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Abstract: To increase performance and save costs when utilizing magnesium phosphate cements
(MPC) to repair a damaged building structure or a cement pavement, MPC is typically combined
with fly ash (FA) and metakaolin (MK). The influence of FA and MK on the workability, rheological
characteristics, flexural strength, compressive strength, and drying shrinkage of MPC was investi-
gated in this research. MPC samples with different percentages of FA and MK by weight replacement
were prepared. The results indicate that an appropriate dosage of MK and FA could decrease MPC
fluidity and delay the setting time. MPC’s yield stress and plastic viscosity were increased when
MK was added. FA has a negative influence on flexural and compressive strength as compared
to control MPC and the compressive strength of MPC with MK increases and then decreases. The
drying shrinkage of MPC containing MK and FA is superior to control mixture. MPC with 10% FA
and 10% MK has the best-modified performance in terms of the comprehensive performance of MPC
at all test ages.

Keywords: magnesium phosphate cement; metakaolin; fly ash; workability; rheological properties;
drying shrinkage

1. Introduction

Magnesium phosphate cement (MPC) is a distinctive inorganic material in which the
acid-base reaction is usually used as a reasonable explanation for its hydration process [1–4].
MPC materials are known for their quick hardening, excellent early strength, and durability.
They can be used for a variety of things, including roadway repair, bridge decking, and
airport runways [5–7]. The commonly used MgO is dead burned magnesium oxide, and
the phosphate salts are mainly ammonium dihydrogen phosphate (NH4H2PO4, ADP)
and potassium dihydrogen phosphate (KH2PO4, PDP). The characteristics such as specific
surface area and fineness of MgO could significantly influence the hydration rate and
mechanical properties of MPC. The main hydration product is struvite (MgNH4PO4·6H2O),
and the chemical equation can be expressed as follows:

MgO + NH4H2PO4 + 5H2O → MgNH4PO4 · 6H2O

MgO + KH2PO4 + 5H2O → MgKPO4 · 6H2O

The mix proportion of an MPC paste is determined by two main factors: the magnesia-
to-phosphate molar ratio (M/P) and the water-to-cement mass ratio (W/C). M/P plays
a decisive role on the hydration rate, setting time, and strength development of MPC.
Previous studies demonstrated that MPC material had the best mechanical properties due to
its optimal M/P. Excessive phosphate wasn’t conducive to the development of mechanical
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strength [8–10]. Lower W/C was usually determined to produce MPC pastes which had
robust performance and great durability for the best design of MPC cements [10–12]. In
addition, the hydration temperature also affects the strength development of MPC. In the
early hydration stage of MPC, the hydration is very fast with a huge heat release, resulting
in fast strength development and large shrinkage, which can influence MPC on the repair
efficiency of cement concrete pavement [13–16]. Many researchers found that the problem
of short setting time with the huge reaction in heat of MPC is improved when either a
cement clinker or CaO is mixed with retarders such as sodium tripolyphosphate (STP),
borax (Na2B4O7·10H2O), and boric acid (H3BO3) were used [17–19]. However, the addition
of retarders may cause a reduction in mechanical property strength [20].

To improve the strength and durability of MPC, some modified materials and different
kinds of fibers were introduced into MPC. Basalt fiber is generally considered as a potential
material to improve the mechanical strength and toughness of the MPC. The flexural
strength, post peak flexural performance, and fracture toughness of MPC with 0.5 percent
to 1% basalt fiber is the best. In contrast, the mechanical property modification effect of
basalt fiber in the MPC system is better than that of glass fiber [21–23]. The use of 0.05
weight percent graphene oxide as a promising nano-filler can improve the compressive
and flexural strength of magnesium potassium phosphate cement (MKPC) pastes. At the
same time, MPC pastes’ early shrinkage strain was minimized [24,25].

Mineral admixtures were widely used in MPC systems to reduce material costs and
improve the properties of MPC pastes. Adding ground granulated blast furnace slag
(GGBS) to MPC mortar may increase its early mechanical performance due to the physical
filler impact and the chemical reaction. It is worth noting that increasing GGBS fineness had
lower effects on setting time and fluidity [26,27]. The addition of steel slag could promote
the early hydration rate and water resistance of MPC pastes but had no positive effect on
early strength development [28,29]. Silica fume (SF) is an active material with potential
for application in the cement and concrete industries. According to previous experiments,
a suitable proportion of SF improved the mechanical properties and water resistance of
MPC. Moreover, the addition of SF increases the yield stress (τpaste) but decreases plastic
viscosity (ηpaste) slightly when increasing the SF content [30–32]. When using MPC as a
construction repair material, it is often blended with fly ash (FA) and metakaolin (MK).
Specimens of MPC that have been modified by dipotassium hydrogen phosphate have
an increased expansion value when they contain a particular amount of FA [33]. With the
incorporation of FA, MPC pastes show better water resistance but decrease the compressive
strengths of MPC pastes [29,34]. It has been proven that alumina is an effective constituent
in MK. In the MKPC system, MK is a more reactive component than FA, which makes MPC
pastes exhibit higher compressive strengths [34,35]. However, the presence of MK has a
detrimental impact on the fluidity of MPC, and the degree of the fluidity decrease has a
direct link to the content of MK and its fineness [36].

