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Abstract. In this paper, aluminium phosphate binders were synthesized using Al(OH)3 and H3 PO4 as the raw materials.
These binders, with the curing agent MgO and filler ZrO2 , were used to prepare coatings by brush painting on the carbon
fibre-reinforced epoxy resin matrix composites. The influences of synthesis conditions such as the P/Al ratio, concentration
of the reactant and reaction temperature on the viscosity of binders and the bonding strength of corresponding coatings were
investigated by using a viscometer and a universal testing machine. The structures and compositions of aluminium phosphate
binders were characterized by X-ray diffraction, Fourier transform infrared and Raman spectroscopy. The results show that
with a decrease in the ratio of P/Al, the degree of polymerization of the aluminium phosphate binder increases, the viscosity
increases, while the bonding strength of the coating decreases. When P/Al = 3:1, the reaction product is Al(H2 PO4 )3
with the best properties of bonding strength. As the concentration of phosphoric acid solution increases in the range of
60–80%, the viscosity increases on account of larger quantity of viscous molecules in a unit volume and higher extent of
polymerization of the phosphorus oxygen tetrahedron. The compositions of aluminium phosphate binders are almost the
same when the reaction temperature changes from 120 to 180◦ C, so the viscosity of the binder and the bonding strength of
the coating do not exhibit obvious changes along with temperature.
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1. Introduction
The carbon fibre-reinforced epoxy composite has many
advantages, such as high-specific strength, strong fatigue
resistance and corrosion resistance. Though it is widely
used in the fields of aerospace, automotive and wind power
[1–3], its poor temperature tolerance restricts its wide application. The phosphate binder can be cured into a film at
low-temperature and it has a high-bonding strength at hightemperature. It can not only bond metal, ceramics and organic
materials [4–7], but can also be used as the base material to
prepare composite materials and various protective coatings
to enhance the mechanical properties and protecting ability
of materials in special environments such as high-temperature
and high-energy and expand the application range of organic
composite materials [8–13].
The P/M mole ratio and the concentration of the phosphoric acid solution are two important parameters that affect the
properties of the phosphate binder. The P/M mole ratio represents the molar ratio of the phosphorus atom to the metal
cation in the binder. Besides, the preparation temperature also
has an influence on the properties of the binder. He et al [14]
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showed that the main component of the synthetic phosphate
binder is Al(H2 PO4 )3 when P/Al = 3:1.4 and the reaction
temperature is 200◦ C; Femando et al [11] indicated that the
binder properties are better when the P/Al mole ratio is 3:1.2
and the reaction temperature is 150◦ C; Chiou et al [15] found
that the aluminium phosphate adhesive with a P/Al molar
ratio of 2.2 at 500◦ C is converted into type B aluminium
metaphosphate, and when the molar ratio of P/Al is 5.8 or
higher, it is converted into A type aluminium metaphosphate.
When heated to 800◦ C, most aluminium phosphate adhesives
became Type A aluminium metaphosphate. In the current literature, the thermal curing process of the phosphate binder
and the structure and properties of the cured products are
mainly studied. However, there are few research studies on
the solution of aluminium phosphate binders. In order to optimize the process parameters for the preparation of phosphate
binders and develop the coating which is suitable for the protection of resin matrix composites, in this paper, H3 PO4 and
Al(OH)3 were used as raw materials to prepare the aluminium
phosphate binder. The reaction product and its polymerization extent under different reaction conditions (P/Al mole
ratio, concentration of the reactant solution of phosphoric acid
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Process parameters in the preparation of the aluminium phosphate binder.

Sample
S1
S2
S3
S4
S5
S6
S7

Concentration of H3 PO4 /(wt%)

P/Al mole ratio

Temperature/(◦ C)

60
70
80
60
60
60
60

3:1
3:1
3:1
3:1.2
3:1.4
3:1
3:1

150
150
150
150
150
120
180

and reaction temperature) were analysed. The influence of
reaction conditions on the viscosity of the binder and the bonding strength of the corresponding coatings were investigated.

