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Abstract

Geopolymerisation of mechanically activated fly ash was studied at ambient (27 8C) and elevated (60 8C) temperatures by isothermal

conduction calorimeter. Under both the conditions, mechanical activation enhanced the rate and decreased time of reaction. It was interesting to

observe that in the samples milled for 45 min (median size�5 mm), a broad peak corresponding to geopolymerisation initiated at 27 8C after 32 h.

The rate maxima at 60 8C, a measure of fly ash reactivity, showed a non-linear dependence on particle size and increased rapidly when the median

size was reduced to less than 5–7 mm. Improvement in strength properties is correlated with median particle size, and reactivity of fly ash. The

characterisation of the geopolymer samples by SEM-EDS, XRD and FTIR revealed that mechanical activation leads to microstructure and

structural variations which can be invoked to explain the variation in the properties.
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1. Introduction

Geopolymers are new class of synthetic alumino-silicate

materials formed due to reaction between alumino-silicates and

oxides with alkaline media [1]. Due to easy, energy efficient,

ecofriendly processing and excellent mechanical properties,

geopolymers are fast emerging materials of choice for a range

of construction and building materials, fire resistance ceramics,

composites, matrix for immobilization of toxic wastes,

precursor for monolithic and many others. A large number

of naturally occurring and industrially produced alumino-

silicate solids are used for geopolymer synthesis [2–5].

Recently there has been a growing trend to use fly ash in

geopolymers due to their easy availability, good workability

during processing and improved durability in final product [6–

12]. The limiting factor which has hindered the use of fly ash in

geopolymers is its low reactivity. In geopolymers, the reactivity

of fly ash depends on its particle size, glass content and glass
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composition [10,13]. The low reactivity of fly ash leads to slow

setting and early strength development. In many cases the

dissolution of fly ash is not complete before the final hardened

structure is formed [14].

The merit of using mechanical activation (MA) for

improving bulk and surface reactivity is well accepted. MA

offers the possibility to alter the reactivity of solids through

physicochemical changes in bulk and surface without altering

overall chemistry of the material [15–17]. Some very

interesting finding on the MA of blast furnace slag and fly

ash has been recently reported by us [18–21]. Complete

hydration of slag can be achieved for mechanically activated

slag and without any chemical addition [18,19]. Mechanical

induced reactivity of fly has been exploited to tailor properties

of geopolymer, and geopolymer having compressive strength of

up to 120 MPa can be produced through judicious application

of MA along with other processing parameters [20–22].

It was earlier reported by us that the selection of milling

device for MA influences the reactivity of fly ash, i.e. fly ash of

same fineness behaves differently depending upon milling

device [20,21]. Geopolymer prepared from fly ash that was

mechanically activated in a vibratory mill showed superior

mechanical properties as compared to their counterparts

prepared from fly ash of similar particle size but obtained
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using other high energy mills, e.g. attrition mill [20]. Recently,

suitability of vibratory mill for MA of fly ash for application in

geopolymer concrete has also been reported by other

researchers [22].

The objective of the present investigation was to carry out a

systematic study on the geopolymerisation behaviour of fly ash

that was mechanically activated in an eccentric vibratory mill

(EVM) for different duration. The effect of mechanical

activation on reaction, structure and properties of geopolymers

was elucidated using isothermal conduction calorimeter,

Fourier transform infrared spectroscopy (FTIR), X-ray dif-

fractometry (XRD), scanning electron microscopy (SEM) and

evaluation of physical properties. Attempt has been made to

correlate the reaction with structure and properties.

2. Experimental

The fly ash was collected from a Thermal power plant in

Chhattisgarh, India. The chemical analysis and physical

properties of the fly ash are given in Table 1. The glass

content of the fly ash was determined by counting the grains in a

polarising microscope using the method described in Indian

Standard IS 12089:1987. Mechanical activation of fly ash was

carried out in laboratory size EVM (SIEBTECHNIK, ESM

234, Germany). 2 kg batch size was used for milling. The size

of stainless steel media balls was 12.5 mm. Material to media

ratio of 1:35 was maintained during milling. The fly ash was

milled for 5, 10, 20, 30, 45, 60 and 90 min, and the milled

samples are referred to as FA5, FA10, . . ., FA90 in subsequent

description. Raw fly ash (FA0) was used as a reference.

