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ABSTRACT

Magnesium hydroxide/melamine phosphate borate (nano MH/MPB), a novel nano-composition intumescent flame

retardant, was synthesized with the in-situ reaction method from MgCl,-6H,0 sodium hydroxide (NaOH) and melamine
phosphate borate (MPB) in the absence of H,O. The structure of the product was confirmed by EDAX IR and XRD. The

effects of reaction temperature and time on the dimension of magnesium hydroxide were observed. The effects of mass

ratio of magnesium hydroxide to MPB on the flame retardancy of nano-MH/MPB/EP were examined with the limiting
oxygen test. The results show that the optimal condition of synthesis of MH/MPB is mMH/mMPB = 0.25, reacting un-

der 75 °C for 30 minutes. Finally, the mechanism for flame retardancy of nano-MH/MPB/EP was pilot studied by means

of IR of char layer and TG of MH/MPB.
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1. Introduction

In recent years, intumescent flame-retarded (IFR) has become a re-
search hotspot because of its high thermal stability and environmental
friendliness"’. IFR is mainly composed of carbon source (such as pen-
taerythritol), acid source (such as ammonium polyphosphate) and gas
source (such as melamine), which can be divided into mixed type and
simple type. Among them, hybrid IFR has some disadvantages, such
as easy moisture absorption, poor thermal stability, low flame-retarded
efficiency and difficult compatibility with polymers™. Simple IFR can
effectively solve the above problems, but it also has the disadvantages
of single element composition and high cost.

In order to improve the above problems, IFR and nanoparticles can
be used as flame-retarded polymers. Nanoparticles have the character-
istics of high surface atomic ratio, large specific surface area and good
dispersion, showing a unique volume effect and surface effect””’, which
can improve the mechanical properties and flame-retarded properties of
materials. It is reported that clay*”
) nano aluminum hydroxide!”, nano Si0,", nano zinc oxide (ZnO)™'”,
nano TiO, can be used as synergistic agents of IFR to flame-retarded
PP, PE, PA66, etc.""! However, the current research mainly focuses on
Intumescent clay nanocomposite flame-retarded PP and PA66'".

, hano magnesium hydroxide (MH)
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Magnesium hydroxide (MH) decomposes at
340-490 °C, and the initial decomposition tempera-
ture is 100 °C higher than that of AI(OH);,; the heat
absorption capacity of 1.37kj-g "' is higher than that
of AI(OH), (1.17kj-g "), and the heat capacity is also
17%, which is helpful to improve the flame-retarded
efficiency'™"*;
a good smoke suppressant''”. Nano MH was intro-
duced into IFR system to flame-retarded EP for the
first time to improve the disadvantages of IFR, such
as low flame-retarded efficiency and incompatibility
with materials. Nano MH/MPB intumescent nano-
composite flame-retarded was prepared by in-situ
generation method. The flame-retarded synergistic
effect of MH and MPB in EP was studied.

in addition, magnesium hydroxide is

2. Experiment

2.1 Main raw materials

Melamine phosphate borate (MPB), self-made
(as shown in Figure 1)!""; MgCl,-6H,0, analytical
reagent, produced by Shanghai Tongya Chemical
Technology Development Co., Ltd; ethylenediamine,
analytical pure, produced by Shanghai Qiangshun
Chemical Co., Ltd; E-44 epoxy resin (EP), produced
by Zhenjiang Danbao Resin Co., Ltd.

H (MH/MPB)

Figure 1. Sketch pattern of MPB and MH/MPB.

2.2 Synthesis of MH/MPB

MPB, MgCl,-6H,0 and water are added into a
three-mouth bottle in a certain proportion, heated and
stirred, and completely dissolved by ultrasonic os-
cillation. Then, slowly drop the prepared precipitant
NaOH solution into the aqueous solution of MPB
and MgCl,-6H,0, gradually appear white turbidity,
ultrasonic oscillation, stirring and holding for a peri-
od of time. Cool, filter, wash with water and absolute
ethanol until there is no CL (AgNO, detection), dry
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at 60 °C and weigh.

