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Abstract

This paper mainly studied the preparation of magnesium phosphate cement (MPC) with
spheroidizing agent industrial by-product magnesium slag (MSA) as the main raw
material.The setting time, dry density, compressive strength, hydration products and
microstructure were measured. The effects of different phosphorus/magnesium ratio
m(P)/m(M), water/binder ratio W/C, and dosage of retarder B/M on MPC performance
and its mechanism were investigated. The test results show that with the decrease of
m(P)/m(M), the dry density increases gradually, and the compressive strength increases
first and then decreases. With the increase of W/C, both dry density and compressive
strength first increase and then decrease. When W/C is 50%, the compressive strength
reaches the maximum. With the increase of B/M, the setting time is prolonged and the
dry density increases gradually. When B/M is 1%, the compressive strength reaches the
maximum, and the strength of 1d, 3d and 7d can reach 2.30MPa, 2.94MPa and 3.82MPa.
The results of XRD and SEM analysis show that the hydration reaction is complete and
more hydration products are produced. The addition of retarder delayed the hydration
reaction time, made the MSA particles that did not participate in the reaction fill the
pores, reduced the MPC cavity, and made the MPC more dense. More pores are formed to
create a more stable pore structure, improving the MPC's performance.
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1. Introduction

MSA refers to industrial solid waste produced in the production of ferrosilicon rare-earth magnesium
spheroidizing agent. In recent years, there has been a great demand for spheroidizing agents, and at
the same time, the number of Msas has been increasing. As the main component of MSA is MgO,
accumulated MSA may cause some serious environmental problems. Fine magnesium slag particles
may be blown away by the wind, resulting in dust pollution and harm to human respiratory system.
The polluting extracts of MSA may contaminate groundwater by penetrating porous subsoil. At the
same time, a large amount of accumulated MSA also causes resource waste and ecological
environment destruction. However, there are few researches on MSA at present. From the perspective
of environment and economy, the comprehensive utilization of MSA is an important way to improve
the efficiency of resource utilization and promote sustainable development.

Magnesium phosphate cement (MPC) is a chemically bound ceramic formed by acid-base reaction
between magnesium oxide (MgO) and soluble acid phosphate (NH4H2PO4 or KH2PO4)[1]. Take
KH2PO4(KDP) as an example, its main reaction equation is as follows:
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Compared with traditional Portland cement, MPC has many unique advantages, such as rapid setting
and hardening[2], high early strength[3], good adhesion[4], low drying shrinkage[5], excellent wear
resistance and freeze-thaw resistance[6], resistance to sulfate attack[7], and used for curing heavy
metals[8]. In addition, it produces less carbon dioxide emissions during production and is considered
a suitable alternative to OPC. So far, MPCS have been widely used in the rapid repair of building
structures, concrete roads, Bridges, runways and floors[9-10].Biomedical[11] and Structure
strengthening[12],3D Printing materials[13], Protective coating materials[14], Supercapacitor
materials[15], harmful element solidification/stabilization (S/S) cementification materials[16].

As the main raw material of MPC, MgO plays an important role in its performance. The main way to
produce MgO is to calcination of magnesite (MgCO3). In MPC production, dead burning of magnesia
at a calcination temperature above 1000<C is preferred, because higher calcination temperature can
make the surface oxide layer of MgO denser, thus slowing down the hydration reaction rate and
improving the performance of MPC[17]. However, the reserves of magnesite are very rare and only
found in a few countries and regions. On the distribution of magnesite, magnesite is characterized by
uneven distribution, more than 84% of magnesite reserves of our country is concentrated in Liaoning
Province[18]. With the rapid development of China's economy, the demand for magnesite has
increased sharply in recent years. The mining of magnesite includes grinding, ore concentration,
waste dumping and other processes[19]. If the mining process is not managed, the soil quality in the
mining area may be adversely affected. Due to its high calcination temperature, the limitation of raw
material distribution, and the possible environmental pollution in the mining process, the production
cost will increase. Therefore, finding new low-cost materials as the source of magnesium in MPC is
an important issue to reduce its production cost and expand its application range.

In this study, MSA was taken as the main raw material for MPC production, and its impact on MPC
characteristics was studied. The setting time, dry density and mechanical properties of MPCS under
different phosphorus/magnesium ratios ((m)P/(m)M, water-binder ratio (W/C) and retarder dosage
(B/M) were characterized. The hydration products and microstructure of MPC were analyzed by X-
ray diffraction (XRD) and scanning electron microscopy (SEM).

