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Abstract

Magnesium phosphate cement (MPC) holds great potential for rapid repairs, yet its practi-
cal application is limited by its intense hydration exotherm. While many existing studies
confirm paraffin (PA)’s ability to regulate hydration heat in other cement-based materials,
the comparison of hydration heat regulation efficacy among PAs with different phase
change temperatures and the accompanying performance trade-offs in MPC systems re-
main insufficiently explored. This study comprehensively evaluates the effects of three
PAs with distinct phase change characteristics (n-C18, n-C20, n-C22) and their contents
on the hydration heat regulation and performance of MPC. Direct incorporation of PAs
was adopted to assess its practical feasibility, considering construction cost-effectiveness.
Investigations were conducted using hydration heat release tests, temperature rise mon-
itoring, DSC, mechanical tests, XRD, and SEM. Results show that all PAs significantly
retarded heat release and suppressed temperature rise, with efficacy increasing with phase
change temperature; a maximum exothermic peak reduction of 64% was achieved with 4%
n-C22. PAs also introduced distinct temperature plateaus near their phase change tempera-
ture, further enhancing temperature regulation. As a key trade-off, compressive strength
decreased with increasing PA content, but mixtures with n-C18 < 8%, n-C22 < 4%, and
n-C20 = 2% still met the standard strength requirement for rapid repair, 3 h compressive
strength > 20 MPa. Microstructural analysis reveals that while regulating hydration heat,
PA also hindered the hydration product formation and crystallization, underpinning the
observed performance trade-offs. This study establishes a clear performance correlation
between PAs with different phase change temperatures and MPC, clarifies the intrin-
sic trade-offs between heat regulation and mechanical properties, and offers actionable
guidance for engineering applications—facilitating the development of high-performance
PA /MPC composites with controllable heat release for rapid repair scenarios.

Keywords: magnesium phosphate cement; paraffin; phase change materials; hydration
heat; compressive strength; performance trade-off

1. Introduction

Magnesium phosphate cement (MPC) is a high-strength cementitious material, pro-
duced by the acid-base reaction among dead burned magnesium oxide (dead burned
MgO), soluble phosphates, retarders, and modifying agents in specific proportions. MPC
combines the advantages of cement, ceramics, and refractory materials, featuring excellent
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plasticity, rapid setting, high early strength, low-temperature hardening capability, superior
bond compatibility, high refractoriness, and strong resistance to seawater corrosion [1-4].
These characteristics make MPC highly suitable for applications such as rapid repairs and
emergency military construction, particularly in challenging projects like island and reef
expansion [5-7]. However, the widespread application of MPC is constrained by its intense
hydration exothermic behaviour. Specifically, the intense heat release not only accelerates
setting and shortens the operable time for construction but also induces significant ther-
mal gradients due to concentrated heat release and high peak temperatures, resulting in
cracking, deformation, and energy waste [1,8-13].

Phase change materials (PCMs) have emerged as a promising strategy for hydration
heat regulation in cementitious systems [14-17], as they can absorb or release substan-
tial amounts of latent heat during phase change near a specific temperature, with the
temperature remaining relatively stable [18-20]. Leveraging high energy storage density
and reversible melting-solidification cycles, PCMs have been incorporated into cement-
based materials to mitigate hydration heat and impart thermal energy storage function-
ality [21-26]. Among common PCMs, paraffin (PA) is particularly attractive due to its
non-corrosiveness, chemical inertness, negligible supercooling, and good cyclic stabil-
ity [27,28]. With a latent heat exceeding 200 J/g, PA has been widely used in phase change
cement-based composites [10,29-32]. Given the intense hydration exothermic behaviour of
MPC, PCMs such as PA have shown great potential for regulating the MPC hydration heat.
However, while some MPC studies have reported enhanced strength or prolonged setting
time with PCMs [13,33,34], a more common observation is the non-negligible trade-offs
between hydration heat regulation and performance [35-38]. As linear alkanes (CnHon+2),
PA’s phase change temperature and enthalpy are dictated by its carbon chain length,
suggesting that PAs could impart different regulatory effects on hydration heat [39-41].
Notably, existing studies have predominantly focused on a single type of PA or fixed com-
posite formulations, lacking systematic comparisons of hydration heat regulation efficacy
and in-depth assessment of performance trade-offs among PAs with distinct phase change
temperatures—especially in the MPC system.

