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a b s t r a c t

The influences of mechanically activated fly ash on the microstructure and thermal

behaviour of atmospheric-cured concrete panels have been evaluated. For this purpose,

comparative analyses of concretes prepared with and without addition of raw and milled

fly ashes were performed. The raw fly ash was activated with an attrition mill for 1 h.

Cylindrical concrete specimens with and without 20% fly ash substitution and large con-

crete panels with the same compositions were prepared. Mechanical properties of the

concrete specimens were measured after 3, 7, 28 days, 2 and 4 months. After preparation

the cylindrical specimens were cured in water while the concrete panels were kept in an

open atmosphere outside the building for 1 year.

The 28-day compressive strengths of the non-fly ash added cylindrical concrete spec-

imen was 61.1 MPa, raw and mechanically activated fly ash added specimens were 54.4 and

64.7 MPa, respectively. Microstructural and thermal studies of the concrete panel were

performed in the core drilled specimens after 1 year curing. The compressive strength of

the core drilled specimens was 26.6, 25.4 and 35.9 MPa for the non-fly ash added, raw and

mechanically activated fly ash added concrete panels.

A beneficial pozzolanic reaction and improved mechanical properties of the milled fly

ash-substituted concrete cured under harsh weather conditions were observed and

determined by differential thermal analysis-thermogravimetry and mercury intrusion

porosimetry. Improved mechanical properties of the milled fly ash added panel indicates

its potential applicability in industrial practice due to the simplicity of the process.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Concrete is one of the most commonly used building mate-

rials in human history. Concrete can be considered a
temuujin.mgl@gmail.com

by Elsevier B.V. This is
).
hardened binder-phase mixture with fine and coarse-grained

aggregates. The binder phase is generally composed of ordi-

nary Portland cement (OPC) hardened by hydration. Although

the history of the OPC started in the 1820s [1], the real OPC that
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used rotary kiln with the controlled quality began after the

1900s. After that, the OPC is themain binder constituent in the

concrete industry, with a production rate of 10 million tonnes

in 1900 to 1500 million tonnes in 2000 [2]. Many different ad-

ditives, including fly ash, have been shown to improve cement

or concrete properties. Use of fly ash started in the 1930s, and

very substantial research has been performed since then [3].

Fly ash can be used as an additive in OPC or concrete pro-

duction. When fly ash is used for the OPC clinker as an addi-

tive, it is called CEM II type or Portland-fly ash cement [4]. Use

of fly ash in the concrete shows positive influences such as

low heat of hydration, high durability, high strength, and

improved workability related to the extent of replacement

[5,6]. With the addition of fly ash, the water content could be

reduced, which results in a high packaging density and high

strength [7].

The fly ash was used as a pozzolanic additive, and the

calcium content of the fly ash also showed influences on the

concrete composition and processing [8,9]. In fact, there are

many thousands of research papers, including review papers,

in recent years [10e13].

The property of fly ash as a pozzolanic additive depends on

its chemical and mineralogical composition. The pozzolanic

reaction is usually described as a secondary formation of the

calcium-silicate hydrate (CeSeH) phase according to the

reaction:

Ca(OH)2 þ Si(OH)4/ CaH2SiO4$2H2O (CeSeH) (1)

Certainly, in this reaction, fineness and breakdown of the

glass structure of fly ash are essential factors to consider.

Fineness and increased amorphization of the fly ashes can be

reached by mechanical activation. Previous research by

Kumar et al. [14,15] and by Temuujin et al. [7] indicates

amorphization and improved reactivity of the fly ash with

mechanical activation resulting in a better geopolymerization

reaction by alkali activation. Bicer [16] and Han et al. [17] have

noted that fly ashes with a fine particle size easily interacts

with the alkaline liquid during the geopolymeric reaction, but

also with the cement hydration products by pozzolanic reac-

tion to form high strength cement and concrete products.

Kumar et al. [15] observed that mechanical activation of fly

ash results in a significant increase in the early strength of

cement as compared to commercial cement from one of the

benchmarked cement plants. It was found that 50e60% me-

chanically activated fly ash can be used as a replacement for

clinker with strength higher than, or comparable to, com-

mercial cement. Based on hydration energy measurements, it

was suggested that hydration of C3S and C3A is a crucial factor

for increased strength development, though they used me-

chanically activated fly ash but not activated cement clinker.

