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Abstract ：：：：The feasibility of manufacturing non-autoclaved aerated concrete using alkali activated 

phosphorus slag as a cementitious material was investigated in this paper. Liquid sodium silicate with 

various modules (the molar ratio between SiO2 and Na2O) was used as alkali activator and a part of 

phosphorus slag was replaced with fly ash which was used to control the setting time of aerated 

concrete. The influences of the fly ash, curing procedure, modulus of sodium silicate solution and 

concentration of alkalis on the compressive strength and bulk density of non-autoclaved aerated 

concrete have been studied. Moreover, the types of the hydration products were investigated using 

XRD and SEM. The results indicate that: the compressive strength of aerated concrete was influenced 

by concentration of alkalis obviously. The compressive strength of 11.9MPa and the bulk density of 

806kg/m
3
 were obtained with an activator of 1.2 modulus of sodium silicate and 6% concentration of 

alkalis under the circumstance of 60°C curing for 28 days. 

Introduction 

The phosphorus slag is a by-product resulting from the yellow phosphorus process by means of an 

electric blast furnace. The quantity of phosphorus slag produced is very large. About 8-12 tons of the 

slag is discharged while producing the yellow phosphorus. If it is piled up and disregarded for a long 

time, the phosphorus slag would takes up a large amount of land and pollutes the environment.
[1,2]  

Alkali cementitious material is made of industrial waste residue, such as finely ground granulated slag, 

phosphoric slag, fly ash, etc., and the activator is alkali oxides or alkali earth metal oxides. Alkali 

cementitious material has better performance compared to Portland cement in some aspects. Because 

the chemical composition
 
of phosphorus slag is similar to ground granulated slag, the ways of alkali 

activated slag have been used on phosphorus slag.
[3]

  

The aerated concrete is characterized by the presence of large voids deliberately included in its 

matrix to reduce the density. It’s a lightweight building material that is easy to build with, has great 

thermal properties, and can be easily produced from locally available materials.
[4]

 The tradition 

aerated concrete is basically a mortar, with pulverized sand and/or industrial waste like fly ash as filler, 

in which air is entrapped artificially by chemical means (metallic powders like Al, Zn, H2O2). The 

performances of aerated concrete were immensely affected by curing regimes. The traditional aerated 

concrete must be autoclave curing. In this way, the autoclave curing needs not only expensive 

equipment but also vastly energy-consuming. So the no-autoclaved aerated concrete has enormous 

advantage over the traditional AAC.  

This study investigated the feasibility of manufacturing aerated concrete using alkali activated 

phosphorus slag as a cementitious material. The influences of the fly ash, curing procedure, modulus 

of sodium silicate solution and concentration of alkalis on the compressive strength and bulk density 

of aerated concrete have been studied. 

Materials and Experiment Preparation 

Materials. The phosphorus slag from Pan ZhiHua of SiChuan province with chemical composition in 

accordance with Table 1 has been used in our experiments. And specific surface area of phosphorus 
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slag is 385m
2
/kg. The fly ash from Jiangyou steam power plant with the specific surface area of 

420m
2
/kg (Blaine) was used. The phosphorus slag was activated with liquid water glass 

[Na2O·nSiO2]. The modulus of liquid water glass (the molar ratio between SiO2 and Na2O) was 3.16. 

Water glass with modulus of 1.0, 1.2, 1.4, and 1.6 was used in experiments by dissolving solid NaOH 

pellets into liquid water glass solution. 

 

Table.1 Chemical composition of Phosphorus Slag and Fly ash 

Item Phosphorus Slag[%] Fly ash[%] 

SiO2 31.27 54.50 

Na2O 0.10 0.31 

MgO 1.55 1.46 

Al2O3 8.28 32.01 

P2O5 3.73 0.19 

K2O 0.52 2.47 

CaO 45.83 1.27 

Fe2O3 2.69 5.61 

SO3 3.15 0.58 

 

Specimens and Test Methods. The schematic drawing of specimen preparation of 

non-autoclaved aerated concrete based on alkali activated phosphorus slag was shown in the Fig.1. 

Firstly, weighed solid materials, according to the mixture proportions, were mixed together for 1min. 

then the solid mixture was mixed with the water and liquid water glass in mixer for 3min. Then 

aluminium powder was added into the mixture and mixed continuously together for 30s. After the end, 

the slurry was putted into the mould. The redundant parts overtopped the perimeter of mould were cut 

after the slurry expanded about four hours. Then the mould was put it into the curing box. Till the one 

day, demould and cured. The cube specimens of 70.7 × 70.7 × 70.7 mm were used for the compressive 

strength test. They were tested at the ages of 7 and 28 days. The strength test was done in accordance 

with the GB/T 11971-1997. The reported results are the average of three samples. Mix proportions of 

aerated concrete specimens and the result of compressive were show in the Table 2. 
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Fig.1 Schematic drawing of specimen preparation of non-autoclaved aerated concrete based on 

alkali activated phosphorus slag 

Results and Discussion 

Effect of activator on performance of aerated concrete. For the A1~A4, the content of phosphorus 

slag and fly ash and modulus of liquid water glass were fixed to be 80%, 20%, 1.2, respectively, and 