To address that, the present study systematically evaluates the effects of three PAs—
n-octadecane (n-C18), n-eicosane (n-C20), and n-docosane (n-C22)—on hydration heat
regulation and the performance of MPC. The direct incorporation method was adopted for
its cost-effectiveness to evaluate its practical feasibility [10,42,43]. Despite potential limita-
tions such as PA leakage and strength reduction, this work aims to provide a comparative
analysis of the hydration heat regulation efficacy of different PAs and to clarify the resulting
performance trade-offs, which is essential before advancing to more complex encapsulation
strategies. By comprehensively evaluating hydration heat release, temperature evolution,
compressive strength, setting time, and microstructure, this study seeks to establish a reli-
able performance basis for further development of high-performance PA/MPC composites
with controllable heat release.

2. Materials and Methods
2.1. Materials

Dead burned MgO was provided by Yingkou Magnesite Chemical Group Co., Ltd.,
Dashigiao, China with an MgO content of 92% (Table 1). Potassium dihydrogen phosphate
(KH,POy4, AR grade, 99.5% purity) and borax (Nay;B4O7-10H,0, AR grade, 99.5% purity)
were provided by Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China.
PAs with different phase change temperatures, including n-Octadecane (n-C18), n-Eicosane
(n-C20), and n-Docosane (n-C22) were provided by Hebei Ruosen Technology Co., Ltd.,
Shijiazhuang, China. Their phase change temperatures and latent heats were characterized
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by differential scanning calorimeter (DSC, NETZSCH 3500, NETZSCH-Geratebau GmbH,
Selb, Germany) under N, atmosphere, with detailed results presented in Table 2. MPC
specimens were prepared according to a specific mix design, designated as Blank; the mass
ratio of dead burned MgO to KH,PO, was 4:1, and borax was added at 8% of the mass of
dead burned MgO, as shown in Table 3. The PA content in the PA/MPC composites was
calculated as a mass fraction of the total MPC mass, with a gradient of 2%, 4%, 6%, and
8%. The resulting PA/MPC specimens were designated as C-18-2, C-18-4, C-18-6, C-18-8,
C-20-2, C-20-4, C-20-6, C-20-8, C-22-2, C-22-4, C-22-6, and C-22-8.

Table 1. Main chemical component of dead burned MgO.

Oxide MgO SiO, CaO Fe, O3 IL
Content/% 92.00 4.50 2.00 1.20 0.30

Table 2. Phase change point and latent heat of PAs.

PA Phase Change Point/°C Latent Heat/(J/g)
n-C18 34.22 197.30
n-C20 39.92 216.00
n-C22 49.00 238.40

Table 3. Mix designs of MPC in this study referring to 100 g of dead burned MgO + KH;POy.

Dead
Specimen No. n-C18/% n-C20/% n-C22/% Burned KH,PO,4/g Borax/g w/c
MgO/g
Blank - - - 80.00 20.00 6.40 0.16
C-18-2 2.00 - - 80.00 20.00 6.40 0.16
C-18-4 4.00 - - 80.00 20.00 6.40 0.16
C-18-6 6.00 - - 80.00 20.00 6.40 0.16
C-18-8 8.00 - - 80.00 20.00 6.40 0.16
C-20-2 - 2.00 - 80.00 20.00 6.40 0.16
C-20-4 - 4.00 - 80.00 20.00 6.40 0.16
C-20-6 - 6.00 - 80.00 20.00 6.40 0.16
C-20-8 - 8.00 - 80.00 20.00 6.40 0.16
C-22-2 - - 2.00 80.00 20.00 6.40 0.16
C-22-4 - - 4.00 80.00 20.00 6.40 0.16
C-22-6 - - 6.00 80.00 20.00 6.40 0.16
C-22-8 - - 8.00 80.00 20.00 6.40 0.16

The contents of n-C18, n-C20 and n-C22 are calculated by the mass fraction of total MPC mass (dead burned
MgO + KH,POy + borax). The borax content is set at 8% of the mass of dead burned MgO.