Strength development could be correlated with the micro-

structure of concrete and the content of the cementitious

CeSeH phase. At the same time, CeSeH phase formation will

depend on the rate of the pozzolanic reaction between the

cement phase and fly ash. Since the pozzolanic reaction oc-

curs slowly, the strength development in the ambient tem-

perature cured specimens could show a relation between
microstructure and cementitious phase in the fly ash added or

raw concrete samples.

An improved reactivity with alkaline solution was reported

for attrition and vibration milled fly ashes [18]. It was sug-

gested that the attrition mill is a more suitable device for fly

ash activation than the vibrating mill. With time, the

compressive strength change resembles those obtained with

OPC, ground and raw fly ash added mortar [19]. This was

explained by a beneficial pozzolanic reaction in the ground fly

ash added mortar. Blanco et al. [20] studied the influence of

wet-milled and chemically leached fly ashes on the micro-

structure of cement mortars. They noted the mortar prepared

with the addition of 10 and 20% of mechanically and chemi-

cally activated fly ashes had a higher strength after 7 days of

curing and longer.

The reduction of the fly ash particle sizes can be achieved

by either mechanical grinding or sieving. The former requires

energy input but can be used on all of the fly ash and may

induce mechanical activation, the latter only uses the finer fly

ash resulting in a coarse residue.

It is important to note that the previous research used a

standard curing procedure for the mortar preparation, i.e.,

initial curing in the curing chamber followed by submerging in

water [19,20]. Such a traditional curing method allows pro-

duction of specimens without any influence of dehydration or

surrounding temperature fluctuations. In commercial prac-

tice, concrete panels are usually prepared on a construction

site under uncontrolled ambient conditions. At this time,

there are insufficient reports on the microstructure and

related thermal reactions of fly ash concrete cured under at-

mospheric conditions with high temperature fluctuation over

time. Therefore, the microstructural study of concretes pre-

pared with and without the addition of mechanically acti-

vated fly ash and cured under ambient conditions allows the

gathering of information necessary for strength prediction of

the building and road concrete panels.

The aim of the present research is to evaluate the rela-

tionship between microstructure and the thermal reaction of

the concrete cured under comparatively extreme atmospheric

conditions for 1 year. It extends knowledge of the pozzolanic

reaction mechanism between the milled or non-milled fly

ashes and OPC under atmospheric conditions. Further, the

methodology may be used for choosing an optimal milling

condition.
2. Experimental procedures

Fly ash from the 4th Thermal Power Station of Ulaanbaatar

was used. Fly ash was used as received and after activation

with an attrition mill. From previous research the energy ef-

ficiency of attrition mill expressed by grinding energy was

much higher than the vibration mill. Therefore, for the pre-

sent researchwas used fly ashmilled by the attritionmill. The

activation of the fly ash is described elsewhere [18]. With

attritionmilling the average particle size was reduced from 29

to z6 mm and density was increased from 2.44 to 2.84 g/cm3.

The attrition mill shows particle size reduction effect without
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Table 1 e Mix proportions of the concrete.

Concrete, without
fly ash addition

Concrete with 20%
fly ash substituted

Concrete with 20% activated fly ash substituted

Cement (MAK350)‘a, kg 567 453.5 453.5

Coarse aggregate, kg 1082 1082 1082

Natural sand, kg 1125 1125 1125

Fine sand, kg 615 615 615

Water, kg 247 229.1 229.1

Superplastisizer, kg 5.67 5.67 5.67

Fly ash, kg e 113.4 113.4

a MAK350 means OPC produced by MAK LLC. for production of concrete with approx. 32 MPa compressive strength.
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heavily distortion of the microstructure, i.e. minimal me-

chanical activation. The main difference due to attrition

milling is a reduction in the particle size resulting in the high

surface area.

