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Abstract: This paper systematically investigates the micromechanical properties of interfacial
transition zone (ITZ) in alkali-activated fly ash-slag (AAFS) concrete using nanoindentation,
backscattered electron microscopy and energy dispersive spectroscopy. Results indicate that the
micromechanical properties of ITZ depend on the chemical composition of reaction products and its
microstructural characteristics. The ITZ with high proportion of N-C-A-S-H and C-A-S-H gels tends
to have high elastic modulus because of their superior micromechanical properties. The formation of
reaction products would refine the microstructure of ITZ and improve its elastic modulus. The
evolution of micromechanical properties of ITZ can be divided into three stages: (i) accelerated
growth stage via fast chemical reactions (< 12 h); (ii) stationary stage via stable chemical reactions
(12 h-7 d); (iii) decrement stage via microcrack propagation (7 d-28 d). ITZ is not the weakest region
in AAFS concrete due to its desired micromechanical properties and compact microstructure
compared to paste matrix.
Keywords: Alkali-activated materials; Nanoindentation; Elastic modulus; Hardness; Microstructure
1. Introduction

Alkali-activated fly ash-slag (AAFS) concrete, as a blended alkali-activated concrete (AAC), is
regarded as an eco-friendly alternative to Portland cement (PC) concrete [1, 2]. This new concrete
has been attracting increasing attention from industrial engineers and scientific researchers because
it can achieve a good synergy between fresh and hardened properties at ambient curing conditions [3,
4]. It can provide desired workability, mechanical properties and long-term durability in comparison
with the sole AAC, such as alkali-activated fly ash (AAF) concrete and alkali-activated slag (AAS)
concrete [5-8]. Nevertheless, current demand for AAFS concrete requires a better understanding of
its complex microscopic properties [9, 10]. The interfacial transition zone (ITZ) between aggregate
and paste is normally considered to be a key microstructural feature that significantly influences the
macroscopic properties of concrete, because it determines the quality of aggregate-paste bond [11-
13]. Thus, it is vital to explore the microscopic properties of ITZ in order to better understand and

tailor the structural performance of AAFS concrete [14, 15].
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In conventional PC concrete, ITZ is commonly regarded as the weakest link between aggregate
and paste in terms of mechanical properties and durability [11, 12, 16]. According to the
microstructural characterisation, the ITZ in PC concrete has a relatively high porosity compared to
the surrounding paste [11], which would directly affect its micromechanical properties [17]. The
elastic modulus of ITZ was found to be about 15% to 30% lower than that of paste matrix [13, 16].
In return, the ITZ with relatively low strength and stiffness is prone to cracking as a result of shrinkage
or mechanical loading [ 18], which would facilitate the penetration of aggressive species into concrete
and thus reduce the long-term durability of concrete structures [19]. In addition, the ITZ in PC
concrete consists of high proportion of calcium hydroxide (CH) crystals and less content of calcium
silicate hydrate (C-S-H) gels [20], which would decrease the mechanical properties of PC concrete
and lower its resistance to water and ionic penetration but may facilitate the leaching of CH [21].
Moreover, it was observed that the microstructure and micromechanical properties of ITZ are
significantly influenced by the water-to-cement (w/c) ratio [22-24]. Reducing the w/c ratio tends to
decrease the porosity of ITZ, leading to a comparable microstructure to paste matrix [22] and would

change the influence of ITZ on the overall elastic properties of concrete from negative into positive

The ITZ in AAC seems to play an entirely different role in governing the macroscopic properties
of AAC [25-28]. The ITZ in AAF concrete has comparable micromechanical properties to paste
matrix, attributing to the dense microstructure formed in this region [21]. This is mainly because of
the formation of N-A-S-H gels instead of the CH crystals formed in PC concrete, which would help
to produce a strong bonding between aggregate and paste [25] and contribute to the improvement of
mechanical properties of AAF concrete [26]. Additionally, AAS concrete activated by Na>Si103
exhibits superior interfacial properties, in which ITZ has low porosity and high strength [27, 29-31].
This can be attributed to the excess SiO2 supplied by the activator, which would promote the
formation of C-A-S-H gels with low Ca/Si ratio and refine the porosity of ITZ [29, 32]. Moreover,
the ITZ in AAS concrete might have no negative effects on the long-term durability as it would not
provide a preferred pathway for the penetration of aggressive species [28].

Although the microscopic properties of ITZ in AAF and AAS concrete have been increasingly
investigated, it is worth noting that the studies focusing on microscopic properties of AAFS concrete
are extremely rare. To date, most studies only focus on the simple analysis of local morphology of
ITZ, which cannot provide direct insight into the microscopic properties of ITZ [33, 34]. Recently,
the authors conducted a systematic study of the microstructure evolution of ITZ in AAFS concrete
[35], which can be mainly demonstrated as three stages: (i) rapid alkaline reaction with the formation
of reaction products (< 12 h); (i1) modification of microstructure via products redistribution (12 h-7

d); (ii1) reorganisation of microstructure leading to a compact and dense ITZ at 28 d, compared to
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paste matrix. Although the microstructure formation and development of ITZ in AAFS concrete and
the relevant mechanisms were discussed in depth in this previous study, the micromechanical
properties of ITZ in AAFS concrete and their relation to chemical kinetics and microstructural
characteristics have not been extensively explored to date. Characterising the micromechanical
properties of ITZ would enable us to build a link between chemistry, microstructure and properties,
bringing new insights into the performance of ITZ and the corresponding relationship with
macroscopic mechanical properties of AAFS concrete.