2. Materials and Test Methods

2.1 The Main Raw Material for the Test

In this study, MgO is selected instead of MSA, and its main components are shown in Table 1, and
its particle size distribution is shown in Figure 1. KDP is industrial grade potassium dihydrogen
phosphate, white crystal, purity>90%, retarder is industrial grade borax (Na2B407¢10H20),
analytical pure, white crystal, purity >99.5%, produced by Tianjin Damao Chemical Reagent Factory,
mixing water is tap water, temperature at (20+1) <C.

Table 1. Main chemical components of MSA
composition MgO SiO, Al>O3 Ca0o Fe.0s other
content% 81.64 11.77 2.93 0.377 1.52 1.763

Figure 1 shows the particle size distribution of MSA, in which the median particle size (D50) is
2.58um, and the particle size (D90) of most particles is below 42.6um. Its main particle size is about
Ium, and its specific surface area is 2035 m2/kg. Compared with the MgO obtained from calcined
magnesite, the MSA has smaller particle size and larger specific surface area. This can better fill the
MPC hole during the reaction, making the sample more dense.
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Figure 1. Particle size distribution of MSA

2.2 Preparation of Sample

Firstly, each component of magnesium phosphate cement is accurately weighed according to the mix
ratio, and each component is mixed and poured into the mixing pot. The cement cement sand mixer
is used to slowly stir for 30 s, and each component is evenly mixed. After that, weigh tap water
according to the water-glue ratio and pour it into the mixing pot. Stir until all components are evenly
mixed. Pour the clean pulp into a triple test mold of 40 mm>40 mm>160 mm according to GB/T
17671-2021 "Test Method for Cement Mortar Strength”. The excess bubbles in the clean slurry were
discharged on the shaking table to make the slurry mixed evenly. After 1h, the slurry was removed
and placed in a natural environment for curing.

3. Results and Discussion

3.1 Impact of m(P)/m(M) on MPC Performance
Table 2. Ratio of raw materials

number 1 2 3 4 5 6 7 8 9 10
m(P)/m(M) 1:1 1:2 1:3 1:4 1.5 1:6 1.7 1:8 1.9 1:10
B/M(%) 0 0 0 0 0 0 0 0 0 0
W/C(%) 50 50 50 50 50 50 50 50 50 50
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Figure 2. Effects of m(P)/m(M) on dry density (left) and compressive strength (right)
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Figure 2 shows the influence of m(P)/m(M) on dry density (left) and compressive strength (right). It
can be seen from the image that with the decrease of m(P)/m(M), the dry density of the prepared
sample keeps increasing, and the compressive strength increases first and then decreases. Between
1/4 and 1/6, the late strength increased significantly; between 1/7 and 1/8, the early strength of the
specimen increased gradually, but the late strength increased slightly, indicating that when m(P)/m(M)
was 1/4 to 1/6, more hydration products were continuously produced in the curing process. Between
1/7 and 1/8, MgO content increased with the decrease of m(P)/m(M). MgO, which did not participate
in the reaction, filled the pores, resulting in a denser sample and improved the overall strength of the
sample. The content of KDP was reduced, and the hydration products produced by the continuous
reaction were less, resulting in a low strength improvement in the process of continuous hydration.
From 1/9 to 1/10, the strength of the sample in the early stage began to decrease, and the strength
increase in the late stage continued to decrease, indicating that as the content of KDP continued to
decrease, the hydration products generated by the continuous reaction became less and less, and it
was difficult to wrap the remaining MgO, resulting in the overall strength of the sample decreased.

Figure 3 shows XRD images of different m(P)/m(M). It can be seen from Figure 3 that the main
crystal components of MPC are MgO and MgKPO4 6H20. With the decrease of m(P)/m(M), the
diffraction peak intensity of MgKPO4 6H20 decreases continuously, while the diffraction peak
intensity of MgO increases continuously. This indicates that with the decrease of m(P)/m(M), less
hydration products are produced, which is consistent with the analysis results in Figure 2. When
m(P)/m(M) is 1/1, a large amount of hydration products are produced. However, due to the excessive
reaction, a large amount of heat is generated during the reaction process, which leads to the excessive
water loss of MPC and the formation of a large number of unstable pores, leading to the collapse of
the overall structure. When m(P)/m(M) is 1/5, the content of hydration products of MPC is higher,
and a stable pore structure is generated during hydration heat release.

