
Cement & Concrete Composites 38 (2013) 40–49
Contents lists available at SciVerse ScienceDi rect 

Cemen t & Concret e Composite s

journal homepage: www.elsevier .com/locate /cemconcomp
Properties of binary and ternary reactive MgO mortar blends subjected 
to CO 2 curing
0958-9465/$ - see front matter � 2013 Elsevier Ltd. All rights reserved. 
http://dx.doi.org/10.1016/j.cemconcomp.2013.03.009

⇑ Corresponding author at: College of Materials Science and Engineering, Nanjing 
University of Technology, No. 5 Xinmofan Road, Nanjing, Jiangsu 210009, China. 

E-mail addresses: d.panesar@utoronto.ca (D.K. Panesar), andymoliwu@sohu.com
(L. Mo).
Daman K. Panesar a, Liwu Mo a,b,⇑
a Department of Civil Engineering, University of Toronto, Toronto, Ontario, Canada M5S 1A4 
b College of Materials Science and Engineering, Nanjing University of Technology, No. 5 Xinmofan Road, Nanjing, Jiangsu 210009, China 

a r t i c l e i n f o
Article history: 
Received 10 October 2012 
Received in revised form 25 January 2013 
Accepted 20 March 2013 
Available online 28 March 2013 

Keywords:
Microstructure
Carbonation
Acceleration
MgO
Compressive strength 
a b s t r a c t

Research and development of low CO 2 binders for building material applications is warranted in efforts to 
reduce the negative environmental impacts associated with the cement and concrete industry. The pur- 
pose of this study is to investigate the effect of carbonation curing on the mineralogy, morphology, micro- 
structure and evolution of compressive strength of mortars comprised of general use (GU) cement, 
ground granulated blast furnace slag (GGBFS), and reactive MgO used as cement replacement. This study 
investigates binary (GU–MgO) and ternary (GU–GGBFS–MgO) blends exposed to atmosphere curing 
(0.0038%CO 2) and carbonation curing (99.9%CO2). Carbonation-cured mortars exhibited greater compres- 
sive strengths than atmosphere mortars at all ages (7 d, 28 d, and 56 d). Increasing percentages of reac- 
tive MgO decreased the compressive stren gth markedly less for carbonatio n-cured mortars than 
atmosphere -cured mortars particularly due to magnesium calcite formation s. Magnesium calcite influ-
enced the morphology of carbonates and promoted the carbonate agglomeration resulting in a dense 
and interconnected microstructure. 

� 2013 Elsevier Ltd. All rights reserved. 
1. Introduction 

Concrete is one of the most widely used construction materials 
in the world. However, the current process for manufacturing 
cement, the main binder component of concrete, is extremely en- 
ergy intensive and contributes to 5% of global anthropogenic CO 2
emissions [1]. For decades, waste materials such as fly ash (FA),
ground granulated blast furnace slag (GGBFS) and silica fume have 
been used as supplementar y cementing materials (SCMs) to re- 
place conventional Portland cement, largely owing to their benefi-
cial effect on concrete durability. van den Herde and de Belie [2]
have shown that although the use of GGBFS and FA can be benefi-
cial based on cost, little advantag e is reported when considering 
environmental impacts particularly CO 2 and SO x emissions and to- 
tal energy used. The use of SCMs alone is not sufficient to reduce 
negative global impacts associated with the cement and concrete 
industry. Owing to increasing awareness of the impacts of CO 2
emissions on the global climate, the cement industry is seeking 
ways to reduce its CO 2 emission s, decrease raw material inputs 
and lower the energy intensiveness of its processes. However, it 
is not enough to simply use recycled waste material in the form 
of SCMs to replace relatively expensive conventional Portland 
cement.

The developmen t of alternative low CO 2 binders such as cal- 
cium sulfoaluminate cement, alkali-activated binder, and reactive 
MgO cement to partially replace conventi onal Portland cement is 
gaining attention in the effort to reduce CO 2 levels and the energy 
demands associated with the cement industry [3–6]. Reactive MgO 
is typically manufactured by calcining magnesit e at a low temper- 
ature (i.e., approximately 750 �C), which is much lower than the 
1450 �C necessar y to produce Portland cement clinker. However, 
unlike SCMs, reactive MgO as cement replacement does not exhibit 
obvious pozzolanic or latent hydraulic properties, but rather it re- 
quires CO 2 exposure to gain mechanical properties [7]. A feasible 
applicati on for the use of reactive MgO cured at elevated CO 2 con-
centrations is precast elements such as masonry units that can be 
well-carbon ated in a plant setting. 

The carbonat ion of traditional concrete materials has been 
investiga ted primarily because of its potential detrimental effect 
on reinforcing steel corrosion. However, carbonation has also been 
reported to cause densification, reduce permeab ility, increase com- 
pressive strength and act as a CO 2 sink as a result of the formation 
of calcium carbonate (CaCO3) [8,9]. In Portland cement systems, 
the formatio n of CaCO 3 during carbonat ion is briefly described by 
the following equation: 

