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ABSTRACT:  Magnesium potassium phosphate cement (MKPC) exhibits strength degradation and vol-
ume shrinkage under high-temperature conditions, which hinders its application in high-temperature 
scenarios. The effects of aluminium hydroxide (AH) and basalt fiber (BF) on the room-temperature 
properties and high-temperature resistance of MKPC were investigated using XRD, SEM, and EDS. 
The strength results showed that incorporating 15% aluminium hydroxide increases the residual 
strength of MKPC by 48.87% to 101.59% following heat treatment at 200~1100°C. The presence 
of basalt fibers reduced the volumetric changes of MKPC after heat treatment, but led to a decrease 
in the residual strength. The microstructural test results showed that aluminium hydroxide markedly 
promoted the formation of refractory phases, including α-active alumina and magnesium aluminate 
spinel, at high temperatures, whereas debonding was observed in specimens incorporating basalt 
fibers. Based on the above experimental results, the coupled effects of aluminium hydroxide and 
basalt fibers on the high-temperature resistance of MKPC were discussed. The research findings may 
provide insights for the application of MKPC in high-temperature scenarios.
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1 Introduction

Magnesium potassium phosphate cement (MKPC) 
is a rapid-setting cementitious material com-
posed of dead-burned magnesium oxide, soluble 
phosphate, retarder, water, and other admixtures 
mixed at specific proportions [1]. Owing to its 
rapid setting and hardening, high early strength, 
and excellent bonding performance [2, 3], MKPC 
has been widely investigated for applications such 
as rapid repair materials, building restoration [4, 
5], and hazardous waste stabilization [6]. The 
main hydration reaction of MKPC is shown in 
Equation (1). Compared with ordinary Portland 
cement [7], the struvite-dominated hydration 
products of MKPC exhibit relatively high thermal 
stability [8, 9], which makes MKPC a promising 
binder for high-temperature applications [10, 11]. 
Although the fire resistance of MKPC is supe-
rior to that of traditional cementitious materials, 
it still tends to experience strength degradation 
and volume shrinkage due to the removal of 
bound water under high temperatures, resulting 
in cracking and peeling [12]. Therefore, consid-
erable efforts have been devoted to investigating 

the high-temperature stability of MKPC. Incorpo-
rating refractory fillers into MKPC has been the 
most prevalent approach to enhancing its high- 
temperature performance.

MgO + PO (s) + 5H O4 2 → MgKPO4 ∙ 6H2O (struvite) (1)

Over the past decade, incorporating refractory 
fillers into MKPC has been the most prevalent 
approach to enhancing its high-temperature per-
formance. Li et al. [13] demonstrated that incor-
porating appropriate quantities of hollow glass 
microspheres enhances MKPC strength and fire 
resistance while reducing its density and ther-
mal conductivity. Low-density fillers such as 
expanded perlite and expanded vermiculite also 
effectively mitigate strength degradation in MKPC 
at high temperatures and reduce crack formation 
caused by thermal stress [14, 15]. Furthermore, 
mineral admixtures such as fly ash and silica 
fume promote the formation of refractory phases 
and the sintering of non-crystalline grains within  
MKPC under high-temperature conditions [16, 17]. 
This results in the development of a ceramic-like 
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structure, thereby enhancing the residual strength 
of MKPC after high-temperature exposure [18]. 
Although the incorporation of lightweight refrac-
tory fillers and mineral additives can mitigate the 
strength degradation of MKPC at high tempera-
tures, it may also result in insufficient strength 
at room temperature and reduced volumetric 
stability.

To further mitigate high-temperature degrada-
tion and enhance structural stability, some studies 
have incorporated reinforcing fibres and flame- 
retardant compounds into fire-resistant materi-
als [19]. Such functional components can improve 
high-temperature resistance through crack bridg-
ing and thermal buffering effects, thereby reduc-
ing heat-induced damage and strength loss. For 
instance, Yasir et al. [20, 21] noted that basalt 
fibres suppress crack propagation and main-
tain load transfer at high temperatures, thus 
enhancing thermal stability and mechanical 
properties. Lou et al. [22] confirmed that incor-
porating aluminium hydroxide modulates heat 
absorption behaviour and microstructural integ-
rity during thermal exposure, thereby enhancing 
high-temperature stability. Consequently, further 
incorporating fibres and flame retardants into 
MKPC holds promise for simultaneously address-
ing strength retention and high-temperature 
stability [23]. However, current research on the 
high-temperature modification of aluminium 
hydroxide (AH) and basalt fibre (BF) has pri-
marily focused on organic refractory materials, 
with limited studies investigating their applica-
tion in MKPC [18]. To date, few studies have been 
reported on the impact of such modifications on 
the high-temperature resistance of MKPC.

This study investigates the effects of alumin-
ium hydroxide and basalt fibres on the high- 
temperature behaviour of a lightweight MKPC 
composite containing expanded vermiculite and 
hollow glass microspheres. The setting time and 
room-temperature compressive strength of each 
mixture were tested, together with the residual 
strength, mass loss, and volume change of spec-
imens after heat treatment at 200, 400, 600, 
800, 1000, and 1100°C. The phase evolution and 
microstructural changes of representative speci-
mens before and after heating were analysed by 
XRD, SEM, and EDS. In addition, the effects of 
AH and BF on the high-temperature resistance 
of this lightweight MKPC system were discussed. 
The findings are expected to provide a basis 
for the design of lightweight fire-resistant and 

thermal-insulating MKPC-based composites for 
non-load-bearing high-temperature applications.

