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Abstract

Alkali activated material has recently attracted great attention as an environmentally friendly building material. Generally, it
exhibits higher mechanical properties and better durability when compared with Portland cement based materials. In this article,
mixed alkali activated systems consisting of N-A-S-H and C-A-S-H hydrated gels were produced, using metakaolin as a dominated
starting material and granulated blast furnace dag as an additional calcium and silicate source. Limestone powder was then added
into the blended metakaolin-dlag system as a filler. The influences of slag and limestone powder on setting times, strength
development and microstructure were analyzed. The results indicate that, with the increasing slag content, the setting time
decreases; the compressive strength firstly increases and then decreases after the slag replacement exceeds a critical value.
Additionally, an optimum content for limestone powder in the metakaolin-dag blends is around 15%. The FTIR spectra and XRD
pattern present the changes in reaction products when slag was added, and the scanning electron microscope results showed a
denser matrix of the geopolymeric system when compared to reference sample. However, no significant changes of reaction
products were detected when limestone powder was incorporated, which indicates that the limestone powder only works as a non-
reactive phase in the alkali activated system.
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1. INTRODUCTION contains a series of chemical reactions includimg t
dissolution of starting materials, polycondensation
condensation and finally the crystallization of nexaction
products [8]. Final products can be classified itwo types
according to different raw material chemistry, $dicate and
aluminum enriched precursors like metakaolin or dish,
final products are amorphous alkaline aluminosiéca
hydrate gels with a three-dimensional network eirdahate
and silicate units that are charge balanced byliatkéions,
or can be simply described as N-A-S-H type gel f@}
calcium and silicate enriched ones like granulabdast
furnace slag, final products are aluminium subst@#uC-S-H
() type gel with lower Ca/Si ratio [10]. Sodium drpxide
modified sodium silicate has been widely acceptedaa
ideal activator in terms of strength and other ffiers
properties, the alkaline activator type and doshgee a
significant influence on the reaction process and
comprehensive properties of the final products .[Xfher
important factors are curing conditions such asptnature,
time, relative humidity and physicochemical projesrpf the
starting materials such as mineralogical compasitand
fineness [12].

The production of Portland cement is now respoasior
nearly 7% of the total CQemission around the world [1],
other accompanied negative impacts of cement ingase
the consumption of natural resources and high gneogt.
Thus it is urgent to find approaches to reduce the
environmental impacts of cement industry. Amongséo
studies of finding alternatives to ordinary Portlatement,
alkali activated materials have attracted greagntitin in
recent years mainly due to their high mechanicaperties,
low environmental and energy consumptions [2,3]scAl
other excellent properties are reported such as heat
resolution during hydration, fast early strengthvalepment,
good durability related properties and thermal itglj4-7].
Raw materials used in producing alkali activateatbrs are
usually industrial wastes, other than ordinary Rod
cement, thus a promising future of sustainable ldgweent
can be seen from this new clinker free buildingariat.

Alkali activated materials are usually produced rhixing
alkaline activator solutions with solid raw matésiaThe
hydration process is called geopolymerization, Whic
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Commonly alkali activated materials based on SiAhgpe
have excellent ~mechanical properties, enhanced
reinforcement steel bonding and fire resistance, diuthe
same time, drawbacks such as long setting time skma
strength development, high requirement of curing ar
obstacles to their practical application. Seveesearchers
have found that adding slag into Si and Al basexbglmer
can improve the compressive strength and decrdase t
setting time to some degree, also acceptable strexam be
achieved [13,14]. Calcium component in slag is oesfble
for the decrease of setting, the stable coexisteote
aluminum substituted C-S-H gel and the N-A-S-H gel
contributes to the improvements in terms of striengt
permeability and durability [15]. Besides, only ewf work
focuses on the utilization of limestone powder dditases in
alkali activated systems. Limestone has already lbsed in
Portland cement system successfully, the alreadywkn
influences are improving workability and strength the
filler effect, accelerating the hydration procegglie nuclear
effect, also lowering the price and energy coghefoverall
system. Thus there could be some potential beraffitsing
limestone in alkali activated systems such as myoujf
workability, strength, cost and environmental impathe
aims of this paper are to investigate the influsnafeslag on
setting, strength and phase changes on alkali aetiv
metakaolin, also to study the effects of limestpoaider on
metakaolin-slag blends.