Ca2þðaqÞ þ CO2�
3 ðaqÞ ! CaCO3ðsÞ ð1Þ
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The Ca 2+ is typically provided by dissolution and/or decalcifica-
tion of portlandite (Ca(OH)2), ettringite, calcium silicate hydrates 
(CSH), anhydrous C2S, and anhydrou s C3S. If the cementing materi- 
als contain SCMs then the Ca 2+ may also be present as a result of 
pozzolanic reactions . The amount of CO 2�3 is influenced by the con- 
centration and pressure of CO 2 and is supplied by the dissolution of 
CO2 into the pore solution after the CO 2 penetrates the material’s 
microstructur e. A relatively higher CO 2 concentratio n (i.e., 2–
20%) than atmosph ere CO 2 levels (0.038%) coupled with 60–70%
relative humidity has been typically employed to accelerate the 
carbonation rate of concrete materials [10–12]. In addition, it 
should be noted that the amount and type of SCMs used in con- 
crete materials influences the rate of carbonation [13]. As reported 
by Stark and Ludwig [14], in contrast to the GU cement concrete, 
the occurrence of carbonation reactions at the exposed surface of 
concrete containing GGBFS yields an increase in capillary porosity 
in particular, the volume of very large capillary pores (>100 nm),
which has been attributed to the formation of soluble metastable 
calcium carbonat es. This may be beneficial for the CO 2 ingress.

The carbonation rate of reactive MgO and its implications on the 
properties of hardened concrete is strongly influenced by the CO 2
concentratio n [7,15]. At atmospheric CO 2 concentrations
(approximately 0.038%), no obvious benefit of compressive 
strength developmen t was observed in masonry units containing 
reactive MgO as Portland cement replacemen t, due to the very slow 
rate of carbonation of reactive MgO [7,15]. In contrast, masonry 
units containing reactive MgO exposed to a 20% CO 2 concentratio n
had a greater rate of compressive strength development compared 
to Portland cement masonry units [15,16]. This was attributed to 
the formation of magnesiu m carbonat es such as nesquehoni te 
(MgCO3�3H2O), dypingite (Mg5(CO3)4(OH)2�5H2O) and artinite 
(Mg2(OH)2CO3�3H2O) [15,16]. Vandeper re and Al-Tabba a [17]
found that cement paste containing reactive MgO carbonated faster 
when exposed to an environment with a 20% concentr ation of CO 2
and 98% relative humidity than specimens exposed to a 5% CO 2 con-
centration and 65% relative humidity. From a chemical thermody- 
namic perspecti ve, various magnesium minerals can form in a
MgO–CO2–H2O reaction system [18,19]. However, the formatio n
of magnesium carbonat es is strongly kineticall y controlled and is 
influenced by several factors such as temperature, CO 2 pressure
and ionic strength [18,19].

Examining the response of cement-bas ed materials exposed up 
to a 99% CO 2 concentr ation has attracted attention not only 
because of the beneficial effects on some material properties but 
also because of the potential for CO 2 sequestration [9,13,20,21].
In comparis on with traditional steam curing, the CO 2 curing of con- 
crete yields an increased rate of strength developmen t due to the 
formation of CaCO 3 [9,20]. de Silva et al. [22] synthesized CaCO 3
carbonate binders by carbonating hydrated lime using industrial- 
grade CO 2. They found that the main factor controlling its compres- 
sive strength was the morphology of CaCO 3. Specifically, well- 
developed crystal carbonate resulted in a higher compressive 
strength. Another study by de Silva [23] exposed a blend consisting 
of Ca(OH)2 and Mg(OH)2, to an accelerated carbonation condition 
of 20 atm. pressure of CO 2. They reported that the carbonate binder 
consisted primarily of calcium- and magnesium-co ntaining car- 
bonates as well as a MgCO 3�3H2O phase, which exhibited a higher 
strength than the calcium carbonat e binder [23].

Although there is published literature on carbonation curing 
and some studies have been conducte d on the use of reactive 
MgO in cement-bas ed materials , there is a dearth of knowledge 
on the effect of carbonation that uses reactive MgO in ternary 
blends with GU and GGBFS on the mineralogi cal formations, mor- 
phology and evolution of compress ive strength. A recent investiga- 
tion on the reactive MgO–GU cement paste system exposed to a
99.9% CO 2 concentr ation reported significant findings regarding 
the formation of calcium- and magnesiu m-based carbonates and 
the evolution of microhardnes s and microstructure for reactive 
MgO cement pastes [24]. As an extension of that research, this 
study examines a more complex system of reactive MgO–GU–
GGBFS mortar blends. Six mortar mix designs are examined which 
have up to 40% reactive MgO as cement replacement and up to 40% 
GGBFS as cement replacemen t. Two curing regimes, atmospheric 
curing and carbonation curing, which expose specimens to 
0.038% and 99.9% CO 2 concentratio n, respectively , are investigated. 
This study examines the development of compressive strength, 
microstru cture and morphology at days 7, 28 and 56 using analyt- 
ical techniqu es, including scanning electron microscop y (SEM), X- 
ray diffraction (XRD), backscattered scanning electron microscopy 
(BSEM), and different ial thermal analysis (DTA).
2. Experimen tal program 

2.1. Materials , sample preparation and curing 

2.1.1. Materials 
General use (GU) Portland cement and GGBFS from Holcim 

Canada were used in this study. Reactive MgO was supplied by 
Liyang Special Materials Company, China. The reactive MgO was 
prepared by calcining magnesit e at approximately 800 �C and con- 
sists mainly of magnesia (MgO) and a small amount of undecom- 
posed magnesite. Table 1 presents the chemical composition of 
the GU, GGBFS and reactive MgO. The fine aggregate that was used 
was natural silica sand with a specific gravity, fineness modulus 
and absorption of 2.74%, 2.85% and 1.4%, respectively. 
2.1.2. Sample preparation and curing 
All six mortars have a water-to- binder (w/b) ratio of 0.52 and a

weight ratio of cementiti ous binder to sand of 1.0:2.75. For each 
mixture, the proportions of the cementitious binder are shown in 
Table 2. The mortars designated as B-0, B-20 and B-40 are GU- 
based cements with 0%, 20% and 40% reactive MgO as cement 
replacemen t, respectivel y. The GU–GGBFS-based mortars desig- 
nated as T-0, T-20 and T-40, and all contain 40% GGBFS as cement 
replacemen t and 0%, 20% and 40% reactive MgO as cement replace- 
ment, respectively. 

