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The flexural strength and compressive strength of a magnesium ammonium phosphate cement and a magnesium ammonium 
phosphate cement-fly ash composite binder before and after carbonisation were compared, and the effects of carbonisation 
on its hydration and microstructure were studied. The results show that carbonisation can transform the amorphous phase 
and dittmarite into crystalline struvite, and refine the pore size of more than 1000 nm, so as to improve the strength of the 
magnesium ammonium phosphate cement. Fly ash inhibits the hydration of magnesium oxide in the magnesium ammonium 
phosphate cement, thus greatly increasing the porosity, resulting in the reduction of strength; however, carbonisation curing 
promotes the hydration of magnesium oxide in the magnesium ammonium phosphate cement-fly ash composite binder, 
and increases the content of the crystalline struvite. Carbonisation reduces the porosity by refining the pore structure, 
and consequently improves the flexural and compressive strength of the magnesium ammonium phosphate cement-fly ash 
composite binder.

INTRODUCTION

 Magnesium phosphate cement (MPC) is a kind 
of special cement which is made of magnesium oxide 
and phosphate through an acid-alkali reaction [1]. It 
mainly includes ammonium magnesium phosphate ce-
ment and potassium magnesium phosphate cement, 
which are commonly used in engineering repairs, pa-
vement emergency repairs and other fields [2-4]. As a 
supplement to the traditional cement concrete repair 
materials, the durability of this material in service has 
attracted more and more attention of relevant scholars 
[5]. Carbonisation performance is an important factor 
affecting the durability of materials in service. Jeon I. 
K. et al. studied the effect of carbonisation curing on the 
hydration and microstructure of a potassium magnesium 
phosphate cement concrete prepared by potassium 
dihydrogen phosphate [6]. The results show that com-
pared with a non-carbonated potassium magnesium 
phosphate cement concrete, the 28 d-strength of the 
carbonated potassium magnesium phosphate cement 
concrete increased from 25.2 MPa to 38.6 MPa, and the 
60d-strength increased from 29.1 MPa to 46.5 MPa. This 
is because a fibrous magnesium carbonate is generated 
after the carbonisation of the potassium magnesium 
phosphate cement. The carbonisation product can fill the 
pores of the hardened body and refine the pore structure, 

so as to improve the strength. According to the research 
of Yang Jianming et al., the phases of magnesium 
phosphate cement after hardening are mainly struvite 
and magnesium oxide, and the pH is about 8.7. Alkaline 
materials will undergo an acid-base neutralisation 
reaction with carbon dioxide in air, resulting in changes 
to the pore structure and carbonisation properties [7].
 Adding an admixture to magnesium phosphate 
cement is an effective measure to adjust the performance 
of the magnesium phosphate cement and reduce the 
preparation cost. Among them, fly ash is the most 
commonly used admixture for preparing magnesium 
phosphate cement with high properties [8-11]. The 
research of Lin Wei et al. shows that fly ash can play an 
active effect, morphological effect and micro-aggregate 
effect in a magnesium phosphate cement system [12]. 
Adding 40 % fly ash can improve the compressive strength 
of magnesium phosphate cement by 19 %. At present, 
the research on the fly ash influence on the durability of 
magnesium phosphate cement mainly focuses on water 
resistance, corrosion resistance, volume stability and so 
on. Tan Yongshan and Li Yue studied the effect of fly ash 
on the water resistance and seawater corrosion resistance 
of potassium magnesium phosphate cement [13, 14]. The 
results show that when the content of fly ash is 40 %, 
the rod hydration product crystal is embedded in the 
middle of the fly ash particles, the matrix structure is 
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dense, and its water resistance and seawater corrosion 
resistance are significantly improved, which can meet 
the repair requirements of open-air environment and 
seaport engineering. Chang Yuan et al. studied the effect 
of fly ash content on the volume stability of magnesium 
phosphate cement [15]. The results show that when the 
fly ash content is increased, the dry shrinkage of the 
magnesium phosphate cement increases. The effect of 
the fly ash on the carbonisation resistance of magnesium 
phosphate cement has not been found.
 Based on the above analysis, existing studies have 
proven that carbonisation is conducive to the refinement 
of the pore structure and the improvement of the 
mechanics of magnesium potassium phosphate cements, 
but the effect of carbonisation on magnesium ammonium 
phosphate cement is still unknown. Compared with 
potassium magnesium phosphate cement, the strength of 
magnesium ammonium phosphate cement is higher [16]. 
It is unknown whether the improvement in the strength can 
help improve the anti-carbonisation ability. Magnesium 
ammonium phosphate cement will release ammonia 
during the preparation process, thus changing the pore 
structure of hardened cement [17, 18]. The change in 
the pore structure is found to affect the diffusion rate 
of carbon dioxide in magnesium ammonium phosphate 
cement, thus affecting the carbonisation depth. Moreover, 
compared with magnesium potassium phosphate cement, 
the cation in the ammonium magnesium phosphate 
cement changes from K+ to NH4+, and it is still unclear 
whether the change of the cation will affect the type, 
quantity and morphology of the carbonisation products, 
thus affecting the pore structure and the development 
law of the carbonisation strength. In addition, fly ash, 
as the most commonly used admixture of magnesium 
ammonium phosphate cement, has a significant impact on 
the mechanical properties and microstructure, but there 
is still lack of research on its impact on the carbonisation.
 Therefore, this paper studies the mechanical 
properties of a magnesium ammonium phosphate cement 
and a magnesium ammonium phosphate cement-fly ash 
composite system in a carbonisation environment. At 
the same time, through a micro-analysis, the mechanism 
of carbonisation of magnesium ammonium phosphate 

