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Abstract: To meet the material requirements for repairing cracked components serving in cold
temperatures, the differences in the setting hardening characteristics and physical and mechanical
properties of fly ash-modified magnesium phosphate cement (MPC) repair mortar cured at 0 °C and
20 °C were comparatively studied in this paper. The results show that under the same fly ash content,
the compressive strength of MPC repair mortar cured at 0 °C is lower than that cured at 20 °C, and
the setting time, fluidity, flexural strength, interfacial bonding strength, strength retention rate, and
linear shrinkage rate are not significantly deteriorated. The above properties of MPC repair mortar
vary with the increase in the fly ash content but still, remain appropriate when the fly ash content
is not higher than 15 wt%. The microstructure of MPC is obviously refined when the content of fly
ash is 10 wt%. Therefore, the MPC repair mortar cured at 0 °C and 20 °C has good physical and
mechanical properties. In particular, the flexural strength and interfacial bonding strength of the
specimens cured at 0 °C are higher than that cured at 20 °C at all curing ages, and at the curing age
of 3 days, those are 7.9 MPa and 5.4 MPa, respectively.

Keywords: magnesium phosphate cement; curing temperature; fly ash; mechanical properties;
bonding strength; drying shrinkage

1. Introduction

Magnesium phosphate cement (MPC) is a new cementitious material prepared by
dead burned magnesium oxide (MgO), acid phosphates, chemical additives, and mineral
admixtures, and it hardens through an acid-base reaction at room temperature [1]. MPC
is quite different from ordinary Portland Cement (OPC) in terms of raw material charac-
teristics, hydration process, and hydrate composition [2,3]. MPC has high early strength,
quick hardening properties, good volume stability, excellent property in ultra-low temper-
ature environments, small drying shrinkage, high bonding strength, and good abrasion
resistance [4,5], and is a rapid repair adhesive material widely used in old structures and
damaged pavements.

The physical and mechanical properties, hydration product types, and micromorphol-
ogy of MPC are affected by mixed ratio parameters, such as phosphate type, magnesium
phosphorus ratio [6], water binder ratio [7], borax content [8], and mineral content [9]. In
addition, the influence of curing temperature is also very significant. Seehra et al. [10]
and Yang et al. [11] concluded that increasing the environment temperature or hydration
temperature accelerated MPC setting time. Wang et al. [12] found that the increase in
environmental temperature promoted early strength, and the higher temperature, the
faster the early strength development. According to You et al. [13], magnesium ammo-
nium phosphate cement (MPC) dehydrated struvite (Mg(NH4)PO4-6H,0) to dittmarite
(Mg(NH4)PO4-H;O) above 70 °C, resulting in a significant strength loss.
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MPC has excellent mechanical properties and workability at room temperature and
can hydrate and harden under higher or lower temperature conditions, which indicates
that it has good adaptability to various temperatures. Yang [14] and Yue [15] showed
that when the temperature was below 0 °C, the setting time of MPC was prolonged.
Popovics et al. [16] demonstrated that the final setting time of MPC mortar with a water
binder ratio of 0.11 cured at 0 °C was 12 min and the compressive strength at 3 h reached
19.3 MPa, which indicated that MPC could set and harden normally at 0 °C. Li et al. [15]
observed that MPC prepared at room temperature could be set rapidly even curing at
—20 °C. According to the research results of Wang [17], MPC mortar was prepared at room
temperature and then cured in a low-temperature curing box at —20 °C. The compressive
strengths of MPC mortar at 2 h and 1 day were 10.0 MPa and 19.0 MPa, respectively, which
indicated that it still has high early strength at negative temperature.

At present, MPC has not been widely promoted and applied owing to its high hy-
dration temperature, concentrated heat release, poor water resistance, and high cost. To
overcome the above problems, the MPC is modified by mineral admixtures, such as fly
ash [18], blast furnace slag [19], metakaolin [20], silica fume [21], etc. Nonetheless, the
influence of mineral admixture on the properties of MPC depends on its type, chemical
composition, and physical properties, as well as additional dosage. The hydration kinetics
of magnesium potassium phosphate cement, partly replaced by wollastonite, is slowed
down hydration kinetics, and its heat release is lowered [22]. Metakaolin is conducive
to prolonging the setting time of MPC [20]. Red mud played a positive role in the water
resistance of MPC due to its strong alkalinity and high iron oxidation content [23]. Based
on volcanic ash and the micro-aggregate effect, fly ash can effectively reduce harmful pores,
reduce expansion rate, reduce cracking, make the structure more compact and enhance
strength in a low-temperature environment [24,25].

