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Abstract

The utilization of low-grade MgO in magnesium phosphate cement (MPC)
systems offers significant economic and environmental benefits, yet its per-
formance is often limited by reduced reactivity and sensitivity to curing con-
ditions, particularly at low temperatures. In this study, magnesium ammoni-
um phosphate cement (MAPC) and magnesium potassium phosphate cement
(MKPC) mortars were systematically developed using low-grade MgO in
combination with ammonium dihydrogen phosphate (ADP) or potassium di-
hydrogen phosphate (KDP). A sequential optimization strategy was applied
to determine the optimal mix design, followed by hydration heat measure-
ments and mechanical performance evaluation after curing under ambient
(25 £ 2°C) and sub-zero conditions (up to -20°C). The results demonstrate
that under ambient curing, MKPC achieved the highest compressive strength
(30 MPa at 3 days), while MAPC reached 23 MPa. Sub-zero curing resulted in
a reduction of approximately 30-36%. The peak hydration temperature de-
creased from 100 °C to 779 °C for MAPC and from 37 °C to 12 °C for MKPC un-
der sub-zero conditions. Apparent porosity increased from 6-9% to higher
values depending on curing conditions, indicating a less dense microstruc-
ture. Microstructural characterization of hardened specimens using scanning
electron microscopy (SEM), X-ray diffraction (XRD) and Fourier-transform
infrared spectroscopy (FTIR) revealed differences in the formation, morphol-
ogy, and continuity of struvite-type hydration products, which govern the ob-
served mechanical performance. The findings provide a practical framework
for designing sustainable MPC mortars and highlight the potential of such
systems for cold-weather construction applications.

Key findings
e Hydration heat measurements reveal reduced peak temperatures and slower reaction ki-
netics under sub-zero conditions.

e Low-temperature curing limits early strength development through reduced reaction
rates in MPC mortars.

e Microstructural observations indicate less dense and less continuous binding phases un-
der sub-zero curing conditions.

© 2026, the Authors. This article is published in open access under the terms and conditions of the Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/), which permits unrestrict-

ed reuse of the work in any medium provided the original work is properly cited.

1. Introduction

Magnesium phosphate cements (MPC) are a class of rapid-
setting inorganic binders that have attracted increasing
attention due to their high early strength [1-3], low
shrinkage [4,5], and excellent bonding to existing sub-
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strates [6,7]. These characteristics make MPC particularly
suitable for repair applications and for use under adverse
environmental conditions, including low-temperature and
cold-climate scenarios [9-11]. Among MPC systems, mag-
nesium ammonium phosphate cement (MAPC) [12,13] and
magnesium potassium phosphate cement (MKPC) [14,15]
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are the most widely studied, with their performance gov-
erned by the formation of struvite-type hydration products
and the kinetics of acid-base reactions between MgO and
phosphate precursors.

Despite their promising properties, the large-scale ap-
plication of MPC is constrained by the cost and availability
of highly reactive MgO, which is typically produced under
controlled calcination conditions [16-18]. In this context,
the use of low-grade magnesia (LM), including by-
products and dust fractions from industrial processes [19],
represents an attractive alternative from both economic
and sustainability perspectives. However, LM is generally
characterized by lower reactivity and compositional varia-
bility, which can significantly affect hydration kinetics,
heat evolution, and strength development [20-22]. These
challenges are further exacerbated under sub-zero curing
conditions, where reduced reaction rates and partial freez-
ing of the pore solution may hinder the formation of bind-
ing phases.

