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ARTICLE INFO ABSTRACT
Keywords: Although ultra-high performance concrete (UHPC) prepared from Portland cement has high long-
Ultra-high performance concrete term strength and durability, its early strength development is still can be enhanced for short-

Magnesium ammonium phosphate cement ening the prefabrication period or using it as a rapid repair material. Therefore, magnesium

:ilrl:s ft;me ammonium phosphate cement ultra-high performance concrete (MAPC-UHPC) was prepared
Microgstructure using magnesium ammonium phosphate cement (MAPC), sand, steel fiber, and silica fume (SF) in

this study. The effects of replacing MAPC with SF (5%-15%) on the fluidity, strength, and
microstructure of MAPC-UHPC were studied. The results showed that the spread diameter of the
MAPC-UHPC mixture was greater than 200 mm, and the setting time was between 5.5 and
8.5 min. Meanwhile, the 6-h compressive strength of MAPC-UHPC was higher than 100 MPa and
could reach about 140 MPa in 28 d. When the 5%-15% binder was replaced by SF, the MAPC-
UHPC fluidity and setting time increased with the increase in SF content. When 5% SF was
used, the 6-h and 28-d compressive strengths of MAPC-UHPC increased by 3.91% and 3.86%,
respectively, compared with the plain sample. The addition of SF promoted the formation of
struvite and refined the pore structure, which also increased the compactness of the
microstructure.

1. Introduction

UHPC is a new type of cement-based composite material. Its dense microstructure enables it to have ultra-high strength, good
toughness, and excellent durability [1-6]. To date, it has been applied in various special high-end fields, such as bridges, highways,
airports, and marine engineering [7,8]. The very early-age strength development of UHPC can still be enhanced to promote the use of
UHPC as a rapid repair material or decrease the time and energy cost of prefabricated UHPC elements [9]. To accelerate the hydration
rate and improve the early-age strength, steam curing is usually used in the production of UHPC [10,11], but this further increases the
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energy consumption and time costs. For the reasons mentioned, it is necessary to develop cleaner and low-cost technical approaches to
improve the early mechanical properties of UHPC.

Magnesium phosphate cement (MPC) has been the focus of many researchers because of its unique and outstanding properties [12].
MPC is prepared by the acid-base chemical reaction of magnesia and phosphate (mainly including NH4H;PO4 and KHyPO4). MPC
mainly includes two types of magnesium ammonium phosphate cement (MAPC) and magnesium potassium phosphate cement
(MKPC). The main hydration products are struvite and struvite (-K), and the hydration reaction is shown in Eqgs. (1 and 2). Compared
with ordinary Portland cement, MPC has the advantages of fast setting and hardening, high early strength, and good volume stability
[13-19], which makes it especially suitable for repair materials [20,21], radioactive waste solidification materials [22], and
biomedical materials [23].

MgO+ NH4H,PO4 + 5H20 — MgNH4PO4-6H20 (struvite) (@D)
MgO + KHyPO4 + 5H20 — MgKPO4-6H20 (k—struvite) )

To expand the application of MPC, many researchers have conducted extensive research on MPC modification. Qin et al. [21]
concluded that the 24-h compressive strength of MKPC paste containing silica fume (SF) instead of 10% MgO could reach 43.1 MPa,
which is 21.8% higher than the plain sample. This was mainly because incorporating an appropriate amount of SF could refine the pore
size of MKPC samples and make the microstructure more dense. Chen et al. [24] concluded that the addition of 50% fly ash effectively
prolonged the setting time of MPC, and the 3-d compressive strength was 55 MPa and the 28-d strength was 75 MPa. Gao et al. [25]
studied the effect of SF content on MAPC strength. The results showed that the addition of 2.5%, 5%, and 7.5% SF improved the
strength of MAPC at different ages, and the addition of 5% SF had the best effect, with compressive strengths of 68.5, 87.8 and
108.5 MPa at 1 h, 7 d, and 90 d, respectively. This was mainly because the SF particles were finer and could fill the pores of the mortar
and make the mortar dense. Meanwhile, the reactive SiO5 in SF was reacting with the remaining MgO to form MgSiO3, which increased
the gel product content. Thereby greatly improving the mechanical properties of MAPC. Qin et al. [26] prepared a magnesium
phosphate ultra-high performance concrete (MPC-UHPC) by using MPC. Compared with traditional UHPC, MPC-UHPC mixed with an
appropriate amount of fly ash showed a lower shrinkage ratio and higher early strength, which is particularly suitable for repairing
materials. Traditional UHPC is commonly prepared by SF, but the effect of SF on the performance of MPC-UHPC has rarely been
reported.