2. Experimental
The raw materials were H3 PO4 (85 wt%, chemically pure,
Beijing Chemical Reagent Co. Ltd.), Al(OH)3 (analytical
pure, Fu Chen chemical reagents company), Mg(OH)2 (analytical pure, Fu Chen chemical reagents company), ZrO2
(particle size of about 2–10 µm, Forsman Scientific (Beijing) Co. Ltd.) and carbon fibre-reinforced epoxy composite
sheet (∅25 × 2.5 mm) with surface cleaning, roughening by
sandblasting.
The phosphoric acid solution of 60, 70 and 80 wt%
was prepared respectively by adding appropriate amounts
of deionized water. Phosphoric acid was heated to 70◦ C for
10 min, and then heated up to the setting reaction temperature.
Al(OH)3 was slowly added to the phosphoric acid solution
according to a certain P/Al mole ratio. After reacting for
30 min, the reactants were stopped heating and cooled naturally. Then the prepared aluminium phosphate binder could
be filled into the bottle for use. The experimental number and
process parameters are shown in table 1. The viscosity of the
aluminium phosphate binder was measured by using a NDJ5 rotary viscometer at room temperature. The structures of
aluminium phosphate binders were characterized by infrared
and Raman spectroscopy using a Nicolet 6700 Fourier transform infrared spectrometer and a DXRxi microscopy Raman
imaging spectrometer (532 nm laser excitation). Meanwhile,
a part of the solution was pre-cured in an oven at 100◦ C for
a long time, and the pre-cured phase of the binder was analysed by using a D8 advance type X-ray diffractometer made
in Germany Bruker Company.
The raw materials were mixed in the ratio of 8 g binder,
0.6 g MgO and 6 g ZrO2 , and then uniformly coated on the
carbon fibre epoxy composite with ∅25 × 2.5 mm. In order
to control the thickness of the coating, a 3 mm substrate was
placed inside a 3.5 mm groove for brush painting to obtain
a coating having a thickness of about 0.5 mm. The differential scanning calorimetry (DSC) test results of the aluminium

Figure 1. The DSC curve of adhesive added with MgO (P/Al = 3).

Figure 2. The stretch schematic of the bonding strength of the
coating.

phosphate adhesive with P/Al = 3 added with MgO are
shown in figure 1 and the results show that there is a absorption peak at 86◦ C, that is, the complete curing temperature of
the aluminium phosphate adhesive with MgO is about 86◦ C.
Adding a curing agent can greatly reduce the curing temperature of the aluminium phosphate adhesive. In order to
compare with the adhesive without the curing agent, the curing temperature is chosen to be 100◦ C. The samples were
dried at room temperature for 12 h and placed in a 60◦ C
oven for 24 h and then increased the temperature to 100◦ C
and maintained for 24 h, and then tested for bonding strength
according to GB/T 8642-2002. According to the standard,
the cross-sectional dimensions of the slider and the sample
are both ∅25 mm. As shown in figure 2, the two ends of the
sample was bonded to two sliders by AB glue, and then left at
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Figure 3. The polycondensation mechanism of aluminium phosphate.

room temperature for 24 h. After the AB glue is completely
cured, the sample bonded to the slider is mounted on an electronic universal stretching machine for a tensile test, and the
ultimate load at the time of breaking is recorded. The bond
strength of the coating is calculated by the following equation:
δb =

F
S

(1)

where δb is the bond strength of the coating, MPa; F the
maximum loading of the sample at break, N and S the area of
sample coating, mm2 .
Figure 4. Viscosity and bonding strength with different P/Al mole
ratios.

