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Magnesium phosphate cement (MPC) is an excellent repair material for civil and road engineering, but its volume stability under
various environmental conditions significantly influences these applications. In this study, the volume stability of MPC under
different curing conditions (e.g., air, standard, and water curing) is investigated. Moreover, the phases, weight loss, micro-
structure, and pore structure of the samples have been determined by X-ray diffraction, thermogravimetry, scanning electron
microscopy, and Brunnauer-Emmet-Teller method. The results show that MPC will shrink by 8 x10™* under air-curing
conditions. At the same time, MPC will expand by 9 x 10~* under water-curing and standard curing conditions, which means that
curing conditions influence the volume stability of MPC. Not only that, compared with air-curing conditions, the compressive
strength of MPC under standard curing and water-curing conditions will decrease by 30% and 60%, respectively, which implies
that greater humidity will reduce the mechanical properties of the repair material. Therefore, air curing is the best curing condition
for MPC. To get a better repair effect, the environment should be avoided as much as possible in a humid state. The microscopic
analysis results show that the volume expansion of MPC is related to hydration products, and the volume shrinkage occurs owing

to drying shrinkage caused by internal moisture evaporation.

1. Introduction

Nowadays, concrete is widely used in civil and road engi-
neering. Due to heavy traffic loads and various environ-
mental conditions, the concrete structure is damaged by
increasing service life [1, 2]. It is very important to use repair
materials to restore concrete structures’ performance [3, 4].
At present, due to its fast setting time, high early strength,
and bond strength with the old concrete, magnesium
phosphate cement (MPC) is often used for the fast repairing
of the concrete structure [5].

MPC is a new and excellent type of repair material, with
the characteristics of early high strength [6], good bonding
performance [7], wear resistance [8], freeze-thaw cycle
stability [9], and good resistance to acid attacks [10, 11].
MPC is a cementitious material formed through a chemical
reaction between dead-burned MgO and phosphate (KDP)
[12, 13]. In the early MPC period as a repair material in civil

engineering applications, ammonium dihydrogen phos-
phate (APD) was typically used as the phosphate. The hy-
dration product is mainly hexahydrate magnesium
ammonium phosphate (MAP), a naturally occurring crystal
commonly known as struvite [14]. However, ammonia
(NH;) is a toxic gas obtained as a by-product of the hy-
dration reaction. Not only will it endanger human health but
it also pollutes the environment to a certain extent.
Therefore, in recent studies, potassium dihydrogen phos-
phate (KDP) has usually been used as the phosphate
[7,9, 15]. The hydration reaction product between MgO and
KDP is hexahydrate magnesium potassium phosphate
(KMgPO,4-6H,0) [10, 14, 16, 17]. Because of KMgPO,-6H,0
having similar properties as struvite, it is often called
K-struvite. The formation of K-struvite is depicted as follows
[6, 18]:

MgO + KH,PO, + 5H,0 = KMgPO, - 6H,0. (1)
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For all types of concrete pavement structure repair,
volume stability is an essential factor to be considered when
evaluating the properties of repair materials. It relates to the
success or failure of repairing damaged structures. Material
shrinkage and expansion rate are two apparent quantitative
indicators of volume stability. If the volume shrinkage of the
repair material is very high, the hardening slurry will pro-
duce tensile stress, which will result in cracks between the
repair material and the interface [19]. Conversely, if the
volume expansion of the repair material is too large, ex-
pansion stress will be produced, which will reduce the
strength [15]. Therefore, it is essential to study the volume
stability of MPC for the repair of damaged concrete pave-
ment structures in detail.

Besides, according to relevant literature studies of ce-
ment-based materials, different service environments will
have different effects on the volume stability of cementitious
materials [20]. The proper curing methods can effectively
increase the strength and reduce the central temperature due
to hydration heat and the early shrinkage strain [21]. The
repair material’s service in such an environment implies that
the curing conditions may also have a certain impact on the
volume stability and other properties of MPC. Recent re-
search on MPC has mainly focused on mechanical prop-
erties [22-25], solidification [26-30], setting time [31, 32],
microstructure [33-35], and hydration reaction mechanisms
[36, 37]. These studies lack the performance research on the
volume stability of MPC in different environments.
Therefore, studying the volume stability of MPC under
various curing conditions is of great significance to the
application and promotion of this material in the field of
repair.