Previous studies have demonstrated that the perfor-
mance of MPC systems is highly sensitive to mix design
parameters [23,24]. The MgO-to-phosphate (M/P) ratio is
widely recognized as a governing parameter controlling
hydration kinetics and phase formation. A moderate in-
crease in the M/P ratio accelerates MgO dissolution and
promotes rapid formation of struvite-type phases, leading
to enhanced early strength [25,26]. However, both insuffi-
cient and excessive MgO contents are detrimental. Low
M/P ratios result in incomplete phosphate reaction and
increased porosity, whereas high ratios may cause exces-
sive heat release, unreacted MgO, and structural instabil-
ity. Quantitatively, the influence of M/P on compressive
strength is particularly pronounced, with contribution
rates exceeding 70-80% for early- and later-age strength
development [27]. The water-to-cement (W/C) ratio also
plays a critical role by regulating ion transport and pore
structure evolution. At room temperature, compressive
strength of MPC based on dead-burned magnesia (DBM)
decreases markedly when W/C exceeds ~0.20, while very
low values (<0.12) impair workability [28]. In addition to
mix design, curing temperature is a critical factor control-
ling hydration and strength development. Unlike Portland
cement, MPC systems are capable of setting and hardening
even at -20 °C due to the exothermic nature of the acid-
base reaction [29]. Nevertheless, decreasing temperature
significantly alters hydration pathways. Reduced ion mo-
bility and partial freezing lead to lower crystallinity of
struvite phases and a pronounced drop in early strength.
For example, the 28-day strength of MPC cured at -20 °C
may decrease to approximately 65-80% of that achieved
under ambient conditions [28]. This interplay highlights
the need for systematic optimization strategies that simul-
taneously account for compositional parameters and envi-
ronmental exposure. Nevertheless, most existing studies
have considered either mix design optimization or tem-
perature effects in isolation, and systematic investigations
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combining both aspects for low-grade MgO-based MPC
mortars remain limited. In addition, comparative analyses
between MAPC and MKPC systems under identical condi-
tions are relatively scarce, especially with regard to hy-
dration heat evolution and microstructural development
under sub-zero exposure. Recent studies have enhanced
the understanding of hydration kinetics and microstruc-
tural evolution in MPC systems, particularly for MKPC-
based materials [30-32]; however, these findings are
largely derived from systems employing highly reactive
MgO under controlled conditions.

In this study, MPC mortars based on low-grade MgO
were developed using MAPC and MKPC systems. A sequen-
tial optimization strategy was adopted to identify optimal
M/P and W/C ratios, followed by evaluation of hydration
behavior and compressive strength under both laboratory
and outdoor sub-zero curing conditions. Hydration heat
evolution was monitored to assess reaction kinetics, while
microstructural and phase analyses were performed to
elucidate the mechanisms governing performance. The
main objective of this work is to establish a link between
mix design, curing conditions, and resulting properties of
low-grade MgO-based MPC mortars. The findings contrib-
ute to the development of cost effective MPC systems and
provide insight into their applicability in cold weather
construction.

2. Experimental program

2.1. Raw materials

In this work, MgO source was provided by a low-grade
magnesia (LM) powder. The material, supplied by Mag-
nezit Group (Russia), consists of fine particulate matter
(particle size < 90 pum) recovered during the production of
sintered periclase. According to the supplier’s specifica-
tions, the MgO content exceeds 86 wt.%, and the loss on
ignition is approximately 6.8%, reflecting the presence of
residual volatiles and partially unreacted phases. The ma-
terial is characterized by a specific surface area of 19
m?/g, and its particle size distribution is shown in Fig-
ure 1. The reactivity of the MgO was evaluated using the
citric acid activity (CAA) test, which is widely employed to
assess the hydration reactivity of magnesia. The measured
neutralization time was 820 + 25 s, indicating relatively
low reactivity in comparison with values typically report-
ed for more reactive MgO [33,34]. Two phosphate precur-
sors were employed to produce different MPC systems:
potassium dihydrogen phosphate (KDP, KH2PO4, =99%
purity) and ammonium dihydrogen phosphate (ADP,
NH4H2PO4, 299% purity), both provided by Ruskhim. Bo-
rax (Na=B407:10H20, 299% purity), supplied by Eti Maden
(Tiirkiye), was used as a setting retarder. Natural quartz
sand with a particle size range of 0.1-2 mm was used as
the fine aggregate. Deionized water at room temperature
was employed for all mixtures.

DOI: 10.15826/chimtech.9786
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Figure 1 Particle size distribution of the low-grade MgO used in
this study.

