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HIGHLIGHTS

» We analyze and improve the fire behavior of epoxy mortars.

» A by-product (HyM) has been used as flame retardant and compared with commercial ones.
» HyM mortar shows a higher auto-extinguish ability and a reduction in the smoke release.
» Mechanical properties were only slightly affected by the addition of flame retardants.
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In this work we have studied the effect of different flame retardants on the fire behavior and mechanical
properties of epoxy mortars. Flame retardants acting under different mechanisms of action have been
compared: phosphate flame retardants as well as magnesium hydroxides and carbonates. Besides the
commercial flame retardants we have also used a magnesium basic carbonate obtained from an industrial

by-product. The use of an alternative based on an industrial by-product combines an economic and sus-
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tainable solution. Different formulations of flame retarded epoxy mortars have been prepared and char-
acterized. The obtained results prove the effectiveness of the tested flame retardants on the improvement
of the fire properties of the epoxy mortars without a significant decrease on their mechanical properties.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Polymer mortars consist of a fine aggregate mixture and a poly-
meric resin as a binder. Thermosetting polymers like epoxy resins
are one of the most used binders due to the combination of good
mechanical properties, strong adhesion to concrete and metals,
as well as low shrinkage [1]. These qualities along with the easi-
ness of the in situ application of the epoxy mortars have extended
their use in the building sector: concrete repairing, metal anchor-
ages or pavement flooring [2]. Nevertheless, one of the major con-
cerns when using polymer mortars is their limited response in
front of temperature. Several authors have studied the effect of
temperature on the mechanical properties of these mortars.
El-Hawary et al. concluded that, despite the thermo-oxidative deg-
radation of the resin with temperature, thermal cycles up to 200 °C
increase compressive and flexural strengths due to the hardening
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of the polymer [3]. Elalaoui et al. confirmed the increase of
mechanical properties up to 150 °C, but reported a decrease when
the polymer mortars were subjected to higher temperatures [4]. In
both cases the samples were cooled before testing; however
Ribeiro et al. stated a significant decrease on flexural strength of
epoxy and polyester mortars when tested at temperatures above
room temperature [5]. In addition to the mechanical properties
there should be considered the risks of these polymer mortars in
case of fire. In the case of epoxy mortars, despite the elevated
amount of aggregates the mortar still shows a strong flammability
around 400 °C with dense smoke release. The addition of flame
retardants is one of the strategies to improve the fire behavior of
the polymeric mortars and increase the safety of building elements
in case of fire [6]. The flame retardant used has to be non-haloge-
nated to avoid toxic hazards [7]. The maintenance of the
mechanical properties of the resulting mortar is also an important
aspect, as well as keeping as low as possible the materials cost.
Following these requirements we have selected a synthetic basic
magnesium carbonate, hydromagnesite, already used as flame
retardant in polyolefin formulations [8,9]. The source of synthetic
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hydromagnesite is an industrial by-product produced during the
calcination of magnesite [10]. We have also used a commercial
grade of magnesium hydroxide flame retardant to compare the
resulting mortar formulations. Both hydromagnesite and magne-
sium hydroxide are endothermic flame retardants that decompose
in the range of 200-550 °C and 320-360 °C respectively, with an
associated endothermic heat of 800 J/g and 1370 J/g in each case
[11].

In order to evaluate the performance of flame retardants acting
under different mechanisms of action we have also employed two
polyphosphate based flame retardants. In this case the main action
mechanism is due to the formation of a protective char on the con-
densed phase by means of an intumescent effect. Examples of this
type of flame retardants are the compounds containing nitrogen
and phosphate like melamine polyphosphate or ammonium poly-
phosphate. The nitrogen contained in the molecule acts as a foam-
ing agent, the polyphosphate as a catalyst and the polymer
substrate as the char forming agent [12].

We have formulated the flame retarded epoxy mortars by
substituting part of the conventional siliceous aggregate for flame
retardants. These mortars have been analyzed in order to evaluate
their improvement in fire behavior as well as to corroborate that
they do not undergo a significant loss on mechanical properties.

2. Experimental
2.1. Materials

The epoxy mortar supplied by Sika S.A.U. consisted of three components:
13.3%w resin A, 6.7%., resin B and 80%,, siliceous aggregate. Mechanical properties
provided by the supplier are in the range of 30-40 N/mm? for flexural strength and
80-90 N/mm? for compression strength. Synthetic hydromagnesite (HyM) was ob-
tained from an industrial by-product in the pilot plant of Magnesitas Navarras S.A.
Magnesium hydroxide (MH) was the commercial grade Magnifin H5 from Martin-
swerk GmbH. Melamine polyphosphate (Mel) grade Budit 3141, and ammonium
polyphosphate (APP) grade FRCROS 70 were both supplied by Budenheim Iberica
S.A.

