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Abstract

Magnesium phosphate cement (MPC) can be used as a rapid repair material due to its excellent mechanical properties and high bonding 

strength. However, the properties of MPC are significantly influenced by the environment but have been poorly studied in previous 

research. This paper researched the effects of four curing conditions on the properties and microstructures of hardened MPC, and the 

bonding mechanism between the MPC and OPC mortar was also investigated. The experimental results showed that water conditions 

decreased the mechanical strength and bonding strength compared to standard conditions, increasing the volume of large pores due 

to the dissolution of hydration products. Meanwhile, the phosphate hydrates were highly soluble in the alkaline solutions, leading to 

a significant increase in total porosity, but the compressive strength and bonding strength were not decreased due to the physical 

filling effect and chemical reaction of Ca(OH)2. Additionally, the high temperature inhibited the hydration process of MPC, enhancing the 

decomposition of the main hydration product, and the bonding strength sharply decreased. Finally, the bonding mechanism between 

MPC and OPC included mechanical interlocking and chemical reactions. The former lost its effect in the heat due to the cracks and broken 

interfaces, and the latter was diminished in the wet environment for the phosphate was more likely to dissolve in the water instead of 

penetrating into the OPC phase. Therefore, the MPC is not suitable for wet environments and high-geothermal environments.
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1 Introduction
In recent years, tunnel development in China has acceler-
ated in response to the growing traffic requirements [1].  
During the progress of tunnel construction, concrete is nor-
mally intended as the support to stabilize the excavated 
tunnel, called the initial lining [2]. The secondary lining is 
installed as a remedial measure to enhance the stability and 
bearing performance of the tunnel [3–4]. This composite 
lining system offers advantages like structure strengthen-
ing, waterproofing, and so on. However, the time intervals 
between the installation of the double lining are uncertain in 
the field construction process. The gaps will appear between 
the initial and secondary lining due to the external loads, vol-
ume shrinkage, and other reasons, negatively affecting the 
integrity of the system and becoming a vital reason for the 
deterioration of lining concrete, water leakage, and other 
problems. Therefore, to ensure the stability and safety of the 
tunnel structure, the gaps need to be filled and repaired, and 
the selection of repair materials plays a key role.

MPC is a novel inorganic cementitious material, and the 
neutralization reaction occurs between dead-burnt MgO and 
acid phosphate [5]. Some literature showed that magnesium 
phosphate cement (MPC) exhibits numerous superior qual-
ities compared to the OPC, including quick setting times, 
high early mechanical properties, minimal drying shrinkage, 
and strong bond properties, and it has been applied for the 
rapid repair of engineering [5–9]. However, the complex tun-
nel environment was affected by factors including water, pH, 
temperature, and so on, posing a challenge for the applica-
tion of MPC. The gaps between the initial and secondary lin-
ing lead to the deterioration of concrete and water leakage, 
resulting in a wet environment of the tunnel. Additionally, 
the dissolution of concrete hydration products will increase 
the pH of water. At present, abundant studies have been con-
ducted to research the water stability of MPC [10–14], and 
the degradation mechanisms have been revealed [12–14]. 
However, the research under alkaline environments has 
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barely been investigated. Zhong et al. [15] researched the 
effect of alkaline solutions on the properties and microstruc-
tures of hardened MPC, presenting that the decreased prop-
erties were related to the pH. The high-alkaline solution trig-
gered the lower strength, the higher porosity, and the loose 
microstructure. In addition, the temperature is an important 
factor in the characteristics of the MPC [16–17]. The struvite 
(NH4MgPO4·6H2O) would dehydrate to form the dittmarite 
(NH4MgPO4·H2O) [16], and the NH3 would be continuously 
released due to the decomposition of hydration products [18]. 
The high geothermal environment was inevitably encoun-
tered with the construction of tunnels in deep underground 
space, but few studies were concerned about the properties 
of MPC in slightly elevated temperatures. Xu et al. [17] 
found that the K-struvite (KMgPO4·6H2O) progressively 
decomposed at 50 ℃, leading to decreased strength and 
volume shrinkage.

