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Abstract

In the course of an investigation on using calcium stearate (GaSinprove performance of the
alkali-activated slag (AAS) cement, the objective of thesgmé work isto discovery its role in the AAS
system. Special interest is devoted to understand the influenCaSif on the reaction process, reaction
products and microstructural features of the AAS cement. To \echigs, isothermal calorimetry,
impedance characteristics, infrared spectroscopy, X-ray diifirg thermogravimetry, nitrogen sorption,
mercury intrusion porosimetry and scanning electron microscopg weemried out. According to results
obtained, the CaSt has three important effects on the AAS cdnmatiiy, it inhibited slag reaction with the
activator through decreasing activity of alkalis, whereasatmeunt of C-(A)-S-H gels in the system
depended on the usage of CaSt, because the CaSt could have creswimals from the alkali-solution and
form similar reaction products. Secondly, there is less sodium arelgalmium in reaction products of the
CaSt added mix, which improve their stability and uniformity. F§nanicrostructure characteristics (e.g.
pore size distribution, pore connectivity) are optimised and defexteduced significantly, when the CaSt
is added in the AAS mix.

Keywords. alkali-activated slag cement, activation Kkinetic, calcium ratea reaction products,
microstructure

1.Introduction

Global warming seems to happen faster than we think [1]. Around S#tlofopogenic COemissions are

caused by the manufacture of Portland cement [2]. Although the pospoftblended cements with lower
clinker ratios will keep increasing globally over the last 3 decades [8]still difficult to achieve the target,

1.55 Gtpa (gigatonnes per annum) in 2050, recommended by the InternBtiengy Agency (IEA). One

reason is that the global demand for cement keeps growing me#refuture according to the prediction
from the World Cement Association [4,5]. In order to reduce,-@@issions, activating industrial

by-products that are rich in aluminium and silicon oxide with alkato produce clinker-free binder is a
promising approach [6-8], especially for steel industry giants such as China |

Alkali activation of ground granulated blast-furnace slag (GGBE&) be defined as a coupled
chemical-physical process by dissolution of aluminosilicateemits structures in a high pH solution to
generate new products forming the rigid skeleton [9]. It caradhieved by different salts under normal
temperature. Traditionally, the lime is used, but not widelgpiez in the construction industry due to slow
strength development [10]. One promising way is to activate witlusogpotassium) carbonate [11],
hydroxide or preferably by sodium silicate (water glass) [@Rjng suitable alkaline reaction in solution.
The principle of the alkali-activation of slag has been knowmfore than 70 years [13] and the increasing
interest in this material has given rise to numerous published reviews aadthgsapers [14-16].

However, even today it remains surprisingly difficult to unambiglyouse this binder at an industrial scale.
This is in part due to the fact that several classical tbedhat have been useful in establishing the
properties of PC cannot give sufficiently reliable predictionsnwdpgplied to AAS. Another very real source
of difficulty is that the wide range of admixtures developed forl®%E their functions in this system. It
means some undesirable performance, such as high shrinkage [téptiulgy to cracking [18], rapid
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carbonation [19], high water sorptivity and air permeability [20], catmosolved by conventional and
relatively straightforward techniques. Without in-depth scien@ifid technical understandings, practical
application and social acceptance of AAS are limited despitaiceyutstanding performance for this low
carbon green binder. One dominant feature of the AAS cement isgheribk to form microcracks in
reaction products [21]. For this reason, controlling water and gasptort properties, e.g. air permeability
and water sorptivity, is not easy with the present knowledge.

As shown by some researchers (e.g. Ge [22], He [23] and Maryodp ¢aijium stearate (CaSt) is one type
of admixtures for the PC system which can adjust the hydratidrsignificantly improve water resistance.

Inspired by possibilities of achieving analogous results in AAS,poeviously work [25] suggested that

CaSt is able to reduce the sorptivity of the AAS cement thropgmising microstructure and introducing

the hydrophobic film. In that study, macroscopic and microscoppererental observations have been
carried out, and apparent mechanisms are described. However,jnherigia of the optimised performance

of AAS using CaSt was not given and it is supposed that the improviednpance would be the result of

changes of the alkali-activation process, characteristicsactio@ products and microstructure features.
Following the previous work, this study intends to clarify the imflieeof CaSt on the AAS system. In order
to achieve this aim, samples of alkali-activated slag with @a&8¢é prepared along with AAS and PC
samples without CaSt as the reference group. Isothermal caiyinmepedance characteristics, infrared
spectroscopy, X-ray diffraction, thermogravimetry, nitrogen somptand scanning electron microscopy
were carried out.

