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The present paper brings information concerning some composite masses obtained from a magnesia-phosphate binder 

and filler of quartzous sand and fly ash. The mechanical properties were investigated by compressive strength 

determinations of the composite masses – in correlation with their composition and the curing environment. X-ray 

diffraction and thermal analyses brought information regarding the interaction processes and the products formed at the 

hardening of the magnesia-phosphate composites. 

INTRODUCTION 

Magnesia-phosphate binders obtained by mixing sintered magnesia with the solution of a phosphate 

salt, harden very fast in air due to acid-base reactions. Using magnesia-phosphate binders, composite 

materials for rapid reparations can be obtained. The achievement of materials for such destination supposes 

a very good control of the hardening rate in order to have a good workability, the setting time must not be 

excessively short, but the hardening rate must be rather big to obtain a sufficiently high mechanical strength 

after the first several hours. These items can be controlled by the reactivity of MgO (depending on its 

sintering degree and grain size distribution), the nature of the phosphate salt, the presence of a powdered 

material working as filler and by the presence of an admixture with retarding effect on the chemical 

reaction. Beside these qualitative compositional parameters, the proportion of the constituents, mainly the 

MgO/P2O5 ratio, the binder/filler ratio, the water/binder ratio, the proportion of the retarding admixture 

influence the hardening rate. Information concerning the achievement of composite materials based on 

magnesia-phosphate binders and their physical/mechanical properties can be obtained from papers published 

by El-Jazairi,1 Abdelrazig and coworkers,2,3 Seehra and coworkers,4 Sugama and Kukacka,5,6  and more 

recently, by Zang and coworkers7,8 and Soudeé.9,10 

The possibility to diminish the reaction rate at the hardening of certain magnesia-phosphate 

compositions by adding boric acid, borax or sodium tripolyphosphate has been experienced by Zang and 

Wu,7 Seehra and coworkers,4 Abdelrazig and coworkers,2 Hall and coworkers.11 

This paper brings information concerning the hardening properties of magnesia–phosphate binders 

containing siliceous fillers – quartz sand and thermal station fly ash. 

EXPERIMENTAL 

The following materials were used for the investigation of the magnesia-phosphate compositions: 

– sintered magnesia (obtained from Serbia), ground in a laboratory mill up to 2780 cm2/g; 
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– chemical graded monoammonium phosphate (NH4H2PO4); 

– quartz sand having a specific surface area (Blaine) of 3560 cm2/g; 

– thermal station fly ash (Rovinari) with three different specific surface areas (Blaine) – 1360 cm2/g, 3190 cm2/g, and 8436 cm2/g;  

Table 1 shows the composition of the investigated composite materials. 

Table 1 

The composition of the investigated composite materials 

No. MgO/ binder/filler ratio water/ 

sample NH4H2PO4  

ratio 

Quartz sand 

(3560 cm2/g) 

Fly ash 1 

(1360 cm2/g) 

Fly ash 2 

(3190 cm2/g) 

Fly ash 3 

(8436 cm2/g) 

solid 

ratio 

1. 1 1 – – – 0.17 

2. 1 1 – – – 0.20 

3. 1 – 1 – – 0.20 

4. 1 – – 1 – 0.20 

5. 1 – – 3 – 0.20 

6. 1 – – 7 – 0.20 

7. 1 – – – 1 0.28 

with 2 wt.% borax 

8. 1 1 – – – 0.10 

9. 1 1 – – – 0.15 

10. 1 – – – 1 0.23 

For their preparation, first the solid compounds were homogenized and the obtained powder was mixed with water. The 

compositions shown in Table 1 were chosen on the basis of one of our previous research work.12 The goal was to evidence the 

influence of the nature and specific surface area of the filler and the addition of borax (2%) as retarding admixture on the hardening 

of the magnesia-phosphate composite materials. 

The hardening behavior was appreciated on the basis of compressive strength determinations on 20 mm cubes, manually 

densified and preserved in the following conditions: 

– in normal air in the laboratory for one, three and 24 hours, three, seven and 28 days; 

– 24 hours in normal air in the laboratory and after that in humidity saturated atmosphere up to three, seven and 28 days. 

The reaction processes and the nature of the formed compounds were investigated by X-ray diffraction and complex thermal 

analyses on pastes hardened 1 hour to 7 days. 