Now it is commonly acknowledged that, besides 
mechanical strength, other qualities of repair materials, 
such as bond strength and interfacial permeability, are 
equally essential to the success of the repair [19–21]. 
Some researchers believed that the MPC displays excellent 
bond characteristics under normal conditions, and it was 
characterized by high bond strength and minimal dry 
shrinkage [19]. Previous studies showed that the strong bond 
strength of MPC depended on the concrete substrate with 
suitable conditions, such as interfacial moisture, roughness, 
and concrete strength [22–23]. However, it is attributed that 
the decreased strength of MPC under water conditions leads 
to a decline or failure of interface adhesion [12]. Therefore, 
the bonding properties of MPC and OPC interacting with 
water need notice. Hitherto, few scholars have investigated 
this subject, but in most cases, they only focused on the bond 
strength under normal conditions. Therefore, when studying 
the bonding properties of MPC, it is necessary to make further 
research on the effect on the water environment. Additionally, 
the impact of high temperature and alkaline solution on the 
bonding properties was investigated, corresponding to the 
tunnel of high geothermal and groundwater with high pH, 
respectively, so it can provide effective guidance for the 
application of MPC in the tunnel field.

In this paper, four different curing conditions were set and 
the differences in mechanical strength were investigated. 

The flexural bonding strength was used to characterize the 
bonding properties between MPC and OPC. In addition, the 
microstructure of MPC under different curing conditions 
and the bonding mechanism of the interface between the 
MPC and OPC was analyzed by means of Mercury Intrusion 
Porosimetry (MIP), X-ray Diffraction (XRD), Scanning 
Electron microscope (SEM), and matched Energy Dispersive 
Spectrometer (EDS).

2 Materials and methods
2.1 Raw materials
Magnesium oxide (MgO, M), ammonium dihydrogen phos-
phate (NH4H2PO4, ADP, P), and borax (Na2B4O7·10H2O, B) 
were purchased from Guizhou Magnesium Phosphate 
Materials Co., Ltd. The MgO was the dead-burnt mag-
nesium oxide under a 1700 ℃ calcination with a purity 
of 85%. The ADP and borax were all industrial-grade 
white crystalline powder, and their purity was 99%. 
Ordinary  Portland Cement was used in this study, and 
it was provided by Shandong Zhucheng Jiuqi Building 
Materials Co., Ltd. The sand was purchased from Xiamen 
ISO Standard Sand Co., Ltd, and its particle diameter was 
less than 0.6 mm. Meanwhile, the chemical compositions 
of MgO and cement were shown in Table 1, and the particle 
size distributions were shown in Fig. 1.

2.2 Mix proportion
The mass ratio of M/P was fixed at 3.5 in this study, and the 
B/M was 10%. Meanwhile, the water was 0.16 of the solid 
mass. To precisely quantify the water content of the MPC, the 
crystalline water in the borax was considered in this study. 
The MgO, ADP, and borax were first mixed in proportion and 
stirred evenly, then the water was added and stirred for at least 
3 min to prepare the MPC. The mortar was prepared with 
a cement/sand/water mass ratio of 1:3:0.5, the density was 
2.135 g/cm3 and the 28 d compressive strength was 40 MPa. 
The cement and sand were mixed firstly in a JJ-5 mixer for 
30 s, then the water was added and stirred for another 120 s. 
The main properties of the MPC were shown in Table 2.

2.3 Curing condition
The properties of the specimens were determined by sub-
jecting them to four different cueing conditions:

Table 1 Chemical compositions of the MgO and Cement

CaO SiO2 Al2O3 Fe2O3 MgO SO3 K2O TiO2 Na2O P2O5

MgO 4.133 8.044 0.773 1.121 84.969 0.027 0 0.066 0 0.867

Cement 56.090 23.117 8.987 4.899 2.815 2.448 0.779 0.591 0.148 0.126
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•	 Curing condition 1, standard: after demolding in 3 d, 
the specimens were put into the constant tempera-
ture humidity chamber (20 ± 2 ℃, relatively humid-
ity ≥ 95%) until 28 d.

•	 Curing condition 2, water: after demolding in 3 d, the 
specimens were put into water (20 ± 2 ℃) until 28 d 
(pH = 7). 

•	 Curing condition 3, steam: after demolding in 3 d, the 
specimens were put into the high-temperature cham-
ber (60 ± 2℃, relatively humidity ≥ 95%) until 28 d.

•	 Curing condition 4, alkaline: after demolding in 3 d, 
the specimens were put into the saturated Ca(OH)2

 

solution (20 ± 2 ℃) until 28 d (pH = 12.6).

To simulate the alkaline groundwater environment in tun-
nels, a saturated calcium hydroxide solution was prepared as 
the curing medium. The preparation method for the saturated 
calcium hydroxide aqueous solution was as follows: excess 
Ca(OH)2 powder was added to deionized water at a room 
temperature of 20 °C. The mixture was continuously stirred 
for 30 min to ensure sufficient dispersion and dissolution and 
then left to stand for 24 h to allow the undissolved solids to 
settle. The supernatant was collected via filter paper filtration 
or centrifugation to obtain the saturated limewater. The main 
performance indicators of the saturated calcium hydroxide 
aqueous solution are shown in Table 3.