In order to cope with the repair projects of concrete structures in harsh environments, researchers usually use high-temperature
curing and electric curing to produce UHPC with high early strength [27]. This requires complex equipment and consumes a lot of
energy. Meanwhile, some researchers also use accelerating admixture to increase the early strength of UHPC. Yang et al. used C-S-H
seeds to accelerate the hydration reaction of Portland cement and found that the strength of UHPC was slightly improved [28]. After
further using a small content of sulphoaluminate cement to replace Portland cement, the early strength of UHPC was significantly
improved. Therefore, the use of new binders has become an effective way to prepare high-early-strength UHPC. Zhu et al. used
Portland cement, sulfoaluminate cement and gypsum to prepare rapidly hardening UHPC for rapid underwater repair projects, and its
4-h compressive strength can reach 19-24 MPa [29]. Zhou et al. used sulfoluminate cement to prepare UHPC and added various
accelerating admixtures to enhance the early strength of UHPC. For plain UHPC, its 4-h compressive strength can reach 22.1 MPa, and
after adding accelerating admixture, it can reach a maximum of 41.2 MPa [30,31]. However, their early strength is not satisfactory,
and further development of high-early-strength UHPC is necessary.

Based on this, MAPC-UHPC was prepared using MAPC, and the effect of SF on the compressive strength, fluidity, and setting time of
MAPC-UHPC was studied. Meanwhile, XRD, TG, SEM, and BET microscopic testing techniques were used to analyze the influence
mechanism, which is conducive to expanding the research and application of UHPC.

2. Materials and methods
2.1. Raw materials

The dead burned magnesia (MgO) used in this test was provided by Huanai Magnesium Industry in Jiangsu, China. MgO is made
from magnesite by calcining and grinding at 1750 °C. Industrial grade ammonium dihydrogen phosphate (ADP) is a white columnar
crystal provided by China Guansu Industrial Co., Ltd. Its purity is >98%, and it is a fine powder after grinding through a 100 mesh
sieve. Industrial grade borax decahydrate (Na;B407-10 H20) is a white granular crystal with a purity of >95%. SF obtained from China
Henan Porun Casting Material Co., Ltd., having a SiO2 content >95% was used. Standard sand was used after screening to remove
particles below 0.3 mm, and its fineness modulus was 2.93. The steel fiber was a copper-coated fiber with a diameter of 0.22 mm and a
length of 13 mm. The chemical compositions of MgO and SF are shown in Table 1, and the particle size distribution curve is shown in

Table 1

Chemical composition of MgO and SF (wt%).
Raw material MgO Si0, Fe,03 Al,03 CaO LOI
Magnesia 94.33 2.42 0.44 0.38 1.65 0.37
SF 0.22 95.36 0.25 0.49 1.61 0.17

LOLI: loss on ignition
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Fig. 1. The average particle size of MgO and SF is 20.8 pm and 1.28 pm respectively, and the average particle size of SF is much smaller
than that of MgO.

2.2. Mix proportions

MAPC is a mixture of MgO, ADP, and NayB407-10 H,O, and was used to prepare UHPC, fixing the total amount of cementing
material and some key parameters (See Table 2). The ratio of MgO to ADP (M/P) was 3.5 and the ratio of NayB407-10 H0 to MgO (B/
M) was 0.06. Meanwhile, the ratio of sand to cement (S/C) was 0.8 and that of water to cement (W/C) was 0.12. SF was used to replace
5%, 10%, and 15% of the binder (MgO-+ADP+NayB407-10 H20) mass, respectively, and steel fiber with a 2% volume fraction was
incorporated.