The particle size analysis of raw and milled fly ash was

carried out using laser particle size analyser (MASTERSIZER

S, Malvern, UK). The specific surface area was measured using

MICROMERITICS (USA) specific surface area analyser

(Model ASAP2020). The rate of heat evolution during the

reaction (dq/dt) was measured using an eight channel

isothermal conduction calorimeter (TAM AIR, Thermometric

AB, Jarafalla, Sweden). The sample preparation involved the

following steps: (a) preparation of alkaline activator solution,

(b) mixing of alkaline activator with the powder sample, and (c)

loading of the mix in calorimeter. Analytical grade sodium

hydroxide in flaky form (98% purity) was used to prepare

alkaline activator solution. Alkaline activator of 6 M concen-

tration was prepared in distilled water at least 24 h before use.

7 g solid sample and 3.5 ml of activator solution were used
Table 1

Physicochemical properties of fly ash.

Chemical composition (wt.%)

SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O LOIa

60.48 28.15 4.52 1.71 0.47 0.14 1.41 1.59

Physical properties

Glass content, % 43

Mineral phases Quartz, mullite

a Loss on ignition.
throughout the study. The samples were mixed outside and then

loaded into the calorimeter. Calorimetric studies were carried

out at 27 8C and 60 8C. The results obtained were presented in

offset mode. Fourier transform infrared spectroscopy ((FT-IR-

410 JASCO, U.S.A.) was used for structural characterisation of

geopolymers. IR samples were prepared by mixing with KBr.

XRD patterns were recorded on a SIEMENS X-ray

diffractometer (Model D500), using CoK/ radiation with a

Fe-filter. The scanning speed of 18/min was used and the

samples were scanned from 108 to 608 2u angle. Morphological

characterisation of the fractured samples was done by a

scanning electron microscope (JEOL SEM 840A) fitted with a

Kevex energy dispersive spectrometer (EDS) for X-ray micro-

analysis after carbon coating on the fractured surface. The X-

ray micro-analysis of areas of interest was determined from the

average of minimum six analyses and used to calculate

elemental ratios.

For all the physical testing, liquid (alkali solution) to solid

ratio was 0.35. The samples were prepared at 27 � 2 8C and

under relative humidity of 65%. The time difference between

initial and final setting time was very small and in some cases

negligible thus only initial setting time was determined by using

Vicat Apparatus (AIMIL, India) on a consistent paste. For

compressive strength 7 cm � 7 cm � 7 cm cubic samples were

prepared by vibro-casting of geopolymer paste. Compressive

strength was tested on an Automatic Compression Testing

Machine (AIMIL COMPTEST 2000, India). Two sets of

samples were tested: (a) samples cast and cured at 27 8C for 28

days, and (b) samples cast and cured at 27 8C for 24 h followed

by curing at 60 8C for 4 h.

3. Results and discussion

3.1. Characterisation of vibratory milled fly ash

EVM due to the eccentric drive generates 5-axis elliptical,

circular and linear vibrations. This results in a very significant

intensification of the impact forces/milling energy leading to

efficient milling and mechanical activation [23–26]. Fig. 1
[()TD$FIG]
Fig. 1. Particle size distribution of raw and vibratory milled fly ash. The

cumulative particle size distribution is plotted.



Table 2

Characteristic particle diameters and specific surface area of fly ash milled for

different time.

Milling time

(min)

d10 d50 d90 Specific surface

area (m2/g)

0 1.28 37.73 158.49 0.969

5 0.51 7.23 28.59 1.439

10 0.49 5.88 24.99 1.502

20 0.38 4.17 19.72 1.781

30 0.37 3.82 18.43 2.065

45 0.35 3.4 18.28 2.316

60 0.35 2.57 14.26 2.333

90 0.34 2.27 13.62 2.57

[()TD$FIG]

Fig. 2. (a) Morphology of raw fly ash (FA0) showing spherical cenosphere of

various sizes. (b) Morphology of fly ash vibratory milled for 30 min showing

presence of both angular and spherical particles with aggregation.
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shows typical cumulative particle size distribution of fly ash

milled for different time in EVM. The characteristic particle

diameters and specific surface area as a function of milling time

are given in Table 2. The particle size reduction was more

during initial 10 min which gradually decreased with milling

time. The morphology of the raw fly ash and fly ash milled for

30 min is given in Fig. 2a and b respectively. The FA0 contained

mostly spherical cenosphere ranging in size from 2 to 20 mm.