The codes were used in this study to clearly illustrate the 
different specimens and curing conditions. For example, 
MPC-1 indicated the MPC is cured in the standard condition, 
while OPC-MPC-2 indicated the bonding specimens cured 
in the water.

2.4 Test program
2.4.1 Mechanical property
The MPC slurry was poured into the mold 
(40 mm  ×  40 mm  × 160 mm), and the flexural strength 
was measured with three specimens. The compressive 
strength was tested using the two prisms after the flexural 
test. The mechanical properties were tested using an 
electronic universal testing machine, and the loading 
speed was 0.5 mm/min.

2.4.2 Bonding characteristic
The mold size of the bond strength was 
40  mm  ×  40  mm  ×  160  mm, and the specimens were 
prepared in two steps. Firstly, the foams with a size of 
40 mm × 40 mm × 80 mm were put into the molds, and the 
OPC mortar was poured into the remaining area. The foams 
were removed after 3 days, the interfaces of mortar were pol-
ished, and then the MPC slurry was poured. The specimens 
were demolded after 3 hours and put into four different cur-
ing conditions for bond strength measurement. The bond 
strength was measured using the flexural method and the 

Fig. 1 The particle size distribution of MgO and cement: (a) MgO; (b) OPC

Table 2 The main properties of MPC

Property Value

Fluidity 250 mm ± 5 mm

Setting time 10 min ± 0.5 min

Density 2.3 g/cm3 ± 0.05 g/cm3

Compressive strength (3h) 40 MPa ± 2 MPa

Compressive strength (28d) 70 MPa ± 5 MPa

Table 3 Main properties of the saturated calcium hydroxide aqueous 
solution

Property Value

Solubility at 20 °C 1.5 g/L

Saturated molar concentration 0.02 M

Saturated mass concentration 1.5 g/L

pH of saturated solution 12.6
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electronic universal testing machine at 28 d age. Meanwhile, 
the failure modes were recorded, and the microstructures of 
the bond interfaces between the MPC and OPC mortar were 
observed by SEM&EDS.

2.4.3 Pore structure
The small pieces (no more than 2 g for mass and 
1 cm × 1 cm × 1 cm for volume) were used to measure the 
porosity and pore size distribution of the MPC specimens 
under different curing conditions by MIP (Micromeritics 
AutoPore V 9620 made in US) method. The maximum 
intrusion pressure was 30000 psi.

2.4.4 SEM&EDS analysis
The SEM&EDS analysis was performed to observe the 
microstructure of the materials. The pieces were polished 
by using the emery papers and then examined in an SEM 
(TESCAN MIRA LMS made in Czech) with the acceler-
ating energy of 15 kV. Regional element analysis including 
spot and mapping was performed by matched EDS. 

2.4.5 XRD analysis
The pieces were crushed into powder by agate mortar and 
then examined in an XRD (Bruker D8 Advance made in 
German). XRD analysis was conducted with a scanning 
rate from 5° to 90° at 2°/min, and the results were quanti-
tatively analyzed by the Rietveld treatment.

2.4.6 Moisture content test
First, the specimens were taken out of the curing room, 
and the free water on their surfaces was quickly wiped off 
with a damp towel to achieve a saturated surface-dry (SSD) 
state. Subsequently, the mass of the specimen was immedi-
ately weighed using a balance and recorded as m1. Then, the 
specimen with the initial mass was placed in an oven and 
dried at 80 °C for 24 h. After being removed and weighed, it 
was returned to the oven to dry for another 1 h and weighed 
again. If the mass difference between the two consecutive 
weighings did not exceed 0.1%, the specimen was consid-
ered to have reached a constant weight. This final mass was 
recorded as m2. Finally, the moisture content, µ, was calcu-
lated using the following formula:

� �
�

�
m m

m
1 2

2

100%

3 Results
3.1 Flexural strength and compressive strength
As shown in Fig. 2, the flexural strengths of MPC-1, MPC-2, 
MPC-3, and MPC-4 were 10.721 MPa, 10.632  MPa, 

7.597  MPa, and 15.158 MPa, while the compressive 
strengths were 64.552 MPa, 58.632 MPa, 74.377 MPa, and 
61.014 MPa, respectively. It could be seen that the strength 
of MPC under the standard condition was slightly higher 
than that of the water condition, and this was similar to the 
previous study [11, 24]. It is attributed to the dissolution 
of the hydration product [12]. Partial ADP was unreacted 
during the hydration process and was dissolved in the 
water at this time. So, the pH of the curing water decreased 
and then caused the further dissolution of the phosphate 
hydrates, leading to the decline of the strength [13, 25–26]. 
Note that the difference between the two values was not 
significantly obvious, while nearly 20% in other literature, 
and it is guessed to the high M/P ratio and the adequate 
chemical reaction degree [27].