2.3 Preparation of flame-retarded epoxy resin
samples of MH/MPB

Ethylenediamine was used as curing agent, 10
g epoxy resin and 1 g ethylenediamine were mixed
at room temperature, stirred evenly, and a certain
amount of MH/MPB flame-retarded was added.
After stirring evenly, it is injected into a self-made
aluminum mold with specific size, cured at room
temperature for 24 hours, and then cured at 80 °C for
2 hours. After complete curing, it shall be trimmed
into the required spline for testing.

2.4 Testing and characterization

1) The products were detected by Prostar LC240
infrared spectrometer (KBr tablet pressing method).

2) The X-ray powder diffraction test is continu-
ously scanned on the German Bruker D8 X-ray dif-
fractometer for XRD test. The test conditions are: Cu
target, rear monochrome tube, 45 kV of tube pres-
sure, 20 mA of tube flow, scanning ranging 10° < 20
< 80°, 4°-min” of scanning speed.

3) The elemental composition of the product
was detected by S-570 scanning electron microscope
(SEM) (equipped with edaxpv9900 energy spectrom-
eter).

4) The oxygen index test (LOI) adopts HC900-
2 oxygen index tester according to GB/T 2406-93,
and the flame-retarded epoxy resin spline size is 110
mm x 6 mm X 3.5 mm; limiting oxygen index test is
conducted.

5) American Pekin Elmer TGA7 thermogravi-
metric analyzer is used for thermogravimetric analy-
sis.

3. Results and discussion

3.1 Theory

MPB molecules contain -NH,, -OH, P=0O and
other groups. These groups can form hydrogen bonds
with -OH of nano MH (as shown in Figure 1). At
the same time, nanoparticles have high activity and
are easy to combine with macromolecules. In this
way, nano MH/MPB intumescent nanocomposite



flame-retarded was prepared by combining MH and
MPB through chemical and physical effects.

3.2 Infrared spectrum analysis

The infrared spectra of MH, MPB and MH/
MPB are shown in Figure 2. Infrared spectrum anal-
ysis is as follows!"”: in Figure 2a, 3,698 cm ' is O-H
stretching absorption peak in the MH crystal struc-
ture, 1,467 cm™' is the bending vibration absorption
peak of -OH, and the wide absorption peak near 1,643
cm ' and 3,413 cm ' should be the absorption peak of
H,O in MH crystal. This result is consistent with the
MH results reported in literature!*. Figure 2c is ob-
viously different from Figures 2a and 2b. In Figure
2¢, there are not only the O-H stretching absorption
peak 3,702 cm ' in MH structure, but also the over-
lapping 3,339 cm ' and 3,132 cm™' of N-H stretching
vibration absorption peaks in -NH**, -OH and -NH,
in MPB structure, P=0 stretching vibration absorp-
tion peak 1,265 cm', C=N stretching vibration ab-
sorption peak 1,656 cm'. This shows that MH/MPB
composite flame-retarded was prepared.
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Figure 2. Infrared spectrum of MH/MPB and MH/MPB.

3.3 Elemental analysis

The energy spectrum of MHMPB (mMH/
mMPB = 0.25) is shown in Figure 3. It can be seen
from Figure 3 that the product mainly contains C, N,
O, P, Mg and other elements, which further confirms
the preparation of MH/MPB composite flame-retard-
ed.
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Figure 3. Energy spectrum of MH/MPB (mMH/mMPB).

3.4 XRD analysis of MH, MPB and MH/MPB

The XRD spectra of MH, MPB and MH/MPB
are shown in Figure 4. It can be seen from the com-
parison of the diffraction peak positions of Figure
4C with Figure 4A and Figure 4B that in Figure 4C,
MPB and Mg(OH), diffraction peaks exist. Thus, the
preparation of MH/MPB complex was further con-
firmed. The diffraction peak position of crystal plane of
MH’s (001), (100), (101) in Figure 4C is obvious and
widened, indicating that the particle size is small"”. The
grain size can be determined by XRD using Scherrer
formula. The peak is calculated to obtain, and the cal-
culation results are shown in Table 1*”. The calculated
results show that Mg(OH), in the prepared MH/MPB
composite has reached nano level.
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Table 1. Grain size of MH/MPB

20/° Crystal plane/hkl Half peak width/° Grain size/nm
17.72 001 0.33 24.12
31.70 100 0.19 43.03
3824 101 0.15 55.51
59.34 110 0.40 20.12