2. EXPERIMENTAL PROGRAM
2.1 Materials

The metakaolin was produced in the Ilaboratory by
calcination of kaolinite under 756C for 4 hours. The
kaolinite containing small amount of quartz andtellas
impurities, mineral composition are shown in Tablevith a
specific surface area of 22307y and more than 90% of
particles are finer than 2 um. The granulated Hiastace
slag used has a specific surface area of 48@gnmand a
specific density of 2.70 g/cinLimestone powder with a
D(0.5) of 5 pm and specific surface area of 116(kgnwas
used. The major chemical compositions of metakaaliag
and limestone powder are given in Table 2.

Table 1: Mineral compositions of kaolinite

Mineral Kaolinite Quartz Illite
% 91.91 1.6 6.49
Table 2: Major compositions of raw materials (%)
Oxides Metakaolin| Slag Limestone
CaO 0 38.06 53.42
Sio, 54.46 34.14 0.61
Al,O; 39.86 10.34 0.49
MgO 0 7.95 1.62
Fe0; 1.98 0.38 0.21
LOI 2.01 0.03 43.15

2.2 Mix Design and Sample Preparation

Samples were prepared by firstly mixing NaOH wididlism
silicate solutions and then cooling it down to room
temperature, then blending the liquid activatorhvitte raw
material in the mixer. Slag was added from 0% t&44Qith

a range of 10% by mass to study the influenceslad s
addition on setting, strength and reaction prodottalkali
activated metakaolin. For each sample, sodium hydieo
and sodium silicate were used with the fixed t&i&k/Al .05
ratio of 4.0 and NgD/Al,O; ratio of 1.0. Based on the alkali
activated metakaolin-slag mixes with ideal property
limestone powder was added from 0% to 20% by mbseo
total binder to analyze its effects on strength asaiction
products of the blended system. A overall watedéirratio

of 0.37 was used for all mixes, while the total evahcludes
the free water and water in activator solution, #mel total
binder was defined as raw materials and the sdi@se in
activator. All mixes were cured at 25 £°Q with a relative
humidity of 90% until the testing age.

2.3 Testing Methods

The setting times of the alkali activated pastesewested
using the Vicat needle method in accordance wita th
Chinese national standard GB/T 1346-2011. The
compressive strength testing were carried out @itgrto

the Chinese national standard GB/T 17671-2005. The
samples were tested after 7 and 28 days curingstthagth
values for each sample was obtained from the aeecdg
three mixes. The X-ray diffraction was conducteihgisa
CoKa radiation over the @2range from 5° to 70°, a fourier
transform infrared spectroscopy measurement wite th
wavenumbers ranging from 4000 to 400 cis performed to
investigate the reaction products. All powder sasplor
XRD and FTIR analysis were prepared by mechanical
grinding and tested after 28d of curing. The mittagural
characters of different mixes were investigatedisganning
electron microscope.

3. RESULTS AND DISCUSSIONS
3.1 Setting Times

The setting times of alkali activated metakaolirstpa with
the slag replacement up to 40% are shown in Tablecan
be seen that as the slag content increases, lmthitial and
final setting times decrease significantly. Theiahisetting
time of the neat metakaolin sample was 155 minslevas
the slag replacement reached 40%, the initial reptti
decreased nearly three times to 45 mins. Similaulte
happened to the final setting time. It seems thHs t
remarkable reduction of setting times was causedhigy
calcium in the slag. The structure of metakaolidasninated
by silicate and aluminum oxide compounds, the Ad+@ Si-
O bonds in metakaolin are relatively difficulthe activated
due to the nature of the original clay-type strugtuhus the
initial and final setting times were relatively pnOn the
other hand, because of the presence of calciumhén t
molecular structure, the glassy phase of slag isemo
disordered, thus it is more vulnerable to breakdawder
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alkali activation. Finally, the fast release of ataim in
solution lead to the reduced setting time.