A similar theory could be used to explain the changed 
strength of MPC-4. When soaked in the alkaline solution, 
the unreacted ADP was dissolved but had a rare effect on the 
pH of the curing solution. However, the high pH would also 
increase the solubility of hydration products and lead to a 
decrease in compressive strength [28]. In the previous study, 
the compressive strength of MPC cured in the low-alkalin-
ity solution (pH = 12, NaOH) continuously increased at 28 d 
age, and there were no significant differences compared to 
the water condition [15]. Moreover, the Ca(OH)2 in the alka-
line solution may penetrate into the MPC, and the volumes 
of big pores were declared by the physical filling effect or 
chemical reaction. This was proved by the MIP results and 
SEM micromorphology in Section 4.

For MPC-3, the mechanical strengths showed a differ-
ent trend, with the lowest flexural strength but the high-
est compressive strength. As reported in the literature, 
the compressive strength would be improved, as long as 
the curing temperature was below 70 ℃ [16]. As for the 

Fig. 2 The flexural strength and compressive strength of MPC under 
various conditions
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flexural strength, it was guessed to the water evaporation 
due to the increased temperature. The flexibility of the 
specimens was reduced, resulting in a decrease in flex-
ural strength. Meanwhile, this effect of flexibility had lit-
tle impact on the compressive strength, so the mechanical 
strengths exhibited the opposite results.

In the 60 °C environment, struvite, the main hydration 
product of MPC, partially dehydrated and transformed into 
dittmarite, which contains less crystal water. As shown in 
Table 4, the moisture content of the MPC-3 group decreased 
by approximately 33% compared to the standard group, indi-
cating a significant loss of bound water within the structure. 
Although the external humidity was 95%, the temperature of 
60 °C accelerated the migration and consumption of mois-
ture inside the MPC. The underlying reason for this phenom-
enon is that the release of water from the crystal lattice and its 
subsequent redistribution induced severe volume shrinkage 
at the microscopic level, generating invisible micro-cracks. 
This ultimately weakened the effectiveness of mechanical 
interlocking and chemical bonding, thereby leading to a dras-
tic decline in both bonding strength and flexural strength.

3.2 Bonding characteristics
Fig. 3 showed the effect of curing conditions on the bonding 
strength between the MPC and OPC mortar. The specimens 
cured in the standard conditions and alkaline solution condi-
tions showed high bonding strength. When the bonding spec-
imens cure in water conditions, the strength was 3.048 MPa, 
nearly 2 MPa lower than that of standard conditions.  
This indicated that the hydration products would dissolve 
in the water and decrease the bonding strength [12, 26].  
For OPC-MPC-4, a similar effect occurred in the MPC 
phase. However, the alkaline solution would enhance the sec-
ondary hydration of unreacted cement particles in the OPC 
phase  [29–30], and the Ca(OH)2 in the solution was pene-
trated into the interface. These effects improved the compact-
ness of the interface, thus increasing the bonding strength.

For the results of OPC-MPC-3, it could be seen that the 
high temperature sharply decreased the bonding strength. 
It was mainly attributed to the loose interface due to the 

dry shrinkage. In the OPC phase, the C-S-H gel would lose 
crystal water [31–33] and the ettringite began to decom-
pose in the high temperatures [33–34], leading to the loose 
matrix and volume shrinkage. Meanwhile, the main hydra-
tion product in the MPC phase, struvite, would also lose 
crystal water [16]. The combined effect of these two factors 
led to a significant reduction in bonding strength.

It has been proven that the failure modes could be used 
to judge the quality of the bonding characteristics [19].  
The failure of the bonding specimens had been summarized 
in three modes based on the failure positions: MPC, OPC, or 
interface [19, 35]. In this paper, the bonding specimens what-
ever curing conditions tend to an interfacial failure combined 
with partial OPC mortar. This phenomenon illustrated that 
the MPC had a high adhesive performance for OPC mortar, 
and it could be used for the repair of concrete.