The aforementioned research demonstrates that mineral admixtures not only improve
the fluidity, later strength, water stability, and volume stability of MPC but also reduce
the cost [26]. At the same time, the cracked components serve in the natural environment,
and their structural repair requires that the repair materials can set and harden at various
ambient temperatures, especially at low temperatures, and has good mechanical properties
and interfacial bonding properties. MPC and its repair mortar show obvious advantages,
which are worthy of in-depth and systematic research. Based on previous research [27],
MPC repair mortar modified by fly ash was cured at 0 °C and 20 °C in this paper. The
influence of fly ash content and curing temperature on the setting time, fluidity, mechanical
properties, water resistance, interfacial bonding strength, and linear shrinkage rate of MPC
repair mortar were discussed.

2. Materials and Methods
2.1. Materials

Dead-burnt MgO was produced by calcining magnesite under a temperature of
1780 °C. The specific surface area and average particle size were 764.0 m? /kg and 28.0 um,
respectively measured by a laser particle size analyzer. The chemical composition is shown
in Table 1, and particle distribution is presented in Figure 1. The specific surface area
of secondary fly ash used in the research was 393.5 m?/kg, and the particle distribution
was also presented in Figure 1. The chemical composition analyzed by X-ray fluorescence
spectrometer is listed in Table 1. NH;H,PO,4 was industrial grade; its purity exceeded 90%.
The retarder adopted analytical pure Na;B,O7-5H;0 and industrial sugar. The standard
quartz sand with 99.5% SiO, and a size of 0.45-0.71 mm.

Table 1. Chemical composition of dead-burnt magnesia oxide and fly ash (%).

Raw Materials MgO 5102 A1203 F9203 CaO Kzo 503 TiOZ P205
MgO 91.46 2.03 1.02 1.27 1.75 0.04 0.20 0.04 0.13
Fly ash 0.57 34.54 21.18 3.42 3.06 1.53 0.21 0.94 0.18
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Figure 1. Particle size distribution of calcined magnesia and fly ash.

2.2. Mixture Proportion

Table 2 shows the mixed proportions of the investigated MPC repair mortars. The
cementitious materials included magnesia oxide, fly ash, and NH4H,PO, (abbreviated as B).
All the mixes had the same W/B ratio of 0.2 and the same M /P of 2, a sand-to-cementitious
materials ratio (S/B) of 1, 12 wt% borax, by weight of dead-burnt MgO, 3 wt% industrial
sugar, by weight of cementitious materials (abbreviated as T/B). The fly ash replacements
were 0 wt%, 5 wt%, 10 wt%, 15 wt%, 20 wt%, 25 wt% and 30 wt%, respectively, by weight of
dead-burnt MgO and NH4H,POj. According to the fly ash replacement level, the mixtures
are referred to as FAQ, FA5, FA10, FA15, FA20, FA25, and FA30, respectively.

Table 2. Mixure of MPC mortars.

Mixture ID M + P(wt%) Fly Ash (wt%) M/P W/B N/M (wt%) S/B T/B (wt%)
FAO 100 0 2/1 0.20 12 1 3
FA5 95 5 2/1 0.20 12 1 3

FA10 90 10 2/1 0.20 12 1 3
FA15 85 15 2/1 0.20 12 1 3
FA20 80 20 2/1 0.20 12 1 3
FA25 75 25 2/1 0.20 12 1 3
FA30 70 30 2/1 0.20 12 1 3

2.3. Specimens Preparation

According to Table 2, raw materials were weighed. The raw materials were precooled
in a low-temperature curing box at 0 °C for 24 h so that the temperature of the raw materials
was as close as possible to the test temperature in the severely cold environment. When
preparing, the raw materials of MPC repair mortars were first mixed and stirred slowly for
1 min, and the mixing water was added and mixed at a slow speed for 0.5 min, afterward,
mixed for 2 min at high speed. Finally, MPC repair mortar paste was obtained and quickly
poured into the triple mold of 40 mm X 40 mm x 160 mm for vibration molding. Then,
the specimens were placed in a curing box at 0 °C and 20 °C, respectively. The relative
humidity was RH 0% and RH 55%, respectively, until the test age was reached.

