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ABSTRACT:  Although magnesium ammonium phosphate cement exhibits promising thermal resis-
tance, the effects of mix proportions on its phase evolution and performance at high temperatures 
remain unclear. This study investigated the effects of magnesia-to-phosphate, water-to-cement, and 
boric acid to-magnesia ratios on the performance of magnesium ammonium phosphate cement 
(MAPC) after exposure to temperatures up to 1000°C. Some engineering properties and residual 
strength were tested and phase evolution was revealed using X-ray diffraction (XRD) and scanning 
electron microscopy (SEM). Results indicated that boric acid-to-magnesia ratio (B/M) most strongly 
controlled high-temperature degradation. Although a lower B/M ratio reduced strength at room 
temperature (20°C), it enhanced exposure to high temperatures residual strength by mitigating boric 
acid dehydration and adverse phase transformations. Notably, MAPC specimens with 5–10% boric 
acid achieved an optimal residual strength of 19.9 MPa at 1000°C. In addition, increasing the 
magnesia-to-phosphate ratio (M/P) and decreasing the water-to-cement ratio (W/C) improved 
high-temperature strength and reduced porosity by ensuring sufficient residual MgO. At 1000°C, 
increasing the M/P ratio from 1.5 to 3.0 elevated the residual compressive strength from 4.8 MPa to 
7.8 MPa, while concurrently reducing the porosity from 42.80% to 41.38%. Reducing the W/C ratio 
from 0.20 to 0.15 bolstered the residual compressive strength from 7.8 MPa to 9.2 MPa, while simul-
taneously decreasing the porosity from 41.38% to 30.20%. MgNH4PO4∙6H2O transformed into 
Mg3(PO4)2 after exposure to 800°C. However, with 20% boric acid, the reaction between Mg3(PO4)2, 
MgO, and B2O3 formed plate-like Mg3(BO3)(PO4) clusters at 1000°C. The associated mass loss and 
inter-layer microcracks were identified as the primary causes of strength reduction. This study system-
atically investigates the influence of M/P, W/C, and B/M ratios on the high-temperature perfor-
mance of MAPC, with a focus on the mechanisms underlying the substantial impact of the B/M ratio.

KEYWORDS:  Magnesium ammonium phosphate cement; magnesia-to-phosphate ratio; boric acid- 
to-magnesia ratio; water-to-cement ratio; high-temperature resistance

1 Introduction

Building fires are characterized by their sudden 
onset and rapid heating rates, which induce inter-
nal thermal stresses in cement-based materials, 
leading to cracking, strength degradation, and the 
risk of explosive spalling [1]. In ordinary Port-
land cement (OPC) systems dominated by calcium 
silicate hydrate (C-S-H) gel, dehydration and the 
decomposition of the gel structure at high tem-
peratures result in rapid structural deterioration 
[2]. To meet the requirements for structural fire 
resistance, developing materials capable of main-
taining structural integrity and performance sta-
bility at high temperatures is crucial for enhancing 

fire safety capabilities. Magnesium ammonium 
phosphate cement (MAPC) is an inorganic cemen-
titious material formed via an acid-base reaction 
between magnesia (MgO) and ammonium dihy-
drogen phosphate (NH4H2PO4) under the regula-
tion of retarders (e.g., borax or boric acid), with 
struvite (MgNH4PO4∙6H2O) as the primary phase. 
Due to its rapid setting [3, 4] and high early 
strength [5–8], high bonding strength [9], and 
low drying shrinkage [10, 11], MAPC has been 
widely applied in fields such as the rapid repair 
of concrete structures [12, 13] and the immobili-
zation of radionuclides [14]. Zhang [15] reported 
that the residual compressive strength of MAPC 
after exposure to 1000°C was 18.0 MPa higher 
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than that of ordinary Portland cement (23.7 MPa 
vs. 5.0 MPa). Consequently, the high-temperature 
resistance of MAPC has attracted extensive atten-
tion in recent years [16–20].

A series of studies have been conducted on the 
performance evolution of MAPC at high tempera-
tures [21, 22]. Bhuiyan et al. [23] reported the 
stepwise dehydration of struvite (105–200°C) and 
the release of ammonia (200–600°C) in MAPC at 
elevated temperatures, which could induce poros-
ity growth and crack evolution. Subsequently, the 
resulting thermally stable phases 20 may form a 
load-bearing skeleton together with residual MgO 
[24], thereby determining the residual strength. 
Hipedinger et al. [25] reported that magne-
sium phosphate cement (MPC) retained flexural 
strength of 14.0 MPa after exposure to 1350°C 
(heating rate of 5°C/min, holding time of 2 h). 
Sugama and Kukacka [26] reported that when 
MPC were heated to 1300°C, the material under-
went a phase transformation to form anhydrous 
magnesium phosphate (Mg3(PO4)2), increasing the 
compressive strength to 48.2 MPa.

In terms of enhancing the high-temperature 
stability of MAPC, current research has largely 
focused on optimizing the pore structure and 
thermal properties through the incorporation of 
mineral admixtures and functional fillers [27–29]. 
Liu et al. [30] reported that silica fume enhanced 
the residual mechanical properties of MPC by pore 
filling, increasing residual compressive strength at 
800°C from 10.0 MPa to 19.0 MPa. Dai et al. [31] 
reported that α-Al2O3 significantly improved the 
volumetric stability of MPC at high temperatures. 
With an α-Al2O3 dosage of 80%, the shrinkage 
rate was only −0.9% (indicating slight expansion) 
after exposure to 1300°C. Yu et al. [32] reported 
that MPC incorporated with 10% sulphoalumi-
nate cement retained a compressive strength 
of approximately 56.0 MPa after exposure to 
1100°C. This improvement was attributed to the 
pore-filling effect of the sulphoaluminate cement 
and the promotion of liquid-phase sintering at 
high temperatures. However, existing studies 
have primarily focused on modification measures. 
While the high-temperature residual performance 
of MAPC is governed by phase reorganization and 
structural deterioration, a systematic elucidation 
of the phase transformation and pore evolution 
characteristics regulated by the mix proportions 
(M/P, W/C, and B/M) is still lacking.

