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Abstract The focus of this paper is on the mechanical acti-
vation of aluminosilicate wastes, namely ground-granulated
blast furnace slag (GGBFS) and fly ash (FA). The subject
is of relevance to the development of improved blended
cements and geopolymers. The presence of large quantities
of amorphous phases in these materials makes them unique
and challenging from the point of view of characterisation.
Interesting findings, some of which were first-time discover-
ies, are reviewed with emphasis on the role of the milling
device (mill type, milling energy, and environment), charac-
terisation challenges, and the manifestation of mechanically
induced reactivity. The relative importance of mechanical
activation vis-a-vis reaction temperature is highlighted based
on calorimetric maps for the geopolymerisation of fly ash.

Keywords Ground-granulated blast furnace
slags - Fly ash - Mechanical activation - Hydration -
Geopolymerisation - Reactivity

1 Introduction

Mechanical activation (MA), the term coined by Adolf Sme-
kal [1], refers to the alteration in reactivity of a substance
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through physicochemical changes induced by high-energy
milling [2-6]. In the recent past, the applications of mecha-
nochemistry in the processing and development of novel
materials are expanding exponentially [2-9].

The book ‘Mechanical activation of minerals by grind-
ing pulverising and morphology of particles’ by Juhasz and
Opoczky (1991) covers extensively the early research on
silicates, including cement clinker and blast furnace slag
[10]. Initial studies on the mechanochemical activation of
cement date back to the late 1950s [10-12]. While the use
of granulated blast furnace slag started in 1865 in Germany
[13] and that of fly ash at the beginning of the twentieth
century [14], interest in the reactivity of these materials
arose around four decades back. The Hungarian research-
ers (1986) attributed improvements in the hydraulic activity
of ground-granulated blast furnace slag (GGBFS) to deep-
seated structural changes induced during milling [15]. In
controlled particle size distribution (CPSD) cement, finer
grinding of clinker was used to compensate for the relatively
slow reactivity of fly ash and granulated slag [16, 17]. Amer-
ican Concrete Institute (ACI) Special Publication (SP-114)
documented (in 1989), the influence of the fineness of fly
ashes on their hydraulic activity [18]. Mechanical activation
of aluminosilicate wastes is used to enhance their reactivity
and develop improved blended cement, that is, cement with
enhanced replacement of clinker by ground-granulated blast
furnace slag (GGBFS) or fly ash (FA), and geopolymers or
alkali-activated materials of very high strength. Developed
in the 1990s, ‘Energetically modified cement (EMC)’ [19]
and high-performance (HP) cement [20] are typical exam-
ples in which mechanically induced reactivity of alumino-
silicate wastes (e.g. glass, slag, fly ash, etc.) is commercially
exploited. Geopolymers with more than 100 MPa strength
have been developed using mechanically activated fly ash
[21].
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The research interest in the mechanical activation of alu-
minosilicate wastes has steadily increased in the last two
decades or so, due to the high potential to develop improved
cementitious materials. The gist of these efforts is summa-
rised in Supplementary Table 1. The studies having diverse
nature encompass a wide spectrum of aluminosilicate wastes
(fly ash of different types, ferrous and nonferrous slags, tail-
ings), additions (alkali-earth carbonates, lime/limestone),
devices (vibratory mills, attrition mills, planetary mills, ball
mills, etc.), milling environment (air, CO,, water, alcohol),
and reaction temperature. The majority of the research is
directed towards blended cements [S1-S26]' and geopoly-
mers/alkali-activated materials [S27-S65]. The research
(Supplementary Table 1) in general focuses on the utilisa-
tion of activated wastes and there is emphasis on structure
and properties of the developed materials. Limited attention
is given to the interrelationship between the milling-induced
structural changes in the solid and the milling variable. An
in-depth understanding of the mechanisms of mechani-
cal activation is often lacking. Mechanical activation is
also confused with fine grinding and its beneficial effect is
attributed to reduction in size or increased surface area alone
[S16-S19, S39, S49].