3. Results and discussion
3.1 Effect of the P/Al mole ratio on viscosity and bonding
strength
The reaction of H3 PO4 and Al(OH)3 is mainly in three forms
which are shown in equations (2–4):
3H3 PO4 + Al(OH)3 = Al(H2 PO4 )3 + 3H2 O

(2)

3H3 PO4 + 2Al(OH)3 = Al2 (HPO4 )3 + 6H2 O
H3 PO4 + Al(OH)3 = AlPO4 + 3H2 O

(3)
(4)

Phosphate can be polycondensed into macromolecules at
higher temperatures to form complex three-dimensional network structures with good bonding properties. The process is
shown in figure 3 (taking Al(H2 PO4 )3 as an example).
Figure 4 shows the results of the viscosity and bonding
strength changing with the P/Al mole ratio. The viscosity of
the aluminium phosphate binder increases with a decrease in
the P/Al mole ratio. When the P/Al mole ratio increases from
3:1.2 to 3:1.4, the viscosity increases greatly. The bonding
strength of the coating gradually decreases with a decrease
in the P/Al mole ratio. Figure 5 shows the scanning electron microscopy (SEM) images of coatings with different

P/Al mole ratios. It can be found that as the viscosity of the
adhesive increases, the surface of the cured coating gradually
appears with fine protrusions, the unevenness of the coating
is increased and the bonding strength decreases.
Figure 6 shows the Fourier transform infrared (FT-IR) spectra of the aluminium phosphate binder with different P/Al
mole ratios. The peaks near 3400–3200 and 1630 cm−1 are
assigned to the infrared absorption peak of water. The FTIR spectra of P/Al mole ratios of 3:1 and 3:1.2 are basically
identical, and the characteristic peaks around 1100–1050 and
960 cm−1 are attributed to the absorption peaks of O–P–
O symmetric stretching vibrations and P–O–P asymmetric
stretching vibrations [16–18], respectively. When the P/Al
mole ratio of the aluminium phosphate binder is 3:1.4, the two
peaks become a dispersion peak spanning 1100–900 cm−1 ,
and the absorption intensity is also increased, which indicates that the P–O bond stretching vibration is strengthened
and the number of P–O bonds is increased, indicating that the
degree of polymerization of the binder increases. This is the
reason why the viscosity increases significantly in the P/Al
mole ratio of 3:1.4.
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Figure 5. SEM images of coatings with different P/Al mole ratios: (a) 3:1, (b) 3:1.2 and (c) 3:1.4.

Figure 6. FT-IR spectra of the aluminium phosphate binder with
different P/Al mole ratios.

Figure 7. Raman spectra of the aluminium phosphate binder with
different P/Al mole ratios.

In the Raman spectrum (figure 7), the peak nearing
410 cm−1 is the bending vibration peak of [PO4 ]3− ; the peak
ranging from 1059 to 1064 cm−1 is the [PO4 ]3− asymmetric stretching vibration absorption peak; the peak ranging
from 513 to 522 cm−1 is the [PO4 ]3− asymmetric bending
vibration peak and the peak nearing 923 cm−1 is the symmetrical stretching vibration peak of [H2 PO4 ]− [18,19]. There are

Figure 8. Powder XRD pattern of aluminium phosphate with different P/Al ratios.

Figure 9. Viscosity and bonding strength with the concentration
of phosphoric acid.

monomers or complexes of anionic [H2 PO4 ]− in aluminium
phosphate solution. With [H2 PO4 ]− gradually moving from
the monomers to the complexes, the symmetrical stretching
vibration peak of [H2 PO4 ]− shifts to the high-wavenumber
[20,21]. In the Raman spectrum, the vibration peaks of aluminium phosphate solution with P/Al = 3:1, 3:1.2 and 3:1.4
correspond to 923, 928 and 928 cm−1 , respectively, indicating

Bull. Mater. Sci.