2.2. Samples preparation

Epoxy mortars have been manually prepared mixing the two components that
constitute the epoxy resin and subsequently adding the inorganic aggregate and the
corresponding flame retardant. Once blended and stirred the homogeneous mix-
tures were casted in suitable molds to cure at room temperature for at least 24 h.
Samples were tested between 5 and 7 days after curing. In order to define the per-
centage of each flame retardant we performed preliminary tests covering a broad
range of flame retardant addition [13]. Table 1 shows the composition of the pre-
pared mortars expressed as phr (parts per hundred resin). As it can be observed
the amount of endothermic flame retardant in the polymeric mortars is higher than
for the polyphosphates. This fact is due to the poor efficiency at lower percentages
of endothermic flame retardants [14,15]. However, even at higher levels mortar for-
mulations prepared with hydromagnesite and magnesium hydroxide are less
expensive than the ones containing polyphosphates.

2.3. Characterization

2.3.1. Thermal analysis

Differential scanning calorimetry (DSC) was performed on the plain epoxy mor-
tar to determine the glass transition temperature as well as the heat associated with
the exothermic combustion. Test was done in air atmosphere at a heating rate of
20 °C/min.

Table 1
Samples composition.

Sample Composition (phr)

Epoxy resin Aggregates FR
E 100 400 0
Entel 100 380 20
Enpp 100 380 20
Emu 100 340 60
Enym 100 340 60

Thermogravimetric analyses have been performed, for all the samples indicated
in Table 1, in a muffle furnace coupled to a precision balance. This device allowed us
to analyze a considerable amount of sample, and therefore mortar fragments of 4-
6 g have been tested in air atmosphere with a heating rate of 3 °C/min within the
range of 25-1000 °C.

2.3.2. Flame testing

2.3.2.1. Cone calorimeter. The cone calorimeter is a standardized device widely used
to analyze the fire behavior of small samples. This equipment registers the heat re-
lease rate (HRR) of a sample exposed to a constant heat flux. The cone calorimeter
tests were carried out following the procedures indicated in the ISO 5660 standard
[16]. Square specimens (100 x 100 x 4 mm) were irradiated with a heat flux of
50 kW/m?2.

Several parameters have been proposed to quantify the fire performance of
materials. The heat release rate curve (HRR) is a relevant quantity in the caseof fire,
as well as the peak of heat release rate (PHRR), which is the maximum value ob-
tained in the HRR curve [17]. The time to ignition (TTI) is the time required for
the irradiated sample to develop a sustainable flame. In this work we have also used
the Fire Performance Index (FPI), which has been related with the time available to
escape in a real fire situation [18] and the Fire Growth Rate Index (FIGRA), used for
regulatory purposes in the Single Burning Item test [19,20].

2.3.2.2. Dripping test. A radiator device described in the Spanish UNE 23.725-90
standard [21] was employed to measure the degree of extinguish ability of
combustion.

Samples of 70 x 70 x 4 mm dimensions are placed on a metallic grid 3 cm be-
low a heat source of 500 W, which is taken away and put back after each ignition
and extinction. Three samples for each composition were tested and the parameters
determined were the number of ignitions and the average time of flame persistence
during the first 5 min of combustion.

2.3.2.3. Smoke test. The gases released during combustion were analyzed by burning
a sample of 5 g in a chamber provided with a measurement system of the transmit-
ted light comprised of a light source, a set of lenses and a light sensor.

2.3.3. Mechanical properties

Flexural strength and compressive strength tests were performed in a mechan-
ical testing machine MUTC-200 from Incotecnic. Three point bending tests were
performed on 4 x 4 x 16 cm specimens at a crosshead movement rate of 5 kg/s.
Compression tests were performed on the two fragments obtained in the flexural
tests at a crosshead speed of 240 kg/s. Three samples have been tested to determine
flexural strength for each mortar formulation, and therefore six samples for com-
pression tests.

In addition, tests above the glass transition temperature (Tg = 60 °C) have been
performed for the cases of plain epoxy mortar and epoxy mortar with the hydro-
magnesite by-product. In these cases the samples have been kept in the furnace
at 80 °C for 2 h and immediately tested at the conditioning temperature.

3. Results and discussion
3.1. Thermal stability
The epoxy resin exhibits its glass transition temperature around

60 °C, as can be observed in the DSC displayed in Fig. 1. The exo-
thermic peak corresponding to the combustion of the epoxy resin

60

a
=)
T
|
(=]

L

78

Heat Flow (mW)

40 50 60 70 80 7
0 T(c) z

Heat Flow (mW)
N
o

100 200 300 400 500 600
T(C)

Fig. 1. DSC curve of plain epoxy mortar. Inset shows a detail in the range of the
glass transition temperature.
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Fig. 2. Thermogravimetric curves. Upper panel: Mass evolution of the epoxy
mortars with temperature. Lower panel: derivative curve.

has the onset around 400 °C and the maximum value at 520 °C. The
heat associated with this process is of 1047 Jg~ 1.