This paper is based on the research carried out at CSIR-
National Metallurgical Laboratory (CSIR-NML), under the
New Millennium Indian Technology Initiative (NMITLI)
project on improved blended cement using mechanical acti-
vation and beyond [22-37]. The focus is on the mechanical
activation of GGBFS and FA. The paper looks at some of
the interesting findings in retrospect. It is divided into three
parts. Firstly, a general introduction to mechanical activation
is given for clarity on the terminology and variables involved
[10, 38]. A broad description of GGBFS and FA follows
next. [llustrative examples in the third part highlight the role
of the milling variables and some open questions related
to the characterisation of the activated materials. Milling-
induced reactivity as manifested during the hydration of the
neat slag and geopolymerisation of fly ash forms the core
of the paper. This paper is apt for this festschrift honouring
Prof. P.C. Kapur who contributed significantly to cement
and fly ash research and mentored the NMITLI project as a
member of its national steering committee.

2 Mechanical Activation
The change in the energy of a dispersed system (AE) which

includes contributions from changes in lattice energy (AE,)
and surface energy (A(specific surface energy (e,) x surface

! The suffix S with reference number means that it refers to the list
given with supplementary Table 1.
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area (a,)) is related with grinding energy (grinding work
(WZ) x grinding efficiency (n,)) [10, 38]

AE = AE, — A(e,a,) =n W, 1)

Based on Eq. 1, three broad stages of grinding can be
identified [10]:

Stage—I: mechanical dispersion or coarse grinding,
where on grinding only the specific surface is altered with
no change in the structure of surface and bulk solid; Eq. 1
gets simplified to

AE = —e,Aa, = n W, (Rittinger’s equation) Q)

Stage—II: surface activation or fine grinding, both the
specific surface and the specific surface free energy change
but no structural change in bulk occur, that is

AE = —A(eyas) = n,W, (Smekal equation) (3)

Stage—III: mechanical/mechanochemical activation, may
involve alteration in the surface and bulk structure and the
general Eq. 1 holds.

As depicted in Fig. 1, the physicochemical changes
induced during grinding are mill and material specific [2-5,
10]. Depending on stress mechanisms (shear 4+ impact,
impact, and shear), a wide spectrum of milling devices are
available. The transfer of energy between media and material
has a pulsed character and is dependent on energy inten-
sity (e.g. media size, density, and motion), the contact area
between material and media (size and relative amount of
media and material), milling time, and milling environment.
Depending on the magnitude of the stress field created by
the absorbed energy and its relaxation pathways, the mate-
rial may experience heating, grinding (surface effects), and
mechanical activation (bulk effects) (Fig. 2). The reactivity
of the solid is influenced by changes in surface area and
surface state (adsorption, repeated welding of interfaces,
and fracture leading to dynamic creation of fresh surfaces),
stresses and defects induced in the solid structure, surface
microtopography, phase transformations, localised and
overall thermal effects, etc. [2-6, 8, 10, 39—43]. The milling
environment (air/gas, wet/dry, presence of surfactant) plays
an important role and alters the process of grinding and
mechanical activation [2, 4, 5, 10]. The role of a fluid phase
during mechanical activation is reviewed in recent papers
[2, 5]. It has been reported that transient hydrothermal con-
ditions may be created during milling [2]. The CO, atmos-
phere and the presence of alkali-earth carbonates during the
milling of silicates has been shown to promote mechanical
activation [S34, S50-S52].
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Fig.1 The process of milling and milling-induced physicochemical
changes in a solid material. The figure highlights the wide spectrum
of available milling devices based on the different milling mecha-
nisms (shear 4+impact, impact, and shear) and the milling conditions

3 Ground-Granulated Blast Furnace Slag and Fly
Ash

Ground-granulated blast furnace slag (GGBFS) and fly ash
(FA) are the by-products of iron-making in blast furnaces
and coal-fired thermal power plants, respectively. These
two aluminosilicate materials differ in terms of their chem-
istry and mineralogical makeup. The composition regimes
of fly ash and GGBFS are shown in the Si0,—-Al,0;—CaO
ternary diagram (Fig. 3) [44]. For comparison, the location
of cement clinker is also included in the diagram. The CaO
content of these materials follows the order: clinker > BF
slag > fly ash.

The major oxides such as SiO, (27-42 mass %), CaO
(30-50%), Al,05 (5-33%), and MgO (0-21%) constitute the
bulk of the BF slag [11, 31]. The glass content (amorphous
or vitreous phase) content of GGBFS may exceed 90%. A
GGBFS sample from one of the integrated steel plants in the
state of Chhattisgarh (India) was found to contain (in mass
%) 33.1 SiO,, 21.6 Al,0;, 0.87 Fe, 05, 33.0 CaO, and 8.85
MgO. The glass content of the slag was found to be 94% and
the only detectable crystalline phase was gehlenite (2CaO.
Al 0. Si0, or C,AS) [31].