2.3. Sample preparation

MgO, ADP, NayB407-10 H»0, SF, and sand were poured into the cement mortar mixer and were dry mixed for 30 s. Water was then
added and stirred for 2 min. Then, steel fibers were added to the mixture and stirred continuously for 2-3 min. The prepared MAPC-
UHPC mixture was quickly poured into a steel mold with a size of 40x40x160 mm, placed on a shaking table for 30 s, and molded
under natural indoor conditions. Samples were demolded after 3 h, and cured at (20+2) °C and (50+5)% RH until the test age. The
MAPC-UHPC preparation and testing process is shown in Fig. 2.

2.4. Test methods

2.4.1. Fresh properties

MAPC-UHPC without steel fiber was used to test the fluidity. The well-mixed MAPC-UHPC without steel fiber was quickly poured
into the cone mold and the cone lifted in the vertical direction. Then, the flow table was dropped 25 times, and the spread diameter of
the mixture was measured according to GB/T 8077-2012.

MAPC-UHPC paste was used to measure the setting time according to ASTM C191. Timing from the beginning of water mixing,
close to the initial setting every 15 s measured. Due to the fast MAPC-UHPC hardening, and the short interval between the initial and
final setting times, the initial setting time was used to characterize the MAPC-UHPC setting time.

2.4.2. Strength
The flexural (40x40x160 mm, 50 N/s) and compressive (40x40x40 mm, 2.4 kN/s) strengths of the MAPC-UHPC samples at 6 h,

3 d, and 28 d were determined using the integrated compression and folding machine of cement mortar according to GB/
T17671-2021.

2.4.3. Microstructure

MAPC-UHPC specimens were cured to the test age, soaked in anhydrous ethanol for 24 h, hand-ground in an agate mortar through
a 200-mesh sieve, and finally vacuum dried for 48 h to seal for XRD and TG testing. The hydration products were qualitatively analyzed
by XRD. The Empyrean X-ray diffractometer of Panaco in the Netherlands was used to scan 5°-65° steps at 2°/min under the conditions
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Fig. 1. MgO and SF particle size distributions: particle size distribution (a) and cumulative distribution (b).
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Table 2

Mix ratio of MAPC-UHPC.
Mixture Binder constituents (wt%) Sand (wt%) Steel fiber (vol%) M/P B/M S/C w/C

MgO ADP NayB407-10 H,0 SF
SFO 844 241 51 0 909 2 3.5 0.06 0.8 0.12
SF5 802 229 48 57 909 2 3.5 0.06 0.8 0.12
SF10 759 217 46 114 909 2 3.5 0.06 0.8 0.12
SF15 717 205 43 171 909 2 3.5 0.06 0.8 0.12
Mgo NaZB4O7 IOHZO Sand

Mortar mixer

Fluidity test @
Steel fiber

BET test SEM test Strength test Setting time test Molding

Fig. 2. MAPC-UHPC preparation and testing process.

of CuKa radiation generation at 40 mA and 40 kV and the step length at 0.02°260. TG test is mainly used for quantitative analysis of
sample hydration products. A TG/DTA6300 synchronous thermal analyzer was used to test at a rate of 10 °C/min from room tem-
perature to 980 °C in Ny environment.

The MAPC-UHPC sample was broken, the middle 2-5 mm fragments were put into anhydrous ethanol to stop hydration, and then
the specimens were vacuum-dried and sealed for the test of microscopic morphology and pore structure. SU3800 scanning electron
microscope (SEM) was used to photograph the morphology of the sample, and TriStar II 3020 specific surface area meter was used to
measure the pore distribution of the specimen.

3. Results and discussion
3.1. Workability

The measured fluidity of the MAPC-UHPC mixture without the steel fiber is shown in Fig. 3. Fig. 4 shows the effect of SF on the
fluidity and setting time of the MAPC-UHPC mixture. With an increase in the SF content, the mixture fluidity gradually increased.
When 5% SF was added, the mixture fluidity was 231 mm, which was significantly higher than that of the control sample (208 mm),
and the increase in sample fluidity gradually slowed down as the SF content continued to increase. When 10% SF was added, the
mixture fluidity was 245 mm. When 15% SF was added, the sample fluidity reached a maximum of 246 mm, indicating that SF has a
positive effect on the improvement of the mixture fluidity. This is mainly attributed to the smooth surface of the spherical shape of SF,
which can play a good role in the "ball effect" and reduce the frictional resistance among the irregular MgO particles [32-35]. In
addition, the average particle size of SF is 1.28 pm, which enables it to uniformly fill the voids between the MAPC particles and the
hydration products. This forms a good micrograding effect and improves the packing density, which is conducive to the release of more
free water, thus improving the fluidity of the mixture [36].