2. Experimental programme
2.1 Raw materials

Calcium stearate (CaSt), produced by Chengdu Kelong chemiagéne company, has a density of
1.08g/cni and the particle size ranging from dozens of nanometers toakemiErons. Its microscopic
feature is shown ifigure 1.

Ground granulated blast-furnace slag (GGBFS) from Chongging Iron &ed Sompany was used to
prepare AAS specimens. After grounding in a ball mill and vibipthié GGBFS has the specific area of
505 nf/kg (Blaine fineness) and the density of 2.95 glcthe PC confirming to the Chinese National
Standard GB175-2007 [26] was used to manufacture the comparison spegsvegis Its Blaine fineness
and density were 350%kg and 3.15 g/cth Table 1 summarises the chemical compositions of the GGBFS
and PC.

In this study, the GGBFS was activated by the water glagsad sodium silicate) with a modulus 1.5
(n=SiG/NaO). The alkali solution was prepared by mixing the NaOH solutimhveater glass (WG) in a
pre-calculated ratio (12.2% M3, 30.2% SiQ and 46.5% KO by mass). In order to avoid potential
influences of dissolution heat on experimental results, the atlalian was placed in a room at a constant
temperature of 20 (+PC for 2 hours prior to mixing.

2.2 Sample preparation

Table 2 gives the mix proportions of AAS and PC samples. In order to rddoakdifferences, CaSt and
GGBFS were premixed in mortar mixer for 60 seconds, aftéchathe alkali solution was added and mixed
for another 180 seconds. Specimens were compacted on a vibration tdble aitbubbles appeared on
the surface and then covered with thick polythene sheets to prevestumadobss. All specimens were
demoulded after one day and placed in the standard curing room (ZC(x8)ative humidity (RH) > 95%)
until the test age.

Two types of specimens were manufactu®8) mmx100 mm cylinders and 40x40x40 rcubes. The
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cylindrical specimens were used to extract the pore solution, wielecubic specimens were used for
measuring the bulk electrical conductivity and microstructureyaisalThe 28-day compressive strength,
which had been analysed in our previous work [25], is also givEabte 2.

2.3 Test Methods

2.3.1 Isothermal calorimetry

The heat of reaction of AAS and PC samples was assessedTAdMh@\IR isothermal heat conduction
calorimeter. The heat release was measured by comparatiorebedw active (sample) and an inert (sand)
cell, both equipped with heat flow sensors. Paste samples witksaaha5 g were tested. All raw materials
were stored at the temperature of 20 °C for 24 hours before mMeagual mixing was applied for around
90 seconds with a rod. After this, the sample was placed to the bafttbe measurement cell and then, the
samples were directly placed inside the calorimeter. Thaesanement was carried out every 2 minutes for
120 hours.

2.3.2 Bulk électrical conductivity

The resistivity of paste samples was measured by an L&geb(rhonghui LCRbridge-TH2822) using a
two-point uniaxial method. Prior to measurements, moisture on thglesaorface was removed by a dry
towel and samples were placed between two thin parallel matakplTwo saturated sponges were placed
between the metal plate and the specimen in order to acmesféeative contact. Alternating current (AC)
with a frequency of 1 kHz was applied to reduce the effect of patasn. The impedance from the
measurements was converted to resistance and the electrical rgsigs/italculated usingquation (1):

A

J:(Rtotal - Rsponge)l_ (1)

where o is the electrical resistivity (3 -m); R, is the resistance of a specimen and spon(23;(

Rooge IS the resistance of the spong (2 J; A is the cross-section area of a specimef);(rh is the length
of the specimen (m). The resistivity was converted to the conductivitytéordaalysis.

2.3.3 Pore solution analysis

At the age of 3, 7, 14 and 28 d, the pore solution of paste samples veaseektinder a constant pressure of
407.6 MPa (800 kN on 1962.5 mnfor 45 minutes. Three specimens were extracted for eactoraixsure
the enough pore solution (about 15 ml) can be collected. It is noticethéhsirength of specimens at the
age of 28 d was so high that little pore solution was collectedthédirst extraction. Therefore, the second
extraction was carried out after crushing the compacted pasee.el€ctrical conductivity of the pore
solution was measured immediately using a conductivity probe (K24itD from Germany WTW). The
process was taken at a constant room temperature 4 20 minimise the influence of temperature on
electrical conductivity. lon concentration of pore solution at thecid®8d was examined by inductively
coupled plasma optical emission spectroscopy (America Thermo IEB¥OES). More details could be
obtained in our previously studies [25].