After milling large sized cenospheres are broken into irregular

shaped particles and those with size <5 mm mostly retained

their original spherical shape. XRD patterns of the samples are

given in Fig. 3. XRD patterns indicated no apparent change in

the mineralogy and peak intensities in the samples milled up to

60 min, however, a slight decrease in peak intensity and

broadening of quartz and mullite was detected in the sample

milled for 90 min (Fig. 3). This is due to the damage of

crystalline structure during intense milling which resulted into

micro stress and peak broadening [15–17]. The IR spectra in

Fig. 4 show subtle structural changes due to milling. The

milling results in a change in the intensity of IR peaks

corresponding to Si–O–Si bending (460 cm�1), T–O–Si

(T = Si, Al) and asymmetric stretching (913, 1090 and

1160 cm�1). The Si–O–Si symmetric stretching band observed

at 798 cm�1 and which was nearly absent in the FA0 appeared

after the milling and its intensity increased in FA5 and FA60

with increase in milling time (Fig. 4) [26,27]. The XRD results

(Fig. 3) and IR spectra (Fig. 4) indicate that the effect of

milling on fly ash extends beyond creation of new surface due to

particle breakage and it undergoes structural changes and

mechanical activation [15–17].

3.2. Calorimetric studies of geopolymerisation of vibratory

milled fly ash

The key processes occurring during geopolymerisation are

dissolution, precipitation, gel formation, restructuring and

polymerisation and hardening [27]. To study the effect of

mechanical activation on above geopolymerisation mechanism,

isothermal conduction calorimeter was used under following

two conditions: (a) at ambient temperature (27 8C), and (b) at

60 8C.

Fig. 5 shows the rate of heat evolution (dq/dt) at 27 8C for

different milling time. The first peak (which appears more like a
straight line) in the beginning corresponds to wetting and

partial dissolution of glassy content followed by small

induction period as a consequence of low reactivity [28]. The

second exothermic peak after induction period is associated

with dissolution–precipitation reaction; mainly formation of

hydrated alumino-silicate gel [27]. The peak maxima shifted

towards lower time and its intensity increased with an increase

in milling time indicating increased reactivity of fly ash and

consequently enhanced dissolution–precipitation reaction

[27,29]. The most interesting feature was beginning of a third

exothermic peak after 32 h in the FA45 that becomes more

prominent in FA60 and FA90 respectively. This low intensity

peak is attributed to geopolymerisation. In the earlier studies

[30,31], developments of strength due to ambient temperature
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Fig. 3. XRD result of FA0 and FA90. FA90 samples show a minor decrease in

peak intensity of quartz and mullite.

[()TD$FIG]

Fig. 5. Isothermal conduction calorimetry showing rate of heat evolution (dq/

dt) at 27 8C of the samples milled for different time.
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geopolymerisation were reported but calorimetric evidence of

geopolymerisation of mechanically activated fly ash was

observed for the first time. Initiation of geopolymerisation at

27 8C may be attributed to relaxation of mechanical energy

stored in fly ash particles due to mechanical activation [15–17].

Fig. 6 shows the rate of heat evolution (dq/dt) at 60 8C for

the samples milled for different time. In this case, only one peak

corresponding to geopolymerisation was observed [20]. Similar

to the results at 27 8C, the maximum rate of heat evolution [(dq/

dt)max] increased and time at which peak maxima (tmax)

occurred shifted to lower time with increase in milling time.

The prominent trend at 60 8C was due to the combined effect of

thermal and mechanical activation which accelerated the

geopolymerisation reaction. The quantity [(dq/dt)max] was

taken as a measure of fly ash reactivity. It was found that fly ash

reactivity varies non-linearly with median particle size (d50)

(Fig. 7). The reactivity increases vary rapidly when the particle

size is reduced to less than 5–7 mm. This value corresponds to[()TD$FIG]
Fig. 4. FTIR spectra of fly ash vibratory milled for 0, 5 and 60 min.
critical size for silicates below which mechanical activation

begins to manifest [16].

