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Abstract: Damaged structures on coral islands have been spalling and cracking due to the dual corrosion of tides and waves. To 
ensure easy access to aggregate materials, magnesium potassium phosphate cement (MKPC) and coral sand (CS) are mixed to 
repair damaged structures on coral islands. However, CS is significantly different from land-sourced sand in mineral composition, 
particle morphology, and strength. This has a substantial impact on the hydration characteristics and macroscopic properties of 
MKPC mortar. Therefore, in this study we investigated the compressive strength, interfacial mechanical properties, and corrosion 
resistance of MKPC CS mortar. Changes in the morphology, microstructure, and relative contents of hydration products were 
revealed by scanning electron microscope-energy dispersive spectrometer (SEM-EDS) and X-ray diffraction (XRD). The results 
indicated that the compressive strength increased linearly with the interfacial micro-hardness, and then stabilized after long-term 
immersion in pure water and Na2SO4 solution, showing excellent corrosion resistance. Compared with MKPC river sand (RS) 
mortar, the hydration products of CS mortar were an intermediate product 6KPO2·8H2O with a relative content of 3.9% at 1 h 
and 4.1% at 12 h. The hydration product MgKPO4·6H2O increased rapidly after 7-d curing, with an increased growth rate of 
1100%. Our results showed that CS promoted the nucleation and formation of hydration products of MKPC, resulting in better 
crystallinity, tighter overlapping, and a denser interfacial transition zone. The results of this study provide technical support for 
applying MKPC mortar as a rapid repair material for damaged structures on coral islands.

Key words: Magnesium potassium phosphate cement (MKPC); Coral sand (CS); Mechanical properties; Corrosion resistance; 
Hydration mechanism

1 Introduction 

Coral islands are distributed mainly in the tropi‐
cal marine area between the north and south latitudes 
of 30°. This area has complex climatic conditions with 
high temperatures, humidity, and salinity all year round. 
Therefore, structures that have been in service for many 
years on coral islands suffer from large-scale cracking, 
spalling, corrosion, and collapse (Qin et al., 2021; 

Meng et al., 2022). The damaged structures need to 
be repaired to ensure construction safety. However, 
structures such as damaged breakwaters on coral is‐
lands are susceptible to tides and waves during the re‐
pair process, which puts extra demands on the setting 
time of the repairing materials. Magnesium potassium 
phosphate cement (MKPC) mortar is an environmen‐
tally friendly and rapid repair material, whose initial 
setting and hardening process can be completed within 
10 min (Qiao et al., 2010; Qian and Yang, 2011; Xu 
et al., 2018a). Due to its high early compressive strength 
(7–45 MPa after 1 h) (Zhang et al., 2017), long dura‐
bility (Chong et al., 2019; Li et al., 2019), and excel‐
lent bonding performance in damaged concrete struc‐
tures (Xu et al., 2015; Li et al., 2017; Qin et al., 2018; 
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Xie et al., 2020), MKPC mortar has been widely used 
for the rapid repair of damaged roads, bridges, and 
runways, and for the solidification of heavy metals 
(You et al., 2015). Therefore, MKPC mortar is a good 
choice for repairing damaged structures on coral is‐
lands in harsh aquatic environments.

MKPC features high crystallinity, which is com‐
monly produced by a chemical reaction between dead 
burned magnesium oxide (MgO) powder, potassium 
dihydrogen phosphate (KH2PO4), retarder, and water 
(Viani et al., 2016; Xu et al., 2020; Peng et al., 2022). 
Its properties and microstructure are affected mainly 
by the mass ratio of MgO to KH2PO4 (M/P), mass 
ratio of water to MKPC (w/b), and types and dosage 
of retarder. M/P is a primary factor in influencing the 
hydration process and properties of MKPC. With in‐
creasing M/P, the phase appearance of hydration prod‐
ucts presents a development sequence of needle shapes, 
platelet shapes, prismatic shapes, and amorphous shapes 
(le Rouzic et al., 2017). In addition, as M/P increases, 
the total porosity first decreases and then increases 
(Ma et al., 2014; Hou et al., 2016), while the mechani‐
cal strength first increases and then decreases (Yang 
and Wu, 1999; Xu et al., 2018b). MKPC can set 
quickly, in tens of seconds, without retarders, which 
presents challenges in practical construction applica‐
tions. Therefore, it is usually necessary to add retard‐
ers to prolong the setting time of MKPC. The main 
types of commonly used retarders are borax (Yang 
and Qian, 2010), aluminum nitrate (Cau Dit Coumes 
et al., 2021), rice husk ash (Liu et al., 2020), boric 
acid (Formosa et al., 2012; Lahalle et al., 2018), sodi‐
um acetate anhydrous (Dai et al., 2020), and sodium 
alginate (Yang et al., 2022). Among these, borax is 
widely used due to its high efficiency and low re‐
quired dosage. Its retarding effect on MKPC can be 
attributed to hydration temperature reduction, solution 
pH control, and protective film generation. A very 
low borax content has little impact on setting time, 
but an excessive borax content has adverse effects on 
the later strength and durability of MKPC (Yang and 
Qian, 2010).