RESULTS  AND  DISCUSSION 

Mechanical properties of magnesia-phosphate composite materials in relation with their  

composition and storing conditions 

The mechanical properties of the magnesia-phosphate composites are strongly influenced by the 

binder/filler ratio, the nature and fineness of the filler, the water/solid ratio, the addition of borax, and the 

hardening conditions. 

The influence of the water/solid ratio (w/s) on the evolution of the mechanical strength of composite 

materials containing sand as filler and binder/filler = 1/1, is shown in Fig. 1. It can be seen that the compressive 

strength values of the material with w/s = 0.17 are inferior to those of the material with w/s = 0.20. This 

behaviour can be explained by the better workability of the material with the bigger w/s ratio, which allowed 

the obtaining of more dense samples. At the same time, the bigger compactness of the samples with w/s = 

0.20 favours a faster hardening, so that the strength increases after three hours are negligible. 

The influence of the nature and fineness of the filler is shown in Fig. 2. Maintaining the same 

binder/filler and water/sand ratio, it can be observed that the composites containing sand (specific surface 

area 3560 cm2/g) develop better mechanical strength than the composites containing coarse fly ash (specific 

surface area 1360 cm2/g). To obtain a corresponding workability of the composites prepared with the very 

fine fly ash (specific surface area 8500 cm2/g), it was necessary to increase the w/s ratio up to 0.28. In this 
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case, very important increases of the mechanical strength as compared to the material with coarse fly ash 

can  
Fig. 1 – Influence of the water/solid ratio on the 

compressive strength of composites with MgO/ 

NH4H2PO4 = 1/1. The working temperature was  

                                 22°C. 

 

 

Fig. 2 – Influence of the nature and fineness of the 

filler on the compressive strength of magnesia-

phosphate composites with MgO/ NH4H2PO4 = 1/1 

and binder/filler = 1/1. The water/solid ratio was 

0.20 for the composites containing sand or coarse fly  

 ash and 0.28 for those containing very fine fly ash. 

be observed, especially in the first hours of hardening. As compared to the composites containing fine sand, 

the increase is insignificant and manifests only after periods bigger than 24 hours, probably also due to the 

bigger w/s ratio. 

The influence of the binder/filler ratio is shown in Fig. 3, the filler used was fly ash having a specific 

surface area of 3190 cm2/g. The w/s ratio was 0.20 and the MgO/ NH4H2PO4 ratio was 1/1. 

Though the magnesia-phosphate binder is characterized by fast hardening, the obtained results 

evidence an important increase of the compressive strength values at the increase of the binder/filler ratio. 

The mechanical strength values of the composition having the binder/filler ratio equal to one are very small. 

It can be assumed this is determined by the maybe too small water/solid ratio for this mix. Also the best 

mechanical strengths, as well after short as after long periods of time, are developed by the composition with 

binder/filler = 7, the values are not very different from those of the composition containing more filler 

(binder/filler = 3), which is from an economical point of view more advantageous. 
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In order to delay the reaction rate in the magnesia-monoammonium phosphate-water system, which is 

very important mainly at higher working temperatures, 2 wt.% borax reported to the binder were added. 

The 

 

Fig. 3 – Influence of the binder/filler ratio on 

the compressive strength of magnesia-phos- 

                        phate composites. 

working temperature was 30°C. Fig. 4 shows the evolution of the compressive strength of composite 

materials containing sand and respectively fly ash 3 (8436 cm2/g), without and with borax. The very 

important favourable influence of the decrease of the reaction rate by adding 2 wt.% borax on the evolution 

of the compressive strength can be observed. Beside its retarding effect, the addition of borax exerts a 

fluidifying action, which allowed the decrease of the w/s ratio, without worsening the workability of the 

magnesia-phosphate composites. This too exerts a positive effect on the mechanical strength. 

Fig. 4 – Influence of the retarding admixture 

borax (B) on the compressive strength of 

magnesia-phosphate composites containing 

sand (S), respectively very fine fly ash (FA). 

       The working temperature was 30°C. 

Fig. 5 shows the influence of the hardening conditions in normal air or in humidity saturated 

atmosphere on the mechanical properties of the magnesia-phosphate composites. The samples were prepared 

with two different fillers – quartz sand (3560 cm2/g) and fly ash 3 (8436 cm2/g). The binder/filler ratio was 

1/1 and the water/solid ratio was 0.20 for the samples containing sand and 0.28 for those containing fly ash. 

