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Effect of Al,O; content in slag on the relationship between slag reactivity and carbonation
resistance

Yu Zhang* and Oguzhan Copuroglu

Microlab, Section Materials and Environment, Faculty of Civil Engineering and Geosciences, Delft University of Technology,
Delft, The Netherlands

To understand the influence of slag chemistry on the carbonation resistance of slag-rich cement, this paper explored
the carbonation characteristics of blended cement systems with different Al,O3 contents in slag through accelerated
carbonation test. Irrespective of slag chemistry, three main CO, binding phases were identified during accelerated
carbonation test, i.e. carbonated Ca-Al AFm phases (amorphous or nano-crystalline), carbonated hydrotalcite-like
phase, and calcium carbonate (amorphous calcium carbonate, vaterite, and calcite). Additionally, it was noted that the
classification employed for slag reactivity (based on slag chemistry) cannot be extended to predict carbonation
resistance of slag-rich cement directly. The main challenge occurred for slag with high alumina content. The
experimental results showed that Al,Os-rich slag exhibited a high reactivity and can be considered as a reactive
component in the blended mixture; however, it did not contribute to carbonation resistance of the mixture. Especially
for CO, binding capacity, it was similar for systems with varied alumina content in slag (from 3.69 to 18.19 wt.%) in

the completely carbonated area.

Keywords: slag-rich cement paste; Al,O3; carbonation resistance; slag reactivity; thermodynamic modeling

1. Introduction

Blast furnace slag, which will henceforth be referred to as
slag, is the by-product of producing pig iron [1]. The iron
ore gangue, reduced substances, and components of melted
coke are mixed in the furnace to form liquid slag at a tem-
perature of around 1,450 °C [2]. Its major constituents, cal-
cium oxide and silica, are present in large quantities. Also,
slag contains significant amounts of minor components,
i.e. alumina and magnesium oxide. Therefore, it is com-
monly expressed as a CaO — SiO,—Al,O3;—MgO system.
In addition, slag absorbs other accompanying alkalis like
Na and K as well as sulfur compounds (trace constituents)
[2]. Through rapid cooling with water in ponds, or with
powerful water jets, molten slag solidifies immediately and
turns into a granular, almost fully non-crystalline, glassy
form known as granulated slag. Thus, it is mostly used as a
kind of supplementary cementitious material (SCM) in
cement industry [3].

Since blast furnace used to be found in the vicinity of
iron ore and/or coal deposits, and slag chemistry is strongly
related to the compositions of raw materials which can be
expected to differ with geologies, thus it is no wonder that
slag composition varies remarkably across locations. Any
change in the composition of raw material and/or in the
furnace passage affects the composition of slag. Besides,
different blast furnace management and metallurgical tech-
nology change slag chemistry further [4, 5]. Researchers in
[6, 7] reviewed the chemistry of various SCMs, of which
slag was located between Portland cement and fly ash.

As a result, the intrinsic reactivity of slag, depending
on parameters, e.g. chemical composition in particular,

glass content, etc. also fluctuates significantly. Generally,
slag reactivity increases with the increasing CaO, Na,O,
and K,O contents, and with the decreasing amounts of
Si0O,, FeO/Fe, 03, TiO,, MnO/Mn,0;, etc. [8—14]. A high
CaO/SiO, ratio indicates a good reactivity, and a defi-
ciency in CaO can be compensated by MgO, as stated in
European standard EN 15167-1. Moreover, increased
Al,O5 content of slag was reported to enhance reaction
heat release and early age strength development [13, 15].
Due to the higher molar volume of Al-containing phases,
e.g. ettringite and calcium monosulfoaluminate (monosul-
fate for short), these hydrates can fill up pores and are
thus beneficial for the compressive strength development
[16]. In the work of [17], the authors confirmed a positive
correlation between Al,O3 content of slag and reactivity.
As for the carbonation rate of cement-slag system, it
is generally recognized higher than that of Ordinary
Portland cement system with the same water/binder ratio,
partially owing to its lower calcium hydroxide content
[18-22]. Portlandite, as the main CO, buffer phase, can
delay the decalcification of the most essential hydration
product in cement matrix, i.e. the C—S—H gel phase
[19, 23, 24]. For various blended cement pastes,
C — S—H gel phase with a typically lower Ca/Si atomic
ratio is produced, which is more easily carbonated, reach-
ing a critical Ca/Si ratio of 0.67 [25-27]. This kind of sil-
ica gel is poorly organized and presents a low molar
volume, certainly leading to an increase in porosity and
destroying the microstructure of system subsequently. On
the other hand, much attention has been paid to the car-
bonation behavior of portlandite and C — S—H gel phase
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in the past decades, while few studies dug deep into the
carbonation of minor hydration phases, e.g. ettringite,
monosulfate, and hydrotalcite-like phase. In other words,
the role of slag (even in slag-rich mixtures, e.g. CEM
I1I/B) as well as its hydration products during carbonation
have been largely neglected. As stated in [24], under-
standing the role of minor hydrates in the carbonation
process was imperative if next-generation binders are to
be designed to favor formation of specific microstructural
features to maximize their carbonation resistance.

In our previous study [28], the authors revealed the
effect of MgO content in slag on the carbonation charac-
teristics of slag-rich cement paste, where it was found that
the carbonation resistance improved notably with the
increasing MgO content in slag, in which hydrotalcite-like
phase played a key role. However, questions such as
whether Al,Oj3-rich slag also contributed to the improve-
ment of carbonation resistance and whether slag reactivity
indicated by, e.g. R3 test can be extended to characterize
carbonation resistance of slag-rich blends etc. remained to
be answered. Therefore, the present study attempted to fill
up these gaps by investigating the influence of Al,O5 con-
tent in slag on the relationship between slag reactivity and
carbonation resistance

In the work of [17], hydraulicity test (R3 test) based
on a model system and dissolution test in a NaOH solution
were already used to investigate the effect of slag chemis-
try on reactivity systematically. These synthetic slags
were further considered in the current study, where slag
was adopted as a primary SCM (i.e. 70 wt.% replacement
level), and the influence of slag chemistry on carbonation
resistance of slag-rich cement was studied. The evolution
of phase assemblage and microstructure development
before and after accelerated carbonation testing were
examined, and the CO, binding capacity of each mixture
was compared. Under this circumstance, a snapshot
depicting the interaction among slag chemistry, reactivity,
and carbonation characteristics of slag-rich cement can be

obtained, and the authors are thus able to answer whether
slag reactivity can be used as an indicator, building the
correlation between slag chemistry and carbonation resist-
ance of slag-rich cement.