At present, the research on MK and FA in MPC systems mainly focuses on the de-
velopment of mechanical strength, workability and durability. However, the rheological
properties and drying shrinkage of MPC materials mixed with FA and MK have not been
systematic researched until now. As a vital factor, the rheological properties decide the
performance of MPC. Proper rheological properties can ensure flowability and improve the
stability of the paste. Low drying shrinkage can decrease MPC’s volume change and reduce
its cracking. In this study, the effects of varying doses of FA and MK as partial replacements
for MgO on the workability, rheological characteristics, flexural strength, compressive
strength, and drying shrinkage of MPC were examined. The possible mechanism of FA and
MK in MPC has been discussed, which is beneficial for further promoting the design of
MPC products.
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2. Materials and Methods
2.1. Materials

Dead burnt MgO, ammonium dihydrogen phosphate (NH4H2PO4, ADP), retarders,
and mineral admixture are the basic components used to produce MPC pastes. MgO
was obtained from Huanai Magnesia Materials Co. Ltd. (Yancheng, China), which has
undergone a calcination process at a high temperature of 1600 ◦C. The ADP used in this
study is industrial grade with a density of 1.801 g/cm3 and the PH value is 4.2–4.8. MgO
was partially replaced with fly ash (FA) and metakaolin (MK). Table 1 summarizes the
physical parameters and chemical composition of MgO, FA and MK. A laser particle size
analyzer was used to examine the particle size distributions of dead burned MgO, FA and
MK. The results of particle size analysis are displayed in Figure 1. It shows that the medium
diameter of MgO is bigger than FA, and MK has the smallest particle size. In this research,
new retarders were used, which were compounded by borax (B), sodium tripolyphosphate
(STP), and sodium acetate anhydrous (SA) at a mass ratio of 6:1:1 (mB:mSTP:mSA = 6:1:1).
The retarder to MgO mass ratio (mretarder/mMgO) was 0.16, and the purity of B, STP, and
SA were all higher than 99%.

Table 1. Physical properties and chemical composition of raw materials (by wt/%).

Code Al2O3 SiO2 CaO MgO Fe2O3 TiO2 Na2O K2O Specific Surface Area
(m2/kg)

Apparent Density
(g/cm3)

MgO — 2.09 1.31 92.15 1.12 — — — 920.6 3.48
FA 26 57.5 5.2 1.7 8.2 0.1 0.2 0.2 1121 1.99
MK 43 54 0.17 0.06 0.76 0.24 0.06 0.55 2613 2.23
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2.2. Specimen Preparation

The magnesia to ADP mass ratio was found to be 4.0. In this study, the water to binder
ratio was 0.17. Several contents of FA (0%, 5%, 10%, 15%) and MK (0%, 5%, 10%, 15%) were
used to produce paste. Table 2 shows a total of 12 mixing proportions. MPC mixtures were
prepared using a mechanical mortar mixer. The freshly mixed pastes were removed for
workability and rheological property tests. After that, different MPC samples were made
for the compressive strength test, the flexural strength test (40 mm × 40 mm × 160 mm)
and the drying shrinkage test (25 mm × 25 mm × 280 mm). After 2 h of casting, the MPC
samples were taken out of the mold and cured in corresponding standard experimental
conditions 20 ± 2 ◦C temperature and more than 95% relative humidity.
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Table 2. Mix proportions of MPC mortars containing FA and MK (by wt/%).

Code M FA MK P/M 1 W/C 2 Mretarder/M 3

Control
MPC 100 0 0 1/4 0.17 0.16

FA5 95 5 0 1/4 0.17 0.16
FA10 90 10 0 1/4 0.17 0.16
FA15 85 15 0 1/4 0.17 0.16
FA20 80 20 0 1/4 0.17 0.16
MK5 95 0 5 1/4 0.17 0.16
MK10 90 0 10 1/4 0.17 0.16
MK15 85 0 15 1/4 0.17 0.16
MK20 80 0 20 1/4 0.17 0.16

FA5MK15 80 5 15 1/4 0.17 0.16
FA10MK10 80 10 10 1/4 0.17 0.16
FA15MK5 80 15 5 1/4 0.17 0.16

1 M/P denotes the fixed mass ratio of MgO to NH4H2PO4. 2 The mass ratio of water to binders is represented by
W/C (binders include MgO, NH4H2PO4, retarders, FA and MK). 3 Mretarder/M represents the mass ratio between
retarders (retarders include B, STPP and SA) and MgO.

2.3. Testing Methods

(1) Fluidity and setting time

The fresh properties of MPC were tested by conducting a fluidity test according to
GB/T 8077-2012 [37]. First, the fresh MPC pastes were placed into a truncated tapered
mold, and then the mold was lifted quickly. When there is no longer any development in
the fluidity of pastes, a steel ruler was used to measure the diameter of the pastes from
two perpendicular directions. To ensure the precision of the result, each fluidity test was
recorded by a digital camera. The procedures for the tests are shown in Figure 2.
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Figure 2. Schematic diagram of fluidity test.

A VICAT apparatus was utilized to measure the setting time of MPC, which was based
on GB/T1346-2011 [38]. The time was recorded after adding water during the preparation
process of MPC. When the time of the VICAT test needle was 4 ± 1 mm away from the
bottom of the paste in the mold, the setting time of MPC material was determined.

(2) rheological properties test

The fluidity is correlated to the yield stress (τpaste) of the paste, while the time it takes
to obtain a prescribed spread is related to the viscosity (ηpaste) of the paste, according to the
relationship between the rheological characteristics of the paste and a fluidity test [39–41].

The procedures for the rheological tests are shown in Figure 2. A digital camera was
used to record the process of the fluidity test. Based on the relationship between the fluidity
and time which was recorded by the camera, the whole process of the MPC fluidity test
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was analyzed. After determining the time for a specific paste flow diameter, the rheological
parameters were calculated by Equations (1) and (2).

τpaste =
225ρpastegV2

cone

128π2(SF/2 )5 −
0.005/π

Vcone/π(SF/2 )2 (1)

ηpaste =
ρpasteghVconecone

150π × slump× SF2
pres

t180 (2)

where: ρpaste—apparent density of MPC paste, Vcone—volume of paste in the truncated
cone mold, hcone—height of truncated cone mold, SFpres—specific fluidity, slump—slump
height at a specified fluidity, T180—time when fluidity reaches 180 mm.