The mix proportion of MAPC dictates the type 
and content of initial hydration phases (e.g., stru-
vite, other hydrates and residual MgO), which 
directly influences the phase transformation 

and pore structure at high temperatures, thereby 
constituting a fundamental variable affecting its 
high-temperature service performance [33, 34]. 
You [3] reported that the M/P, W/C, and B/M 
ratios are critical factors governing the room- 
temperature performance of MAPC. In recent 
years, although extensive research has been con-
ducted on the high-temperature performance of 
MAPC, reports concerning the effect of the W/C 
ratio remain relatively scarce. In particular, a 
systematic investigation into the impact of three 
critical parameters (M/P, W/C, and B/M ratios) on 
its high-temperature properties is still lacking. 
Although existing studies have laid a foundation 
for understanding the phase evolution and mac-
roscopic property changes of MAPC, a systematic 
and quantitative understanding of how these mix 
proportions (M/P, W/C, and B/M) influence the 
phase composition and structural evolution after 
high-temperature exposure remains lacking.

This study comprehensively investigates the 
effects of mix proportions on the residual per-
formance of MAPC pastes after high-temperature 
exposure. Typical MAPC formulations were pre-
pared with M/P ratios of 1.5, 2.0, and 3.0; W/C 
ratios of 0.15, 0.18, and 0.20; and B/M ratios 
of 5%, 10%, and 20%. Residual compressive 
strength, mass loss, and porosity was systemat-
ically evaluated after exposure to 600°C, 800°C, 
and 1000°C. Furthermore, X-ray diffraction 
(XRD) and scanning electron microscopy (SEM) 
were employed to characterize the phase transi-
tions and microstructural evolution of the pastes 
after high-temperature exposure. This study aims 
to systematically research the effects of M/P, W/C, 
and B/M ratios on the high-temperature perfor-
mance of MAPC, providing a theoretical basis for 
enhancing its fire resistance. The mechanisms 
underlying the significant influence of the B/M 
ratio are specifically elucidated through XRD and 
SEM analyses.

2 Materials and methods

2.1 Raw materials
The dead-burnt magnesia (M) used in this study 
was sourced from Anshan, Liaoning Province, 
China, with a specific surface area of 245 m2/kg. 
Industrial-grade ammonium dihydrogen phos-
phate (P, purity > 98%) and boric acid (B, purity > 
95%) were employed as the phosphate source and 
retarder, respectively. The chemical compositions 
of magnesium oxide and ammonium dihydro-
gen phosphate determined by XRF are summa-
rized in Table 1. The XRD pattern and particle 

Table 1  Chemical composition of the magnesia

Material Chemical Composition (wt.%)

MgO SiO2 CaO Fe2O3 Al2O3 P2O5 SO3 MnO Other

M 90.81 3.49 1.71 1.70 1.18 0.67 0.21 0.14 0.09

P — 0.20 — — — 66.28 1.85 — 0.57
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size distribution of M are presented in Figure 1, 
and the particle size distribution of P is shown in  
Figure 2. XRF analysis determined the total con-
tent of heavy elements in P to be 68.90%.

2.2 Mix proportion and sample preparation
The MAPC pastes were prepared with M/P of 1.5, 
2.0, and 3.0, W/C of 0.15, 0.18, and 0.20, B/M  
of 5%, 10%, and 20%. The mix proportions in  
this study were centered on the M/P = 2.0 and 
W/C = 0.20 ratios commonly reported in literature, 

within a certain range of M/P and W/C ratios 
selected for investigation. The detailed mix pro-
portions are listed in Table 2.

The raw materials were weighed according to 
the specified mix proportions and placed into a 
mortar mixer. The mixture was first dry-mixed 
at low speed for 1 min, followed by wet mixing 
for 3 min. Subsequently, the resulting paste was 
cast into 40 mm × 40 mm × 40 mm plastic molds. 
The pastes were cured indoors (20 ± 1°C, RH > 90 
± 2%) for 5 h before being demolded. They were 

Figure 1  XRD (a) and particle size distribution (b) of the magnesia 

Table 2  Mix proportions of the experiments

Mixture Mix proportions (wt.%) M/P W/C B/M

MgO NH4H2PO4 H3BO3

1 53.6 35.7 10.7 1.5 0.20 20%

2 58.8 29.4 11.8 2.0 0.20 20%

3 65.2 21.7 13.1 3.0 0.20 20%

4 65.2 21.7 13.1 3.0 0.15 20%

5 65.2 21.7 13.1 3.0 0.18 20%

6 72.3 24.1 3.6 3.0 0.15 5%

7 69.7 23.3 7.0 3.0 0.15 10%

Figure 2  Particle size 
distribution of the 
ammonium dihydrogen 
phosphate 
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then returned to the same environment for fur-
ther curing. High-temperature performance tests 
were conducted on the pastes after 1 d, 7 d, and 
28 d.

2.3 Testing methods
2.3.1 High-temperature testing regime
The high-temperature performance of MAPC was 
evaluated after exposure to 600°C, 800°C, and 
1000°C. Upon reaching the specified curing ages, 
the pastes were heated in a muffle furnace (Model 
SXL-1700C, Shanghai Jujing Precision Instru-
ment Manufacturing Co., Ltd.). Once the furnace 
reached the target temperature, pastes were placed 
inside and held for 30 min. The heating rate of the 
muffle furnace was set to 10°C/min. Once the fur-
nace reached the target experimental temperature 
and stabilized, the cured specimens were directly 
placed inside for heat treatment. Upon comple-
tion of the heating process, the specimens were 
immediately removed and allowed to cool in air 
to room temperature prior to performance testing.