2.2. Mix proportions and specimen preparation

Magnesium phosphate cement mortars were prepared us-
ing LM in combination with ADP or KDP. All experiments
were conducted using a single source of LM with fixed
borax dosage (10 wt.% of MgO) and a constant sand-to-
cement mass ratio of 1:1. The sand content and borax dos-
age were kept constant for all mixtures, while the MgO-to-
phosphate (M/P) mass ratio and water-to-cement (W/C)
mass ratio were varied (Figure 2). A two-stage optimiza-
tion approach was adopted, involving systematic variation
of the M/P ratio followed by adjustment of the W/C ratio
to identify optimal formulations for both MAPC and MKPC
systems. The selection of M/P and W/C ratios as primary
variables was motivated by their dominant influence on
hydration kinetics and strength development in MPC sys-
tems [35,36]. Other parameters (such as retarder dosage
and particle size distribution of MgO) were intentionally
kept constant to reduce experimental complexity and iso-
late the main compositional effects, particularly under
variable temperature conditions.

It should be noted that the roles of MgO reactivity, wa-
ter content, and borax addition are associated with differ-
ent aspects of the MPC reaction process. The relatively low
reactivity of the LM primarily limits the rate of Mg2* re-
lease into solution, which justifies the use of a higher W/C
ratio to facilitate ion transport and interaction between
reactants [33,34]. In contrast, borax mainly affects the
subsequent formation of hydration products by delaying
the nucleation and growth of struvite-type phases through
Mg?* complexation and modification of solution chemis-
try [37,38]. In this context, the fixed borax dosage and
adjusted W/C ratio can be considered as complementary
measures enabling controlled reaction kinetics and con-
sistent workability across the investigated compositions.

Following the two-stage optimization of MAPC and
MKPC mixtures conducted under laboratory conditions (25
+ 2 °C, RH = 36 + 4%), a subsequent experimental stage
was designed to evaluate the influence of outdoor sub-zero
curing on hydration behavior and early-age compressive
strength. For this purpose, all solid components (LM, ADP,
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KDP, borax, and sand), as well as the steel molds, were
pre-conditioned under outdoor winter conditions for 1 h
prior to mixing to establish a consistent initial tempera-
ture state representative of field exposure. Distilled water
was maintained at 22 + 2 °C, and mixing was carried out
in an outdoor sub-zero conditions. This water temperature
was chosen to simulate practical mixing conditions (water
often stored indoors) and to ensure sufficient initial reac-
tion activation, allowing systematic comparison between
laboratory and outdoor curing without introducing water
temperature as an additional variable. The potential for
colder water in some extreme field scenarios is acknowl-
edged as a limitation of the study. The temporal variation
of temperature and relative humidity during the curing
period is presented in Figure 3. Mixing was carried out by
first homogenizing the dry constituents, followed by the
addition of water and further mixing for 30 s to obtain a
uniform paste. The fresh mixtures were then cast into
steel cube molds with dimensions of 20 x 20 x 20 mmb3.
Before casting, the inner surfaces of the molds were coat-
ed with a wax-silicone release agent applied in two layers
to reduce adhesion and facilitate specimen removal. For
comparison, control series of specimens were prepared
and cured entirely under laboratory conditions.

2.3. Test methods

Uniaxial compressive strength (UCS) was measured on
cubic specimens using a universal testing machine (REM-
20-A-0.5-1, Metrotest,
controlled loading at a rate of 3 mm/min. Specimens were

Russia) under displacement-
tested after 3 days of curing. For each mix composition, a
minimum of ten specimens were prepared, and the report-
ed values represent the average of valid measurements.
Specimens exhibiting visible casting defects or anomalous
responses were excluded prior to analysis. The tempera-
ture evolution during hydration was monitored by embed-
ding a temperature probe at the center of a 50 mm cubic
specimen. Temperature data were recorded continuously
with a resolution of 0.1 °C and a instrumental accuracy of
+0.2 °C. Bulk density and voids content were determined
in accordance with ASTM C642-21. A DA-1203C balance
(BEL Engineering, Italy) was employed for weighing, with
a maximum load of 1200 g and a resolution of 0.01 g.
Phase assemblage was examined by X-ray diffraction using
a DRON-8 diffractometer (Burevestnik, Russia) with Cu Ka
radiation (A = 1.5406 A). Data acquisition was carried out
over a 20 interval of 2-65°, employing an angular incre-
ment of 0.05° and a dwell time of 3 s per step. Infrared
characterization was performed with an FT-805 spec-
trometer (NPF SIMEX, Russia) using the KBr pellet tech-
nique. Spectra were collected in the range of 500-4000
cm™ at a resolution of 4 cm™, with each spectrum obtained
by averaging a minimum of 50 scans. Microstructural fea-
tures of fracture surfaces were analyzed by scanning elec-
tron microscopy (Hitachi S3400N) operated at an acceler-
ating voltage of 20 kV in backscattered electron mode.
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Figure 2 Experimental design flowchart for the development and characterization of magnesium phosphate cement mortars based on