(3) compressive and flexural strength

MPC paste cubes were examined at various curing ages of 1 h, 3 d, 7 d and 28 d,
respectively. The Chinese standard GB/T 17671-1999 was referenced to conduct the flexural
and compressive strength tests [42]. Two half specimens after the flexural strength test
are used for the compressive strength test. Throughout the experiment, the load was
determined at a rate of 2 ± 0.4 kN/s. The average compressive strength of three paste
cubes was used in each test.

(4) drying shrinkage

The drying shrinkage of MPC specimens at 1, 3, 7, 14, 21, 28, 60, 90, 180 days was
measured using a comparator in which temperature and relative humidity of the curing
condition are 20 ± 3 ◦C and 50 ± 4%, in accordance with JC/T 603—2004 [43]. The drying
shrinkage of MPC specimens could be calculated by the following Equation (3).

ε =
L0 − Lt

Lb
× 100% (3)

where: L0—length of specimen in 3 h curing age, Lt—length of specimen in t days curing
age (t = 1 d, 3 d, 7 d, 14 d, 28 d, 60 d, 90 d, 180 d).

3. Results and Discussions
3.1. Workability
3.1.1. Effect of FA on MPC Fluidity and Setting Time

The effect of various FA contents on MPC fluidity and setting time is shown in Figure 3.
It is noted that the fluidity of the paste increased with 5% FA first and then decreased with
more FA. Compared with the control MPC, the fluidity increased by 3.5% and 1.2% with
different FA content of 5% and 10%, respectively. However, the slump of MPC decreased
by 3.9% and 6.7% when the FA amount is 15% and 20%. The incorporation of FA could
improve the fresh mixture’s workability due to its spherical particles’ “ball-bearing”-type
effect. However, when a large amount of FA is added, the FA particles need more free
water to wrap, which reduces the amount in the free water of paste. It results in the poor
workability of paste.

The setting time of the paste increases 29.6% with FA content rising from 0% to 15%
and then decreases by 20.0% with FA content rising from 15% to 20%. The reason may
be that the introduction of FA reduces the quality of MgO in the MPC system. However,
the dosage of retarding components remains unchanged, and the ratio of retarder to MgO
increases indirectly. Thus, the reaction rate and the hydration heat were reduced [44].
Furthermore, FA is an inert filler in MPC pastes. Adding FA can delay the hydration
process and diminish the exothermic peak, resulting in a longer setting time for MPC
pastes. However, when the range of FA is increased from 15% to 20%, the water absorption
of FA plays a major role in reducing the water for the hydration reaction. In addition, the
FA has adsorption characteristics. Excessive FA adsorbs the retarders, which restrict the
retarding effect.
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3.1.2. Effect of MK on MPC Fluidity and Setting Time

Figure 4 shows that the addition of MK affects the fluidity and setting time of MPC
pastes. The fluidity of the paste decreased 15.0% with MK content increasing from 0% to
20%. MK increases the density of cement and reduces the gap between cement particles
due to its huge specific surface area and smaller particle size, resulting in poor paste fluidity.
Furthermore, the MK particles are in irregular flakes, which can explain the decrease in
fluidity after adding MK.
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The setting time is increased with MK content ranging from 0% to 20%. The setting
time of MPC extends to 39 min with 20% MK, which is nearly 40% longer than the case
without MK. A possible reason for this is the formation of aluminum phosphate (AlPO4) as
a result of the reaction between the products from the dealumination of metakaolin (Al3+)
and the PO4 units from ADP, which reduces the amount of MgO and the heat evolution
of MPC.

3.1.3. Influence of Compound Powder on MPC Fluidity and Setting Time

The impact of various dosages of FA and MK on MPC setting time and fluidity is
shown in Figure 5. In comparison to control MPC, the group contents of FA and MK show
longer setting times and less fluidity. However, FA and MK have little influence on the
fluidity when FA and MK were simultaneously applied to MPC in various ratios. As shown
in Figure 5, considering the performance of fluidity and setting time comprehensively,
the FA10MK10 sample has the best paste performance, while the fluidity of FA10MK10
was 225 mm, and the setting time of FA10MK10 was 45 min. The FA10MK10 sample
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cannot only prolong the setting time but also have a good fluidity, which is beneficial to
the construction.
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3.2. Rheological Properties
3.2.1. Effects of FA on MPC Rheological Properties

The rheological property test results with different FA contents are shown in Figures 6
and 7. As illustrated in Figure 6, the T180 value of the paste decreases 13.0% as the FA
content increases from 0% to 5%, and increases 28.0% as the FA content increases from 5%
to 20%.
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The key parameters for evaluating the rheological properties of MPC pastes are yield
stress (τpaste) and plastic viscosity (ηpaste). The results are illustrated in Figure 7. The two
indexes decrease significantly, with FA first decreasing and then increasing. Without the
addition of FA, the yield stress and plastic viscosity of MPC were 1.41 Pa and 69.94 Pa·s,
respectively, while the sample with 5% FA was 1.16 Pa and 60.08 Pa·s. After that, an
increasing trend in yield stress and plastic viscosity began to occur. As observed in Figure 5,
yield stress and plastic viscosity of samples with FA content ranging from 5% to 20%
increased 38.6% and 25.7 percent, respectively.