2. Materials and methodology
2.1. Materials

CEM 1 42,5N, manufactured by ENCI Maastricht B.V.,
was used in this study to produce cement-slag binary
blends. Synthetic slags with different Al,O; contents,
were produced in the laboratory. The synthetic slag was
prepared by mixing analytical reagents including CaO,
Si0,, Al,O;, and MgO according to different compos-
itional design targets. The analytical reagents added to
control the exact composition in each run were mixed into
a homogeneous blend by combining the materials with
pure ethyl alcohol, grinding the mixture in a ball milling
machine at a low speed for 2 h and drying them at 100°C
for 24 h. The dried material was then ground to finer than
200 um using a mortar and pestle for improved homogen-
eity. Then, it was melted in an Al,Oj3 crucible at 1550°C
in the oven (High temperature furmace, Carbolite) for 3 h
(heated from room temperature to 1550°C at 10 °C/min
and maintained at 1550 °C for 3 h). The molten liquid was
water quenched to obtain glassy slag, rinsed with isopro-
panol and dried at 100 °C for 24 h, subsequently. Finally,
it was crushed and ground down to the required particle
size distribution in a ball mill (Retsch PM 100).

Chemical compositions measured by X-ray fluores-
cence (XRF) of cement and slags are presented in
Table 1. Figure 1 illustrates the particle size distribution of
slags and quartz tested by laser diffraction. For synthetic
slag A3, A12 and A18, CaO/SiO, ratio was maintained at
around 1.0 and the amount of MgO was stabilized at about
9 wt.%, while Al,O3 content was increased from 3.69 to
18.19wt.%. As for synthetic slag CS1 and CS2, their
Al,O5 contents were maintained at a high level, i.e. 14.51

Table 1. Chemical compositions (wt.%) and physical properties of CEM I 42,5N and synthetic slags.
Cement A3 Al2 Al8 CS1 CS2
CaO 64 42.07 37.32 36.87 32.98 28.05
SiO, 20 43.30 39.11 34.43 38.67 42.84
Al,O5 5 3.69 12.32 18.19 14.51 17.12
MgO — 10.83 9.43 7.98 11.22 9.67
FeO/Fe,03 3 0.07 0.30 0.40 0.36 0.35
TiO2 — — 0.70 0.84 1.02 0.89
MnO/Mn,03 — — 0.15 0.27 0.22 0.19
NaO.4" 0.58 — 0.38 0.64 0.60 0.52
SOs 2.93 0.01 0.03 0.03 0.05 0.08
Residual 4.49 0.03 0.19 0.21 0.25 0.08
Ca0/SiO, — 0.97 0.95 1.07 0.85 0.65
(Ca0 + Mg0)/Si0,° — 1.22 1.20 1.30 1.14 0.88
Physical properties
dso (um)° 26.81 19.67 20.35 20.85 20.40 20.11
SSA (m?%/g) 0.284 1.09 0.92 0.90 0.93 1.08

*The Na,O.q employed here for cement and slag was identical, namely Na,O + 0.658*K,0.

The European Standard EN 15167-1 recommends that this ratio should be greater than 1.

“The particle size distribution (PSD) of slag was measured by EyeTech, Ankersmid. The dsq of quartz was 24.21 um.

9The specific surface area (SSA) of cement and slag was measured by Blaine and nitrogen adsorption with the BET method,

respectively.
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Figure 2. XRD scans of synthetic slags used in the present
research.

and 17.12 wt.%, respectively, while the CaO/SiO, ratios
were reduced to less than 1.0. The main target of inclusion
slag CS1 and CS2 was to investigate whether high alu-
mina content in slag can compensate the negative effect of
reduced CaO/SiO, ratio.

X-ray diffraction (XRD) scans of five synthetic slags
are shown in Figure 2, which were almost entirely
amorphous with no peak indicating the existence of a
crystal phase. It was noticed that the position of amorph-
ous hump shifted small quantity to the left as the
CaO/SiO, ratio decreased. Similarly, the position also
shifted slightly to a smaller angle with decreasing
CaO + MgO content (i.e. increasing Al,O3 content).

2.2. Mix design and methodology

Quartz (Qz) with a similar PSD was also introduced to
cast cement-quartz paste, acting as a reference. In the
blended cement paste, cement clinker was partially
replaced by slag or quartz (70%). Paste specimens were
prepared in each mixture using distilled water with a
water/binder (cement + slag/quartz) ratio of 0.40. All the
materials were in mass percentage with respect to total
binder content. To avoid the introduction of extra interfer-
ences, sulfate content in cement was not adjusted to
account for the variations of alumina in slags (especially
for slag A18 and CS2 with high Al,O; contents), which
might change the phase assemblage of mixtures at early
age [29-31]. The binders were mixed and then transferred
immediately to the molds (40 x 40 x 40 mm). After one

day, specimens were demoulded and cured in sealed con-
dition at 20£2°C (room temperature) until further
investigation.