For each mix, twenty-four 50 mm � 50 mm � 50 mm mortar 
cube specimens were cast in accordance with ASTM C109/C 
109M-07 [25]. After casting the samples, they were immediatel y
placed in a chamber with 98% relative humidity and a temperature 
of 23 ± 2 �C for 2 d, demoulded, and then placed back in the curing 
chamber for an additional 7 d. Each specimen was then exposed to 
the laboratory environment (60 ± 2% relative humidity, and a tem- 
perature of 23 ± 2 �C) for 3 d, and then placed into a desiccator with 
silica gel and vacuumed using a Leybold Trivac C D8A pump for 1 d
to remove excessive water. The purpose of the pre-drying process 
was to facilitate the ingress of CO 2 [24,26]. Subsequentl y, at 13 d of 
age, the 24 specimens for each mixture were then separated into 
two sets of 12 cubes. One set of specimens was cured in sealed 
chambers with an atmosph eric environment of approximat ely 
0.038% CO 2 concentration, a temperat ure of 23 ± 2 �C, and a rela- 
tive humidity of 98% until testing at days 7, 28, and 56. This set 
of specimens is representat ive of and referred to as ‘‘atmospher e- 
cured specimens’’. 

The second set of specimens was placed in sealed chambers 
consisting of 99.9% CO 2 concentratio n, temperature of 23 ± 2 �C,
and a relative humidity of 98% until tested at 7 d, 28 d, and 56 d
of exposure. The CO 2 with a 99.9% concentration was first injected 
from a compressed CO 2 cylinder into a large (1000 l) plastic buffer 
bag that was connected to the sample chamber. Accordingly , the 
pressure of CO 2 in the buffer bag was equivalent to the atmo- 



Table 1
Chemical compositions of GU cement, GGBFS and reactive MgO (% by mass).

MgO CaO SiO 2 Al2O3 Fe2O3 Na2O K2O SO 3 LOI*

GU cement 2.34 60.94 19.24 5.43 2.36 0.22 1.11 4.11 3.06 
GGBFS 11.36 37.94 37.24 8.70 0.35 0.43 0.43 2.68 0.83 
MgO 89.67 1.65 0.36 0.23 0.34 0.23 0.06 – 7.15 

* LOI: Loss on ignition. 

Table 2
Mix proportions of cement used in mortars (wt.%).

Mix identity GU–MgO blends GU–MgO–GGBFS blends 

B-0 B-20 B-40 T-0 T-20 T-40 

GU cement 100 80 60 60 40 20 
Reactive MgO 0 20 40 0 20 40 
GGBFS 0 0 0 40 40 40 

1 For interpretation of color in Fig. 1, the reader is referred to the web version of 
is article. 

42 D.K. Panesar, L. Mo / Cement & Concrete Composites 38 (2013) 40–49
spheric pressure . Prior to the injection of CO 2 into the sample 
chamber, the sealed chamber was vacuume d to remove the air. 
The valve was then opened and CO 2 from the buffer bag was 
injected into the chamber until the gas pressure in the chamber 
was equal to that in the buffer bag. As a result of CO 2 consumptio n
due to carbonat ion processes, additional CO 2 was continua lly 
supplied into the chamber by the buffer bag. The buffer bag was re- 
filled with CO 2 from the cylinder before complete consumption of 
the CO 2 in the buffer bag. The relative humidity in the chamber 
was controlled using a supersaturated K2SO4 solution. This set of 
specimens is referred to as ‘‘carbonatio n-cured specimens’’. 

2.2. Test procedures 

2.2.1. Carbonation front 
After exposure to the 99.9% CO 2 environment (accelerated car- 

bonation condition), the carbonation front of the carbonation -
cured specimens was tested by spraying a 1% phenolphthal ein 
solution on the fresh split surface. 

2.2.2. Compressive strength 
The compressive strength of specimens was tested after 7 d, 

28 d and 56 d of exposure to the atmosphere -curing chamber or 
the 99.9% CO 2-curing chamber. For each test, the averages of three 
compressive strength values were measure d and the correspond- 
ing coefficient of variation of the mortar mixtures was calculated. 

2.2.3. Carbonate phases identification
Powder samples were prepared by gently grinding the mortar 

specimens with a mortar and pestle. During the grinding process, 
as much sand as possible was removed by passing the powder 
through a 0.5 mm sieve. The passed powders were then ground 
to a particle size of less than 75 lm. The crystalline phases in the 
powder samples were investigated using XRD with Cu Ka radiation
(k = 1.5418 Å), 2h range of 5–80�, and a step size of 0.02 �. The pow- 
der samples were also investiga ted by DTA using a NETZSCH STA 
409. A temperat ure range of 25–1050 �C at a heating rate of 
10 �C/min with a nitrogen gas flow of 50 ml/min was used. 