Depending on the CaO content, as per ASTM C 618
[45], fly ash may be classified as Class F (low lime, < 5%
Ca0) and Class C (high lime, > 15% CaO) fly ash. Almost
all Indian fly ash comes under the category of Class F and
Si0,—Al,0,-Fe,0; content of the fly ash may exceed 90%.
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affecting the changes that include energy intensity, the contact area
between media and feed material, milling time (or the number of
hits), and milling environment (adapted from reference [4, 5, 39])

The glass content of Class F fly ash varies between 30 and
50%, and mullite (Al,Si,0y), quartz (SiO,), and magnetite
(Fe;0,) may be present as crystalline phases [46]. As an
illustration, the typical composition (in mass %) of fly ash
used in a cement plant in the state of Chhattisgarh (India) is
as follows: Si0,—60.5, Al,0;—28.2, Fe,0,—4.5, CaO—
1.7, MgO—0.47, Na,0—0.14, K,0—1.4, loss on ignition
(LOI)—1.6. The glass content, as determined by petro-
graphic analysis, has been found to be 43% [30, 33].

Due to high CaO content, the SiO, tetrahedral network
is completely broken (Q"= Q" in SiQ") in the glass present
in the ground-granulated blast furnace slag. The slag shows
latent hydraulic activity, that is, it exhibits cementitious
behaviour in the presence of water. In contrast, the network
is mostly intact in the case of Class F fly ash ((Q"=Q? and
Q% in SiQM) and it shows pozzolanic behaviour. It behaves
like cement after a reaction with alkaline oxides; for exam-
ple, with portlandite (Ca(OH),) formed during cement
hydration reactions, alkali activator used in geopolymer
synthesis, etc. [11, 46]. Usually, the amorphous substance
in GGBFS and coal fly ash is the active part and determines
the reactivity; a higher amount of glassy phase is associ-
ated with higher reactivity [11, 46, 47]. The presence of a
small proportion of crystalline material finely dispersed in
the glass is reported to improve grindability or reactivity or
both [11]. Different methods are used to improve reactiv-
ity of fly ash and GGBFS and these include: mechanical/
mechanochemical activation, microwave treatment, thermal
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Fig. 2 Stress field created during milling and its relaxation pathways (heating, grinding, and mechanical activation) (adapted from ref. [4, 5])

Fig. 3 Schematic representa-
tion of the chemical composi-
tion of blast furnace slag and
Class F fly ash in the ternary
Si0,-Al,05—CaO diagram.
Typical composition regimes
of Class C fly ash and cement
clinker are also included for
comparison (adapted from ref.

(41D
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activation, chemical activation, addition of a more reac-
tive component and reaction (hydration/curing) tempera-
ture [46, 47]. Various methods of reactivity determination
are reviewed [30, 46]. Isothermal conduction calorimetry
which measures rate of heat evolved (dg/dr) as a function of
reaction (slag hydration, fly ash geopolymerisation) time is
widely used to assess alteration in reactivity due to mechani-
cal activation [25, 27, 30, 31, 36, 37].

4 Peculiarities in Mechanical Activation

Peculiarities in the mechanical activation of ground-gran-
ulated blast furnace slag (GGBFS) and a Class F Indian
fly ash (FA) are illustrated here using three examples: (a)
hydration of attrition-milled and ball-milled GGBFS; (b)
geopolymerisation of raw, classified, attrition-milled, and
vibratory-milled fly ash; and (c) role of mechanical acti-
vation and temperature in geopolymerisation of fly ash.
The first example is used to demonstrate the role of milling
energy and the environment (presence of water) and how it
influences the hydration of neat slag. The second example
emphasises different mechanical processing treatments, the
significance of the amorphous phase, and fly ash reactivity
as manifested during the geopolymerisation reaction. Lastly,
the relative importance of the different forms of energy,
namely mechanical and thermal, is highlighted.