2 Materials and methods

2.1 Raw materials
In this study, the raw materials for the test spec-
imens were divided into binders, retarders, fill-
ers, and admixtures. Dead-burned magnesium 
oxide (MgO) and potassium dihydrogen phos-
phate (KH2PO4) were used as binders, borax 
(Na2B4O7·10H2O) served as the retarder, hollow 
glass microspheres and expanded vermiculite were 
used as fillers, and aluminium hydroxide (AH) 
and basalt fiber (BF) were added as admixtures. 
It is worth noting that potassium dihydrogen 
phosphate, borax, and aluminium hydroxide were 
all industrial-grade materials with purities rang-
ing from 95% to 97%, and particle sizes below  
70 μm. The diameter of basalt fibre is 25 μm, with 
a cut length of 3–5 mm. The chemical composi-
tions of calcined magnesium oxide, hollow glass 
microspheres, expanded vermiculite, and basalt 
fibre are presented in Table 1. The XRD patterns 
of calcined magnesium oxide, hollow glass micro-
spheres (HGM), and expanded vermiculite (EV) 
are presented in Figure 1.

2.2 Samples preparation
The mix design for MKPC composite materials is 
shown in Table 2. All mixtures employ identical 
quantities of binder, retarder, filler, and water. 
The binder for each mixture comprises magne-
sium oxide and potassium dihydrogen phosphate 
in a molar ratio of 3:1, the retarder is incorpo-
rated at 5% by mass of the binder, and water is 
added at 50% of the combined mass of binder 
and filler. The fillers in each mixture comprised 
equal quantities of EV and HGM, both added 
at 20% of the binder mass. These dosages were 
selected based on previous studies on light-
weight/refractory filler modification of MKPC [21,  
24–27], together with our preliminary experimen-
tal screening, in which this dosage range provided 
a relatively stable lightweight refractory skeleton 
while maintaining acceptable workability and 
measurable residual strength after heat treatment. 
Within the mixtures, groups AH5 to AH20 inves-
tigated the effect of aluminium hydroxide, with 
its content set between 5% and 20% of the binder 
mass. Groups BF0.5 to BF2.0 investigated the 
effect of basalt fibre, with its content set at 0.5% 
to 2% of the binder mass. Other Groups examined 

Table 1  The chemical composition of raw materials (wt.%)

Binder MgO SiO2 CaO Fe2O3 Al2O3 K2O Na2O LOI

MgO 89.517 3.309 1.933 1.684 0.893 0.037 / 1.808

HGM / 82.353 8.237 0.136 0.123 0.006 1.381 6.944

EV 10.366 44.079 2.358 13.624 15.846 5.238 / 4.057

BF 9.358 50.196 6.977 10.232 16.734 1.258 1.092 3.048
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the combined effect of aluminium hydroxide and 
basalt fibre.

The specimens were prepared with reference to 
GB/T 17671-2021. First, all powdered raw mate-
rials were weighed according to the proportions 
listed in Table 2 and dry-mixed to ensure uniform 
distribution. Water was then added, and the mix-
ture was mechanically stirred until a homogeneous 
slurry was obtained. Then, the slurry was poured 
into standard moulds measuring 40 mm × 40 mm 
× 40 mm. Upon completion of pouring, cling film 
was applied to minimise moisture evaporation. 
Once the specimens had undergone initial setting, 
demoulding was performed. After demoulding, 
the specimens were transferred to a standard cur-
ing chamber maintained at 20 ± 2°C and 60 ± 5%  
relative humidity, where they underwent con-
stant temperature and humidity curing for 7 d. 
Finally, specimens cured to the corresponding age 

were placed in a forced-air drying oven at 40°C 
until mass stability was achieved. They were then 
removed for subsequent macroscopic performance 
testing and microscopic characterisation. Further-
more, to ensure the reliability and reproducibility 
of experimental data, all macroscopic perfor-
mance indicators were tested using at least three 
parallel specimens, with the test results being the 
average value of these specimens.

2.3 Testing procedure
The testing of each mixture in this paper may be 
divided into macroscopic and microscopic per-
formance aspects. Regarding macroscopic per-
formance, the setting time at room temperature, 
compressive strength at 7 d, and changes in 
strength, mass, and volume before and after heat 
treatment at various temperatures were assessed 
for each mixture. Regarding microstructural 

Table 2  The mix proportions of the MKPC composites

Number Mixtures Binder Retarder Fillers Admixture Water

M:P Borax(%) EV (%) HGM (%) AH (%) BF (%) W/(MPC + Fillers)

0 Blank 3:1 5 20 20 / / 0.5

1 AH5 3:1 5 20 20 5 / 0.5

2 AH10 3:1 5 20 20 10 / 0.5

3 AH15 3:1 5 20 20 15 / 0.5

4 AH20 3:1 5 20 20 20 / 0.5

5 BF0.5 3:1 5 20 20 / 0.5 0.5

6 BF1.0 3:1 5 20 20 / 1.0 0.5

7 BF1.5 3:1 5 20 20 / 1.5 0.5

8 BF2.0 3:1 5 20 20 / 2.0 0.5

9 AH5-BF2.0 3:1 5 20 20 5 2.0 0.5

10 AH20-BF0.5 3:1 5 20 20 20 0.5 0.5

11 AH15-BF1.0 3:1 5 20 20 15 1.0 0.5

12 AH10-BF1.5 3:1 5 20 20 10 1.5 0.5

13 AH20-BF2.0 3:1 5 20 20 20 2.0 0.5

14 AH5-BF0.5 3:1 5 20 20 5 0.5 0.5
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Figure 1  XRD patterns 
of raw materials: MgO, 
expanded vermiculite 
(EV) and hollow glass 
microspheres (HGM) 
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performance, XRD patterns and SEM images of 
the hydrated samples were examined before and 
after heat treatment. Elemental analysis of the 
sample surfaces was conducted using EDS point- 
scanning techniques. Detailed testing methodolo-
gies and references are provided in Sections 2.3.1 
and 2.3.2.