2.3.4 Fourier transform infrared spectroscopy (FTIR)

In order to determine the chemical groups in reaction products, fdtaiesform infrared analysis was
carried out using the KBr pellet method (1 mg sample per 100 mgy. KBe instrument (5DXC from
America Nicolet) with 32 scans per sample collected from 4,0@00 cri at 1 cni resolution was set for
FTIR measurements. The 28-day paste samples were dried in a blashaifewperature: 40 °C, RH: 20%)
for 3 days. Then, the samples were crushed and ground into powdeide([zaze less than 75 pm) for
FTIR tests.

2.3.5 X-ray diffraction (XRD)
Powder samples (curing for 28 days) obtained by the method desdribezl\eere tested using the XRD.
PANalytical's XPert Pro X-ray diffractometer with nickidtered Cu Kol radiation 1.5405 A, 40 kV voltage

3 page



and 40 mA current with scanning speed of 2°/min was used to identdtaltine phases presented in the
samples. The scanned range was between 10° to@0° (2

2.3.6 Thermogravimetric analysis (TGA/DSC)

The TGA/DSC was tested using STA250 (Netzsch, Germany). 8artqiring for 28 days) were crushed,
transferred immediately to an alumina crucible and were held wswermal conditions for 30 min at 20
°C to equilibrate in a nitrogen environment. The temperatureraisesd from the room temperature (20 + 1
°C) to 100¢°C with a rate of 3C/min. The weight change was monitored.

2.3.7 Nitrogen sorption test (NST)

The nitrogen sorption test was carried out using the Micrometr@&PA2020 Automated Surface Area
(Micromeritics Instrument Ltd., America). Paste samples warshed to particles with tls&ze of about 2.5
mm. The air (water) desorption was performed at ADdor typically 24 h. The total pore volume was
derived from the amount of vapor adsorbed at a relative pressure tolagd@ty. Surface areas were
calculated from the isotherm data using the Brunauer-Emmiet-TBIET) method [27], while mesopore
diameter distributions and cumulative pore volumes were deterntimedgh the Barret-Joyner-Halenda
(BJH) method [27] using desorption data.

2.3.8 Scanning el ectron microscopy (SEM)

The features of reaction products were assessed by an enssaiuning electron microscopy (TESCAN
VEGA 3 LMH). The samples were coated with gold to enhancectmgluctivity. Observations were
undertaken at an accelerating voltage of 20 kV with a secondacyral (SE) detectorAn energy
dispersive spectroscopy (EDS, Oxford instrument) detector at th# poanning mode was used to
determine elements in the reaction products.

3. Resultsand discussion
3.1 Reaction process

3.1.1 Isothermal calorimetry (1C)

The heat flow and cumulated heat release of AAS mixes andeP@ivan inFigure 2. It can be seen from
Figure 2-a thatcomparing to the PC, AAS control group has a shorter exotherthatyapeak (between 11
and 18 hours). This observation agrees with the higher compressivgtstteAAS as shown iifable 2, as
the short exothermal activity can reflect fast chemicattien for the binder system. For the AAS mixes
with CaSt, similar exothermal activity peaks could be found, but teenpressive strength is not as high as
the AAS without CaSt. This is due to the fact that CaSt can introduce more ptwes in AAS matrix [25].
Figure 2-b shows that the cumulated heat release of AAS groups aretloavethat of PC group, similar to
the results reported by Gruskovnjekal. [28]. This feature associated with the fact that diffusiothés
mechanism which controls the alkaline activation process aftandlietion period [29] and the induction
period of AAS generally comes earlier and lasts shorter tRaa® shown ifFigure 2-a), leading to a low
chemical reaction speed of AAS and cumulated heat release. It is also fauhe thfuence of CaSt on the
heat of AAS cement reaction is not significant, except for ABSB%, which gives a slight decrease of
cumulative heat beyond 30 hours.

3.1.2 Impedance characteristics and ion concentration

Figure 3 plots the electrical conductivity of the pore solution and theesastples. FrorRigure 3-a, it can
be seen that at the initial period age, the pore solution eldatoaductivity of AAS is much higher than
that of PC, while the difference between PC and AAS is mpiifgiant until 28 days. This feature is not
surprising. As shown in previous studies [30], the concentration of iohsg ipore solution of PC increased
with age because of the releasing ions from hydration cesctivhile ions (mainly Na OH, SiO%) in the
pore solution of AAS were consumed by chemical reactions betwkalradtivator and GGBFS [31An
opposed trend of pore solution electrical conductivity is found for the lmmuctivity of AAS, which is
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shown inFigure 3-b. This is due to the fact that pore structure of AAS is densecaitubtis, resulting in
lower bulk electrical conductivity. Detailed discussion is given im previous work [25] and other
researchers’ studies, e.g. Maal. [32], Songet al. [33] and Rodrigueest al. [33].

