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Fluxing Agents on Ceramification of Composites
of Mg0-Al,0;-Si0,/Boron Phenolic Resin
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Abstract: Fluxing agents of zinc borate, antimony oxide, galss frit A and glass frit B, with different
melting or softening point temperatures, were added into MgO-Al,0,-SiO,/boron phenol formaldehyde
resin (MAS/BPF) composites to lower the formation temperature of eutectic liquid phase and promote the
ceramification of ceramifiable composites. The effects of fluxing agents on the thermogravimetric properties,
phase evolution, and microstructure evolution of MAS / BPF composites were characterized by TG-DSC, XRD
and SEM analyses. The results reveal that the addition of a fluxing agent highly reduces the decomposition rate
of MAS / BPF composites. Fluxing agents lower the formation temperatures of liquid phases of ceramifiable
MAS / BPF composites obviously, and then promote the ceramification and densification process. The final
residues of composites are ceramic surrounded by large amount of glass phases.
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1 Introduction

Ceramifiable polymer-ceramic composites pos-
sessing desirable performance of the polymer at room
temperature as well as that of a ceramic at elevated
temperatures are useful in many applications, such as
fire barrier, thermal protection and so on. Ceramifica-
tion process is widely described and characterized in
literatures by the formation of ceramic from polymer
composite highly filled with inorganic particles during
heat treatment. The created structure can block the prop-
agation of flames and decrease the rate of flammable,
caloric fuel production, created during thermo oxidative
degradation of polymer matrix, by preventing the burn-
ing material from deeper penetration of oxygen'".

Imiela et al considered that one way of creation
of the ceramic structure is the formation of a continu-
ous and porous structure involving amorphous fluxing
agent, which softens at elevated temperature and binds

[1]

mineral particles together '. The addition of certain

inorganic materials to the ceramifiable composite could
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produce a liquid phase at lower temperatures to facil-
itate the formation of a strong ceramic. Glass frit is
helpful to decrease the sintering temperature of a ce-
ramifiable composite”’. In addition, zinc oxide, ferric
oxide, and zinc borate are commonly used to improve
the ceramification of the residue resulting from fire
burning of silicone-mica composites and other poly-
mer-ceramic composites.

Boron oxide, B,0;, is characterized by melting
point temperature (7,) of 450 ‘C. Low T, value of
B,O; makes it an effective fluxing agent. 15 phr boron
oxide was used in montmorillonite-modified silicone
rubber-based ceramifiable composites to create glassy
phase for adhesion of fillers'*. Zinc borate is another
fluxing agent of boron compound. Al-Hassany Z"”' used
zinc borate as a low temperature fluxing component in
a fire-retardant and fire-barrier poly(vinyl acetate) com-
posites for sealant application, by the function of bind-
ing filler particles and inhibiting oxygen mass transfer
to the polymer fuel system and retarding further oxida-
tion of the char. Results also showed that the presence
of zinc borate was important in the composites as it
acted as a synergistic agent when it was introduced
with Mg(OH), to form a protective MgO-ceramic by
acting as a binder (formation of B,0;-ZnO glass). This
MgO-ceramic residue combined with the degraded
polymeric material led to a protective surface layer
during decomposition.
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Mansouri Jaleh et al added glass frits into sil-
icone-based composites, which could be used for an
electric cable, to improve low temperature ceramifica-
tion at elevated temperatures. The results showed that
glass frits reacted with mica and silica via an eutectic
reaction, but electrical conductivity measurements at
elevated temperatures showed a decline in volume re-
sistivity with glass frit addition. Anyway, the addition
of glass frits is an useful technique for lowering the
temperatures at which mechanical strength is developed
in pyrolysed compositions. These glass frits melt at
temperatures below the mica-silica eutectic temperature
and combine with the inorganic fillers and pyrolysis
products of silicone rubber to assist the formation of a
ceramic. Imiela et al'" used glassy oxide frit (Glass frit
FR-2050, containing large amount of Na,O and having
a softening point temperature at 515 °C) as a fluxing
agent in ceramizable composite, which created strong
adhesion between the mica and silica particles. Li YM
et al” prepared a mica-based ceramifiable ethylene-vi-
nyl acetate composites and suggested that the essential
reason for the formation of mica-based ceramic was
that glass powder melted firstly, adhered tightly to in-
organic stuffing mica powder with high melting point,
leading to the formation of an eutectic mixture. The use
of glass frit made the ceramizable silicone composite
much stronger and securer than that without glass frit™®.