2.3.1 Macroscopic performance
All tests for setting time of mixtures were con-
ducted in accordance with GB/T 1346-2024. 
During testing, freshly mixed slurry was poured 
into setting time test moulds, levelled using 
a trowel, and then subjected to setting time 
measurement via a vicat apparatus. Compres-
sive strength testing for all mixtures followed 
GB/T 17671-2021 standards, employing a uni-
versal testing machine with a loading rate of  
0.2 kN/s.

To evaluate the high-temperature behaviour 
of each mixture group, all specimens cured to 
the specified age were dried to constant weight 
before undergoing heat treatment at tempera-
tures of 200°C, 400°C, 600°C, 800°C, 1000°C, 
and 1100°C. The heat treatment process was 
conducted in a high-temperature sintering 
furnace and comprised three stages: Firstly 
involved heating from an initial temperature 
of 20°C to the target temperature at a heating 
rate of 10°C/min. Secondly, holding at the tar-
get temperature for 2 h. Finally, the thermal 
treatment was concluded, with samples cooling 
naturally within the furnace to room tempera-
ture. The initial mass (m0) of the sample prior 
to heat treatment and the mass (m1) after heat 
treatment were measured using a high-precision  
electronic balance, from which the mass loss rate 
was calculated. The dimensions of the sample 
before and after heat treatment were measured 
using a vernier caliper, enabling the calculation 
of the initial volume (V0) of the sample before 
heat treatment and the volume (V1) after heat 
treatment, thereby determining the volume 
shrinkage rate. The specific calculation method 
is as follows:

	 S m m
m

= ( ) ×100%0 1

0

−
� (2)

	 π = F ×100%0 1

0

V V
V
−





� (3)

2.3.2 Microscopic characterisation
After the compressive strength test, several thin 
fragments were selected from the fracture sur-
face. A portion of these fragments was used for 
SEM imaging and EDS point-scanning elemen-
tal distribution analysis, while the remainder 
was ground and sieved through a 200~mesh 
screen for XRD pattern testing. The XRD patterns 
were analysed using an X-ray diffractometer 

manufactured by Empyrean of the Netherlands. 
The scanning speed during testing was 10°/min, 
with a step size of 0.02° and a measurement 
range from 5° to 80°. The SEM images were 
obtained by a Quanta FEG 450 scanning electron 
microscope manufactured in the United States. 
The testing process was conducted at an operat-
ing voltage of 15 kV, with magnification ranging 
from 1000 to 3000 times. The samples under-
went sputter-coated platinum treatment prior to 
testing.

3 Results and discussion

3.1 Setting time
Figure 2 illustrates the effects of aluminium 
hydroxide (AH), basalt fibre (BF), and their com-
bined action on the initial setting time and final 
setting time of MKPC. The control group exhibited 
an initial setting time of 189 min and a final set-
ting time of 259 min, with a setting interval of  
70 min. This indicates a protracted transitional 
phase between the loss of plasticity and complete 
hardening of the slurry.

As shown in Figure 2a, both the initial and 
final setting times of the mixture decreased 
monotonically as the AH content increased from 
5% to 20%. At an AH content of 20%, the ini-
tial setting time was reduced to 101 min, whilst 
the final setting time decreased to 131 min. 
Compared to the control group, the AH20 group 
exhibited a 46.56% reduction in initial setting 
time and a 49.42% reduction in final setting time. 
This effect may be attributed to the dual action 
of AH in fresh MKPC slurry: firstly, the minute 
AH particles increase the bulk density of solids 
and provide additional heterogeneous nucleation 
surfaces, thereby promoting the early formation 
of permeating hydration products. Secondly, the 
microfilling effect reduces the free water content 
within the slurry, accelerating the hydration pro-
cess during the early age stages. Consequently, 
within the studied dosage range, both the initial 
setting time and the final setting time are short-
ened [28].

As shown in Figure 2b, both the initial setting 
time and final setting time exhibit a trend of ini-
tially decreasing followed by a gradual increase 
with rising BF content. At low BF dosages, BF 
significantly accelerated the setting process: the 
BF 0.5 mixture exhibited an initial setting time 
of 103 min and a final setting time of 137 min, 
representing reductions of 45.50% and 47.10% 
respectively, compared to the control group, with 
the setting interval shortened to 34 min. How-
ever, further increasing BF content led to delayed 
setting. The BF 2.0 mixture exhibited an initial 
setting time of 164 min and a final setting time 
of 228 min, with the setting interval extending to  
64 min, which was close to that of the control 
group. This dual response of acceleration and 
delay can be attributed to competitive effects 
induced by fibre addition. At low BF dosages, 
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well-dispersed fibres provide interfacial sites 
that promote early precipitation and crystal 
growth of potassium magnesium phosphate 
hydrate, thereby accelerating rigidity devel-
opment. Conversely, at high dosages, fibre 
agglomeration and the accompanying increase 
in rheological resistance impede ion transport, 
reduce reaction uniformity within the sample, 
and delay the formation of a continuous hard-
ening network, consequently prolonging the 
final setting time [29].

As shown in Figure 2c, all mixtures modified 
with both AH and BF exhibited significantly 
shorter initial and final setting times compared 
to the control group and single-component 
modified groups. Among these, the AH20-BF2.0 
and AH10-BF1.5 mixtures demonstrated the 
fastest setting rates, with initial setting times 
ranging from 90 to 100 min. The final setting 
time was 120-130 min, representing a reduc-
tion of nearly 50%, with a setting interval of 
only 25 min. The AH20-BF0.5 and AH10-BF1.5 
groups exhibited similar trends. Overall, com-
bined modification effectively accelerates the 
early setting process. However, from a practi-
cal construction perspective, the significantly 
reduced setting interval also implies a markedly 
shorter operational time window. This must be 
fully considered during sample preparation and 
handling procedures.