Figure 4 shows the SEM images with m(P)/m(M) as 1/5(left) and 1/8(right), from which it can be
observed that when m(P)/m(M) is 1/5, more hydration products and relatively stable pore structure
are produced, while when m(P)/m(M) is 1/8, it can be observed that fewer hydration products are
produced, and MgO, which does not participate in the reaction, fills the pores. This is consistent with
the above analysis results.
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Figure 3. XRD images of different m(P)/m(M)
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Figure 4. SEM images with m(P)/m(M) values of 1:5(left) and 1:8(right)

3.2 Effect of W/C on MPC Performance
Table 3. Ratio of raw materials

System Vacuum = 4.326-006 mbar| Mag= 200KX WD=12.3 mm System Vacuum = 3.616-006 mbar|

number W-30 W-40 W-50 W-60 W-70
m(P)/m(M) 1.5 1.5 1.5 1.5 1:5

B/M(%) 0 0 0 0 0

WI/C (%) 30 40 50 60 70
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Figure 5. Images of dry density (left) and compressive strength at different W/C (right)

As can be seen from Figure 5, with the increase of W/C, the compressive strength and dry density of
each age increase first and then decrease. When W/C is below 50%, the change of compressive
strength is large, but the change of dry density is small. When W/C is above 50%, the change of
compressive strength and dry density is large. This is due to the rapid hydration reaction of MPC and
the release of a large amount of heat. When W/C is below 50%, the cement slurry is thicker, difficult
to mix evenly in the mixing process, at the same time, the water loss is too fast, resulting in inadequate
reaction, less hydration products, resulting in a slight reduction in dry density, but the compressive
strength is greatly reduced. When W/C increases to 50%, the fluidity of cement slurry is better, and
the mixture can be fully moistened to produce more uniform pores. When W/C continues to increase,
because the excess water does not participate in the hydration reaction, the excess water evaporates
during the curing process, forming pores in the interior, resulting in a substantial reduction in dry
density and compressive strength.

Figure 6 shows XRD images of different W/C. It can be seen from Figure 6 that when W/C is 40%,
the diffraction peak intensity of MgKPO4 6H20 is low, indicating that less hydration products are
produced at this time. When W/C is 60%, the diffraction peak intensity of MgO is low, which is
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to the reduction of MgO content, which is consistent with the analysis results in Figure 5.

Figure 7 shows the SEM images with W/C of 50% (left) and 60% (right). It can be observed from the
images that a relatively stable pore structure is generated when W/C is 50%, while there are more
irregular large pores when W/C is 60%, which affects the overall compressive strength, which is

consistent with the above analysis results.
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Figure 6. XRD images with water-binder ratio of 40%, 50% and 60%
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Figure 7. SEM images with W/C of 50%(left) and 60%(right)

3.3 3.3 Effect of B/M on MPC

Table 4. Ratio of raw materials

number W-50 B-0.5 B-1 B-1.5 B-2 B-2.5
m(P)/m(M) 1:5 1:5 1:5 1:5 1:5 1:5
B/M(%) 0 0.5 1 15 2 2.5
WI/C(%) 50 50 50 50 50 50
Setting time(min) 1 15 2 2.5 35 45
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Figure 8. Images of dry density-setting time (left) and compressive strength (right) at different B/M

0.0

o
o
o
=)

2 25

The setting and hardening time of MPC is too fast and the operation time is short. If no retarder is
added, it cannot meet the requirements of site construction. As can be seen from Figure 8, with the
increase of B/M, the setting time keeps increasing, and the dry density first increases and then
becomes stable. The compressive strength of all ages increases first and then decreases, and the
compressive strength of all ages reaches the maximum when B/M is 1%. This is due to the strong
alkaline water solution of borax, easy and KDP dissolved in water and water dissociated H+ acid-
base neutralization reaction. In addition, with the advance of the reaction, the acid ions and H+ in the
solution are constantly reduced, which hinders the dissolution of MgO particles[20]. At the same time,
B4072- ions in the mixed solution can be rapidly absorbed by MgO particles and combine with Mg2+
ions in MPCMP slurry to form precipitation and become a protective film of hydration products. The
membrane may prevent Mg2+ ions formed by dissolved MgO particles from contacting K+ ions and
H2PO4- ions in MPC slurry, resulting in low early hydration rate of MPC. Therefore, with the
increase of B/M, the setting time keeps lengthening[21]. The addition of borax leads to the decrease
of hydration exothermic heat and the extension of hydration reaction. Due to the decrease of pores
produced in the production process of hydration products, the dry density keeps increasing. When
there are almost no pores inside the material, the change of dry density tends to be stable. When B/M
is less than 1%, the addition of borax improves the pore structure and the compressive strength of
MPC. With the increase of B/M, the amount of MgO involved in the reaction decreases, which leads
to the decrease of the compressive strength.