2.2. Test Specimens

Test specimens were prepared in the following steps (Figure 1). Raw materials were
weighed according to the mix design in Table 3 and the specified PA content. To address
the poor dispersibility and uniformity of solid PA particles in MPC mixtures at room
temperature, solid PA was preheated above its phase change point to completely convert
into a liquid state, ensuring sufficient fluidity for uniform blending. First, the dead burned
MgO, KH,PO4 and borax were placed into a mixing pot, and slow mixing was started;
immediately afterward, the preheated liquid PA was added slowly into the mixing pot. The
four raw materials were mixed at a slow speed of 140 & 5 r/min for 30 s to ensure uniform
blending. Water was then added, followed by slow mixing for 30 s at 140 £ 5 r/min and
rapid mixing for 90 s at 285 & 10 r/min. The freshly mixed MPC mortar paste was cast
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into 40 mm x 40 mm x 40 mm plastic cubic molds (triplicate specimens per group). The
specimens were demolded after 1 h and then placed under standard curing conditions
(20 £ 2 °C) and relative humidity > 50% until the specified ages (1 h,3h,7h,12h,1d,3d,
7 d, 28 d) for subsequent testing.

Paraffin (s)
E.F ". 4\: _\ P \\ MPC mortar
e | = N poratin O
@~ 5
eating -
Demolding
Uniform blending Curing
O @ Mixing (30 s) Mixing
30 s (140+5 r/min)

90 s (285+10 r/min)

-t

Compressive

test

Dead burned MgO

Figure 1. Preparation process of test specimens.

2.3. Test Set-Up

The thermal behaviour of the MPC specimens was characterized using a differential
scanning calorimeter (DSC, NETZSCH 3500, NETZSCH-Geratebau GmbH, Selb, Germany)
under Np atmosphere, with a temperature range of —20 to 90 °C, and at a heating rate of
5 °C/min. The hydration heat release rate and cumulative heat of hydration of MPC were
determined using TAM Air 8-Channel Standard Volume Calorimeter at 20 °C (TAM Air, TA
Instruments, New Castle, DE, USA); the water-to-cement ratio (w/c) was adjusted to 0.3 to
ensure sufficient hydration. The internal temperature changes in the MPC paste specimens
were monitored using a temperature recorder (RC-4HC Temperature and Humidity Data
Logger, Jiangsu Elitech Electronics Co., Ltd., Xuzhou, China) with a data acquisition interval
of 10 s. The compressive strength at specified ages for 40 mm x 40 mm x 40 mm cube
specimens was tested using a universal testing machine (YAW-3000, Jinan Zhongluchang
Testing Machine Manufacturing Co., Ltd., Jinan, China). The loading rate was 0.6 kN/s,
with three specimens tested per group and results averaged. The setting time of the
MPC mortar was determined using a Vicat apparatus (Beijing Zhongke Luda Testing
Instrument Co., Ltd., Beijing, China) in accordance with the standard Test Methods for
Water Requirement of Standard Consistency, Setting Time and Soundness of the Portland
Cement (GB/T 1346-2024) [44]. Given the rapid setting of MPC, the initial setting time
was taken as the setting time. The phase composition of the MPC paste specimens was
analysed using an X-ray diffractometer (XRD-6100, Shimadzu Corporation, Kyoto, Japan)
with Cu K« radiation (A = 0.15406 nm) operating in the Bragg—Brentano geometry, at a
scanning speed of 2° /min and a scanning range of 10-70°. The microstructure of the MPC
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specimens was observed using a field emission scanning electron microscope (FE-SEM,
MLAG650F, Thermo Fisher Scientific Inc., Waltham, MA, USA).

3. Results and Discussion
3.1. Phase Change Performance Analysis of PA/MPC

Figure 2 shows the DSC heating curves of MPC, PAs, and PA/MPC specimens with
different PA contents. As shown in Figure 2a, the DSC curve of MPC remained stable over
the tested temperature range, with no endothermic or exothermic phenomena observed.
In contrast, all three PAs (n-C18, n-C20, and n-C22) exhibited distinct endothermic peaks,
with their phase change temperatures and latent heats showing a positive correlation with
carbon chain length. After incorporating PA, the DSC curves of PA/MPC still retained
pronounced endothermic peaks (Figure 2b—d). At the same PA content, the phase change
temperature and latent heat of PA/MPC also followed the order n-C22/MPC > n-C20/MPC
> n-C18/MPC. As the PA content increased from 2% to 8%, the latent heat of PA/MPC
rose progressively, reaching a maximum of 14.68 J/g at an n-C22 content of 8%. These
results verify the successful integration of PAs into MPC and provide a thermal basis for
interpreting subsequent hydration heat regulation efficacy.
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Figure 2. DSC curves of MPC with different PA contents: (a) MPC and PAs; (b) n-C18/MPC;
() n-C20/MPC; (d) n-C22/MPC.
3.2. Influence of PAs on MPC Hydration Temperature Rise
3.2.1. Changes in MPC Hydration Heat Release

