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Abstract

:

To increase performance and save costs when utilizing magnesium phosphate cements (MPC) to repair a damaged building structure or a cement pavement, MPC is typically combined with fly ash (FA) and metakaolin (MK). The influence of FA and MK on the workability, rheological characteristics, flexural strength, compressive strength, and drying shrinkage of MPC was investigated in this research. MPC samples with different percentages of FA and MK by weight replacement were prepared. The results indicate that an appropriate dosage of MK and FA could decrease MPC fluidity and delay the setting time. MPC’s yield stress and plastic viscosity were increased when MK was added. FA has a negative influence on flexural and compressive strength as compared to control MPC and the compressive strength of MPC with MK increases and then decreases. The drying shrinkage of MPC containing MK and FA is superior to control mixture. MPC with 10% FA and 10% MK has the best-modified performance in terms of the comprehensive performance of MPC at all test ages.
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1. Introduction


Magnesium phosphate cement (MPC) is a distinctive inorganic material in which the acid-base reaction is usually used as a reasonable explanation for its hydration process [1,2,3,4]. MPC materials are known for their quick hardening, excellent early strength, and durability. They can be used for a variety of things, including roadway repair, bridge decking, and airport runways [5,6,7]. The commonly used MgO is dead burned magnesium oxide, and the phosphate salts are mainly ammonium dihydrogen phosphate (NH4H2PO4, ADP) and potassium dihydrogen phosphate (KH2PO4, PDP). The characteristics such as specific surface area and fineness of MgO could significantly influence the hydration rate and mechanical properties of MPC. The main hydration product is struvite (MgNH4PO4·6H2O), and the chemical equation can be expressed as follows:


  MgO +  NH 4   H 2   PO 4  + 5  H 2  O   →    MgNH 4   PO 4    ·   6  H 2  O  










  MgO +  KH 2   PO 4  + 5  H 2  O   →    MgKPO 4    ·   6  H 2  O  











The mix proportion of an MPC paste is determined by two main factors: the magnesia-to-phosphate molar ratio (M/P) and the water-to-cement mass ratio (W/C). M/P plays a decisive role on the hydration rate, setting time, and strength development of MPC. Previous studies demonstrated that MPC material had the best mechanical properties due to its optimal M/P. Excessive phosphate wasn’t conducive to the development of mechanical strength [8,9,10]. Lower W/C was usually determined to produce MPC pastes which had robust performance and great durability for the best design of MPC cements [10,11,12]. In addition, the hydration temperature also affects the strength development of MPC. In the early hydration stage of MPC, the hydration is very fast with a huge heat release, resulting in fast strength development and large shrinkage, which can influence MPC on the repair efficiency of cement concrete pavement [13,14,15,16]. Many researchers found that the problem of short setting time with the huge reaction in heat of MPC is improved when either a cement clinker or CaO is mixed with retarders such as sodium tripolyphosphate (STP), borax (Na2B4O7·10H2O), and boric acid (H3BO3) were used [17,18,19]. However, the addition of retarders may cause a reduction in mechanical property strength [20].



To improve the strength and durability of MPC, some modified materials and different kinds of fibers were introduced into MPC. Basalt fiber is generally considered as a potential material to improve the mechanical strength and toughness of the MPC. The flexural strength, post peak flexural performance, and fracture toughness of MPC with 0.5 percent to 1% basalt fiber is the best. In contrast, the mechanical property modification effect of basalt fiber in the MPC system is better than that of glass fiber [21,22,23]. The use of 0.05 weight percent graphene oxide as a promising nano-filler can improve the compressive and flexural strength of magnesium potassium phosphate cement (MKPC) pastes. At the same time, MPC pastes’ early shrinkage strain was minimized [24,25].