4.1 Attrition Milling vs. Ball Milling
of Ground-Granulated Blast Furnace Slag

Stressing models characterised by the ‘frequency’ of stress
events and the ‘stress energy’ acting at each event have
been found useful to explain size reduction and mechanical
activation behaviour in different mills with moving media
[39, 48-52]. Attrition mill and ball mill (refers to a conven-
tional ball mill all through) differ in terms of specific milling
energy (E) which is the product of stress intensity (SI) and
stress number (SN). SI is a measure of the kinetic energy
of the media and SN indicates the probability of collision
(frequency of stress events). Accordingly, E that determines
energy transfer in the mill can be represented by the follow-
ing simplified equations [50, 53].

E « SLSN @)

2\ 2
E (deva).<N<zﬁ> r> )
M

(where d,, and p,, are the diameter and density of the
media, ds is the median size of feed, N is mill rpm, and v,
is peripheral speed). The proportionality constant in Eq. 5

100 1
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Fig. 4 Comparison of milling behaviour of slag during ball milling
and attrition milling for the same initial feed size (Milling conditions:
Ball milling—2000 g slag, 25-30 mm steel media, ball to powder
ratio ~ 10, rpm 30-40 min~!, dry mode; Attrition milling—150 g slag,
2 mm steel media, ball to powder ratio~12, rpm 1000 min~!, wet
mode, solid to liquid ratio (v/v)~0.25)

depends on media filling volume (¢,,), media bed porosity
(¢), volume concentration (c,) of solid, etc. [50, 52].

Under typical attrition milling (PE75, Netzsch GmbH;
2 mm steel media, disc type agitator, rpm 1000) and labora-
tory ball milling (AIM441, AIMIL India, 25-30 mm steel
media, rpm 30-40) conditions, for the initial GGBFS feed
size of 100 pm, the ratio E,,,ionmiit/ Epatimin 18 > 107 (assum-
ing proportionality constant in Eq. 5 to be the same for the
two mills); means milling energy in the attrition mill is two
orders of magnitude higher than ball mill. The ds, vs mill-
ing time results for the attrition and ball milling of GGBFS
(Fig. 4) demonstrate the effect of milling energy (E) on
size reduction kinetics. The kinetics is not only faster in the
attrition mill but also a much lower size which does not
appear feasible in the ball mill even after very prolonged
milling can be achieved. Since attrition milling is carried
out in wet conditions, the presence of water may further
assist in size reduction [2, 10]. Further, it may be added that
for a wide spectrum of milling conditions (¢,,=0.3 — 0.5,
€=0.25 - 0.4, and ¢,=0.2 — 0.6), the proportionality
constant in Eq. 5 varies between~0.3 and 2.5 (out of 60
tried combinations, about 50% of calculated values were
in the range 1+0.3). The ratio of maximum and minimum
value of the proportionality constant, ~6 is much less than
E nritionmil/ Esanmin > 10, Therefore, attrition milling is
expected to be more efficient and the comparison trend
(Fig. 4) is expected to prevail.

The effect of milling devices goes much beyond size
reduction [31]. This is revealed by the isothermal conduction
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Fig. 5 Hydration of attrition-milled and ball-milled slag of similar
median size (ds)) as revealed by isothermal conduction calorimetry
[31]

calorimetric studies aimed to study hydration of milled
slag in water under identical condition (7 g slag in 21 ml
water, without any chemical additive). In spite of similar
size distribution and ds, values (ds,~ 12 pm), the attrition-
milled slag shows distinctly different heat release responses

Fig. 6 Hydration products of
mechanically activated blast
furnace slag attrition milled for
3, 10, 15, and 30 min. Hydra-
tion was carried out for 28 days
in polyvinyl chloride (PVC)
bottles. The products corre-
spond to same (100 g) of the
milled slag. SEM micrographs
(inserts) were recorded from
broken pieces of the hydration
products. Unreacted/partially
reacted angular particles can
be seen for the 3 min sample.
Completely hydrated particles
which appear as gel are visible
for the 30 min sample