It is generally thought that the rolling bearing effect of FA is the main reason for
improving the fluidity of MPC. According to rheology research, the yield stress and plastic
viscosity are reduced,. However, when the content of FA is more than 10%, the yield stress
and plastic viscosity of the paste are increased. This can be interpreted as more FA particles
needing a large amount of free water to wrap, reducing the paste’s free water content.
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On the other hand, FA reduced the volumetric weight of the MPC and thus increased the
internal frictional force of the MPC.
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3.2.2. Effects of MK on MPC Rheological Properties

Figures 8 and 9 show the rheological property test results of MPC incorporated MK.
With an increase in MK content, the yield stress (τpaste) and plastic viscosity (ηpaste) of MPC
pastes gradually increase. As illustrated in Figure 8, the T180 value of control MPC is
about 61.3% of MK20. It can be seen from Figure 9 that the yield stress of MPC containing
20% MK reached 3.56 Pa, which was 152% higher than the control MPC, while the MPC
plastic viscosity reached 128.45 Pa·s, 84% higher than the control group. The irregular
flake particle shape of MK increases the friction of fluidity. In addition, compared to MgO
and NH4H2PO4, MK has smaller particle sizes and larger specific surface areas. A higher
specific surface area can reduce the free water content. The distance of particles will be
close with MK content increase, leading to the increase in the friction forces of the particles.
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3.2.3. Influence of Compound Powder on MPC Rheological Properties

Figure 10 shows the rheological properties test results of the MPC pastes containing
various dosages of FA and MK. It is noted that the rheological parameters of MPC pastes
with 20% composite mineral admixture content are greater than those of the contrast
MPC pastes. Moreover, MK as a mineral additive in composites plays the leading role
in the rheological properties of MPC. It could be seen from Figure 11 that the rheological
parameter value of the FA5MK15 sample is maximal. The yield stress and plastic viscosity
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of FA5MK15 were 3.24 Pa and 83.40 Pa·s, respectively. The compound powder with a large
specific surface area and small particle size can effectively improve the viscosity.
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3.3. Mechanical Properties
3.3.1. Influence of Fly Ash on Mechanical Properties of MPC

Figures 12 and 13 show the mechanical properties test results of MPC with different
FA contents. It can be seen from the fitting results that under different curing ages, the
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fitting equations of each group are quadratic functions, and they show a downward trend.
The flexural strength of all specimens increased with increasing curing time, and the 3 h
flexural strength reached approximately seventy percent of the flexural strength at seven
days. As shown in Figure 12, FA caused a slight flexural strength loss of the MPC sample.
Compared with control MPC, the addition of 20% FA reduces the flexural strength of MPC
from 6.3 to 5.8 MPa for 3 h, from 7.2 to 6.1 MPa for one day, and from 7.9 to 7.2 MPa for
28 days.
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Figure 13. The effect of FA content on MPC compressive strength.

As illustrated in Figure 13, the control MPC compressive strength was higher than that
of the other groups incorporating FA. The compressive strength decreases with FA content
from 0% to 20%. It is worth noting that increasing the FA content from 0% to 10% does
not result in a noticeable reduction in compressive strength. However, the compressive
strength decreases by as much as 21% with FA content increasing from 10% to 20% after
28 days of curing. This result indicated that the presence of FA is averse to MPC strength
due to the decreased MgO content, which reduced hydration products [34,45].
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3.3.2. Influence of MK on MPC Mechanical Properties

Figures 14 and 15 reflect the impact of MK content on the flexural and compressive
strengths of MPC pastes under standard curing conditions. The fitting results illustrated
that under different curing ages, the fitting equations of each group are cubic functions, and
they appear to first increase and then decrease. A similar trend between MPC compressive
and flexural strength was observed when the MK content was increased. The mechanical
properties improved with the MK content increase from 0% to 10% and decreased with
the MK content increase from 10 to 20%. The MPC paste with 10% MK had the greatest
compressive strength. MPC pastes containing 10% MK have a 28-day strength of over
50 MPa, nearly 12% higher than control MPC pastes. Meanwhile, the flexural strength
of MPC pastes with MK reached 8.8 MPa after 28 days of curing, which is 11% greater
than control MPC pastes. Although MK could participate in the reaction, enhance the
compactness of the material and increase the strength, the optimization of MPC was
reduced when adding MK to a percentage over 10%. On the one hand, MK has a larger
specific surface area than MgO, which benefits the dense microstructure formation. On the
other hand, MK can supply a large number of crystallization sites due to its high specific
surface area. However, at a replacement rate over 10%, the mechanical properties decrease
due to the decreasing hydration product [34–36].
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3.3.3. Influence of Compound Powder on Mechanical Properties of MPC

Figures 16 and 17 show the MPC mechanical properties containing various dosages
of FA and MK. FA10MK10 indicated the best performance against flexural strength and
compressive strength, with 10% FA content and 10% MK content.
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Figure 17. MPC compressive strength with the addition of compound powder.

The flexural strength of specimen FA10MK10 at 3 h, 1 day, 7 days and 28 days was
6.9 MPa, 7.7 MPa, 8.5 MPa and 8.6 MPa, which were 9.0%, 7.2%, 13.2% and 7.5% higher
than that of control MPC, respectively. The FA10MK10 compressive strength at 3 h, 1 day,
7 days and 28 days was 39.1 MPa, 46.3 MPa, 48.9 MPa, and 50.1 Mpa, which were 4.0%,
10.1%, 8.9% and 7.7% higher than that of control MPC, respectively. The conclusion might
be derived that adding MK and FA at the proper dosage could enhance mechanical strength,
reduce cost and have remarkable economic benefits.