Figure 3 presents the curves of hydration heat release rate and cumulative heat re-
lease for MPC and PA/MPC specimens containing 4% PA with different phase change
temperatures. The hydration heat release process of MPC consisted of one endothermic
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stage followed by two exothermic stages (Figure 3), corresponding to the endothermic
dissolution of KHyPOy, the exothermic dissolution of MgO, and the exothermic formation
of hydration products such as KMgPO,4-6H,0 [34,45,46]. Based on existing classification
methods for hydration heat release stages, six distinct stages (A-F) were identified [47,48],
as detailed below:

e Stage A: Lasting approximately 2.4 min (0.04 h), MPC absorbed heat from the envi-
ronment at an increasing rate after water addition. This stage was dominated by the
dissolution of KHp PO, and concluded upon reaching the endothermic trough.

e  Stage B: The heat release rate of MPC increased rapidly, marking the transition from
endothermic to exothermic hydration. MgO dissolution dominated this stage, which
concluded after approximately 0.21 h, reaching the first exothermic peak (0.028 W/g).

e Stage C: MPC continued to release heat, but the rate decreased rapidly, reaching a
trough point at approximately 0.64 h.

e  Stage D: The heat release rate of MPC increased again, dominated by the formation
of hydration products like KMgPOy4-6H,O. This stage ended at approximately 1.43 h,
reaching the second exothermic peak.

e  Stage E: The heat release rate of MPC gradually decreased as the hydration process
progressively stabilized.

e  Stage F: This stage started approximately 4.5 h after hydration commenced, char-
acterized by a stable hydration process of MPC with no further change in heat
release rate.

The incorporation of n-C18, n-C20, and n-C22 significantly altered the hydration
process of MPC, resulting in a slowdown of heat release and a reduction in the exothermic
peak. As shown in Figure 3a, the first exothermic peak in Stage B was significantly delayed
and its intensity decreased from 0.028 W/g (MPC) to 0.015 W /g, 0.012 W /g, and 0.010 W/g
for n-C18, n-C20, and n-C22 composites, respectively. The second exothermic peak in Stage
D disappeared, and the overall hydration heat release process was retarded. Furthermore,
as indicated in Figure 3b, the cumulative heat release of MPC at 5 h was 95.13 ] /g, while
that of PA/MPC with n-C18, n-C20, and n-C22 decreased to 88.71 J/g, 79.06 J/g, and
61.42]/g, respectively.
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Figure 3. Cont.
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Figure 3. Characteristic hydration heat release curve of MPC: (a) Normalized heat flow of MPC, with
the inset showing a magnified view of the hydration process stages A, B, and C; (b) Normalized heat
of MPC.

To further evaluate the effect of PA in regulating the hydration heat release pro-
cess of MPC, a comparison with other reported additives is summarized in Table 4. As
indicated, the three PAs reduced the first exothermic peak by 46-64%, outperforming
many common additives such as bauxite tailings (22%), Zn(NO3); (19%), and CaCl,-6H,0O
(19%), and matching or exceeding the effectiveness of NapSO4-10H,O (42%) and a
Ca(NO3);,-4H>0O/NaySO4-10H,0 blend (50%).

Table 4. Comparison of hydration exothermic peak regulation to other studies.

Original Exothermic Exothermic

Additives M/P wlc Peak/(W/g) Peak/(W/g) Decrease/% Ref.

C-18 412 0.16 0.028 0.015 46 -

C-20 414 0.16 0.028 0.012 57 -

C-22 412 0.16 0.028 0.010 64 -
NaySO4-10H,0 412 0.12 0.0269 0.0156 42 [38]
Bauxite tailings (BTs) 722 0.16 0.0082 0.0064 22 [49]
Zn(NOs3), 4:1b 1 0.0440 0.0355 19 [50]
CaCl,-6H,0 9:2b 0.14 0.0094 0.0076 19 [33]
Ca(NO3),-4H,0/NayS04-10H,O 312 0.12 0.022 0.011 50 [34]

2 is the weight ratio; ® is the mole ratio.