2.2.4. Microstructure characteri zation 
A JEOL JSM6610 -Lv SEM coupled with an Oxford Energy-Disper- 

sive X-ray (EDX) spectroscopy was used for the microstructur al 
and chemical analysis of the specimens. Fractured mortar samples 
were gold sputter coated and examined with SEM to investigate 
the morphology. In addition, a small sample of approximat ely 
15 mm � 15 mm � 15 mm cut from the central mortar specimen 
was embedded into epoxy resin, polished, carbon coated, and then 
investiga ted using BSEM. 
3. Results and discussion 

3.1. Carbonat ion front 

Fig. 1 shows freshly split surfaces that were exposed to the car- 
bonation -curing regime for 56 d and then sprayed with a phenol- 
phthalein solution. The B-0 specimen shows an obvious red 1

color throughout the surface, which indicates a large amount of 
uncarbon ated Ca(OH)2. Increasing the percentage of reactive MgO 
decrease s the red area on the surface, which indicates an increase 
in carbonat ion degree. However, the carbonation front of the par- 
tially carbonated B-0, B-20 and B-40 samples is unclear. Chang 
and Chen [27] revealed that the partly carbonated zone with a car- 
bonation degree of 0–50% and pH values between 9.0 and 11.5, 
could not be identified with phenolphthal ein because the bound- 
ary pH of the phenolph thalein indicator is generally 9.0, which cor- 
responds to 50% carbonat ion degree. 

By 56 d, the T-0 mortar specimen shows a clear carbonation 
front with the depth of the fully carbonated zone being approxi- 
mately 4 mm. Although the T-0, T-20 and T-40 specimens were 
not fully carbonated, the uncarbonated (red zone) area clearly de- 
creases as the amount of reactive MgO increases. The greater car- 
bonation front observed for the T-0, T-20 and T-40 specimens, 
when compared to the B-0, B-20 and B-40 specimens , may be 
due to the relatively coarser pore structure of the former, which 
facilitate s CO 2 ingress due to the presence of 40% GGBFS as cement 
replacemen t. The results from Fig. 1 show that increasing the per- 
centage of reactive MgO increases the carbonation degree. This is 
particular ly apparent for B-40 and T-40, which shows that the 
CO2 has almost penetrated through the specimens .

3.2. Compressi ve strength 

Table 3 shows the average compressive strength of specimens 
exposed to atmosphere curing and carbonat ion curing. The average 
values are based on three measurements . In all cases, the coeffi-
cient of variation is between 1.7% and 6.3%. In general, the com- 
pressive strength of all specimens increases with an increase in 
the curing age, irrespective of the curing regime or the presence 
of reactive MgO. 

At 7 d, the atmosphere -cured T-0 mortar exhibits slightly lower 
compress ive strengths compare d to B-0, and by 28 d, the mean 
compress ive strength of T-0 was slightly (2 MPa) greater than that 
of the B-0 mortar. The lower 7 d strength of T-0 is expected due to 
the latent hydraulic and pozzolanic reactions of GGBFS as cement 
replacemen t. Mixtures containing 20% and 40% reactive MgO com- 
bined with 40% GGBFS, namely, T-20 and T-40 had mean compres- 
sive strengths between 1 to 4.6 MPa less than that of B-20 and B- 
40, respectively . The results in Table 3 also show that increasing 
the amount of reactive MgO used as cement replacement signifi-
th



Fig. 1. Split fresh surfaces of cement mortar specimens sprayed with a phenolphthalein solution after 56 d of carbonation curing. 

Table 3
Compressive strength of morta r cubes containing 0–40% reactive MgO after atmosphe re curing and carbonatio n curing (MPa).

Exposure time (d) B-0 B-20 B-40 T-0 T-20 T-40 

Atmosphere curing 7 31.7 18.8 11.9 30.0 15.7 10.3 
28 34.4 21.9 12.7 37.7 17.3 13.2 
56 37.7 23.7 15.5 39.8 21.1 14.5 

Carbonation curing 7 35.2 21.5 24.9 35.9 18.7 20.9 
28 45.3 42.5 40.5 45.4 33.5 31.6 
56 47.1 45.9 47.7 48.1 41.6 34.9 
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cantly decreased the compressive strength for all mixtures exposed 
to atmosphere curing. This is believed to be due to the larger quan- 
tity of GU cement replaced by reactive MgO and GGBFS, which re- 
duces the cement hydration products and results in lower 
compressive strength. This is due to a lower fraction of hydraulic 
and or latently hydraulic material, and a relatively higher fraction 
of reactive MgO which does not contribute to strength gain until 
and unless it undergoes carbonation processes. Compared to the 
atmosphere -cured specimens, the carbonation cured specimens 
had higher compressive strengths for the same mix design at the 
same age. Closer examination of the carbonation cured measure- 
ments shows that the B-0 and T-0 specimens exhibited similar 
strength gain from day 7 to 56. This suggests that the response 
of GGBFS mortars exposed to 99.9% CO 2 concentration and 98% rel- 
ative humidity is a departure from the literature which reports the 
behavior of concrete or mortars containing GGBFS exposed to typ- 
ical laboratory accelerated carbonation conditions (i.e. CO 2 concen-
trations of up to 20% and 40–80% relative humidity). At 56 d, the 
compressive strengths of carbonation -cured mortars B-0, B-20, B- 
40, T-0, T-20 and T-40 were 1.2, 1.9, 3.1, 1.2, 2.0 and 2.4 times high- 
er than that of the corresponding atmosph ere-cured specimens, 
respectively . This is expected to be associated with the formation 
of carbonate phases during the carbonat ion-curing process and 
will be discussed further in Section 3.3.