After 3 months of curing when it was assumed that the
hydration had reached an equilibrium, specimens were
transferred to a relative humidity (RH)-controlled climate
chamber at 65% and 20°C for pretreatment for one
month, as suggested by [32]. Accelerated carbonation test
was performed in an accelerated carbonation chamber
(Wewon Tech) sequentially regulated by CO, concentra-
tion of 3vol.% + 0.2, at 20+3°C and 65+5% of RH
(using saturated NaNO, solution). Only one surface of the
specimens was exposed to CO, and the other surfaces
were sealed to ensure one dimensional diffusion. The car-
bonation process continued up to 6 months to ensure that
CO, had entered the pastes as much as possible.

At the end of the predesignated hydration and carbon-
ation periods, small disks were cut from the specimens,
crushed and immersed in isopropanol solution to
exchange free water. Prior to XRD measurement and ther-
mogravimetric analysis (TGA), the crushed slices were
dried at 40 °C, ground with mortar and sieved manually to
obtain particle size below 63 um. XRD data was collected
using a Philips PW 1830/40 Powder diffractometer with
Cu K-alpha radiation. The machine was operated with an
X-ray beam current of 40 mA and an acceleration voltage
of 40kV. These sample powders were scanned from 5 to
60° (20) with a step size of 0.03°. Netzsch STA 449 F3
Jupiter coupled with mass spectrometer (MS) Netzsch
QMS 430C was employed for thermogravimetric ana-
lysis. The emission of H,O and CO, was thus identified.
A powder sample of approx. 50 mg was heated under an
argon atmosphere with a heating rate of 10°C/min from
40 to 800°C in an Al,O5 crucible, with an identical and
blank one as reference. Moreover, the CO, response of
samples with unknown CO, concentrations was calibrated
with the response of a standard (pure CaCO; reagent,
VWR Chemicals BDH) with known CO, concentration
(44.0wt.%) under the same analytical condition. This
method allowed the quantification of CO, emission from
carbonated slag cement paste in the present study contain-
ing both calcium carbonate and other CO, binding phases.
The area under the MS CO, curve, or peak integral, was
calculated with OriginPro 2019, a commercial software.

Fourier transform infrared spectroscopy (FTIR) was
performed using Spectrum TM 100 Optical ATR-FTIR
spectrometer over the wavelength range from 600 to
4000 cm ' to characterize the alteration of molecule struc-
ture before and after accelerated carbonation test. A sin-
gle-beam configuration was used, and each sample was
scanned 20 times with a fixed instrument resolution of
4em .

Mercury intrusion porosimetry (MIP) analysis was
performed with a Micromeritics Autopore IV which deter-
mined pore size down to 7nm (corresponding to a 0—
210 MPa range of applied pressure). Diminished particles
were immersed in isopropanol solution to stop hydration.
They were subsequently stored in a desiccator under vac-
uum to remove the isopropanol. The Washburn equation
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explains the relationship between pore diameter (D) and
pressure (P) as the below formula shows,

B 4ycos(0)
D

of which the surface tension of mercury (y) is 0.485 N/m
at 25°C and the contact angle (0) between mercury and
sample is 140°. Three steps were involved in each meas-
urement process, i.e. mercury intrusion at low pressure
from 0 to 0.170 MPa; at high pressure from 0.170 to
210 MPa; and mercury extrusion.

Slices of hydrated specimens were also used in the
scanning electron microscopy (SEM) investigation. After
stopping hydration, the specimens were impregnated with
a low viscosity epoxy resin and mirror polished using pol-
ishing diamond paste down to 0.25 um. The samples were
further coated with carbon and examined with a FEI
QUANTA FEG 650 ESEM instrument under a 10kV
accelerating voltage and a working distance of 10 mm.
Micrographs were acquired using backscattered electron
(BSE) detector. X-ray energy dispersive spectrometry
(EDS) was also used to determine the elemental compos-
ition of the phase assemblages. Approximately 100 points
per sample were microanalyzed at the matrix and slag
rims.

Thermodynamic modeling was carried out to investi-
gate the effect of Al,O5 content of slag on the carbonation
characteristics using the Gibbs free energy minimization
program GEMS [33, 34] with thermodynamic data from
the PSI-GEMS database [35, 36] supplemented by
cement specific data [37, 38]. The calcium-alkali alu-
minosilicate hydrate ideal solid solution model
(CNASH_ss) proposed by Myers et al. [39] was
employed to describe the C — S(A)—H gel phase in the
system. MgAl— OH — LDH_ss containing three end-
members with Mg/Al atomic ratios of 2, 3 and 4 reformu-
lated into an ideal solid solution was considered to simu-
late the formation of hydrotalcite—like phase before
carbonation [40]. For their corresponding carbonation
forms, the database provided by [41] was incorporated in
the model as candidate phases. The thermodynamic prop-
erties of these carbonated forms were calculated based on
the ion-exchange constant provided by [42].

P =

A12

3. Results
3.1. Phenolphthalein spray

The typical cross-sectional surfaces of the specimens after
phenolphthalein spray are shown in Figure 3. It was noted
that slag A3, A12, A18, and CS1 pastes exhibited similar
carbonation depths in the range of 10-15mm. On the
other hand, the carbonation depth of slag CS2 paste was
approximately 20 mm, significantly higher than others.

3.2. Carbonation products

In this section, the authors characterized carbonation prod-
ucts by means of a series of techniques. To better under-
stand the effect of CO, attack on the evolution of phase
assemblage, powders were taken from the top layer of
specimens (within 3 mm depth from the surface) exposed
in the carbonation chamber to ensure full carbonation as
much as possible.

3.2.1. Thermogravimetry (TG-DTG-MS)

Figure 4(a) reveals the representative TG-DTG results of
cement-slag and quartz mixtures at 90 days of curing. The
peak at 400—500 °C indicated the formation of portlandite.
Expectedly, the most portlandite was identified in cement-
quartz blend while the least amount of portlandite was
found in slag A18 mixture due to its relatively high
reactivity [17]. Hydrotalcite-like phase was detected in
slag-containing mixtures with a distinct peak located at
approximately 350°C. Additionally, the shoulder at
~200 °C implied the formation of monosulfate, originated
from the transformation of ettringite with time. Note that
its amount was positively associated with the amount of
alumina content in slag, i.e. nearly no monosulfate was
found in slag A3 blend while slag A18 mixture presented
the most distinct shoulder at ~200°C. Meanwhile, the
peak at 100-150°C suggested the presence of C — S—H
gel phase.