4 Microstructure
4.1 Pore structure
Consistent with Fig. 3, Fig. 4 shows dense, tightly integrated 
MPC-OPC interfaces for MPC-1 and MPC-4. Conversely, 
MPC-2 exhibits pores and looseness, whilst MPC-3 dis-
plays cracks and shrinkage gaps.

Fig. 5 reported the porosity and pore volume distribution 
of MPC specimens. Compared to that cured in the standard 
conditions, the specimens cured in other conditions exhibited 
higher porosity. This illustrated the specimens in standard 
conditions contained relatively dense microstructure, caus-
ing a high compressive strength. For MPC-2, the pore vol-
umes of any phase were all increased compared to MPC-1.  
It was attributed to the leaching effect of unreacted ADP 
during the water curing, and it could yield an open connect 

Fig. 3 The bonding strength of OPC-MPC under various conditions

Table 4 Apparent moisture content of the specimens before and after 
fracture

Group Apparent moisture content 
before fracture (%)

Internal moisture content 
after fracture (%)

MPC-1 12.5 11.8

MPC-2 14.2 13.5

MPC-3 8.4 7.6

MPC-4 13.8 13.2
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porosity [36–37]. Moreover, the reaction product struvite 
would be dissolved and hence led to a loose microstructure. 

The MPC-4 exhibited the maximum porosity in four cur-
ing conditions. Compared to MPC-2, it could be seen that 
the volume of tiny pores (< 1 μm) was similar. Moreover, 
the pores with a diameter of 1~10 μm were improved, and 
this was probably due to the improved dissolution of struvite 
in the alkaline solutions [28]. However, the volume of large 
pores (> 10 μm) was reduced. It was guessed that the phys-
ical filling effect and chemical reaction occurred between 
Ca(OH)2 and MPC, thus decreasing the volume of big pores.

For MPC-3, the specimens cured in the high-tempera-
ture environment showed a different pore characteriza-
tion. Compared to MPC-1, the total porosity was increased.  
In detail, the pores with a diameter < 10 μm were increased, 
while those > 10 μm were reduced. This could be used to 
explain the change in compressive strength. In reference 
to the relationship between compressive strength and pore 
structure of OPC materials, not only the total porosity but 
the volume of large pores exhibited a significant effect on 
the strength [38–39]. Therefore, the MPC-3 showed the 
highest compressive strength, while the MPC-2 showed the 
lowest one. 

4.2 Hydration products
Fig. 6(a) showed the XRD patterns of specimens under dif-
ferent curing conditions and the Rietveld method was used 
to quantitatively analyze the proportion of mineral phases 
(Fig. 6(b)). It could be seen that MgO, struvite, and dittmarite 
were the main mineral phases in the specimens. Apart from 
the main phases, other phases were found maybe including 
borax and crystals formed by the impurities in the MgO.  
A large proportion of dittmarite was found in the hardened 
MPC, and it was attributed to the rapid hydration. It had 
been confirmed that the type of mineral phases was related 
to the hydration temperature due to the intense exothermal 
release in the hydration process, and the high temperatures 
inside the hardened MPC would enhance the decomposition 
of struvite for losing five water molecules to form the ditt-
marite [16]. Therefore, the struvite and dittmarite could exist 
together in the specimens.

As shown in Fig. 6, the different curing conditions had 
little effect on the mineral phases, while the identified 
amounts were significantly influenced. It could be seen that 
the MPC-1 had the most sufficient hydration reaction for 
its lowest amount of MgO and the highest amount of phos-
phate hydrates (struvite and dittmarite). For MPC-2, when 
the hardened MPC was immersed in water at an early age, 
partial hydration products would be dissolved into the 

Fig. 4 The morphology of bonding interfaces: (a) MPC-1; (b) MPC-2; (c) MPC-3; (d) MPC-4

Fig. 5 The pore structure of MPC under various conditions: (a) Cumulative pore volume; (b) Incremental pore volume
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water, leading to a decreased amount of phosphate hydrates.  
When the specimens were immersed in the alkaline solution, 
the solubility of the products was further increased, result-
ing in the maximum porosity [28]. Ca(OH)2 crystal was not 
examined in the XRD analysis due to the relatively small 
content, but it was found in the SEM images (Fig. 7(g)). 
Moreover, although there was no clear evidence observed in 
the XRD patterns, it was guessed that some other prod-
ucts might have been formed by the reaction between 
Ca(OH)2 and phosphate to fill the large pores due to their 
amorphous nature.