2.4. Experimental Methods
2.4.1. Physical and Mechanical Properties

Experiments on the setting time of the MPC repair mortar were conducted according
to JGJ /T 70-2009 [28]. The fluidity of the MPC repair mortar was tested according to GB/T

2419-2005. The compressive strength, flexural strength, and interfacial bonding strength
were tested according to GB/T 17671-2021 [29].
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2.4.2. Interfacial Bonding Strength

The interfacial bonding strength of MPC repair mortar with old Portland cement
was indirectly measured with flexural strength. The Portland cement mortar specimens
(40 mm x 40 mm x 160 mm) were made according to GB/T 17671-2021 [29] and split into
two nearly uniform sections after being cured for 28 days under standard curing conditions.
Half of the Portland cement mortar block was put into the mold and placed the fracture
cross-section in the middle of each mold. And then, the MPC repair mortar mixture was
poured into the remaining space and vibrated to mold. At last, the specimens were put
into respective curing boxes after demolding and cured until the test age. According to the
above standards, the interface flexural strength specimens are air cured for 1.5 h and 7 days,
and the immersed water specimens are cured for 7 days of air curing and then 7 days of
water curing.

2.4.3. Strength Retention Coefficient

The strength retention coefficient was widely used for evaluating the water resistance
of MPC. In this study, the strength retention coefficient was estimated according to GB/T
50082-2009 [30]. Place the shaped specimens in the corresponding curing box for curing.
The curing temperature is 20 °C and 0 °C, respectively, and the curing humidity is 50% and
0%, simulate air curing and water curing test pieces are put into water after air curing for
3 days. The room temperature curing shall be carried out in 20 °C water, and the zero cured
specimens shall be carried out in the 0 °C water curing box, and the calculation formula is
as follows:

wo = 0
C
where, wy, is for the strength retention coefficient at a given age, f., represents the average
compressive strength of wet specimens after immersion in water for 28 days (MPa), f.
represents the average compressive strength of dry specimens cured under the same days
in air condition (MPa).

2.4.4. The Linear Shrinkage Rate

The linear shrinkage of MPC repair mortar was tested by a comparator according
to JC/T 603-2004 [31]. The sample size was 25 mm x 25 mm x 280 mm. The specimens
were demolded after 1 h of casting and immersed in 20 °C and 0 °C water, respectively.
After curing for 3 days, the L of the specimens was measured by a dial gauge. Then, the
specimens were cured for 28 days under the conditions of 20 °C, 50% relative humidity,
and 0 °C, 0% relative humidity, respectively, and then the final length, Lyg, was measured.
The calculation formula is as follows:

_ Lo—1Log o
Syg = 750 x 100% (2)
where, Syg represents the drying shrinkage of MPC mortar cured for 28 days (%), its
accuracy is 0.001%; Ly is for the initial length (mm); Lyg is for the final length (mm); and
250 is the effective length of the specimens (mm).

2.4.5. Micro-Morphology of Hydration Products and Chemical Composition of
Raw Materials

After testing the strength of MPC specimens at different ages, the broken pieces were
collected and soaked in anhydrous ethanol for at least 7 days to stop hydration, and the
specimens were dried in a vacuum drying oven at 60 °C to constant weight before the
microscopic test.

Before the SEM test, gold spraying was performed. The samples were subjected to a
Quanta 250 FEG FE-SEM from an FEI company in the United States under the conditions of
3 kV accelerating voltage and 3 spot sizes. The micro-morphology of fly ash particles, the
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changes in the interfacial transition zone between fly ash and paste, and the morphological
characteristics of hydration products of MPC at each age were observed.

The XRF test adopted the Epsilon3 desktop energy star dispersive X-ray British spec-
trometer (Malvern Panalytical, Almelo, Holland). The voltage of the light tube test was
20 kV, the current was 100A, and the detection was SDDultra brick drift detector so as to
obtain the chemical composition of MgO and fly ash.