Mineral admixtures were widely used in MPC systems to reduce material costs and improve the properties of MPC pastes. Adding ground granulated blast furnace slag (GGBS) to MPC mortar may increase its early mechanical performance due to the physical filler impact and the chemical reaction. It is worth noting that increasing GGBS fineness had lower effects on setting time and fluidity [26,27]. The addition of steel slag could promote the early hydration rate and water resistance of MPC pastes but had no positive effect on early strength development [28,29]. Silica fume (SF) is an active material with potential for application in the cement and concrete industries. According to previous experiments, a suitable proportion of SF improved the mechanical properties and water resistance of MPC. Moreover, the addition of SF increases the yield stress (τpaste) but decreases plastic viscosity (ηpaste) slightly when increasing the SF content [30,31,32]. When using MPC as a construction repair material, it is often blended with fly ash (FA) and metakaolin (MK). Specimens of MPC that have been modified by dipotassium hydrogen phosphate have an increased expansion value when they contain a particular amount of FA [33]. With the incorporation of FA, MPC pastes show better water resistance but decrease the compressive strengths of MPC pastes [29,34]. It has been proven that alumina is an effective constituent in MK. In the MKPC system, MK is a more reactive component than FA, which makes MPC pastes exhibit higher compressive strengths [34,35]. However, the presence of MK has a detrimental impact on the fluidity of MPC, and the degree of the fluidity decrease has a direct link to the content of MK and its fineness [36].



At present, the research on MK and FA in MPC systems mainly focuses on the development of mechanical strength, workability and durability. However, the rheological properties and drying shrinkage of MPC materials mixed with FA and MK have not been systematic researched until now. As a vital factor, the rheological properties decide the performance of MPC. Proper rheological properties can ensure flowability and improve the stability of the paste. Low drying shrinkage can decrease MPC’s volume change and reduce its cracking. In this study, the effects of varying doses of FA and MK as partial replacements for MgO on the workability, rheological characteristics, flexural strength, compressive strength, and drying shrinkage of MPC were examined. The possible mechanism of FA and MK in MPC has been discussed, which is beneficial for further promoting the design of MPC products.




2. Materials and Methods


2.1. Materials


Dead burnt MgO, ammonium dihydrogen phosphate (NH4H2PO4, ADP), retarders, and mineral admixture are the basic components used to produce MPC pastes. MgO was obtained from Huanai Magnesia Materials Co. Ltd. (Yancheng, China), which has undergone a calcination process at a high temperature of 1600 °C. The ADP used in this study is industrial grade with a density of 1.801 g/cm3 and the PH value is 4.2–4.8. MgO was partially replaced with fly ash (FA) and metakaolin (MK). Table 1 summarizes the physical parameters and chemical composition of MgO, FA and MK. A laser particle size analyzer was used to examine the particle size distributions of dead burned MgO, FA and MK. The results of particle size analysis are displayed in Figure 1. It shows that the medium diameter of MgO is bigger than FA, and MK has the smallest particle size. In this research, new retarders were used, which were compounded by borax (B), sodium tripolyphosphate (STP), and sodium acetate anhydrous (SA) at a mass ratio of 6:1:1 (mB:mSTP:mSA = 6:1:1). The retarder to MgO mass ratio (mretarder/mMgO) was 0.16, and the purity of B, STP, and SA were all higher than 99%.




2.2. Specimen Preparation


The magnesia to ADP mass ratio was found to be 4.0. In this study, the water to binder ratio was 0.17. Several contents of FA (0%, 5%, 10%, 15%) and MK (0%, 5%, 10%, 15%) were used to produce paste. Table 2 shows a total of 12 mixing proportions. MPC mixtures were prepared using a mechanical mortar mixer. The freshly mixed pastes were removed for workability and rheological property tests. After that, different MPC samples were made for the compressive strength test, the flexural strength test (40 mm × 40 mm × 160 mm) and the drying shrinkage test (25 mm × 25 mm × 280 mm). After 2 h of casting, the MPC samples were taken out of the mold and cured in corresponding standard experimental conditions 20 ± 2 °C temperature and more than 95% relative humidity.