In this paper, the main objective is to analyze the in-
fluence of the volume stability and compressive strength of
MPC under various curing conditions. The phase compo-
sition, microstructure, weight loss, and as-prepared samples’
pore structure were investigated to discuss volume stability
mechanisms.

2. Experimental Details

2.1. Raw Material. In this study, the raw materials included
dead-burned MgO, KDP, and borax. Dead-burned MgO was
obtained by calcining magnesite at 1650°C and was supplied
by Yancheng Huanai Magnesium Industry Co. Ltd., China.
The dead-burned MgO was an earthy yellow powder, and its
chemical composition is shown in Table 1. The MgO particle
size distribution was measured three times, and the results
are shown in Figure 1. The average particle diameter of
magnesium oxide is 18.7 um, and the specific surface area is
779.5 m*/kg. The three measurement data are close to each
other, which indicates that the accuracy of the results of
magnesium oxide particle size is guaranteed. KDP was
supplied by Shengfeng Phosphorus Chemical Co. Ltd.,
Shifang, Sichuan, China. Borax was provided by Chengdu
Kelong Chemical Reagent Co. Ltd., China. KDP and borax
were of the industrial grade, and their net content was 99%
and 99.5%, respectively. The water used was laboratory tap
water.
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TaBLE 1: Chemical composition of MgO.

Oxide MgO S§iO, CaO Fe,O; ALO; P,0Os5 Else

Content (wt. %) 84.46 8.08 5.07 097 064 0.62 0.16

Differential volume (%)

T T T T T T 1
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Particle size (um)

—— 1st measurement —— 3rd measurement

—— 2nd measurement —— Average

FiGure 1: The particle size distribution of the dead-burned
magnesia.

2.2. Mix Proportions and Curing Conditions. The mix pro-
portions of MPC and curing conditions are listed in Table 2.
The mass ratio of M/P ranges from 3 to 5. The borax content
is 10% of the MgO mass. The water to MgO and KDP masses
ratio is 0.14.

The samples were cured under various curing conditions
such as air, standard, and water curing. During air curing,
the temperature of 20+2°C and the relative humidity of
40+5% were maintained. During standard curing, the
temperature of 20 + 2°C and the relative humidity of 95 + 5%
were maintained. Water-curing conditions included com-
plete immersion of the sample in water and keeping the
water temperature at 20 + 2°C.

2.3. Preparation of Samples. The samples were weighed
according to the proportions of the raw materials in Table 2.
First, they were mixed uniformly in a mixer, and then, water
was added slowly for 10s. Following this, the mixtures were
stirred slowly for 60s and then quickly for 120s to obtain
MPC paste. The prepared MPC slurries were poured into a
25mmx25mm x 280 mm tri-pass mold and into six
20mm x 20 mm x 20 mm molds at one time, respectively.
The mold with the samples was vibrated on the cement
mortar vibrating table for 30 s and maintained for 3 h under
the air-curing conditions. Finally, the mold was removed
and cured for 1d, 3d, 7d, 14 d, 21 d, and 28 d under various
curing conditions.

2.4. Test Methods. The volume stability of the MPC was
determined according to the test method for determining the
expansion ratio of expansive cement (JC/T 313-2009) [38].
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TaBLE 2: Mix proportions of MPC and curing conditions.

M/P* B/M® Ww/C* Curing conditions
3:1 0.1 0.14 Air

3:1 0.1 0.14 Standard

3:1 0.1 0.14 Water

4:1 0.1 0.14 Air

4:1 0.1 0.14 Standard

4:1 0.1 0.14 Water

5:1 0.1 0.14 Air

5:1 0.1 0.14 Standard

5:1 0.1 0.14 Water

M/P* is the magnesia-to-potassium dihydrogen phosphate mass ratio. B/M"
is the borax-to-magnesia mass ratio. W/C® is the water-to-magnesia and
potassium dihydrogen phosphate mass ratio.

The samples’ volume deformation under various curing
conditions was measured with the BC-II digital length ratio
instrument (Wuxi Jianyi, China). The samples’ volume
deformation is related to the relationship between the initial
length and the length of the curing age. The MPC volume
stability equation is written as follows:

Lx - Ll
= x 100. 2
X7 250 @

Here, E, (%) is the volume deformation of MPC at a
certain age, the positive value means the expansion of the
sample, and the negative value presents the sample’s
shrinkage. The length of the samples to be cured for a certain
age is L, (mm). The samples’ time to be cured for 1 h under
the air-curing conditions is L; (mm). The effective length of
the sample is 250 (mm). When the samples’ three-volume
deformation value differs by more than 0.010%, the result is
the average of the value with the smallest two absolute
differences. In contrast, if the difference is less than 0.010%,
the result is their average.

