 wt. %,
as well as nanofillers Mg(OH), or
Al(OH), in the range of 5 + 10 wt. %.
Once all components were incorpora-
ted, the antipyrene and polymer mixtu-

re was stirred for further 20 min and
afterwards the whole mixture was pla-
ced in an ultrasonic bath for 1 hrs. with
continuous stirring on a stirrer. The po-
lymer mixture was then degassed on
a mechanical pump. Both the unmodi-
fied and the modified epoxy resin were
then cured with the addition of hardener
Z-1 at 12 parts by weight to 100 parts by
weight of the resin. The curing process
was carried out at room temperature and
the gel time was approximately 15 mi-
nutes. Initial curing was achieved after
about 3 hours, with a cure rate of about
80+90% after 24 hours. For this reason,
the cured samples were then post-cured
by placing in an oven for a further 2 hours
at 120°C. The composition and deter-
mination of the produced samples are
shown in Table 1.

Table 1. Composition and characterisation
of the samples analysed

Tabela 1. Skiad i oznaczenie analizowanych
probek

No. B Sample composition
name

1. Ep5  Epidian 5

2. 5B Epidian 5+5% wt. Roflam B7

3. 5A  Epidian 5+5% wt. AI(OH),

4. 5M  Epidian 5+5% wt. Mg(OH),

5. SF  Epidian 5+5% wt. Roflam F5
Epidian 5+10% wt.

6. T0F+SM R flam F5+5% wt. Mg(OH),
Epidian 5+10% wt.

7. 10F¥5A - Roflam F5+5% wt. AI(OH),
Epidian 5+10% wt.

8. 10B+M R flam B7+5% wt. Mg(OH),
Epidian 5+10% wt.

9. 10B¥5A Roflam B7+5% wt. AI(OH),
Epidan 5+5% wt.

10 SEHIOM. R oflam F5+10% wt. Mg(OH),
Epidian 5+5% wt.

1. SFF10A - Roflam F5+10% wt. Al(OH),
Epidian 5+5% wt.

12. SB¥I0M. Roflam B7+10% wt. Mg(OH),
Epidian 5+5% wt.

—_

3. SBF10A Roflam B7+10% wt. AI(OH),

Description of research
methods

Cone calorimeter method. The fire
behaviour of the analysed cured epoxy
resin was established by using the cone
calorimeter method according to the
standard [23]. This method allows the
simultaneous determination of HRR
(Heat Release Rate) and smoke during
the combustion of materials that have
been exposed to a controlled thermal ra-

diation power of 50 kW/m?. The applied
thermal radiation power simulated the
first phase of the fire according to the
standard curve ‘fire temperature — com-
bustion time”. The cone calorimeter me-
thod is based on the calorimetry of oxy-
gen consumption for combustion to de-
termine the rate of heat release from the
test materials. For most combustible
materials, it is assumed that 13.1 MJ of
heat is released per kilogram of oxygen
consumed during the combustion of
the material. Deviations from this ave-
rage value are +5%, depending on the
material.

Thermogravimetric method. The
thermal analysis of cured epoxy resin
both unmodified and modified was per-
formed with the use of a dynamic tech-
nique according to the standard [24].
This method involved recording the
change in mass of the test sample under-
going decomposition as a function of
temperature at a pre-programmed he-
ating rate. A TA Instruments Q500 ther-
mogravimetric analyser (USA) was
used for needs of the study. During the
testing, the change in mass of the tested
materials was recorded as a function of
temperature in the temperature range 20
+900°C, at a heating rate of 2.5°C/min.
The test was carried out in an atmosphe-
re of air at atmospheric pressure, achie-
ved by a constant flow of air — 90 ml/min
and nitrogen (as a carrier of combustion
products) — 10 ml/min. The thermogra-
vimetric method makes it possible to
analyse the thermal decomposition of
polymers.

Test results

Analysis of heat release rate results.
A summary of selected fire parameters
of epoxy materials (arithmetic averages
from 5 measurements) derived from cu-
red Epidian 5 with added flame retar-
dants at the tested thermal exposure is
presented in Table 2. The heat release ra-
te curves at a thermal exposure of
50 kW/m? of the tested epoxy materials
formed on the basis of Epidian 5 are pre-
sented in Figure 1. In the initial phase of
testing of the cured Epidian 5 samples,
it is possible to note the time interval
(0 + 16 s), which is characterised as the
initial heating period of the sample. Du-
ring this time interval, the absorbed he-
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Table 2. Thermokinetic and thermophysical properties of cured epoxy resin Epidian 5
modified and unmodified with AI(OH), or Mg(OH), and organophosphate flame
retardants under ignition conditions at an external heat flux density of 50 kW/m?