low-grade MgO with ADP and KDP.
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Figure 3 Variation of temperature and relative humidity over 72
h under outdoor sub-zero conditions during mortar curing.

3. Results and discussion

3.1. Effects of M/P and W/C ratios

The influence of the MgO-to-phosphate ratio on compres-
sive strength is presented in Fig. 4a. During the M/P ratio
optimization stage, the W/C ratio was fixed at 0.5. For
both MAPC and MKPC mortars, a pronounced increase in
strength is observed with increasing M/P ratio up to an
optimum, followed by a decline at higher values. In the
case of MAPC, compressive strength increases sharply
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from ~2 MPa at M/P = 1:0.5 to a maximum of ~19 MPa at
M/P = 1:1.25, after which it decreases to ~14 MPa at M/P =
1:1.75. A similar trend is observed for MKPC, although
with consistently higher strength values, reaching a max-
imum of ~24 MPa at M/P = 1:1.25. This behavior can be
attributed to the balance between MgO availability and
phosphate supply governing the formation of struvite-type
phases [39]. At low M/P ratios, insufficient MgO limits the
extent of the acid-base reaction, resulting in incomplete
phase formation and low strength. Increasing the M/P
ratio enhances MgO dissolution and promotes rapid nucle-
ation and growth of hydration products, leading to a dens-
er microstructure [40]. However, excessive MgO at high
M/P ratios leads to the presence of unreacted particles and
increased heterogeneity, which adversely affects mechani-
cal performance [41,42].

The effect of the water-to-cement ratio on compressive
strength is shown in Fig. 4b. Both systems exhibit a well-
defined optimum at intermediate W/C values, with maxi-
mum strength achieved at W/C = 0.4. At lower W/C ratios,
insufficient water restricts ion mobility and limits the ex-
tent of reaction, resulting in reduced strength (~3 MPa for
MAPC and ~12 MPa for MKPC). Increasing W/C to 0.4 sig-
nificantly enhances strength, reaching ~23 MPa for MAPC
and ~30 MPa for MKPC. Further increases in W/C ratio
lead to a progressive decline in strength, with values
dropping to below ~10 MPa for MAPC at W/C > 0.6.

DOI: 10.15826/chimtech.9786
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Figure 4 Effect of (a) MgO-to-phosphate (M/P) ratio and (b) wa-
ter-to-cement (W/C) ratio on the compressive strength of MAPC
and MKPC mortars.

The observed trends reflect the dual role of water in
MPC systems. Adequate water content is required to en-
sure effective dissolution of reactants and transport of
ionic species, facilitating the formation of a continuous
binding matrix [43]. However, excessive water increases
porosity and weakens the hardened structure [44]. It
should be noted that the optimal W/C ratio of 0.4 ob-
served in this study is slightly higher than the values
commonly reported for MPC systems based on highly reac-
tive MgO (0.2-0.3 [45,46]), which may be associated with
differences in MgO reactivity. Notably, MKPC consistently
exhibits higher strength than MAPC across all composi-
tions, which can be attributed to differences in reaction
kinetics and the stability of potassium-based struvite
phases [47-49]. This trend is consistent with recent find-
ings reported by Li et al. [48].

From the perspective of mixture design, both M/P and
W/C ratios critically control the mechanical performance
of MPC mortars, with optimal compositions identified at
M/P = 1:1.25 and W/C = 0.4 for both MAPC and MKPC sys-
tems. These optimized mixtures were selected for subse-
quent investigation under different curing conditions.
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Figure 5 Temperature evolution during hydration of MAPC and
MKPC mortars under outdoor winter (AT) and room-temperature
(RT) conditions.