3.5 Effect of reaction temperature on grain
size of MH/MPB

Using single factor experimental analysis, keep
other influencing factors unchanged, change the re-
action temperature to 35 °C, 45 °C, 55 °C, 65 °C and
75 °C, and compare the effect of MH/MPB XRD
spectrum (Figure 5), and the grain size is calculated
and compared by Scherrer formula (Table 2).
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Figure 5. XRD patterns of MH/MPB at different reaction tem-

peratures (A: 35 °C; B: 45 °C; C: 55 °C; D: 65 °C; E: 75 °C).
Figure 5 shows that when the temperature is

too high, the diffraction peak is obviously refined,

indicating that the grain size becomes larger, and the
change of (201) crystal plane is obvious. In addi-
tion, it can be concluded from Table 2 that when the
stress temperature is lower than 75 °C, the grain size
of MH/MPB decreases slightly with the increase of
temperature; when the reaction temperature reaches
75 °C, the grain size of MH/MPB increases sharply.
This is because the reaction temperature has an effect
on the formation and growth of nuclei”". The nucle-
ation rate in low temperature region is higher than
that in crystal. The growth rate is fast, that is, low
temperature is conducive to the formation of crystal
nucleus, which is not conducive to the growth of
crystal nucleus. Generally, fine crystals are obtained;
as the temperature increases, the solubility decreas-
es. The viscosity of the liquid increases the mass
transfer coefficient and greatly improves the crystal
growth rate, so as to increase the crystal nucleus.
When the temperature exceeds 75 °C, the crystal nu-
clei agglomerate and the grain size increases sharply.

3.6 Effect of reaction time on grain size of
MH/MPB

Keep other influencing factors unchanged,
change the reaction time to 10, 20, 30, 40 and 50
minutes, and compare the XRD spectra of MH/MPB
(Figure 6). The grain size is calculated and com-
pared by Scherrer formula (Table 3). As shown in
Figure 6, when the reaction time is less than 30 min,
the diffraction peak broadening is obvious, indicating
that the grain size is small; more than 30 minutes,
the diffraction peak is obviously refined, indicating

Table 2. Grain size of MH/MPB at different reaction temperatures

Crystal Half Grain Crystal
Temperature y peak Average size |Temperature y Half peak Grain size Average size
plane / 20/° . size / plane / 20/° .
/°C width /nm /°C width /°  /nm /nm
hkl /o nm hkl
001 1786 040 1991 001  17.76 0.50 15.92
35 100  31.76 0.25 32.71 26.50 65 100 31.74 0.37 22.10 21.93
101 38.48 0.31 26.88 101 38.34 0.30 22.76
001 1786 0.26 30.61 001  17.94 0.13 61.23
45 100 31.72 041 19.94 27.53 75 100 31.74 0.20 40.89 51.39
101  38.46 0.26 32.04 101 38.32 0.16 52.05
001 18 0.28 28.44
55 100 31.84 0.40 20.45 23.80
101 3846 037 2252
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that the grain size becomes larger; (101) and (110)
crystal planes change significantly. This moment the
image is confirmed by Table 3. When the reaction
time is 30 minutes, the grain size of MH/MPB is the
smallest, close to 19 nm. The reaction speed between
magnesium chloride and sodium hydroxide is very
fast, and the whole reaction can be completed in an
instant. At the initial stage of the reaction, fine MH
is easy to agglomerate and form larger MH; but with
the extension of time, the energy and activity of MH
crystal increase, and the smaller MH can be removed
from the larger MH crystal separated to form MH
particles with small particle size"”. If the reaction
time is too long, MH particles will agglomerate
again. So it’s not easy to react too short or too long
and the optimum reaction time is 30 minutes.
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Figure 6. XRD pattern of MH / MPB at different reaction times.