2.3.2 Setting time
The setting time test was conducted in accordance 
with the Chinese National Standard GB/T 1346-
2024 (Test methods for water requirement of normal 
consistency, setting time and soundness of cement). 
The setting time of the MAPC pastes was deter-
mined using a Vicat apparatus, with the zero-time 
point defined as the moment when water was 
added to the mixture.

2.3.3 Porosity
The open porosity of the MAPC was determined 
by the Archimedes method and calculated accord-
ing to Equation (1):

	 P m m
m m
W D

W a

= −
−

×100% � (1)

where mD, mW, and ma are the mass of the dried 
paste, the water-saturated paste, and the paste 
suspended mass in water, respectively. All masses 
were determined with a precision of 0.01 g. Spec-
imens with dimensions of 40 ∗ 40 ∗ 40 mm3 were 
prepared and cured for 1, 7, and 28 days, respec-
tively. The reported mass porosity is the average 
value obtained from three pastes.

2.3.4 Compressive strength
The compressive strength of the MAPC pastes 
was determined in accordance with GB/T 17671 
2021 (Test Method for Strength of Cement Mortar 
(ISO Method)). A combined compression and flex-
ural testing machine (Model CDT 1305-2, METS 
Industrial Systems Co. Ltd.) was used to test the 
pastes before and after high-temperature expo-
sure. Specimens with dimensions of 40 ∗ 40  
∗ 40 mm3 were prepared and cured for 1, 7, and 
28 days, respectively. The reported mass porosity 
is the average value obtained from three pastes. 

The reported compressive strength is the average 
value obtained from six pastes.

2.3.5 Mass loss
The mass loss of the MAPC was calculated from 
the paste mass before (m1) and after (m2) the 
high-temperature test, as shown in Equation (2). 
All masses were measured with a precision of 
0.01 g. Specimens with dimensions of 40 ∗ 40  
∗ 40 mm3 were prepared and cured for 1, 7, and  
28 days, respectively. The reported mass porosity 
is the average value obtained from three pastes. 
The reported mass loss is the average value 
obtained from three pastes.

	 ∆m m m
m

= − ×1 2

1

100% � (2)

2.3.6 Mineralogical evolutions
For hydration termination, the MAPC pastes, 
after the high-temperature test, were crushed and 
immersed in isopropanol (purity ≥ 99.5%), which 
was replaced twice at 24-h intervals. The samples 
were then dried at 40°C for 48 h, ground, and 
sieved through a 200-mesh sieve. For analysis, 
the MAPC pastes were ground to pass a 200-mesh 
sieve after high-temperature exposure.

For quantitative phase analysis, 20 wt.% of 
α-Al2O3 was incorporated into the powder sam-
ples as an internal standard. The mixture was 
then wet-ground with anhydrous ethanol, dried, 
and collected. The phase composition was ana-
lyzed using an XRD (D8-Advance, Bruker, Ger-
many). The instrument was equipped with a Cu 
anode (λ = 1.54184 Å) and operated at 40 kV 
and 40 mA. Data were collected over a 2θ range 
of 5° to 80° with a scan rate of 2° (2θ)/min and a 
step size of 0.02°. Quantitative analysis was per-
formed using the Rietveld method implemented in 
Topas software.

2.3.7 SEM
The SEM micrograph of the MAPC pastes was 
observed using a JSM-7610F field-emission scan-
ning electron microscope (SEM, JEOL, Japan), 
which was equipped with an energy-dispersive 
spectrometer (EDS) for elemental composition 
analysis. Prior to examination, the bulk pastes 
were sputter-coated with gold for 60 s. The anal-
ysis was conducted at an accelerating voltage of 
10 kV.

3 Results and discussion

3.1 Setting time and fluidity
Figure 3 shows the effects of M/P, W/C, and B/M 
ratios on the setting time and fluidity of MAPC 
pastes. It can be observed that both the setting 
time and fluidity decrease with an increasing 
M/P ratio. As shown in Figure 3a, when the M/P 
ratio increases from 1.5 to 3.0, the setting time 
shortens from 15.5 min to 12.0 min, and the flu-
idity decreases from 235 mm to 215 mm. This 
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phenomenon may be attributed to the increased 
relative content of MgO in the system at higher 
M/P ratios. The resulting higher concentration 
of Mg2+ at the early hydration stage facilitates 
the formation of phosphate hydration products, 
thereby promoting rapid crystal nucleation and 
subsequent interlocking, which shortens the set-
ting time [35]. Simultaneously, increasing the 
MgO content raises the water demand and pro-
motes particle flocculation [36–38].

Conversely, both the setting time and fluidity 
of the MAPC pastes increase with an increas-
ing W/C ratio. As shown in Figure 3b, when 
the W/C ratio is raised from 0.15 to 0.20, 
the setting time is prolonged from 9.0 min to  
12.0 min, and the fluidity improves from 175 mm  
to 215 mm. Increasing the water content dilutes 
the concentration of reactive ions (e.g., Mg2+ 
and PO4

3−) in the pore solution, thereby reduc-
ing the degree of supersaturation and the nucle-
ation rate [39]. This retards the formation of 
hydration products, consequently prolonging 
the setting time.

Both the setting time and fluidity of the MAPC 
pastes increase with an increasing B/M ratio. As 
shown in Figure 3c, with the B/M ratio increasing 
from 5% to 20%, the setting time increases from 

5.0 min to 9.0 min, while the fluidity increases 
slightly from 170 mm to 175 mm. This behavior is 
attributed to the increased complexation of Mg2+ 
at higher boric acid dosages, which inhibits the 
early dissolution of MgO [40] and the nucleation 
and growth of hydration products [41], thereby 
leading to a prolonged setting time.