2.1. Preparation of concrete

Concrete panels and specimens were prepared using the fa-

cility at the Premium Concrete LLC. in Ulaanbaatar. A total of

4.5 m3 of concrete mixture were prepared using industrial

equipment. From this mixture, concrete panels of 2400 �
1800 � 30 cm and cylinder specimens of 20 � 10 cm (height x

diameter) were prepared. The mixing proportions of the pre-

pared concrete samples are shown in Table 1 and follow the

standard formula used in the concrete industry. Specimens

and concrete panels were covered by a plastic sheet left in

place for 1 day. After 1 day the cylindrical specimens were de-

moulded and kept in a water bath at 22 �C until testing (3, 7, 28

days, 2 and 4 months). The concrete panels were left in the air

for 1 year. After 1 year specimens were taken by core drilling.

Slurry properties of the prepared concrete mixtures are

shown in Table 2.

In the fresh slurry the fly ash addition results in a reduction

in the air content and cone slump which are indicators of a

denser microstructure. After 1 year of ambient temperature

curing, neither damage nor cracks were observed on the

panels.

2.2. Characterization

Chemical composition of the collected fly ash was measured

by X-ray fluorescence (XRF) using the tetraborate fusion

method. X-ray diffraction (XRD) pattern was measured by
Table 2 e Prepared concrete slurry properties.

No Properties

Without fly ash addition 20% r

1 Cement MAK M350

2 Cone Slump, ММ 240

3 Air Content, % 4.2

3 Surrounding

temperature, 0С

28

4 Concrete

temperature, 0С

23.6
using Bruker D4 diffractometer with CuKa radiation between

5� and 80� 2Q. Amorphous content of the concretes was

determined semi quantitively by subtracting of the integrated

area of crystalline compounds from the integrated area of the

XRD of the sample.

The compressive strength of the cylindrical concrete

samples was measured in a compressive testing machine

Humboldt HCM-40000, Humboldt Mfg. Co. Specimens were

tested in triplicate for compressive strength after 3, 7, 28 days,

2 and 4months, respectively, the average valuewas applied as

compressive strength value. The cylinder-shaped core drilled

specimenswere cut to have flat surface and had size of 20� 10

cm. For compressive strength data were used average value of

2 specimens. The number of the specimens tested were not

sufficient to make a statistically significant conclusion on the

concrete panel's strength. There are many variabilities to

show influences on the compressive strength. However, the 2

measurements were less than 20% apart, which is assumed to

be significant as average value. Therefore, the strength of the

concrete should be considered as the trend rather than true

value.

Thermogravimetric (TG) and differential thermal analysis

(DTA) measurements were carried out on the core drilled

specimens left after the compressive testing. The measure-

mentswere performedusing alumina crucible between 25 and

1000 �C with Seteram Setsys Evolution 1650, technical air with

flow 20 ml/min and at 10 �C/min heatingecooling rate. After

cooling the powders were analysed by IR.

The IR absorption spectra were analysed by Fourier trans-

form infrared (FTIR) spectroscopy. The FTIR absorption

spectra were measured in a Bruker, Vertex 80v spectrometer

by KBr suspended disc method with 0.6mg sample per 200mg

KBr. Spectra are shown in absorbance units (-lg (I/I0)).
Values

aw fly ash substituted 20% activated fly ash substituted

MAK M350 MAK M350

230 220

3.0 2.5

28 28

24 23.2
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Table 3 e Chemical composition of fly ash and OPC, M350 (wt.%).

SiO2 Al2O3 Na2O Fe2O3 K2O CaO MgO SO3 TiO2 LOI

Fly ash 47.82 14.87 0.24 11.90 0.91 16.03 3.16 1.31 0.72 1.33

OPC, M350 20.73 5.85 0.21 2.79 0.39 60.99 2.21 2.47 e 2.93
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For microstructural observation, small broken pieces from

the mechanical testing were selected. Samples for scanning

electron microscopy (SEM) observation were gold coated and

observed using a JEOL JSM-6390 A SEM with an acceleration

voltage of 30.0 kV. Transmission electron microscope (TEM)

was carried out with a Technai electron microscope (Philips)

on the powdered specimens.