Table 3. Grain size of MH/MPB at different reaction temperatures

Crystal Half R . Crystal Half . .
Temperature peak  Grain size Average size| Temperature Grain size Average size
/°C plane/ 26/° (i4th  /nm /nm /°C plane/  26/° peak = /nm
hkl o hkl width /°
001 17.74 0.14  58.86 001 17.820.16  49.76
10 101 37.66 0.24  34.63 37.86 40 101 37.92 0.14  59.41 48.94
110 5932045  20.11 110 58.96 0.24  37.65
001 1772033 24.12 001 17.7 0.13  61.24
20 101 3824 0.15  55.50 34.08 50 101 39.120.08 10435  90.48
110 59.34 0.4 22.63 110 593 0.06  105.85
001 17.7 03 26.5
30 101 3826047  17.71 19.05
110 59.46 0.7 12.94
Table 4. Effect of MMH/MMPB on LOI of epoxy resin
Order 1 2 3 4 5 6 7 8 9
Fire retardant MPB  MH/MPB MH/MPB MH/MPB MH/MPB MH/MPB MH/MPB (0.5:1)° MH/MPB
0.05:1)"  (0.15:1)"  (0.25:1)"  (0.35:1)"  (0.5:1) 0.75:1)
LOI/% 18 25 27 27 28 26 25 24 (self-extinguish) 24

Note: (*) is mMH/mMPB.

3.7 Effect of mMH/mMPB on LOI of MH/
MPB flame-retarded epoxy resin

Table 4 is the limiting oxygen index of MH/
MPB with different mMH/mMPB ratio when adding
20% (mass fraction) to epoxy resin. It can be seen
from Table 4 that MH and MPB have good flame-re-
tarded synergistic effect. When mMH/mMPB is
0.05, the LOI of EP increases from 25% to 27%, and
when mMH/mMPB is 0.25, the LOI of EP reaches
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the highest point of 28%. With the increase of mMH/
mMPB, the amount of MgO produced by hydrolysis
is more, which leads to the increase of flame-re-
tarded effect of flame-retarded composites in the
combustion process of the flame-retarded composite
increased. However, when the mMH/mMPB value
exceeds 0.25, the LOI of EP decreased significantly,
even lower than that of MPB/EP. The reason may be
that there is too much MH, which leads to the rela-



tive reduction of MPB and the impact on its flame
retardancy. Therefore, 0.25 mMH/mMPB is the best
ratio.

3.8 MH/MPB thermogravimetric analysis

According to the TG analysis of MH/MPB (Fig-
ure 7), MH/MPB is mainly decomposed at 200-300
°C; after 300 °C, MH/MPB is decomposed very little;
at 700 °C, there is still a high carbon residue rate, up
to 39%, which shows that MH/MPB has better flame
retardancy. The DTG diagram (Figure 8) shows that,
MH/MPB has three main thermogravimetric rate
peaks 106.2 °C, 261.3 °C and 303.7 °C. Small molec-
ular water contained in MH/MPB shall be at 106.2
°C, 261.3 °C and 303.7 °C are the thermal weight
loss rate peaks of MH/MPB. The main peaks of DTA
(Figure 9) are 266.9 °C and 317 °C, which is basical-
ly consistent with the DTG peak.
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Figure 7. TG pattern of MH/MPB.
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Figure 8. DTG pattern of MH/MPB.
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Table 5. Effect of addition amount of MH/MPB (0.25:1)" on LOI

Order 1 2 3 4 5
Addition amount /% 0 10 20 30 40
LOI /% 18 25 28 29 (self-extinguish) 30

Note: (*) is mMH/mMPB = 0.25:1.

3.9 Preliminary study on the mechanism of
MH/MPB flame-retarded epoxy resin

It can be seen from Table 5 that the LOI of MH/
MPBYJEP is significantly higher than that of EP with-
out MH/MPB (0.25:1)" (LOI is 18%), and the LOI
of EP gradually increases with the increase of MH/
MPB addition. When the addition amount reaches
40%, the LOI of epoxy resin reaches 31%. When the
addition of MPB was 20%, the LOI of epoxy resin
increased significantly, and then tended to be flat.
It can be seen that the best addition amount of MH/
MPB is 20%, LOI reached 28%. XRD analysis of
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carbon residue (Figurel0) shows that the addition of
MH makes the peak of carbon residue tend to be flat,
and the carbon residue tends to amorphous carbon.
So MH changed the morphology of carbon residue.
The carbon slag produced by EP, EP/MPB and
EP/MH/MPB in the oxygen index test experiment
shall be tested by infrared to understand the carbon
layer structure, as shown in Figure 11. By analyzing
Figure 11, the infrared spectrum of carbon residue
of EP/MH/MPB is obviously different from the other
two, and the position of absorption peak changes.
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Figure 11. Infrared spectra of EP, EP/MPB and EP/MH/MPB
carbon residues (A: EP; B: EP/MH/MPB; C: EP/MPB).