3.2 Compressive strength
Figure 4 shows the influence of the M/P ratio on 
the compressive strength of MAPC pastes at 1 d, 
7 d, and 28 d, before and after high-temperature  
exposure. The compressive strength of all groups 
decreases continuously as the exposure tempera-
ture increases from 20°C to 1000°C. As shown in 
Figure 3a, the compressive strength of the paste 
with M/P = 3.0 decreases from 17.8 MPa at 20°C 
to approximately 5.2 MPa at 1000°C. This reduc-
tion is primarily ascribed to the dehydration and 
decomposition of hydration products (e.g., stru-
vite) during high-temperature exposure, which 
generates numerous pores and microcracks, 
thereby compromising the load-bearing capac-
ity of the pastes [15]. Zhang [15] also report that 
the thermal decomposition of hydration products  
is one of the critical factors impairing the 
high-temperature performance of MPC.

Figure 4  Effect of the M/P ratio on the compressive strength of MAPC pastes before and after high-temperature exposure 
(W/C = 0.20, B/M = 20%, (a): 1 d, (b): 7 d, (c): 28 d) 

Figure 3  Effects of 
M/P (a), W/C (b), and 
B/M (c) ratios on the 
setting time and 
fluidity of MAPC 
pastes 
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It is worth noting that at the same high-tem-
perature exposure, MAPC pastes with higher 
M/P ratios exhibit higher residual compressive 
strength. For instance, at the curing age of 28 d 
(Figure 4c), after exposure to 1000°C, the com-
pressive strength of the paste with M/P = 3.0 
reaches 7.5 MPa, which is significantly higher 
than that of the M/P = 1.5 and 2.0 groups  
(5.4 MPa). This improvement may be attributed to 
the formation of a continuous skeletal structure 
dominated by excess MgO and anhydrous phos-
phates at high temperatures. Additionally, a sin-
tering-controlled densification occurs during the 
heating process, thereby enhancing the residual 
compressive strength.

With increasing curing age, the residual com-
pressive strength of the MAPC pastes after 
high-temperature exposure also exhibits an 
increasing trend. Comparing Figure 4b with  
Figure 4c, it can be observed that for the condition 
of M/P = 3.0, the residual compressive strength 
after exposure to 1000°C increases from approxi-
mately 4.6 MPa at 7 d to approximately 7.8 MPa 
at 28 d, representing an increase of about 69.6%. 
This improvement is primarily attributed to the 
more complete hydration reaction at 20°C tem-
perature over a longer curing period. This is pri-
marily attributed to the more complete hydration 
at ambient temperature over a prolonged curing 
period. The continuous formation of hydration 
products fills the capillary pores, thereby densi-
fying the matrix structure and forming a more 
continuous load-bearing skeleton.

The continuous formation of primary hydration 
products fills the capillary pores, further densify-
ing the matrix structure and forming a relatively 
continuous load-bearing skeleton. Although the 
dehydration and decomposition of hydration 
products are inevitable during high-temperature 
exposure, the dense skeleton formed at the early 
stage, along with certain thermally stable phases, 
is retained, thereby ensuring a higher residual 
compressive strength.

Figure 5 shows the influence of the W/C ratio 
on the compressive strength of MAPC pastes at  
1 d, 7 d, and 28 d, before and after high-temperature  
exposure. The residual compressive strength of 

all groups gradually decreases with increasing 
exposure temperature (consistent with the find-
ings for the M/P ratio). At 7 d and 28 d, pastes 
with a lower W/C ratio exhibit higher resid-
ual compressive strength. For instance, at 28 d  
(Figure 5c), the paste with W/C = 0.15 exhibits a 
residual compressive strength of 19.2 MPa after 
exposure to 800°C, which is significantly higher 
than that of W/C = 0.18 (14.2 MPa) and W/C = 
0.20 (10.6 MPa). This phenomenon is likely asso-
ciated with the reduced free water content and 
denser capillary pore structure resulting from a 
lower W/C ratio. Such a microstructure minimizes 
pore coarsening and thermally induced microc-
racking caused by moisture migration and dehy-
dration during heating, thereby enhancing the 
residual compressive strength [30]. However, at  
1 d, the strength of the W/C = 0.18 group is nota-
bly higher, suggesting the existence of an optimal 
range of mixing water content for the early-stage 
hydration reaction.

Consistent with the trends discussed in the 
previous section, increasing curing age generally 
enhanced the residual compressive strength after 
high-temperature exposure, due to more complete 
hydration and a denser pre-formed matrix. As 
shown in Figure 5a,5c, the residual compressive 
strength of the paste with W/C = 0.15 after expo-
sure to 800°C increases from 10.7 MPa at 1 d to 
19.2 MPa at 28 d. It is observed that when the 
exposure temperature rises to 1000°C, the differ-
ence in residual compressive strength among dif-
ferent W/C ratios diminishes. As shown in Figure 
5c, the residual compressive strengths of the three 
groups after exposure to 1000°C are 9.2 MPa,  
9.2 MPa, and 7.8 MPa, respectively, with a dif-
ference of less than 2 MPa. For comparison, the 
difference between W/C = 0.15 and 0.20 was 
approximately 6.0 MPa after exposure to 600°C 
(20.6 MPa vs. 14.6 MPa) and approximately  
8.6 MPa after exposure to 800°C (19.2 MPa vs. 
10.6 MPa). This indicates that at 1000°C, the 
residual compressive strength of the system is 
more likely dominated by the skeleton formed by 
MgO and Mg3(PO4)2 [32]. The differences in ini-
tial pore structure and hydration product distri-
bution caused by the W/C ratio at early stages are 

Figure 5  Effect of the W/C ratio on the compressive strength of MAPC pastes before and after high-temperature 
exposure (M/P = 3.0, B/M = 20%, (a): 1 d, (b): 7 d, (c): 28 d) 
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attenuated during the high-temperature dehydra-
tion, decomposition, and structural reconstruc-
tion, resulting in a convergence of the residual 
compressive strength.