The fine aggregates used to prepare MKPC mor‐
tar comprise mainly river sand (RS) and quartz sand 
(Yang et al., 2000). Some researchers have also tried 
using limestone sand, granite, slag, magnesium sand, 
and aluminum sand (Ding and Li, 2005; Yang et al., 
2017). Research shows that MKPC mortar formulated 

with these fine aggregates has excellent compressive 
strength. In addition, the rough surfaces of magnesium 
sand and aluminum sand can combine better with 
MKPC paste so that the fine aggregates bind more 
closely with hydration products and have higher com‐
pressive strength. However, the coral islands are far 
from the mainland, and terrigenous sand and gravel 
materials have to be transported over long distances 
from the continent. The transportation costs of build‐
ing materials on a coral island in China are incredibly 
high and can account for up to 72% of the total con‐
struction project budget (Meng et al., 2021). Therefore, 
based on the premise that pristine reef environments 
will not be damaged, local coral sand (CS) is used as 
a fine aggregate for MKPC mortar to reduce transpor‐
tation costs, which is of great engineering significance 
for repairing damaged structures on coral islands.

CS is a specific geotechnical material with a po‐
rosity of up to 50%. Its mineral composition is mainly 
aragonite and calcite (≥96%). Due to the preservation 
of the original biological skeletal structures during its 
formation, CS has porous structures and serrated sur‐
faces with high water absorption capacity. On the one 
hand, the porous structure of CS gives it a brittle tex‐
ture and lower strength (Wang et al., 2017; Wei et al., 
2018, 2023), but on the other hand, the rough serrated 
surface of CS can make the interfacial transition zone 
between CS and cement more compact (Wang et al., 
2016; Qin et al., 2021). In addition, the internal cur‐
ing affected by the water absorption and release prop‐
erties of CS causes significant changes in the micro‐
structure and properties of the cement paste (Castro 
et al., 2011; Cheng et al., 2018).

Since CS differs significantly from land-sourced 
RS in mineral composition, particle morphology, and 
particle strength, it is bound to have a substantial im‐
pact on the hydration characteristics and macroscopic 
properties of MKPC mortar. However, there have been 
few studies on CS as a fine aggregate for MKPC mor‐
tar. In this study, we analyzed the primary factors af‐
fecting the compressive strength of MKPC CS mortar. 
The mechanical properties of the interface between 
CS and MKPC paste were studied by conducting micro-
hardness tests. The changing patterns of mechanical 
properties of MKPC CS mortar after long-term expo‐
sure to water or corrosion solution were investigated. 
The morphological and microstructural characteristics 
of hydration product phases after different curing 
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times were revealed by scanning electron microscope-
energy dispersive spectrometer (SEM-EDS). In addi‐
tion, the patterns of variation in the relative contents 
of the hydration product phases were quantified using 
X-ray diffraction (XRD).

2 Materials and methods 

2.1 Materials and specimens

2.1.1　Materials

The MKPC was composed of dead burned MgO 
powder, KH2PO4, retarder, and water. The dead burned 
MgO powder was formed through the industrial-scale 
magnesite calcination process (at >1500 ℃ ) at the 
Tinghu Refractory Factory located in Yancheng, China. 
The bulk density was 3.18 g/cm3 and the average par‐
ticle size was 74 μm. The percentages by weight of 
the main chemical components of dead burned MgO 
powder are shown in Table 1. KH2PO4 with a purity 
of 98% and solution pH of 4.3–4.7 was provided by 
the Yingkou House Material Factory, China. The re‐
tarder was borax (Na2B4O7·10H2O) with a purity of 
99.5%, provided by the Bodi Chemical Company, 
China.

The fine aggregate CS was taken from an island 
in the South China Sea, China. The particle-size range 
was 0.075–4.750 mm, and the fineness modulus was 
2.70. The particle-size distribution of the RS was 
almost the same as that of the CS, and the fineness 
modulus was 2.58. The particle-size distributions of 
the CS and RS are shown in Fig. 1. The physical prop‐
erties of fine aggregates were tested according to 
(AQSIQ, 2010), and the results are shown in Table 2.