The samples’ compressive strength was investigated after
curing for 1d, 3d, 7d, 14d, 21d, and 28d using a TYE-300
instrument (Wuxi Jianyi, China) with a loading speed of
2.4kN/s. The compressive strength of the MPC was deter-
mined according to the method testing cement determination
of strength (GB/T 17671-1999) [39]. If one of the six measured
values exceeds 10% of the six averages, the result shall be
eliminated, and the remaining five averages shall be used as the
compressive strength result. If the five measured values exceed
10% of their average again, this group’s results are invalidated.

The samples’ phase compositions for 28 d were analyzed
by the XRD (Dmax1400, Rigaku, Japan) using Cu Kea ra-
diation at 70 mA and 40 kV. The scanning step was 0.02, and
the scanning rate was 8°/min from 3° to 80°. The samples’
microstructure was investigated using a MAIA3 scanning
electron microscope (TESCAN, Czech Republic). The
thermal property of the MPC was analyzed by the TG
(STA8000, Perkin Elmer, USA). The samples were heated
from 30°C to 600°C in a nitrogen atmosphere at a heating
rate of 20°C/min. The samples’ pore structure was investi-
gated using a specific surface area and porosity analyzer
(Autosorb iQ, Quantachrome, USA). The gas adsorption
type is nitrogen, and the samples were degassed at 40°C for
12h.

3. Results and Discussion

3.1. Effect of Curing Conditions on the Volume Stability of
MPC. The volume stability of MPC is an essential factor to
be considered when evaluating the properties. Figure 2
shows the volume of deformation rates of MPC with a
different mass ratio under various curing conditions. Under
the air-curing condition, the volume deformation of MPC
shows expansion in the short term, and the volume de-
formation shows contraction in a long time. Besides, the
shrinkage rate in the early stage is higher than that in the late
stage. Moreover, under the standard curing and water-
curing conditions, the volume deformation of MPC is shown
as a slight expansion. Furthermore, under the same ratio of
M]/P, the volume expansion rate of magnesium phosphate
cement under the water-curing condition is slightly higher
than that of standard curing.

After 3 d of curing, it can be seen that MPC has a volume
expansion under all curing conditions, and the volume
expansion rates are about 4x107% Moreover, under the
same ratio of M/P, the volume expansion of the sample
cured under water conditions is the largest, while that of the
sample cured under air conditions is the smallest. The curing
conditions’ change resulted in different volume deformation
characteristics, which showed that the curing conditions
affect the volume stability.

The volume deformation of MPC after 42d of curing
under standard conditions for the M/P ratios of 3:1, 4:1,
and 5:1 was higher than the values obtained under the air-
curing conditions by 8.56 x 107%,3.80 x 10, and 4.02 x 10~%,
respectively. The volume expansion of MPC after 42d of
curing under water-curing conditions for the M/P ratios of
3:1,4:1,and 5:1 was higher than the values observed under
the standard curing conditions by 0.50 x 107, 3.40 x 107,
and 1.20 x 107, respectively. These results have shown that
the volume expansion was the largest in water-curing
conditions and the smallest in air-curing conditions. It is
implied that MPC is sensitive to humidity and that the
volume expansion increases with humidity.

MPC hydrates rapidly, and the hydration products will
gradually change from phosphorrosslerite (MgHPO,-7H,0)
to newberyite (MgHPO,-3H,0), Mg,KH(PO,),-15H,0, and
K-struvite during the hydration process [36]. Previous re-
search shows that the amount of hydration products changes
with the change in curing conditions. Similarly, different
curing conditions may cause differences in the degree of
hydration of MPC, resulting in differences in hydration
products’ types and quantities. Therefore, the variation in
the volume deformation of MPC may be related to the type
and the amount of hydration products under various curing
conditions.