Figure 6 shows the effects of the B/M ratio on 
the compressive strength of MAPC pastes at 1 d, 
7 d, and 28 d, before and after high-temperature  
exposure. It can be observed that at 20°C tem-
perature, the compressive strength increases with 
an increasing B/M ratio (B/M = 5%_30.8 MPa,  
B/M = 10%_49.3 MPa, B/M = 20%_57.0 MPa). 
This phenomenon may be attributed to the fact 
that a high boric acid dosage regulates the early 
reaction kinetics of MAPC, prolonging the setting 
time. This facilitates the filling of pores by hydra-
tion products, thereby forming a more compact 
structure. Hall et al. [40] also report that high boric 
acid content can indirectly alter the microstructure 
by regulating the setting and hardening process, 
as well as crystal nucleation and growth modes, 
ultimately leading to strength enhancement.

Although boric acid can enhance the strength 
of MAPC at 20°C temperature, an excessive dos-
age leads to lower residual compressive strength 
after high-temperature exposure, which is par-
ticularly pronounced at 1000°C. For instance, at  
7 d (Figure 5b), the residual compressive strengths 
of MAPC pastes after exposure to 1000°C are  
18.1 MPa (B/M = 5%) and 17.4 MPa (B/M = 10%), 
whereas that of the B/M = 20% group plummets 
to 6.3 MPa. This may be attributed to the fact 
that excess boric acid is more prone to undergo-
ing dehydration and transformation into borates 
during heating, forming boron-rich glass phases 
or low-melting phases. A possible mechanism for 
this behavior is that the process is accompanied 
by increased mass loss and pore growth. Concur-
rently, the softening of low-melting phases and 
thermal expansion mismatches may induce fur-
ther thermal microcracking. These factors could 
weaken the continuity of the sintered skeleton 
formed jointly by MgO and high-temperature 
phosphate phases [42], potentially leading to a 
significant reduction in residual strength.

Notably, the pastes with B/M = 5–10% exhibit sta-
ble residual compressive strength (16.8–23.7 MPa)  
after exposure to temperatures in the range of 

600–1000°C. This behavior can be attributed to 
an optimal balance between retardation and den-
sification achieved at moderate boric acid addi-
tions (5–10 wt.%). Such dosages are sufficient 
to mitigate the defects associated with an exces-
sively rapid initial reaction, yet are low enough to 
avoid the exacerbated high-temperature damage 
observed at higher dosages. Consequently, a more 
stable residual compressive strength is main-
tained over the 600–1000°C temperature range. 
For the B/M = 20% group, the residual compres-
sive strength after high-temperature exposure 
initially decreases and subsequently increases 
with extending curing age. At 600°C, the residual 
compressive strength decreases from 13.0 MPa  
at 1 d to 10.6 MPa at 7 d, and then rises to  
20.6 MPa at 28 d. This phenomenon may be 
ascribed to the coexistence of substantial hydrous 
hydration products and unreacted phases in the 
high-boron system at the intermediate stage 
(about 7 d), where dehydration decomposition 
and internal vapor pressure during heating 
are more prone to inducing structural damage. 
Extending the curing period to 28 d ensures more 
complete hydration, further pore filling, and sta-
ble phase composition, which facilitates sinter-
ing reconstruction at high temperatures, thereby 
enhancing the residual compressive strength.

3.3 Mass loss
The mass loss behavior of MAPC during the 
heating process can be characterized as a multi-
stage phenomenon of “initial rapid dehydration/
de-ammoniation followed by stabilization” [21, 
22]. In the low-temperature stage (approximately 
20–200°C), the mass loss is primarily attributed 
to the evaporation of free/adsorbed water in pores 
and the dehydration of struvite (releasing H2O), 
as described by Equation (4); this stage typically 
makes the dominant contribution to the total mass 
loss. In the medium-temperature stage (approxi-
mately 200–600°C), MgNH4PO4·6H2O undergoes  
further dehydration and de-ammoniation decom-
position to form Mg2P2O7, releasing NH3 and H2O 
(Equation (5)), which corresponds to the rapid 
mass loss observed after exposure to temperatures 
in the range of 20–600°C. As the temperature 

Figure 6  Effect of the B/M ratio on the compressive strength of MAPC pastes before and after high-temperature 
exposure (M/P = 3.0, W/C = 0.15, (a): 1 d, (b): 7 d, (c): 28 d) 
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increases into the 600–800°C range, Mg2P2O7 
reacts with residual MgO to form the more ther-
mally stable Mg3(PO4)2 (Equation (6)). As this 
process involves negligible gas generation, the 
increment of mass loss diminishes significantly 
and the mass tends to stabilize.

After exposure to temperatures in the range of 
800–1000°C, the system is dominated by MgO and 
Mg3(PO4)2. With no new volatile components gen-
erated, the mass loss tends to stabilize. The influ-
ence of boric acid is manifested in two aspects. 
On the one hand, boric acid or borates undergo 
multi-step dehydration during the heating process 
and ultimately transform into B2O3. This directly 
introduces additional water loss, thereby amplify-
ing the overall mass loss. On the other hand, the 
complexation and retardation effects of boric acid 
alter the hydration and crystallization pathways. 
This facilitates the retention of a certain propor-
tion of hydrous/ammonium-bearing hydration 
phases or intermediate phases at the same cur-
ing age, which release more H2O and NH3 upon 
heating, further increasing the total mass loss. 
In the later stage of high temperatures (≥600°C), 
the solid-state stabilization reaction (as shown in 
Equation (7)) may occur in the boron-contain-
ing system to form Mg3(BO3)(PO4). However, this 
process involves no gas generation and makes a 
limited contribution to the mass loss; it primarily 
alters the final crystalline phase composition and 
stability.

MgO NH H PO H O MgNH PO H O+ + =
4 2 4 2 4 4 2

5 6·  (3)

MgNH PO H O MgNH PO H O H O
4 4 2 4 4 2 2

6 5· ·= + ↑ (4)

2 2 3
4 4 2 2 2 7 3 2

MgNH PO H O Mg PO NH H O· = + ↑ + ↑ (5)

	 Mg PO MgO Mg PO
2 2 7 3 2

4+ = ( ) � (6)

Mg PO B O MgO Mg BO PO
3 2 2 3 3 3 4

4 3 2( ) + + = ( )( )  (7)

	 2 3
3 3 2 3 2

H BO B O H O= + ↑ � (8)

Table 3 summarizes the theoretical mass loss of 
MAPC paste pastes after high-temperature expo-
sure, calculated under the assumption that all 
reactions proceed to completion, neglecting any 
potential residual intermediate phases. For the 
MAPC paste with M/P = 3.0, W/C = 0.20, and 
B/M = 20%, the final mass loss is approximately 
25.15%, which is consistent with the experimen-
tal result.