(2019) 42:200

Page 5 of 8

200

Figure 10. SEM images of coatings with different concentrations of phosphoric acid: (a) 60%, (b) 70% and (c) 80%.

that with an increase in the aluminium content, the degree of
polymerization of the aluminium phosphate binder increased.
At P/Al = 3:1.4, the peak at 968 cm−1 is clearly observed
in Raman spectra, which belongs to the [PO4 ]3− symmetric
stretching vibration [19]. This peak does not appear in the
binder at P/Al = 3:1 and 3:1.2, indicating that there is more
anionic [PO4 ]3− content in the binder at P/Al = 3:1.4.
The tests of the bonding strength of the coating show that
the bonding effect of the coating at P/Al = 3:1 is better. Some studies point out that Al(H2 PO4 )3 was the best
binder component [22]. By X-ray diffraction (XRD) phase
analysis (figure 8), it was found that the only Al(H2 PO4 )3
crystal was obtained after curing at P/Al = 3:1. The diffraction peak of AlH3 (PO4 )2 ·H2 O and the weakness peak of
Al3 (PO4 )3 (OH)3 (H2 O)5 appear in the diffraction pattern
besides Al(H2 PO4 )3 at P/Al = 3:1.2. When P/Al = 3:1.4,
the diffraction peak of AlH3 (PO4 )2 ·H2 O is obvious, while the
diffraction peak of Al3 (PO4 )3 (OH)3 (H2 O)5 is even weaker.
The results of XRD analysis shows that there are differences
in the compositions of aluminium phosphate at different P/Al
mole ratios, and single Al(H2 PO4 )3 is formed when P/Al =
3:1. When P/Al = 3:1.2 and 3:1.4, parts of the anions in the
aluminium phosphate binder are present as [PO4 ]3− . These
results are consistent with the results of Raman analysis.

Figure 11. FT-IR spectra of the aluminium phosphate binder with
different concentrations of phosphoric acid.

3.2 Effect of concentration on viscosity and bonding
strength
Figure 9 shows the change in viscosity and bonding strength
of coating with the concentration of phosphoric acid. As the
concentration of phosphoric acid increases, the viscosity of
the prepared aluminium phosphate binder increases, while
the bonding strength of the coating decreases significantly.
Figure 10 shows the SEM images of coatings with different concentrations of phosphoric acid. It can be found that
as the moisture in the adhesive decreases and the viscosity
increases, the crack on the surface of the cured coating gradually increases. The presence of cracks will adversely affect
the bond strength of the coating. Among them, the coating
with the phosphoric acid concentration of 80 wt% falls off
during the curing process.

Figure 12. Viscosity and bonding strength with different reaction
temperatures.

Figure 11 shows the FT-IR spectra of the aluminium
phosphate binder prepared with the different concentrations
of phosphoric acid. It can be seen that the intensity of
the absorption peak of the vibration of the P–O–P bond
nearing 960 cm−1 increases with an increase in the concentration, indicating that the number of P–O–P bonds in the
binder with a high-concentration is larger. In addition, it is
found that the absorption peak of the symmetrical stretching
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Figure 13. SEM images of coatings with different reaction temperatures: (a) 120◦ C, (b) 150◦ C and (c) 180◦ C.

Figure 14. FT-IR spectra of the aluminium phosphate binder with
different reaction temperatures.

Figure 15. Raman spectra of the aluminium phosphate binder with
different reaction temperatures.

vibration of O–P–O (in the range of 1050–1100 cm−1 )
shifts to higher wavenumbers with a decrease in the concentration. The frequency of the stretching vibration of
P–O in the different degrees of polymerization of P–O
tetrahedron groups increases with an increase in polymerization degree, so P–O tetrahedra in a high-concentration
of aluminium phosphate solution will exist in a larger
polymeric structure, which is one of the reasons that the
viscosity of the solution increases with an increase in

Figure 16. Powder XRD pattern of aluminium phosphate with different reaction temperatures.