3.4. Drying Shrinkage
3.4.1. The Effect of FA on MPC Drying Shrinkage

Figure 18 presents the drying shrinkage of MPC specimens with different contents of
FA. The drying shrinkage of MPC specimens mainly happened within the first 14 days of
curing. Compared with the control MPC, the shrinkage in F5, F10, F15, and F20 decreased
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21.3%, 39.5%, 56.4%, and 73.8% at a curing age of 28 days, respectively. This evidence
suggests that the addition of FA could effectively restrict MPC shrinkage. This can be
explained by the reduction in hydration products due to the introduction of FA components.
Moreover, the large surface tension of FA can be attributed to the improving MPC volume
stability resulting from the rupturing of the MPC system bubble and filling the pores of
the paste.
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3.4.2. The Effect of FA on MPC Drying Shrinkage

Figure 19 illustrates the drying shrinkage of MPC specimens with different contents of
MK. MPC drying shrinkage decreases as the content of MK increases. The drying shrinkage
rate of specimens MK5 and MK20 at 28 days of curing is 120 × 10−6 and 44 × 10−6, which
are only 48.4% and 17.7% that of the control MPC, respectively.
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On one hand, MK has a smaller particle size, which could be filled with hydration
products. This may be responsible for the significant shrinkage-free of MPC pastes. On the
other hand, the flocculating substances formed after MK participates in the MPC hydration
reaction are beneficial for optimizing the drying shrinkage of MPC pastes. Compared with
FA, MK has a more considerable effect on MPC drying shrinkage optimization.
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3.4.3. Influence of Compound Powder on Drying Shrinkage of MPC

Figure 20 illustrates the effect of compound powder consisting of FA and MK on the
drying shrinkage of MPC pastes. The FA0MK0 sample was prepared without FA, and MK
had the highest drying shrinkage value. The drying shrinkage of MPC pastes containing a
20% addition of mineral admixtures was less than 55 × 10−6. The drying shrinkage rate of
MPC decreases as the MK content of the composite addition increases. Among them, the
minimum drying shrinkage rate of MPC was 36.5 × 10−6, which occurred in the FA15MK5
sample. Hence, from the viewpoint of controlling shrinkage, when MPC composite paste
with FA and MK, it has a more positive influence than conventional MPC products.
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3.5. Mechanism Analysis

Figure 21 shows the struvite crystal microstructure of MPC pastes without any mineral
mixture addition after 28 days of curing. It grows into large tabular crystals rather than
the initial short columnar and wedge-shaped crystals. At this time, the microstructure of
MPC pastes is more compact. In addition, cracks could be seen in the hydration products
of MPC pastes with higher magnification (Figure 21b). In some previous studies, it was
considered that the dehydration of product, the internal stress caused by crystal growth
and the effect of compression possibly caused the cracks [27,46].
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amount of FA replaces MgO, which makes the hydration reaction incomplete. FA particles
with smooth surfaces mainly exist in hydration products in round shapes. SEM images
show that some FA particles are exposed on the surface of the matrix. Meanwhile, a clear
interface could be observed between FA particles and hydration products. These could
be confirmed FA is an inert filler in “conventional” designs of FA/MPC-based materials,
its chemical activity could not be effectively stimulated [45]. Moreover, apparent gaps
between the FA particles and the struvite are also observed in Figure 23b. The above will
lead to poor compactness of the MPC microstructure and reduce the compressive strength.
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Figure 23 shows the microstructure of MPC pastes with the addition of MK at 28 d. The
application of MK makes the porosity of MPC pastes lower, and less unreacted magnesia
particles are noticed due to the possible pozzolanic reactions. From the SEM images, the
formation of struvite clusters on the surface of MK is more homogenous. MK particles with
smaller particle sizes were filled into the hydration products, which could significantly
decrease the micro-cracks number. MK particles with smaller particle size were filled into
the hydration products, which could decrease the number of micro-cracks significantly.

MK’s filling effect promotes a more compact microstructure formed in MPC, and it
can supply a large number of crystallization sites due to its high specific surface area. These
are responsible for the significant shrinkage-free and mechanical properties optimization
of MPC pastes.
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Figure 24 shows the microstructure of MPC pastes containing 10 wt% MK and 10 wt% FA
at 28 d. The composite addition of mineral admixtures consisting of FA and MK makes the
MPC internal structure of the hardened body denser. It could be observed from Figure 24b
that MK can effectively fill the gap between magnesium oxide particles and FA particles.
The surface of some FA particles is covered by a certain amount of MK. This implies
good chemical compatibility between FA and MK. Meanwhile, some unreacted magnesia
particles were adsorbed by these two components. Mineral admixtures are beneficial to the
optimization of the MPC microstructure.
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4. Conclusions

The effect of partial MgO substitution with FA and MK at various doses on workability,
rheological properties, flexural strength, compressive strength, and the drying shrinkage of
MPC was investigated in this study. The possible mechanism of FA and MK was analyzed
through the microstructure of MPC. The main research results obtained in this study are
as follows.

(1) MPC fluidity first showed an increasing trend and then decreased as the FA content
varied from 0% to 20%, and the fluidity reached its best at 5% FA. The loss of MPC
fluidity increases with increasing MK content continuously. With the increase of FA
and MK, the setting time of MPC was prolonged. The replacement of 10 wt% FA
and 10 wt% MK increases the setting time and decreases the fluidity by 36.9% and
15.5%, respectively.

(2) The yield stress and plastic viscosity first decreased and then increased with the
increasing FA content in MPC. Furthermore, successive additions of MK increase the
yield stress and plastic viscosity of MPC directly.

(3) The flexural and compressive strength of the MPC specimen decreases when the
content of FA increases. In contrast, the presence of MK enhances the compressive
and flexural strengths of MPC paste. Maximum compressive and flexural strength are
attained in MPC paste with the 10% addition of MK. MPC with 10% MK and 10% FA
exhibit both higher flexural and compressive strength than the samples without FA
and MK at all test ages.

(4) Fly ash and MK have a positive influence on the shrinkage of MPC. The shrinkage
rate decreases as the FA and MK content increase from 0 to 20%, respectively. It is
notable that MK has a more considerable effect on MPC drying shrinkage optimization.
MPC with 10% FA and 10% MK has the best-modified performance in terms of the
comprehensive performance of MPC at all test ages and the shrinkage is small, which
can be applied to rapid thin-layer mending material for cement concrete pavement.
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(5) An SEM analysis showed that there were gaps between FA particles and struvites.
This may be the main reason for the poor mechanical properties of MPC with different
FA content. The incorporation of MK leads to a denser microstructure of the MPC
mortars due to the filling effect and the formation of flocculating substances.