The setting time of the MAPC-UHPC paste increased with the increase in SF content. The setting time of the 15% SF paste reached a
maximum of 8.5 min, which is 54.5% longer than the setting time of 5.5 min for the control group. The hydration reaction of the
silicate phase in spherical SF is low, and it is difficult to participate in the violent acid-base reaction during the initial stage of hydration
[37]. Meanwhile, the pH value also affects the setting time of the MPC paste [38]. With an increase in the SF content, the pH value of
the sample gradually decreases, resulting in a prolonged setting time [32]. In addition, SF replaces MAPC, diluting the concentration of
MgO and reducing the heat release rate of the hydration reaction, effectively alleviating the sharp temperature rise caused by MgO
hydration. This delays the hydration rate and results in fewer hydration products being formed in the initial stage of hydration [39].
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Fig. 3. Measured fluidity of MAPC-UHPC without steel fiber: SFO (a), SF5 (b), SF10 (c), and SF15 (d).
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Fig. 4. Effect of SF on MAPC-UHPC fluidity and setting time.

Therefore, SF substitution prolonged the setting time of MAPC-UHPC by changing the pH value as well as its dilution effect.

3.2. Strength

The influence of SF at different ages on the compressive strength of the MAPC-UHPC samples is shown in Fig. 5(a). When the age
was 6 h, the compressive strength of MAPC-UHPC first increased and then decreased with an increase in the SF content. The
compressive strengths of 5%, 10%, and 15% SF-modified samples were 106.4, 120.3, and 103.6 MPa, respectively, which were
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Fig. 5. Influence of SF on the compressive (a) and flexural strengths (b) of the MAPC-UHPC sample.

increased by 3.9%, 17.5%, and 1.2% compared with 102.4 MPa of the control group in sequence. This indicates that the addition of
10% SF has an obvious positive effect on the 6-h compressive strength of the MAPC-UHPC sample. At the age of 3 d, the compressive
strength of MAPC-UHPC gradually decreased with increasing SF content, but the decrease was not obvious. However, at the age of 28
d, the compressive strength of the sample added with 5% SF was the highest, which was 5.4 MPa higher than that of the control
specimen of 140.2 MPa. The influence of SF at different ages on the flexural strength of MAPC-UHPC is shown in Fig. 5(b). At the age of
6 h, the flexural strength of the MAPC-UHPC sample mixed with 10% SF was close to that of SFO sample. The changing trends of
flexural strengths of the MAPC-UHPC sample at the age of 3 d and 28 d were similar to the compressive strength at the same age. At 28
d, the flexural strength of SFO was 32.1 MPa, and the flexural strength of 5% SF-modified samples increased to 33.7 MPa, whereas the
flexural strengths of 10% and 15% SF-modified samples decreased to 30.3 and 29.8 MPa, respectively.

The strength of MAPC-UHPC was improved by adding proper SF. SF is fine and has a smooth and round surface. Its microaggregate
effect can fill pores and cracks, and improve particle composition and fluidity [40]. SF can also exert a nucleation effect, promote the
hydration reaction of MAPC-UHPC, and form more hydration products [41]. In addition, SF may rehydrate with unreacted MgO to
produce other products such as MgSiOs [42], which also helps to improve the compactness of the sample. In addition, MgO and ADP
have high reactivity, the use of SF to replace MAPC, the total cementing material unchanged, reduce the overall system heat release,
and then affect the early strength development. However, compared with the high reactivity of MgO, the addition of excessive SF also
weakens the adhesion inside the sample, resulting in a decline in strength [37].