3.2 Compressive strength
Figure 3a–c illustrates the effects of aluminium 
hydroxide (AH), basalt fibre (BF), and their syner-
gistic interaction on the compressive strength of 
MKPC at room temperature and its residual com-
pressive strength after heat treatment. The figures 
reveal that within the 200~800°C range, the com-
pressive strength of the control group progres-
sively decreased with increasing heat treatment 
temperature. However, within the 1000~1100°C 
range, the samples exhibited a marked recovery 
in compressive strength. This outcome aligns with 
prior research on MKPC modified with hollow 
glass microspheres and expanded vermiculite [25, 
30, 31].

As shown in Figure 3a, the addition of AH sig-
nificantly enhances both the room-temperature 
strength and the residual strength after high- 
temperature treatment of MKPC. Specifically, the 
room-temperature compressive strength of MKPC 
increased from 2.06 MPa in the control group 
to 2.99 MPa in the AH20 group with rising AH 
content. Similarly, the residual strength of MKPC 
after heat treatment exhibited a trend of initial 
increase and then decrease with increasing AH 
content. At an AH content of 15%, the specimen 
strength reached 4.63 MPa after 200°C treatment 
and 4.25 MPa after 1100°C treatment, remaining 
below the room-temperature strength only after 
800°C treatment. Compared to the control group, 

189 181
167

135

101

259
241

221

177

131

blank AH5 AH10 AH15 AH20
0

50

100

150

200

250

300
(a)

)ni
m(e

mit
gnitteS

Dosage of aluminium hydroxide

initial setting time
final setting time

189

103
112

123

164

259

137 143
157

228

blank BF0.5 BF1.0 BF1.5 BF2.0
0

50

100

150

200

250

300

)ni
m(e

mit
gnitteS

Dosage of basalt fiber

initial setting time
final setting time

(b)

135

98

119
100 103 95

177

128
147

124 131
120

AH5-BF2.0

AH10-BF1.5

AH15-BF1.0

AH20-BF0.5

AH5-BF0.5

AH20-BF2.0
0

50

100

150

200

250

300
(c)

)ni
m(e

mit
gnitteS

initial setting time
final setting time

Figure 2  Initial and final setting times of MKPC composites under (a) AH mono-modification, (b) BF mono-modification, 
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the residual strength of the AH15 group increased 
by 48.87% to 101.59% following heat treatment 
at different temperatures. These results indicate 
that AH not only enhances the structural strength 
of MKPC hydration products but also improves 
the thermal stability of the MKPC structure.

As shown in Figure 3b, the incorporation of BF 
enhances the compressive strength of MKPC at 
room temperature. With increasing BF content, the 
room-temperature compressive strength exhibits 
a trend of initial improvement followed by pla-
teauing. At a BF content of 1.5%, the compressive 
strength reaches a maximum value of 3.53 MPa 
(compared to 2.06 MPa for the control group). At 
a BF content of 2.0%, the strength was 3.50 MPa, 
remaining at a similar level. However, BF addition 
adversely affected the residual strength of MKPC 
after heat treatment. Specifically, following heat 
treatment at lower temperatures (≤200°C), the 
strength of BF-modified MKPC specimens con-
tinued to increase, exceeding that of the control 
group. Yet, from 400°C onwards, a marked dete-
rioration in strength occurred. After treatment at 
1000°C, BF 2.0 retained only 0.48 MPa, repre-
senting a mere 13.7% of its room-temperature 
strength. Notably, unlike the control group, the 
residual strength of BF-doped MKPC specimens 
after heat treatment did not begin to recover until 
1100°C. This indicates that BF addition not only 
introduces thermosensitive structural defects, 
leading to reduced strength stability, but also 
influences the initial temperature at which the 
ceramicisation reaction occurs within the MKPC 
system.

As shown in Figure 3c, the room-temperature  
compressive strength of MKPC specimens 
co-modified with AH and BF was significantly 
enhanced, though their high-temperature per-
formance remained susceptible to BF degradation 
effects. Specifically, under ambient conditions, all 
co-modified mixtures exhibit superior strength to 
the control group, with the AH15-BF1.0 formula-
tion demonstrating the highest room-temperature  
strength at 4.96 MPa. Following treatment at 200°C, 
some mixtures retained relatively high resid-
ual strengths, with AH5-BF0.5 and AH15-BF1.0 

demonstrating particularly outstanding perfor-
mance. When the temperature rose to 400°C, 
residual strengths generally declined. Groups with 
low BF content exhibited relatively stable strength 
after heat treatment, whereas those with high BF 
content showed a more pronounced decrease. At 
600~800°C, residual strength was approximately 
half that of the control group. When temperatures 
reached 1000~1100°C, only AH5-BF0.5 retained 
residual strength close to the control group, while 
groups with high BF content remained signifi-
cantly weaker.

3.3 Mass loss
Figure 4a–c illustrates the effects of AH and BF 
on the mass loss rate of MKPC composites fol-
lowing heat treatment: the mass loss rate of the 
control group increased steadily with rising heat 
treatment temperatures, from 18.542% at 200°C 
to 25.868% at 1100°C. Notably, the incremental 
mass loss within the 1000~1100°C temperature 
range was significantly higher than that observed 
between 200~800°C. Previous studies attribute 
this disparity to decomposition and sintering 
reactions occurring in the expanded vermiculite 
and hollow glass microspheres fillers at high tem-
peratures [32–34].

The effect of AH on mass loss of MKPC fol-
lowing heat treatment is rather complex, being 
jointly influenced by its content and heat treat-
ment temperature. Specifically, within the AH5 
to AH20 groups, at temperatures ranging from 
200°C to 400°C, the mass loss rate of MKPC ini-
tially increases, then decreases with rising AH 
content. However, within the 600°C to 1100°C 
temperature range, this trend reversed: the mass 
loss in the AH5 and AH10 groups exceeded that 
of the control group, while the mass loss in 
the AH15 and AH20 groups was reduced. This 
occurs because, following AH incorporation, 
mass loss in the MKPC system stems from mul-
tiple sources: dehydration of struvite crystals, 
dehydration of aluminium hydroxide, decom-
position of fillers, and ceramicisation. As the 
dehydration process of aluminium hydroxide 
absorbs a significant amount of heat, its high 
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Figure 4  Mass loss of MKPC composites after heat treatment: (a) AH-modified, (b) BF-modified, (c) AH-BF co-modified 
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content can reduce mass loss caused by MKPC 
filler decomposition at high heat treatment 
temperatures. However, at lower temperatures, 
the dehydration of aluminium hydroxide itself 
increases mass loss [35–37].