The upper panel in Fig. 2 shows the evolution of the sample
mass, expressed as percentage, with temperature obtained from
the thermogravimetric tests. The lower panel is the time derivative
of the mass versus temperature. Epoxy resin decomposes between
325 and 425 °C in a single step. Samples Eapp and Epge Start to
decompose at lower temperatures due to the loss of volatile prod-
ucts like ammonia and water. Polyphosphates decompose in a
temperatures range of 250-350 °C depending on the nature and
length of the phosphate chains [22]. First, the release of volatile
products like ammonia and water occurs, with the formation of
polyphosphoric acid that catalyzes the development of a phospho-
rous rich char [23]. The formation of a thick and hard protective
char hinders the access of oxygen to the polymer which can result
in a lower fraction of burned polymer. This effective protective
char would explain the lower mass loss of sample Eapp With respect
to E. As can be observed, Eyym shows a higher weight loss due to
the decomposition of magnesium hydroxide and magnesium car-
bonate of the hydromagnesite that represents 54% of its original
weight. This mass loss is not observed in the sample containing
magnesium hydroxide that releases 31% of water during its decom-
position. This can be related to the formation of an insulating pro-
tective layer of magnesium oxide [24].

3.2. Flame testing

3.2.1. Cone calorimeter

The samples with flame retardants reduce the peak of heat re-
lease rate (PHRR) as it can be observed in Fig. 3. Samples Ep
and Eyyy containing melamine polyphosphate and synthetic hyd-
romagnesite as flame retardants reduced the PHRR by approxi-
mately 30%, while the sample with magnesium hydroxide (Ey;)
shows only a 20% reduction. The Espp increased this reduction up
to 36%. Table 2 summarizes the cone calorimeter results. It can
be observed that the endothermic flame retardants, magnesium
hydroxide and hydromagnesite increased the time to ignition from
3sto21sand 11 s, respectively. Differences in the flame retardant
action mechanisms could explain this improvement compared to
APP and Mel. Flame retardants based on ammonium or melamine
polyphosphate protect the polymer by forming an insulating char,
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Fig. 3. Heat release rate curves of the epoxy mortars.

Table 2
Cone calorimeter results.

Sample TTI(s) PHRR (kW/m?) FPI"103(s m?/kW) FIGRA (kW/m?s)
E 3 595 5.05 12.61

Ewmtel 3 417 7.19 8.52

Enpp 3 382 791 5.19

Emn 21 480 43.71 533

Engm 11 428 25.67 5.05

while inorganic hydroxides and carbonates absorb heat from the
system and release inert gases that dilute the combustion gases
in the gas phase. The effect of endothermic flame retardants starts
right after their decomposition, but development of a protective
char takes some time. Once the protective intumescent structure
is formed a reduction of the PHRR is observed. This explanation
can also be applied to the differences in the values of the FIGRA
and FPI index. Both parameters use the PHRR, but while FPI is re-
lated to the time to ignition, FIGRA is defined as the quotient be-
tween the PHRR and the time at which this peak is produced.
Therefore, samples Eyym and Eyy exhibit a remarkably higher FPI
than Eapp and Epje; which do not delay the TTI. However, according
to FIGRA values, Eapp, Eyym and Eyvy show the best fire behavior.
Comparable trends were obtained by Ribeiro et al. in similar flame
retardant epoxy systems [6].

Fig. 4 illustrates the mass loss curves obtained from the cone
calorimeter test. Flame retarded mortars slow down the mass loss
rate, although Eyym exhibits a higher mass loss rate after 125 s. This
fact could be related with the decomposition of magnesium
hydroxides and carbonates that take place around 250 °C and
400 °C respectively. Char formation decreases total mass loss in
samples containing APP and Mel and Eyy reaches the same final
mass than E. All this is in good agreement with the results obtained
from the TGA previously described in Fig. 2.

3.2.2. Dripping test

The epoxy mortar has very limited auto-extinguish ability, as it
can be observed in Table 3. Once the flame appears and the heat
source is removed, it lasts more than 3 min to extinguish it. When
mortars incorporating flame retardants were tested, significant dif-
ferences with regard to the persistence of the flame and hence with
the auto-extinguishing capability were observed (Table 3). The
average time of flame persistence is shortest for EHyM and there-
fore this sample exhibits the highest number of ignitions. Short
combustion times and often elevated number of ignitions are
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Fig. 4. Mass loss of epoxy mortars samples recorded during the cone calorimeter
tests.

Table 3
Dripping test results.