2.1.2　Mixture proportions

(1)　Compressive strength test
The compressive strength of MKPC CS mortar 

was tested after 1-, 3-, and 7-d curing times. In addi‐
tion, the influence of primary factors on compressive 
strength was analyzed. These factors included mainly: 
M/P, w/b, mass ratio of aggregates to MKPC (s/b), 
and mass ratio of borax to MgO (NB). The mix pro‐
portion design is shown in Table 3.

Fig. 1  Particle-size distributions of aggregates

Table 1  Chemical compositions of dead burned MgO 

powder

Material

MgO

SiO2

CaO

Fe2O3

Al2O3

Loss on ignition (LOI)

Weight (%)

92.98

4.02

1.51

0.90

0.30

3.18

Table 2  Physical properties of fine aggregates

Specimen

CS
RS

Bulk density
(kg/m3)
1131
1450

Porosity (%)

58.87
45.08

Apparent density
(kg/m3)
2750
2640

Fineness modulus

2.70
2.58

Water absorption
(%)
1.96
0.45

Table 3  Mix proportions of compressive strength tests

Number

1

2

3

4

A-M/P

1.5/2.0/2.5/3.0

2.5

2.5

2.5

B-w/b

0.2

0.15/0.18/0.20/0.30

0.2

0.2

C-s/b

0.7

0.7

0.5/0.7/1.0/1.5

0.7

D-NB

0.11

0.11

0.11

0.03/0.05/0.09/0.11
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(2) Micro-hardness, corrosion resistance, and mi‐
croscopic structure

The CS and RS were used as fine aggregates 
of MKPC mortar for testing mechanical properties, 
corrosion resistance, and microscopic structure. Ac‐
cording to the compressive strength test, the optimum 
ratio of the main factors was chosen for the mechanical 
properties, corrosion resistance, and microscopic struc‐
ture tests. The mix proportions of MKPC CS mortar 
and RS mortar are shown in Table 4.

2.1.3　Specimen preparation

(1)　Compressive strength and corrosion resis‐
tance tests

The dry aggregates and 20% of the total required 
water were poured slowly into a mixing pot for 1 min 
to pre-wet the aggregates, then the MgO, KH2PO4, 
and borax were slowly added. After gentle mixing for 
2 min, the remaining water was poured slowly into 
the mixing pot for 2 min and then mixed vigorously 
for 2 min. The prepared mortar was loaded into a 
40 mm×40 mm×40 mm cube mold in layers and vi‐
brated on a shaking table for 1 min. The surface was 
scraped flat and demolded after 30 min at room tem‐
perature ((20±2) ℃ ). Three similar specimens were 
taken as one group and placed in a curing box at con‐
stant temperature ((20±2) ℃ ) and humidity (relative 
humidity of ≥95%).

(2)　Micro-hardness
The MKPC CS and RS mortar specimens were 

cured for 1 h, 12 h, 7 d, or 28 d. After immersing in 
ethanol for 24 h, the samples were put into an oven at 
40 ℃ and dried to a constant weight to stop hydration 
of the specimens. From each sample, a natural section 
containing a distinct interface area between the aggre‐
gate and the MKPC mortar was taken for testing. The 
selected specimens were wrapped with epoxy resin 
and cut into cylindrical samples with a diameter of 
30 mm and a height of 20 mm. The surface of the 
sample was then polished sequentially with 600, 800, 
1000, and 2000 grit sandpaper.

(3)　SEM-EDS and XRD
The MKPC CS and RS mortar specimens were 

cured for 1 h, 12 h, 7 d, or 28 d. After immersing in 

ethanol for 24 h, the samples were put into a 40-℃ 
oven drying to constant weight to stop the hydration 
of specimens. Then SEM-EDS tests were conducted, 
and powders grounded to less than 75 μm were sub‐
jected to XRD tests.

2.2 Experimental procedure

2.2.1　Compressive strength test

An INSTRON 3369 universal testing machine 
was used to test the compressive strength of the sam‐
ples at a loading rate of 1 mm/min. The average com‐
pressive strength of three similar specimens was re‐
corded as the test result. If, for any specimen, the dif‐
ference between the maximum or minimum value and 
the average value in the test results was greater than 
15%, the data were discarded, and the average value 
of the remaining specimens was taken as the test result.