The volume deformation of MPC after 42d of curing
under air conditions for the M/P ratios of 3:1,4:1,and 5:1
was —9.54x107% —1.52x107% and -1.94x107% respec-
tively. The results showed that the volume of MPC shrunk
under air-curing conditions. Drying shrinkage is the char-
acteristic of cementitious materials, and it is caused by water
diffusion and evaporation into the external environment.
Moreover, under air-curing conditions, the sample’s
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FIGURE 2: Volume deformation of MPC under various curing conditions. (a) M/P=3:1, (b) M/P=4:1, and (c) M/P=5:1.

moisture continuously diffuses into the external environ-
ment, which causes volume shrinkage. This implied that the
volume shrinkage deformation of MPC under air-curing
conditions corresponds to drying shrinkage.

According to equation (1) for producing K-struvite,
theoretically, the entire generation of 1 mole of K-struvite
requires 1 mole of MgO, 1 mole of KH2PO4, and 5 moles of
water. Therefore, under ideal conditions, the mass ratio of
water to the cementitious material (C=m (MgO)+m
(KH2PO4), W/C) of the complete reaction of MPC is 0.511,
according to the following equation:

_ 5 x 18 g/mo _
m (MgO) + m (KH,PO,) ~ 136.1 g/mo +40.3g/mo

w m (water)
< 0.510.

(3)

However, because dead-burned MgO has low reactivity,
MgO cannot fully participate in the reaction. If this reaction
equation’s molar ratio is 1:1:5, a large amount of KDP will
remain in the MPC system because MgO did not wholly
react. Moreover, because the amount of the cementitious
material varies with the change in the M/P ratio, the W/C
ratio is not a fixed value. Therefore, MPC cannot be fully
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hydrated at this molar ratio. However, the mass ratio of
water to KDP (W/P) in the complete reaction of MPC was
not affected by the M/P ratio, which remained constant at
0.661, according to the following equation:

w m (water)

P m(KH,PO,) 136.1g/mo

5% 18
_ox18g/mo 1 ()

The hydrolysis of KDP in water is expressed as follows:

KH,PO, =K' + H" + HPO,”, )
5
HPO,” =H'+PO,”.

Therefore, W/P better reflects whether the water con-
sumption of MPC is sufficient or not. When the MPC has
fully reacted (W/P=0.661), according to equations (6)-(9),
the relationship between the M/P ratio and the theoretical
W/C ratio in MPC can be established, which is shown in
Figure 3. From the equation (9), it can be seen that the
theoretical W/C ratio is inversely proportional to the M/P
ratio. Figure 3 shows that the theoretical W/C ratio gradually
decreases as the M/P ratio increases. When the ratio of M/P
is3:1,4:1,and 5:1, the theoretical W/C ratio is 0.165, 0.132,
and 0.110, respectively.

~ m (MgO) + m (KH,PO,)’ (6)

w m (water)
C

m (water) = % x m (KH,PO,) = 0.661 x m (KH,PO,), (7)

M
m (MgO) = —-xm (KH,PO,), (8)
W 0.661 x m (KH,PO,)
C  (M/P)x m (KH,PO,) + m (KH,PO,) )
_0.661
~(M/P)+ 1

In this experiment, the actual W/C ratio is 0.14. Under
air-curing conditions, the actual W/C ratio is 17.8% lower
than the theoretical W/C ratio when the ratio of M/Pis 3:1.
This observation indicates that MPC is not fully hydrated.
The actual W/C ratios are 5.7% and 21.4% greater than the
theoretical W/C ratios when the M/P ratios are4:1 and 5:1,
respectively. This means that the hydration reaction of MPC
is complete under this condition. When the M/P ratio is 3,
under air-curing conditions, the difference between theo-
retical and actual W/C ratios increases due to water evap-
oration, making hydration less complete. Under standard
and water-curing conditions, the hydration reaction of MPC
is complete because there is no evaporation of water. It can
be inferred that the amount of hydration products in the
samples under air-curing conditions is lower than that under
standard and water-curing conditions. There are more hy-
dration products under standard and water-curing condi-
tions, and the volume appears to be an expansion
phenomenon. Under air-curing conditions, there are fewer
hydration products. Hence, it can be speculated that hy-
dration products may cause the expansion of magnesium

0.7

Theoretical W/C

‘M/P mass ratio

— W/P=0.661

FIGURE 3: Relationship between the M/P mass ratio and the the-
oretical W/C ratio.

phosphate cement. Moreover, the volume of MPC shrinks
under air-curing conditions at different M/P ratios, which
shows that the volume shrinkage of MPC under air-curing
conditions may be mainly due to water loss in the system
caused by water evaporation.