1 MgNH,PO, 6H,0; 2MgO; 3 ADP 2
1ty 1 kg [ PR T

A AN A

SF15

SF5
SFO
A T B S S N BN
15 20 25 30 35 40 45
2 Theta (°)

Fig. 6. XRD pattern of MAPC-UHPC doped with SF.
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3.3. Microscopic analysis

3.3.1. XRD analysis

Fig. 6 shows the diffraction patterns of specimens of SFO, SF5, and SF15 at 28 d of age. The main hydration product for both the
plain and SF-doped MAPC samples is struvite. For SFO, there is a shoulder peak on the main peak of 21°, which indicates that there is
still a small amount of residual ADP. This may adversely affect the compactness and strength of the MAPC-UHPC matrix. However,
with an increase in the SF content, the residual ADP gradually disappeared, while at the same time, the characteristic peak intensity of
MgO gradually decreased. This is because SF replaces cement, resulting in a gradual decrease in the ADP and MgO contents, and the
system has more water available for the reaction between the two components. Previous studies have demonstrated that there is
hydrolysis of MgO to Mg(OH)3 to react with reactive SiO5 to form MgSiOs in MAPC and MKPC [42-44]. Because only a small amount of
MgSiO3; was formed, which was below the detection limit of the X-ray diffractometer, no obvious MgSiOs diffraction peaks were
observed. MgSiOg is an M-S-H gel [45], which improves the solid-phase bonding of MAPC and, in turn, contributes to the strength of
MAPC-UHPC.

3.3.2. TG-DTG analysis

Fig. 7 shows the TG-DTG curves of the samples of SFO, SF5, and SF15 at 28 d of age, and the corresponding TGA calculations are
shown in Table 3. Compared with SFO, no new weight loss peaks were found in the TG-DTG plots for SF5 and SF15. In the MPC system,
the decreasing process of the TG curves mainly consists of two phases [46,47]. The first phase is the loss of water of crystallization and
the release of ammonia at RT-200 °C, and the second phase is the loss of structural water and reconfiguration above 200 °C.

The mass loss of SFO, SF5, and SF15 mainly occurred in the range of RT-200 °C, that is, the dehydration decomposition of the main
hydration product struvite and other hydration products, and the mass losses were 10.86%, 12.91%, and 11.40%, respectively (See
Table 3). By comparing the mass loss and mass loss peak area of each sample below 200 °C, it was found that the mass loss first
increased and then decreased with the increase in SF content. Because struvite is the main hydration product of MAPC, the content of
struvite plays a crucial role in the strength development of MAPC-UHPC. In general, the higher the struvite content, the more beneficial
the strength development [48]. Therefore, the incorporation of SF increased the mass loss of MAPC to some extent, indicating that the
addition of SF could promote hydration to form more hydration products. This may explain the increase in strength of SF5 at 28 d,
whereas SF15 has a smaller loss similar to that of SFO.

There were three significant decomposition peaks, which are about 60, 100, and 200 °C, respectively. The peak value at 60 °C is due
to the decomposition of the intermediate reaction product of struvite [49], which could not be detected in the XRD pattern because of
the low mass of the product. A significant decomposition peak occurred at 100 °C, mainly due to the thermal decomposition of struvite
and other hydration products in their final form [50]. In addition, the peak around 200 °C is derived from the thermal decomposition of
residual ADP [47,51]. The control group of SFO had more unreacted ADP than SF5 and SF15, which is consistent with the XRD results.
The presence of residual ADP may be related to the short stirring time and fast hardening speed. This leads to the failure of ADP to fully
react into struvite, which may have an adverse effect on strength development. Under a constant free water content, the effective water
to binder (MgO, ADP and NayB407-10 H,0) ratio can be increased by adding an appropriate amount of SF, which is conducive to the
hydration reaction of the specimen. SF5 has the least amount of unreacted ADP, indicating that it has the most adequate reaction and
the best effect on strength enhancement [49].