2.3. Testing Methods


	(1)

	
Fluidity and setting time







The fresh properties of MPC were tested by conducting a fluidity test according to GB/T 8077-2012 [37]. First, the fresh MPC pastes were placed into a truncated tapered mold, and then the mold was lifted quickly. When there is no longer any development in the fluidity of pastes, a steel ruler was used to measure the diameter of the pastes from two perpendicular directions. To ensure the precision of the result, each fluidity test was recorded by a digital camera. The procedures for the tests are shown in Figure 2.



A VICAT apparatus was utilized to measure the setting time of MPC, which was based on GB/T1346-2011 [38]. The time was recorded after adding water during the preparation process of MPC. When the time of the VICAT test needle was 4 ± 1 mm away from the bottom of the paste in the mold, the setting time of MPC material was determined.



	(2)

	
rheological properties test







The fluidity is correlated to the yield stress (τpaste) of the paste, while the time it takes to obtain a prescribed spread is related to the viscosity (ηpaste) of the paste, according to the relationship between the rheological characteristics of the paste and a fluidity test [39,40,41].



The procedures for the rheological tests are shown in Figure 2. A digital camera was used to record the process of the fluidity test. Based on the relationship between the fluidity and time which was recorded by the camera, the whole process of the MPC fluidity test was analyzed. After determining the time for a specific paste flow diameter, the rheological parameters were calculated by Equations (1) and (2).


   τ  p a s t e   =   225  ρ  p a s t e   g  V  c o n e  2    128  π 2     (    S F  2   )   5    −     0.005  π       V  cone     π    (    S F  2   )   2         



(1)






   η  p a s t e   =    ρ  p a s t e   g h  V  c o n e      c o n e     150 π × s l u m p × S  F  p r e s  2     t  180      



(2)




where: ρpaste—apparent density of MPC paste, Vcone—volume of paste in the truncated cone mold, hcone—height of truncated cone mold, SFpres—specific fluidity, slump—slump height at a specified fluidity, T180—time when fluidity reaches 180 mm.



	(3)

	
compressive and flexural strength







MPC paste cubes were examined at various curing ages of 1 h, 3 d, 7 d and 28 d, respectively. The Chinese standard GB/T 17671-1999 was referenced to conduct the flexural and compressive strength tests [42]. Two half specimens after the flexural strength test are used for the compressive strength test. Throughout the experiment, the load was determined at a rate of 2 ± 0.4 kN/s. The average compressive strength of three paste cubes was used in each test.



	(4)

	
drying shrinkage







The drying shrinkage of MPC specimens at 1, 3, 7, 14, 21, 28, 60, 90, 180 days was measured using a comparator in which temperature and relative humidity of the curing condition are 20 ± 3 °C and 50 ± 4%, in accordance with JC/T 603—2004 [43]. The drying shrinkage of MPC specimens could be calculated by the following Equation (3).


  ε =    L 0  −  L t     L b    × 100 %  



(3)




where: L0—length of specimen in 3 h curing age, Lt—length of specimen in t days curing age (t = 1 d, 3 d, 7 d, 14 d, 28 d, 60 d, 90 d, 180 d).





3. Results and Discussions


3.1. Workability


3.1.1. Effect of FA on MPC Fluidity and Setting Time


The effect of various FA contents on MPC fluidity and setting time is shown in Figure 3. It is noted that the fluidity of the paste increased with 5% FA first and then decreased with more FA. Compared with the control MPC, the fluidity increased by 3.5% and 1.2% with different FA content of 5% and 10%, respectively. However, the slump of MPC decreased by 3.9% and 6.7% when the FA amount is 15% and 20%. The incorporation of FA could improve the fresh mixture’s workability due to its spherical particles’ “ball-bearing”-type effect. However, when a large amount of FA is added, the FA particles need more free water to wrap, which reduces the amount in the free water of paste. It results in the poor workability of paste.