3.2. Effect of Curing Condition on the Compressive Strength of
MPC. The compressive strength of MPC is a critical me-
chanical index, which can reflect the ability of MPC to resist
various loads under different curing conditions. The com-
pressive strength of MPC under various curing conditions is
shown in Figure 4. Under the air-curing conditions, the
compressive strength of MPC increases rapidly during 21 d
of curing, and then, there will be no obvious increase.
However, under the standard and water-curing conditions,
the compressive strength of MPC decreases after 21d of
curing. In Figure 4(a), when the ratio of M/Pis 3 :1 after 28 d
of curing, the compressive strengths of the specimens cured
under standard and water conditions were lower than those
of the samples cured under air conditions by 21.3% and
30.7%, respectively. The results show that MPC with high
relative humidity will affect the development of the com-
pressive strength. The loss rate of compressive strength
increases with humidity, consistent with previous findings
[40].

When curing for 28d, the compressive strengths of
MPCs with the M/P ratios of 4:1 and 5:1 are lower than
those of MPC with the M/P ratio of 3:1 under water-curing
conditions by 35.6% and 58.4%. The results show that the
compressive strength of MPC decreases with the increase in
the ratio of M/P. The main reason for this phenomenon is
that M/P affects the content of hydration products in the
MPC. It is generally believed that the hydration product of
MPC is KMgPO,-6H,0O, and the excellent adhesion of
KMgPO,-6H,0 makes the remaining MgO firmly adhere
together. At this time, the MgO has a good framework
support. When the amount of KH2PO4 is constant in the
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FIGURE 4: Compressive strength of MPC under various curing conditions after curing at various ratios. (a) M/P=3:1, (b) M/P=4:1, and

(c) M/P=5:1.

sample, there will be an upper limit for the amount of
hydrated products of KMgPO,-6H,0. When the M/P ratio
gradually increases, the content of KH,PO, will decrease
progressively, which makes the KMgPO,.6H,O decrease
progressively. When the M/P ratio increases, the MgO
content in the system will increase. KH,PO, will participate
in the hydration reaction to reach the upper limit. The excess
MgO cannot be perfectly combined with the hydration
product KMgPO,-6H,0 with excellent adhesion. Instead, it
will damage the further formation of a reticular structure
between the hydration products and thus cause a reduction
in compressive strength. Therefore, the M/P ratio is one of
the critical factors affecting the compressive strength of

MPC, which is the same as in the related studies [41, 42]. In
these studies, the researchers speculated that the compres-
sive and tensile bonding strengths of MPC would degrade
with the increase in the M/P ratio.

3.3. Effect of Curing Condition on Formation of the Hydration
Product. Thermogravimetric analysis can observe the sub-
stantial mass change of the sample during the heating
process. By analyzing the thermogravimetric curve, it can
show how many degrees the measured substance changes.
According to the loss of weight, it can calculate how many
substances are lost. Figure 5 shows the TG curves of MPC
with the M/P ratio of 3:1 under various curing conditions
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FIGURE 5: TG curves of MPC with the M/P ratio of 3:1 under
various curing conditions after curing for 3d.

after curing for 3 d. It can be seen from the figure that MPC
has a weight loss below 200°C. A previous study shows that
the temperature of weight loss by the dehydration of
K-struvite is mainly between 60°C and 200°C [16, 37].
Therefore, it can be inferred that the mass loss substance of
MPC in the range of 60°C and 200°C is mainly K-struvite.
The samples’ weight losses are 11.333%, 13.745%, and
14.677% for air, standard, and water-curing conditions,
respectively. The hydration products of MPC increase with
an increase in humidity. This result is observed because the
rise in humidity reduces water evaporation and provides
sufficient water for the hydration reaction. There are more
hydration products under water-curing conditions than
under standard curing conditions, and its volume expansion
was greater than that of MPC under standard curing con-
ditions. Therefore, the expansion of MPC is related to hy-
dration products under various curing conditions in the
early stage. Volume shrinkage under air curing is due to the
drying shrinkage caused by water evaporation in the MPC
system, consistent with the theoretical analysis.

Figure 6 shows the TG curves of MPC with the M/P ratio
of 3:1 under various curing conditions after curing for 28 d.
Compared with weight loss for the 3d of curing, the hy-
dration products increased by 1.017%, 1.066%, and 0.670%
under air, standard, and water-curing conditions, respec-
tively. This shows that the hydration reaction of MPC mainly
occurs during the early stage. The development of the
strength of MPC is mainly in the early stage, but in the later
stage, the growth of the strength is relatively slow. It is
implied that the compressive strength of MPC is related to
the content of hydration products.