Figure 4(b-1)—+(b-4) show the DTG results, H,O and
CO, MS curves of fully carbonated cement-slag A3, CS1,
A18, and Qz pastes, respectively. No doubt that the main
CO,-bearing phase in all pastes was calcium carbonate,
and three decomposition peaks starting from ~450°C in
the DTG graph implied the presence of amorphous

Figure 3. Typical sawn surfaces of the specimens after spraying with phenolphthalein solution.
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Figure 4. (a) TG and DTG results of representative cement-slag and quartz mixtures after 3 months of curing; (b-1) to (b-4) DTG
results, H,O and CO, MS curves of fully carbonated cement-slag A3, CS1, A18, and Qz pastes, respectively. Ht: hydrotalcite-like

phase; Ms: calcium monosulfoaluminate.

calcium carbonate, vaterite, and calcite correspondingly,
all of which were commonly seen in the accelerated car-
bonation test of cementitious materials [43, 44]. Also, the
carbonates in the carbonated quartz blend started decom-
posing at a lower temperature than that in the slag cement
pastes, which was indicative of the carbonation C — S—H
gel phase [45]. Monosulfate and portlandite had been car-
bonated and decomposed completely, as neither of them
was observed in the fully carbonated area.

The peak located at 300450 °C indicated the persist-
ence of hydrotalcite-like phase after carbonation in slag-
containing blends. As displayed in the MS curves, both
H,0 and CO, were released at this temperature range.
Considering the stacked layers structure of this phase [42],
it implied that CO, was absorbed in the interlayer space to
replace water molecules absorbed originally, to form the
carbonated phase. Moreover, a small peak at ~150°C
occurred in the MS CO, curve, irrespective of the addition
of slag or Al,O5 content of slag. It can be ascribed to the
release of CO, from carbonated Ca-Al AFm phases
(amorphous or nano-crystalline), sourced from the carbon-
ation of AFm-OH and/or AFm-SQO, phases [46], or form-
ing carbonate-sulfate AFm solid solution [47]. This peak

was negligible in slag A3 and Qz mixtures, probably
owing to their reduced monosulfate formation after hydra-
tion when compared with other pastes.

3.2.2.  X-ray diffraction (XRD)

XRD results (Figure 5(a)) confirm the presence of mono-
sulfate, hydrotalcite-like phase, portlandite, and unhy-
drated cement clinker (C5S and P-C,S in particular) in
slag cement paste after hydration. The peak intensity of
portlandite reduced with the gradual addition of Al,O5 in
slag. Monosulfate was detected in slag A12 and A18 mix-
tures. On the other hand, the peak for monosulfate and
portlandite disappeared in all mixtures after carbonation
(Figure 5(b)). These results were consistent with the TGA
findings (Figure 4). Moreover, it was found that the peak
for unhydrated cement clinkers (C3S and p-C,S) also dis-
appeared in the fully carbonated area, likely due to the
continuation of hydration or carbonation [48].
Hydrotalcite-like phase was still detected after such a
heavy CO, attack, i.e. the peak of which was located at
~11° both before and after carbonation. Calcite and vaterite
were identified as the main polymorphs of calcium
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Figure 5. XRD analysis of representative cement-slag blends (a) at 90 days after curing; (b) after full carbonation. Ms: calcium
monosulfoaluminate; Ht: hydrotalcite-like phase; CH: portlandite; C: calcite; V: vaterite. The peak centered at around 20 =21 and
26° appeared to be associated with the formation of silica gel (labeled as S) due to the carbonation of C — S — H gel phase [20].
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Figure 6. FTIR spectra of slag cement pastes after 3 months
of curing and accelerated carbonation test.

carbonate. It is worth mentioning here that amorphous cal-
cium carbonate could not be detected by XRD and no trace
of aragonite was confirmed in these carbonated samples.

3.2.3.  Fourier transform infrared (FTIR) spectroscopy

As Figure 6 shows, FTIR spectra of slag cement pastes
presented similar characteristics after 3 months of curing,
and Q* (~950cm™") was the main unit of C — S—H gel
phase of all investigated mixtures before carbonation.
Moreover, the silicate group in these samples also showed
a similar feature after carbonation, i.e. the Si-O-T stretch-
ing band shifted to higher wavenumbers in the range of
~1200 and ~1100cm ™", indicating the formation of Q*
and Q” silicate units, respectively. This shift was associ-
ated with the gradual polymerization of silicate units,
namely the carbonation-induced decalcification of
C — S—H gel phase [49].

The strong broad band at 1400-1500 cm ™' and narrow
band at 875-1000cm ', representing the asymmetric
stretching and bending of carbonate, respectively further
confirmed the reaction with CO, and production of CO,
band [50].

Collectively, the variation of slag chemistry did not
change the type of carbonation products of slag cement
fundamentally, and three CO, binding phases were identi-
fied, i.e. calcium carbonate (including amorphous calcium
carbonate, vaterite, and calcite), carbonated hydrotalcite-
like phase, and carbonated Ca-Al AFm phases (These
phases cannot be detected by XRD.). The formation of sil-
ica gel after carbonation was confirmed by both XRD and
FTIR.

3.3. Degree of CO, uptake of different carbonate
phases

To calculate the CO, concentration in each carbonate
phase at different depths, powders were extracted from
the regions with different degrees of carbonation. These
regions were designated as: (nearly) fully carbonated zone
(label 1), transitional/dissolution zone (label 2) [51], and
mildly/non-carbonated area (label 3), respectively as
Figure 7 shows.