For the carbonation-cu red specimens, the compressive strength 
increased as the curing duration also increased. It was also 
observed that the rate of compressive strength developmen t was 
greater from 7 d to 28 d, compared to the rate of strength 
developmen t from 28 d to 56 d. The compress ive strength of T-40 
after 56 d of carbonation was 34.9 MPa, which is close to 
37.7 MPa of compressive strength in the atmosphere -cured B-0 
specimen at the same age. 

3.3. Carbonat e phases formed in the mortars 

Fig. 2 shows the XRD patterns of powders from the atmosphere- 
cured and carbonation-cu red mortars after 56 d of curing. Fig. 2a
presents the XRD patterns for mixtures containing GU and reactive 
MgO as cement replacemen t, and Fig. 2b presents the XRD patterns 
for mortars containing 40% GGBFS as cement replacemen t and up 
to 40% reactive MgO. 

For carbonation -cured B-0, B-20 and B-40 specimens, clear dif- 
fraction peaks of calcite (CaCO3) are apparent in Fig. 2a. In all cases, 
diffraction peaks for Ca(OH)2, ettringite were present even after 
56 d of curing. In addition, the atmosphere -cured B-0 mortar 
showed unhydrated calcium silicates. Weak peaks of unhydrat ed 
magnesia and undecomp osed magnesite are also apparent in the 
atmosph ere cured B-40 mortars. With increasing percentages of 
reactive MgO used as cement replacement, the intensities of 
Ca(OH)2 and ettringite peaks weaken. This may be related to the 
greater degree of carbonation and less GU cement used in the spec- 
imens containing larger amounts of reactive MgO. For the B-20 and 
B-40 specimens , magnesium calcite was formed due to the pres- 
ence of Mg in CaCO 3, though it was challengi ng to distinguish be- 
tween the calcite and magnesiu m calcite due to their overlapping 
peaks [23]. Nevertheles s, the formatio n of magnesium calcite was 



Fig. 2. XRD patterns of powder samples from atmosphere-cured and carbonation-cured specimens after 56 d of exposure: (a) GU-reactive MgO blends and (b) GU-GGBFS- 
reactive MgO blends. 
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confirmed by the EDX results discussed in Section 3.4. Besides the 
hydration products of GU cement, clear diffraction patterns of 
brucite (Mg(OH)2) are apparent in the atmosphere-cu red B-40 
specimen, which is due to the hydration of reactive MgO. 

Fig. 2b presents the XRD pattern for atmosph ere cured and 
carbonation cured specimens containing 40% GGBFS and from 0% 
to 40% reactive MgO. For the T-0, and T-40 specimens exposed to 
atmosphere curing, Ca(OH)2, ettringite, unhydrat ed calcium 
silicate were the main crystalline phases as shown in Fig. 2b. For 
the T-40 specimen, brucite (Mg(OH)2) was also observed in the 
atmosphere cured specimens and was confirmed in Section 3.4
based on the SEM analysis. The results in Fig. 2b also show that 
CaCO3 was formed in the carbonat ion-cured T-0 specimen while 
magnesium calcite was formed in carbonat ion-cured T-20 and T- 
40 specimens. 

Fig. 3 shows the typical DTA curves of powder samples from the 
atmosphere -cured and carbonation-cu red specimens after 56 d of 
exposure. After B-40 was atmosph ere-cured, three clear endother- 
mic peaks appear at 100–320 �C, 320–460 �C, and 460–540 �C,
which correspond to the dehydration of calcium silicate hydrate 
(C–S–H), Mg(OH)2 and Ca(OH)2, respectively. In comparison with 
the atmosph ere-cured B-40 sample, three key differenc es were 
observed in the carbonat ed samples. Firstly, the carbonation-cu red 
B-0 specimen shows a markedly smaller endothermi c peak of 
Ca(OH)2 compared to the atmosphere-cu red B-40 sample 
indicating that Ca(OH)2 was partially consumed due to carbonation 
processes. The carbonated B-40 and T-40 specimens have very 
Fig. 3. Typical DTA curves of powder samples from atmosphere-cured and 
carbonation-cured mortar specimens after 56 d of exposure. 
weak dehydration peak of Ca(OH)2 compared to the carbonat ed 
B-0 sample which may be attributed to less Ca(OH)2 due to less 
GU cement and a relatively higher carbonat ion of Ca(OH)2.

Secondly , in all the carbonation -cured specimens, an endother- 
mic peak at a range of 720–900 �C due to the decarbonation of 
well-crystal lized CaCO 3 was observed. It should be noted, however, 
that some poorly crystallized CaCO 3 may also exist and will usually 
decarbonate at lower temperat ures (i.e., 540–720 �C) [21].