3.2. Curing effects on strength and hydration heat

The temperature evolution during hydration under room-
temperature (RT) and outdoor sub-zero (AT) conditions is
presented in Figure 5.

Under RT conditions, both MAPC and MKPC systems
exhibit rapid and highly exothermic reactions, with peak
temperatures reaching 100 °C and 37 °C, respectively. In
contrast, curing under AT conditions significantly sup-
presses the exothermic response, reducing peak tempera-
tures to 79 °C for MAPC and 12 °C for MKPC, and leading
to a faster decay of the temperature profiles (Figure 5).
The observed reduction in peak temperature and heat re-
lease under sub-zero conditions indicates a substantial
slowdown in reaction kinetics due to decreased ion mobili-
ty and partial freezing of the pore solution. This effect is
particularly pronounced for MKPC, where the already
moderate exothermicity is further diminished, resulting in
a low thermal activation of the system. These changes in
hydration heat evolution directly affect early-age strength
development. Lower peak temperatures and reduced heat
release under AT conditions limit the extent and rate of
struvite formation, leading to delayed hardening and re-
duced early compressive strength compared to RT curing.
In contrast, the higher heat evolution under RT conditions
promotes rapid phase formation and densification of the
microstructure, resulting in enhanced mechanical perfor-
mance at early ages. This behavior is consistent with the
findings of Yuan et al. [50,51], who demonstrated that
decreasing curing temperature markedly retards MPC hy-
dration kinetics and strength development due to reduced
dissolution rates and hindered crystallization processes.
The results presented in Fig. 6 reveal a interrelation be-
tween compressive strength, bulk density, and apparent
porosity for both MAPC and MKPC mortars under different
curing regimes. Under room-temperature conditions,
MKPC exhibits the highest compressive strength
(~30 MPa), accompanied by the highest bulk density
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(~2.0 g/cm3) and the lowest apparent porosity (~6-9%).
In contrast, MAPC mortars show lower strength (~23
MPa), reduced density (~1.5 g/cm3), and significantly
higher porosity (~18-19%), indicating a comparatively
less compact microstructure.

Under outdoor sub-zero curing conditions, both MAPC
and MKPC mortars exhibit a reduction in compressive
strength, amounting to approximately 36% and 30%, re-
spectively. These changes are accompanied by an increase
in apparent porosity, which is particularly evident for the
MKPC system, indicating modifications in the internal
structure of the materials formed under low-temperature
conditions. The increase in apparent porosity under sub-
zero curing can be attributed to the suppression of hydra-
tion kinetics and incomplete formation of binding phases,
as well as the potential formation of ice within the pore
structure, which disrupts matrix continuity [52,53]. This
effect is more evident in MAPC, where the increase in po-
rosity is accompanied by a corresponding reduction in
strength, suggesting a greater sensitivity of the system to
sub-zero curing conditions. In contrast, MKPC retains a
comparatively higher density and lower porosity under
similar conditions, indicating a more compact structure,
although it is still affected by low-temperature curing.
Table 1 summarizes representative compressive strength
data reported for MPC systems in recent studies, in com-
parison with the results of the present work. The data il-
lustrate the variability in strength development depending
on MgO reactivity, mix design, and curing conditions, and
provide a basis for contextualizing the performance of the

proposed formulations.

XXX Compressive strength Bulk density ---a--- Apparent porosity

50
5 = 20
45 4 it 3. o 43
E & 15
—~ 4043
© 3 &
o E s o 107 ..
= 354 =
= E 5 weee s
£ 3 2 5
© 304 z >
= 3 =
o E 038
% 253 30% S
» 254 o s
[0} 3
2 E 90008, T €
a2 20 4 RRRK &
2 3 030 g
[~ E ...". 2
=3 3 233
15 4 2005s &
£ E XX 2
S 3 302 RS
E (XX CAERXKL
3 oo, 2R
© 103 XX RRRRK
3 2R 2
3 XXX ORXRKS
3 K5 SRR
E %R KRR
53 KR R3RRK
3 3RS RRRRS
03 R 2R

MAPC-RT MAPC-AT MKPC-RT MKPC-AT
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Table 1 Comparison of mechanical performance of MPC systems
reported in recent studies and in the present work.
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Figure 7 XRD patterns of MAPC and MKPC mortars cured under
outdoor winter (AT) and room-temperature (RT) conditions.