Figure 8(a) and (b) display the DTG results, H,O and
CO, MS curves of the powders taken from mildly carbo-
nated and transitional areas of slag A18 paste, respectively
(For fully carbonated area, it was shown in Figure 4(b-3)).
The carbonation degree in these two areas was lower than
that in full carbonation area, indicated by the reduced CO,
ion current. Nonetheless, the same carbonate phases can
be identified in these three areas, i.e. carbonated Ca-Al
AFm phases, carbonated hydrotalcite-like phase as well as
calcium carbonate. Additionally, portlandite was observed
in the transitional area while both portlandite and mono-
sulfate were detected in the mildly carbonated area.

Pure CaCOj; reagent was employed as a reference to
calibrate the CO, content in each carbonate paste under
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the same analytical condition. Figure 9(a) presents the
DTG result, CO, MS curve of pure CaCO;. The area
under the MS CO, curve corresponding to 44.0 wt.% CO,
releasing from CaCO; was calculated with commercial
software OriginPro 2019.

As confirmed in section 3.2, calcium carbonate existed
in polymorphs after carbonation. They started to decompose
from ~500°C and the decomposition peaks overlapped
with each other noticeably [32, 43, 44]. However, the sim-
ultaneous presence of these polymorphs did not affect the

Figure 7. The positions where powders were extracted, using
slag A18 paste as an example. 1: fully carbonated area; 2:
transitional area; 3: mildly carbonated area.
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determination of total CO, bound in calcium carbonate. As
for carbonated hydrotalcite-like phase, it released CO, at
250-450°C, and an apparent decomposition peak was
noted in this temperature range [52]. Fortunately, no other
phases released CO, within this range in the carbonated
slag cement sample. Therefore, the CO, concentration of
each carbonate phase at different depths can thus be esti-
mated from the area under the CO, MS curve in the corre-
sponding temperature range, using slag A18 paste as an
example shown in Figure 9(b—d). The areas Al, A2 and A3
were related to certain amounts of CO, liberated from car-
bonated Ca-Al AFm phases, carbonated hydrotalcite-like
phase, and calcium carbonate, respectively.

The calculated areas under the MS CO, curve and
CO, concentrations calibrated with pure CaCO; (/100 g
carbonated paste) of different carbonate phases in each
mixture are given in Tables 2 and 3, respectively. No
doubt that the absolute amount of CO, bound in different
carbonate phases increased significantly from mildly to
fully carbonated area. Moreover, it can be seen that
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Figure 8. DTG results, H;O and CO, MS curves of (a) mildly carbonated and (b) transitional areas of slag A18 paste, respect-
ively. Ms: calcium monosulfoaluminate; Ht: hydrotalcite-like phase; CH: portlandite.
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Figure 9. (a) The DTG result, CO, MS curve of pure CaCOs; (b-d) The CO, MS curve of carbonated slag A18 paste from mildly

carbonated, transitional, and fully carbonated areas, respectively.
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Table 2. The calculated area under the MS CO, curve of different carbonate phases (A-°C).

Area under the MS CO, curve

Carbonated Ca-Al Carbonated Calcium
AFm phases hydrotalcite-like phase carbonate Total
Mildly carbonated A3 7.39%1071° 1.02%¥107° 2.97%107° 4.73%107°
Al2 6.50%1071° 9.68*1071° 2.81%¥107° 4.43%¥107°
Al8 4.43%1071° 3.77%1071° 1.71%107° 2.53%107°
CS1 4.12*%1071° 8.63%101° 2.68%107° 3.96%107°
CS2 5.39%1071° 9.35%1071° 2.84%107° 4.13%¥107°
Transitional A3 1.23%107° 3.17%107° 2.05%1078 2.49%1078
Al2 1.71¥107° 3.89%107° 2.56*%1078 3.12%1078
Al8 1.26%107° 3.17%107° 2.27%1078 2.71%1078
Csl1 1.43%107° 3.35%107° 2.31*%1078 2.79%1078
CS2 1.52%107° 3.46%¥107° 2.38%1078 2.88%1078
Fully carbonated A3 1.56%10~° 2.84%107° 3.94%1078 4.38%107%
Al2 1.94%107° 5.11%¥107° 3.73%1078 4.43*%1078
Al8 2.08%107° 3.91%107° 3.95%1078 4.55%1078
Csl1 1.74%107° 4.25%107° 3.72%¥1078 432*%1078
CS2 1.83%107° 4.87%107° 3.85%1078 4.52%1078
Qz* 1.50%107° — 3.81%1078 3.96%1078
Pure CaCO; — — 1.09%1077 1.09%1077
Table 3. CO, concentration of different carbonate phases calibrated with pure CaCO; (/100 g).
CO, concentration of each carbonate phase
Carbonated Carbonated Calcium
Ca-Al AFm phases hydrotalcite-like phase carbonate Total
Mildly carbonated A3 0.30 0.41 1.20 1.91
Al2 0.26 0.40 1.13 1.79
Al8 0.18 0.15 0.69 1.02
CS1 0.17 0.35 1.08 1.60
CS2 0.23 0.39 1.15 1.67
Transitional A3 0.50 1.28 8.27 10.05
Al2 0.69 1.57 10.33 12.59
Al18 0.50 1.28 9.16 10.94
CS1 0.58 1.35 9.33 11.26
CS2 0.62 1.40 9.61 11.63
Fully carbonated A3 0.63 1.15 15.90 17.68
Al2 0.78 2.06 15.04 17.88
Al8 0.84 1.58 15.95 18.37
CSl1 0.70 1.72 15.02 17.44
CS2 0.74 1.97 15.54 18.25
Qz 0.51 — 15.38 15.99
Pure CaCO; — — 44.0 44.0
calcium carbonate bound the majority of CO, diffused 34.1. MIP

into the paste, by the reactions between portlandite as well
as C—S—H gel phase and CO,. Meanwhile, the CO,
binding capacity (full carbonation) of each mixture was
similar, and it fluctuated at 15-20 wt.% in the completely
carbonated area, irrespective of alumina content in slag.