Na2O content varied from 5% to 8%. The effect of sodium silicate on paste activation was 

investigated further.
[3,5]

 The mix with a concentration below 5% (Na2O) in slag could not provide 

sufficient activation for paste hardening during the first 24 h of hydration. Moreover the phosphorus 

slag has a similar chemical composition with slag. Therefore, 5% was chosen as the lowest level 

necessary for activation. Test results show that with the different content of Na2O, the density of 

aerated concrete shows change in larger extent. When the content of Na2O is 6%, its density has the 
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same as 7% Na2O. However, with the content of 5% Na2O, density of aerated concrete is lowest and 

with the content of 8% Na2O, density of aerated concrete has a little decrease compared to the 7% 

Na2O. The density of aerated concrete was affected by slurry thickening time and gas-generating rate. 

On the one hand, with the content of Na2O increasing, the hydration rate of phosphorus slag increases 

and results in the thickening time of slurry shorten. On the other hand, with the content of Na2O 

increasing, the PH value of the slurry increases and gas-generating rate becomes fast due to the 

accelerating reaction between the slurry and aluminium powder. Because of the different matching 

degree between two factors mentioned above, the aerated concrete show different density. 

Table .2 Mix proportions of aerated concrete specimens and the result of compressive 

Item phosphorus 

slag 

[%] 

Fly 

ash 

[%] 

Concentration 

of Na2O 

[%] 

Modulus 

of liquid 

water 

glass 

Concentration 

of aluminium 

powder [%] 

Curing 

Temperature 

[°C] 

Density 

[kg/m
3
] 

Compressive 

Strength 

[Mpa] 

7 d 28 d 

A1 80 20 5 1.2 0.10 20 622.2 2.1 4.9 

A2 80 20 6 1.2 0.10 20 803.6 3.3 7.9 

A3 80 20 7 1.2 0.10 20 806.5 4.0 5.4 

A4 80 20 8 1.2 0.10 20 788.2 3.4 4.5 

B1 80 20 6 1.0 0.10 20 811.7 4.2 8.7 

B2 80 20 6 1.2 0.10 20 803.6 3.3 8.1 

B3 80 20 6 1.4 0.10 20 820.6 3.5 7.9 

B4 80 20 6 1.6 0.10 20 857.4 3.6 5.7 

C1 80 20 6 1.2 0.10 20 803.3 3.3 7.9 

C2 80 20 6 1.2 0.15 20 679.1 2.4 5.1 

C3 80 20 6 1.2 0.20 20 537.8 1.4 3.6 

C4 80 20 6 1.2 0.22 20 423.2 1..2 2.4 

D1 80 20 6 1.2 0.10 20 803.4 3.3 7.9 

D2 80 20 6 1.2 0.10 60 857.0 6.8 11.5 

D3 80 20 6 1.2 0.10 90 848.5 11.7 10.1 

 

Compared with their Compressive Strength, it can be observed that at 7d the compressive strength 

reached the maximum value when the content of Na2O is 7 % and at 28d when the content of Na2O is 

6 % the maximum appear, besides, they have a similar density. C.J. Shi et al.
[6]

 found that only the pH 

value of solution must be reached a certain value (usually 12 or more )the activity of phosphorus slag 

can be excited. The phosphorus slag in alkaline solution has greater solubility, and as the pH value 

increased, solution rate of phosphorus slag accelerate and dissolved quantity increase. In this 

experiment, the liquid water glass intensity hydrolyze in the water, the solution was alkalified. With 

the content of liquid water glass increase, the pH value of solution of slurry increase, but it has limit. 

So the strength peak value of aerated concrete appears with the content of Na2O increase. On the other 

hand, in the high alkali, phosphorus slag was encapsulated by hydration products which rapidly were 

formed in early age. So when the content of Na2O is 6 %, the highest strength appears, at 28 d. 

Four levels mixtures with various modules of 1, 1.2, 1.4 and 1.6, respectively, were investigated. 