It is very clear that the hardening in humid environment has a negative effect on the development of 

the mechanical strength of magnesia-phosphate composites. The decrease of the strength values after short 

periods of time are more important for the fly ash containing composites but in time they attenuate more 
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importantly as compared to the composites containing sand. It is important to emphasize that in humid 

environment the mechanical strength of the sand containing composites decreases continuosly while that of 

fly ash containing composites shows a slight increase in time. 
Fig. 5 – Influence of the hardening conditions: 

in normal air, respectively one day in normal air

and afterwards at a relative humidity r.h. = 92%,

on the compressive strength of magnesia-phos-

phate composites. The working temperature  

                            was 22°C. 

Reaction processes and hydrated compounds at the hardening of magnesia-phosphate composites 

The X-ray diffraction and the thermal analyses on MgO-NH4H2PO4-sand-water composites 

(composition 1, Table 1) hardened for different periods of time, evidenced the formation of the following 

reaction compounds: NH4MgPO4⋅6H2O – struvite, (NH4)2Mg(HPO4)2⋅4H2O – schertelite, NH4MgPO4⋅H2O 

– dittmarite and Mg3(PO4)2⋅4H2O. 

The evolution in time of these hydrated compounds is shown in Fig. 6. 

Struvite – NH4MgPO4⋅6H2O is the main hydrated phosphate formed at the hardening of magnesia-

phosphate composites, its amount increases in the first seven days. 

At early hardening times the formation of schertelite – (NH4)2Mg(HPO4)2⋅4H2O and dittmarite – 

NH4MgPO4⋅H2O was identified. The formation of this last compound can be the result of the following 

processes:9 

– the transformation of schertelite – in time or at a certain temperature; 
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Fig. 6 – Variation in time of the intensity 

of the X-ray peaks specific to the hydrated  

             phosphates (composition 1). 

– the partial dehydration of struvite; 

– direct reactions between the compounds of the binding system.  

Beside these hydrated magnesium-ammonium phosphates, small amounts of Mg3(PO4)2⋅4H2O are 

formed, whose increase continue from one hour to 7 days (Fig. 6). 

The addition of borax does not modify the nature of the formed reaction compounds, but retards the 

reaction rate and the crystallinity degree of the compounds. The retarding effect of borax is materialized by: 

– the slower formation of the main hydrated compound, that is struvite (Fig. 7); 

– the hindering of the transformation of schertelite into dittmarite: the latter was not identified in the 

examined period of time. 

 

Fig. 7 – Variation in time of the intensity 

of the X-ray peaks specific to the hydrated  

 phosphates (composition 8 – with borax). 

Some supplementary information concerning the nature of the formed phosphates at the hardening of 

the investigated magnesia-phosphate binders are furnished by the DTA curves presented in Figs. 8 and 9. 

The following categories of thermal effects are evidenced on the DTA curves: 
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– a strong endothermic effect at 98–113°C corresponding to the dehydration of struvite and 

schertelite; 

– several small endotherms in the temperature domaine 170–197°C corresponding also to the 

dehydration of the magnesium ammonium phosphates; 

– an important endothermic effect having the maximum at temperatures between 228°C and 234°C, 

corresponding to the dehydration of dittmarite; its amplitude increases from one to 24 hours and 

decreases up to disappearance after seven days of hydration, in good agreement with the information 

obtained by X-ray diffraction analyses; 

– several exotherms at 278°C, 286°C and 313–316°C, may be determined by crystallization processes 

of phosphate compounds. 

To facilitate a correct assignment of the different endotherms shown on the DTA curves, X-ray 

diffraction analyses were made on composition 1 (see Table 1), hydrated for one hour and heated afterwards 

at temperatures in the 150–350°C range. In the samples heated at temperatures between 150°C and 210°C, 

the presence of struvite and dittmarite was identified in a precise manner. The amount of struvite decreases 

at the increase of the temperature over 190°C, due to its dehydration and transformation into dittmarite. 

According to literature information,9 the dehydration of struvite takes place gradually, therefore the 

endotherms 170°C and 197°C can be attributed mainly to dehydration processes of better crystallized 

struvite. In the sample heated at 210°C struvite is still identified and so is dittmarite but this last one in 

smaller proportions as in the sample heated at 150°C due to its progressive dehydration. 

 

Fig. 8 – DTA and TG curves for one hour to 7 days hydrated 

composition 1. 

 
Fig. 9 – DTA and TG curves for one hour to 7 days hydrated 

composition 8 (containing 2% borax). 