3.4 Microstructure

In this section, the authors aimed to analyze the impact of
carbonation on the microstructure development and the
evolution of phase assemblages in the cement-slag sys-
tems. Samples used for measurements were selected from
the carbonated area (colorless appearance after phenol-
phthalein spray) for each mixture.

As Figure 10(a) illustrates, the critical pore diameter of
cement-slag system fluctuated at around 0.01 um, and it
exhibited a decreasing trend with the increasing Al,Os
content of slag. Slag CS1 and CS2 pastes exhibited a rela-
tively larger critical pore diameter between 0.01 and
0.02 um due to the decreased CaO/SiO, ratio. Compared
with cement-quartz mixture which displayed a bimodal
pore structure (in the range of 0.01-1 yum), secondary pre-
cipitations from the pozzolanic reaction between portlan-
dite and slag helped refine and densify the pore structure
of paste considerably.

After accelerated carbonation test, the critical pore
diameter of each mixture all increased to the range of 0.1—
10 um (Figure 10(b)). Due to the carbonation of C — S—H
gel phase, a much coarser pore structure was produced
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Figure 10. Differential pore size distribution of cement-slag and quartz mixtures measured (a) before and (b) after accelerated car-
bonation test; (c) cumulative intrusion measured after accelerated carbonation test.

after carbonation. The decalcification of C—S—H gel
phase produced a poorly organized silica gel of a lower
molar volume. At the same time, free water initially bound
within the C — S—H gel phase was released during car-
bonation and evaporated with drying, which also contrib-
uted to an enhanced porosity [20, 53, 54]. It was also
noted that slag A12 and A18 pastes showed a similar crit-
ical pore diameter (Figure 10(b)) and porosity (Figure
10(c)) after carbonation, while slag CS1 and CS2 blends
illustrated the most porous microstructure during CO,
attack.

3.4.2. SEM-BSE

To keep consistent with Section 3.2, Figure 11 illustrates
the representative microstructures of specimens before
and after accelerated carbonation test. Unhydrated cement
grains (e.g. circled and labeled 1 in Figure 11(a-1)) were
found in all pastes and distributed in the matrix with unhy-
drated slag particles after 3 months of curing. Portlandite
was clearly identified as large clusters (e.g. circled and
labeled 2 in Figure 11(a-1)). Because of the rich alumina
content in slag A18, monosulfate existed as fine and com-
pact crystal intermixed with C —S—H gel phase across
the matrix (circled and labeled 3 in Figure 11(c-3)).

After carbonation, specimens appeared much more
porous with a large quantity of black spots, indicating the
formation of pores filled with epoxy resin (Figure 11(a-2)
to (c-2)). It further verified the change in critical pore radii

upon carbonation in the range of 0.1-10 um measured
by MIP.

3.4.3. Chemical composition

34.31. C—S—H Gel phase. Scatter plots of
Al/Ca against Si/Ca in atomic ratio are shown in
Figure 12. In general, the measured Ca/Si atomic ratio
of C — S—H gel phase after 3 months of curing fluctu-
ated at around 1.0. This value was in line with the ear-
lier reports [55]. On the other hand, substantial
decalcification occurred in the blended system after
accelerated carbonation testing which led to a reduc-
tion of Ca/Si atomic ratio of C—S—H gel phase.
Several Ca/Si ratio readings were similar to that of
uncarbonated gel matrix, probably related to the inter-
mixing of carbonates. The other part was decalcified,
especially for that circled in Figure 12(b). Moreover,
scatter points indicating the existence of monosulfate
in slag A18 mixture disappeared after carbonation,
confirming the decomposition of this phase after
carbonation.

3.4.3.2.  Hydrotalcite-like phase. Consistent with
the results in [56], hydrotalcite-like phase seemed to be
unaffected by CO, attack. The Mg/Al atomic ratio derived
from the regression analysis of Mg/Si against Al/Si scatter
plot (Figure 13) remained nearly unchanged before and
after carbonation. In other words, hydrotalcite-like phase
remained intact during carbonation, and the CO, uptake in
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Figure 11. Microstructure of (a-1) to (c-1) cement-slag A3, CS1, and A18 mixtures after curing of 3 months, respectively; and
(a-2) to (c-2) carbonated area of cement-slag A3, CS1, and A18 mixtures, respectively.

05 08
.
(a) 0.7 (b)
04+ o e o
0,6
° . e
° ®e
B ; 0,5 ° o . sy Ch o Ty
LE o o2 7 da
°® o [ ° / he
Qg b Q 04 % /  oF
P4 s o < Coni® H
0.2 3 2 P X 1
’ - 0,31 i e S L 1 o1
o %% 9o Lo ¢
... ‘: - ° * '*. ‘\' 7
P ..i ° 024 .. ﬁ Vi
011 :.0' o) o® k ﬁ Seaet
[ 2 13 L] 0,14 . . £ s e A e
® A3 uncarl @ 4 .‘ [ 4 » %o ® A18_uncar]
] ® A18_car
0,0 AGTcar T T L] T T 0,0 T T T T T T L
0,0 0,2 04 0,6 0,8 1,0 1,2 14 0,0 0,2 04 06 08 1,0 1,2 14 16
Si/Ca Si/Ca

Figure 12. Representative plots of Al/Ca against Si/Ca in atomic ratio of slag (a) A3 and (b) A18 pastes before and after
carbonation.