3.3.3. Pore structure
Fig. 8 shows the pore structure of the MAPC-UHPC sample doped with SF at the age of 28 d. In cement-based materials, the pore
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Fig. 7. TG-DTG of MAPC-UHPC doped with SF, (a) TG curves, and (b) DTG curves.
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Table 3
TGA results for MAPC-UHPC doped with SF.
Group RT-200 (°C) 200-600 (°C) RT-600 (°C)
SFO 10.86% 4.00% 14.86%
SF5 12.91% 2.13% 15.04%
SF15 11.40% 2.82% 14.22%
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Fig. 8. Pore structure of MAPC-UHPC doped with SF: pore accumulation curve (a) and pore distribution curve (b).

structure can be generally divided into four categories [50,51]: gel pores (<10 nm), medium pores (10-50 nm), large pores
(50-100 nm), and harmful pores (> 100 nm). The pore structure of the sample is mainly concentrated in gel pores below 10 nm, as
shown in Fig. 8. The cumulative porosities of SF0, SF5, and SF15 were 0.020, 0.019, and 0.022 em®/ g, respectively, which is consistent
with the strength gain. The average pore diameter of SFO was 3.41 nm, whereas that of SF5 and SF15 was 3.24 and 3.70 nm,
respectively, indicating that the addition of 5% SF refined the pore structure of MAPC-UHPC [52]. The addition of excessive SF
increased cumulative porosity and average pore size because the increase in the effective water-binder ratio led to greater porosity.

3.3.4. SEM analysis

Fig. 9 shows the microstructure of different MAPC-UHPC samples at 28 d. The microstructure of the SFO matrix was mainly
composed of unreacted MgO particles, sand particles, and the hydration product struvite, which has an irregular crystal morphology.
The matrix microstructure of the SF5 sample doped with SF was similar to that of SFO, containing spherical SF particles. SF particles
were mixed with hydration products and unreacted components to further densify the matrix microstructure. Fig. 10 shows the effect
of SF on the 28-d microstructure of the ITZ in the MAPC-UHPC sample. The SFO sample without SF added had a thin ITZ, as shown in
Fig. 10(a). When 5% SF was added, the SF5 matrix was more closely connected to the aggregate, and the width of the ITZ was small, as
presented in Fig. 10(b). Therefore, the addition of 5% SF not only improved the compactness of the matrix but also enhanced the
performance of the ITZ, which promoted the MAPC-UHPC strength.

Fig. 11 shows the microstructure of the ITZ between the UHPC matrix and steel fiber at the age of 28 d. There were more pores
around the steel fiber in the SFO sample, as shown in Fig. 11(a). The addition of fiber may bring about a "wall effect", resulting in pores
more easily clustered around the steel fiber, weakening the connection between the matrix and the steel fiber. Compared with SFO, the
pores around the steel fibers in SF5 were smaller and less obvious, and the matrix was more closely connected with the steel fibers, as
shown in Fig. 11(b). In addition, more residual matrix components adhered to the surface of the steel fiber in the SF5 sample, which
indicates a better bonding property between the matrix and steel fiber.

4. Conclusions

In this study, MAPC was used to prepare UHPC with the characteristics of rapid hardening and high early-age strength, and the
effect of SF on its mechanical properties and microstructure was studied. The following major conclusions can be drawn:

(1) Adding 5-15% SF increased MAPC-UHPC fluidity and setting time, and the effect was better with the increase in SF content.
When the SF content was 15%, the fluidity and setting time of the UHPC mixture increased by 18.27% and 54.55% respectively,
compared with the plain mixture.
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(2) The 6-h compressive strength of MAPC-UHPC was greater than 100 MPa, which meets the needs of repair projects. Adding a

small amount of SF improved the early strength of MAPC-UHPC and also had a positive effect on long-term strength. When 5%
SF was used, the 6-h and 28-d compressive strengths of MAPC-UHPC increased by 3.91% and 3.86% respectively compared with
the plain sample.

(3) Microscopic experimental analysis showed that adding an appropriate amount of SF promoted hydration and generated more

hydration products (mainly struvite). Adding 5% SF reduced the porosity of MAPC-UHPC and refined its pore structure.
Meanwhile, SF also densified the UHPC matrix microstructure and reduced ITZ between the matrix and aggregate/steel fibers.

Above all, SF-substituted MAPC-UHPC can be used for rapid repair purposes and also pave the way for a shortened production
period and lowered energy costs in prefabricated elements in comparison with Portland cement-based UHPC. The durability properties
of MAPC-UHPC, however, should be examined comprehensively in future studies.
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