The setting time of the paste increases 29.6% with FA content rising from 0% to 15% and then decreases by 20.0% with FA content rising from 15% to 20%. The reason may be that the introduction of FA reduces the quality of MgO in the MPC system. However, the dosage of retarding components remains unchanged, and the ratio of retarder to MgO increases indirectly. Thus, the reaction rate and the hydration heat were reduced [44]. Furthermore, FA is an inert filler in MPC pastes. Adding FA can delay the hydration process and diminish the exothermic peak, resulting in a longer setting time for MPC pastes. However, when the range of FA is increased from 15% to 20%, the water absorption of FA plays a major role in reducing the water for the hydration reaction. In addition, the FA has adsorption characteristics. Excessive FA adsorbs the retarders, which restrict the retarding effect.




3.1.2. Effect of MK on MPC Fluidity and Setting Time


Figure 4 shows that the addition of MK affects the fluidity and setting time of MPC pastes. The fluidity of the paste decreased 15.0% with MK content increasing from 0% to 20%. MK increases the density of cement and reduces the gap between cement particles due to its huge specific surface area and smaller particle size, resulting in poor paste fluidity. Furthermore, the MK particles are in irregular flakes, which can explain the decrease in fluidity after adding MK.



The setting time is increased with MK content ranging from 0% to 20%. The setting time of MPC extends to 39 min with 20% MK, which is nearly 40% longer than the case without MK. A possible reason for this is the formation of aluminum phosphate (AlPO4) as a result of the reaction between the products from the dealumination of metakaolin (Al3+) and the PO4 units from ADP, which reduces the amount of MgO and the heat evolution of MPC.




3.1.3. Influence of Compound Powder on MPC Fluidity and Setting Time


The impact of various dosages of FA and MK on MPC setting time and fluidity is shown in Figure 5. In comparison to control MPC, the group contents of FA and MK show longer setting times and less fluidity. However, FA and MK have little influence on the fluidity when FA and MK were simultaneously applied to MPC in various ratios. As shown in Figure 5, considering the performance of fluidity and setting time comprehensively, the FA10MK10 sample has the best paste performance, while the fluidity of FA10MK10 was 225 mm, and the setting time of FA10MK10 was 45 min. The FA10MK10 sample cannot only prolong the setting time but also have a good fluidity, which is beneficial to the construction.





3.2. Rheological Properties


3.2.1. Effects of FA on MPC Rheological Properties


The rheological property test results with different FA contents are shown in Figure 6 and Figure 7. As illustrated in Figure 6, the T180 value of the paste decreases 13.0% as the FA content increases from 0% to 5%, and increases 28.0% as the FA content increases from 5% to 20%.



The key parameters for evaluating the rheological properties of MPC pastes are yield stress (τpaste) and plastic viscosity (ηpaste). The results are illustrated in Figure 7. The two indexes decrease significantly, with FA first decreasing and then increasing. Without the addition of FA, the yield stress and plastic viscosity of MPC were 1.41 Pa and 69.94 Pa·s, respectively, while the sample with 5% FA was 1.16 Pa and 60.08 Pa·s. After that, an increasing trend in yield stress and plastic viscosity began to occur. As observed in Figure 5, yield stress and plastic viscosity of samples with FA content ranging from 5% to 20% increased 38.6% and 25.7 percent, respectively.



It is generally thought that the rolling bearing effect of FA is the main reason for improving the fluidity of MPC. According to rheology research, the yield stress and plastic viscosity are reduced,. However, when the content of FA is more than 10%, the yield stress and plastic viscosity of the paste are increased. This can be interpreted as more FA particles needing a large amount of free water to wrap, reducing the paste’s free water content. On the other hand, FA reduced the volumetric weight of the MPC and thus increased the internal frictional force of the MPC.