In contrast, the influence of BF on the mass 
loss of MKPC after heat treatment exhibited 
a relatively clear temperature dependence. At 
200~400°C, the BF0.5 group showed the lowest 
mass loss among the BF-modified groups, indi-
cating that a low BF dosage was more effective 
in reducing mass loss at low temperatures. In 
comparison, at 800~1100°C, the mixtures con-
taining 1.5–2.0 wt.% BF showed better mass 
retention. Combining X-ray fluorescence (XRF) 
analysis with prior research, this is attributed 
to the softening and decomposition of calcium- 
containing components within BF at 800°C. Addi-
tionally, when AH and BF jointly modify MKPC, 
the overall suppression of mass loss is greater 
than with either modifier alone, particularly 
within the low-temperature range of 200~400°C 
where this inhibitory effect is most pronounced. 
For instance, the AH15-BF1.0 group exhibited 
the lowest mass loss rate at 200°C among all 
experimental groups. At high temperatures, the 
co-modified groups with high BF and low AH 
ratios demonstrated the best performance in pre-
serving MKPC mass. In summary, the combined 
modification of AH and BF demonstrated supe-
rior overall performance in controlling mass loss 
of MKPC following heat treatment compared to 
either AH or BF acting alone.

3.4 Volume shrinkage
Figure 5a–c illustrates the influence of AH and 
BF additives on the volumetric shrinkage of mag-
nesium potassium phosphate cement (MKPC) fol-
lowing heat treatment at varying temperatures. It 
is evident that the control group exhibits a vol-
umetric shrinkage rate, which initially increases 
gradually before rising sharply with increasing 
temperature, peaking at 1000°C. At 1100°C, it 
decreases slightly. This occurs because within the 
200~600°C temperature range, MKPC hydration 
products undergo dehydration decomposition, 

generating numerous micro-pores within the 
matrix and causing an initial contraction. Sub-
sequently, at temperatures between 800~1000°C, 
the interlayer structure of expanded vermiculite 
is disrupted, while hollow glass microspheres 
begin to soften, leading to a second contraction 
phase. Upon reaching 1100°C, the system exhibits 
slight sintering and densification. Certain phases 
undergo secondary reactions, producing minimal 
expansion that partially offsets the contraction, 
resulting in a slight decrease in the shrinkage rate 
[30, 38].

As shown in Figure 5a, AH effectively inhibits 
shrinkage under medium temperature conditions, 
but this inhibitory effect diminishes markedly as 
temperatures rise further. Within the 200~800°C 
temperature range, all mixtures containing AH 
exhibited lower shrinkage rates than the control 
group. Among these, AH15 demonstrated the 
most pronounced shrinkage inhibition, reducing 
volumetric shrinkage by 15% to 20% relative 
to the control. At temperatures of 1000~1100°C, 
although low AH content still inhibited MKPC’s 
volumetric shrinkage, excessive AH addition 
caused the shrinkage rate of the AH20 group to 
exceed that of the blank control. This indicates 
that excessive aluminium hydroxide leads to 
diminished volumetric stability under extreme 
high temperatures. This phenomenon confirms 
aluminium hydroxide’s dual role: at low tem-
peratures, micro-filling and early densification 
limit thermally induced volume changes. At high 
temperatures, AH decomposition into α-Al2O3 
potentially reinforces the matrix structure [35]. 
However, at extremely high temperatures, exces-
sive AH addition exacerbates pore formation due 
to decomposition, disrupting matrix continuity 
and undermining the system’s ability to maintain 
volumetric integrity.

As shown in Figure 5b, the volume shrink-
age rate of the BF-modified mixture after heat 
treatment remained lower than that of the con-
trol group across the entire temperature range, 
with the inhibitory effect increasing with higher 
BF content. Specifically, within the 200~600°C 
range, the 2.0% BF mixture exhibited a reduction 
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Figure 5  Volume shrinkage of MKPC composites after heat treatment: (a) AH-modified, (b) BF-modified, (c) AH-BF 
co-modified 
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in shrinkage of approximately 50~74% compared 
to the baseline value, significantly mitigating 
thermal shrinkage. This is primarily attribut-
able to BF’s excellent stability within this tem-
perature range. BF effectively fills internal pores 
within MKPC, enhancing the compactness of the 
matrix structure while reducing shrinkage caused 
by structural loosening of the MKPC matrix. 
Between 800~1100°C, the shrinkage-inhibiting 
effect of MKPC mixtures diminishes following 
heat treatment, though some volume reduction 
persists. Notably, the 2.0% BF mixture exhibited a 
shrinkage rate at 1100°C that remained over 28% 
lower than the blank sample. This occurs because, 
although BF undergoes slight softening at high 
temperatures, its residual structure continues to 
provide structural support to the matrix, par-
tially counteracting the shrinkage effects during 
sintering.

As shown in Figure 5c, when both AH and BF 
were added to the MKPC mixture, the shrinkage 
rates of most groups were significantly lower 
than the control group, and in many cases out-
performed the modified groups with single com-
ponents. Specifically, below 400°C, formulations 
with low AH content and high BF content (e.g., 
AH0.5-BF2.0) exhibited the most pronounced 
shrinkage inhibition, reducing the volume change 
rate by over half compared to the blank sam-
ple. Within the 600~800°C range, the mixture’s 

volumetric shrinkage rate decreased further rel-
ative to the blank group, exhibiting nearly 60% 
lower shrinkage at 800°C compared to the control 
group. At 1000~1100°C, the mixture still outper-
formed the control group. Overall, formulations 
with higher BF content demonstrated more pro-
nounced reductions in volumetric shrinkage both 
before and after heat treatment.