Chemical composition of the used raw materials is shown

in Table 3. For the OPCwas used the cement produced byMAK

LLC. Mongolia for concrete M350 type.

The chemical composition of the fly ash indicates rela-

tively high content of sulfate and calcium oxide. According to

ASTM C618 standard [21] the present fly ash belongs to class C

high calcium fly ash. The fly ash should have both pozzolanic

and self-cementing properties.
Fig. 1 e Change of compressive strength of concrete

specimens with time.
3. Results and discussion

3.1. Mechanical behaviour

Cylindrical specimens were kept immersed in water and after

the required time were removed from the water and their

compressive strengths measured. The core drilled samples

were taken from the panels after exposure to normal outside

Ulaanbaatar conditions. The official daytime temperature

data for November 2017 to February 2018, the coldest months

in Ulaanbaatar, averaged from �15 to �26 �C [22]. Obviously,

the concrete panels cured in atmospheric condition panels

had been subject to various atmospheric conditions including

air temperature fluctuation, rain and snow. Therefore, in

order to determine true compressive strength at the early

stages cylindrical samples cured in water was used.

The compressive strength development of the water-aged

samples is shown in Fig. 1.

It is observed that the compressive strength data of the

cylindrical specimens aged in water show similar gradual in-

crease with increasing aging time.

The concrete sample containing activated fly ash shows

significant larger value at 28, 60, 120 days compared to the

non-fly ash containing concretes. In other words, addition of

mechanically activated fly ash enhances compressive

strength of the concrete substantially. However, raw fly ash

added specimens have a lower compressive strength than

non-fly ash added specimens. Because of the pozzolanic re-

action the compressive strength of the raw fly ash added

concrete gets closer to the non-fly ash added specimen. From

Fig. 1 the 3-day compressive strength of the non-fly ash added

cylindrical specimens was 25.7 MPa, while it reduced to

19.7 MPa in the 20% fly ash substituted specimen and milled

fly ash substituted specimen showed 23.1 MPa. However, the

28-day compressive strength of the non-fly ash added con-

crete specimen increased to 61.1 MPa, the raw fly ash added
specimen was 54.4 MPa and mechanically activated fly ash

added specimen was 64.7 MPa. One can be seen that after 3

days the compressive strength of the material containing

milled fly ash is approximately similar to the non-fly ash

added concrete. The compressive strength of the material

containing mechanically milled fly ash is higher after 28 days.

Therefore, it is suggested that during the initial curing time, in

the milled fly ash containing specimen, the accelerated

pozzolanic reaction due to the reduction of the particle size

and amorphization of the fly ash is responsible for the high

compressive strength.

Compressive strength of the OPC concrete depends on gel

structure and porosity. Gel structure is generally formed by

hydration reaction of the OPC. Core drilled specimens taken

from the ambient temperature cured outdoor concrete plates

showed weaker compressive strength than the in water aged

specimens. The compressive strength of the core drilled

specimens was 26.6, 25.4 and 35.9 MPa for the non-fly ash

added, raw fly ash added and activated fly ash added samples,

respectively. Weak compressive strength of the ambient

temperature cured concretes may be caused by slower hy-

dration reaction rate and also possibly by stress initiated by

core drilling process.

In the fly ash containing specimen were expected two

types of reaction effects:

- The “ball bearing effect” where the spherical morphology

of the fly ash results in a high packaging density in the

concrete and good mechanical properties.

- Accelerated pozzolanic reaction of the mechanically-

activated fly ash.

https://doi.org/10.1016/j.jmrt.2022.07.171
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Fig. 2 e MIP measurements results for the concrete specimens, Cumulative intrusion (A) and Log differential intrusion.
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Mechanical activation generally destroys spherical

morphology of the fly ashes and reduces the “ball bearing ef-

fect”. On the other hand, amorphization of the fly ash should

result in a favorable pozzolanic reaction. Hydration of the

belite and alite phases of OPC releases both the CeSeH phase

and also calcium hydroxide, Ca(OH)2 according to:

2(2CaO$SiO2) þ 4H2O / 3CaO$2SiO2$3H2O

(CeSeH) þ Ca(OH)2 (2)

2(3CaO,SiO2) þ 6H2O /3CaO$2SiO2$3H2O þ 3Ca(OH)2 (3)

Mechanically treated fly ash should show amore favorable

pozzolanic reaction thanuntreated fly ash expressed by Eq. (1).