Softening of solid glass frit and formation of lig-
uid phase usually cause shrinkage. To make sure the
gradual formation of liquid phase in a ceremifiable sili-
cone rubber composite', frit blends with different soft-
ening point temperatures (3:3:4 of Frit A: Frit B: Frit
C, and the softening point temperature of Frit A, B and
C is 400, 650, and 850 °C, respectively ) were used.
The frits play a main role of physical binding to other
fillers and keep the integrity of residue in the pyrolysis
process at 650 ‘C and assist the formation of ceramic at
950 C.

As to polymer-ceramic silicon composites, the
strength can be improved by increasing the pyrolysis
temperature, but it can be more effectively improved
with the addition of certain inorganic fillers. Zbigniew
Pedzich!'” stated that fluxing agent of glass frit acted
very effectively and joined together wollastonite parti-
cles and ultrafine silica particles produced by silicone
rubber decomposition effect. The reaction between the
inorganic fillers and the silica from the decomposed
polymer matrix forms a eutectic liquid phase at the
edge of fillers, which penetrate into the matrix region

. . . . 11
with increasing temperature and exposure time''"),
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The addition of a fluxing agent really plays an
important role in the pyrolysis and ceramification of
ceramifiable polymer composites by softening, binding
and reacting with particles, lowering ceramic formation
temperature and assisting ceramic formation eventually.

As to present, silicon based ceramifiable compos-
ites have earned much attention for fire resistant and
thermal protection. Reports of phenolic resin based ce-
ramifiable composites are however still limited. Since
phenolic resin and composites have been widely re-
ported as thermal protection systems, ultra-temperature

adhesives and high temperature coating''>"”

, phenolic
resin based ceramifiable composite may be a promising
material in thermal protection. Chen Yaxi'” fabricated
carbon-phenolic (C-Ph) composites to meet the require-
ments of thermal protection system by introducing ZrB,
particles, which notably improved the ablation resis-
tance and insulation performance of C-Ph composites
mainly owing to the formation of ZrO, and B,0,. We
have been attempting to develop a phenolic resin based
ceramifiable composite for high temperature barriers.
Ding Jie!'” reported the improvement of ablation re-
sistance of carbon-phenolic composites by introducing
zirconium silicide particles, with the formation of ZrO,
and SiO, during the oxygen—acetylene ablation process.

The preparation and ceramification of MAS / BPF
composite have been reported in our previous work!".
New phases of ceramic and amorphous glass phase
formed at higher than 1 000 C by melting and ceram-
ification of MAS fillers. It is anticipated to possess
satisfactory barrier characteristics with the formation
of tough and very dense ceramic at low temperatures.
In this work, to facilitate the ceramification of MAS /
BPF composite, fluxing agents with different softening
point temperatures were added to MAS / BPF compos-
ite. The effects of fluxing agent on thermogravimetric
properties, phase evolution, and microstructure evo-
lution of MAS / BPF composites will be discussed in
details. Fluxing agents lower the forming temperatures
of liquid phases of ceramifiable composites directly,
and then promote the ceramification and densification
process of residues.