In Figure 7, the mass loss of MAPC pastes during 
heating exhibits a rapid increase between 20°C 
and 600°C, followed by a gradual increase from 
600°C to 1000°C. This trend aligns with the theo-
retical analysis described in Equations (4)–(7). The 
mass loss of MAPC pastes after high-temperature 
exposure decreases with an increasing M/P ratio 
(1000°C: M/P = 1.5_29.1% vs. M/P = 3.0_26.6%). 
This phenomenon may be attributed to the rela-
tive deficiency of MgO at lower M/P ratios (1.5 
and 2.0), which results in a slower hydration rate. 
Although the hydration reaction essentially con-
cludes after final setting, the overall hydration 
progress is relatively retarded. Consequently, the 

Table 3  Theoretical mass loss of MAPC pastes after high-temperature exposure

Single-Step Mass Loss Cumulative Mass Loss

% g/mol %

Eq. (3) MgO + NH4 H2 PO4 + 5H2 O = MgNH4 PO4  
. 6H2 O (20°C)

MgO H2O NH4H2PO4 MgNH4PO4·6H2O

Molar Mass 40.3 18.0 115.0 245.3

Initial Mass (g) 345.0 92.0 115.0 0.0 — — —

Residual Mass (g) 304.7 2.0 0.0 245.3

Eq. (4) MgNH4PO4 
. 6H2O = MgNH4PO4 

. H2O + 5H2O ↑ (105–200°C) — — —

MgNH4PO4·6H2O MgNH4PO4·H2O H2O

Molar mass 245.3 155.3 18.0

Initial mass (g) 245.3 0.0 2.0 13.93 92.0 13.93

Residual mass (g) 0.0 155.3 92.0

Eq. (5) 2MgNH4PO4 
. H2O = Mg2P2O7 + 2NH3 ↑ + 3H2O ↑ (200–600°C)

MgNH4PO4·H2O Mg2P2O7 NH3 H2O — — —

Molar mass 155.3 222.6 17.0 18.0

Initial mass (g) 155.3 0.0 0.0 0.0 6.66 44.0 20.59

Residual mass (g) 0.0 111.3 17.0 27.0

Eq. (8) 2H3BO3 = B2O3 + 3H2O ↑ (200–400°C) — — —

H3BO3 B2O3 H2O

Molar mass 61.8 69.6 18.0

Initial mass (g) 69.0 0.0 0.0 4.56 30.1 25.15

Residual mass (g) 0.0 38.9 30.1

8   ZKG X 2026� www.zkg.de



final crystalline phases, such as struvite, are not 
fully developed. Instead, a certain proportion of 
hydration phases characterized by loose structure, 
high water content, and low thermal stability per-
sists in the system. These components are prone 
to dehydration and decomposition at high tem-
peratures, thereby resulting in a relatively higher 
mass loss.

The mass loss of the MAPC pastes after 
high-temperature exposure increases with an 
increasing W/C ratio, rising from 24.5% to 26.2% 
as the W/C ratio is raised from 0.15 to 0.20  
(Figure 7b). This is attributed to the more complete 
hydration at higher W/C ratios, which generates 
a larger amount of hydration products dominated 
by struvite rich in crystallization water; notably, 
struvite is the primary source of mass loss.

Theoretical calculations indicate that the mass 
loss of MAPC reaches 25.15% at 600°C, beyond 
which no further mass loss is theoretically antic-
ipated as no additional volatile sources emerge. 
However, experimental results demonstrate 
a continuous increase in mass loss with ris-
ing temperature: 23.96% at 600°C, 26.13% at 
800°C, and 26.29% at 1000°C. The discrepancy 
at 600°C, where the theoretical value exceeds 
the experimental measurement, is attributed  
to the pre-volatilization of ammonia (NH3) during 
the curing process, which reduces the available 

volatile content prior to calcination. The subse-
quent deviation observed from 800°C to 1000°C 
is primarily ascribed to the volatilization of boron 
trioxide (B2O3—derived from the decomposi-
tion of high-dosage boric acid—and the thermal 
decomposition of trace impurities present in the 
raw materials.

It is worth noting that the mass loss is most sen-
sitive to the B/M ratio, followed by the W/C and 
M/P ratios. Specifically, at 28 d and 1000°C, the 
maximum mass loss differences for the M/P and 
W/C groups are only 1.9% (Figure 7a) and 1.8% 
(Figure 7b), respectively, whereas that for the B/M 
group reaches 6.8% (Figure 7c). This significant 
difference may be because the B/M ratio not only 
alters the reaction pathway and increases the pro-
portion of decomposable phases but also because 
boric acid itself undergoes multi-step dehydration 
and transforms into B2O3 during heating, intro-
ducing additional mass loss and consequently 
leading to strength reduction (Figure 6).

3.4 Visual appearance
Figure 8 shows the visual appearance of the 28 d  
MAPC pastes before and after high-temperature  
exposure, demonstrating the influence of the B/M 
ratio after high-temperature exposure. It can be 
observed from Figure 7 that after high-temperature  
exposure, no cracks or spalling are visible on the 

Figure 7  Mass loss of MAPC pastes after high-temperature exposure (28 d, (a): M/P, (b): W/C, (c): B/M) 

Figure 8  Visual appearance 
of MAPC pastes before and 
after high-temperature 
exposure (for 28 d) 
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surfaces of any pastes, and the structural integrity 
remains intact. With increasing exposure tem-
perature, the surface color and state of all pastes 
exhibit a consistent evolution trend, undergo-
ing a transition from earthy yellow/bright yel-
low (20°C) to dark gray/black (600°C), light gray 
(800°C), and finally light yellow/yellowish-white 
(1000°C).