In Figure 11B, the peak at 424 cm ' is the
stretching vibration absorption peak of Mg-O bond,
1,317 cm' is the stretching vibration absorption
peak of B-O, 959 cm' is the stretching vibration ab-
sorption peak of P-O-P, 1,652 c¢cm' is the stretching
vibration peak of C=C double bond, and 620 cm'
is the characteristic peak of aromatic ring!"*). This
shows that the combustion carbon residue contains
Mg-O bond, B-O bond, P-O-P bond and C=C dou-
ble bond. In Figure 11C, the bi-peaks at 2,955 cm'
as C=0 characteristic peaks disappeared in Figure
6B. It is seen that the addition of MH affects the
structure and composition of EP combustion carbon
slag and the EP combustion thermal decomposition
process. During thermal degradation or combustion
processes, MH/MPB produces phosphate-poly-
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phosphate-polydephosphate, and forms a nonvola-
tile phosphate layer (P-O-P bond) protective layer.
Polydephosphate has dehydration, so it can form the
carbonized layer[z‘”; MH/MPB produces boric an-
hydride or boric acid during combustion. Boric acid
can form a glass-like melt (B-O bond) during ther-
mal cracking, which is covered on the material; the
combustion carbon residue contains Mg-O bond, B-O
bond, P-O-P bond and C=C double bond. In Figure
11C, the double peak at 2,955 cm ' is C=0, and the
characteristic peak disappeared in Figure 6B. It can
be seen that the addition of MH affects the structure
and composition of EP combustion carbon slag and
the thermal decomposition process of EP combus-
tion. During thermal degradation or combustion or
the burning process, MH/MPB produces phosphoric
acid—metaphosphoric acid—polymetaphosphoric acid
to form a non-volatile phosphoric acid layer (P-O-P
bond) protective layer. Polymetaphosphoric acid has
dehydration and it can form a carbonization layer™";
during the combustion of MH/MPB, boric anhy-
dride or boric acid is produced. Boric acid can form
a glass like molten metal during thermal cracking.
The melt (B-O bond) is covered on the material;
the high temperature decomposition of MH in MH/
MPB produces MgO, which can interact with the
pyrolysis products of EP and MPB. It can be trans-
formed into a more stable carbon layer containing
Mg, P, B, C and other elements, promote the direct
oxidation of the material into carbon dioxide and
reduce the combustible gas carbon monoxide. The
generation of stable carbon layer can isolate the air
and prevent the outward diffusion of combustible
gas, so as to achieve the purpose of flame-retarded.
In addition, MH/MPB contains nitrogen, which can
release refractory gas NH; when heated, diluting the
concentration of oxygen in the air. High temperature
MH contained in MH/MPB decomposition endother-
mic has cooling effect and flame-retarded effect. It
can be seen that the flame-retarded EP of MH/MPB
has flame-retarded mechanisms such as condensed
phase, gas phase and synergy. It can’t be explained
by one mechanism. It contains nitrogen, which can
release refractory gas NH; when heated, diluting the
concentration of oxygen in the air.



4. Conclusion

(1) MH/MPB nanocomposite flame-retarded
was prepared by in-situ formation method. Through
single factor experimental analysis, it is concluded
that the grain size of MH/MPB synthesized is small
when the reaction temperature is lower than 75 °C
and the reaction time is 30 min. It can be seen that
MH reaches nano level through Scherrer formula.
(2) When mMH/mMPB is 0.25, MH and MPB have
the best synergistic effect and the best flame-retarded
performance; when the addition amount of epoxy
resin (EP) is 20%, the limiting oxygen index (LOI)
of epoxy resin reaches 28%. (3) The thermogravi-
metric analysis of MH/MPB shows that MH/MPB
has a high decomposition temperature, and the re-
maining carbon rate is still 39% at 700 °C. (4) XRD
and IR analysis of carbon slag show that the carbon
slag contains Mg-O bond, B-O bond, P-O-P bond,
C=C double bond and so on. The addition of MH not
only plays an endothermic and cooling role, but also
makes MH/MPB flame-retarded EP produce stable
carbon layer with element structure of Mg, P, B, C
and other elements in the combustion process, so as
to achieve flame-retarded and heat insulation effect.
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