2 Experimental

2.1 Materials

Boron phenolic resin (BPF ), THC-400 (Shanxi
Taihang Impedefire Polymer Limited Company) was
used as the matrix. Anhydrous ethanol (Sinopharm
Chemical Reagent Co. Ltd.) was used as a solvent.
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Magnesia, alumina and silica were used as the fill-
ers. Magnesia and alumina with the particle size of
30nm were from Shanghai Chaowei Nanotechnol-
ogy Ltd. Aerosil 200 fumed silica and Zinc Borate
(2Zn0-3B,05:3.5H,0, the melting point of 980 C)
were supplied by Aladdin Industrial (Shanghai) Cor-
poration. Antimony oxide (Sb,0;,the melting point of
656 C) was supplied by Sinopharm Group Chemical
Reagent Co., Ltd. Glass frit A( the softening tempera-
ture range of 360-620 C and the main compositions
of 74.07% Bi,05, 12.76% ZnO, 2.23% Na,O, 1.52%
AlO;, 1.39% Si0,, 1.02% CaO, 0.1% P,Os, and 0.12%
Sn0O,) and glass frit B (the softening temperature range
of 550-830 °C and the main compositions of 70.8%
Si0,, 14.05% Na,O, 8.72% CaO, 3.86% MgO, 0.92%
ALO;, and 0.4% K,0O) were purchased from GuiZhou
Wylton Jinglin Electronic Material Co., Ltd. Zinc bo-
rate, antimony oxide, glass frit A and glass frit B were
used as the fluxing agents.
2.2 Sample preparation

BPF was ground into micro-size powders, and
then dissolved in ethanol. Nano fillers of magnesia,
alumina , silica and fluxing agents were added to BPF
ethanol solution by mechanical stirring at 80 °C until a
homogeneous batch. The obtained homogeneous batch
was pre-cured in an oven with an air blower at 80 C
for 4 h, and was molded and cured through a hot com-
pression molding technique with the cure procedure
of 80 C for 1 h, 100 C for 1 h, 120 C for 2 h, 160 C
for 3 h, and 180 °C for 2 h under 10 MPa pressure. The
control sample without fluxing agent was also prepared
by the same process. The formulas of the composites
are shown in Table 1.

Table 1 Formula of MAS / BPF with fluxing agents

* Content (phr)

Sample Zinc Antimony Glass Glass

’ BPF "MAS borate oxide g fritA frit B
BPF-O(control) 100 40 0 0 0 0
BPF-1 100 40 5 0 0 0
BPF-2 100 40 0 5 0 0
BPF-3 100 40 0 0 5 0
BPF-4 100 40 0 0 0 5

* Content per hundred content of BPF (phr)
® the mass ratio of 2:2:6 of MgO:Al,0,:Si0, in MAS

Heat treatment of samples was performed in air
using a muffle furnace. Samples were heated from
room temperature to 600, 800, 1 000 and 1 200 C, re-
spectively, at a heating rate of 10 ‘C/min, and held for
another 2 h, and then naturally cooled down to room
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temperature in the muffle furnace.
2.3 Characterization of composites

The crystal phases of the residues after pyroly-
sis were characterized with a RU-200B/D/MAX-RB
RU-200B Rotation Anode High Power X-ray Diffrac-
tormeter (Rigaku Corporation, Japan). XRD data were
obtained from 5° to 70° (26) at a step of 5 °/min.

The morphology of the residues after pyrolysis
was identified by a scanning electron microscope (SEM,
JSM-IT300, JEOL, Japan). Samples were sputter-coat-
ed with gold before observation.

Thermogravimetric analysis was performed
on a thermogravimetric analyzer (STA449¢/3/G,
NETZSCH, Germany) at a heating rate of 10 ‘C/min
(air atmosphere). Samples were analyzed from room
temperature to 1 200 C.

3 Results and discussion

3.1 Thermogravimetric analysis

The thermogravimetry , derivative thermogravi-
metry curves and thermal characteristics of composite
samples of BPF-0, BPF-1, BPF-2, BPF-3, and BPF-4
are shown in Fig.1 and Table 2.