Comparation between the results of AAS samples with and withc@ttsbaws an interesting phenomenon.
The pore solution conductivity of AAS decreased after adding CaSt wial values of AAS-45-4% and
AAS-45-8% stay close to each other. The magnitude of pore solution tettgudepends on a number of
factors, e.g. ion concentration, temperature and electrolyte $8#je the temperature of the solution was
maintained at a constant level (ZD) in this study, variations induced by CaSt should be caused bygeha
in other factors. To explore the influence of these factbable 3 gives the ion concentrations of pore
solutions obtained from 28-day AAS samples. It is clear that AA8%5nd AAS-45-8% have higher Na
and C&' concentrations than that of AAS-45-0% and this trend is opposed toldleipore solution
conductivity, since in general the higher the concentration of iois®lution, the bigger its conductivity
should be [35]. In order to understand the features showingure 3-a, two additional factors, nature of
electrolytes and mobility of ions in the pore solution, should be condidéiis known that the conductivity
of the pore solution can be estimated from the concentration of ions atad oonductivity (the
conductivity of a solution of unit concentration) [35]. The pore solution 0c5A4A-0% only contains strong
electrolytes (N§ C&*, OH and SiQ%), which means that its molar conductivity generally decreases
slightly as the molar concentration increases. In contrast, @dditiCaSt might introduce a potential (weak)
electrolyte and the characteristic behaviour exhibited isthigatmolar conductivity of CaSt decreases in a
very remarked manner with increasing its concentration. The Ba&tly partially ionised in the pore
solution so the number of free ions depends on the concentration in acateapinanner. The conductivity
depends on the number of free ions in the solution so for the two Gaé&d anixes, it would rely on the
degree of dissociation. In other words, the molar conductivity of CaStdses rapidly with increasing
concentration. Thus, the degree of dissociation should decrease asaSharfunt increases, and the
conductivity of pore solution in the CaSt mixes decreases. Secdmelliransport of ionic species through
the pore solution depends on the mobility of ions and the conductivity of plotes may not be exactly
proportional to the number of present ions. As such, the speed of ions’ nmivieaseto be considered
during the analysis of solution conductivity. Two forces are fethkyions as they migrate through the pore
solution, including an electrical force and a frictional retardiogcd. The two forces act in opposite
directions and once they become balance, the ions in the pore solution wohbltiaenet drift speed, which

is defined as the ionic mobility [36]. The ionic mobility depends @andize of the moving ions (via the
solvated radius), their charge and on the physical propertié® @ore solution (via the viscosity [37]). In
this study, CaSt was added into the AAS mixesich is supposed to not only introduce a weak electrolyte
but also provide another negative mobile charge iopH4{COO (the stearate anion). This means that
another influencing factor for variation of the pore solution conductivitthe AAS with CaSt is the
increase of the solvated radius1{@;5COQO). Hence, the ionic mobility was decreased by CaSt that
naturally leaded to a low conductivity.

Further analysis of the pore solution conductivifig(re 3-a) and the concentration of Nand C&" (Table

3) reveals three additional features. The first one is thereiifte in the pore solution conductivity, which
could partially reflect the alkali-reaction process in theseSAnixes. The second is the increase of Na
concentration in the pore solution of CaSt added mixes (shoWwabie 3). As the initial sodium content is
the same for the AAS mixes tested in this study, the higheotration of Na in the pore solution means
that there would be less sodium and more calcium in the reaction fmodadhe accessible porosity of
AAS with and without CaSt is close to each other [25]. It iseletl that the characteristics of reaction
products in the AAS have been modified by CaSt. The third one is theiom in C&" that indicates
interaction between CaSt and the reaction process in the AAS.afhim Ghe pore solution may come from
two sources-the dissolution of CaSt and decomposition of GGBFS. According to thefresulf GA/DSC,

it is believed that the Gamainly came from the CaSt (discussed in 3.2.3). That is, the-atialation
process was modified by CaSt to some degree, whereas thesggbahanges could not be clearly detected
using isothermal calorimetry measurements (showsguare 2).
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Figure 3-b shows that the bulk electrical conductivity of AAS-45-4% and AAS-45#8% further reduced.
This could be the combined result of the decrease of the pore solotdnctivity and the low pore
connectivity, as reported in the previous work [25].