Figures 7 and 8 show the TG curves of MPC under air-
curing conditions with different M/P mass ratios after curing
for 3d and 28d. Compared with weight loss for the 3d of
curing, the hydration products increased by 0.896%, 1.557%,
and 0.123% for the 28 d of curing for the M/P ratios of 3:1, 4:
1, and 5:1, respectively. Similarly, this shows that the hy-
dration process of MPC with different M/P ratios occurs
during the early stage. The shrinkage of sample volume under
air-curing conditions is still caused by drying shrinkage.
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FiGure 6: TG curves of MPC with the M/P ratio of 3:1 under
various curing conditions after curing for 28 d.
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F1GURE 7: TG curves of MPC with different M/P mass ratios after
curing for 3 d under air-curing conditions.

3.4. Effect of Curing Condition on Phases of MPC.
Figure 9 shows the XRD patterns of the solidified forms with
the M/P mass ratios of 3 after 28d of curing under air,
standard, and water-curing conditions. Figure 10 shows the
samples’ phase analysis with the mass ratios of M/P of 3:1,
4:1, and 5:1 after 28d of curing under air-curing condi-
tions. According to the diffraction peaks, the hydration
products with various M/P ratios under different curing
conditions are K-struvite and MgO. K-struvite is the hy-
dration product of MgO and KDP. MgO is the residual dead-
burned MgO, which is not entirely hydrated. The hydration
products’ peaks are the same for all samples with various M/
P ratios under different curing conditions, and no new
characteristic peaks appear. This indicates that the change in
curing conditions and M/P ratios do not lead to new hy-
dration products. Through thermal analysis and theoretical
analysis, it is concluded that the volume expansion of MPC
may be related to the type and quantity of hydration
products. However, no new products were found in the X-
ray diffraction patterns. Therefore, the volume and strength
changes of MPC under different curing conditions are
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FIGURE 9: XRD patterns of the samples with the M/P mass ratio of
3:1 cured under various curing conditions for 28 d.

independent of the types of hydration products. This implies
that the volume change of MPC has a specific relationship
with the amount of hydration products.

Figure 11 shows the phase analysis of the leachate of the
MPC under water-curing conditions. It is observed that the
phase composition includes kovdorskite (Mg2PO,(OH)-
3H,0), MgO, magnesium phosphate hydrate, and K-struvite.
It is indicated that KDP may leach from the system under the
water-curing conditions and participate in the reaction with
the surface MgO to generate magnesium phosphate com-
pounds and K-struvite. KDP has a high solubility, which will
make the environment around MPC acidic, while K-struvite
will dissolve under acidic conditions. It will not only cause
more voids in the MPC but also reduces the amount of
K-struvite produced. In the early stage of hydration of MPC,
K-struvite was formed quickly due to MgO and KDP, which
made the system expand. After 3d of curing, due to the
leaching of KDP in a humid environment, the amount of
K-struvite produced was reduced, and the volume expansion
rate of MPC was reduced. However, the leaching of KDP will
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Figure 11: XRD of the magnesium phosphate cement extract.

have certain limitations. When it reaches the limit, it will react
with MgO on the surface of MPC to generate magnesium
phosphate compounds and K-struvite. Therefore, there will be
a larger expansion trend again under standard and water-
curing conditions. As similar to in the previous study, KDP
has high solubility and generates porosity caused by the
overflow of KDP when samples are under the high humidity
condition [7]. Therefore, the increase in porosity reduces the
structure’s compactness, which leads to a decrease in com-
pressive strength. This is consistent with the reduction of
compressive strength caused by the increase in humidity.

3.5. Effect of Curing Condition on the Microstructure of MPC.
Figure 12 shows the microstructure of samples under var-
ious curing conditions with the M/P ratio of 3: 1 after 28 d of
curing. Under air-curing conditions, the crystals of
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FIGURE 12: The samples’ microstructure with the M/P ratio of 3: 1 cured under three curing conditions for 28 d. (a) Air curing. (b) Standard

curing. (c) Water curing.

hydration products of MPC primarily appear as plates and
prisms, and these crystals are relatively dense. However,
under standard and water-curing conditions, although the
crystal morphology of the MPC is still an excellent crys-
talline form, such as a plate or a column, it can be seen that
the voids have increased in the system with an increase in
humidity. White leachate was found on the surface of MPC,
and XRD proves that leachate was a phosphate compound
and the hydration products of K-struvite. KDP has high
solubility, and it will leach under standard and water-curing
conditions. It is speculated that the leaching of KDP causes
these voids. Under air-curing conditions, KDP is difficult to
leach, which makes MPC denser. This observation confirms
that the compressive strength of MPC under air-curing
conditions is better than that under standard and water-
curing conditions.