The compressive strength growth rate α indicated 
the development of the compressive strength of MKPC 
mortar. A larger value of α means faster development 
of compressive strength with increasing curing time. 
The equation used for calculating α is shown in Eq. (1).

α =
P7d -P1d

P1d

´ 100% (1)

where P1d and P7d denote the compressive strengths of 
the specimen at 1 d and 7 d, respectively, in MPa.

2.2.2　Corrosion resistance test

A corrosion resistance test was conducted ac‐
cording to (MIIT, 2021). The specimens were placed 
in a curing box at constant temperature ((20±2) ℃ ) 
and humidity (relative humidity of ≥95%) for 12 h 
and then saturated in pure water at 20 ℃ for 7 d. 
After immersing the saturated specimens in pure water 
and Na2SO4 solution with a mass fraction of 15% for 
28 d, 56 d, or 90 d, the compressive strength was tested.

The corrosion resistance coefficient K character‐
ized the corrosion resistance of each specimen to sul‐
fate solution. A large value of K indicates a strong re‐
sistance. The equation used for calculating K is shown 
in Eq. (2).

K =
RC

RW

 (2)

Table 4  Mix proportions of CS mortar and RS mortar

Specimen
CS
RS

A-M/P
2.0
2.0

B-w/b
0.18
0.18

C-s/b
0.5
0.5

D-NB
0.11
0.11
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where RC denotes the compressive strength of the 
specimen after immersing in 15% Na2SO4 solution 
for the pre-designed curing time, and RW denotes the 
compressive strength of the sample after immersion 
in pure water for the pre-designed curing time.

2.2.3　Microstructural characterization

(1)　Micro-hardness test
A DHV-1000 digital display micro-Vickers hard‐

ness tester produced by the Suzhou Nanguang Elec‐
tronic Technology Company, China was used for test‐
ing. The interface between fine aggregate and MKPC 
mortar was defined as point 0, and a series of points 
were struck every 20 μm in the direction of the mor‐
tar, three times at each position (each penetration point 
was at the same distance, but not in the same place). 
Schematic diagrams of the interfacial transition zone 
between aggregate and mortar are shown in the elec‐
tronic supplementary materials (ESM). The test result 
is the average of the three micro-hardness values at 
the same location. If the difference between the maxi‐
mum or minimum value and the average value in the 
test result was greater than 15%, the value was dis‐
carded, and the average of the remaining values was 
taken as the test result. The test load was 0.5 N, and 
the load retention time was 15 s.

(2)　SEM-EDS
A Quanta 250 SEM produced by Thermo Fisher 

Scientific, USA, was used. A natural section of 10 mm×
10 mm specimens was taken to analyze the character‐
istics of the hydration products in terms of phase mor‐
phology and microstructure at 5000× magnification 
by SEM. The elemental composition of the crystalline 
products was analyzed by a point sweep using the 
EDS energy spectrometer.

(3)　XRD
A D8 Advance X-ray diffractometer manufac‐

tured by Bruker-AXS, Germany, with an operating 
voltage of 40 V, current of 40 mA, continuous scan‐
ning mode, scanning speed of 2 (°)/min, and scanning 
range of 5°–90° was used. The phase composition of 
hydration products after different curing times was 
analyzed, and the variation in the relative content of 
the contained phases was quantified by the adiabatic 
method.

The adiabatic method regards the sample as an 
isolated environment without adding a reference sub‐
stance to the sample. Only the diffraction data of the 

phase contained in the sample were used to calcu‐
late the content of the phases. Since there was no 
amorphous phase in the MKPC system, and each 
phase had a k value, the conditions for using the adia‐
batic method were satisfied. If a sample contains N 
phases and no amorphous phase, and a phase i is 
selected as the reference medium, the mass fraction ws 
of phase s can be expressed by Eqs. (3) and (4).

ws =
Is

k s
i∑

i = 1

N Is

k s
i

 (3)

k s
i =

k s
c

k i
c

 (4)

where k s
i  is the reference intensity ratio (RIR) of the 

phase s to the reference phase i, k s
c and k i

c are the RIRs 
of phases s and i, respectively, RIR is the ratio of 
phase intensity to the reference substance (Al2O3) in‐
tensity, and Is is the XRD intensity of the phase s to 
be analyzed, which is the area of the strongest diffrac‐
tion peak of the phase s.

All phases of the sample were first searched and 
matched. By comparing the pattern of diffraction 
peaks and PDF cards, the position of the strongest dif‐
fraction peak of each phase was determined. The 2θ 
value of the strongest diffraction peak of each phase 
is shown in Table 5. After deducting the background, 
the fit was performed on the strongest peak of each 
phase in the spectra. The fitting effect was judged by 
the magnitude of R, with a smaller R-value indicating 
a better fit. The definition of R is shown in Eq. (5).