3.3. Microstructural and phase characterization

The XRD patterns (Figure 7) confirm that the dominant
crystalline products formed in both MAPC and MKPC sys-
tems correspond to struvite-type phases. In the MAPC
samples, reflections associated with struvite
(MgNH4PO4-6H20) are clearly observed, while in the MKPC
system the formation of K-struvite (MgKPO4-6H20) is evi-
dent. Residual peaks of unreacted MgO and phosphate
precursors (ADP or KDP) are still detectable, indicating
incomplete reaction of the starting materials, particularly
under sub-zero curing conditions. The reflections attribut-
ed to quartz from the aggregate phase are consistently
present in all samples and do not vary with curing condi-
tions. Comparison between RT and AT conditions suggests
a slight reduction in the relative intensity and sharpness
of struvite-type reflections in the samples cured under
outdoor sub-zero conditions, which may be associated
with a lower degree of crystallinity and/or less complete
development of hydration products at low temperatures.
Owing to the qualitative nature of the XRD analysis, the
observed differences do not allow a definitive assessment
of changes in crystallinity.

At the same time, the persistence of precursor-related
peaks under AT conditions indicates that reduced reaction
kinetics limit the extent of MgO dissolution and subse-
quent precipitation of phosphate hydrates.

The FTIR spectra (Fig. 8) further support these obser-
vations. All samples exhibit characteristic bands associat-
ed with phosphate groups (vi and v3 PO4 vibrations in the
range 900-1100 cm™) [56,57], which partially overlap
with Si-O-Si stretching vibrations originating from the

Study System  MgO Cur:lng :(:,-day)UCS quartz fraction [58-60]. Additional bands corresponding to
type conditions MPa .

This work MAPC LM 0..-20°C 14.7 structural water are observed as H-O-H bending (~1650
This work MKPC LM 0...-20°C 1.4 cm™) and broad stretching vibrations in the range 3000-
Luo et al. [54] MKPC DBM: -5°C 20 3500 cm™ [61-63]. In MAPC samples, the band near 1430
Wang et al. [55]  MAPC LBM® -20°C 21.7 cm™ is attributed to §(NH4*), confirming the presence of
2 Dead burnt magnesia; ammonium-containing hydration products [64]. The pres-
b .

Light burnt magnesia. ence of these bands confirms the formation of hydrated

phosphate phases consistent with XRD results.
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Figure 9 SEM micrographs of MKPC and MAPC mortars cured
under room-temperature (RT) and outdoor sub-zero (AT) condi-
tions at x500 and x2000 magnifications.

Under sub-zero curing conditions, a slight broadening
and reduction in intensity of phosphate-related bands can
be observed, indicating a less ordered structure and a low-
er degree of hydration [57,65,66].

The SEM micrographs (Figure 9) further elucidate the
influence of curing conditions on the microstructural de-
velopment of MAPC and MKPC mortars. Under RT condi-
tions, MKPC exhibits a relatively dense and continuous
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matrix (Figure 9a,b), characterized by intergrown crystal-
line phases forming a compact structure. In contrast,
MAPC (Figure 9c,d) shows well-defined prismatic and
rosette-like struvite crystals, indicating a more heteroge-
neous microstructure with distinct crystal boundaries.
Exposure to sub-zero curing conditions leads to noticeable
changes in morphology for both systems. In MKPC (Fig-
ure 9e,f), the structure becomes less compact, with a
more fragmented arrangement of crystals and increased
interparticle spacing. Similarly, MAPC (Figure 9g,h) ex-
hibits a less developed and more loosely packed micro-
structure, where the crystalline features appear finer and
less well-defined compared to RT conditions. The observed
differences in crystal morphology may be related to
changes in growth kinetics under sub-zero conditions and
do not necessarily reflect variations in the overall degree
of crystallinity. These observations are consistent with the
XRD and FTIR results, indicating that sub-zero curing con-
ditions suppress crystal growth and limit the development
of well-ordered hydration products. The resulting micro-
structural coarsening and reduced packing density provide
an explanation for the observed increase in porosity and
corresponding decrease in compressive strength.