Pozzolanic reactions with fly ashes occurs over a longer

time span and can be started after more than 28 days when

using low calcium fly ash [23].

3.2. Microstructural analysis

Fig. 2 shows mercury intrusion porosimetry (MIP) measure-

ments results for the concrete specimens, Cumulative intru-

sion (A) and Log differential intrusion. Activated fly ash

containing concrete shows fewer pores with larger diameter

as shown by the cumulative intrusion and integral pore dis-

tribution curves (Fig. 2).

Another factor, that is usually associated with the

compressive strength of the concrete is its microstructure

development. The microstructure of the concrete can be

evaluated by porosity measurements. Table 4 shows porous

properties of the concrete specimens.

There is a pore nomenclature by IUPAC which shows

presence of micropores less than 2 nm, mesopores in size of

between 2 and 50 nm and macropores over 50 nm [24]. But it

differs to those described by Kumar and Bhattacharjee [25] as
Table 4 e Porous properties of the concrete specimens.

Specimens

Porosity, % Average pore diam

Non-fly ash added concrete 9.40 25.3

Raw fly ash added concrete 9.55 18.3

Activated fly ash added concrete 9.04 16.1
gel pores with size of 0.5e10 nm, capillary mesopores with

average radius of 5e5000 nm and Mehta and Monteiro [26]

who suggested that interparticle space within CeSeH phase

will have sizes of 1e3 nm and capillary voids from 10 to 50 nm.

It should be noted that there is no standard pore nomencla-

ture for cement based materials.

Kumar and Bhattacharjee [25] studied the relation between

porosity and compressive strength of concrete. It was sug-

gested that the main effect on compressive strength shows

when the capillary mesopores pores and macropores have a

radius of over 5e5000 nm. Chen et al. [27] measured strength

of the cement mortar and observed its decrease with

increasing porosity.

Previous research mostly agrees and indicated that the

mechanical properties of the concrete at the various stages of

curing and application depend on its porous structure and

their changes [28].

The present research indicated that there is little differ-

ence in pore sizes between the raw fly ash added and non fly

ash added concretes. They have the main pore size distribu-

tion at 0.04, 0.007 and 0.009 mmsizes. Moreover, the number of

pores increases with raw fly ash addition. However, activated

fly ash added concrete showed a decrease in the pore size

distribution to 0.02 mm and increase in pores with size of

0.007 mm. These pores are within the range of gel pores or

CeSeH phase related pores.

Zhao et al. [29] suggested that the compressive strength of

the cement mortar depends on porosity, mean diameter, and

hydration degree. Liu et all [30]. observed a decrease in larger

pores with addition of up to 30% of fly ash as cement substi-

tute and the pores becoming less interconnected. These were

attributed by filling of the pores by fine fly ash particles and

formation of a CeSeH type phase by secondary hydration. In

other words, the pore size reduction behaviour can be

explained by filling the pores with the finer fly ash particles
Properties

eter, nm Total pore area, m2/g Intrusion volume, mL/g

8.19 0.0518

11.34 0.0519

12.06 0.0484
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Fig. 3 e SEM micrographs of the non-fly ash (A, B), raw fly ash (C, D) and activated fly ash (E, F) added concrete specimens.
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and generation of the CeSeH type phases within the pores by

active pozzolanic reaction between the fly ash and portlandite

[28].

Dissolution of the glassy fly ash particles by pozzolanic

reaction was considered to be the main reason for the sec-

ondary hydration with the appearance of a low connectivity

pore system. Dissolution of the glassy phase in the fly ash

occurs more in the milled fly ash containing system, thus

there is a more extensive pozzolanic reaction. It is possibly

that the finer particle size and reactive surfaces of the milled

fly ash is the main reason for the accelerated pozzolanic

reaction.