3.2.2. Effects of MK on MPC Rheological Properties


Figure 8 and Figure 9 show the rheological property test results of MPC incorporated MK. With an increase in MK content, the yield stress (τpaste) and plastic viscosity (ηpaste) of MPC pastes gradually increase. As illustrated in Figure 8, the T180 value of control MPC is about 61.3% of MK20. It can be seen from Figure 9 that the yield stress of MPC containing 20% MK reached 3.56 Pa, which was 152% higher than the control MPC, while the MPC plastic viscosity reached 128.45 Pa·s, 84% higher than the control group. The irregular flake particle shape of MK increases the friction of fluidity. In addition, compared to MgO and NH4H2PO4, MK has smaller particle sizes and larger specific surface areas. A higher specific surface area can reduce the free water content. The distance of particles will be close with MK content increase, leading to the increase in the friction forces of the particles.




3.2.3. Influence of Compound Powder on MPC Rheological Properties


Figure 10 shows the rheological properties test results of the MPC pastes containing various dosages of FA and MK. It is noted that the rheological parameters of MPC pastes with 20% composite mineral admixture content are greater than those of the contrast MPC pastes. Moreover, MK as a mineral additive in composites plays the leading role in the rheological properties of MPC. It could be seen from Figure 11 that the rheological parameter value of the FA5MK15 sample is maximal. The yield stress and plastic viscosity of FA5MK15 were 3.24 Pa and 83.40 Pa·s, respectively. The compound powder with a large specific surface area and small particle size can effectively improve the viscosity.





3.3. Mechanical Properties


3.3.1. Influence of Fly Ash on Mechanical Properties of MPC


Figure 12 and Figure 13 show the mechanical properties test results of MPC with different FA contents. It can be seen from the fitting results that under different curing ages, the fitting equations of each group are quadratic functions, and they show a downward trend. The flexural strength of all specimens increased with increasing curing time, and the 3 h flexural strength reached approximately seventy percent of the flexural strength at seven days. As shown in Figure 12, FA caused a slight flexural strength loss of the MPC sample. Compared with control MPC, the addition of 20% FA reduces the flexural strength of MPC from 6.3 to 5.8 MPa for 3 h, from 7.2 to 6.1 MPa for one day, and from 7.9 to 7.2 MPa for 28 days.



As illustrated in Figure 13, the control MPC compressive strength was higher than that of the other groups incorporating FA. The compressive strength decreases with FA content from 0% to 20%. It is worth noting that increasing the FA content from 0% to 10% does not result in a noticeable reduction in compressive strength. However, the compressive strength decreases by as much as 21% with FA content increasing from 10% to 20% after 28 days of curing. This result indicated that the presence of FA is averse to MPC strength due to the decreased MgO content, which reduced hydration products [34,45].




3.3.2. Influence of MK on MPC Mechanical Properties


Figure 14 and Figure 15 reflect the impact of MK content on the flexural and compressive strengths of MPC pastes under standard curing conditions. The fitting results illustrated that under different curing ages, the fitting equations of each group are cubic functions, and they appear to first increase and then decrease. A similar trend between MPC compressive and flexural strength was observed when the MK content was increased. The mechanical properties improved with the MK content increase from 0% to 10% and decreased with the MK content increase from 10 to 20%. The MPC paste with 10% MK had the greatest compressive strength. MPC pastes containing 10% MK have a 28-day strength of over 50 MPa, nearly 12% higher than control MPC pastes. Meanwhile, the flexural strength of MPC pastes with MK reached 8.8 MPa after 28 days of curing, which is 11% greater than control MPC pastes. Although MK could participate in the reaction, enhance the compactness of the material and increase the strength, the optimization of MPC was reduced when adding MK to a percentage over 10%. On the one hand, MK has a larger specific surface area than MgO, which benefits the dense microstructure formation. On the other hand, MK can supply a large number of crystallization sites due to its high specific surface area. However, at a replacement rate over 10%, the mechanical properties decrease due to the decreasing hydration product [34,35,36].




3.3.3. Influence of Compound Powder on Mechanical Properties of MPC


Figure 16 and Figure 17 show the MPC mechanical properties containing various dosages of FA and MK. FA10MK10 indicated the best performance against flexural strength and compressive strength, with 10% FA content and 10% MK content.