@ Springer

vis-a-vis ball-milled slag (Fig. 5); the higher heat release
for the attrition-milled slag indicates its higher reactivity.
The slag hydration increases with an increase in attrition
milling time and the 30 min slag hydrates completely after
28 days (Fig. 6). This was an accidental finding and quite
contrary to the literature [11, 31, 54], where it has been
reported that if GGBFS is placed in water alone, it dissolves
to a small extent and a protective film is quickly formed
which inhibits further hydration even for years. Complete
hydration of attrition-milled GGBFS (reconfirmed recently
[55, 56]) lead to the fundamental question, what is so dif-
ferent in attrition milling—milling energy, the presence of
water, or both? Earlier, Song and Jennings [57] investigated
the hydration of GGBFS in deionized water during wet ball
milling for 28 days. Milling did improve the hydration but
hydration stopped after 14 days and only a partial (~ 15%)
hydration was obtained. In a more recent study, Singla et al.
[58] reported that GGBES of dsq~5 pm (less than attrition-
milled GGBFS, Fig. 5) obtained after dry vibratory milling
(also a high-energy mill) did not hydrate in neat condition,
thus signifying the role of water. It appears that the complete
hydration of the attrition-milled GGBFS is favoured by the
combined effect of milling energy and the presence of water.

The hydration product of attrition-milled slag has been
found to be distinctly different from the ball-milled GGBFS
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(Fig. 7a and b). It is more crystalline and its crystallinity
increases with increased milling time [31, 57]. Interestingly,
the hydration product of attrition-milled slag shows the

presence of a-C,SH which forms only under hydrothermal
conditions [59]. The presence of hydrotalcite (MgzAl,(CO5)
(OH),-4H,0) is reported in the hydration product of
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ball-milled slag [57] and in the hydrated cement paste with
vibratory-milled slag [58]. Conflicting reports are available
on its occurrence in the hydration product of neat attrition-
milled slag [31, 56]. Hydrotalcite is not present in freshly
prepared cement paste and its presence is possibly related to
the environment in which hydration is done (closed bottles
[31] or normal ambient atmosphere [56]) and ageing time
[60]. When ageing is done in open atmosphere, occurrence
of calcite and aragonite are also observed indicating severe
carbonation [56]. It is not clear if milling energy has a role to
play as milling is carried out under milder condition (zirco-
nia ball, density ~5.6 g/cmS, size -10 mm, 8 mm, 5 mm and
3 mm media in the ratio=1:3:6:2, 400 rpm) [56] compared
to other study (steel ball, density—7.8 g/cm?®, size—2 mm,
rpm—100) [31] (see Eqgs. 4 and 5 for the significance of
these variables in the context of milling energy).

The structural changes induced in GGBFS during attri-
tion milling are not well understood to date. Since the slag
is mostly glassy in character, X-ray powder diffraction does
not provide an answer [31]. The zeta potential of the slag
is altered during milling and points towards surface activa-
tion [31]. Preliminary experiments by the author indicates
enhanced dissolution of slag after attrition milling. In the
literature, it has been reported that the slags with nano-dis-
persion of crystalline phases show higher reactivity [11]. In
metallic glasses, stress-induced localised perturbations in
the structure are observed [61-63]. No such study is avail-
able on GGBFS and is required to find an answer.

4.2 The Distinction Between the Effect of Size
and Mechanical Activation

Geopolymers, aluminosilicate polymers with general for-
mula M, [-(Si-0,),-Al-0],.wH,O (where M is an alkaline
element, z is 1, 2, or 3, and n is the degree of polymeri-
sation), have steadily developed as a new class of green
building material due to their versatile properties and low
environmental impact [14, 30]. The utilisation of fly ash as
an alternative aluminosilicate raw material is of interest to
the development of greener geopolymers. Various methods
of fly ash activation (mechanical, chemical, thermal, etc.)
are available to tailor geopolymer properties [30, 46, 64]
(also S27-S60]. The focus here is on mechanical process-
ing which include high speed air classification (CFA) and
mechanical activation using attrition milling (AMFA) and

@ Springer

Fig. 8 Calorimetric response in terms of rate of heat evolved (dg/
dr) with geopolymerisation time for raw fly ash (RFA), air-classi-
fied (3000 rpm) fly ash (CFA), attrition-milled fly ash (AMFA),
and vibratory-milled fly ash (VMFA) (the insert shows morphology
(SEM micrographs) and median size (ds) (adapted from ref. [35])

yl Q
——RFA
809 M ——— CFA 3000 rpm
| CFA 11000 rpm
‘ ——— AMFA
60 w - VMFA
>
3= “
% .}\ H'WWJMJ
20 T
0 T