3.5 Porosity
Table 4 shows the influence of the M/P ratio 
on the porosity of MAPC pastes before and 
after high-temperature exposure. The porosity 
decreases significantly with increasing M/P ratio, 
and the dominant role of M/P in determining the 
pore structure remains unchanged with increasing 
curing age. As shown in Table 4, at 1 d after expo-
sure to 1000°C, the porosity values for M/P = 1.5, 
2.0, and 3.0 are approximately 47.49%, 47.31%, 
and 39.74%, respectively. This phenomenon may 
be attributed to the higher content of unreacted 
MgO particles in the system at higher M/P ratios. 
During the hardening stage at 20°C temperature, 
these particles serve as fillers embedded within 
the skeletal structure formed by hydration prod-
ucts, effectively reducing the initial porosity 
and weakening pore connectivity. During high- 
temperature exposure, although dehydration 
decomposition of hydration products and struc-
tural shrinkage are inevitable, the “skeletal sup-
port” effect of residual MgO particles on the pore 
walls is more pronounced in high-M/P ratio sys-
tems. This effect can inhibit pore wall collapse and 

pore coarsening to some extent, thereby mitigat-
ing the increase in porosity [26]. This observation 
is consistent with the influence of the M/P ratio 
on the residual compressive strength after high- 
temperature exposure.

Table 5 shows the influence of the W/C ratio 
on the porosity of MAPC pastes before and 
after high-temperature exposure. The porosity 
increases significantly with an increasing W/C 
ratio (e.g., Table 5: at 7 d and 1000°C, W/C = 0.15 
→ 0.18 → 0.20, porosity = 29.75% → 36.56% → 
39.10%). This may be attributed to the fact that 
a higher W/C ratio results in a higher content of 
residual free water after hardening, leading to the 
formation of more capillary and interconnected 
pores. Consequently, the pore diameter tends to 
coarsen, and the proportion of open pores rises, 
thereby increasing the porosity. During high- 
temperature exposure, these defective regions are 
more susceptible to dehydration, gas escape, and 
thermal stress concentration, inducing microc-
racks and pore interconnection, which further ele-
vates the porosity. This observation is consistent 
with the influence of the W/C ratio on the resid-
ual compressive strength after high-temperature 
exposure.

Table 6 shows the influence of the B/M ratio 
on the porosity of MAPC pastes before high- 
temperature exposure. The MAPC pastes after high- 
temperature exposure exhibit low sensitivity 
to the B/M ratio. Only slight fluctuations are 
observed among different B/M ratios (a difference  
of 1.25% at 7 d and 1000°C), indicating that 

Table 4  Effect of the M/P ratio on the porosity of MAPC pastes before and after high-temperature exposure

M/P 1 d 7 d 28 d

20°C 600°C 800°C 1000°C 20°C 600°C 800°C 1000°C 20°C 600°C 800°C 1000°C

1.5 2.40 37.70 44.82 47.49 2.70 36.79 43.42 45.79 2.57 37.73 41.06 42.80

2.0 1.03 38.28 42.17 47.31 2.17 36.71 41.38 47.44 1.01 38.36 40.05 47.69

3.0 1.43 35.82 35.43 39.74 1.77 33.63 34.81 39.10 1.86 36.26 35.17 41.38

Table 5  Effect of the W/C ratio on the porosity of MAPC pastes before and after high-temperature exposure

W/C 1 d 7 d 28 d

20°C 600°C 800°C 1000°C 20°C 600°C 800°C 1000°C 20°C 600°C 800°C 1000°C

0.15 1.47 29.32 31.08 31.78 1.12 27.96 30.61 29.75 1.63 27.76 28.68 30.20

0.18 1.53 31.96 33.46 37.68 1.62 30.48 32.81 36.56 1.00 33.17 33.39 37.88

0.20 1.43 35.82 35.42 39.74 1.77 33.63 34.81 39.10 1.86 36.26 35.17 41.38

Table 6  Effect of the B/M ratio on the porosity of MAPC pastes before and after high-temperature exposure

B/M 1 d 7 d 28 d

20°C 600°C 800°C 1000°C 20°C 600°C 800°C 1000°C 20°C 600°C 800°C 1000°C

5% 3.19 26.18 29.84 28.04 3.81 28.78 28.82 28.50 1.80 27.19 31.32 29.49

10% 1.70 25.98 29.77 30.11 0.99 24.31 29.57 28.63 1.64 29.84 31.08 31.54

20% 1.47 29.32 31.08 31.78 1.12 27.96 30.61 29.75 1.63 27.76 28.68 30.20
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variations in boric acid dosage have a minor 
effect on the overall pore structure after expo-
sure to temperature. Conversely, the porosity of 
MAPC pastes cured at 20°C temperature decreases 
with an increasing B/M ratio. This may be because 
a higher boric acid dosage prolongs the setting 
time, allowing the system to maintain higher 
fluidity for a longer period, which facilitates the 
formation of a relatively dense product network 
with fewer interconnected pores. However, the 
minor impact of the B/M ratio on porosity after 
high-temperature exposure likely accounts for 

the relative stability of the residual compressive 
strength observed across different B/M levels.

3.6 Mineralogical evolutions
Figure 9 shows the effects of M/P, W/C, and B/M 
ratios on the phase composition and content of 
MAPC paste after high-temperature exposure. It 
can be observed that with increasing exposure 
temperature, MgNH4PO4·6H2O transforms into 
MgNH4PO4·H2O. After exposure to 800°C, distinct 
diffraction peaks of Mg3(PO4)2 (PDF No. 33-0876) 
appear in the XRD pattern, indicating that the 

Figure 9  Phase composition of MAPC pastes before and after high-temperature exposure (for 28 d, (a): M/P = 1.5, (b): 
M/P = 3.0, (c): W/C = 0.15, (d): W/C = 0.20, (e): B/M = 5%, (f): B/M = 20%) 
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thermal decomposition of ammonium-bearing  
hydration phases is essentially complete. At 
1000°C, Mg3(PO4)2 reacts with the boric acid 
dehydration product B2O3 to form a new boron-
containing phosphate phase, Mg3(BO3)(PO4) (PDF 
No. 53-0778), which is consistent with the results 
of the mass loss analysis.