cement and fly ash in the carbonisation process of 
magnesium ammonium phosphate cement are expounded 
upon.

MATERIALS AND METHODS

Raw materials

 Magnesium ammonium phosphate cement is pre-
pared from dead burned magnesium oxide, ammonium 
dihydrogen phosphate and borax. Dead burned magnesia 
is prepared by grinding magnesite after high temperature 
calcination at 1700 ℃. The chemical components are 
shown in Table 1. The specific surface area is 248 m2·kg-1, 
the density is 3.20 g·cm-3, and the MgO content is 
≥ 95.0 %. Industrial grade ammonium dihydrogen 
phosphate (NH4H2PO4) with a purity of ≥ 99.0 % was 
used; Borax (Na2B4O7·10H2O), as a retarding component 
in the magnesium phosphate cement, is a white crystal 
with a purity of ≥ 99.0%. The fly ash is grade I, with 
a specific surface area of 450 m2·kg-1, and its chemical 
composition is shown in Table 2. 
 The X-ray diffraction (XRD) patterns of four raw 
materials are shown in Figure 1. As can be seen from 
Figure 1, the main component of the dead burned 
magnesium oxide is MgO.
 Ammonium dihydrogen phosphate is composed of 
crystalline and amorphous phases. The main component 
of borax is sodium borate, and the crystalline phases of 
fly ash are mullite and quartz.

Mix design

 The mix proportion design of the test magnesium 
phosphate cement and magnesium phosphate cement fly 
ash system is shown in Table 3. Two series were used 
in the test, P1 and P2. Each series corresponds to two 
curing methods, namely normal curing (P1-1, P2-1) and 
carbonisation curing (P1-2, P2-2). The experimental 
water cement ratio is 0.12. The P1 and P2 powder 
samples before mixing without water are represented by 
P1-0 and P2-0.

Table 2.  Chemical composition of the fly ash (wt. %).

 Oxide MgO SiO2 CaO Al2O3 Fe2O3 TiO2 SO3 LOI

Content 1.32 49.03 4.54 29.21 6.51 1.88 1.03 4.97

Table 1.  Chemical composition of the dead burned magnesia (wt. %).

Oxide MgO SiO2 CaO Al2O3 Fe2O3 Others

Content 96.88 0.58 1.26 0.10 0.51 0.18
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Sample preparation and test methods

Sample preparation and curing
 The powder was poured into the mortar mixer for 
low-speed mixing for 30 s, then water was added for 
rapid mixing for 90 s, and then the slurry was poured 
into the mould for forming. The size of the test piece 
was 40 mm × 40 mm × 160 mm. The test piece was 
demoulded after 2 hours, and the demoulded test piece 
was cured for 7 days under normal curing (a temperature 
of 20 ± 5 ℃ and a relative humidity of 60 ± 5 %). Then, 
some specimens were placed in the carbonisation box 
for curing. The carbonisation curing temperature was 
20 ± 5 ℃, the humidity was 70 ± 5 %, and the CO2 
concentration was 20 ± 3 %.