Fig. 9 Powder X-ray diffraction (XRD) patterns of raw fly ash
(RFA), air-classified fly ash (CFA), attrition-milled fly ash (AMFA),
and vibratory-milled fly ash (VMFA) used for isothermal calorimetry
(Fig. 8) (Q—a-quartz (SiO,), M—mullite (3A1,0525i0, or 2Al,0;
Si0O,) [35]
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eccentric vibratory milling (VMFA) [23, 35, 37]. Classifica-
tion separates fly ash particles which cool faster during coal
combustion and have higher glass phase content. The raw
fly ash used to generate mechanically processed samples is
used as a reference. The median size (ds;) of RFA, CFA,
AMFA, and VMFA was 35, 2.8, 4.3, and 5 pm, respectively.

To illustrate the effect of mechanical processing, Fig. 8
shows the calorimetric response (rate of heat evolved vs.
geopolymerisation time) of the fly ash samples during geo-
polymerisation at 60 °C. In terms of fly ash reactivity (maxi-
mum rate of heat evolution, (dg/dr),,,,) and median size,
the fly ash samples can be arranged as VMFA (5) > AMFA
(4.3)> CFA (2.8) > RFA (36) (the number in parentheses
indicate particle size). This reactivity sequence is preserved
in geopolymers prepared with mixture of RFA and mechani-
cally processed fly ash [35]. The reactivity, CFA > RFA, is
quite understandable and may be attributed to the smaller
particle size and higher glass content of CFA. In spite of
the higher particle size, the higher reactivity of AMFA and
VMFA over CFA is intriguing. Based on characterisation by
XRD, FTIR, and XPS, a possible explanation has been pre-
sented in terms of the alternation in the nature of the glass
phase [27, 35, 37, 65-67]. In the XRD patterns (Fig. 9) [35],
the change is manifested by a reduction in the background
attributed to the glass phase in AMFA and VMFA vis-a-vis
RFA (as expected, the background increases in CFA due to
its higher glass content). To this date, the origin of higher
reactivity VMFA vis-a-vis AMFA which is manifested in
the development of very high-strength geopolymers remains
elusive and calls for more systematic in-depth characterisa-
tion studies. Possibly, there are lessons to be learned from
the studies on metallic glasses where stress-induced crystal-
lisation and segregation are reported [61, 63, 68]. Stress and
thermally activated crystallisation of mullite is indicated [27,
35, 65]. Additionally, it may be noted that finely dispersed
mullite and quartz (produced by milling or through localised
crystallisation) may act as nucleation site for geopolymer gel
and favour its formation [30].

4.3 Role of Mechanical Activation vis-a-vis
Temperature in Geopolymerisation of Fly Ash

In recent times, there have been attempts to combine
mechanical activation with temperature and it is observed
that reaction path and activation energy can be altered in
solid—solid mechanochemical reactions [69-71] and for the
reactions involving the activated solids [72-75]. In general,

individually, both mechanical activation and reaction tem-
perature enhances the rate of reactions. However, their rela-
tive efficacy is open to debate when used simultaneously.
For example, during the hydrothermal leaching of wolfram-
ite, the efficacy of mechanical activation increases with the
leaching temperature [76]. In contrast, for bauxite and alu-
minium hydroxide leaching in alkali, mechanical activation
is found to be more effective at a lower temperature [74, 77].

The beneficial effect of an increase in curing tempera-
ture (27 to 60 °C) on the compressive strength of vibratory-
milled fly ash-based geopolymer is reported [37]. The com-
bined effects of mechanical activation and temperature on
the dissolution process of a Class F fly ash were investigated
by Cristelo et al. [65]. Increasing dissolution temperature
proved to be very effective in terms of bulk mass dissolved,
with higher dissolution values after 16 h, at 80 °C, than after
90 days, at 20 °C. This indicates that the increased cost of
higher curing temperatures is mitigated by the significantly
shorter curing periods [65]. Relative efficacy of mechani-
cal activation vis-a-vis geopolymerisation temperature was
investigated by Kumar et al. [30] using reactivity maps and
the highlights of the analysis and significance are presented
here.