Figure 9 shows XRD images with different W/C. It can be seen from Figure 9 that when B/M is 0,
the diffraction peak intensity of MgKPO4 6H20 and MgO are both higher, indicating that more
hydration products are generated and more MgO is not involved in the reaction. This is because when
no retarder is added, the hydration reaction speed is fast, resulting in fast water loss in the reaction
process, resulting in more MgO not involved in the reaction. When B/M is 0.5%, 1% and 2.5%, the
diffraction peak intensity of MgKPO4 6H20 has little difference, while the diffraction peak intensity
of MgO gradually increases. For the same reason mentioned above, with the addition of borax, the
amount of MgO involved in the reaction decreases continuously, resulting in the increasing intensity
of the diffraction peak of MgO.

Figure 10 shows the SEM images with B/M of 0% and 1%. It can be observed from the images that
when B/M is 0%, a large number of hydration products are produced, while a large number of
irregular pores and MgO that do not participate in the reaction are observed. This is because a large
number of unstable pores are formed when borax is not added and hydration reaction time is fast. In
addition, because the setting time of MPCMP slurry is fast and the stirring is uneven, the MgO which
does not participate in the reaction has no time to fill the pores, thus affecting the overall strength.
When B/M is 1%, it can be observed that a relatively stable pore structure is formed. This is because
the addition of borax extends the reaction time, makes the slurry mix more evenly, delays the
hydration reaction, forms a more stable pore structure and improves the overall strength, which is
consistent with the conclusion above.
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Figure 9. XRD images at B/M values of 0%, 0.5%, 1% and 2.5%
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Figure 10. XRD images when B/M is 0% and 1%
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4. Conclusion

(1) With m(P)/m(M) decreasing, the dry density of MPC increases, and the compressive strength
increases first and then decreases, reaching the maximum when m(P)/m(M) is 1/8. However,
according to the results of XRD and SEM analysis, fewer hydration products are produced at this
time, and the reason for the high strength is that MgO involved in the reaction blocked the pores
inside the material, making the material denser and thus improving the compressive strength. When
m(P)/m(M) is greater than 1/5, the hydration reaction is too fast, and a large number of unstable pores
are formed in the reaction process, resulting in the collapse of the overall structure of the material.
However, when m(P)/m(M) is 1/5, the hydration reaction is more complete and more hydration
products are produced.

(2) With the increasing of W/C, the dry density of MPC first increases and then decreases, and the
compressive strength first increases and then decreases. As can be seen from XRD analysis results,
hydration reaction is insufficient when water is less, resulting in low dry density and low compressive
strength of materials. According to the SEM analysis results, when there is more water, the water that
does not participate in the reaction will evaporate a large number of pores, leading to the decrease of
dry density and compressive strength. When B/M is 50%, more hydration products are generated and
a relatively stable pore structure is formed. At this time, the dry density and compressive strength
reach the maximum.

(3) With the increase of B/M, the dry density of MPC increases and the compressive strength
increases first and then decreases. According to the XRD analysis results, the hydration reaction time
was delayed at the beginning due to the addition of retarder, the slurry was mixed more evenly in the
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stirring process, the MgO that did not participate in the reaction was reduced, and a more stable pore
structure was formed in the reaction process, leading to the increasing dry density. With the addition
of retarder, the MgO which did not participate in the reaction increased, resulting in the decrease of
the compressive strength of the material. At the same time, the hydration reaction time is longer, the
material has almost no porosity, and the change of dry density tends to be stable. When B/M is 1%,
the compressive strength reaches the maximum, and a more uniform and stable pore structure can be
observed under SEM.
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