Test methods

 The mechanical properties were tested by a tye-
300 d cement mortar flexural and compressive testing 
machine. The loading rate of the flexural strength was 
0.05 kN·s-1 and the loading rate of the compressive 
strength was 2.4 kN·s-1. The surface samples that were 
cured normally for 63 d and carbonisation ones cured for 
56 d were used for the micro-analysis. 
 An X-ray diffraction (XRD) analysis was 
conducted using a Bruker AXS D8 X-ray diffractometer. 
A continuous scanning mode with a rate of 3°·min-1 was 
adopted, and the test range was 5 - 85°. The Rietveld 
method was used for the quantitative analysis. The in-
ternal standard was Al2O3. The content was 20 %.
 A mercury injection analysis (MIP) was carried out 
with an autopore-iv-9500 produced by micromeritics. 
The test pressure range was 0.1 - 61000 psia.
 The fracture morphology was observed by an 
FEI inspect F50 scanning electron microscope, and an 
energy-dispersive X-ray spectroscopy (EDS) analysis 
was carried out by EDAX super octane equipment. 
Before the test, the sample was sprayed with gold in  
a vacuum.

Figure 1.  X-ray diffraction analysis of the raw materials

Table 3.  Mix proportion of the magnesium phosphate cement 
(wt. %).

NO. Ammonium  Over-fired Borax Fly ash
  dihydrogen   magnesia
   phosphate

P1 23.5 70.5 6.0 /

P2 20.0 60.0 6.0 14

a) Over-fired magnesia

c) Sodium tetraborate decahydrate

b) Ammonium dihydrogen phosphate

d) Fly ash
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RESULTS AND DISCUSSION

Mechanical properties

 The flexural and compressive strength of magnesium 
ammonium phosphate cement under different curing 
conditions at each age are shown in Table 4 and Table 5. 
It can be seen from Table 4 that the flexural strength of 
the magnesium ammonium phosphate cement continues 
to improve under normal curing; at the same time, the 
flexural strength of magnesium ammonium phosphate 
cement after carbonisation curing is higher than that of 
the natural curing. Under normal curing, the addition 
of fly ash reduces the early flexural strength of the 
magnesium ammonium phosphate cement, but improves 
the later flexural strength. After carbonisation, the flexural 
strength of the magnesium ammonium phosphate cement 
mixed with the fly ash is also improved. The above shows 
that carbonisation is helpful in improving the flexural 
strength of magnesium ammonium phosphate cements.
 It can be seen from Table 5 that, under normal curing, 
the compressive strength of the magnesium phosphate 
cement continues to increase with the extension of the 
age. After carbonisation, the compressive strength of the 

magnesium ammonium phosphate cement at the same 
age is higher than that cured under standard conditions. 
Fly ash can reduce the early and late compressive 
strength of magnesium ammonium phosphate cements 
under a normal curing environment. However, after 
carbonisation, the compressive strength of the magnesium 
ammonium phosphate cement mixed with fly ash is 
still higher than that of the non-carbonised specimens.  
The above shows that carbonisation is helpful in 
improving the compressive strength of magnesium 
ammonium phosphate cements.
 In order to further clarify the effect 
carbonisation curing has on the mechanical properties  
of the magnesium ammonium phosphate cement, the 
flexural and compressive strength improvement rate 
after carbonisation is plotted as shown in Figure 2. 
From Figure 2a, it can be seen that the flexural strength 
improvement rate of P1 continues to increase after 
carbonisation and tends to be stable after 28 days of 
carbonisation; after carbonisation, the improvement rate 
of P2 increased first and then decreased slightly, reaching 
its peak at 28 days of carbonisation. From Figure 2b, it 
can be seen that the compressive strength improvement 
rates of P1 and P2 after carbonisation increase with an 
increase in the carbonisation time.

a) flexural strength improvement rate b) compressive strength improvement rate

Table 4.  Flexural strength of the MPC at different ages (MPa).

   P1-1    P1-2    P2-1      P2-2
   (average value ± S.D.)    (average value ± S.D.)    (average value ± S.D.)   (average value ± S.D.)