For MPC-3, the proportion of MgO reached the maxi-
mum in the hardened MPC, illustrating that the high-tem-
perature steam curing conditions would inhibit the hydration 
reaction. This seemed to contradict the change in compres-
sive strength. It was worth noting that the micromorphol-
ogy was affected by the high temperatures such as increased 
size, leading to the transformation and development towards 
the ceramic matrix [40–41] (Fig. 7(f)). This might the rea-
son for the decreased large pores and increased compressive 
strength. Meanwhile, the long-term curing at 60℃ would 
cause partial dehydration of struvite to dittmarite at 28 d 
age[16]. Therefore, the amount of dittmarite was not reduced 
while the amount of struvite was in substantial reduction.

4.3 Micromorphology
4.3.1 Micromorphology in MPC
Fig. 7 showed the microstructures of MPC under different 
curing conditions at 28d age. It could be seen that the MgO 
was tightly combined with the phosphate hydrates [42].  
The hydration products were recognized as binders and 
could bond the unreacted MgO to form a dense microstruc-
ture, enhancing the early strength gains [18, 43]. Moreover, 
the hydration products exhibited various morphologies [16]. 
Some crystals seemed like block or tabular plates, and they 

were typical morphology of struvite [16, 44]. Other perfect 
microstructures presented a flower-like shape with many 
sheet layers, and they were dittmarite formed by the dehydra-
tion of struvite. Similar structures of struvite and dittmarite 
were observed in the previous studies [5, 18].

Compared to MPC-1, the microstructure of MPC-3 
exhibited a ceramic matrix under the effect of high tem-
peratures [40]. Some micro-cracks were observed in the 
matrix, and this was attributed to the continuous dehy-
dration and decomposition of struvite in the heat [16, 19]. 
Meanwhile, previous studies showed that the NH3 would be 
released when the temperature was 50 ℃ [18]. These struc-
tural changes increased the internal stresses of the matrix, 
leading to the generation of micro-cracks. In addition, the 
hydration products were deposited randomly and gathered 
loosely in the high curing temperatures, increasing the early 
strength due to the rapid hydration but decreasing the long-
term strength as the irregular crystal microstructures [17].

When the hardened MPC was immersed in the water, the 
phosphate hydrates were dissolved, and the decreased pH 
of water enhanced the further dissolution of MgO [12–13]. 
This expressed the loose microstructure within the matrix 
(Fig. 7(d)), which decreased the compressive strength and 
increased the porosity [26]. Furthermore, it was proven that 
the hydration products exhibited greater solubility in the 
alkaline solutions, enhancing the further increase of porosity. 
However, some Ca(OH)2 crystals were observed in the hard-
ened MPC (Fig. 7(g)), illustrating Ca(OH)2 could decrease 
the volume of large pores through the pore-filling effect.

As shown in Fig. 8, except for the obvious Ca(OH)2 crys-
tals, the calcium element also aggregated in the other regions. 
These products were not observed in the XRD analysis and 
were considered as the amorphous phases. The formation of 
these phases could partially compensate for the generation 
of large pores due to the increased dissolution of hydration 

Fig. 6 Phase composition of MPC under different curing conditions: (a) XRD patterns; (b) quantitative phase proportions.
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Fig. 7 SEM morphologies of hardened MPC at 28 d age: (a) overall view of MPC-1; (b) local detail of MPC-1; (c) overall view of MPC-2;  
(d) local detail of MPC-2; (e) overall view of MPC-3; (f) local detail of MPC-3; (g) overall view of MPC-4; (h) local detail of MPC-4
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products in the alkaline solutions. This might be the main 
reason for the improved compressive strength in MPC-4.

4.3.2 Micromorphology in the bonding interfac
Fig. 9 showed the microstructures of MPC and OPC bonding 
interfaces under different curing conditions at 28 d age, and 
the distribution of five elements (O, Si, Ca, Mg, and P) was 
detected by matched EDS. From the SEM images, it could 
be seen that the MPC phase and OPC phase were closely 
connected due to the strong physical effect, making the 
interfaces difficult to identify [19]. The MPC and OPC could 
be distinguished by the distribution of Mg and P, Ca and Si, 
respectively, and various hydration products were observed. 