Table 3: Setting times of metakaolin-slag blends

Metakaolin Slag Initial setting| Final setting
(%) (%) (min) (min)
100 0 155 240
90 10 105 215
80 20 70 165
70 30 55 130
60 40 45 115

3.2 Strength Development

Figure 1 presents the 7d and 28d compressive $treng
results of alkali activated metakaolin with slagleeement
from 0% to 40%, which shows that as the slag cdnten
increases, the compressive strength firstly in@®aand
reaches the highest value at the slag content &f, 20en
leads to a reduction of the compressive strenglihsainples
have a 7d strength of more than 58 MPa and 28dggtreof
more than 60 MPa, and the highest strength reacBes
MPa with 20% slag replacement by weight. Also, the
strength development from 7d to 28d becomes more
significant as the increase of slag content.
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Fig. 1: Compressive strength of metakaolin-slag mixes

The increase in compressive strength when slagadded is
attributed to the presence of the calcium in tlag €ind the
accompanied formation of calcium enriched hydr&iefi-S-

H type gel is widely accepted as an gel that cheraed of
high strength [16]. The formation of small amouhCeA-S-

H gel helped to refine the microstructure of N-AdSgel

(main hydration products of metakaolin) and gereetahore
crosslinking within the reaction product [17], thexsulted in
an increase in compressive strength. The decressmugth
when higher slag was added indicates that thereaxiay an
ideal balance between the activator character hadraw
materials.

Metakaolin and slag mixes that with the highest passive
strength results (80% metakaolin and 20% slag isa¢hse)
were chosen and incorporated with limestone powder
study its effect on compressive strength of allkaliivated
metakaolin and slag blends, and the results arersio Fig.
2. All samples show similar compressive strengtiues
after 7d curing except the one with 20% limestoostent.
The 28d compressive strength stably increases as th
limestone content increases, the highest strersgtitained
with a limestone content of 15%, the further highentent
leads to a considerable reduction of compressikength.
This reveals that the addition of limestone powdhas
limited influence on the early strength but couldytgly
increase the strength at longer ages within theyeraof
optimum content. Higher content of limestone powdey
have detrimental effects on the structure of hytagels and
then lead to the decrease of compressive strength.
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Fig. 2: Effect of limestone powder on metakaolin-slag raixe

3.3FTIR Spectra Analysis

Figure 3 shows the fourier transform infrared spedf
alkali activated metakaolin paste samples after d2§s
curing with slag contents of 0%, 20% and 40%. Thenm
absorption bands are listed in Table 4. The maspgption
band is around 1000 ¢h which is assigned to the
asymmetric stretching vibration of the Si-O-T (T=®i Al)
bonds [18], a typical vibration band of N-A-S-H &mel
from metakaolin. The presence of this band alsicatds the
polymerization process took place. With the incogion of
slag, the wavenumber of this band decreased. Qbndhe
reduction of wavenumber indicates the decrease
polymerization degree of the reaction products.sThere it
means the addition of slag into metakaolin redutieel
polymerization degree of the hydrated gels to sextent,
therefore the structure of the hydrated N-A-S-H gels
changed into a lower polymerization one by the gmes of
calcium from slag. It proves that the addition lafgsindeed
has some influences on the final hydrated product o
metakaolin. Other significant wavenumber changeso al
reveal the structure of reaction products has ladtened by
the addition of slag, such as the bending vibratibi (1V)-

O at around 570 cirdisappeared as the slag was added and
the T-O asymmetric stretching vibration bonds acb@400

of
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cm’ increased at the beginning and then disappeard¢ieas
increase of slag content.

6C

80
MK

100
MK

1400 Waven&r‘rh %rs(cr%) 3400

Fig. 3: FTIR spectra of metakaolin-slag blends

400

Table 4: Corresponding bands of metakaolin-slag blends

Absorption | 100 MK 80 MK 60 MK
bands 0 GGBS 20 GGBS |40 GGBS
-OH, H,O 3444 3445 3445
H,O 1645 1647 1647
0O-C-0 - - 1471
T-O 1375 1417 -

Si-O 1015 1001 1000
Al(IV)-O 702 701 700
T(IV)-O 566 - -

Si-O 444 448 448

The absorption bands at around 3450'amd 1650 cr are
attributed to the stretching and deformation viiora of O—

H and H—-O-H groups, which present the water borial¢ite
reaction products. No significant changes in thedsaat
around 700 cfh, which represent the vibration of four
coordinated aluminum mainly from metakaolin, shayhat
the addition of slag has limited influence on theigture of
AlO, in the final reaction products. The absorption dsan
around 450 ciirepresent the internal deformation vibrations
of Si-O bonds [19], which is mainly influenced Whetnature

of raw materials and thus no remarkable changes fitdce.
The absorption band around 1470 tappeared only in the
samples with large slag content, it representafiygnmetric
stretchingnode of the O—C—0O groups [20], which means the
carbonation has taken place to some extent, it alag
indicate that samples with higher slag content m@e
vulnerable to carbonation, but still more study aeeded to
confirm this conclusion. The infrared spectra ompkes
containing limestone powder are not shown becéaese tare
no significant changes in the major absorption ksawtien
limestone powder was added, which indicates tha& th
incorporation of limestone powder has no influencethe

reaction products and it only works as an non-readtller
in alkali activated system.