7d    9.7 ± 0.25     9.7 ± 0.25    8.8 ± 0.35   8.8 ± 0.35
14d   10.6 ± 0.18    11.0 ± 0.20    9.8 ± 0.20    10.2 ± 0.15
35d   10.8 ± 1.10     13.8 ± 0.88   10.2 ± 1.10    12.9 ± 0.92
63d   11.1 ± 1.24    14.3 ± 1.05    11.2 ± 1.34    14.0 ± 1.08

Figure 2.  Increase percentage of the MPC strength after carbonisation curing.
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XRD-Rietveld analysis

 The X-ray diffraction analysis spectrum of the 
magnesium ammonium phosphate cement before and 
after carbonisation is shown in Figure 3. Based on the 
Rietveld fitting, the phase composition of the quantitative 
analysis is shown in Table 6. From Figure 3, the hydration 
products are mainly struvite, dittmarite and have 
some amorphous products in the normal environment; 
carbonisation does not change the type of phase, but will 
affect the hydration degree. From Table 6, compared 
with P1-1, the hydration degree of the magnesium 
oxide in P1-2 decreased from 24.3 % to 15.9 %, the 
struvite content increased from 13.0 % to 17.2 %, the 
dittmarite content decreased from 13.6 % to 7.9 %, and 
the amorphous phase in the hydration products also 
decreased from 24.8 % to 23.3 %. Therefore, the increase 
in the sample strength in carbonisation environment 
mainly depends on the increase in the crystalline struvite 
content.
 Since fly ash is composed of amorphous SiO2, quartz 
and mullite [19], the addition of fly ash into magnesium 
ammonium phosphate cement will have an SiO2 crystalline 
phase and increase the amorphous content in the 
composite system. According to the research of Lin Wei 
et al., fly ash has a micro-aggregate effect in magnesium 
phosphate cement, which can act as crystallisation 
nucleation and improve the hydration degree [12]. 

However, in this study, the hydration degree of the 
magnesium oxide in P2-1 is 15.1 %, lower than P1-1. 
It shows that fly ash can inhibit the hydration of the 
magnesium ammonium phosphate cement under natural 
curing conditions. This is because the magnesium oxide 
reaction depends on the acidity of the phosphate. Fly ash 
is alkaline, which reduces the acidity of the phosphate 
components and inhibits the hydration. At the same time, 
the struvite and dittmarite contents in P2-1 are lower 
than those in P1-1. Therefore, compared with P1-1, after 
adding fly ash, the hydration degree of the magnesium 
ammonium phosphate cement and cementitious materials 
used for the hydration are reduced at the same time, so 
that the strength of the magnesium ammonium phosphate 
cement-fly ash composite system is lower than that of the 
magnesium ammonium phosphate cement.
 Compared with P2-1, the hydration degree of the 
magnesium oxide in P2-2 increased from 15.1 % to 
19.3 %, the struvite content increased from 10.59 % 
to 13.88 %, the dittmarite content decreased and the 
amorphous phase content increased. Therefore, the 
carbonisation environment promotes the hydration of 
the magnesium ammonium phosphate cement-fly ash 
composite system, and improves the transformation from 
dittmarite to crystalline struvite stone, so as to make the 
sample strength higher under carbonisation curing.

Figure 3.  X-ray diffraction analysis of the P1 and P2 samples.

b) X-ray diffraction analysis of the P2 samplesa) X-ray diffraction analysis of the P1 samples

Table 5.  Compressive strength of the MPC at different ages (MPa).

   P1-1    P1-2    P2-1      P2-2
   (average value ± S .D.)    (average value ± S.D.)    (average value ± S.D.)   (average value ± S.D.)

7d    34.4 ± 1.25       34.4 ± 1.25        30.7 ± 1.04  30.7 ± 1.04
14d    36.8 ± 0.68       38.3 ± 1.20        33.2 ± 0.82  34.6 ± 0.54
35d    41.4 ± 1.13        44.2 ± 1.24        36.5 ± 1.51  39.4 ± 1.48
63d    43.8 ± 2.10        50.5 ± 2.43        38.0 ± 1.58  43.6 ± 2.20
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MIP analysis