Journal of Sustainable Cement-Based Materials

11

038

0,6

0,8 ® ® .
_ e _ D) ot
%) [77] °
5064 o9, 50,44 200
= . e o0 S . o oo
° .
{ e o, 0’ ®,
0.4 .' * oS ®
. ° °
o0
sy " o
0,2 30 N )
[ ] 0.. @ e [ )
o ® A3_uncar| ¥ ® A18_uncar
® A3 _car ° ® A18_car
0,0 T T T T T 0,0 T T T T T
000 005 010 015 020 025 030 035 040 0,0 0,1 02 03 04 0,5 0,6 07
Al/Si Al/Si

Figure 13. Representative plots of Mg/Si against Al/Si in atomic ratio of slag (a) A3 and (b) A18 pastes before and after

carbonation.

o

[$,]
1

7

a
1

w
1

N
1

-
|

Areas under the MS CO, curve/(A-°C) (*108)

o

1 I 1
MO M8 M16
Increasing MgO

Figure 14. The areas under MS CO, curves or CO, binding capacity against slag chemistry.

its interlayer space would not decompose its network
structure.

4. Discussion
4.1. Slag chemistry vs. CO; binding ability

It is well recognized that the carbonation resistance of
cementitious materials depends on two main factors: one
is CO, binding capacity and the other one is pore struc-
ture. In cement-based systems, portlandite and C — S—H
gel phase (especially for blended cements where most por-
tlandite has been consumed in pozzolanic reaction) are
regarded as the main phases to be carbonated. However,
the role of minor hydrates, e.g. hydrotalcite-like phase and
monosulfate has been largely neglected, particularly when
the slag substitution level is high, e.g. CEM III/B, or
70 wt.% in the present research, and alkali-activated slag
systems. The authors believe that influence of slag chem-
istry on the CO, binding capacity of slag cement paste
deserves a deeper discussion, in which the CO, binding
ability of different phases should be emphasized (Here we
defined the results measured from fully carbonated area
(see Figure 7) as CO; binding capacity. Six months of

A3

1 I L] 1
A12  A18 i CS1 ;
High Al,O, :

i

IncreasingALCs Decreasing Ca/S
)

accelerated carbonation test was performed in the study,
and we considered that the surface area had (nearly) been
carbonated completely.). Data from this article and
Table 3 in [28] (for slag M0, M8, and M16 with increas-
ing MgO contents) would be analyzed together to cover
the common range of slag chemistry.

Figure 14 demonstrates that the areas under MS CO,
curves, or CO, binding capacity of the specimens
increased significantly with the increasing MgO content
from slag MO to M16 blend; however, Al,O3 seemed to
have negligible effect on CO, binding capacity. In other
words, the enhanced ettringite and monosulfate formations
with increasing alumina content in slag did not influence
the CO, binding capacity positively. It was reasonable as
the CO, concentration bound in carbonated Ca-Al AFm
phases was stable, less than 1 wt.% (Table 3).

As shown in Tables 2 and 3, the absolute amount of
CO, absorbed in each buffer phase increased when shift-
ing from mildly carbonated to fully carbonated area.
However, the proportions distributed among these buffer
phases revealed an important finding (Figure 15).
Irrespective of alumina content, the proportion of CO,
absorbed into carbonated Ca-Al AFm phases plus
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hydrotalcite-like phase decreased while that from calcium
carbonate increased. It provided a deeper understanding of
the carbonation behavior of slag-rich blends. Initially,
monosulfate, hydrotalcite-like phase, portlandite, and
C—S—H gel phase acted as the CO, binding phases
together. Especially for monosulfate and hydrotalcite-like
phase, they shared around 30% CO, in the mildly carbo-
nated area due to their stacked layer morphologies, and
this value decreased to ~20% in the transitional area and
less than 20% in the fully carbonated area. It can be sug-
gested that there is a limit for the stacked layer structure to
absorb CO,, when the space between layers is occupied
by CO, completely, CO, can only be fixed into calcium
carbonate (Portlandite and C — S—H gel phase in particu-
lar with large specific surface area reacted with CO, con-
tinuously.). Therefore, the proportion of CO, bound in
calcium carbonate went up under continuous CO, attack.
Note that contrary to the reaction between CO, and
C — S—H gel phase which is a volume decrease reaction,
the stacked layer structure can maintain its structure and
would not lead to a pore structure coarsening during
carbonation.

4.2. Slag reactivity vs. carbonation resistance of
cement-slag system

Al,O5-rich slag cement paste shows good performance at
the early age of hydration [13, 15]. Based on R3 and dis-
solution tests, our previous work verified that slag reactiv-
ity positively affected by its alumina content [17].
Besides, three levels of reactivity were classified, i.e. low
reactivity (slag MO and A3), medium reactivity (slag M8,
A12, CS1, and CS2), and high reactivity (slag M16 and
A18). However, when estimating the carbonation resist-
ance of these cement-slag mixtures according to two
important parameters, i.e. pore structure and CO, binding

capacity [24], the classification employed for reactivity
was not applicable anymore.

Yet, cement-slag M 16 mixture exhibited the best car-
bonation resistance. It showed the least carbonation depth
based on phenolphthalein spray (5-10mm) (For the
results regarding slag M0, M8, and M16, please refer to
Figure 9 in [28].), the highest CO, binding capacity
(Figure 14), and the smallest critical pore diameter after
carbonation. As for slag M0, CS1, and CS2, they pre-
sented the worst carbonation resistance when blended
with cement. Their carbonation depths were much greater
(close to 20 mm), and they displayed a bimodal pore struc-
ture with larger pore volume after carbonation. For slag
M8, A3, A12, and A18, they showed a medium carbon-
ation resistance in the slag rich cement pastes with similar
CO, binding capacity.