3.2.1 X-ray diffraction (XRD)

The XRD results of PC and AAS samples after being cured for 8 ataa controlled environment are
given inFigure 4. It should be pointed out that most chemical reaction products in Alsesamples are
C-(A)-S-H gels with amorphous structure, so it is difficultctearly identify these products due to the
influences of background noises. And the XRD results were used\m@rcertain qualitative indications,
especially for the crystal reaction products in the AAS miixath CaSt. According tdrigure 4-a,
mineralogical characterisation of the reaction products of B@ gaiows presence of crystalline portlandite,
C-S-H, ettringite and calcite. For AAS pastes, the humps aroundn804%5°attributed to C-(A)-S-H can
be found. In addition, calcite (CaG0 = 29.41°, 39.40° and 43.15°), vater{@aCQ, 20 =27.05°, 32.78°
and 50.08°) were detected in the AAS groups as well.

Figure 4-b plots the detailed XRD results of AAS with and without CaStvbeh 26 and 46. The
diffraction curves indicative for calcium carbonate in the AAghv@aSt are not as intense as the control
AAS group’s, especially for vaterite, which would convert to calei$ the reaction proceeds according to
the Ostwald Step Rule [38]. This indicates that the carbonatierofahe AAS samples with CaSt might be
slowed. Another important indication irigure 4-b is the difference in the intensity of peaks of X-ray
diffractograms around 30°, which offers some indication of the ordergge®f C-(A)-S-H gel [39]. More
specifically, the intensity of AAS-4% around 30° is lower than tha&A%-45-0%, while that of AAS-8% is
higher. In order to clarify the influence of CaSt on the ordedegree of C-(A)-S-H, the obstruction from
the disturbance of calcite cannot be ignored for its charaatgyesaks overlapping with that of C-A-S-H gel.
The higher intensity of AAS-45-8% around®3flong with its lower carbonation rate (also detected byRFTI
and TGA result), indicates that ordering degree of C-(A)-Sds inproved by CaSt. While the relatively
low intensity of AAS-45-4% could be attributed to more calcite fnduring sample preparation in
AAS-45-0%, which did show the strongest signals of vateritégare 4-a. The result also highlights that
ordering degree of C-A-S-H in AAS-45-8% is higher than that o5A#%-4%. In addition, the higher Na
concentration in the pore solution of CaSt added mixes and less saditeaction products also give
indirect evidences. As shown in experimental results frometya. [21], Lothenbach and Nonat [40],
sodium can be taken up in the interlayer space preferentialbyvatalcium concentrations and high pH
values, and the less sodium could improve the regularity of the stacking of theSa-{Agyers.

3.2.2 Fourier transform infrared spectroscopy (FTIR)

FTIR was carried out to estimate the relative quantity ettren and chemical reaction products by
differentiating the typical wave numbers and corresponding transgettaigure 5-a shows the infrared
spectra of AAS and PC samples at the age of 28 days. Thaliffi@iance bestween PC and AAS is that the
band at 3654 ci in the PC sample cannot be found in the AAS groups. This wave nuetdsrto the
O-H stretching of portlandite [41] and the result suggests thenabf portlandite in the AAS mixes. In
addition, three bands at 1471 ¢m419 cnt, and 876 cii can be found in all samples, which correspond
to the anti-symmetric stretching and out-of-plane bending modes £t i6as [41].

Further comparison of the results between the AAS samplesmdtivithout CaSt highlights two additional
absorptions, around 2918 ¢nand 2850 cil. The two absorptions can be assigned to the asymmetric and
symmetric stretching vibrations of the ggroup [42]. In order to illustrate the impact of CaSt, detaitbet
range from 1600 to 400chmare given irFigure 5-b, from which three distinguishing features for AAS with
CaSt could be identified. Firstly, two additional adsorption peaks, 16@8L841 crit, can be found in
AAS-45-4% and AAS-45-8% that correspond to CQOCaSt [42] and the transmittance of AAS-45-8% is
higher than that of AAS-45-4% due to more CaSt added. Secondly, the lensiiptof the bands at
1471,1419 and 876 cifor the AAS with CaSt (AAS-45-4% and AAS-45-8%) can be observed;hwhi
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indicates that relatively limited carbonation products can be foutitese two groups. Lastly, the intensity
of the C-(A)-S-H bands (974 and 453 thiepends on the amount of CaSt added in the AAS mix. More
specifically, the quantity of C-(A)-S-H gels in AAS-45-4% ies® to the AAS control group, while the
AAS-45-8% would have less gels than that in the other two mixesal), the results shown iigure 5-b
suggests that the CaSt would affect the characteristics andtgwémeaction products in the AAS and its
influence depends on the usage.