 The cumulative pore size curve and pore size 
distribution curve of the magnesium ammonium 
phosphate cement and magnesium ammonium phosphate 
cement-fly ash composite system before and after 
carbonisation are shown in Figure 4. It can be seen from 
Figure 4 that the cumulative mercury input of P1-1 is 
slightly lower than that of the P1-2 sample, indicating 
that the porosity increases slightly after carbonisation. 
From the pore size distribution curve, although the 
number of 100 - 1000 nm pores of P1-1 is lower than 
that of P1-2, the number of 1000 - 10000 nm pores of 
P1-1 is significantly higher than that of P1-2. Combined 
with the XRD analysis, the carbonisation will inhibit 
the hydration of the magnesium ammonium phosphate 
cement and slightly increase the overall porosity, but, at 
the same time, it will promote the formation of crystalline 
struvite stone and reduce the macropore content.  
The decrease in the macropore content leads to an increase 
in the strength after carbonisation. Compared with P2-1, 
the porosity of the P2-2 sample after carbonisation 
is significantly smaller. Combined with the XRD 
quantitative analysis, it can be seen that carbonisation 
curing is conducive to the hydration of magnesium 
oxide in the magnesium ammonium phosphate cement-
fly ash composite system, promoting an increase in the 
crystalline hydration products and amorphous hydration 
products, so as to reduce the porosity and improve the 
strengtht.
 Compared with P1, after adding fly ash, the peak 
value of the pore size distribution curve shifts to the 
left whether it is natural curing or carbonisation curing, 
indicating that after adding fly ash, the number of pores 
above 1000 nm can be reduced, so as to refine the pore 
structure. At the same time, compared with P1, the 
porosity of the P2 composite system is greatly improved, 
resulting in a decrease in strength.

Fracture morphology

 The fracture morphology of the magnesium 
ammonium phosphate cement before and after 
carbonisation is shown in Figure 5. The hardened body 
of the normal cured magnesium ammonium phosphate 

cement has a dense structure, and the struvite stone is 
tightly wrapped with unhydrated magnesium oxide; 
the fly ash particle surface is smooth, but it is closely 
combined with hydration products, indicating that the 
fly ash mainly plays the role of filling and as a micro-
aggregate. After carbonisation, some hydration products 
of the magnesium ammonium phosphate cement will 
form flake and needle rod hydration products, which 
overlap each other and are still closely combined.

Figure 4. Pore structure analysis curve.

Table 6.  The content of each phase in the P1 and P2 samples (wt. %).

No. MgO NH4H2PO4  Na2B4O7 SiO2  NH4MgPO4 NH4MgPO4 Amorphous phase
    ·10H2O     ·6H2O  ·H2O

P1-0 60.63  11.80    3.27  /    /   / 24.30
P1-1 45.90   /    2.70  /   13.00  13.60 24.80
P1-2 51.00   /    1.60  /   17.20  7.90 23.30
P2-0 47.81  6.50    3.09 5.89    /    / 36.71
P2-1 40.60   /    0.60 5.01   10.59  9.50 33.70
P2-2 38.60   /    0.80 5.12   13.88  3.90 37.70

a) Cumulative aperture curve

b) Pore size distribution curve
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Figure 5.  SEM-EDS diagram of the magnesium phosphate cement before and after carbonisation.

a) P1-1 b) P1-2

c) P2-1 d) P2-2

e) Energy spectrum of EDS spot 1

f) Energy spectrum of EDS spot 2
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 The differences in the products before and after 
carbonisation are compared and analysed by EDS, and 
the results are shown in Table 7. It can be seen that 
carbonisation reduces the magnesium-phosphorus ratio 
in the product. This may be due to the change in the 
solution’s pH after the carbon dioxide dissolves in the 
pore solution, which reduces the magnesium-phosphorus 
ratio of the hydration product and forms a needle rod or 
flake crystal morphology.

CONCLUSION

 By comparing the mechanical properties and 
microstructure of a magnesium ammonium phosphate 
cement system and a magnesium ammonium phosphate 
cement-fly ash composite system under normal curing 
conditions and carbonisation curing conditions, this 
paper defines the development law of carbonisation on 
the mechanical properties of the magnesium ammonium 
phosphate cement and its composite system with fly ash, 
and expounds upon the carbonisation mechanism. The 
specific conclusions are as follows:
 (1) Carbonisation curing will inhibit the hydration 
of magnesium oxide and improve the porosity, but, at 
the same time, it will reduce the amorphous phase and 
dittmarite content in the hydration products, increase 
the crystalline struvite stone content and refine the pore 
content above 1000 nm, so as to improve the flexural 
and compressive strength of the magnesium ammonium 
phosphate cement.
 (2) Fly ash will greatly inhibit the hydration 
of MgO, increase the porosity of the magnesium 
ammonium phosphate cement, and reduce the flexural 
and compressive strength of the magnesium ammonium 
phosphate cement; carbonisation can reduce the 
inhibition extent of the fly ash on the MgO hydration 
in the magnesium ammonium phosphate cement-fly ash 
composite system, so as to reduce the porosity, refine 
the pore size distribution, and improve the flexural and 
compressive strength of the magnesium ammonium 
phosphate cement fly ash composite system.
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