3. Results
3.1. Setting Time

The setting time effects of fly ash-modified MPC repair mortar cured at 20 °C, and
0 °C are shown in Figure 2. When fly ash-modified MPC repair mortar is mixed at 20 °C,
the setting time gradually decreases with the increase in fly ash content. The initial setting
time decreases from 13.9 min to 11.5 min when the content of fly ash is 30 wt%. This is
because fly ash partially replaces NH;H,PO, and MgO, which reduces the concentration
of MgO and the retarder of the mixture, delays MgO dissolution and acid-base interaction,
and, finally, shortens the setting time.
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Figure 2. The variation of setting time with mixing temperature and fly ash content.

It can be seen from Figure 2 that the setting time of MPC repair mortar with the same
fly ash content at 0 °C is longer than that at 20 °C. MPC setting, and hardening are based on
the solution-diffusion mechanism, and the ambient temperature has a significant impact on
the rate of NH4H;PO4, MgO, and borax, so it will also change the setting time of MPC repair
mortar [32]. The solubility and dissolution rate of NH4H;PO4 and MgO in an aqueous
solution decrease as ambient temperature decreases [25]; as a result, the hydration rate of
MPC repair mortar and the formation of struvite decrease at low temperature. Therefore,
the setting time is prolonged.

Figure 2 also shows that the initial setting time of MPC repair mortar mixed at 0 °C
slightly decreases from 14.1 min to 10.9 min when the fly ash content gradually increases
from 0 wt% to 10 wt%, and the setting time extends from 10.9 min to 15.0 min when the fly
ash content continues to increase to 30 wt%. The setting time of MPC repair mortar at 0 °C
is mainly affected by the solubility of borax and the continuity of struvite. First of all, the
solubility of borax at 0 °C is 2.77 g/100 g, which is significantly lower than 4.87 g/100 g
at 20 °C, its retarding effect is weakened, and the setting time of MPC repair mortar is
shortened. Secondly, the increase in fly ash content is bound to reduce the formation
and continuity of struvite and prolong the setting time of MPC repair mortar. Under the
combined effect of the above two factors, when the fly ash content is lower, the setting time
of MPC repair mortar is dominated by the solubility of borax, and when the fly ash content
is higher, it is controlled by the continuity of struvite. In addition, when the proportion of
fly ash exceeds 10 wt%, the aluminosilicate glass phases in fly ash can hardly participate in
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the violent acid-base reaction of MPC repair mortar [33]; that is to say, the setting time of
MPC is not affected by the hydration of fly ash.

3.2. Fluidity

The influences of mixing temperature and fly ash content on the mixture fluidity of
MPC repair mortar are shown in Figure 3. As can be seen from Figure 3 the fluidity of
MPC repair mortar mixture both increases first and then decreases with the increasing of
fly ash content at 20 °C and 0 °C, and it mixed at 0 °C is lower than that mixed at 20 °C,
both of which reach the maximum when the content of fly ash is 10 wt%. This is because
the spherical fly ash particles have a good “ball-bearing” effect in MPC mortar when the
content of fly ash is lower. Figure 1 shows that fly ash is finer than MgO, and so, when the
proportion of fly ash exceeds 10 wt%, the increase in the total surface area of raw materials
will lead to an increase in water demand, a decrease in the free water volume in the mixture
and in the fluidity. When the mixing temperature of MPC repair mortar is reduced from
20 °Cto 0 °C, the decrease in solubility of soluble raw materials leads to the further increase
in the surface area of solid particles to be wetted by water, and a slight reduction in the
fluidity of the mixture.

270
—&— Mixing at 20°C

—e— Mixing at 0°C

260

[\
9]
(e

Fluxility (mm)

220 1 1 1 1 1
0 5 10 15 20 25 30

Fly-ash content (wt%)
Figure 3. The variation of fluidity with mixing temperature and fly ash content.

3.3. Mechanical Properties

Figure 4 shows the influences of the temperature and fly ash content on the compres-
sive strength of MPC mortar paste. As shown in Figure 4 that, the compressive strength of
MPC mortar cured for 1.5 h, 3 days, and 28 days all increases first and then decreases with
the increasing of fly ash content at 20 °C and 0 °C, and the specimens mixed at 0 °C is lower
than the mixed at 20 °C, all of which reach the maximum when the content of fly ash is
10 wt%, and reduce to the minimum when the content of fly ash is 30 wt%. The compressive
strength of FA10 cured for 1.5 h, 3 days, and 28 days at 20 °C reach 28.4 MPa, 46.9 MPa,
and 54.4 Mpa, respectively, while that at 0 °C is 27.0 MPa, 44.1 MPa, and 47.9 MPa. In a
word, compared with ordinary cement-based repair mortar, MPC repair mortar still has
good mechanical properties when cured at 0 °C.
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Figure 4. The variation of compressive strength with mixing temperature and fly ash content.