Thirdly, in carbonation -cured B-40 and T-40 specimens, the 
endotherm ic peak of Mg(OH)2 (at 320–460 �C) is much smaller 
compare d to that of the atmosphere -cured B-40 specimen, indicat- 
ing some carbonation of the Mg(OH)2 phases.
3.4. SEM morpholo gy 

Fig. 4a and b shows SEM images of the B-0 mortar after 56 d of 
atmosph ere curing and carbonat ion curing, respectivel y. Fig. 4a
shows a considerabl e amount of amorpho us CSH and the formation 
of large bulk Ca(OH)2 crystals in the atmosph ere-cured specimen. 
CSH and Ca(OH)2 also exist in the carbonation-cu red samples 
shown in Fig. 4b. These results are also supported by the phenol- 
phthalein test and the XRD results shown in Figs. 1 and 2a.
Although CaCO 3 was formed in the carbonation -cured B-0 speci- 
men, according to XRD analysis in Fig. 2a, it is difficult to clearly 
distingui sh this in Fig. 4b, probably due to the small crystal size 
of CaCO 3.

In contrast to the B-0 specimen, the microstructure of 56 d car- 
bonation -cured specimens containing reactive MgO was markedly 
different from that of the atmosphere -cured mortars. For the atmo- 
sphere-cur ed B-40 specimen, Fig. 5a illustrates an abundance of 
platy Mg(OH)2 crystals due to the hydration of reactive MgO. The 
Mg(OH)2 crystals coexist with cement hydration products and cov- 
er the surfaces of other phases in the specimen. The microstru cture 
of the B-40 specimen is more porous than the B-0 specimen. The 
platy crystalline Mg(OH)2 may have less of a binding effect than 
the amorpho us CSH, contributing to its relatively lower compres- 
sive strength. In contrast, as shown in Fig. 5b, after carbonat ion 
curing, many round-shap ed crystals were formed in the B-40 mor- 
tar. The EDX analysis reveals that the crystals are magnesium cal- 
cite, which supports the XRD results shown in Fig. 2. The 
magnesiu m calcite forms due to the incorporation of Mg in CaCO 3
during the carbonation process [23]. The grain size of a single 
round magnesiu m calcite is greater than approximately 0.5 lm
and closely agglomerated which may form a stronger microstruc- 
ture than that of the dispersed Mg(OH)2 crystals in the atmo- 
sphere-cur ed B-40 specimen. Magnesium calcite was also 
observed in the carbonat ion cured B-20 specimen. 



Fig. 4. Typical SEM images of B-0 specimens after 56 d of: (a) atmosphere curing 
and (b) carbonation curing. 

Fig. 5. Typical SEM images of B-40 specimen after 56 d of: (a) atmosphere curing 
and (b) carbonation curing (CH: portlandite; CSH: calcium silicate hydrate; MC: 
magnesium calcite; MH: brucite).
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Fig. 6 shows typical SEM images of T-0, T-20 and T-40 speci- 
mens after 56 d of carbonation curing. A large amount of cement 
hydration products remained uncarbonated in the T-0 specimen 
(Fig. 6a). Fig. 6b of the T-20 mortar reveals the formation of 
round-faced magnesium calcite aggregates that were intercon- 
nected with other phases, which may be CaCO 3 or CSH. Some 
phases likely consisting of pozzolani c reaction products or carbon- 
ates were formed around the anhydrou s GGBFS particle. In the T- 
40 mortars, Fig. 6c shows relatively larger agglomerates consisting 
of magnesium calcite that appear to be quite interconnec ted. 

Fig. 7 shows BSEM images of cement specimens containing 
reactive MgO after 56 d of carbonation curing. Fig. 7a illustrates 
magnesium calcite surrounded by Ca-rich phases (likely CaCO 3 or
CSH), and uncarbonated Ca(OH)2 in the B-20 mortar. Fig. 7b shows 
a considerable amount of uncarbonated GGBFS surrounded by car- 
bonates and/or uncarbonated CSH in the T-20 mortar specimen. 
Fig. 7c shows two main features of the T-40 sample, namely the 
interconnec ted magnesium calcite phases, and the unhydrated 
and uncarbonated GGBFS grains. Some carbonates were formed 
around the GGBFS particle which is probably due to the carbon- 
ation of the pozzolanic reaction products of GGBFS. However, as 
shown in Fig. 7, the carbonation degree of GGBFS in the mortars 
is relatively low, particularly in T-0 and T-20. The microstructur e
of the T-40 specimen appears to be more porous, which may be 
associated with less GU cement used in the specimen. 
3.5. Discussio n

3.5.1. Carbonation of GU cement, reactive MgO, and GGBFS mortars 
In all mortar mix designs, Ca(OH)2 is the most soluble phase of 

cement hydration products and is the first to carbonate to form 
CaCO3. The precipitation mode of CaCO 3 during carbonation 
depends on the diffusion rate of both Ca 2+ and CO 2�3 [28]. If the rate 
of diffusion of CO 2�3 is greater than that of Ca 2+, CaCO 3 will precip- 
itate on the surface of Ca(OH)2, forming a carbonate layer around 
Ca(OH)2, which in turn hinders or slows carbonat ion processes .
In contrast, if the rate of diffusion of the Ca 2+ ions into the pore 



Fig. 6. Typical SEM images of specimens after 56 d of carbonation curing: (a) T-0; (b) T-20; and (c) T-40; and the EDX analysis at point 1 (CH: portlandite; CSH: calcium 
silicate hydrate; MC: magnesium calcite; S: GGBFS).
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solution is faster, CaCO 3 is more likely to precipitate in capillary 
pores [28]. In the accelerated carbonat ion environment of 99.9% 
CO2, the concentration of CO 2�3 is relatively high and thus is antic- 
ipated to diffuse at a relatively faster rate compare d to Ca 2+.
Accordingly , besides the precipitatio n of CaCO 3 in the pore solu- 
tion, the CO 2�3 may also diffuse to the surface of Ca(OH)2 and pre- 
cipitate as CaCO 3 on the surface of Ca(OH)2, which may inhibit 
further dissolution of Ca(OH)2 and reduce the rate of carbonation. 
The precipitatio n of CaCO 3 in pores may also block the pore system 
and in turn obstruct the further ingress of CO 2.