Sample TTI Nr of Avg. combustion extent Mass loss
(s) ignitions (s) (%)

E 1255 1.0 196.5 5.8

Enel 1163 33 53.1 33

Enpp 1123 3.7 452 2.7

Emn 1258 1.5 183.2 4.3

Enym 92.0 9.0 243 4.6

characteristic of a material that easily auto-extinguish the flame
when the heat source is removed. Mortars with both polyphos-
phates show similar trends, decreasing the flame persistence and
increasing the number of ignitions with regard to the plain mortar.
The values of the sample containing magnesium hydroxide are
similar to those of the epoxy mortar without flame retardant, but
the behavior during the test was completely different. In the case
of EMH the flames were short and localized in specific parts of
the tested sample, while for E high flames covered the whole spec-
imen. The higher weight loss of the mortar without flame retardant
is explained due to this pronounced burning.

3.2.3. Smoke test

The addition of flame retardants reduces the smoke production,
as it can be seen in the light transmittance evolution curves dis-
played in Fig. 5. Samples containing hydromagnesite and magne-
sium hydroxide produce less smoke which is translated to a
better visibility in case of fire. These endothermic flame retardants
release inert gases, like water vapor or carbon dioxide, during their
decomposition, which dilutes the combustion gases and hinders
combustion and smoke production [25]. Furthermore, the magne-
sium oxide formed during the decomposition of both fillers has
been described as an effective smoke suppressant due to its high
surface areas and its catalytic activity related with the promotion
of carbon deposition and oxidation processes [26].

Ammonium polyphosphate and melamine polyphosphate are
phosphoric salts, which act as flame retardants by the formation
of a thermal insulating char on the polymer. This char helps to trap
the gases and, therefore it is observed a reduction of the smoke re-
leased. However, these compounds do not exhibit high activity as
smoke suppressants.
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Fig. 5. Evolution of light transmittance with time.

3.3. Mechanical properties

Mechanical tests were performed in order to verify that the
flame retardants do not significantly decrease these properties. Re-
sults for compressive and flexural maximum strength at room tem-
perature are summarized in Fig. 6. The values of plain epoxy
mortar are in good agreement with those supplied by the producer
and already indicated in Section 2.1. We observe that the flame re-
tarded epoxy mortars exhibit a good mechanical flexural behavior,
obtaining in the case of Eapp even higher values of flexural strength
than for plain epoxy. A similar behavior is found for compressive
strength with the only exception of the mortar containing magne-
sium hydroxide, Eyy, where a significant decrease is observed. This
fact could be due to the small particle size of magnesium hydrox-
ide in comparison with the aggregate used in the epoxy mortar for-
mulation. This flame retardant has been added in higher
percentage than APP and Mel. Despite that the same amount of
hydromagnesite has been added in Eyyv (see Table 1), its broader
particle size distribution [27] seems to be more suitable to main-
tain the mechanical properties.

Synthetic hydromagnesite is a satisfactory alternative to com-
mercial flame retardants for epoxy mortars. In order to further
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Fig. 6. Compressive and flexural strength of epoxy mortars.
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Fig. 7. Compressive stress-strain curves of plain epoxy mortar and epoxy mortar
containing hydromagnesite at room temperature and 80 °C.

characterize its performance, mechanical tests at 80 °C were car-
ried out and compared with plain epoxy mortars. Fig. 7 shows an
example of the compression strain-stress curves for the formula-
tions E and Epym, at room temperature and at 80 °C. We observe
that in both cases compressive strength falls drastically when the
samples are tested at high temperature. However, this decrease
is less prominent for Eyym (24 £ 1 MPa), in front of that of plain
epoxy mortar, E (13 +1 MPa). Again this fact could be explained
due to the particle size distribution of the hydromagnesite that
combines the presence of fine and coarse particles and, therefore
modifies the properties of the epoxy mortar.

4. Conclusions

Both intumescent (Eapp and Epe;) and endothermic (Epym and
Eym) flame retardants showed efficient fire retardant activity in
epoxy mortars (E). A decrease in the PHRR values was found for
all the studied samples. For the endothermic ones, an increase in
the TTI value was also registered. This enhancement could be jus-
tified by an earlier fire-retardant action related to the heat absorp-
tion and dilution gases above 330 °C.

Smoke production of FR composites decreased, compared to the
reference epoxy mortar, specially for Eyyy and Eyy. Moreover, Eyym
exhibited an improved auto-extinguishing capacity when the heat
source was removed.

Mechanical properties of epoxy mortars were not significantly
affected by the addition of flame retardants. In the case of the mor-
tar containing hydromagnesite not only the mechanical properties
at room temperatures presented adequate values, but also when
the mortar was tested at 80 °C there was observed an improve-
ment in compressive strength.

The satisfactory flame retardant and mechanical properties ob-
tained for Epyv together with the fact that hydromagnesite is ob-
tained from an industrial by-product makes it an interesting
alternative to commercial flame retardants.
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