Except for the mechanical effect, chemical interactions were 
also found in the interfaces [45, 46]. It could be observed that 
the EDS mapping image of element P exhibited an obvious 
integration into the OPC mortar phase, demonstrating the 
penetration of phosphate. The dissolution of phosphate 
would create an acidic environment in the interfacial zones, 
resulting in the erosion of OPC mortar. This enhanced the 
generation of micro-cracks in the OPC phases and benefited 
the penetration of element P. In previous studies, the phosphate 
in the OPC phases could react with the hydration products to 
form the secondary phosphate phase [46]. Therefore, it could 
be seen that the hydration products in OPC phases contained 
element P (Fig. 9 and Fig. 10). Moreover, due to the excellent 

Fig. 8 The mapping results of the Ca element in MPC-4

Fig. 9 SEM morphology of the bonding interface between MPC and OPC at 28 d age for OPC-MPC-1
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workability and low viscosity at an early age, the MPC slurry 
could partially fill the cracks and create a mechanical link 
with the OPC phase in the hardened state [19, 47]. 

The brightness of EDS images was used to represent 
the concretion of chemical elements. For comparison, the 
brightness of element P in the OPC phase in OPC-MPC-1 
and OPC-MPC-3 was larger than that in OPC-MPC-2 and 
OPC-MPC-4, indicating that the effect of chemical inter-
actions became weak in the water or alkaline solution.  
When the bonding specimens were immersed in the water or 
alkaline solution, the dissolved phosphate was more likely to 
be lost to water, rather than penetrated into the OPC phase. 
On the contrary, the results of EDS mapping showed that 
the elemental composition of MPC hydrated phases in the 
interfacial zones contained O, Mg, and P as well as a minor 
amount of Ca, and Si. The secondary hydration of the OPC 
phase was produced in the water or alkaline solution, but 
the struvite and dittmarite would be dissolved, causing a 
loose microstructure. The products could fill the defects, like 
micro-cracks and pores, so elements Ca and Si were found in 
the MPC phase. An amount of element Ca (At% = 14.38%) 
was observed in spot 4 of OPC-MPC-2 (Fig. 11), illustrating 
that the calcium hydrogen phosphate or calcium phosphate 
might be formed. Similarly, magnesia silicate was found in 
the OPC-MPC-4 (Fig. 12), indicating that the penetration of 
element Si had occurred.

For OPC-MPC-3, a large number of micro-cracks were 
observed in whatever MPC phase or OPC phase. It was 
attributed to the effect of high temperatures on the mor-
phology and mineral phase composition of hydration prod-
ucts. The C-S-H gels would lose the chemical-bound water 
and the ettringite would decompose in the heat [31–34].  
As mentioned above, the struvite would be dehydrated to 
form the dittmarite under high temperatures, and the phos-
phate hydrates could release the NH3, causing huge damage 
to the compactness of the matrix [16, 18]. Meanwhile, the 
changes in mineral phases were the vital factors of the vol-
ume shrinkage, causing a loose interface and a significant 
decrease in bonding strength.

5 Discussion
5.1 Mechanism of curing conditions on the MPC
Some literature had illustrated the reaction mechanism of 
MPC under water curing conditions [12, 25]. Water could 
penetrate into the matrix of MPC through the pores and 
micro-cracks, then the unreacted phosphate was dissolved. 
So the pH of the curing water decreased and then caused 
the further dissolution of the hydration products.

The alkaline solution would increase the solubility of 
hydration products, and this was identical to the previous 
study [15]. However, in this paper, the compressive strength 
did not decrease as mentioned in the literature, and this was 

Fig. 10 SEM morphology of the bonding interface between MPC and OPC at 28 d age for OPC-MPC-3
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attributed to the different alkaline solutions. In the tunnel, the 
alkaline water environment was mainly caused by the dis-
solution of the hydration products of concrete. Therefore, 

Ca(OH)2 was more suitable in this study rather than NaOH. 
Ca(OH)2 could fill partial pores through the micro-aggre-
gated effect and block the water penetration into the matrix. 

Fig. 11 SEM morphology of the bonding interface between MPC and OPC at 28 d age for OPC-MPC-2

Fig. 12 SEM morphology of the bonding interface between MPC and OPC at 28 d age for OPC-MPC-4
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Meanwhile, Ca(OH)2 could react with the phosphate hydrates 
to form some amorphous products. This could improve the 
density and compactness of the matrix, enhancing the com-
pressive strength compared to water conditions.