Based on the results of the above macro- 
performance tests, we selected AH15, BF1.0, and 
AH15-BF1.0 for microstructural analysis, the 
specific reasons are as follows: In the AH modi-
fied group, the AH15 group demonstrated the best 
strength retention and minimal mass loss after 
heat treatment. In Groups of, the BF1.0 group 
exhibited superior volume shrinkage suppression. 
In the BF modified group, the AH15-BF1.0 group 
achieved the highest room-temperature strength 
across all formulations.

3.5 XRD
The XRD patterns of four representative mix-
tures after heat treatment at room tempera-
ture, 400°C, 800°C, and 1100°C are shown in 
Figure 6. At room temperature, all mixtures 
exhibited intense diffraction peaks characteris-
tic of hydrated potassium magnesium phosphate 
(KMgPO4‧6H2O). This compound constitutes the 
primary hydration product of MKPC and serves 
as the principal source of structural strength in 

Figure 6  XRD pattern results of MKPC composites after heat treatment (a) room-temperature, (b) 400°C, (c) 800°C, (d) 
1100°C, (group 0: blank, group 3: AH15, group 6: BF1.0, group 11: AH15-BF1.0) 
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the material. Additionally, residual MgO peaks, 
layered Mg-Fe aluminosilicate diffraction peaks 
from expanded vermiculite, and SiO2 diffrac-
tion peaks from hollow glass microspheres are 
observable [1]. Distinct Al(OH)3 diffraction peaks 
are discernible in Group 3 (AH15) and Group 11 
(AH15-BF1.0).

After heat treatment at 400°C, the charac-
teristic peaks of KMgPO4·6H2O were markedly 
diminished, whilst the reflection peaks corre-
sponding to anhydrous potassium magnesium 
phosphate (KMgPO4) became clearly discern-
ible. Concurrently, in Groups 3 and 11, the 
peak intensity of Al(OH)3 diminished and was 
replaced by reflections associated with Al2O3. 
This aligns with the thermal decomposition of 
aluminium hydroxide and the formation of rigid 
aluminium oxide. At this stage, faint reflec-
tions indicative of an aluminium-phosphate 
intermediate state were detectable in the AH- 
containing systems, suggesting the com-
mencement of aluminium source reaction with  
phosphates during heating. Additionally, minor 
diffraction peaks for MgSiO3 were observed, 
indicating initiation of the initial reaction 
between MgO and free SiO2, though no other 
significant signs of reaction were apparent in 
the overall phase composition.

After heat treatment at 800°C, the phosphate 
within the MKPC mixture underwent further con-
densation and restructuring reactions, yielding 
distinct characteristic diffraction peaks for pyro-
phosphate (Mg2P2O7), while the diffraction peak 
intensity of KMgPO4 continued to diminish [39]. 
In mixtures containing AH, the diffraction peak 
of AlPO4 markedly intensified, indicating that AH 
addition promoted the formation of the refractory 
aluminium phosphate phase. Concurrently, the 
MgSiO3 peak became more pronounced, reflect-
ing the ongoing silicate reaction. Furthermore, 
characteristic reflection peaks associated with the 
layered phase of vermiculite significantly dimin-
ished, suggesting that at this temperature, the 
layered structure of vermiculite gradually decom-
posed and underwent phase transformation at 
high temperatures.

After heat treatment at 1100°C, the MKPC 
mixture exhibited a marked phase transforma-
tion. Firstly, the diffraction peaks of MgSiO3 
and MgO disappeared, while the SiO2 peak 
weakened markedly. Concurrently, a pro-
nounced diffraction peak for magnesium olivine 
(Mg2SiO4) emerged. This indicates that between 

1000~1100°C, residual magnesium and sili-
con phases within the system reacted to form a  
silicate-based refractory framework. Addition-
ally, in mixtures containing AH, pronounced 
MgAl2O4 diffraction peaks and α-Al2O3 dif-
fraction peaks emerge. This indicates that AH 
promotes the formation of high-melting-point, 
aluminium-bearing refractory phases within the 
system under high temperatures. Moreover, high- 
temperature phosphate phases (e.g., Mg3(PO4)2) 
and residual Mg2P2O7 remain detectable, whilst 
the original KMgPO4 phase is markedly dimin-
ished. This aligns with the advanced transforma-
tion of K-Mg phosphate species under extreme 
thermal conditions.

Overall, the XRD results show that the MKPC 
system gradually evolved from hydrated phos-
phate phases at room temperature to more ther-
mally stable phosphate, silicate and aluminate 
phases at elevated temperatures. Additional-
ly,the clearer and sharper crystalline reflections 
observed in the AH-containing groups at high 
temperatures suggest a stronger ceramicisation 
tendency, which contributed to the improved 
high-temperature stability of the matrix.

3.6 SEM
Figure 7 presents the photographs of repre-
sentative specimens (Blank, AH15, BF1.0, and 
AH15-BF1.0) after heat treatment at 400, 800, 
and 1100°C. It can be observed that the mac-
roscopic appearance of all specimens changed 
progressively with increasing temperature, as 
reflected by colour variation, surface roughening, 
and the development of visible cracks. The Blank 
group showed relatively more pronounced crack-
ing and integrity loss after high-temperature  
exposure, indicating severe thermal damage. 
In comparison, the AH15 specimens generally 
retained a more complete shape and denser 
surface morphology, suggesting that alumin-
ium hydroxide contributed to improving the 
structural stability of MKPC during heating. 
The BF1.0 group exhibited comparatively bet-
ter shape retention, which is consistent with 
the shrinkage-inhibiting effect of basalt fibres, 
although surface cracking was still visible at ele-
vated temperatures. For the AH15-BF1.0 group, 
the combined addition of AH and BF helped 
maintain the overall specimen integrity to some 
extent, but thermal damage and crack develop-
ment were still observed after exposure to higher 
temperatures.