These results systematically demonstrate that PA incorporation effectively delays MPC
hydration heat release. The regulation effect strengthened with increasing PA phase change
temperature and latent heat, following n-C22 > n-C20 > n-C18, which can be explained by
the greater heat absorption capacity of higher-temperature PAs during phase change. This
thermal buffering action lowers the internal temperature rise of the MPC matrix, thereby
slowing the dissolution of MgO and the subsequent formation of hydration products [36].
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3.2.2. Temperature Rise Variations in PA/MPC Systems

Figure 4 shows the temperature rise curves and peak hydration temperature variations
for the three PA/MPC systems at different PA contents. The peak hydration temperature of
MPC was 56.50 °C, occurring at 27.67 min (Figure 4b). For PA/MPC incorporating PA with
higher phase change temperature, the peak hydration temperature gradually decreased
with increasing PA contents, while the time to reach the peak temperature exhibited a
delayed trend. As shown in Figure 4c, when the n-C20 content increased from 2% to
8%, the peak hydration temperature of PA/MPC decreased sequentially from 56.50 °C to
49.40 °C, 47.30 °C, 46.20 °C, and 45.30 °C. After incorporating n-C22, the reduction in peak
hydration temperature was more pronounced, and the arrival time consistently delayed
compared to MPC (Figure 4e,f). Although the incorporation of n-C18 also reduced the peak
hydration temperature of MPC, the extent of reduction first intensified and then weakened
with increasing content (Figure 4a,b). Regarding the time to reach the peak temperature,
the incorporation of 6% and 8% n-C18 actually shortened, rather than prolonged.

A comparative analysis with other MPC additives reported in the literature further
highlights the effect of PA in regulating the hydration temperature (Table 5). The three PAs
lowered the peak hydration temperature by approximately 15-16%, outperforming several
other materials reported in the literature, such as AEA/MPCM (6%), NaSO4-10H,O (3%),
red mud (6%), and steel slag powder (9%), and performing comparably to metakaolin,
AlyO3 (16%), KoHPOy (16%), and fly ash (17%).

Table 5. Comparison of hydration peak temperature regulation to other studies.

Original

Additives M/P 2 wlc Tpeaidl°C Tpea/°C Decrease/% Ref.

C-18 4:1 0.16 56.5 48.3 15 -

C-20 4:1 0.16 56.5 47.3 16 -

C-22 4:1 0.16 56.5 48.2 15 -
AEA/MPCM 3:2 0.34 39.0 36.5 6 [51]
NaySO,4-10H,O 4:1 0.12 62.7 61.0 3 [38]
Gold mine tailing (GT) 7:5 0.17 50.6 435 14 [52]
Red mud 3:1 0.18 65.3 61.7 6 [53]
Metakaolin (MK) 31 0.09 42.8 35.8 16 [54]
Al,O3 31 0.09 42.8 36.0 16 [54]
KyHPO4 9:2 0.12 62.5 52.5 16 [55]
Broax 9:2 0.12 62.5 60.0 4 [55]
Fly ash (FA) 9:2 0.15 42.0 35.0 17 [56]
Steel slag powder 31 0.108 48.0 43.5 9 [57]
Ca(NOs3);-4H,0/NaySO4-10H,O 31 0.12 61.5 52.9 14 [34]

@ is the weight ratio; Tpeak is the peak hydration temperature of MPC; AEA is Air Entraining Additive, Centrament
Air 207 from MC-Bauchemie Miiller GmbH & Co. KG, Bottrop, Germany; MPCM is Microencapsulated Phase
Change Materials, Micronal® DS 5008X from BASF SE, Ludwigshafen, Germany.

The incorporation of n-C18, n-C20, and n-C22 also introduced temperature plateaus
during the heating and cooling process of MPC, occurring at 27.5 °C, 35 °C, and 42.5 °C,
close to the phase change temperatures of the three PAs. This corresponds to the heat
storage and release process of the PA within the PA/MPC system. As the PA content
increased, the duration of the plateau extended, indicating an enhanced temperature
regulation capability.
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Figure 4. Temperature rise variation of MPC with different PA contents: (a) Temperature rise
of n-C18/MPC, with the inset showing a magnified view of the temperature platform; (b) Peak
temperature and corresponding time of MPC with different n-C18 contents; (c) Temperature rise of
n-C20/MPC; (d) Peak temperature and corresponding time of MPC with different n-C20 contents;
(e) Temperature rise of n-C22/MPC; (f) Peak temperature and corresponding time of MPC with

different n-C

22 contents.