The flexural strength of specimen FA10MK10 at 3 h, 1 day, 7 days and 28 days was 6.9 MPa, 7.7 MPa, 8.5 MPa and 8.6 MPa, which were 9.0%, 7.2%, 13.2% and 7.5% higher than that of control MPC, respectively. The FA10MK10 compressive strength at 3 h, 1 day, 7 days and 28 days was 39.1 MPa, 46.3 MPa, 48.9 MPa, and 50.1 Mpa, which were 4.0%, 10.1%, 8.9% and 7.7% higher than that of control MPC, respectively. The conclusion might be derived that adding MK and FA at the proper dosage could enhance mechanical strength, reduce cost and have remarkable economic benefits.





3.4. Drying Shrinkage


3.4.1. The Effect of FA on MPC Drying Shrinkage


Figure 18 presents the drying shrinkage of MPC specimens with different contents of FA. The drying shrinkage of MPC specimens mainly happened within the first 14 days of curing. Compared with the control MPC, the shrinkage in F5, F10, F15, and F20 decreased 21.3%, 39.5%, 56.4%, and 73.8% at a curing age of 28 days, respectively. This evidence suggests that the addition of FA could effectively restrict MPC shrinkage. This can be explained by the reduction in hydration products due to the introduction of FA components. Moreover, the large surface tension of FA can be attributed to the improving MPC volume stability resulting from the rupturing of the MPC system bubble and filling the pores of the paste.




3.4.2. The Effect of FA on MPC Drying Shrinkage


Figure 19 illustrates the drying shrinkage of MPC specimens with different contents of MK. MPC drying shrinkage decreases as the content of MK increases. The drying shrinkage rate of specimens MK5 and MK20 at 28 days of curing is 120 × 10−6 and 44 × 10−6, which are only 48.4% and 17.7% that of the control MPC, respectively.



On one hand, MK has a smaller particle size, which could be filled with hydration products. This may be responsible for the significant shrinkage-free of MPC pastes. On the other hand, the flocculating substances formed after MK participates in the MPC hydration reaction are beneficial for optimizing the drying shrinkage of MPC pastes. Compared with FA, MK has a more considerable effect on MPC drying shrinkage optimization.




3.4.3. Influence of Compound Powder on Drying Shrinkage of MPC


Figure 20 illustrates the effect of compound powder consisting of FA and MK on the drying shrinkage of MPC pastes. The FA0MK0 sample was prepared without FA, and MK had the highest drying shrinkage value. The drying shrinkage of MPC pastes containing a 20% addition of mineral admixtures was less than 55 × 10−6. The drying shrinkage rate of MPC decreases as the MK content of the composite addition increases. Among them, the minimum drying shrinkage rate of MPC was 36.5 × 10−6, which occurred in the FA15MK5 sample. Hence, from the viewpoint of controlling shrinkage, when MPC composite paste with FA and MK, it has a more positive influence than conventional MPC products.





3.5. Mechanism Analysis


Figure 21 shows the struvite crystal microstructure of MPC pastes without any mineral mixture addition after 28 days of curing. It grows into large tabular crystals rather than the initial short columnar and wedge-shaped crystals. At this time, the microstructure of MPC pastes is more compact. In addition, cracks could be seen in the hydration products of MPC pastes with higher magnification (Figure 21b). In some previous studies, it was considered that the dehydration of product, the internal stress caused by crystal growth and the effect of compression possibly caused the cracks [27,46].



Figure 22 presents the microstructure of hydrated pastes containing 15 wt% FA by SEM at 28 days. It could be seen that the number of hydration products decreases when a large amount of FA replaces MgO, which makes the hydration reaction incomplete. FA particles with smooth surfaces mainly exist in hydration products in round shapes. SEM images show that some FA particles are exposed on the surface of the matrix. Meanwhile, a clear interface could be observed between FA particles and hydration products. These could be confirmed FA is an inert filler in “conventional” designs of FA/MPC-based materials, its chemical activity could not be effectively stimulated [45]. Moreover, apparent gaps between the FA particles and the struvite are also observed in Figure 23b. The above will lead to poor compactness of the MPC microstructure and reduce the compressive strength.