The porosity measurements of the present research cor-

relates well with the compressive strength results and is

consistent with the research of Liu et al. [30]. A decrease in the

0.04 to 0.02 mm pores and an increase in the 0.007 mm pores

resulted in denser microstructure combined by CeSeH type

gel was the main reason of improved compressive strength of

the activated fly ash added concrete. Approximate amorphous

content of the specimens measured by XRD (not shown) for

non-fly ash added concrete was 23%, raw fly ash added con-

crete 15% and activated fly ash added specimen was 25%.
Amorphous content could also be correlated with the CeSeH

type gel but not with any CeSeH type crystalline phases [26].

In other words, activated fly ash added to concrete contains

more gel structure.

Feng et al. [19] also observed that for ground fly ash added

mortar the number of <20 nm pores increases while pores

>20 nm decreases resulting in a denser microstructure. Since,

the secondary pozzolanic reaction occurs continuously during

the application, the improvement of the mechanical proper-

ties can be occurred continuously at late age of curing.

The microstructure of the samples as evaluated by SEM

images supports the porosity measurements (Fig. 3).

Non-fly ash added or activated fly ash added concretes

contain needle-like phases which could be either ettringite

(Ca6Al2(SO4)3(OH)12,26H2O) (although this was not identified

during XRD) or CeSeH (CaOeSiO2eH2O) phase. In the SEM of

non-milled fly ash added specimen outer surface of fly ash

sphere was leached out and inner surface seems to have been

less affected. It may be that the fly ash spheres their surfaces

affected by portlandite, one of the reaction products of the

cement type reaction beside the CeSeH phase. In the milled

fly ash containing concrete the fly ash surface was affected

https://doi.org/10.1016/j.jmrt.2022.07.171
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Fig. 4 e TG-DTG-DTA graph of the concrete samples.
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with formation of the porous microstructure. Likely the sur-

face had silica leached out forming the CeSeH phase. More-

over, the fly ash surface was surrounded by the gel type

structure with some needle, possible by the presence of either

ettringite or CeSeH phase.

3.3. Thermal behaviour

Fig. 4 shows TG, differential thermogravimetric (dTG) andDTA

measurements of the concrete samples.

The total mass loss (TG) of the concrete containing acti-

vated fly ash is with about 10.5% in close agreement with the

mass loss also obtained for concrete without fly ash. However,

a clearly different rate of mass loss with temperature can be

observed. The concrete containing raw fly ash showed a total

mass loss of about 8.1%. The portions observed could be

somehow intermediate between the concrete containing

activated fly ash and that without fly ash addition.

Although the mass loss occurs gradually over the whole

temperature range investigated, three main temperature

ranges may be distinct.

I. 50e200�C. Here mass loss is predominantly due to

dehydration of water molecules through open pores.

The dTG curves, i.e. the differentialmass loss, show two
separate mass losses centred around 100 and 150 �C.
These two peaks correspond to endothermic processes

identified at the same temperature in the DTA curves.

The first endothermic peak centred around 100 �C be-

longs to dehydration of the free water from the cement

paste. The second endothermic peak is thought to be

related with dehydration of CeSeH or/and calcium

aluminium silicate hydrate (CASH) phases. The total

loss at 200 �C is 4%, 3% and 2.5% for non-fly ash (non FA),

activated fly ash (activated FA) and raw fly ash (raw FA)

containing concretes, respectively.

II. 200e500�C. The total loss in this temperature range is

about 2%, 1% and 1% for non FA, activated FA and raw

FA containing concretes, respectively. A pronounced

dehydration of Ca(OH)2 for concretewithout FA of about

1% as identified by the peak with a maximum at 480 �C
in the dTG and DTA curves [31]. It is observed that the

Ca(OH)2 content is lower in the raw FA added concrete, i.

e about 0.5%, and is absent in the activated FA con-

taining concrete.

III. 500e900�C. This temperature range is characterized by

the largest loss of about 6.5% for activated FA containing

concrete. For non FA concrete and raw FA containing

concrete the total loss was about 4.5%.

In all cases there are characteristic endothermic peaks

superimposed on a broad endothermic curve which extends

across the whole temperature range. All the endothermic ef-

fects correspond to peaks in the dTG curves without the effect

at 573 �C which is only present in the DTA curves. This peak is

related to the low quartz to high quartz phase transition. The

intensity of this peak indicates similar contents in the three

concrete samples. The remaining three endothermic effects

are related to decarbonation indicating different stabilities of

the carbonate which could be related to different growing

conditions and structural details.