3.2.3 Differential thermogravimetry

Figure 6 shows the TGA/DSC results of sole CaSt, PC and AAS saniilesdata inFigure 6-a gives
basic characteristics of CaShe endothermic peak at 18C is detected corresponding to evaporative water,
while the endothermic peak at 123 can be attributed to the melt of CaSt for no weight change & TG
curve in this temperature range. The decomposition of RC&@ be detected at 43Z, 482°C
accompanying by large weight loss in TGA, while some calanambonate in CaSt could be found (the
endothermic peak: around 680D [45]).

In order to minimise the influence of evaporable moisture and patdprbed moisture in samples, the
temperature range of TGA/DSC from 100 to 16G0s selected. The TGA curves can be divided into three
regions and the weight loss of the four regions are summarigetla4. The main findings in each region
are given:

1) The first region (I), temperature from 100 to 580 The main difference between the PC and AAS
mixes is that PC has two major absorption peaks, 152 an8C46&hich cannot be found in the AAS
groups. The weight changes observed at these two temperatuespond to the dehydroxylation of
ettringite (152°C) and portlandite (462C) [43] and it is reasonable that the AAS groups do not have
these reaction products. According to the research result ofddahg44], weight loss of AAS samples
at this region could be proportional to the quantity of chemical iomagroducts. Additional peaks
around 432C, 487°C for AAS-45-4% and 411C, 491°C for AAS-45-8% can be found in DSC curves.
This associates with the decomposition of CaSt (RG(@I5]. The specific values agree well with the
amount of CaSt added in the mix, 3.1% for AAS-45-4% and 6.4% for AAS-4BsBthated according
results inFigure 6-a. Table 4 summarises the weight loss of PC and AAS mixes after remgdhie
influence of CaSt decomposition. It could be found that the weight 10888f45-4% is close to that of
the AAS control group in this region, suggesting a similar amountof ohemical reaction products. It
agrees with the FTIR results givenkigure 5. The weight loss of AAS-45-8% is lower than that of the
other two AAS groups, which is believed due to the inhibition influence of CaSt orattimneprocess.

2) The second region (l1), the temperature from 530 to°80Q\II mixes have a detectable weight loss and
the corresponding temperature range~igure 6-b also exhibits slightly different endothermic peaks
(692 °C, 696°C, 702°C, 707°C respectively for PC, AAS-45-0%, AAS-45-4%, AAS-45-8%) which
reflect the decarbonation of calcium carbonate [45]. It is alscawthat the weight change of the CaSt
added AAS mixes can come from the degradation of CaSt [46], andispedues is 0.45% for
AAS-5-4% and 0.95% for AAS-5-8% (calculated according resulSigare 6-a). After removing its
influence, the weight loss results of all samples are giwemhable 4. It can be seen that PC and
AAS-45-0% show lager weight change, while the weight changhAS-45-4% and AAS-45-8% is
relatively small. This indicates that AAS with CaSt should have a relatowe degree of carbonation.

3) The third region (lll), the temperature higher than 800Valuable information could be obtained from
Figure 6-b at the temperature range of 826-846 °C, in which the area of exithmraks for AAS-45-4%
and AAS-45-8% is higher than that for AAS-45-0% that reflectctmgent of glassy state substance in
unreacted slag [47]. According to these results, it can be deducethdélatis more unreacted slag in
AAS-45-4% and AAS-45-8%. This could be attributed to the inhibition influesfic€aSt on the
chemical reaction between alkali-solution and GGBFS. This observediems to give a controversy
conclusion in comparison with the results presentdéigare 5, in which a similar amount of reaction
products is found for AAS-45-0% and AAS-45-4%. Combining with the resultie pore solution
analysis Figure 2 and Table 3), it is believed that the additional chemical reaction products in
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AAS-45-4% would come from further reactions caused by CaSt witlalkadi solution. This explains
why less GGBFS reacted, but more chemical reaction products are formed.