Collectively, these findings demonstrate that PA incorporation offers an effective
strategy for controlling the hydration temperature rise in MPC, highlighting positive
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significance for suppressing thermal cracks in MPC and holding potential value for thermal
insulation applications [8,11,12,14,22,26].

3.3. Influence of PAs on the Compressive Strength of MPC

The development of compressive strength in PA/MPC composites was found to ex-
hibit a defined trade-off against the achieved hydration heat regulation. As illustrated
in Figure 5, the compressive strength varied with PA type and content across all curing
ages. Early strength of PA/MPC still maintained rapid development, exceeding 6.62 MPa
at1h and 13.90 MPa at 7 h even for the C-20-8 mixture, but the development of strength
decelerated after 1 d. The 28 d compressive strength gradually decreased with increasing
PA content, with the maximum value observed at 42.96 MPa for C-18-2. This trend culmi-
nated in a pronounced compromise at 8% PA content, where strength development of all
three PA/MPCs stagnated after 1 d, with a maximum 28 d compressive strength of only
25.84 MPa (C-20-8).
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Figure 5. Compressive strength of MPC with different contents of PAs: (a) Contents of 2%;
(b) Contents of 4%; (c) Contents of 6%; (d) Contents of 8%.

From a practical application standpoint, this mechanical compromise remains within
acceptable limits for rapid repair. When the content of n-C18 was 8%, the 3 h compressive
strength of MPC could still reach 20.81 MPa, meeting the stipulation of the industry
standard Magnesium Phosphate Repair Mortar (JC/T 2537-2019) that the 3 h compressive
strength should be >20 MPa [58]. For n-C20 and n-C22, their 3 h compressive strengths
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at 2% content were 25.59 MPa and 24.82 MPa, respectively, well exceeding the standard
requirements. Notably, n-C22 at 4% content still achieved a 3 h strength of 22.70 MPa,
which complies with the standard; n-C20 at 4% (18.28 MPa) and n-C22 at 6% (18.97 MPa)
slightly fell below 20 MPa, close to the standard requirements.

The observed mechanical compromise can be attributed to two primary reasons. First,
the endothermic phase change of PA absorbed a portion of the hydration heat, thereby
retarding the formation and densification of hydration products and reducing the overall
hydration degree. This leads to a less dense and less interconnected microstructure, directly
compromising the load-bearing capacity. Second, the dispersed PA particles introduced
weak interfaces and additional pores within the matrix, which acted as stress concentration
points under load, ultimately weakening the overall structural integrity of MPC.

Thus, an appropriate selection of PA type and content enables a functional balance
where significant hydration heat regulation is obtained while retaining the necessary early-
age mechanical properties for targeted applications. Future strategies, such as microencap-
sulation of PA, could be employed to mitigate this strength reduction by minimizing direct
interference with the cementitious matrix.

3.4. Influence of PAs on MPPC Setting Time

Figure 6 shows the influence of PA type and content on the setting time of MPC.
Except for a slight increase in setting time with the incorporation of 2% n-C18, the MPC
setting time generally shortened with increasing PA content. Furthermore, at the same
content, the extent of reduction in setting time showed a positive correlation with PA phase
change temperatures.

380

360

340

320 1

300 H

Time/s

280

260

240 +

220 H

200 H

Content/%

Figure 6. Setting time of MPC with different contents of PA.

This phenomenon is primarily attributed to the influence of the PA’s physical state
during the initial mixing stage on the mortar’s flowability. During the initial mixing of
MPC, low temperatures caused liquid PA to solidify rapidly upon blending with the MPC
raw materials, and the exothermic heat of hydration was insufficient to melt the solidified
PA. Consequently, the PA dispersed as irregular solid particles in the initial mixing stage,
increasing the flow resistance of the slurry and thereby shortening the MPC setting time.
Moreover, PAs with higher phase change temperatures (e.g., n-C22) exhibited a more
pronounced tendency to agglomerate at lower temperatures, exerting stronger resistance
to mortar flow and consequently shortening MPC setting time more significantly [59,60].
When the content of n-C18 was 2%, due to its lower phase change temperature, the heat
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released during initial MPC hydration could partially melt the n-C18, resulting in a certain
lubricating effect, thus exhibiting a slight retarding behaviour. This retarding effect also
correlates with the absence of a distinct isothermal plateau in the heating curve of sample
C-18-2 shown in Figure 4a.