It can be seen from Figure 1 that the particle size of fly ash is smaller than MgO.
When the content of fly ash is lower, the spherical particles are evenly dispersed in MPC
repair mortar and act as crystal nuclei, continuously promoting the formation of hydrous
magnesium ammonium phosphate and its transformation to the final form of struvite [34].
However, when the fly ash content continues to increase, a large number of fly ash particles
reduce the continuity of struvite crystals, and the adhesion of the hardened MPC repair
mortar sample gradually decreases [35]. When MPC is curing at 0 °C, the solubility of
NH4H, POy and the acidity of the fresh mortar mixture decrease correspondingly, resulting
in a significant decrease in the dissolution rate of MgO and the reduction in the formation
of struvite, the main cementing component of the hardened MPC repair mortar [25], and a
slight decrease in its compressive strength.

Figure 5 shows that the flexural strength of MPC repair mortar gradually increases
with curing age at 20 °C and 0 °C, and its variation law is consistent with the compressive
strength with fly ash content, and both reach the maximum when the fly ash content is
10 wt%. The flexural strength of MPC repair mortar cured for 28 days at 20 °C and 0 °C is
9.2 MPa and 9.8 Mpa, respectively. The particular difference is that when the content of fly
ash is not higher than 10 wt%, the flexural strength of MPC repair mortar cured at 0 °C at
each curing age is slightly higher than that of specimens cured at 20 °C. This is because the
compactness of hydration products is improved the fly ash when its content is lower, and
struvite still keeps good continuity.

12
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Figure 5. The variation of flexural strength with mixing temperature and fly ash content.
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On the one hand, when the temperature is close to 0 °C, the viscosity of water increases
from 1.00 mPa-s at 20 °C to 1.79 mPa-s, which leads to the decrease in migration rate of
capillary water in the hardened structure under bending load and the increase in flexural
strength of MPC cured at 0 °C. On the other hand, the smaller the capillary pores are, the
more difficult the water migration is, and so, the flexural strength of MPC increases slightly
when the fly ash content is less than 10 wt%. Moreover, under the zero-temperature curing
condition, there is some ice in the internal structure of the sample, and they are connected
with each other, thus improving the flexural strength of the materials [36].

3.4. Water Resistance

The influences of the temperature and fly ash content on the water resistance of MPC
mortar paste are shown in Figure 6. When the fly ash content increases from 0 wt% to
20 wt%, the strength retention coefficient of the MPC repair mortar gradually increases.
When the content is higher than 20 wt%, the strength retention coefficient gradually de-
creases with the increase in fly ash content.

0.9

Crued at 20°C
Crued at 0°C

T

e s L )

72
=

Strength retention coefficient
o o
[®)) -
T T
%
—

=3
i
T

0.4

0 5 10 15 20 25 30
Fly ash content (wt%)

Figure 6. The variation of water resistance with mixing temperature and fly ash content.

This is due to the morphological effect of fine spherical fly ash particles, which makes
its microstructure more compact and reduces the dissolution of soluble ammonium salt in
hardened MPC, thus improving the water resistance of MPC repair mortar [33]. However,
the content of fly ash continues to increase, and the “equal ball accumulation” effect
produced by a large number of fine particles will increase the porosity of MPC and also
weaken the continuity between struvite. During long-term immersion, more water will
enter the hardened MPC repair mortar through the capillary pores, which will eventually
reduce its compressive strength retention coefficient.

It is noteworthy that when the fly ash content is from 10 wt% to 30 wt%, the compres-
sive strength retention coefficient of MPC repair mortar cured at 0 °C is higher than that of
20 °C.

3.5. Interfacial Bonding Strength

It can be seen from Figure 7 that the interfacial bonding strength of MPC repair mortar
curing at 20 °C increases with the increasing of fly ash content, reaches the maximum at
the content of 20 wt%, and decreases slightly when the content of fly ash continues to
increase. The interfacial bonding strength of FA20 is up to 5.1 MPa, 5.4 Mpa, and 5.6 MPa,
respectively, which is 37.8%, 17.4%, and 36.6% higher than that of FAQ, respectively.
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Figure 7. The variation of interfacial bonding strength with mixing temperature and fly ash content.