The B/M ratio directly governs the formation 
extent of this new phase; a lower boric acid dosage 
results in less B2O3 available upon heating, thereby 
reducing the content of the new phase Mg3(BO3)
(PO4) after exposure to temperatures. Increasing the 
M/P ratio significantly promotes the formation of 
Mg3(BO3)(PO4). As shown in Figure 10a, the content 
of the new phase Mg3(BO3)(PO4) after exposure to 
1000°C increases from 18% to 28%. This may be 
attributed to the more sufficient residual MgO in 
the high-M/P ratio system, which provides a more 
favorable Mg source for the solid-state reaction 
between Mg3(PO4)2 and B2O3 at high temperatures, 
thus driving the formation and accumulation of 
the new phase. Simultaneously, the residual MgO 
can participate in forming a more continuous load- 
bearing skeleton at high temperatures, supporting 
the residual strength. The W/C ratio has a minor 
effect on the content of the new phase Mg3(BO3)
(PO4) after high-temperature exposure. The 
weak influence of the W/C ratio on the Mg3(BO3)
(PO4) content indicates that the formation of this 
new phase is primarily controlled by the high-
temperature solid-state reaction and the available 
M/B components, rather than being directly deter-
mined by the initial mixing water content.

The formation of Mg3(BO3)(PO4) may be detri-
mental to the maintenance of high-temperature 
residual strength. On the one hand, the forma-
tion of this phase is accompanied by boric acid 
dehydration and phase transformation, often cor-
responding to greater mass loss and pore devel-
opment. Therefore, although the high-M/P system 
is more prone to generating Mg3(BO3)(PO4), the 
improvement in its residual strength is more 
likely attributed primarily to the supporting con-
tribution of residual MgO.

It can be noted that the amorphous phase content 
in MAPC is relatively high after high-temperature 

exposure, which may be due to the higher boric 
acid content in the system. After exposure at 
600°C, the phases of MAPC are mainly magne-
sium oxide and an amorphous phase, with almost 
no other phases present. This is possibly because 
the higher boric acid content in the system causes 
the decomposition products of struvite at 600°C 
to be predominantly in an amorphous form. 
Mg3(PO4)2 has not yet formed, while Mg2P2O7 is 
difficult to detect due to its low crystallinity.

3.7 Microstructural evolutions
Figures 11 and 12 show the influence of the B/M 
ratio on the phase morphology of MAPC pastes 
after exposure to 1000°C. It can be observed that 
the MAPC paste with B/M = 5% exhibits mol-
ten aggregates after high-temperature exposure 
(indicated by arrows in Figure 11a). EDS anal-
ysis reveals an Mg/P ratio of ≈3:2, identifying 
this phase as Mg3(PO4)2, which exhibits an irreg-
ular morphology after water loss during high- 
temperature exposure. The MAPC paste with  
B/M = 20% (Figure 12) is primarily composed 
of plate-like crystal clusters stacked in a flower-
bud-like structure after high-temperature expo-
sure. EDS analysis shows an Mg/P ratio of ≈3:1, 
identifying this phase as Mg3(BO3)(PO4).

The residual strength of the matrix is primar-
ily attributed to the continuous skeletal structure 
composed of MgO and Mg3(PO4)2. At elevated boric 
acid dosages, the substantial generation of B2O3 
during the dehydration process correlates with 
increased mass loss and potential pore coarsening. 
Furthermore, the chemical interaction between 
the generated B2O3 and the primary supporting 
skeleton (MgO/Mg3(PO4)2) facilitates the forma-
tion of a new phase, Mg3(BO3)(PO4) (Equation (7)). 
This transformation potentially compromises the 
continuity of the initial framework, evolving into 
a microstructure characterized by the loose stack-
ing of plate-like crystal clusters. Concurrently, 
the development of interfacial microcracks during 
cooling [43] may further impair the structural 
integrity, ultimately leading to a reduction in the 
overall load-bearing capacity and a decline in 
residual strength (Figure 6).

Figure 10  Quantitative phase composition of MAPC pastes before and after high-temperature exposure (for 28 d; (a): M/P 
ratio, (b): B/M ratio) 
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4 Conclusion

This study systematically investigated the influ-
ence of key mix parameters, the M/P, W/C, and 
B/M ratios on the high-temperature performance 
and degradation mechanisms of MAPC pastes. The 
primary findings are summarized as follows:

(1)	 An increasing M/P ratio accelerates setting 
and decreases fluidity. A higher W/C ratio 
retards setting and markedly increases fluid-
ity. Boric acid primarily acts as a retarder, 
with only a marginal effect on fluidity.

(2)	 An increased M/P ratio enhances residual 
strength) by promoting the MgO-based frame-
work. A lower W/C ratio improves residual 
strength by suppressing dehydration-induced 
damage and cracking via reducing free water 
and capillary porosity. Lowering the B/M ratio 
mitigates boric acid-induced thermal damage.

(3)	 The B/M ratio exerts the most pronounced 
influence on mass loss. This is primarily attrib-
utable to forming more decomposable phases 
and contributing directly to mass loss itself.

(4)	 After high-temperature exposure, porosity 
decreases with increasing M/P and increases 
with increasing W/C, while the B/M ratio has 
a minor impact.

(5)	 In systems with high boric acid content, 
boron oxide formed from the dehydration  
of boric acid reacts with the matrix to pro-
duce plate-like Mg3(BO3)(PO4) clusters. The 

disruption of the original structure is responsible 
for the observed strength deterioration.
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