Test results are presented in the Table 2 from B1~B4. It can be observed that, when the content of 

phosphorus slag and fly ash and content of Na2O were fixed to be 80%, 20%, 6%, respectively, with 

the Modulus of liquid water glass increase, the density of aerated concrete increase. Fixed content of 

Na2O and changed Modulus of liquid water glass means that the content of silicic acid radical ions 

increases. Moreover, at the high alkali environment, Ca-O weak bonds are broken easy. So the silicic 

acid radical ions were combined with Ca
2+

 and a few C-S-H gels were produced. Thickening time was 

infected. Modulus of liquid water glass is good in 1.0~1.2 in view of the density of aerated concrete 

and strength.  
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Effect of density on performance of aerated concrete .The compressive strength of different 

density for 7 and 28 days were showed in Fig 2. Four density of aerated concrete were obtained from 

change the content of aluminum powder and fixed the other factors. The result shows that  the 

compressive strength increase with density increase. There is nonlinear relationship between the 

compressive strength and density. Compare with the 28d strength-density curve, the 7d 

strength-density curve varies gently.  
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Fig.2 Effect of curing on performance of 

aerated concrete 

Fig 3 Effect of curing on performance of 

aerated concre

Effect of curing on performance of aerated concrete.The compressive strength of different 

curing for 7 and 28 days were showed in fig 3. It can be shown that compressive Strength was 

significantly impact by the curing of aerated concrete. Heat curing at 90
o
C produced considerable 

acceleration in strength development. After 7days of heat treatment, the strength of the material 

exceeded values for material cured for 1 month at normal temperature but loses the final strength. 

Heat Curing at 60°C can catch up with aerated concrete cured for 1 month at normal temperature. 

Moreover, its compressive strength increased constantly and up to 11.5MPa.   
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Fig.4 XRD analysis for the Alkali Activated Phosphorus Slag hydrate 

 

XRD analysis.Fig.4 shows the XRD patterns of the aerated concrete at the different curing. X-ray 

diffraction shows that phosphorus slag is amorphous substance, and diagram widely spread in range 

of 2θ= 20°~40°. With Fly ash addition, the park of quartz was detectable. From the fig 4, it can be 
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shown that this aerated concrete hydration nearly doesn’t produces new crystalloid and only have 

C-S-H gels. But, in the 60°C,90°C curing, the C-S-H gels crystallization degree has higher than the 

room curing . 

SEM observations.Fig.5 shows the microstructures of paste D1, D2, and D3 at 7 d under SEM. It 

is observed that the fly ash spherical particles in the D1 paste did not show any sign of the hydration, 

their surfaces were still glazed after 7 d curing; a small part of phosphorus slag had hydration, whereas 

many hydration products were settled down in paste D2 at 60 °C curing, most of the plate-like 

structures of small crystallites were produced and bonded by the C-S-H gels. From the Fig.5 of D3, it 

is shown that most of phosphorus slag had hydration; most of area were covered and bonded together 

by C-S-H gels. In the hole, the needle-like structure of C-S-H gels was obvious.  

 

   
                            D1                                             D2                                                 D3 

Fig.5 Microstructure of hydrated alkali activated phosphorus slag after 7 d curing 

 

Fig.6 shows the microstructures of paste D1, D2, and D3 at 28 d under SEM. It can be observed 

that in the D1 paste at 28d it was similar as D2 paste at 3d. Some of phosphorus slag particles were 

covered and bonded together by C-S-H gel. At this age the D2, D3 had hydration was basically 

completed. From the Fig.6, it can be seem that the past bonded together and formed a part. This is why 

the D2 and D3 have very high strength.  

 

  
                                                           D1a                                              D1b 

  
                                                    D2a                                         D2b 

Advanced Materials Research Vols. 250-253 1151



 

 

  
                                                    D3a                                        D3b 

Fig. 6 Microstructure of hydrated alkali activated phosphorus slag after 28 d curing 

 

It is to be noted that the three different appear in inner hole wall of the hardened matrix of alkali 

activated phosphoric slag. Images (D1b, D2b, D2b of fig 6) show the morphology in inner hole wall. 

It can be seem the typical “cauliflower” object (in the D1b) and the aggregation of plates object (in the 

D2b ,D3b). These two both morphology of objects were considered to be hydrated sodium silicate.
[7]

 

Conclusion 

The density and compressive strength of non-autoclaved aerated concrete based on alkali-activated 

phosphoric slag was influenced by modulus of sodium silicate solution and concentration of alkalis 

dramatically. When the content of Na2O is 6 % and modulus of sodium silicate solution is 1.0, the 

compressive strength is highest. 

The compressive strength of non-autoclaved aerated concrete based on alkali-activated phosphoric 

slag increases with its density. There is nonlinear relationship between the compressive strength and 

density. 

Compressive strength was significantly affected by the curing regimes of aerated concrete. The 

highest compressive strength up to 11.5MPa can be obtained under heat stream curing at 60
o
C for 24 

hours.  

Alkali activated phosphorus slag can be used to manufacture non-autoclaved aerated concrete. The 

compressive strength of 11.9MPa and the bulk density of 806kg/m
3
 were achieved with 1.2 modulus 

of sodium silicate and 6% concentration of alkalis under the circumstance of 60°C curing. 
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