3.4. Discussion of MAPC and MKPC behavior

The behavior of MAPC and MKPC systems can be inter-
preted based on phosphate chemistry,
characteristics, and temperature-dependent kinetics. Am-

crystallization

monium-based systems generally exhibit faster reaction
rates and higher heat evolution, which is attributed to
more rapid acid-base interactions and earlier attainment
of supersaturation [48,49]. This explains the higher peak
temperatures observed for MAPC in the present study. In
contrast, MKPC systems tend to undergo more gradual
crystallization, leading to the formation of a denser and
more continuous microstructure, which is consistent with
previous reports for MKPC-based systems [14,15] and with
the observations of this work.

Under sub-zero curing conditions, both systems are af-
fected by reduced ion mobility and partial freezing of the
pore solution, which suppress hydration kinetics and limit
the development of crystalline phases [10,50,51]. Howev-
er, MAPC retains relatively higher heat evolution, which
may partially compensate for low ambient temperatures,
whereas MKPC exhibits significantly reduced heat release,
resulting in lower thermal activation. These combined
effects explain the observed differences in reaction rate,
heat evolution, and strength between the two systems.

From an application perspective, the observed differ-
ences between the two systems may also suggest a degree
of complementarity under cold-weather conditions. While
MKPC exhibits a relatively stable structural response,
MAPC is characterized by higher heat evolution during
hydration, which may contribute to partial internal ther-
mal activation at low ambient temperatures. However,
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this interpretation remains tentative and requires dedicat-
ed experimental validation.

4. Limitations

This study focuses on early-age performance, with curing
limited to 3 days, and therefore does not address long-
term strength development or durability. The experi-
mental program was conducted using a single low-grade
MgO source and fixed sand and borax contents, which may
limit the generality of the findings. In addition, outdoor
sub-zero curing was performed under monitored field
conditions, which enhances practical relevance but limits
environmental controllability, particularly with respect to
temperature fluctuations and humidity. Furthermore, the
sequential optimization approach adopted in this study
does not fully capture potential interaction effects be-
tween M/P ratio, W/C ratio, and curing temperature.
While this approach enables clear identification of prima-
ry trends, a more comprehensive multivariable design
would be required to systematically evaluate coupled ef-
fects. In addition, pore structure characterization was lim-
ited to apparent porosity measurements, and more ad-
vanced techniques such as mercury intrusion porosimetry
(MIP) or X-ray computed tomography (CT) would provide
deeper insight. Future studies will address these aspects,
including long-term performance, multivariable optimiza-
tion, and controlled curing conditions.

5. Conclusions

This study demonstrates that the performance of low-
grade MgO-based magnesium phosphate cement mortars
is governed by both mix design parameters and curing
temperature. A sequential optimization strategy enabled
the identification of optimal MgO-to-phosphate and water-
to-cement ratios for MAPC and MKPC mortars, providing a
consistent basis for systematically assessing their behav-
ior under low-temperature conditions.

The results show that curing under outdoor sub-zero
conditions (down to -20 °C) affects the development of
the internal structure, leading to reduced compressive
strength, increased apparent porosity, and slight changes
in bulk density. These effects are attributed to the sup-
pression of hydration kinetics and limitations in crystal
growth at low temperatures. Despite these changes, XRD
and FTIR analyses confirm that the fundamental hydration
products remain unchanged, with struvite-type phases
forming in both systems regardless of curing regime.

Microstructural observations further indicate that low-
temperature curing leads to less developed and more het-
erogeneous structures, characterized by reduced inter-
growth of crystalline phases and less efficient packing.
These features are consistent with the observed macro-
scopic performance and reflect the influence of tempera-
ture on early-stage hydration processes.
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In summary, the results provide a systematic evalua-
tion of the effect of sub-zero curing on MPC systems and
enable an assessment of their performance potential under
cold-climate conditions. While MKPC exhibits a more sta-
ble structural response at low temperatures, MAPC is
characterized by a significantly higher heat evolution dur-
ing hydration, which may be advantageous for mitigating
the effects of low ambient temperatures. In this context,
the observed differences between MAPC and MKPC suggest
potential complementarity in their performance under
cold-weather conditions. However, this hypothesis re-
quires dedicated experimental validation, which warrants
further investigation.
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