Table 2 Thermal characteristics of decomposition of MAS /

BPF composites
Samples T5/C Ty /°C T /'C DWW (%/°C) Rey/%
BPF-O(control) 401 508 530 0.237 53.4
BPF-1 306 452 532 0.165 44.4
BPE-2 342 460 533 0.09 47.2
BPF-3 337 448 530 0.174 445
BPF-4 417 513 529 0.173 483

* Thermal decomposition temperature at 5% weight loss;
® Thermal decomposition temperature at 10% weight loss;
“The temperature of the maximum degradation rate;
Derivative weight at T,,..;

°Residue weight percentage at 1 200 C.

All samples show small mass loss at temperature
under 200 °C. The thermal decomposition tempera-
tures 75 and 7, are defined as the temperature with 5%
and 10% weight loss, respectively. The T, of pure bo-
ron phenolic resin is 320 °C in nitrogen atmosphere'.
The T10 of composite samples of BPF-0, BPF-1, BPF-
2, BPF-3, and BPF-4 in air is 508, 452, 460, 448, and
513 °C, respectively. It is obvious that the addition of
MAS fillers and fluxing agent leads to a remarkable in-
crease of thermal stability of ceramifiable composites.
The sample BPF-1 shows the lowest decomposition
temperature of 75. Three reasons may be responsible
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Fig.1 TG and DTG curves of MAS/BPF samples

for it. Firstly, zinc borate ( 2Zn0O-3B,0,:3.5H,0 ) de-
composes and dehydrates at its early stage at about 300
‘C™ which results in quick weight loss'”. Water-re-
leasing fillers depress the thermogravimetric stability
of composite™. Secondly, the dehydration stage is
an endothermic process and it decreases the onset of
decomposition. Lastly, the water released from zinc bo-
rate also decreases the sample temperature''..

T\, of samples BPF-0 and BPF-4 is similar and
higher over 500 ‘C. T}, of samples of BPF-1, BPF-2,
and BPF-3 is similar, however it is about 50 ‘C lower
than that of samples of BPF-0 and BPF-4.

—&— BPF-0
—O— BPF-1
—&— BPF-2
—v— BPF-3

I Exothermic

n

DSC/(mW/mg)
N WA

—

400 600 00 1000 1200
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Fig.2 DSC curves of samples

The maximum weight loss rate of all samples
appears at about 530 “C, which is attributed to the fast
decomposition of boron phenolic resin. It is consistent
with the previous report””. However, the fillers retard
the decompositon rate of boron phenolic resin of com-
posite, and the DW is a lot lower than that of pure boron
phenolic resin of about 4°*. The derivative weight of
sample BPF-0 at Tmax is 0.237, and it is the highest in
all samples. It is worth noting that the derivative weight
at T, of sample BPF-2 is the lowest in all samples,
lower than half of that of sample BPF-0. Furthermore,
the derivative weight of sample BPF-2 in the whole

temperature range from room temperature to 1 200 ‘C

changes gently. It indicates that the addition of fluxing
agents reduces the decomposition rate of composites.

As shown in Fig.1, sample BPF-1 has another
wide weight loss peak at temperature of about 550-900
C. It results from the dehydration of zinc borate and
further oxidation and decomposition of carbon char
formed by pyrolysis of boron phenolic resin matrix.
The dehydration of zinc borate can be described by
equation (1) for a creation of an amorphous structure
with boric oxide, which is beneficial for the purpose
of improving the char properties”. However, the new
amorphous structure of boric oxide is not melted at
temperature of 550-900 C and there is no eutectic
liquid phase formed to avoid further oxidation and de-
composition of the carbon char. So the R, of BPF-1
is the lowest of all samples. Correspondingly, the DSC
curve of BPF-1 shows a higher exothermic peak in this
temperature range, as shown in Fig.2.