R =
∑(I0 - Ic )2

I0∑I0

´ 100% (5)

where I0 is the XRD intensity of the phase to be ana‐
lyzed, and Ic is the reference intensity of XRD of the 
phase.

Table 5  Values of 2θ of the strongest diffraction peak of 

the material phases

Material phase
MgO

MgKPO4·6H2O
MgHPO4·3H2O
6KPO2·8H2O

SiO2

CaCO3

2θ (°)
43.007
20.943
25.754
10.170
26.734
26.319
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3 Results and discussion 

3.1 Mechanical properties

3.1.1　Compressive strength

The effects of additional proportion on the com‐
pressive strength of MKPC CS mortar are shown in 
Fig. 2. The compressive strength of MKPC CS mortar 
increased with increasing curing time. The compres‐
sive strength at different curing times showed a trend 
of increasing and decreasing under different addition‐
al proportions of M/P, w/b, and NB, and gradually re‐
duced with the addition of s/b content. The compres‐
sive strength performance was the best when M/P was 
2.0, w/b was 0.18, s/b was 0.5, and NB was 0.09, 
reaching 34.8 MPa at 7 d.

The effects of additional proportions on the com‐
pressive strength growth rate of MKPC CS mortar 
are shown in Fig. 3. The growth rate of compressive 
strength tended to first increase and then decrease 
with increasing curing time (Fig. 3a). The growth rate 
of compressive strength peaked when the M/P ratio 
was 2.0, with a growth rate of 95.2%, and was the 
lowest when the M/P ratio was 1.5, with a growth rate 
of only 12.0%. Fig. 3b shows that the growth rate of 
compressive strength gradually decreased with in‐
creasing w/b. The growth rate of compressive strength 
reached a peak of 189.2% when w/b was 0.15, and 
fell to a low point of 23.5% when w/b was 0.30, indi‐
cating that a higher w/b was detrimental to the growth 
of compressive strength. Fig. 3c shows that the com‐
pressive strength grew at the fastest rate of 45.0% 
when s/b was 1.5, and at the slowest rate of 5.1% when 
s/b was 1.0. Fig. 3d shows that with increasing borax 
admixture, the growth rate of compressive strength 
first decreased and then increased. The growth rate 
was the fastest at 45.1% when NB was 0.03, and the 
lowest at 12.6% when NB was 0.05.

Fig. 4 shows the compressive strengths of MK‐
PC CS mortar and RS mortar at the optimal propor‐
tioning after curing for 1 h–90 d. The compressive 
strength of MKPC CS mortar rose with the period of 
curing, while that of MKPC RS mortar showed a re‐
duction after 28 d. In general, the addition of borax 
prolongs the setting time of MKPC mortar from sev‐
eral to tens of minutes (Xu et al., 2020). However, ex‐
cessive addition of borax will cause an endothermal 
effect in the MKPC paste, which decreases its early hy‐
dration rate. Thus, the strength and micro-morphology 

Fig. 2  Compressive strengths of MKPC CS mortar under 
different mix proportions: (a) A-M/P; (b) B-w/b; (c) C-s/b; 
(d) D-NB
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of hardened MKPC are affected (Qiao et al., 2009; 
Yang and Qian, 2010). The sudden drop in compres‐
sive strength for the sample of RS mortar was caused 
mainly by excessive addition of borax. The compres‐
sive strength of CS mortar remained stable after 3-d 
curing time when the w/b was 0.20, and increased rap‐
idly during three times (by 32.5% at 2–6 h, 14.8% at 
12 h–1 d, and 23.5% at 7–28 d) when the w/b was 
0.18. Compared with RS mortar, MKPC CS mortar 
had higher compressive strength at 1 h–3 d. However, 
the growth rate of compressive strength at 3–28 d was 
less than that of RS mortar. We conclude that, com‐
pared with MKPC RS mortar, MKPC CS mortar had 
a stable late-stage compressive strength. In addition, 
the appropriate w/b dosage played a critical role in 
the increase of the compressive strength of MKPC CS 
mortar.