 No more hydrated compounds can be identified in the samples heated at 300°C and 350°C; only the 

very strong diffraction peaks of MgO and quartz are visible. It is proved in this way that at temperatures 

somewhat over 210°C (228°C, 232°C, 234°C), dittmarite is completely dehydrated. 
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On the basis of our own results and considering the information from the papers,9,12 the following 

transformations during the heating of the initially formed hydrated magnesium ammonium phosphates can 

be written: 

NH4MgPO4⋅6H2O → NH4MgPO4⋅H2O + 5H2O    (~ 170–190°C) 

 struvite    dittmarite 

(NH4)2Mg(HPO4)2⋅4H2O + MgO → 2 NH4MgPO4⋅H2O + 3H2O  (~ 100°C) 

schertelite               dittmarite 

NH4MgPO4⋅H2O → NH4MgPO4 + H2O     (200–300°C) 

dittmarite          amorphous 

NH4MgPO4 → MgHPO4 + NH3      (200–300°C) 

amorphous amorphous 

MgHPO4 → (Mg2P2O7)n       (300°C) 

amorphous    amorphous 

(Mg2P2O7)n → (Mg2P2O7)n      (600–800°C) 

amorphous        crystalline 

The compounds MgHPO4 and NH4MgPO4 existing in an amorphous state in the temperature range 

200–300°C transforms over 300°C into an amorphous polymer (Mg2P2O7)n,13 which crystallizes in the 

temperature domain 600–800°C, resulting crystalline magnesium pyrophosphate (Mg2P2O7)n. 

Therefore we can suppose that the sample heated at 350°C contains, beside crystalline MgO and SiO2, 

polymorph noncrystalline pyrophosphate – Mg2P2O7)n. 

CONCLUSION 

MgO-monoammonium phosphate-sand-water type magnesia-phosphate composite materials can 

develop compressive strengths of about 10–12 MPa after one hour hardening which increase up to  

30–40 MPa after 28 days of hardening. 

The development of mechanical strength is favoured by the increase of the water/solid ratio within 

certain limits and also by the increase of the binder/filler ratio. As filler fly ash having a moderate fineness 

(about 3000 cm2/g) can be used with good results, using a binder/filler ratio of 3/1. 

An addition of 2 wt % borax determines the increase of the mechanical strength due to the decrease of 

the reaction rate oxide/phosphate salt as well as the improvement of the workability of the materials 

determined by the fluidifying effect of borax. 

The hardening of the magnesia-phosphate composite materials is determined by chemical reactions in 

the MgO-monoammonium phosphate-water system, accompanied by the formation of type struvite, 

dittmarite, schertelite and MgPO4⋅4H2O hydrated phosphates. Among these the most stable at normal 

temperatures is struvite – NH4MgPO4⋅6H2O. 

REFERENCES 

 1. B. El-Jazairi, Concrete, 1987, 21, 25–31. 

 2. B. E. I. Abdelrazig, J. H. Sharp and B. El-Jazairi, Cem. Concr. Res., 1988, 18, 415–425. 

 3. B. E. I. Abdelrazig, J. H. Sharp and B. El-Jazairi, Cem. Concr. Res., 1989, 19, 247–258. 



 Magnesia phosphate binding materials 689 

 4. S. S. Seehra and S. Gupta Stander, Cem. Concr. Res., 1993, 23, 254–266. 

 5. T. Sugama and L. E. Kukacka, Cem. Concr. Res., 1983, 13, 407–416. 

 6. T. Sugama and L. E. Kukacka, Cem. Concr. Res., 1983, 13, 499–506. 

 7. Q. Yang and X. Wu, Cem. Concr. Res., 1999, 29, 389–396. 

 8. Q. Yang, B. Zhu, S. Zhang and X. Wu, Cem. Concr. Res., 2000, 30, 1807–1813. 

 9. E. Soudeé, Liants phosphomagnésiens: mécanisme de prise et durabilité, Thèse pour le titre de docteur, Lyon, 1999. 

10. E. Soudeé and J. Péra, Cem. Concr. Res., 2000, 30, 315–321. 

11. D. A. Hall, R. Stevens and B. El-Jazairi, Cem. Concr. Res., 2001, 31, 455–465. 

12. M. Georgescu, C. Dumitrescu and J. Paceagiu, Mat. De Constr., 2000, XXX, 204–210. 

13. A. K. Sarkar, Journal of Materials Science, 1991, 26, 2514–2518. 