27n0-3B,0;:3.5H,0 — 2Zn0-3B,0,+ 3.5H,0 (1)

3.2 Phase evolution of composites during
ceramification

(d) 1200 C V-Corundum ¢-Periclase V- Cristobalite

&— Amesite

Intensity

10 20 30 40 50 60 70
20/(°)
Fig.3 XRD patterns of sample BPF-0 at different calcine tem-
peratures

Fig.3 shows the XRD patterns of sample BPF-
0 calcined from room temperature to 600, 800, 1 000,
and 1 200 °C, respectively, and held at the target tem-
perature for another 2 h. Sample BPF-0 has no obvious
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Fig.4 XRD patterns of MgO, Al,O;, and SiO, at room temperature

phase evolution when calcined at 600 C and 800 C,
and the main peaks overlap with the characteristic
peaks of raw materials of MgO, Al,O,, and SiO,, as
shown in Fig.4. Corundum, periclase, cristobalite, and
amesite are formed when calcined at 1 000 ‘C. When
sample BPF-0 was calcined at 1 200 “C, the crystal
phase of ceramic can not be distinguished. The ceramic
phase formed at 1 000 ‘C may not be stable. There is
much amorphous phase, which may be caused by the
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glassfication of MAS and carbon residues of boron
phenolic resin.

Fig.5 shows the XRD patterns of composite
samples at different calcine temperatures. As shown
in Fig.5 (a), the XRD patterns of sample BPF-1 cal-
cined at 600 ‘C only show peaks of MAS and zinc
borate. Corundum and periclase are formed at 800 ‘C,
however much phase transformation appears at 1 000
C. Corundum, mulite, amesite, periclase, cassiterite,
and cordierite are formed at 1 000 ‘C. However, the
XRD pattern of sample BPF-1 indicates large amount
of amorphous phase at 1 200 ‘C, partly because of the
melting of zinc borate, which is capable of forming an
amorphous phase by softening and a fluxing capabil-
ity. Ceramic phase formed at 1 000 C is unstable to
be ceramic at 1200 °C. It can be concluded that the
ceramifiable temperature is not lowered obviously by
the addition of zinc borate because the melting point of
zinc borate is near the ceramifiable temperature of the
MAS/BPF composites.
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Fig.5 XRD patterns of (a) BPF-1, (b) BPF-2, (c) BPF-3, and (d) BPF-4 at different calcine temperatures
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(a) BPF-0, 800 C

(b) BPF-0, 1 000 C

Vol.33 No.2 SHI Minxian et al: Fluxing Agents on Ceramification of Composites of Mg...

sl S
(¢) BPF-0, 1200 C

Fig.6 SEM images of sample BPF-0 in cross section calcined from room temperature to different target temperatures and held for another 2 h

L

(a) BPF-1, 800 C

Fig.7 Cross section SEM images of sample BPF-1 calcined from room temperature to different target temperatures and held for another 2 h

(a) BPF-2, 800 C

© (b)BPF-1,1000C (

(b) BPF-2, 1000 °C

¢)BPF-1,1200 C

— " P

(¢) BPF-2, 1200 C

Fig.8 Cross section SEM images of sample BPF-2 calcined from room temperature to different target temperatures and held for another 2 h

As shown in Figs.5(b)-5(d), ceramic phases sta-
bilize in all samples of BPF-2, BPF-3, and BPF-4 at 1
200 ‘C. The XRD patterns show the fluxing agents of
antimony oxide, glass frit A and glass frit B interacted
with MAS. The fluxing agents of antimony oxide, glass
frit A and glass frit B, with low melting or softening
point temperatures, lower the ceramifiable temperature
of MAS /BPF composites. In addition, the melting of
fluxing agents at a low temperature and formation of an
eutectic liquid phase could affect the ceramification of
MAS /BPF composites. It will be further discussed in
the next part of SEM analysis.

3.3 Microstructure evolution of composites
during ceramification

Fig.6 shows the microstructures of cross section of
sample BPF-0 calcined from room temperature to target
temperatures and held for another 2 h. There are many
cracks in sample residue calcined at 800 ‘C and 1 000
‘C, which results from the decomposition of boron phe-
nolic resin. As shown in Fig.6(c), there is no obvious
cracks in residue because of the appearance of liquid
phase, and penetration of liquid phase into the cracks.