3.1.2　Micro-hardness of the interfacial transition zone

The interfacial micro-hardness values of MKPC 
CS mortar and RS mortar after 1-h, 12-h, 7-d, and 28-d 
curing times are shown in Figs. 5 and 6, respectively. 
The micro-hardness values in the 0–40 μm interfacial 
transition zone were lower than those in aggregates 
and MKPC mortar, indicating that the interfacial tran‐
sition zone of the MKPC mortar had a weak interfa‐
cial micro-hardness in the range of 0–40 μm. This phe‐
nomenon is due to the wall effect and the micro-zone 
bleeding effect between the cement paste and fine ag‐
gregates (Scrivener et al., 2004).

Micro-hardness values at the interface between 
fine aggregates and MKPC mortar (at 0 μm) increased 
with the curing period. In addition, the interfacial micro-
hardness values (at 0 μm) of the CS mortar were higher 
than those of the RS mortar at the same curing time. 
The rough and porous surface of CS made it easier 

Fig. 3  Compressive strength growth rates of MKPC CS 
mortar: (a) A-M/P; (b) B-w/b; (c) C-s/b; (d) D-NB

Fig. 4  Compressive strengths of optimal proportions of 
MKPC CS mortar and RS mortar

Fig. 5  Micro-hardness values in the interfacial transition 
zone of MKPC CS mortar

Fig. 6  Micro-hardness values in the interfacial transition 
zone of MKPC RS mortar
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for the cement paste to fill the internal pores of the 
particles, which contributed to more compact micro‐
structures. Therefore, the interfacial micro-hardness 
value was excellent, which in turn improves the me‐
chanical properties of MKPC CS mortar (Wang et al., 
2016; Qin et al., 2021; Zhang et al., 2021).

3.1.3　Relationship between compressive strength and 
average micro-hardness

The relationship between the average micro-
hardness value and compressive strength of MKPC CS 
mortar and RS mortar at different curing times is 
shown in Fig. 7. The compressive strength and aver‐
age micro-hardness values increased with increasing 
curing time. The compressive strength of MKPC CS 
mortar showed an apparent linear relationship with 
the average micro-hardness value (yCS =-36.30 + 0.70x, 
R2

CS=0.99). In comparison, the linear relationship be‐
tween compressive strength and average micro-hardness 
of MKPC RS mortar was weaker than that of CS mortar 
(yRS =-20.47 + 0.53x, R2

RS = 0.87). These results show 
an apparent connection between the average interfa‐
cial micro-hardness value of MKPC CS mortar and 
the compressive strength. This means that the average 
interfacial micro-hardness value may reflect the mac‐
roscopic mechanical properties.

3.2 Corrosion resistance

The compressive strengths of MKPC CS mortar 
and MKPC RS mortar immersed in different concen‐
trations of Na2SO4 solution are shown in Fig. 8, and 
the corrosion resistance coefficients K are shown in 
Table 6. The compressive strength of MKPC CS mortar 

and RS mortar first decreased and then increased 
with the curing time. Meanwhile, the compressive 
strength of MKPC CS mortar was significantly lower 
than that of RS mortar at all curing times. However, 
MKPC CS mortar had higher corrosion resistance co‐
efficients. Long-term immersion in Na2SO4 solution 
reduced the compressive strength of RS mortar by 
16.7% at 28 d, 18.7% at 56 d, and 17.5% at 90 d, 
while that of CS mortar decreased slightly at 28 d, but 
increased by 12.5% at 56 d and 10.6% at 90 d.

Although the compressive strength of MKPC CS 
mortar was lower than that of RS mortar, its corrosion 
resistance coefficients were higher. When the MKPC 
paste was immersed in the solution, the dissolution of 
unreacted anhydrous phosphate resulted in more open 
pores, which increased the effect of the corroding so‐
lution on the compressive strength of the specimens 
(le Rouzic et al., 2017). The addition of CS delayed 
the dissolution of KH2PO4 in the MKPC system. On 
the one hand, the phosphate not yet involved in the re‐
action led to more open pores in the specimens, mak‐
ing the compressive strength of CS mortar immersed 
in the corrosion solution lower than that of RS mortar. 
On the other hand, the reaction rate of MKPC was re‐
duced, and the crystallization of the hydration hardening 

Fig. 7  Relationship between compressive strength and 
average micro-hardness value

Fig. 8  Compressive strengths after immersion in the solution

Table 6  Corrosion resistance coefficients of MKPC CS 

mortar and RS mortar

Curing age (d)

28

56

90

K

CS
0.95

1.13

1.11

RS
0.83

0.82

0.83

123



|    J Zhejiang Univ-Sci A (Appl Phys & Eng)    2024 25(2):116-129

products had better performance, making MKPC CS 
mortar more resistant to corrosion by sulfate solution.