Figure 23 shows the microstructure of MPC pastes with the addition of MK at 28 d. The application of MK makes the porosity of MPC pastes lower, and less unreacted magnesia particles are noticed due to the possible pozzolanic reactions. From the SEM images, the formation of struvite clusters on the surface of MK is more homogenous. MK particles with smaller particle sizes were filled into the hydration products, which could significantly decrease the micro-cracks number. MK particles with smaller particle size were filled into the hydration products, which could decrease the number of micro-cracks significantly.



MK’s filling effect promotes a more compact microstructure formed in MPC, and it can supply a large number of crystallization sites due to its high specific surface area. These are responsible for the significant shrinkage-free and mechanical properties optimization of MPC pastes.



Figure 24 shows the microstructure of MPC pastes containing 10 wt% MK and 10 wt% FA at 28 d. The composite addition of mineral admixtures consisting of FA and MK makes the MPC internal structure of the hardened body denser. It could be observed from Figure 24b that MK can effectively fill the gap between magnesium oxide particles and FA particles. The surface of some FA particles is covered by a certain amount of MK. This implies good chemical compatibility between FA and MK. Meanwhile, some unreacted magnesia particles were adsorbed by these two components. Mineral admixtures are beneficial to the optimization of the MPC microstructure.





4. Conclusions


The effect of partial MgO substitution with FA and MK at various doses on workability, rheological properties, flexural strength, compressive strength, and the drying shrinkage of MPC was investigated in this study. The possible mechanism of FA and MK was analyzed through the microstructure of MPC. The main research results obtained in this study are as follows.



	(1)

	
MPC fluidity first showed an increasing trend and then decreased as the FA content varied from 0% to 20%, and the fluidity reached its best at 5% FA. The loss of MPC fluidity increases with increasing MK content continuously. With the increase of FA and MK, the setting time of MPC was prolonged. The replacement of 10 wt% FA and 10 wt% MK increases the setting time and decreases the fluidity by 36.9% and 15.5%, respectively.




	(2)

	
The yield stress and plastic viscosity first decreased and then increased with the increasing FA content in MPC. Furthermore, successive additions of MK increase the yield stress and plastic viscosity of MPC directly.




	(3)

	
The flexural and compressive strength of the MPC specimen decreases when the content of FA increases. In contrast, the presence of MK enhances the compressive and flexural strengths of MPC paste. Maximum compressive and flexural strength are attained in MPC paste with the 10% addition of MK. MPC with 10% MK and 10% FA exhibit both higher flexural and compressive strength than the samples without FA and MK at all test ages.




	(4)

	
Fly ash and MK have a positive influence on the shrinkage of MPC. The shrinkage rate decreases as the FA and MK content increase from 0 to 20%, respectively. It is notable that MK has a more considerable effect on MPC drying shrinkage optimization. MPC with 10% FA and 10% MK has the best-modified performance in terms of the comprehensive performance of MPC at all test ages and the shrinkage is small, which can be applied to rapid thin-layer mending material for cement concrete pavement.




	(5)

	
An SEM analysis showed that there were gaps between FA particles and struvites. This may be the main reason for the poor mechanical properties of MPC with different FA content. The incorporation of MK leads to a denser microstructure of the MPC mortars due to the filling effect and the formation of flocculating substances.
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Figure 1. The particle diameters of MgO, fly ash and metakaolin. 
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Figure 2. Schematic diagram of fluidity test. 
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Figure 3. MPC pastes fluidity and setting time with varying fly ash contents. 
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Figure 4. MPC pastes’ fluidity and setting time with varying MK contents. 






Figure 4. MPC pastes’ fluidity and setting time with varying MK contents.