3.3. Physical properties of geopolymer

The physical properties were measured as follows:

(a) setting time at 27 8C
(b) compressive strength of cast samples after curing for 28

days

(c) compressive strength of samples after the casting and curing

of samples at 27 8C for 24 h and geopolymerisation at 60 8C
for 4 h

Fig. 8 shows the variation of setting time for the samples

milled for different time. The FA0 samples took long time

(285 min) to set. A gradual decrease in setting time with milling

duration is observed. Compressive strength of the samples after

ambient temperature (27 8C) curing and elevated temperature
[()TD$FIG]
Fig. 6. Isothermal conduction calorimetry showing rate of heat evolution (dq/

dt) during geopolymerisation at 60 8C of the samples milled for different time.
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Fig. 7. Effect of particle size on the reactivity of fly ash. The quantity [(dq/

dt)max] was taken as a measure of fly ash reactivity.

[()TD$FIG]

Fig. 9. Variation of compressive strength of the samples milled for different

time and cured at 27 8C and 60 8C.
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(60 8C) geopolymerisation is given in Fig. 9. In both the cases,

compressive strength improved with milling time, however, the

compressive strength values were higher in the samples cured at

elevated temperature.

3.4. Correlation between physical properties of

geopolymer and fly ash reactivity

An attempt was made to correlate the properties of

geopolymer samples with mechanically induced reactivity of

fly ash. Fig. 10 shows the variation of setting time (27 8C) and

compressive strength (at 27 8C and 60 8C) with reactivity of fly

ash. The variation of reactivity with inverse of median size (i.e.

1/d50; a measure of relative specific surface area) is also

included in the figure to further elucidate the correlation

between different parameters. A more detailed analysis

indicated that geopolymer property (P) can be correlated with

1/d50 by the following expression:

ln
PðFAtÞ
PðFA0Þ

� �
¼ Aþ B

1

d50

� �
(1)

[()TD$FIG]
Fig. 8. Variation of setting time for the samples milled for different time.
where PFAt and PFA0 are the value of property (P) for different

milling time ‘t’ (t = 5, 10, 15,. . ., 90, etc.) and initial value

(t = 0); A and B are constant). The values of parameter A and B

and correlation coefficient (R) are given in Table 3. High

correlation coefficient values (Table 3) indicate that particle

size has an important effect on setting time and strength

development.

3.5. Characterisation of geopolymer samples

3.5.1. FTIR studies

Fig. 11 shows the FTIR spectra of selected geopolymer

matrixes. The bands at 460 cm�1 was related to Al–O/Si–O in

plane and bending modes, 730 cm�1 with octahedral Al,

820 cm�1 with tetrahedral Al–O stretching and, 900–

1030 cm�1 with asymmetric Al–O/Si–O stretching [32,33].

The change in intensity of peaks was associated with the

structural reorganisation due to MA [26]. In the geopolymer

samples prepared using mechanically activated fly ash, there is

an increase in the intensity of IR peaks indicating greater

polymerisation. The O–H stretching bands (3440, 2930 cm�1)

does not show a well defined trend with milling time even

though the intensity of IR peak in FA0 was higher than FA90.

Higher peak intensity signifies greater incorporation of

molecular water in FA0 than FA90.

The IR peak around 1000 cm�1 is the result of overlapping

of IR peaks related to SiQn (n = 0–4) structural units [34–39].

The peak around 1090 cm�1 and the shoulder around

1160 cm�1 existing in all mechanical activated materials prior

their geopolymerisation indicate the predominance of SiQn

(n = 3–4) structural units (mainly sheet structure) over the SiQn

(n = 0–2) ones (mainly chain structure). The splitting can be

explained as follows: dissolution caused depolymerisation

forming a less polymerised structure SiQn (n = 2) and creating

the peak around 997 cm�1 (this is observed also in SEM photos

where fibres are present). At the same time, the initial non-

dissolved high polymerised structures SiQn (n = 3–4) were

resolved giving rise to the clear peak at 1091 cm�1.
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Fig. 10. Variation of setting time (27 8C) and compressive strength (at 27 8C and 60 8C) with reactivity of fly ash.
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3.5.2. Microstructural studies

Fig. 12 shows the XRD patterns of geopolymers derived

from raw and mechanically activated fly ash. For all the studied

samples, the intensity of quartz and mullite peaks was decreased

with milling time. This decrease is related to the higher reactivity
Table 3

Values of parameters A and B and correlation coefficient (R) for Eq. (1).

Property (P) A B R

Setting time 0.230 �4.542 �0.95

Compressive strength at 27 8C �0.409 14.305 0.99

Compressive strength at 60 8C �0.346 9.452 0.99

The unit d50 is mm.