In contrast to the B-0 mortar specimens, Mg 2+ coexists with 
Ca2+ in the pore solution of B-20 and B-40 mortars due to the 
dissolution of Mg(OH)2 and/or reactive MgO. During the 
carbonation -curing process, Mg 2+ is incorporated into CaCO 3 when
the carbonat e phase precipita tes from the supersatur ated solution 
described in the following equation :

Mg2þ þ Ca2þ ! CaxMgð1�xÞCO3 ð2Þ
The amount of Mg that can be incorporate d in the carbonates 
depends on the saturation index of MgCO 3 in the supersaturated 
solution [29]. The higher the saturatio n index, the more Mg can 
be included in the magnesium calcite phase [29]. Mg(OH)2 has a
much lower solubility than Ca(OH)2, which may limit the diffusion 
of Mg 2+ and in turn result in a slower carbonation rate [23]. Owing 
to the relatively slow diffusion of Mg 2+, the high magnesiu m car- 
bonate phase (i.e., high magnesium calcite) is more likely to pre- 
cipitate close to Mg(OH)2. This is similar to the formatio n of 
magnesiu m calcite in the cement pastes [24]. A recent study by 
Mo and Panesar [24] revealed that MgCO 3�3H2O formed in cement 
pastes containing 40% reactive MgO after 56 d of carbonation cur- 
ing. However, in this study, no MgCO 3�3H2O was identified in any 
mortar samples. One potential explanation is related to the insuf- 
ficient supply of CO 2�3 due to the blockage of cement hydration 
products and calcium carbonates formed on the surface of 
Mg(OH)2. A sufficient supply of CO 2�3 is required for the carbon- 
ation of Mg(OH)2. This is supported by Fig. 1, which shows that 



Fig. 7. Typical BSEM images of cement mortar specimens containing reactive MgO after 56 d of carbonation curing: (a) B-20; (b) T-20; and (c) T-40 (CH: portlandite; MC: 
magnesium calcite; P: pore; S: GGBFS).
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not every sample was fully carbonated even after 56 d of exposure, 
implying that the diffusion of CO 2 or CO 2�3 is potential ly hindered 
due to the cement hydration products, carbonate phases and the 
co-existence of H2O.

For T-0, T-20 and T-40 mortar specimens, the presence of 40% 
GGBFS as cement replacemen t influences the carbonation of 
cement materials system in three potential ways. Firstly, the poz- 
zolanic reaction of GGBFS consumes some Ca(OH)2 and increases 
the amount of CSH, which reduces the carbonation rate. Secondly ,
carbonation of cement-based materials containing GGBFS, particu- 
larly with high cement replacemen t levels (P40%), may coarsen 
the pore structure , facilitate the diffusion of CO 2 or CO 2�3 , and yield 
a greater rate of carbonat ion. Thirdly, the GGBFS also participates 
in the carbonat ion reaction mainly in terms of the carbonation of 
its latently hydraulic and pozzolanic reaction products, CSH, which 
also provides Ca 2+ necessar y for the formation of CaCO 3 and/or
magnesium calcite. Leaching of Ca 2+ from GGBFS may be the 
rate-determi ning reaction step for GGBFS carbonation [30]. How- 
ever, the carbonation product layer formed around the GGBFS par- 
ticles as well as the uncarbonated pozzolani c reaction products 
may inhibit the further carbonation of anhydrou s GGBFS. As a
result, the amount of Ca 2+ and Mg 2+ leached directly from GGBFS 
particles may be limited due to the barrier of hydration product 
rim and the carbonate layers formed around the GGBFS particle 
as shown in Fig. 7b and c. 

Although the moisture in the capillary pore system was 
removed by the vacuum drying prior to carbonation -curing, as 
carbonation proceeds, the carbonation of Ca(OH)2 yields H2O.
Furthermore, H2O may penetrate into the capillary pores as a result 
of the high relative humidity (98%) condition of the curing 
chamber. This may block the diffusion of CO 2 and reduce the rate 
of carbonation . After 56 d of carbonat ion curing, none of the spec- 
imens were fully carbonat ed as supported by the results in Figs. 1
and 2. In comparison with specimens B-0, B-20 and B-40, speci- 
mens T-0, T-20 and T-40, respectively , have a relatively higher de- 
gree of carbonat ion (Fig. 1). This may be related to the relatively 
more porous microstru cture of specimens containing GGBFS and 
reactive MgO prior to the carbonation curing, and may also be a re- 
sult of GGBFS carbonation , which encourages CO 2 penetration.

3.5.2. Evolution of microstruc ture and compressive strength 
With atmosphere -curing, the hydration products of GU cement, 

particular ly CSH, is the main binder phase that contributes to the 
mortar’s compressive strength gain. In comparison with CSH, the 
hydration products of reactive MgO, namely crystalline Mg(OH)2,
may have less of an effect on compressive strength developmen t. 
Increasin g the amount of reactive MgO reduces the amount of 
CSH and increases the amount of Mg(OH)2, which results in the 
formatio n of a porous microstru cture and a relatively lower com- 
pressive strength of specimens as shown in Table 3. There was 
no evident interplay between the hydration of reactive MgO and 
Portland cement on compress ive strength development based on 
the results in this study and [31].