concentration. In addition, a higher concentration of the
aluminium phosphate binder contains a more viscous substance in per unit volume, which also contributes to the
increased viscosity.
The experimental results showed that the bonding strength
of the coating decreases with an increase in the degree of
polymerization of the binder instead of being increased. Considering with the process analysis of the coating preparation,
the defects of coating exist at the beginning of coating. This is
because it is difficult for the phosphate binder to be a uniform
film due to the high-viscosity of the aluminium phosphate
binder with a high-concentration. In addition, the heat generated by the chemical reaction of the binder and MgO promotes
the evaporation of water and increases the viscosity. Subsequently, the construction becomes more difficult. Finally, the
coating structure is loose, the bonding effect between the coating and the substrate is unsatisfactory, and even the coating
completely falls off.
3.3 Effect of reaction temperature on viscosity and
bonding strength
As shown in figure 12, the change in the viscosity of the aluminium phosphate binder slightly increases with an increase
in the preparation temperature in the range of 120–180◦ C,
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and the change in the bonding strength of the coating is not
obvious. It can be found from SEM in figure 13 that different coatings are all self-levelling and have a smooth surface,
which makes them have good bonding strength.
In the range of 120–180◦ C, the FT-IR spectra of aluminium
phosphate binders prepared at different temperatures are basically the same as illustrated in figure 14. The Raman spectrum
shows that the vibrational peak of [H2 PO4 ]− symmetric
stretching moves from 923 (120 and 150◦ C) to 927 cm−1
(180◦ C) as shown in figure 15, predicating that the viscosity
of the binder slightly increases with an increase in temperature
due to the fact that the increase in the reaction temperature is conducive to the full reaction, which increases the
degree of polymerization of the binder. It was found from
the XRD patterns as shown in figure 16 that the prepared aluminium phosphate binder exclusively contains Al(H2 PO4 )3
at the reaction temperatures of 120 and 150◦ C. Al(H2 PO4 )3
is still the main product when the temperature reaches 180◦ C.
However, the presence of a small amount of AlH3 (PO4 )2 ·H2 O
or AlH3 (PO4 )2 · 2H2 O has an insignificant effect on the bonding strength. It could be considered that in the temperature
range from 120 to 180◦ C in this experiment, the main component of the binder is Al(H2 PO4 )3 when the P/Al mole ratio
is 3:1. Thus the changes of binder viscosity and coating bonding strength are not obvious.

4. Conclusion
In this paper, a coating is prepared on the surface of carbon
fibre-reinforced epoxy resin composites at low-temperature
using an aluminium phosphate binder, the curing agent MgO
and the filler ZrO2 in a certain proportion by the brushing
method. The aluminium phosphate binders using H3 PO4 and
Al(OH)3 as the raw materials were synthesized by controlling
the three process parameters: the concentration of phosphoric
acid reactants, the P/Al mole ratio and the reaction temperature. The experimental results show that the concentration
of phosphoric acid, the P/Al mole ratio and the reaction
temperature could have effects on the viscosity of the aluminium phosphate binder and the bonding strength of the
coating.
(1) As the P/Al mole ratio decreases, the degree of
polymerization of the aluminium phosphate binder
increases, the viscosity of the binder increases and
the bonding strength of the coating decreases. When
P/Al = 3:1, the product of the reaction is Al(H2 PO4 )3
which has the best bonding properties.
(2) As the concentration of the reactant phosphoric acid
solution increased in the range of 60–80%, the number
of viscous molecules per unit volume in the aluminium phosphate binder increased, the degree of
polymerization of the P–O groups increased and the
viscosity increased. Since the high-concentration of the
aluminium phosphate binder has high-viscosity, it is
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difficult to construct a uniform film, and the coating
has defects during the coating process, leading to an
unsatisfactory binding effect. Consequently, the bonding strength of the coating showed a decreasing trend
as the concentration increased.
(3) In the temperature range from 120 to 180◦ C, an increase
in the reaction temperature will increase the degree of
polymerization of the aluminium phosphate binder and
increase the viscosity slightly. Because the main components of the binder is Al(H2 PO4 )3 (P/Al = 3:1), the
variation of the strength of the coating is not obvious
when the preparation temperature changes.
(4) As the viscosity increases, the flatness of the coating prepared by the aluminium phosphate adhesive
decreases, and the cracks are easily generated after
curing, thereby lowering the bonding strength of the
coating. The best preparation process of aluminium
phosphate adhesive is when P/Al = 3:1, phosphoric
acid concentration is 60% and the reaction temperature is 120◦ C.
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