Firstly, the concrete containing activated FA shows a most

pronounced broad endothermic effect with amaximum in the

range 600e700 �C, similar to the broad effect also observed in

the dTG curve. A similar peak is also observed in the non FA

concrete at a lower temperature. Secondly, the endothermic

peak with maximum at about 760 �C is strongest for the non

FA concrete, smaller for the raw FA concrete, and smallest for

the activated FA concrete. This peak corresponds to mass

losses of 2% and 1% for non FA and raw FA concrete, respec-

tively. Thirdly a rather sharp and strong endothermic peak is

observed with a maximum at about 850 �C for activated FA

concrete, which corresponds to about 0.5% of mass loss. A

corresponding peak in non FA concrete appears rather broad

and nearly negligible in raw FA concrete. This peak appears to

be rather characteristic for the decarbonation of well grown

calcite. The broader peak with maximum in the range

600e700 �C and the sharper peak at about 760 �C could also be

observed in the thermal behaviour of limestone. It may be

noted that two exothermic peaks with maximum at about 880

and 950 �C were observed for activated FA concrete. Similar

peaks appear to be shifted towards higher temperatures for

non FA concrete, and become nearly invisible for raw FA

concrete. These exothermic effects could be related to crys-

tallization of C2S phases.
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Fig. 5 e TEM micrograph of the milled fly ash added

concrete.

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 2 ; 2 0 : 1 7 2 6e1 7 3 5 1733
Activated fly ash containing concrete shows no effect

related to decomposition of portlandite from the hydration

reaction of the cement. Obviously, it was consumed by

pozzolanic reaction between the activated fly ash and por-

tlandite according to reaction (1). The thermal and micro-

structural characterization of the concretes very well

indicates the pozzolanic reaction products variability within

the concrete specimens and in agreement each other (Figs.

2e4).

3.4. The pozzolanic reaction between the fly ash and
cement components in concrete

The higher degree of reaction of activated FA concretemay also

be related to a higher degree of carbonation. Thus, the decar-

bonation reaction is strongest in the activated FA concrete. The

formed binder phase composition may also be different in the

activated fly ash concrete compared to the non FA concrete. For

non FA concrete it is known that the loss of strength occurs

mainly between 200 and 500 �C related to the destruction of

CeSeH phases due to dehydration. In this sense this effect
Table 5 e Chemical composition of the selected regions.

Area Element Weight, % Atomic, %

26 Mg 0.8 1.1

Al 8.3 11

Si 27.2 34.8

S 1.2 1.3

K 0.3 0.3

Ca 43.7 39.1

Ti 4.1 3.1

Mn 0.5 0.4

Fe 13.9 8.9

27 Al 6.9 8.5

Si 41.7 49.7

K 0.9 0.8

Ca 45.6 38

Fe 4.9 2.9
appears weaker in activated FA concrete. Here we assume a

more effective formation of silica gel in a network and thus a

destruction of CeSeH phases and a higher degree of carbon-

ation. Such a reaction may not be realized by raw fly ash

addition. The binder itself always compromise CeSeH type

phase and gel type networks to more or less extend. Thus, we

argue that the activated fly ash shows a formation of more gel

type binder compared to non fly ash concrete.

Morphologydifference of CeSeHphases formed inpureOPC

and in the cement and supplementary cementitious materials

blend was described and noted appearance of “foil” like struc-

ture in the supplementary cementitiousmaterials blend [32].

Fig. 5 shows TEM micrograph of the milled fly ash added

concrete.

Themorphology of the circled regions shows similar to foil

like C-S-H phase which was shown previously [32]. Table

5 shows chemical composition at selected regions of the

milled fly ash added concrete. X-ray analyses of the circled

regions (Table 5) show the presence of calcium, silica and

aluminium atoms which indicates CeSeH and CASH phases

are present in these regions. This suggests that concrete cured

under ambient conditions has a lower compressive strength

than the same concrete cured under standard condition, i.e.

underwater. The general tendency of compressive strength

change follows the same trendwith standard cured concretes.