3.3 Hydration product phase

3.3.1　XRD analysis

The main hydration product of MKPC is 
MgKPO4·6H2O, and the crystal structure is based on 
the combination of PO3 -

4  tetrahedron, MgO·6H2O octa‐
hedron, and K+ (Graeser et al., 2008). The hydration 
process of MKPC can be divided into three stages 
(Wagh and Jeong, 2003): the dissolution of metal ox‐
ides to form a hydrosol Mg(OH)2 and the release of 
Mg2+ and OH−; dissolution of phosphate in water to re‐
lease K+ and PO3 -

4 , and then generation of the interme‐
diate product MgHPO4·3H2O; the gradual saturation 
and crystallization of the phosphate molecular gel to 
form the hardened hydration product MgKPO4·6H2O. 
The total reaction equation is shown in Eq. (6).

MgO+KH2PO4+5H2O→MgKPO4·6H2O. (6)

The crystallization products and states of MKPC 
CS mortar and RS mortar at different hydration periods 
were analyzed from the XRD patterns (Fig. 9). The 
main crystallization products of the MKPC RS mortar 
XRD patterns were MgKPO4·6H2O and MgHPO4·3H2O 
(Fig. 9a). In contrast, for CS mortar diffraction peaks 
of 6KPO2·8H2O were detected at 1 h and 12 h, in ad‐
dition to the diffraction peaks of MgKPO4·6H2O and 
MgHPO4·3H2O. Moreover, the diffraction peaks of 
MgHPO4·3H2O were not detected at 1 h.

The relative contents of hydration product phases 
of MKPC CS mortar and RS mortar at different hydra‐
tion periods are shown in Fig. 10. With the increasing 
curing time, the MgKPO4·6H2O content gradually in‐
creased. The fastest growth rates were 1100% at 7 d for 
CS mortar and 84.5% at 28 d for RS mortar. Fig. 10a 
shows that the 6KPO2·8H2O phase did not exist in RS 
mortar. Moreover, the content of the hydration harden‐
ing product MgKPO4·6H2O reached 6.9% at 1 h and 
7.3% at 12 h. In addition, the relative content of the in‐
termediate hydration product MgHPO4·3H2O was up to 
9.6% at 12 h. Fig. 10b shows that the relative content 
of 6KPO2·8H2O in the CS mortar was 3.9% at 1 h and 
4.1% at 12 h. Furthermore, the relative content of the 
hydration hardening product MgKPO4·6H2O was only 
1.1% at 1 h and 0.6% at 12 h, and the relative content 
of the intermediate hydration product MgHPO4·3H2O 

Fig. 10  XRD quantitative analysis of phase content for 
MKPC mortars: (a) RS mortar; (b) CS mortar

Fig. 9  XRD patterns for MKPC mortars: (a) RS mortar; 
(b) CS mortar
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was only 0.3% at 12 h. The relative contents of CS 
mortar and RS mortar phases demonstrated that the 
MKPC mortar with CS as fine aggregate generated 
6KPO2·8H2O at 1 h and 12 h. In addition, the formation 
rates of the intermediate hydration product MgHPO4·3H2O 
and hydration hardening product MgKPO4·6H2O were 
delayed, which reduced the hydration rate.

3.3.2　SEM-EDS analysis

The SEM photographs and EDS spectra of MKPC 
mortar after 1 h and 28 d are shown in Figs. 11 and 
12. SEM photographs of MKPC mortar after 12 h and 
7 d are shown in the ESM. The main product of MKPC 
mortar was prismatic MgKPO4·6H2O. With the growth 
of hydration time, the generation of MgKPO4·6H2O 
crystals increased and they overlapped each other to 
form a dense network structure. The network struc‐
ture of CS mortar (Fig. 11) was more compact than 
that of RS mortar (Fig. 12) due to the rough surface 
of the CS promoting mutual overlap between the 
MgKPO4·6H2O crystals.

The results of EDS analysis of the hydration 
products of MKPC mortar at 1 h and 28 d are shown 
in Table 7. The Mg, K, P, and O atomic ratios of 
MKPC CS mortar were 14.14׃1.12׃0.29׃ at 1 h and 
 at 28 d, respectively, while those of 2.78׃1.54׃0.24׃1
MKPC RS mortar were 11.43׃0.23׃0.35׃ at 1 h and 
‐at 28 d, respectively. The results indi 6.44׃0.99׃0.85׃1
cated that the prismatic products were MgKPO4·6H2O.