[image: Coatings 12 01030 g004]







[image: Coatings 12 01030 g005 550] 





Figure 5. The fluidity and setting time of MPC pastes with compound powder. 
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Figure 6. The effect of FA content on MPC T180 value. 
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Figure 7. MPC rheological properties with different contents of FA. 
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Figure 8. The effect of MK content on MPC T180 value. 
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Figure 9. MPC rheological properties with different contents of MK. 
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Figure 10. Influence of compound powder on T180 value of MPC. 
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Figure 11. MPC rheological properties with addition of compound powder. 
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Figure 12. The effect of FA content on MPC flexural strength. 
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Figure 13. The effect of FA content on MPC compressive strength. 
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Figure 14. The effect of MK content on MPC flexural strength. 
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Figure 15. The effect of MK content on MPC compressive strength. 
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Figure 16. MPC flexural strength with addition of compound powder. 
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Figure 17. MPC compressive strength with the addition of compound powder. 
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Figure 18. Effect of FA on MPC drying shrinkage deformation. 
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Figure 19. Effect of MK on MPC drying shrinkage deformation. 
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Figure 20. Drying shrinkage of MPC pastes with addition of compound powder. 
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Figure 21. SEM microstructure of MPC at 28 d: (a) 1000 magnification, (b) 3000 magnification. 
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Figure 22. SEM microstructure of the MPC with the addition of FA at 28 d: (a) 1000 magnification, (b) 3000 magnification. 






Figure 22. SEM microstructure of the MPC with the addition of FA at 28 d: (a) 1000 magnification, (b) 3000 magnification.



[image: Coatings 12 01030 g022]







[image: Coatings 12 01030 g023 550] 





Figure 23. SEM microstructure of the MPC with the addition of MK at 28 d: (a) 1000 magnification, (b) 3000 magnification. 
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Figure 24. SEM images of the MPC pastes containing FA and MK at 28 d: (a) 1000 magnification, (b) 3000 magnification. 
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Table 1. Physical properties and chemical composition of raw materials (by wt/%).
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	Code
	Al2O3
	SiO2
	CaO
	MgO
	Fe2O3
	TiO2
	Na2O
	K2O
	Specific Surface Area

(m2/kg)
	Apparent Density

(g/cm3)





	MgO
	—
	2.09
	1.31
	92.15
	1.12
	—
	—
	—
	920.6
	3.48



	FA
	26
	57.5
	5.2
	1.7
	8.2
	0.1
	0.2
	0.2
	1121
	1.99



	MK
	43
	54
	0.17
	0.06
	0.76
	0.24
	0.06
	0.55
	2613
	2.23
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Table 2. Mix proportions of MPC mortars containing FA and MK (by wt/%).
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	Code
	M
	FA
	MK
	P/M 1
	W/C 2
	Mretarder/M 3





	Control MPC
	100
	0
	0
	1/4
	0.17
	0.16



	FA5
	95
	5
	0
	1/4
	0.17
	0.16



	FA10
	90
	10
	0
	1/4
	0.17
	0.16



	FA15
	85
	15
	0
	1/4
	0.17
	0.16



	FA20
	80
	20
	0
	1/4
	0.17
	0.16



	MK5
	95
	0
	5
	1/4
	0.17
	0.16



	MK10
	90
	0
	10
	1/4
	0.17
	0.16



	MK15
	85
	0
	15
	1/4
	0.17
	0.16



	MK20
	80
	0
	20
	1/4
	0.17
	0.16



	FA5MK15
	80
	5
	15
	1/4
	0.17
	0.16



	FA10MK10
	80
	10
	10
	1/4
	0.17
	0.16



	FA15MK5
	80
	15
	5
	1/4
	0.17
	0.16







1 M/P denotes the fixed mass ratio of MgO to NH4H2PO4. 2 The mass ratio of water to binders is represented by W/C (binders include MgO, NH4H2PO4, retarders, FA and MK). 3 Mretarder/M represents the mass ratio between retarders (retarders include B, STPP and SA) and MgO.
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