Author Contributions: Methodology, Funding acquisition, Project administration, Supervision,
Writing—Original draft, H.L.; Formal analysis, Writing—Original draft, Q.F.; Supervision, Re-
sources, Visualization, Y.Y.; Data curation, Software, J.Z.(Jingyi Zhang); Data curation, Software,
J.Z.(Jian Zhang); Data curation, Writing—Original draft, Writing—Review and editing, G.D. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by Doctoral Start-up Foundation of Liaoning province (grant
numbers 2021-BS-166), Foundation of Liaoning Province Education Administration (grant numbers
lnqn202017) and Open Fund of National Engineering Research Center of Highway Maintenance
Technology (Changsha University of Science and Technology) grant numbers kfj210105.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict to interest.

References
1. Seehra, S.; Gupta, S.; Kumar, S. Rapid setting magnesium phosphate cement for quick repair of concrete pavements—

Characterisation and durability aspects. Cem. Concr. Res. 1993, 23, 254–266. [CrossRef]
2. Ding, Z.; Dong, B.; Xing, F.; Han, N.; Li, Z. Cementing mechanism of potassium phosphate based magnesium phosphate cement.

Ceram. Int. 2012, 38, 6281–6288. [CrossRef]
3. Sugama, T.; Kukacka, L. Magnesium monophosphate cements derived from diammonium phosphate solutions. Cem. Concr. Res.

1983, 13, 407–416. [CrossRef]
4. Sugama, T.; Kukacka, L. Characteristics of magnesium polyphosphate cements derived from ammonium polyphosphate solutions.

Cem. Concr. Res. 1983, 13, 499–506. [CrossRef]
5. Yang, Q.; Zhu, B.; Wu, X. Characteristics and durability test of magnesium phosphate cement-based material for rapid repair of

concrete. Mater. Struct. 2000, 33, 229–234. [CrossRef]
6. Yang, Q.; Zhu, B.; Zhang, S.; Wu, X. Properties and applications of magnesia–phosphate cement mortar for rapid repair of

concrete. Cem. Concr. Res. 2000, 30, 1807–1813. [CrossRef]
7. Chen, B.; Oderji, S.Y.; Chandan, S.; Fan, S. Feasibility of Magnesium Phosphate Cement (MPC) as a repair material for ballastless

track slab. Constr. Build. Mater. 2017, 154, 270–274. [CrossRef]
8. Ma, H.; Xu, B. Potential to design magnesium potassium phosphate cement paste based on an optimal magnesia-to-phosphate

ratio. Mater. Des. 2017, 118, 81–88. [CrossRef]
9. Le Rouzic, M.; Chaussadent, T.; Stefan, L.; Saillio, M. On the influence of Mg/P ratio on the properties and durability of

magnesium potassium phosphate cement pastes. Cem. Concr. Res. 2017, 96, 27–41. [CrossRef]
10. Xu, B.; Winnefeld, F.; Kaufmann, J.; Lothenbach, B. Influence of magnesium-to-phosphate ratio and water-to-cement ratio on

hydration and properties of magnesium potassium phosphate cements. Cem. Concr. Res. 2019, 123, 105781. [CrossRef]
11. Li, Y.; Chen, B. Factors that affect the properties of magnesium phosphate cement. Constr. Build. Mater. 2013, 47, 977–983. [CrossRef]
12. Lahalle, H.; Coumes, C.C.D.; Mercier, C.; Lambertin, D.; Cannes, C.; Delpech, S.; Gauffinet, S. Influence of the w/c ratio on the

hydration process of a magnesium phosphate cement and on its retardation by boric acid. Cem. Concr. Res. 2018, 109, 159–174.
[CrossRef]

13. You, C.; Qian, J.; Qin, J.; Wang, H.; Wang, Q.; Ye, Z. Effect of early hydration temperature on hydration product and strength
development of magnesium phosphate cement (MPC). Cem. Concr. Res. 2015, 78, 179–189. [CrossRef]

14. Mestres, G.; Ginebra, M.-P. Novel magnesium phosphate cements with high early strength and antibacterial properties. Acta
Biomater. 2011, 7, 1853–1861. [CrossRef] [PubMed]

15. Fan, S.; Chen, B. Experimental study of phosphate salts influencing properties of magnesium phosphate cement. Constr. Build.
Mater. 2014, 65, 480–486. [CrossRef]

16. Zhou, H.; Agarwal, A.K.; Goel, V.K.; Bhaduri, S.B. Microwave assisted preparation of magnesium phosphate cement (MPC)
for orthopedic applications: A novel solution to the exothermicity problem. Mater. Sci. Eng. C 2013, 33, 4288–4294. [CrossRef]
[PubMed]

17. Hall, D.; Stevens, R.; El-Jazairi, B. The effect of retarders on the microstructure and mechanical properties of magnesia–phosphate
cement mortar. Cem. Concr. Res. 2001, 31, 455–465. [CrossRef]

http://doi.org/10.1016/0008-8846(93)90090-V
http://doi.org/10.1016/j.ceramint.2012.04.083
http://doi.org/10.1016/0008-8846(83)90041-8
http://doi.org/10.1016/0008-8846(83)90008-X
http://doi.org/10.1007/BF02479332
http://doi.org/10.1016/S0008-8846(00)00419-1
http://doi.org/10.1016/j.conbuildmat.2017.07.207
http://doi.org/10.1016/j.matdes.2017.01.012
http://doi.org/10.1016/j.cemconres.2017.02.033
http://doi.org/10.1016/j.cemconres.2019.105781
http://doi.org/10.1016/j.conbuildmat.2013.05.103
http://doi.org/10.1016/j.cemconres.2018.04.010
http://doi.org/10.1016/j.cemconres.2015.07.005
http://doi.org/10.1016/j.actbio.2010.12.008
http://www.ncbi.nlm.nih.gov/pubmed/21147277
http://doi.org/10.1016/j.conbuildmat.2014.05.021
http://doi.org/10.1016/j.msec.2013.06.034
http://www.ncbi.nlm.nih.gov/pubmed/23910345
http://doi.org/10.1016/S0008-8846(00)00501-9