The interfacial bonding strength of fly ash-modified MPC repair mortar comes from
two sources as follows: One is the cohesiveness of the main hydration products in the MPC
repair mortar, and the other is the Ca(OH);, existed in the pore solution and the finer fly ash
beads in the mixture carry out material transport in the interface area between the Portland
cement mortar and the MPC repair mortar through the capillary pores, and the active SiO,
and Al,O; of the fly ash occur the secondary hydration reaction under the action of Ca(OH),
to form C-S-H gel, which helps to improve the interfacial bonding strength between the
interfaces through chemical adhesion [37]. At the early hydration age of MPC repair mortar,
when the content of fly ash is lower than 20 wt%, under the combined mechanism of the
above two effects, the interfacial bonding strength is slightly improved. When the content
of fly ash is more than 20 wt%, the content of cohesive struvite in the hardened structure is
reduced, and the interfacial bonding strength is correspondingly decreased.

When the curing temperature is 0 °C, the interfacial bonding strength of MPC repair
mortar at all tested ages decreases gradually with the increasing of fly ash content; it
fluctuates slightly when the fly ash content is in the range of 15 wt% to 20 wt%. That
is because the content of cohesive struvite in the hardened structure is reduced with the
increase in fly ash content. At the same time, fly ash cannot be place. Secondary hydration
occurred at 0 °C. It indicates that MPC repair mortar without fly ash is the best for rapidly
repairing building structures in low-temperature environments. In addition, similar to the
flexural strength, the interfacial bonding strength of MPC repair mortar cures at 0 °C at
each curing age MPC is evidently higher than that of specimens cured at 20 °C when the
content of fly ash is not higher than 10 wt%, which illustrates that MPC repair mortar has
good flexural resistance and bonding performance at low temperature. Thus, struvite still
has good performance at low temperatures.

It is worth noting that the interfacial bonding strength cures for 14 days are less than
that of 3 days except FA20, FA25 and FA30 cured at 20 °C. It needs to be explained again
here that the curing method of 14 days at 20 °C and 0 °C includes air curing for 7 days and
water curing for 7 days after that, which is specified in the specification. The immersed
water interfacial bonding strength of MPC repair mortar cures for 14 days and is tested
according to the above curing conditions. The decrease in mechanical properties of MPC
repair mortar during immersion curing is the main reason for the 14 days interface bonding
strength reduction. Only when the curing temperature is 20 °C, and the content of fly
ash is no less than 20 wt%, the interfacial bonding strength of MPC repair mortar cures
14 days is a little higher than that of 1.5 h and 3 days. This is due to the fact that water
infiltration during the soaking process accelerates the leaching and migration of Ca(OH),
in the interface area between Portland mortar and MPC repair mortar and stimulates the
pozzolanic activity of fly ash.
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3.6. Drying Shrinkage

As shown in Figure 8, the linear shrinkage rate of MPC repair mortar curing at 20 °C
decreases first and then increases with the increase in fly ash content and reduces to the
minimum when the fly ash content is 15 wt%, which is —0.74%o.. The linear shrinkage rate
is negative when the fly ash content is no more than 15 wt%, which is to say, MPC repair
mortar expands slightly during drying. This is because the active component Al,O3 in
fly ash reacts with phosphate to form aluminum phosphate cementitious material, which
fills between the pores and causes the expansion of the MPC repair mortar [15]. The linear
shrinkage rate is only 0.11 %0 when the content of fly ash is 20 wt%, and it increases rapidly
when the content of fly ash continues to increase to 30 wt%, which indicates that MPC
repair mortar occurs shrinkage during drying. However, when the fly ash content is too
high, more MgO and NH4H,POj, are replaced, and the amount of struvite is reduced [38].
Most of the water adsorbed on the surface of the fly ash particles does not participate in the
hydration reaction, and it is more likely that it will be lost during the drying process, so the
linear shrinkage rate increases.
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Figure 8. The variation of linear shrinkage rate with mixing temperature and fly ash content.