The compressive strengths of specimens exposed to carbon- 
ation curing increase significantly as the duration of curing 
increases. This is closely associated with the formation of carbon- 
ate phases and correspondingl y contributes to the evolution of 
the microstructur e. In addition to the hydration products of GU ce- 
ment, CaCO 3 was formed due to the partially carbonated cement 
hydration products, which contributed to a denser microstru cture 
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and thus enhanced the developmen t of compressive strength. In 
the specimens containing reactive MgO, large round-shaped mag- 
nesium calcite was formed due to the incorporation of Mg in 
CaCO3. The incorporation of Mg strongly influenced the morphol- 
ogy of CaCO 3 and promoted the aggregat ion of carbonate phases 
(Figs. 5–7). This is supported by Meldrum and Hyde [32], who re- 
ported that a single magnesium calcite crystal containing up to 
approximat ely 10% MgCO 3 typically exhibits round faces and 
edges. The influence of Mg on the morphologies of CaCO 3 is influ-
enced by the CaCO 3 nucleation and growth process [32]. As re- 
ported by de Silva et al. [22], the morphology of CaCO 3 is the key 
factor that controls the compress ive strength of carbonat e binder, 
and well-crystall ized carbonate results in higher compress ive 
strength. Accordingly, the interconnected microstructur e and rela- 
tively higher compressive strength of carbonation-cu red speci- 
mens compare d to atmosphere -cured specimens in mortars 
containing reactive MgO is due to the formation of close inter- 
growth and aggregated magnesium calcite. 

Due to the relatively low carbonat ion degree of GGBFS in the 
mortars, the carbonation products of GGBFS may have slight effects 
on the microstru cture evolution and compressive strength directly. 
However the incorporation of GGBFS has facilitated the carbon- 
ation rate of mortars and in turn increased the carbonation degree 
of other phases i.e. Ca(OH)2, Mg(OH)2, etc. which indirectly con- 
tributes to the evolution of microstructure and properties of the 
mortars. Moreove r, the pozzolanic reaction of GGBFS, particularly 
occurs at the uncarbonated part of the mortars, contributes to 
the microstru cture evolution and compress ive strength growth as 
well.
4. Conclusions 

The influence of accelerated carbonat ion curing on the micro- 
structure and compressive strength of cement mortars containing 
up to 40% reactive MgO and 40% GGBFS was investigated . The pri- 
mary conclusions drawn from this research are: 

(1) Calcite was the main carbonat e formed in carbonation-cu red 
100%GU cement mortars as a result of carbonation of hydra- 
tion products. Mortars containing 20% or 40% reactive MgO 
as cement replacemen t showed formatio ns of magnesium 
calcite due to the incorporation of Mg into CaCO 3 during
the precipita tion process. 

(2) For the same mix design and the same exposure age, the 
compress ive strengths of carbonat ion-cured specimens were 
greater than the atmosphere -cured mortars owing to the 
formatio n of carbonate phases. Increasing the percentage 
of reactive MgO as cement replacement decreased the com- 
pressive strength more for the atmosph ere-cured mortars 
than the carbonat ion-cured mortars 

(3) The compressive strength of carbonation-cu red mortars is 
closely related to the morphology and the amount of carbon- 
ate phases formed. The presence of Mg in CaCO 3 during the 
precipita tion process facilitated the intergrow th of round- 
shaped magnesium calcite and promote d the agglomerati on 
of carbonates, which resulted in an enhanced microstructur e
and higher compressive strengths. The ternary blend T-40 
mortar (40% GGBFS and 40% reactive MgO as cement 
replacemen t) had markedly less available Ca 2+ for the forma- 
tion of carbonate phases and cement hydration products 
resulting in the lowest compress ive strength among all the 
carbonat ion-cured mortars. Nevertheless, after 56 d of car- 
bonation curing, the compressive strength of the T-40 spec- 
imen was 34.9 MPa, which is close to the 37.7 MPa for the 
atmosph ere-cured B-0 (100% GU) mortar specimen. 
(4) The carbonation of GGBFS proceeds mainly through the car- 
bonation of its latent hydraulic and pozzolani c reaction 
products (CSH) which provides Ca 2+ necessary for the forma- 
tion of CaCO 3 and/or magnesiu m calcite. The carbonate 
products of GGBFS do contribute to the evolution of micro- 
structure and compressive strength of mortars but relatively 
less than the contribution of reactive MgO because of the 
relatively low carbonation degree of GGBFS. Incorpora tion 
of GGBFS facilitate s the CO 2 ingress and carbonation pro- 
cesses largely as a result of the formatio n of a more porous 
microstructure of the mortar blends containing GGBFS. In 
addition, the pozzolanic reaction of GGBFS at uncarbonated 
zone also contributes to microstructur e evolution and com- 
pressive strength of mortars. 

(5) Although, exposure to 99.9% CO 2 and 98% relative humidity 
was effective in achieving the desirable compressive 
strength of reactive MgO binders, all the mortars were not 
fully carbonated by 56 d of carbonation and thus further 
research is required to investigate a wider range of carbon- 
ation-curing conditions as well as identifying the optimal 
conditions for a rapider carbonat ion rate and formation of 
MgCO3�3H2O.
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