Coatings 2022, 12, 1030 18 of 18

18. Ma, H.; Xu, B.; Liu, J.; Pei, H.; Li, Z. Effects of water content, magnesia-to-phosphate molar ratio and age on pore structure,
strength and permeability of magnesium potassium phosphate cement paste. Mater. Des. 2014, 64, 497–502. [CrossRef]

19. Yang, N.; Shi, C.; Yang, J.; Chang, Y. Research Progresses in Magnesium Phosphate Cement–Based Materials. J. Mater. Civ. Eng.
2014, 26, 04014071. [CrossRef]

20. Yang, J.; Qian, C. Effect of borax on hydration and hardening properties of magnesium and pottassium phosphate cement pastes.
J. Wuhan Univ. Technol. Sci. Ed. 2010, 25, 613–618. [CrossRef]

21. Ahmad, M.R.; Chen, B. Effect of silica fume and basalt fiber on the mechanical properties and microstructure of magnesium
phosphate cement (MPC) mortar. Constr. Build. Mater. 2018, 190, 466–478. [CrossRef]

22. Qin, J.; Qian, J.; Li, Z.; You, C.; Dai, X.; Yue, Y.; Fan, Y. Mechanical properties of basalt fiber reinforced magnesium phosphate
cement composites. Constr. Build. Mater. 2018, 188, 946–955. [CrossRef]

23. Fang, Y.; Chen, B.; Oderji, S.Y. Experimental research on magnesium phosphate cement mortar reinforced by glass fiber. Constr.
Build. Mater. 2018, 188, 729–736. [CrossRef]

24. Lu, Z.; Hou, D.; Ma, H.; Fan, T.; Li, Z. Effects of graphene oxide on the properties and microstructures of the magnesium
potassium phosphate cement paste. Constr. Build. Mater. 2016, 119, 107–112. [CrossRef]

25. Pei, H.; Zhang, S.; Bai, L.; Hou, D.; Yang, Q.; Borana, L. Early-age shrinkage strain measurements of the graphene oxide modified
magnesium potassium phosphate cement. Measurement 2019, 139, 293–300. [CrossRef]

26. Liu, K.; Ma, S.; Zhang, Z.; Han, F. Hydration and Properties of Magnesium Potassium Phosphate Cement Modified by Granulated
Blast-Furnace Slag: Influence of Fineness. Materials 2022, 15, 918. [CrossRef]

27. Gardner, L.J.; Bernal, S.A.; Walling, S.A.; Corkhill, C.L.; Provis, J.L.; Hyatt, N.C. Characterisation of magnesium potassium
phosphate cements blended with fly ash and ground granulated blast furnace slag. Cem. Concr. Res. 2015, 74, 78–87. [CrossRef]

28. Jiang, Y.; Ahmad, M.R.; Chen, B. Properties of magnesium phosphate cement containing steel slag powder. Constr. Build. Mater.
2018, 195, 140–147. [CrossRef]

29. Sun, D.; Wu, K.; Kang, W.; Shi, H.; Li, S. Characterisation of water stability of magnesium phosphate cement blended with steel
slag and fly ash. Adv. Cem. Res. 2020, 32, 251–261. [CrossRef]

30. Xu, X.; Lin, X.; Pan, X.; Ji, T.; Liang, Y.; Zhang, H. Influence of silica fume on the setting time and mechanical properties of a new
magnesium phosphate cement. Constr. Build. Mater. 2020, 235, 117544. [CrossRef]

31. Gao, M.; Chen, B.; Lang, L.; Muhammad, R.A. Influence of Silica Fume on Mechanical Properties and Water Resistance of
Magnesium–Ammonium Phosphate Cement. J. Mater. Civ. Eng. 2020, 32, 04019368. [CrossRef]

32. Ma, C.; Liu, Y.; Zhou, H.; Jiang, Z.; Ren, W.; He, F. Influencing mechanism of mineral admixtures on rheological properties of
fresh magnesium phosphate cement. Constr. Build. Mater. 2021, 288, 123130. [CrossRef]

33. Jiang, Z.; Qian, C.; Chen, Q. Experimental investigation on the volume stability of magnesium phosphate cement with different
types of mineral admixtures. Constr. Build. Mater. 2017, 157, 10–17. [CrossRef]

34. Mo, L.; Lv, L.; Deng, M.; Qian, J. Influence of fly ash and metakaolin on the microstructure and compressive strength of magnesium
potassium phosphate cement paste. Cem. Concr. Res. 2018, 111, 116–129. [CrossRef]

35. Shi, Y.; Chen, B.; Ahmad, M.R. Effects of Alumina as an Effective Constituent of Metakaolin on Properties of Magnesium
Phosphate Cements. J. Mater. Civ. Eng. 2019, 31, 04019147. [CrossRef]

36. Qin, Z.; Zhou, S.; Ma, C.; Long, G.; Xie, Y.; Chen, B. Roles of metakaolin in magnesium phosphate cement: Effect of the replacement
ratio of magnesia by metakaolin with different particle sizes. Constr. Build. Mater. 2019, 227, 116675. [CrossRef]

37. GB/T8077-2012; Methods for Testing Uniformity of Concrete Admixture. Chinese National Standard. Available online: https:
//openstd.samr.gov.cn/bzgk/gb/newGbInfo?hcno=0D5131C43B6C36E9062837B9BB90B668 (accessed on 20 June 2022).