Figure 7  Photographs 
of the specimens after 
the high-temperature 
treatment 
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Figure 8 shows the microstructural morphology 
of samples from different groups after heat treat-
ment. Results indicate that the microstructure of 
the MKPC sample in the control group deteriorated 
significantly following heat treatment. At 400°C, 
the matrix primarily comprised dehydrated phos-
phate phases exhibiting a loose, flocculent struc-
ture. Pores, microcracks, and the layered structure 
of expanded vermiculite were observable, indi-
cating that the loss of bound water disrupted the 
continuity of the hydration product framework, 
though the expanded vermiculite provided some 
protective effect. At 800°C, the surface struc-
ture of the specimens was further compromised, 
exhibiting numerous fragmented particles along-
side increased porosity and additional interfacial 
defects. Upon reaching 1100°C, pronounced phase 
restructuring and localised ceramicisation phe-
nomena became observable. Based on XRD results, 
this is attributed to the formation of locally dense 
particle domains where high-temperature phos-
phates interact with refractory silicate phases 
(α-KMgPO4, Mg2SiO4). Nevertheless, substantial 
residual porosity and structural damage induced 
by thermal stress remain observable throughout 
the system [40–42].

The microstructural characteristics of the MKPC 
samples doped with AH differed from those of 
the control group. After heat treatment at 400°C, 
numerous finely dispersed particles appeared on 

the sample surface, consistent with the dehydra-
tion decomposition products of Al(OH)3. These par-
ticles partially filled and stabilised micro-pores, 
thereby mitigating damage to the MKPC matrix 
under high temperatures. At 800°C, intergranular 
bonding and sintering neck phenomena became 
more pronounced, with characteristic defect sizes 
markedly reduced. Concurrently, denser structural 
regions associated with Mg-Si reactions became 
observable, indicating that aluminium hydrox-
ide addition lowered the temperature of partial 
phase reactions, accelerating phase transforma-
tions and thereby generating more stable phases. 
At 1100°C, the sample surface exhibited more 
pronounced ceramic-like structures characterised 
by particle aggregates connected via sintering 
necks and dense regions consistent with refrac-
tory phases. This demonstrates that adding alu-
minium hydroxide promotes the formation of a 
high-temperature resistant framework and sup-
presses structural collapse at high temperatures.

For the BF1.0 group, after heat treatment at 
400°C, distinct fibre bridging phenomena were 
observable on the surface. Specifically, fibres 
penetrated the matrix structure, serving to bridge 
cracks while simultaneously forming spatial con-
straints that maintained the volumetric stability 
of the microstructure. As temperatures rose to 
800~1100°C interfacial defects between fibres 
and the MKPC matrix increased, with localised 

Figure 8  SEM images of MKPC cement after heat treatment 
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debonding occurring. This indicates that basalt 
fibres may undergo partial decomposition at 
high temperatures, diminishing interfacial 
load transfer capacity. Nevertheless, the three- 
dimensional fibre network continues to inhibit 
crack propagation through geometric confinement 
and effectively controls volumetric shrinkage. 
For the AH15-BF1.0 group, after heat treatment 
at 400°C, revealed basalt fibres and fillers co- 
embedded within the matrix. Following 
800~1100°C treatment, although fibres visi-
bly constrained the network structure to block 
crack propagation pathways, defects introduced 
by basalt fibres persisted. Overall, AH primarily 
enhances intergranular bonding by promoting 
the formation and sintering of refractory phases, 
while BF mainly suppresses deformation localisa-
tion through network support and crack bridging. 
These mechanisms complement each other, collec-
tively improving structural integrity and enhanc-
ing resistance to high-temperature degradation.

In summary, AH primarily enhances intergran-
ular bonding by promoting the formation and 
sintering of refractory phases, while BF primarily 
suppresses volumetric deformation through net-
work support and crack bridging.

3.7 EDS
Figure 9 shows the EDS point-scan results 
acquired from the fractured cross-section of the 
AH15 sample after heat treatment at 1100°C. As 
observed from the micrograph, three representa-
tive morphological features can be distinguished: 
(i) relatively smooth and continuous matrix 
regions (point 3 and point 4), (ii) agglomerated 
zones consisting of abundant fine particulates 
attached to portions of the continuous phase 
(point 1 and point 2), and (iii) the marginal area 
at the boundary of the continuous phase (point 5).

The elemental distributions indicate that point 
3 and point 4 are characterized by relatively high 
contents of K, P, O, and Mg, accompanied by low Si 
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and Al contents, suggesting that these regions are 
dominated by K-Mg phosphate high-temperature  
phases. In conjunction with the XRD results in 
Figure 6d, the smooth, continuous region can be 
primarily attributed to phosphate-derived ceramic 
phases that transform at high temperatures, such 
as α-KMgPO4 and Mg3(PO4)2. These phases con-
stitute the principal matrix components of MKPC 
after heat treatment at 1100°C.

In contrast, Points 1, 2, and 5 exhibit mark-
edly lower K and P contents but significantly 
increased Si and Al contents. Based on the phase 
identification from Figure 6d, these regions are 
primarily associated with Mg2SiO4, α-Al2O3, 
SiO2, and MgAl2O4. Notably, Point 1 and Point 2 
show comparatively higher Mg and Si contents, 
whereas Point 5 is enriched in O. This composi-
tional divergence implies that the fine-particle 
agglomeration zones contain higher fractions of 
forsterite (Mg2SiO4) and magnesium aluminate 
spinel (MgAl2O4), while the continuous-phase 
edge region (Point 5) is relatively enriched in 
α-Al2O3 and SiO2.