For the purpose of analysis, geopolymerisation of Class
F fly ash samples obtained after vibratory milling for seven
different durations (fy;, =0, 5, 15, 30, 60, 90, 120 min) was
investigated at seven reaction temperatures (7gp=27, 32,
37,42, 47, 53, 60 °C) using isothermal conduction calo-
rimetry. The response was monitored for 24 h and reactivity
map, tagged in terms of f;, and T;p, was created for the
reaction heat evolved (Q) or fraction of fly ash reacted (a)
with geopolymerisation time (f) (Fig. 10). At any specific
geopolymerisation time, the value of fraction reacted (a)
increases with both #;, and T5p. The same value of o can
be obtained for different combinations of #;, and Tp as evi-
dent from the iso-conversion map (Fig. 11) in which the time
required (z,) for the maximum achievable values a without
activation is plotted (i.e. for =0.076, 0.093, 0.207, 0.334,
0.505, 0.640, and 0.795). The iso-conversion map in Fig. 11
is quite revealing as it gives an idea of the time required to
achieve the same values of o under different combinations
of tyx and Tp.

In order to assess the relative importance of #y, and
Tp, a detailed analysis was undertaken. The efficacy was
assessed using the following empirical parameters (z and
R) defined for fraction reacted (a) at t=24 h for each of
(tma>Tgp) conditions:
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Fig. 10 Map showing heat evolved (Q) and fraction reacted () with geopolymerisation time for different mechanical activation time (#y;,) and
geopolymerisation temperature (7p). The plots are tagged as (fy4.7gp) [30]

1440 (Fig. 12). Further, the sensitivity of # on T(5p decreases with

nm= (a([MA’TGP) = X0.1p) <t_> (6)  an increase in fy,.
VA The parameter R signifies the relative importance of #y,
vis-a’-vis Tp (taking 27 °C as a reference). The variation
R= Ftyia Top) ~ H0.Tcp) 7 of R with Tgp (Fig. 13) can be used to delineate the regime
A Top) ~ Xty 27) of the dominance of #y;, (R > 1) and Tp R < 1 (Figs. 13
and 14). It is evident from the figures that mostly R > 1val-
n indicates a normalised change in fraction reacted (after  ues are observed below 47 °C for a milling time 15 min or
t=24 h) due to mechanical activation at a specific geopol-  more. The highest value of R (3.0-3.5) is achieved at 32 °C.
ymerisation temperature. The normalisation is done with  The highest values of R do not yield the highest values of
respect to mechanical activation time (fy,), and the factor ~ « and a judicious selection of mechanical activation time
1440 (the minute equivalent of 24 h) is introduced to make  and geopolymerisation temperature is required to achieve
the parameter dimensionless. Interestingly, the variation of  desired value of a. If geopolymer structure and properties
n with Tgp shows a maximum between 37 and 42 °C; with  values are superimposed on the maps (Figs. 10 and 14) it

increasing #y;,, the maximum shifts towards lower value
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Fig. 14 Superimposition of relative efficacy parameter R on the
heat evolved (Q) and fraction reacted (a) map for different mechani-
cal activation times (#y;,) and geopolymerisation temperatures (7gp).

can help towards tailoring the geopolymer properties based
on calorimetric data.

5 Concluding Remarks

Illustrative examples from mechanical activation of GGBFS
and FA are presented to elucidate the role of the milling
device, energy, and mill environment. Even though the ben-
eficial effect of mechanical activation on the properties of
blended cement and geopolymers is well known, the under-
standing of linkages in the tetrahedron, milling—structural
changes—reactivity—product properties is generally lack-
ing. The pointers on mechanically induced physicochemi-
cal changes in the predominantly amorphous phases require
further probing. Characterisation techniques (XRD and
FTIR) are inadequate and needs to be clubbed with other
microscopic (TEM, AFM) and spectroscopic studies which
can probe the local structure at nano and atomic scale. In

@ Springer

Different shades of yellow, white, and brown are used to delineate
regions with R =< 1,~ 1,and > 1, respectively

this context, research on deformation in metallic glasses is
noteworthy and needs consideration. The findings reported
in this paper on coupling mechanical activation with reac-
tion temperature are preliminary and in-line with the current
trends whereby mechanical activation is used together with
other forms of energies (light, acoustic, etc.). The concept
of calorimetric maps developed for geopolymerisation may
have general applicability in materials synthesis, espe-
cially if the maps can be superimposed with structure and
properties.
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