3.3 Characteristics of microstructures and defects

3.3.1 Nitrogen sorption test (NST)

Figure 7 plots the curves of sorption isotherms against relative presBIRg. (Cumulative pore volumes
and pore distributions determined through BJH method are givEigime 8-a and-b respectively. From
the adsorption curves, the AAS control group adsorbs less nitgagethan that of the PC sample, which
could be attributed to its low porosity and disconnected pores [48]. Furthermore, the Agl&€ssaith CaSt
tend to adsorb even less nitrogen, which may be due to the fact tipatrédsebecome less disconnected as
reported in the previous study [25]. Meanwhile, cumulative pore volumeAS With CaSt tends to
decrease as the CaSt amount increase. This trend is also reflected b sizegpdistribution data, shown in
Table 5. The pores diameter less than 4.2 nm is 2.41%, 15.82%, 19.45% and 38.51% for PA5-0%S-
AAS-45-4%, and AAS-45-8% respectively. It suggests that ti&t Gahelpful to dense pore structure of the
AAS at micropore level (the pore size is classified according to recadatiens given by the IUPAC [49]).

The specific surface was estimated from thealisorption test, the results of which is reportedahle 5.

As expected, the specific area of AAS is higher in comparistmttive PC group. This observation agrees
with the results reported by Prowsal. [48] and Songet al. [33]. The specific surface area of AAS-45-4%
reaches 35.7 fiy, while the trend of optimising microstructure is not observedAfa®-45-8%, as the
specific area decreases compared with that of AAS-45-4%bélisved that the results associate with less
reaction products in AAS-45-8%. Due the limited applicability efsdrption test when evaluate the pore
structure, only fine capillary pore is assessed and more infiormabout the characterization of coarse
pores analysed by MIP could be seen in our previous work [25].

3.3.2 Scanning electron microscopy (SEM) and optical observation

One main drawback of the AAS cement is the high risk of crackivigch significantly affect its
performance, especially for durability. In order to assesdntiieence of CaSt on the AAS system, the
microstructure of AAS with/without CaSt was examined using Sl the results are shownkigure 9.
Clearly, lots of cracks could be found in the AAS control group, which agred with the results of
Marjanovi et al. [50] and Yanget al. [51]. According to Collins and Sanjayan [18], Morandegal. [52],

the great cracking tendency could be attributed to rapid dryimgeps, which leads to rapid moisture loss
within gel pores of AAS and resulting in a significant volumetric change.microstructure of AAS-45-4%
and AAS-45-8% is given iRigure 9-a and-b. When the magnification was increased to 20,000X (shown in
Figure 9 d-f), there are lots of nanoscale pores (darker portion) within thexn(larighter portion) in the
control group. As shown in the figure, few cracks can be found in A&8ples with CaSt and the
microstructure of CaSt added samples becomes denser. Many @a®tgpas marked in red circles, can be
found within matrix as well. The results indicate that the @abreduce the micro-defects of AAS. After
adding CasSt, the gel pore is refined and become disconnected [28hdhase of moisture loss is reduced.
Meanwhile, the deposits of CaSt are found on the surface of pores and thereeal@rgemores in the CaSt
added samples, which may be due to its air maintaining functionthirdemechanism for modification of
cracking is that less alkalis are incorporated into reaction productstdheg to the research results of &e

al. [21], the micro-cracks in the AAS may be attributed to theabikty of reaction products with high
alkali cations, which makes the gels easier to collapse andritadistduring the drying process. The
chemical reaction products of CaSt added mix has less incorpoedkadis that reduces the
alkalis-terminated sites inside C-A-S-H gels, which sensddditional available locations (as a vacancy
defects) for microstructure rearrangement [21]. Thus, few cwuacks are found in AAS-45-4% and
AAS-45-8%.

In order to provide quantitative information, 100 SEM images |(2¥&75.m) were randomly selected at
different locations from each mix and cracking features \@esysed by counting the number of cracks,
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measuring length and width of cracks and calculating totakm% area. The results are summarised in
Table6. Clearly, the cracking area drop nearly 40% from 1638t5to 102743um? when CaSt was added,
and the best performance is obtained for AAS-45-4%. Another importtatdds that the max crack width
in the AAS is decreased by 50% and the average crack width deffoce 2.6um to 1.5um. It is noticed
that there are more cracks in AAS-45-4% and AAS-45-8%, but mosb4triacks in AAS-45-4% and
AAS-45-8% are short and narrow and hence, the low cracking afeand, which is clearly reflected in
Figure 9-b and-c.

4. Conclusions

Addition of CaSt is a promising approach to improve the performahttee AAS cement and clarification
of the role of CaSt in the AAS is essential to understand rooesdasthe enhanced performance. The aim
of the present paper is to contribute new results to this subjedg¢ evhithe basis of results obtained, the
following conclusions could be made:

1) The CaSt plays an essential role to control the reaction prduessgh interactions within the AAS
system. It is reflected by the fact that more unreact&BS can be found in the mixes with CaSt,
although the quantity of reaction products in AAS-45-4% is very closehe reference group
(AAS-45-0%). It should be pointed out that the isothermal calorinistryot sensitive to detect this
feature.