Figure 13 shows the microstructure of samples under
air-curing conditions with the M/P ratios of 3:1,4:1,and 5:
1 after 28 d of curing. The crystals are mainly rodlike and
clusterlike when the M/P ratio is high, and the voids of the
MPC gradually increased with the increase of the M/P ratio.
Since the MgO in this experiment is dead-burned, MgO is
calcined at 1650°C, which makes MgO to not fully partic-
ipate in the reaction in MPC, and most of the MgO acts as a
framework. The proportion of KDP will gradually decrease
with an increase in the M/P ratio, so the amount of hydration
products produced will also decrease. When the M/P ratio is
5, the amounts of hydrated products are relatively small due

to less KDP content, making the hydrated products unable
to bond well together with dead-burned MgO. A large
portion of dead-burned MgO in the MPC system is simply a
physical accumulation, which increases the voids and re-
duces the compressive strength. Therefore, the porosity of
the system increases with the increase in the M/P ratio. The
main cause of this phenomenon is the decrease in crystal
content, which is consistent with TG.

3.6. Effect of Curing Condition on the Pore Structure of MPC.
The cumulative pore volume can reflect the degree of density
inside the material. Figure 14 shows the cumulative pore
volume of the sample with the ratio of M/P of 3:1 for 28 d of
curing under three curing conditions. The cumulative pore
volume of samples cured under air conditions is the smallest,
while samples cured under water conditions are the largest.
This phenomenon may occur because the sample under air-
curing conditions becomes dense due to water evaporation,
which reduces the porosity and volume shrinkage. This
conclusion is consistent with the SEM analysis. This also
confirms that the sample has the lowest compressive
strength under water-curing conditions.

Figure 15 shows the cumulative pore volume curve of
MPC with the M/P ratio of 3:1,4:1, and 5:1 after curing for
28 d under air-curing conditions. The sample has the smallest
accumulated porosity with an M/P ratio of 3. It has the largest
cumulative porosity with the M/P ratio of 5, related to the
amount of hydration products. This observation confirms that
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FIGURE 13: The microstructure of the samples cured under air-curing conditions for 28 d. (a) M/P=3:1, (b) M/P=4:1, and (c) M/P=5:1.
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FIGURE 14: Cumulative pore volume curves of MPC with the M/P ratio of 3:1 cured under three curing conditions for 28 d.
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ratios of 3:1, 4:1, and 5:1 cured under air-curing conditions for
28d.

the volume stability of MPC with the M/P ratio of 3:1 is better
than that for the M/P ratios of 4:1 and 5:1.

4. Conclusions

The effects of the different curing conditions and the M/P
ratio on the volume stability and mechanical properties of
magnesium phosphate cement were systematically studied.
First, starting from the theoretical water requirement for
complete hydration, the effects of curing conditions and M/P
on the hydration characteristics of MPC were discussed.
Second, its impact on hydration products and the content of
the hydration products were studied. Finally, its effects on
microstructure and pores were studied. Based on the ex-
perimental results obtained in the current study, the fol-
lowing general conclusions can be drawn:

(1) The W/P ratio of MPC when it is completely hy-
drated is a fixed value of 0.661. To fully hydrate MPC
and thereby improve its mechanical properties, it is
proposed to use the W/P ratio as an essential pa-
rameter for the performance design of MPC.

(2) The curing conditions affect the mechanical prop-
erties and volume stability of MPC. The volume
expansion of MPC is related to hydration products,
and the volume shrinkage occurs owing to drying
shrinkage caused by internal moisture evaporation.

(3) Air curing is the best curing conditions for MPC, and
the strength of MPC will shrink under water and
standard conditions.

(4) When the water involved in the hydration reaction is
insufficient, hydration products’ content will in-
crease under standard and water-curing conditions.
However, the hydration products and a small
amount of unreacted KDP dissolve and hydrolyze in
an aqueous solution, which leads to a decrease in
structural compactness and compressive strength.
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