Tabela 2. Wiasciwosci termokinetyczne i termofizyczne utwardzonej zywicy epoksydowej
Epidian 5 modyfikowanej i niemodyfikowanej Al(OH) , lub Mg(OH), oraz fosforoorganicz-
nymi antypirenami w warunkach zaptonu przy zewnetrznej gestosci strumienia cie-

pla 50 kW/m?

Timeuntil  Sample el;:i‘;ls’i‘:)fn
No. Sample Ll max {avg THR* SEAavg TSp* ieni i rem-
. 2 2 igni- i
[KW/m?] [kW/m?] IMIm’] [mkg]  [m7] tgion = € nants CO CO

1.  EpS 1318 603 130 849
2. 5B 900 595 114 316
3. 5A 748 435 136 197
4. 5M 892 364 117 158
5. SF 1011 446 71 655
6. 10F+5M 962 475 101 701
7. 10F+5A 539 353 84 693
8. 10B+5M 1162 584 121 476
9. 10B+5A 740 310 105 327
10. SF+10M 1199 530 107 278
11. SF+10A 570 369 104 926
12. 5SB+10M 988 470 96 754
13. 5B+10A 693 405 87 547

[s]

i [% wt.] [kg/kg| [kg/kg]

* THR - Total Heat Release, ** TSP — Total Smoke Production

A HRR [kW/m?]
1400
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-200

40,7 16 132 1,85 2,1 11,3
21,3 10 84 3,87 2,2 10,4
17,0 16 148 5,64 1,9 10,5
15,6 36 100 3,25 2,0 10,6
33,6 38 82 5,74 2,9 10,6
35,3 34 120 7,60 2,4 10,4
35,0 16 118 1647 23 10,1
27,1 30 104 5,57 2,2 11,6
21,7 10 96 1022 23 10,5
19,9 10 114 6,97 2,2 11,6
435 36 190 9,28 2,1 10,0
37,2 38 118 11,01 2,4 11,9
29,7 30 136 9,80 2,7 11,3
—5B+10M
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Fig. 1. Heat release kinetics of unmodified and modified epoxy material at a heat flux of

50 kW/m? in gas phase ignition conditions
Rys. 1.

Kinetyka wydzielania ciepla przez material epoksydowy niemodyfikowany

i modyfikowany w strumieniu ciepla 50 kW/m? w warunkach zaplonu fazy gazowej

at emitted from the irradiator by the
samples leads to their thermal decompo-
sition and the HRR values are low. Sub-
sequently, a significant spike in HRR
values (after 10 seconds) is observed for
sample 5B and 10B+5A, due to the pre-
sence of phosphate flame retardants,
which reduce the thermostability of the
polymer material by forming a char lay-
er, effectively acting as a solid-phase
flame retardant. In contrast, homogene-
ous modification of Epidian 5 with Ro-
flam F5 at 5 wt. % or mixed modification