38. GB/T 1346-2011; Test Methods for Water Requirement of Normal Consistency, Setting Time and Soundness of the Portland
Cement. Chinese National Standard. Available online: https://openstd.samr.gov.cn/bzgk/gb/newGbInfo?hcno=C17508EC0
7AA0E4FAA903AC142CBDE41 (accessed on 20 June 2022).

39. Roussel, N.; Stefani, C.; Leroy, R. From mini-cone test to Abrams cone test: Measurement of cement-based materials yield stress
using slump tests. Cem. Concr. Res. 2005, 35, 817–822. [CrossRef]

40. Chidiac, S.E.; Maadani, O.; Razaqpur, A.G.; Mailvaganam, N.P. Controlling the quality of fresh concrete—a new approach. Mag.
Concr. Res. 2000, 52, 353–363. [CrossRef]

41. Wu, Q.; An, X. Development of a mix design method for SCC based on the rheological characteristics of paste. Constr. Build.
Mater. 2014, 53, 642–651. [CrossRef]

42. GB/T 17671-1999; Method of Testing Cements–Determination of Strength. Chinese National Standard. Available online: http:
//www.gb688.cn/bzgk/gb/newGbInfo?hcno=7AD06455D640C969669ACAEEB4AB1762 (accessed on 20 June 2022). (In Chinese)

43. JC/T 603—2004; Standard Test Method for Drying Shinkage of Mortar. Chinese National Standard. Available online: https:
//www.doc88.com/p-5824406298114.html?r=1 (accessed on 20 June 2022). (In Chinese)

44. Li, D.X.; Feng, C.H. Study on Modification of the Magnesium Phosphate Cement-Based Material by Fly Ash. Adv. Mater. Res.
2011, 150-151, 1655–1661. [CrossRef]

45. Liu, Y.; Chen, B. Research on the preparation and properties of a novel grouting material based on magnesium phosphate cement.
Constr. Build. Mater. 2019, 214, 516–526. [CrossRef]

46. Ostrowski, N.; Roy, A.; Kumta, P.N. Magnesium Phosphate Cement Systems for Hard Tissue Applications: A Review. ACS
Biomater. Sci. Eng. 2016, 2, 1067–1083. [CrossRef] [PubMed]

http://doi.org/10.1016/j.matdes.2014.07.073
http://doi.org/10.1061/(ASCE)MT.1943-5533.0000971
http://doi.org/10.1007/s11595-010-0055-6
http://doi.org/10.1016/j.conbuildmat.2018.09.143
http://doi.org/10.1016/j.conbuildmat.2018.08.044
http://doi.org/10.1016/j.conbuildmat.2018.08.153
http://doi.org/10.1016/j.conbuildmat.2016.05.060
http://doi.org/10.1016/j.measurement.2019.03.002
http://doi.org/10.3390/ma15030918
http://doi.org/10.1016/j.cemconres.2015.01.015
http://doi.org/10.1016/j.conbuildmat.2018.11.085
http://doi.org/10.1680/jadcr.18.00067
http://doi.org/10.1016/j.conbuildmat.2019.117544
http://doi.org/10.1061/(ASCE)MT.1943-5533.0003035
http://doi.org/10.1016/j.conbuildmat.2021.123130
http://doi.org/10.1016/j.conbuildmat.2017.09.037
http://doi.org/10.1016/j.cemconres.2018.06.003
http://doi.org/10.1061/(ASCE)MT.1943-5533.0002779
http://doi.org/10.1016/j.conbuildmat.2019.116675
https://openstd.samr.gov.cn/bzgk/gb/newGbInfo?hcno=0D5131C43B6C36E9062837B9BB90B668
https://openstd.samr.gov.cn/bzgk/gb/newGbInfo?hcno=0D5131C43B6C36E9062837B9BB90B668
https://openstd.samr.gov.cn/bzgk/gb/newGbInfo?hcno=C17508EC07AA0E4FAA903AC142CBDE41
https://openstd.samr.gov.cn/bzgk/gb/newGbInfo?hcno=C17508EC07AA0E4FAA903AC142CBDE41
http://doi.org/10.1016/j.cemconres.2004.07.032
http://doi.org/10.1680/macr.2000.52.5.353
http://doi.org/10.1016/j.conbuildmat.2013.12.008
http://www.gb688.cn/bzgk/gb/newGbInfo?hcno=7AD06455D640C969669ACAEEB4AB1762
http://www.gb688.cn/bzgk/gb/newGbInfo?hcno=7AD06455D640C969669ACAEEB4AB1762
https://www.doc88.com/p-5824406298114.html?r=1
https://www.doc88.com/p-5824406298114.html?r=1
http://doi.org/10.4028/www.scientific.net/AMR.150-151.1655
http://doi.org/10.1016/j.conbuildmat.2019.04.158
http://doi.org/10.1021/acsbiomaterials.6b00056
http://www.ncbi.nlm.nih.gov/pubmed/33445235

	Introduction 
	Materials and Methods 
	Materials 
	Specimen Preparation 
	Testing Methods 

	Results and Discussions 
	Workability 
	Effect of FA on MPC Fluidity and Setting Time 
	Effect of MK on MPC Fluidity and Setting Time 
	Influence of Compound Powder on MPC Fluidity and Setting Time 

	Rheological Properties 
	Effects of FA on MPC Rheological Properties 
	Effects of MK on MPC Rheological Properties 
	Influence of Compound Powder on MPC Rheological Properties 

	Mechanical Properties 
	Influence of Fly Ash on Mechanical Properties of MPC 
	Influence of MK on MPC Mechanical Properties 
	Influence of Compound Powder on Mechanical Properties of MPC 

	Drying Shrinkage 
	The Effect of FA on MPC Drying Shrinkage 
	The Effect of FA on MPC Drying Shrinkage 
	Influence of Compound Powder on Drying Shrinkage of MPC 

	Mechanism Analysis 

	Conclusions 
	References