2) Analysis of Nd and C&" concentrations in the pore solution suggests that these two elémezgstion
products of AAS with CaSt vary considerably. Using CaSt made negshsbdium incorporated into the
reaction products and there might be more calcium in the reactoigis. This feature can assist in
improving uniformity and stability of reaction products, as shown in the XRD andO&®& results.

3) The results of M adsorption indicate that the microstructure of AAS became derss) CaSt was
added. It is clear that the CaSt is able to reduce microcrpekicording to analysis of the SEM results.
As shown, 4% of CaSt seems to be optimal for the AAS in this study.

4) Numerous CaSt can be found on the surface of pores from the SEMsimddtlp@ugh it is not easy to
differentiate if the CaSt on the pore surface is due to akrmr physical binding because of limited
analytical technique available, the hydrophobic film is very helgfuleduce the water sorptivity, as
shown in the previous study.

5) One feature obtained from the TGA, XRD and FTIR results isthieae were few carbonation products
in the AAS with CaSt. Poor resistance against carbonation isnaire drawback for the AAS cement
and clearly, more research is needed to confirm essential results.
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Tablel Chemical composition of GGBFS and PC (by mass %)
Binder SiQ Al,O0; FeO; MgO CaO NaO KO SO LOI Other composition

GGBFS 3212 1365 136 9.15 36.47 0.35 047 0.26 0.57 5.6
PC 2254 547 264 274 6210 061 0.18 0.57 314 <0.05
Table 2 Paste mixture proportions (per liter of paste)
Parameters Mix notation

PC AAS-45-0% AAS-45-4% AAS-45-8%
w/B 0.45 0.45 0.45 0.45
NaOH pellets (g) -- 20.4 20.4 20.4
Sodium silicate (g) -- 184.6 184.6 184.6
Water (g) 405 346.1 346.1 346.1
Cement (g) 900 -- -- --
Slag (g) - 900 900 900
CaSt (g) - 0 36 72
28d-Compressive strength (MPa) 42.4 53.1 46.2 39.3

Note: 1) The modulus of water glass (§/08,0) is 1.5; 2) The density of water glass is 1.05rj/
3) A constant alkaline concentration g@aequivalent: 5% by mass of GGBFS) is used in thidys

Table 3 Summary of Naand C4&" concentrations in the pore solution of AAS samples at the age of 28d
lon concentration (mg/L)

Mix notation Na 2

AAS-45-0% 25102 2.786
AAS-45-4% 25992 4.342
AAS-45-8% 25858 3.286

Table 4 Weight loss of PC and AAS samples of 28d curing at a given temperature region
Mass loss (%)

Mix notation Region | Region Il Region I
(100~530°C) (530~800°C) (800~1000°C)
PC 11.7 4.6 0.3
AAS-45-0% 10.6 3.6 0.5
AAS-45-4% 10.6 2.1 0.2
AAS-45-8% 9.9 2.3 0.1

Note: The influence of decomposition of CaSt onrtrgilts was removed.

Table 5 Summary of pore structure characteristics obtained from NST (curing for 28d)
Pore size distribution (%)

Mix notation Specific surface area {fg)

<4.2nm >4.2nm
PC 2.41% 97.59% 24.8
AAS-45-0% 15.82% 84.18% 31.7
AAS-45-4% 19.45% 80.55% 35.7
AAS-45-8% 38.51% 61.49% 27.2

Note: 1) Specific surface area is estimated froenNhadsorption measurements.

Table 6 Summary of micro-cracking features obtained from SEM images (all saoylag for 28d)

. . Total crack Total crack area  Maximum crack width ~ Average crack width
Mix notation >
number (um?) (1m) (1m)
AAS-45-0% 458 163815 9 2.6
AAS-45-4% 503 102743 4.5 15
AAS-45-8% 516 126915 4.5 1.8
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Figure 3 Impedance characteristic data of PC and AAS samples
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Figure 6 TGA/DSC results of the CaSt, PC and AAS samples at the age of 28d
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Figure 7 Sorption and desorption curves of PC and AAS samples
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Figure 8 Pore structure characteristics of PC and AAS samples at the age of 28d
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Figure 9 SEM images of AAS samples at different magnification
(a) AAS-45-0%-500X;(b) AAS-45-4%-500X with EDS(c) AAS-45-8%-500X;
(d) AAS-45-0%-20000X[€) AAS-45-4%-20000X{f) AAS-45-8%-20000X

21 page