with Roflam B7 at 5 wt. % and Mg(OH),
at 10 wt. % resulted in the highest time
to ignition of the sample of 38 seconds.
The test results have shown that the
flame retardant additives introduced into
Epidian 5 significantly reduce HRR
(by 9 +59%) and HRR__ (by 1 +49%),
making them effective flame retardants. The
highest HRR _value of 1318 kW/m® was
recorded for Epidian 5. Among the sin-
gle-component additives, AI(OH),
allowed the biggest decrease of the
HRR__ value of the tested resins. This
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effect was due to the release of water va-
pour and the formation of a glassy co-
ating during the combustion process,
protecting the material from heat and
oxygen. When analysing the HRR | va-
lue, the highest value of 603 kW/m? was
achieved with the cured, unmodified
Epidian 5. This value was reduced to the
lowest level of 310 kW/m? after the addi-
tion of 10 wt. % Roflam B7 and 5 wt. %
Al(OH),. In the case of single-compo-
nent additives, the value of HRRavg was
most effectively reduced by Mg(OH),,
and allowed obtaining an HRR value
of 364 kW/m?. By analysing the values
of SEAavg (mean specific extinction co-
efficient), it can be observed that the in-
troduction of fire retardant additives
causes a decrease in the value of this pa-
rameter. Among the mixtures with a sin-
gle flame retardant, the lowest value
of 158 m?/kg was recorded for the SM
sample. This value was 81% lower than
that of the Epidian 5 sample. However,
the simultaneous introduction of 5% wt.
of Roflam F5 and 10% wt. of AI(OH),
resulted in an increase in the amount of
smoke released and the SEA_ value. It
can be concluded that Roflam F5 acce-
lerates the decomposition of the poly-
mer by forming decomposition products
together with aluminum(III) hydroxide,
increasing the light attenuation surface
area of the smoke particles. Taking into
account the %wt. residue of the sample
after combustion, it can be concluded
that the effect of the phosphorus-based
flame retardant additives in the combu-
stion process of the cured modification
of the epoxy resin Epidian 5 is mainly
related to the gas phase. In the analysed
thermal exposure, the introduction of
additional hydroxides into Roflam B7
increased, as compared to Epidian 5, the
time to ignition of the sample and the ti-
me to reach HRR__, e.g. for sample
S5F+10A, by 20 s and 58 s, respectively.
Considering the values of CO released
from 1 kg of material, it was observed
that antipyrene-modified materials typi-
cally tend to release comparable amounts
of CO at an average level of 2.3 kg/kg
compared to unmodified cured Epi-
dian 5. Epoxy material samples modi-
fied only with hydroperoxides produced
lower amounts of CO per 1 kg of mate-
rial from Epidian 5. Analysing the CO,
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release per 1 kg of material, it can be se- ?21 A Mass [%] A 3
en that sample SF+10A achieves the lo- 120 5B 2,5°C/min 6
west specific CO, emission value SBF10A_2,5°C/min
of 10.0 kg/kg, which is at the same time 1001 él;;jglggé;lg /min | 4
more than 12% lower in relation to Epi- [ f
dian 5. The mechanism of action of the 80 2
mixed flame retardants was based on the 2 g
synergistic effect. Phosphorus compo- 60 | E
unds acted as radical eliminators by eva- e el Lo S
cuating free radicals in the gas phase at 40 3
elevated temperatures during the com- | > =
bustion process, while inorganic compo- 204
unds, i.e. Mg(OH), or Al(OH),, caused
the release of water vapour, effectively 8 200 200 600 300 100{)4
lowering the HRR value. Temperature [°C] Universal V4.5A
Thermogravimetric analysis. On )~ A Mass [%] A
the basis of TG and DTG thermo- 120 ——5F 2,5°C/min 6
gravimetric curves of the tested epoxy 100 J — :2538&122550%//’3& .
materials, the values of selected pa- Ty ——Ep5_2,5°C/min_ 4
rameters describing the process of 20 é
their thermal decomposition were read _ 5 Lo £
out and have been summarised in ] £ g
Table 3. ” NI\ ) -
Figure 2a-b shows selected TG 40 ] = ! :§
curves of cured modified and g
unmodified flame retardant epoxy 20 -2
resin samples based on Epidian 5 at \ﬁ -
a heating rate of 2.5°C/min. 0 ' ! - — - -4

0 200 400 1000

Temperature [°C] Universal V4.5A

Figure 2a-b suggests that all fire 800

retardant modifications of Epidian 5 had
a higher percentage sample residue after
thermal decomposition as compared to
the cured, unmodified epoxy resin. For
example, among the single-component

Table 3. Thermogravimetric test results of cured modified and unmodified epoxy resin
Tabela 3. Wyniki badan termograwimetrycznych utwardzonej modyfikowanej i niemodyfikowa-

nej zZywicy epoksydowej
Temperature of
commence-  maxi-
Heating ment of mum
rate of  thermal sample
No. Sample

samples decomposi- mass loss
[°C/min] tion of the in the Ist
1st transfor- transfor-

mation mation

phase [°C] phase [°C]
1. EpS 2,5 318 334
2. 5B 2,5 311 323
3. 5A 2,5 318 329
4. M 2,5 319 350
5, SF 2,5 304 317
6. 10F+5M 2,5 305 333
7. 10F+5A 2,5 300 319
8. 10B+5M 2,5 309 336
9. 10B+5A 2,5 302 318
10. SF+10M 2,5 326 342
11. 5F+10A 2,5 308 325
12. 5B+10M 25 336 344
13. 5B+10A 2,5 309 328