Hitherto, few scholars have investigated the long-term 
high-temperature steam conditions on the properties of MPC. 
MPC has an intense hydration reaction, large hydration heat, 
and a large release of H2, NH3, and water vapor, causing a 
porous microstructure. This phenomenon was exacerbated 
when the hardened MPC was placed in a high-temperature 
environment [17]. Meanwhile, the gases escaped rapidly at 
an early age, leading to more pores in the matrix (Fig. 5). 
The hydration products were heterogeneously distributed 
and the microstructure exhibited much coarser. Furthermore, 
the loss of free water inhibited the further hydration of MPC 
(Fig. 6(b)), and the struvite was dehydrated to form the ditt-
marite in the heat. These had an impact on the microstructure 
and ultimately negated the long-term compressive strength.

5.2 Bonding mechanism of curing conditions on the 
MPC-OPC
The bonding mechanism of the MPC phase and the OPC 
phase was a synergistic effect of mechanical effect and chem-
ical reaction in the interfacial zone [19, 47], as shown in 
Fig. 13. Firstly, the dissolution of phosphate created an acidic 
environment, enhancing the generation of more pores and 
cracks in the interface when contacted the surface of OPC 
mortar. Then some ions penetrated into the interior of the 
OPC phase and had a chemical reaction with calcium hydrox-
ide or other hydration products, contributing to an excellent 
interfacial bond. Meanwhile, though the surface of the OPC 
mortar was polished to smooth, it became slightly rough after 
the erosion of acidic solutions (Fig. 4). The MPC slurry had 
low viscosity and excellent fluidity, so it could enter the OPC 
phase through the defects in the surface [45–46]. As a result, 

it successfully created a strong mechanical bond when the 
MPC slurry was solidified.

When the hardened MPC was cured in the water or alka-
line solutions, the penetration of phosphate became weak 
(Fig. 9). The dissolved phosphate was more likely to be 
lost to water, rather than penetrated into the OPC phase.  
The phosphate hydrates were easy to dissolve in the water, 
resulting in a loose interface and a decline of interfacial adhe-
sion. On the other hand, due to the secondary hydration reac-
tion of the OPC phase when in water or alkaline solution, the 
element Ca, Si, and unmarked Al reversely penetrated into 
the MPC phase. Except for the calcium hydrogen phosphate 
or magnesia silicate crystal, a large amount of amorphous 
material was formed. These products fill the interfacial zone 
between the MPC and OPC, improving the compactness and 
forming a dense bond interface. This partially compensated 
for the reduced bonding strength, especially for that cured in 
alkaline solutions (Fig. 3).

A large amount of element P penetrated into the OPC 
phase in the high-temperature environment (Fig. 10), cre-
ating a possibility for a chemical reaction in the interfa-
cial zone. However, the broken interface under high tem-
peratures rendered this effect ineffective. The interlacing 
cracks were generated and extended in the heat, breaking 
the mechanical interlocks between the OPC and MPC, so 
the bonding strength was significantly decreased. Therefore, 
the MPC was not suitable for the high geothermal tunnels.

6 Conclusion
The present study is concerned with the mechanical prop-
erties and microstructure of the hardened MPC and the 
bonding strength and micro-characterization between 
MPC and OPC mortar under different curing conditions. 
Based on the results and discussion, the conclusions can be 
summarized as follows:

1.	 The hardened MPC cured in standard conditions exhib-
its excellent compressive strength and bonding proper-
ties with OPC mortar. MPC -1 has the minimum poros-
ity and the maximum hydration degree. The interface of 
OPC-MPC-1 shows a dense microstructure, expressing 
the high bonding strength at a macro level.

2.	 The water curing condition decreases the compressive 
strength and bonding strength. For MPC-2, the volume 
of large pores is significantly increased due to the dis-
solution of unreacted phosphate and hydration prod-
ucts. For OPC-MPC-2, the interface presents a loose 
structure thus decreasing the bonding strength.

Fig. 13 The interfacial zone between the MPC phase and the OPC phase
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3.	 The high-temperature steam curing conditions dis-
play the minimum flexural strength and the maxi-
mum compressive strength, and the bonding strength 
is the minimum. The hydration reaction is inhibited 
in the heat, and the amount of struvite decreases due 
to dehydration to form dittmarite. High-temperature 
environment enhances the inhomogeneous distri-
bution of hydration products and the generation of 
cracks, leading to a broken microstructure.

4.	 When the specimens are immersed in the alkaline 
solutions, the compressive strength and bonding 
strength are all increased compared to the water con-
dition. Although the total porosity is the highest due 
to the increased dissolution of hydration products 

in the alkaline solution, the volume of large pores 
decreases for the physical filling effect and chemi-
cal reaction of calcium hydroxide. Some crystals 
or amorphous phases are formed in the interfacial 
zones, thus improving the bonding properties.
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