3.4 XRD Analysis

The XRD patterns of alkali activated metakaolintpaswith
0%, 20% and 40% slag replacement are shown in &igur
The main reaction products of all mixes are amougho
phases except small amount of crystalline phased th
obtained from the raw materials such as quartzléred The
major hump area for neat metakaolin samples are 2@ to
30°, which is within the typical range of alkali acied
metakaolin and reveals the formation of hydrated&-8-H
type gels from metakaolin. The amorphous phases wit
humps ranging from 2ao 30 can be regarded as the result
of the geopolymerization progress of metakaolin.
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Fig. 4: XRD spectra of metakaolin-slag blends

As the slag content increases, the main hump aezuglly
moves to higher degree, which is in coordiance fita
FTIR results and reveals the phase changes inioaact
products caused by slag addition. As the slag obnte
continues to increase, the intensity peaks at aroB@
appeares, which represents the formation of anHCi$pe
gel from alkali activated slag. The intensity peakst
represent C-S-H gel becomes more significant inpsasn
with higher slag content. Combined with the restittem
FTIR, the available calcium in the solution caudsdthe
addition of slag seems to have significant inflle=non the
reaction products of silicate and aluminum domidaikali
activated metakaolin, causing the formation of tieac
products other than N-A-S-H and changing the oabit-A-
S-H gel structure to some extent such as a lower
polymerization degree and changing the major humnsasa
The XRD patterns with limestone powder incorponmatare
not shown because as the limestone content inéagsbe
metakaolin and slag mixes, no changes take placthen
original hump areas and intensity peaks, the iitiepeaks
of limestone still remain unchanged, which combinmgth
the FTIR result reveals again that the limestonevdsy
seems to work as only a filler in the alkali actachsystem.
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3.5 SEM Analysis

The SEM images of the 28d alkali activated metahgmste
samples containing 0% and 20% slag are shown iar&i§.
The left and right column represents the neat naetiak
sample and samples containing 20% slag, respegtivel

Fig. 5: SEM images of metakaolin with/without slag
addition

It can be seen that even though neat alkali aefivat
metakaolin samples have acceptable 28d compressive
strength of around 60 MPa, some remarkable poestdr
remaining under high magnifications. The reactiondpcts
exhibit layered structure in short ranges and dis@d in
longer ranges. The failure of samples in compressiv
strength test also showed layered structure, ihsebat the
nature of clay-type structure of metakaolin shoudd
responsible for the failure. When a suitable contd slag
was added, pores between the layers of alkali atetilv
metakaolin were condensed by the hydrated slagm, Ahe
addition of slag provides calcium and leads tofthrenation

of C-S-H type gel, which is characterized by a hégfength,
linked together with the original N-A-S-H gel, then
contributes to the refinement of microstructure angbroves
the compressive strength.

4. CONCLUSION

The incorporation of slag significantly reduced thigal and
final setting times of alkali activated metakaolamd the
setting times continually decreased as the increb®e slag
content. The compressive strength firstly increased then
decreased as the slag content increased, and theuap
slag content in this case is 20%, similar resultsenobtained
in limestone powder addition into metakaolin-slalgnbls
and the optimum limestone powder content is aroliih.
Both the XRD and FTIR results show significant aj®in
reaction products as a result of slag incorporat8mth N-A-
S-H from metakaolin and C-S-H type gel from slagrave
detected, the addition of slag induced some chanfdlse
original N-A-S-H gel structure such as the polymation
degree and the disappearance of some typical Mhbrat
bonds. Limestone powder seemed to work as an ramtive
filler in the alkali activated system since no giigant
changes were detected in both XRD and FTIR analysis
microstructure analysis showed that the originakalal
activated metakaolin paste was modified by the tadiof
slag, resulting in a denser matrix and resulteginimmproved
compressive strength.
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