This secondary ettringite reaction may occur in concretes

cured at normal temperatures.

All regions show the presence of the aluminium, this was

almost certainly released from thefly ash during thepozzolanic

reaction. Wang et al. [33] considered this to be due to the

participation of the released Al and Si tetrahedra in pozzolanic

reaction due to an increase in the alumino-silicate chains in

CeSeH structure atmiddle or late age as it was observed byMIP

and compressive strength measurements. The present

research agrees with the conclusions drawn byWang et al. [33].

Fig. 6 shows IR absorption spectra of the concrete samples

and spectra taken on the powders after DTA-TG

measurements.

The IR spectra of the non fly ash added concrete resembles

the activated fly ash added concrete. This could be an indi-

cation of the presence of a more homogeneous structure in
Area Element Weight, % Atomic, %

28 Na 3.8 5.2

Mg 1.3 1.6

Al 14.3 16.6

Si 40.5 45.4

S 1.5 1.5

K 1.5 1.2

Ca 34 26.7

Fe 3.2 1.8

29 Na 0.7 1

Mg 2.7 3.8

Al 8.8 11.2

Si 26.3 32

S 1.7 1.8

K 1.4 1.3

Ca 54.8 46.8

Fe 3.6 2.2
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Fig. 6 e IR absorption spectra of the concrete samples

before and after DTA-TG measurements.
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both milled fly ash and non fly ash containing concretes

compared to that of raw fly ash containing concrete. All 3

concrete specimens showed a peak at 3642 cm�1 due to por-

tlandite. However, from Fig. 4 activated fly ash containing

concrete did not show portlandite decomposition by heating.

Probably the content of the portlandite in the concrete wasn't
high enough to detect by DTA-TG. Similar absorption bands

for all 3 samples belong to water at 1430 and carbonate at

1640 cm�1. After DTA-TG measurements the absorption peak

for water disappeared, however, carbonate peak is still being

observable due to atmospheric carbonation.

Experimental results indicate the presence of different

behaviour by adding mechanically milled fly ash to the con-

crete cured at atmospheric condition:

- Fly ash particle size reduction by milling is more effective

than particle size reduction by sieving or separation.

- Milled fly ash shows a more extensive pozzolanic reaction

than non-milled fly ash.

- With fly ash milling occurs amorphization that shows

positive influence on the pozzolanic reaction.

- Milling of fly ash destroys its sphericalmorphology thereby

reducing the ball bearing effect leading to an increasing

water demand for concrete preparation and is conse-

quently expected to reduce the pozzolanic reaction. In

contrast, mechanical amorphization and ready interaction

with portlandite overweighs the higher water demand of

the less spherical morphology.

Therefore, the beneficial occurrence of the pozzolanic re-

action is thought to be the main reason for the improved

compressive strength.
4. Conclusions

The substitution of 20% OPC with milled fly ash increases the

compressive strength of ambient temperature cured concrete
by 25% after 1 year curing. Reduction of the particle size of the

fly ash with the appearance of a fresh glassy surface is the

main reason for a beneficial pozzolanic reaction in the me-

chanically activated fly ash containing concrete. The pozzo-

lanic reaction in concrete substituted with raw fly ash appears

somewhat slower. Mechanically activated fly ash results in

higher compressive strength concrete after 28 days in speci-

mens cured under standard conditions. Mechanically activa-

tion of fly ash allows the formation of a gel-type phase by

secondary hydration and carbonation resulting in a reduction

of the pore sizes due to the coarser pores filling with gel.

Although, the pozzolanic reaction rate in the concrete

cured at atmospheric condition is not fast, addition of me-

chanically activated fly ash allows the formation of a denser

microstructure after longer timespan.

DTA-TG showed that milled fly ash added concrete has a

beneficial pozzolanic reaction rate as indicated by the for-

mation of less portlandite than in the non-fly ash and raw fly

ash added OPC concretes. The carbonation reaction rate also

decreases from non-fly ash added to raw fly ash added and

was lowest in the mechanically activated fly ash added

concretes.
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