3.5. Microstructural Analysis of PA/MPC
3.5.1. XRD Analysis

Figure 7 shows the XRD patterns of MPC incorporated with 4% PA at various curing
ages. The results indicate that the main diffraction peaks of all samples corresponded
to unreacted MgO and the primary hydration product KMgPOy4-6H,0, suggesting that
the addition of PA did not alter the types of hydration products in MPC. Meanwhile, the
intensity of the MgO peak in PA/MPC specimens at all ages was higher than that in MPC
specimens, following the order: n-C22/MPC > n-C20/MPC > n-C18/MPC > MPC. This
indicates that the incorporation of all three PAs reduced the consumption of MgO, leading
to a decrease in the formation of KMgPO,-6H,O, thus resulting in reduced hydration heat
release and a lower degree of MPC hydration. This provides a reasonable explanation for
the superior hydration heat regulation effect of n-C22 and the relatively minor negative
impact on compressive strength observed with n-C18.
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Figure 7. XRD patterns of MPC with different PA: (a) Curing time of 1 h; (b) Curing time of 7 h;
(c) Curing time of 3 d; (d) Curing time of 28 d.
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3.5.2. SEM Analysis

The SEM images in Figure 8 clearly reveal the influence of PA on the microstructure of
MPC. As shown in Figure 8a, the MgO particles in MPC were covered with hydration prod-
ucts such as KMgPO,-6H,0, with no significant exposure of the MgO matrix observed. The
hydration products exhibited well-developed crystalline growth, predominantly in distinct
lamellar forms that were densely interwoven, indicating a high degree of hydration and
good structural integrity within MPC. In contrast, within PA/MPC specimens incorporated
with the three PAs, PA particles were observed adhering to the surfaces of unhydrated MgO
particles or filling pores. Meanwhile, the hydration products exhibited poorer crystalliza-
tion, appearing as irregular granular structures with weak interweaving between crystals,
accompanied by an increase in micro-pores and wide cracks (Figure 8b—d). This can be
attributed to the endothermic phase change of PA and its physical barrier effect, which
impedes contact between reactants, delaying the MPC hydration process, inhibiting the
full formation of hydration products and the filling of pores. Additionally, weak interfacial
zones formed between the PA and the MPC matrix can serve as initiation sites for microc-
racks. Collectively, the microstructural evidence confirms that PA incorporation physically
hinders the nucleation, growth, and interweaving of hydration products, which disrupts
microstructural continuity and compactness of MPC. These observations clearly explain
the macro-scale trade-off between hydration heat regulation and macroscopic performance.
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Figure 8. SEM images of MPC: (a) MPC (Blank); (b) n-C18/MPC; (¢) n-C20/MPC; (d) n-C22/MPC.
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4. Conclusions

Based on a systematic investigation into the phase change temperature and content of
PA, this study demonstrates a clear trade-off between the MPC hydration heat regulation
efficacy and overall performance. The key findings are as follows:

e  The incorporation of all three PAs significantly retarded MPC hydration heat release,
suppressed the internal temperature rise, and introduced stable temperature plateaus,
demonstrating significant potential for mitigating thermal cracks. Specifically, 4%
n-C22 achieved the optimal regulation efficacy, reducing the hydration exothermic
peak by 64% and the peak temperature by 16%, outperforming many conventional
MPC additives.

e Asan inherent trade-off, compressive strength decreased with increasing PA content,
but remained acceptable for rapid repair within specific content limits. n-C18 (<8%),
n-C22 (<4%), and n-C20 (2%) all satisfied the 3 h compressive strength requirement
(>20 MPa) of JC/T 2537-2019, with the highest 28 d strength (42.96 MPa) achieved by
C-18-2.

e PA did not alter the types of MPC hydration products but hindered the formation and
crystallization process. This reduced hydration degree and microstructure compact-
ness, while dispersed PA particles introduced weak interfaces and pores, providing
a mechanistic explanation for the observed macro-scale trade-off between hydration
heat regulation efficacy and mechanical performance.

For future development, strategies such as microencapsulation of PA are highly rec-
ommended to mitigate leakage, reduce strength loss, and minimize adverse effects on
setting time. Subsequent research should also include long-term durability assessment and
economic feasibility analysis to fully validate the field application potential of PA/MPC
composites. This study provides a fundamental basis for the rational design of MPC-based
rapid repair materials with controllable hydration heat.
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