3.4 Effect of CS on mechanical properties and 
hydration behavior of MKPC

The water absorption and release properties of 
CS aggregate significantly influenced the hydration 
behavior of MKPC paste. The water absorption char‐
acteristic of CS reduced the reaction water in the 
system. This accelerated KH2PO4 to saturation, pro‐
moting generation of the intermediate hydration prod‐
uct 6KPO2·8H2O at 1 h and 12 h and postponing the 
formation of the hydration product MgKPO4·6H2O of 
MKPC CS mortar. With the water released from CS, 
the intermediate hydration product 6KPO2·8H2O grad‐
ually dissolved and participated in the subsequent hy‐
dration reaction, followed by the gradual generation 
of more MgKPO4·6H2O. Therefore, the addition of CS 
ensured that the hydration product MgKPO4·6H2O of 
MKPC mortar had enough time for crystallization to 
nucleate and generate, giving the interfacial transition 

Fig. 11  SEM photographs (5000× ) of MKPC CS mortar 
after 1-h (a) and 28-d (b) curing times; EDS energy spectra 
of MKPC CS mortar after 1-h (c) and 28-d (d) curing times
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zone of the cement paste a more compact structure and 
improving crystal development.

There was a significant correlation between the 
micro-hardness and compressive strength of the MKPC 
CS mortar. In addition, the CS retarded the hydration 
process of the MKPC system, which made the hydra‐
tion products overlap more closely, thereby increas‐
ing the micro-hardness, which improved the mechan‐
ical properties and corrosion resistance of MKPC CS 
mortar.

4 Conclusions 

In this study, we investigated the mechanical 
properties and corrosion resistance of MKPC-based CS 
mortar and RS mortar, to provide a theoretical basis 
and technical support for prolonging the service life 
of damaged structures on coral islands. The factors af‐
fecting compressive strength were analyzed. The ef‐
fects of CS on the phase morphology of hydration prod‐
ucts and the variation in their relative content were re‐
vealed. Based on the experimental results, the main 
conclusions are as follows:

1. With increasing M/P, w/b, and NB content, the 
compressive strength of MKPC CS mortar at different 
curing times first increased and then decreased. The 
compressive strength gradually reduced with the addi‐
tion of s/b content. The compressive strength perfor‐
mance was the best when M/P was 2.0, w/b was 0.18, 
s/b was 0.5, and NB was 0.09, reaching 34.8 MPa at 
7 d. The results demonstrated that the mechanical prop‐
erties of MKPC CS mortar were much better than 
those of MKPC RS mortar.

2. The interfacial micro-hardness of the CS mor‐
tar and MKPC was higher than that of RS mortar and 
MKPC. The average micro-hardness of the interfacial 
transition zone showed an apparent linear relationship 
with the compressive strength. This suggests that the 
rough and porous surface of CS may contribute to the 

Fig. 12  SEM photographs (5000× ) of MKPC RS mortar 
after 1-h (a) and 28-d (b) curing times; EDS energy spectra 
of MKPC RS mortar after 1-h (c) and 28-d (d) curing times

Table 7  Atomic percentages of selected elements in EDS

Element

Mg

P

K

O

Others

Atomic percentage (%)

CS, 1 h
14.6

16.4

4.2

60.4

4.4

CS, 28 d
17.3

26.6

4.2

48.1

3.8

RS, 1 h
23.5

5.4

8.2

33.5

29.4

RS, 28 d
8.2

8.1

7.0

52.8

23.9
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filling of MKPC between the internal pores of parti‐
cles, resulting in higher micro-hardness of MKPC CS 
mortar than that of MKPC RS mortar.

3. The compressive strength of MKPC CS mor‐
tar remained stable after long-term immersion in water 
and Na2SO4 solution. In addition, after long-term im‐
mersion in Na2SO4 solution, the compressive strength 
increased by 12.5% after 56 d and 10.6% after 90 d. 
Compared with RS, CS promoted better resistance of 
MKPC mortar to sulfate solution.

4. At 1 h and 12 h, the MKPC CS mortar generated 
the intermediate hydration product 6KPO2·8H2O, 
and the hydration products MgHPO4·3H2O and 
MgKPO4·6H2O were developed at low levels. At 7 d, 
6KPO2·8H2O was dissolved, and the relative content 
of the hydration product MgKPO4·6H2O increased by 
1100%. The results indicate that CS postponed the hy‐
dration of MgKPO4·6H2O before 12 h. Subsequently, 
the formation of MgKPO4·6H2O was accelerated. In 
addition, CS gave the hydration product of MKPC 
mortar a more compact and overlapping structure and 
more regular morphology.
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