Overall, from a macroscopic performance per-
spective, incorporating aluminium hydroxide 
(AH) can, within an appropriate dosage range, 
simultaneously enhance the room-temperature  
strength of MKPC and its high-temperature 
residual strength stability, while also provid-
ing a certain degree of shrinkage mitigation at  
intermediate-to-high temperatures. In contrast, 
basalt fibre (BF) proves more effective at improv-
ing high-temperature volumetric stability, but 
frequently results in reduced residual compressive 
strength and exhibits poorer strength stability 
under high-temperature conditions [6].

3.8 Mechanism analysis
Combining the test results of XRD, SEM and EDS, 
the mechanism of intensity changes in the con-
trol group at different temperatures is shown in 
Figure 10. At room temperature, KMgPO4‧6H2O 
is the main cementitious phase, which provides 
the basic strength of the matrix. At 400°C, KMg-
PO4‧6H2O dehydrates and decomposes into anhy-
drous KMgPO4, meanwhile, the microstructure of 
MKPC specimens becomes loose due to water loss 
with increased pores and cracks, resulting in a 
decrease in strength. At 800°C, part of the anhy-
drous KMgPO4 is further transformed into mag-
nesium pyrophosphate (Mg2P2O7), meanwhile, the 
layered structure of expanded vermiculite decom-
poses, the structural damage of the specimens is 
aggravated, and the strength drops to the low-
est level. When the temperature rises to 1000°C 
and 1100°C, the active components released by 
the decomposition of expanded vermiculite react 
with SiO2 from hollow glass microspheres and 
elements such as Mg and K in MKPC, forming a 
small amount of forsterite (Mg2SiO4) as a refrac-
tory phase, which leads to an improvement in the 
strength of the specimens after heat treatment at 
1000°C and 1100°C compared with that at 800°C.

The mechanisms of action for AH and BF may 
be summarised as follows: For aluminium hydrox-
ide, at ambient temperature, it primarily enhances 
matrix compactness through microfilling and 
interfacial regulation, whilst refining the scale of 
characteristic defects. This establishes a more con-
tinuous framework for subsequent thermal treat-
ment. During heating, the dehydration reaction 
of AH not only absorbs substantial heat but also 
generates rigid Al2O3 particles that contribute to 

Figure 10  The influence mechanism of AH and BF on MKPC under different heat treatment temperatures 
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constructing a high-temperature resistant frame-
work [43]. Concurrently, aluminium hydroxide also 
promotes the formation of refractory phases (e.g., 
MgAl2O4) and silicate ceramic networks. Further-
more, the newly formed refractory phases interact 
with phosphate phases to facilitate more contin-
uous intergranular bonding, thereby enhancing 
load transfer efficiency and significantly mitigat-
ing strength loss caused by the dehydration and 
decomposition of hydration products.

With regard to basalt fibres, their primary 
function is based on the three-dimensional fibre 
network formed within the MKPC. Through con-
tinuous geometric confinement and crack bridging 
effects, they partially restrict thermally induced 
shrinkage and inhibit crack coalescence, thereby 
enhancing the volume stability of MKPC at high 
temperatures. However, under high tempera-
tures, phase transitions within the basalt fibres 
themselves, coupled with thermal stresses within 
the system, readily induce delamination at the 
fibre-matrix interface and an increase in inter-
facial porosity. Under thermal stress, this reduces 
the effective load-transfer area and creates stress 
concentration points [20, 26]. Following thermal 
treatment, these regions may evolve into defect 
aggregation zones and preferential pathways 
for accelerated crack propagation, resulting in 
reduced residual compressive strength and dete-
riorated strength stability. Fundamentally, BF 
exhibits advantages in constraining deformation 
and inhibiting crack propagation. However, due 
to interfacial degradation and aggregate induc-
tion occurring after thermal treatment, MKPC 
mixtures incorporating BF exhibit severe strength 
degradation at high temperatures.

4 Conclusion

This paper systematically investigates the effects 
of aluminium hydroxide (AH) and basalt fibre 
(BF) as modifiers on the room-temperature and 
high-temperature performance of MKPC com-
posites. The mechanisms of action were analysed 
through testing methods including XRD, SEM, and 
EDS. The main conclusions are as follows:

(1)	 At room temperature, both aluminium 
hydroxide (AH) and basalt fibre (BF) improved 
the compressive strength of MKPC compos-
ites containing expanded vermiculite and 
hollow glass microspheres. Compared with 
the control group (2.06 MPa), the compres-
sive strength increased to 2.99 MPa for AH20 
and to 3.53 MPa for BF2.0.

(2)	 AH shortened the setting process: both initial 
and final setting time decreased monotonically 
with increasing AH dosage. BF showed a 
non-monotonic effect on setting time, first 
decreased, then increased with fibre content, 
due to the competition between interfacial 
nucleation and fibre dispersion–agglomeration.

(3)	 After high-temperature exposure, AH effec-
tively improved residual compressive 

strength. The AH15 mixture achieved the 
highest strength retention, with residual 
strengths 48.87%–101.59% higher than the 
control over the investigated temperature 
range, due to the in-situ formation of α-Al2O3 
and MgAl2O4 refractory phases and strength-
ened ceramic bonding at high temperatures.

(4)	 BF markedly improved volumetric stability 
by restraining thermal shrinkage and bridg-
ing cracks, but reduced residual compressive 
strength at intermediate-to-high tempera-
tures, and the deterioration became more 
severe as fibre dosage increased, due to fibre–
matrix interfacial degradation and fibre 
strength degradation under thermal expo-
sure, which weakened structural strength.

Based on the comprehensive evaluation of 
compressive strength, mass loss rate and volume 
shrinkage rate before and after high-temperature 
treatment, AH15 is recommended as the optimal 
mix proportion in this study, which presents the 
best balance between mechanical properties and 
high-temperature stability.
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