Although high alumina content slag cement pastes
(CS1 (1451 wt.%), CS2 (17.12wt.%), and AlS8
(18.19 wt.%)) show good early age performance due to
the enhanced formation of ettringite and monosulfate,
they do not perform equally good against CO, attack. The
specimens with CS1 and CS2 formed a relatively larger
critical pore diameter after 3 months of curing (10-20 nm
as shown in Figure 10(a)), which was the main reason for
their lower carbonation resistance compared to other
specimens. In other words, the adverse effect of CaO/SiO,
ratio reduction on the hydration can be compensated by
higher amount of Al,O3 but the same argument cannot be
extended to the carbonation resistance. For instance, the
slag A18 paste showed a mediocre carbonation resistance.
This behavior can be explained by taking the following
two aspects into consideration. Firstly, enhanced monosul-
fate formations (due to high alumina content) do not influ-
ence the CO, binding capacity positively. Secondly,
aluminum uptake in C—S—H gel phase increases the
amount of bridging silicate tetrahedra [55], and a greater
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Figure 16. Thermodynamic modeling of the phase assemb-
lages in A18 paste during the step-wise carbonation. Hc: cal-
cium hemicarbonate; Mec: calcium monocarbonate; Ms:
calcium monosulfoaluminate.

number of polymerized units commonly exhibit a better
carbonation resistance by the limited CO, access [57, 58].
Thus, the CO, binding capacity seemed to be unaffected
by the Al,O5 content in slag (Figure 14).

4.3. Thermodynamic modeling

Figure 16 illustrates the thermodynamic modeling results
of phase assemblage evolution during the stepwise car-
bonation, using cement-slag A18 paste as an example.
The reaction degree of clinker phases of cement at 90 days
was estimated using the empirical kinetic approach of
Parrot and Killoh [59], and the parameters were reported
by Lothenbach et al. in [60]. The hydration degree of slag
A18 was estimated to be 30% after 3 months of curing.
For simplicity, it was assumed that slag dissolved
congruently.

At zero CO, addition, C — S(A)—H gel phase was
modeled as the main hydration product. Hydrotalcite-like
phase, monosulfate, hydrogarnet, and stratlingite was also
predicted to be formed, which were identified in slag-rich
cement paste systems by other researchers [61, 62]. With
the gradual addition of CO, into the system, the change in
phase assemblage started to occur. For the decalcification
of C—S(A)—H gel phase, readers can refer to [63].
Calcite was predicted to be the only form of CaCOs,
although different morphologies of CaCO; were detected
in real samples [32, 43, 44] and in this study. The focus of
this modeling study was the phase transition of Al-bearing
and SO4-bearing phases after CO, addition.

After the decomposition of monosulfate, ettringite was
modeled to be the main sulfate-bearing phase (intermedi-
ate), which was further carbonated to yield gypsum.
However, no gypsum was detected in the present study
and other blended cement systems [20, 24]. Probably this
secondary gypsum was amorphous [64], or the amount of
sulfate in the system was too low as it was formed in the
carbonated super-sulfated cement paste [65]. Besides, sul-
fate ions can also be absorbed by amorphous silica gel
formed after carbonation. This factor should be considered
in further study. As for the transformation routine of
Al-bearing phases, monosulfate and stratlingite started to
decompose upon CO, contact. Hemi- and mono-

carbonates ~ were  predicted as  intermediates.
Monocarbonate was decomposed into calcite and subse-
quently to stratlingite as the carbonation proceeded.
Hydrogarnet persisted initially and transformed into
stratlingite with the continuous CO, attack. Al-gel was
predicted as the final Al-bearing phase. Apparently, sev-
eral disagreements existed between GEMS modeling and
experimental results. It should be noted that the formation
of hemi- and mono-carbonates was not observed by XRD
or TGA in this study at any carbonation depth. The
authors considered that monosulfate (including other Ca-
Al AFm phases) would not decompose during carbonation
and absorb CO, into interlayer space because of its lay-
ered microstructure. It was consistent with the results in
[47], which also concluded that monosulfate can incorpor-
ate some carbonates, forming carbonate/sulfate-AFm solid
solution.

5. Conclusions

This study investigated the carbonation characteristics of
predefined cement-slag systems through accelerated car-
bonation test, and attempted to build a connection among
slag chemistry, slag reactivity, and carbonation resistance
of the system. The main conclusions drawn were as
follows:

e  After accelerated carbonation testing, three CO,
binding phases were identified irrespective of the
gradual addition of alumina content in slag, i.e.
carbonated Ca-Al AFm phases (amorphous or
nano-crystalline), carbonated hydrotalcite-like
phase, and calcium carbonate (vaterite and
calcite).

e The critical pore diameter of slag cement pastes
increased to the range of 0.1-10 um after carbon-
ation. A bimodal pore structure and significantly
larger pore volume appeared in the carbonated
CS1 and CS2 slag pastes.

e Carbonated Ca-Al AFm phases and hydrotalcite-
like phase bound around 30% of the total CO,
that diffused into the mildly carbonated area.
This value decreased to about 20% in the transi-
tional area and less than 20% in the fully carbo-
nated area.

e The CO, binding capacity of each mixture was
similar, fluctuating at 15-20wt.% in the com-
pletely carbonated area. In other words, the
enhanced ettringite and calcium monosulfoalumi-
nate formation with the increasing alumina con-
tent did not exert a positive influence on CO,
binding capacity.

e The slag reactivity classification method [17]
proposed earlier by the authors cannot be
extended to predict carbonation resistance of a
cement-slag system directly. The main challenge
occurred for slags with high alumina content.
Our experiments showed that Al,Os-rich slag
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was reactive as a blended cement component, but
it did not contribute to carbonation resistance.

Note that the investigations carried out in this paper
and [28] were mainly based on synthetic slags, and more
research should be performed in the future to confirm the
applicability of these conclusions for commercial slags.
Furthermore, it was noticed that there was a trend for con-
sistent production of lime-rich slag in steelmaking manu-
facturing [66]. However, for synthetic slags considered in
our research, the CaO/SiO, ratio was kept at around 1. It
deserves further research that whether this continuous
increasing in CaO content in slag (i.e. CaO/SiO, > 1) can
enhance the performance of blended cement paste.
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