It can be seen from Fig.7(a) that the residue of
sample BPF-1 has cracks calcined at 800 ‘C. Compared
to sample BPF-0, liquid phase has been formed in sam-
ple BPF-1 at 1 000 ‘C and encapsulated the ceramic
particles, as shown in Fig.7(b). The formation of lig-
uid phase is attributed to the melting of zinc borate in
sample BPF-1. The addition of fluxing agent facilitates
ceramification at a lower temperature’™’. Meanwhile,
flocculent structures of residue of sample BPF-1 at
1 000 °C transform into densified structures with glass
phases and cavities at 1 200 C.

As shown in Fig.8(a), obvious liquid phase can be
observed at 800 ‘C in sample BPF-2, resulted from the
melting of the fluxing agent of antimony oxide. Cracks
and cavities exist in residues of sample BPF-2 calcined
at 800 ‘C. However, the residue shows less cracks and
cavities at 1 000 °C, and further densification at 1 200
‘C because of penetration of liquid phase and further
ceramification of residue.

Fig.9 shows the effects of glass frits with low soft-
ening point temperatures on the microstructures of resi-
dues of samples BPF-3 and BPF-4. Liquid phases have
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(d) BPF-4, 800 C
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(f) BPF-4, 1 200 C

Fig.9 Cross section SEM photos of sample BPF-3 and BPF-4 calcined from room temperature to different target temperatures and held for

another 2 h

been formed in samples BPF-3 and BPF-4 calcined at
800 C. Furthermore, densification can be observed at
800 “C, as shown in Figs.9(a) and 9(d), which is caused
by the softening of glass frit A (the softening point tem-
perature range of 360 ‘C-620 C) and glass frit B (the
softening point temperature range of 550 ‘C-830 C).
When the calcine temperatures are up to 1 000 C and
1 200 °C, respectively, the ceramification and densifica-
tion of residues of sample BPF-3 and BPF-4 are further
processed, as shown in Figs.9(b)-9(f), and eventually
ceramic phase formed. The final residues of composites
are ceramic surrounded by large amount of glass liquid
phases. The microstructure of sample BPF-3 is more
smooth and densified than that of BPF-4, which indi-
cates that glass frit A is more effective to the ceramifi-
cation of MAS/BPF composite than glass frit B.

It can be concluded from microstructural analysis
that fluxing agents lower the forming temperatures of
liquid phases directly, and then promote the ceramifi-
cation and desification of residues. The softening point
temperature range of fluxing agent should be consid-
ered for the target ceramification temperature of ce-
ramifiable composites, and it should be lower than the
target ceramification temperatures of composites. Glass
frit A may be a better one than the other three fluxing
agents for ceramifiable MAS / BPF composites to low-
er the ceramifiable temperature.

4 Conclusions

The thermal properties, the phase evolution and
the microstructures of the MAS / BPF composites

with different fluxing agents calcined at different tem-
peratures have been investigated. The fillers retard the
decomposition rate of boron phenolic resin, and the de-
rivative weight of the composites at the temperature of
the maximum degradation rate is highly lower than that
of pure boron phenolic resin. Furthermore, the addition
of fluxing agents reduces the decomposition rate of
MAS / BPF composites. Only 5 phr of fluxing agents
lower the formation temperatures of liquid phases of
ceramifiable composites obviously, and then promote
the ceramification and densification of residues. The
best choice of fluxing agent for MAS / BPF composite
is glass frit A, which transforms into liquid phase at
about 800 ‘C and results in further ceramification and
densification at temperature about 1 000 ‘C. Fluxing
agent modified MAS / BPF composite is expected to be
a thermal retardant material with its low decomposition
rate and ceramifiable performance.
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