[()TD$FIG]

Fig. 11. FTIR spectra of select geopolymer samples. The effect of milling time

is visible on Si–O(Al) stretching vibrations in SiO4 tetrahedra near between 980

and 1100 cm�1.
of fly ash which resulted into consumption of quartz and mullite

phase. In addition, low intensity diffraction peaks of phases such

as sodalite at 278, 428 and 468 and chabazite at 258, 338 and 368
were present as product of geopolymerisation [8].

Fig. 13(a–d) shows the microstructure of selected

geopolymer samples cured at 60 8C. In general, the compact-

ness of microstructure improved with duration of mechanical

activation which may be explained by the formation of greater

amount of alumino-silicate gel. In FA0 samples, partially

reacted cenosphere with presence of reaction product on the

[()TD$FIG]

Fig. 12. XRD patterns of geopolymers derived from raw and mechanically

activated fly ash.
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Fig. 13. (a) SEM of RFA showing partly reacted cenosphere. (b) SEM of FA30 geopolymer showing presence of radiating acicular structure. (c) SEM of FA60

showing long gel fibres. (d) SEM of FA90 showing compact structure and presence of tabular type of features with diffused boundary.
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surface were main feature (Fig. 13a). With mechanical

activation, the change in microstructure in terms of new

morphological features, reaction products and compactness

was distinctly evident. In general, following major morpho-

logical features were observed, partly reacted cenosphere

(Fig. 13a), acicular shaped grains radiating from one place
Table 4

Summary of microstructural features obtained using SEM-EDS.

Composition E

1 Partially reacted cenosphere with crust on surface S

S

2 Gel phase S

S

4 Long acicular crystal S

S

5 Fibrous structure S

S

(Fig. 13b) fibrous products (Fig. 13c), and tabular type

particles with no sharp geometric outline (Fig. 13d).

Presence of gel was common in all the samples. EDS study

of these morphological features was carried out and the

analysis results are summarised in Table 4. The reaction

product on the surface of cenosphere and gel product were
DS summary Remarks

i/Al = �1.3–1.8,

i/Na = �0.15–0.4

Alumino-silicate hydrate with Na in structure

i/Al = �2,

i/Na = �0.4–0.9

Alumino-silicate hydrate with Na in structure

i/Al = �2.5,

i/Na = �0.2–0.3

Corresponds to Na zeolite

i/Al = �2.2,

i/Na = �0.2–0.4

Corresponds to Na zeolite
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alumino-silicate hydrate gel with Na in structure. The change

in microstructural features such as lowering of peak intensity

of mullite and quartz, new morphological features, reaction

products and increased compactness was due to the enhanced

geopolymerisation reactions. Formation of acicular and

fibrous features with composition corresponding to zeolite

and presence of phases like sodalite and chabazite was due to

the partial conversion of geopolymer gel into zeolite [40,41].

The alteration in geopolymerisation reactions was due to

combined effect of particle size (increase in surface area) and

change in reactivity due to mechanical activation. The intrinsic

structure developed due to geopolymerisation at ambient and

elevated temperature resulted into improvement in physical

properties.

It is necessary to mention here that ambient temperature

geopolymerisation induced by mechanical activation may not

be a cheaper substitute of thermal treatment at 60 8C. But it may

prove a feasible alternative as providing thermal treatment (60–

100 8C for few hours) for geopolymerisation at construction

site is a difficult proposition.

4. Conclusions

The major conclusions of this study are:

1. Mechanical activation in eccentric vibratory mill increases

the reactivity of fly ash. The reactivity of fly ash varies with

median particle size and increases vary rapidly when the

particle size is reduced to less than 5–7 mm. As a result,

geopolymerisation at ambient temperature is possible.

2. The effect of mechanical activation on structural reorganisa-

tion is evident from FTIR spectrum corresponding to Si–O

stretching. The splitting of peak is associated with formation

of less polymerised structure at 997 cm�1 and non-dissolved

high polymerised structures at 1091 cm�1.

3. A high degree of correlation between the properties of

geopolymer (setting time and compressive strength) and

inverse of median size of fly ash is observed.

4. Combined effect of particle size (increase in surface area)

and change in reactivity due to mechanical activation altered

the geopolymerisation reaction. The improvement in

physical properties is related to the intrinsic structure

developed due to enhanced geopolymerisation.
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