Fig. 2. Illustrative TG and DTG curves obtained during thermal decomposition of
unmodified and modified Epidian 5 at a heating rate of 2.5°C/min: a) with Roflam B7
and Mg(OH), or AI(OH),; b) with Roflam F5 and Mg(OH), or AI(OH),

Rys. 2. Przykiadowe krzywe TG i DTG uzyskane podczas rozkladu termicznego niemodyfiko-
wanego i modyfikowanego Epidianu 5 przy szybkosci ogrzewania 2,5°C/min: a) Roflamem B7
i Mg(OH), lub Al(OH) ; b) Roflamem F5 i Mg(OH), lub AI(OH),

additives, the highest residue after
thermal decomposition and combustion

was recorded for sample 5M, and

Maxi- Temperature of oy among the two-component additives for
mum rate maximum ™™ Sample 5F+10M. These values were almost
of mass mass loss .
lossof 0% | sample .o = massafter  threefold and more than fourfold higher,
the Is¢ | Sample massloss goonq thermal’ .0 0yely a5 compared to Epidian 5.
eransfor- ]::,zsss Tr;l:lif?::l transfor- :s:i‘:ilz;. The values of the initial thermal
mation mation
phase | I'Cl ~ mation ~oi [mgli[%]  decomposition temperature of the first
[%o/min] phase 'l (o4 /min] phase of the cured, Mg(OH), — modified
3,45 398 496 1,78 0,11;2,96 epoxy resin samples (sample SM) or
425 379 483 1,40  0,15;4,28 5 wt. % organophosphate compound and
3,99 420 493 1,80  0,21;6,52 10% wt. Mg(OH), (samples 5B+10M
2,88 383 462 341 027;8,12 and 5F+10M) were higher as compared
4,87 368 502 120 0,24;6,88 to the cured, unmodified epoxy resin for
4,47 408 490 1,50 0,27; 8,69 these samples (e.g. by 1°C — 5M, by
3,38 365 499 1,09 032;8,52 18°C — 5B+10M, by 8°C — SF+10M).
349 395 500 146 028,799  The temperature of the maximum
344 366 504 1231029869 sample weight loss rate in the first phase
5,83 423 488 190 044:12.30  of the transformation was the highest
AL 295 S G GO 0RY for sample SM with a difference of 16°C
ol B 2l B [UeRg e as compared to the unmodified epoxy
3,72 386 495 1,21 0,35; 10,90

resin Epidian 5.
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Conclusions

On the basis of results of conducted
tests of the combustion properties and
heat and smoke release rates of the
tested modifications of Epidian 5, as
well as of the increase in the effect of the
modifying agents on the improvement
of the fire properties of the epoxy
materials, the following conclusions can
be drawn:

m the applied flame retardant
additives to the epoxy resin Epidian 5
change fire properties of the epoxy
materials  being tested. These
modifications decreased the heat
release rate as compared to the
unmodified flame retardant material,
which implies that in real fires they
would decrease the fire power, as both
HRR_ and HRR, values of all flame
retardant modifications are lower as
compared to the respective HRR values
of the unmodified Epidian 5 material in
the analysed thermal exposures
(HRR___ lower by 9 to 59%, HRR,
lower by 1 to 49%);

m the obtained modifications of cured
epoxy resin, forming layers of char,
confirm the inhibitory effect in the solid
phase of the applied flame retardants
and their mixtures;

m for samples SF and 5B+10M, the
highest values of times to ignition of the
gas phase were obtained at an external
heat flux density of 50 kW/m? (38
seconds). The main action of the
additives was recorded in the solid
phase. This is also evidenced by the
higher residue values after thermal
decomposition and combustion (by
76+790%) compared to the unmodified
sample;

m the mechanism of action of the
additives used tends to vary. The
addition of 5% wt. AI(OH), to cured
Epidian 5 has a gas-phase action. This is
evidenced by the relatively small
residue of the char layer after burning
(5.64 wt.%);

m the mixed compositions were found
to have a lower temperature of onset of
thermal decomposition of the first phase
than Epidian 5;

m sample 5M exhibits the least
amount of total smoke release of all the
materials tested, and if this type of resin
is used as a finishing and furnishing

material, it is expected to release less
smoke in a fire than Epidian 5, which
would allow a better visibility in smoke
and a safer evacuation.
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