The linear shrinkage rate of MPC repair mortar cured at 0 °C varies with the fly ash
content the same as that cured at 20 °C, which is the lowest when the fly ash content is
15 wt%. The difference is that the linear shrinkage of all MPC repair mortar is positive,
which indicates that they all shrink during the drying process. The linear shrinkage rate
is from 0.41 %o to 0.28 %o when the content of fly ash increases from zero to 15 wt% and
increases rapidly when the content is greater than 15 wt%. According to the specification
requirements and operability of the drying shrinkage test, the relative humidity of the
20 °C curing specimen is 50%, while that of the 0 °C specimen is 0%. During the 25 days of
the drying process, the moisture in the MPC specimens is almost completely lost through
sublimation, so the drying shrinkage of the 0 °C specimen is higher than that of the
20 °C specimens.

3.7. SEM Analysis of MPC Cured at 20 °C

It can be seen from Figure 9a that the struvite is distributed in blocks and columns,
and the structure is closely connected with MgO in the microscopic morphology of sample
FAQ cured for 28 days. Previous studies have shown that struvite tends to generate large
crystals in open spaces such as pores or porous areas, while in the confined region, it tends
to form less regular but closely clustered block crystals [39,40], which is consistent with our
observation. As is shown in Figure 9b, the hydration products are obviously refined and
bonded to the surface of fly ash particles, and thus the morphology of FA10 was obviously
more compact compared with sample FAQ. On the one hand, fly ash with finer particles can
fill the microcracks and gaps of the MPC matrix, making the structure more compact. On the
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other hand, fly ash has reactivity in the system. Its glassy aluminosilicate part reacts in the
initial acidic environment of MPC to form new hydrated gelling products, which optimizes
the single struvite structure in FAO, thus improving the mechanical properties [19,41].
Figure 9¢,d shows that the struvite of FA20 and FA30 is further refined, and its continuity is
further reduced, especially since the microstructure becomes looser when the content of
fly ash is 30 wt%, and no hydration product of fly ash is observed. This indicates that an
excessive amount of fly ash will lead to insufficient content of struvite, the main hydration
product, which is detrimental to the densification of the MPC matrix structure and the
decline of mechanical properties.

(b)FAT0 (c) FA20 (d) FA30

Figure 9. SEM images of fly ash-modified MPC cured for 28 days at 20 °C.

4. Conclusions

This paper studies the difference in properties, such as setting time, fluidity, mechanical
properties, water resistance, interfacial bonding strength, and linear shrinkage, of fly ash-
modified magnesium phosphate cement repair mortar cured at between 20 °C and 0 °C.
The influence of fly ash content on MPC microstructure is analyzed by SEM. According to
the experimental results, the following conclusions can be drawn:

(1) The setting time of MPC repair mortar with the same fly ash content mixing at 0 °C is
longer than that at 20 °C, and the fluidity mixing at 0 °C is lower than that at 20 °C.
The setting time of MPC repair mortar decreases with the increase in fly ash content
at 20 °C, and decreases first and then increases with the fly ash content at 0 °C. With
the increase in fly ash content, the fluidity of MPC repair mortar mixture mixed at
20 °C and 0 °C first increases and then decreases and reaches the maximum when the
content of fly ash is 10 wt%.

(2) The compressive strength of MPC cured at 0 °C is obviously lower than that cured
at 20 °C, while the flexural strength, strength retention rate, and interfacial bonding
strength vary slightly with that cured at 20 °C. Those are not lower than the latter
when the content of fly ash is not higher than 10 wt%. Except that the interfacial
bonding strength cured at 0 °C decreases with the increase in fly ash content, the
above properties of MPC cured at 0 °C and 20 °C increase first and then decreased
with the increase in fly ash content. In other words, MPC cured at 0 °C still has
appropriate mechanical properties and water resistance.

(38) The linear shrinkage rate of MPC repair mortar cured at 0 °C is higher than that cured
at 20 °C because of the difference in curing humidity under the same fly ash content.
The linear shrinkage rate of MPC repair mortar cured at 0 °C and 20 °C decreases first
and then increases with the increase in fly ash content, which is the lowest when the
fly ash content is 15 wt%.

(4) The section of fly ash-modified MPC contains visible struvite, MgO, fly ash particles,
and glass beads. The fly ash refines the struvite and increases the compactness of
MPC, so its water resistance is improved. Meanwhile, with the increase in fly ash
content, the crystallinity and continuity of struvite decrease, which leads to a decrease
in its mechanical properties.
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