The main purpose of this study is to systematically investigate the micromechanical properties of
ITZ in AAFS concrete at different curing ages, revealing the microscopic features that affect the
macroscopic properties of AAFS concrete. Nanoindentation tests were conducted to measure the
micromechanical properties of ITZ including elastic modulus and hardness, while the microstructural
features of ITZ were characterised using backscattered electron microscopy (BSEM) and energy
dispersive X-ray spectroscopy (EDS). Firstly, the ITZ between aggregate and paste was identified
based on the measured micromechanical properties. Afterwards, a series of statistical analysis were
performed to explore the evolution of micromechanical properties of ITZ from early age (3 h) to later
age (28 d). Finally, the mechanism of evolution of micromechanical properties of ITZ was discussed
in detail from the viewpoints of chemical reactions and microstructure development.

2. Experimental program
2.1. Materials

The precursors (P) consist of fly ash (FA) and ground granulated blast-furnace slag (GGBS). The
chemical composition of FA and GGBS is presented in Table 1, where the [Si02]/[Al>O3] ratio of FA
and the [CaO]/[S102] ratio of GGBS are 1.85 and 1.25, respectively. Fig. 1 shows the particle size
distribution of FA and GGBS, where 95% FA and 92% GGBS are smaller than 45 pym and 40 pm,
respectively. These characteristics can meet the performance criteria for the usage of FA and GGBS
for AAFS concrete [36-39]. A combination of sodium hydroxide (SH) with 10 molarity and sodium
silicate (SS) with the modulus ([SiO2]/[Na2O] molar ratio) of 2.0 was used as the alkaline activator
(AL), according to the authors’ previous research [4]. The modified polycarboxylate-based
superplasticizer (SP) (Sika®ViscoFlow®2000, Sika, UK) was adopted to adjust the workability of
AAFS concrete [3]. The standard sands manufactured based on EN196-1 [40] were selected as fine
aggregates, while limestone aggregates with size between 5 mm and 10 mm were used as coarse
aggregates.

2.2. Mix proportion

In this study, the mix proportion of AAFS concrete was selected based on the literature [1, 2, 5,

0,41, 42] and the authors’ previous research [4], which can fulfil the requirements of workability [43],

setting time [44] and compressive strength [45]. The volume of concrete was set as 1 m®, while the
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content of precursor was set as 400 kg/m>. Regarding the binder, the FA/GGBS, AL/P, SS/SH and
SP/P ratios by mass were set as 3, 0.45, 2.0 and 0.01, respectively. In terms of aggregate, its volume
was the surplus volume exclusive of the volume of binder, which was calculated according to the
mass and specific density of binder presented in Table 2. The aggregates were mixed by the volume
of fine aggregates and coarse aggregates with 35% and 65% respectively to achieve an adequate
consolidation of concrete [46]. Accordingly, the mix proportion of AAFS concrete was obtained (see
Table 3).
2.3. Sample preparation

FA, GGBS and aggregates were mixed for 2 min, followed by another 3-min mixing along with
the addition of alkaline solution (SH and SS) and SPs. The mixed concrete was cast into the plastic

cylinder moulds with ©25 x 100 mm, which were put on the vibrating machine. Afterwards, the

moulds were sealed by the plastic cover and put in the curing room (20 + 2 °C, 95% RH) until testing
agesof 3h,6h,12h,1d,3d,7dand 28 d. At each curing age, a low-speed diamond saw was used

to cut the samples into small cylinder specimens with ® 25 x 3 mm. For the samples at very early

ages (3 h and 6 h), the freeze-drying method was applied to stop the chemical reactions because it is
considered as a promising approach to preserve the microstructure and chemical composition of
specimens before fully hardening [47, 48]. For the samples at relatively late ages (12h,1d,3d,7d
and 28 d), the solvent exchange method was used to prevent the chemical reactions through removing
the free water inside the hardened specimens [47, 49]. Herein, the isopropanol solution was used as
an organic solvent to stop the chemical reaction of testing specimens. The testing samples were then
well-polished to provide a flat and smooth surface for the nanoindentation and BSEM tests. An
example of the polished specimen is shown in Fig. 2. More details about the sample preparation can
be found in the authors’ previous study [35].
2.4.Testing methods
2.4.1. Atomic force microscopy test

The surface topographic of polished specimens was measured using atomic force microscopy
(AFM) (Bruker, Dimension ICON, USA) to ensure that the polished samples can fulfil the
requirement of nanoindentation test. The specimens were scanned under the Peakforce mode to
collect a topographic map. The scanning was operated with an engage setpoint of 0.85 V, a peak force
amplitude of 300 mV and a scan rate of 1.0 Hz. The scanning size at the interface was 50 x 50 pm.
The digital analysis was then conducted on each image to obtain the roughness value. Here, the root-
mean-squared roughness number (RMS) was used to describe the surface roughness [50, 51]. The
RMS roughness of AAFS samples at different curing ages was calculated and presented in Table 4.
2.4.2. Nanoindentation test

Nanoindentation is an effective method to detect the micromechanical properties (e.g. the local
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elastic modulus and hardness) of materials at micro-level [52]. The basic principle of nanoindentation
is to measure the mechanical properties of the testing material from the response of the press of a
sharp tip [52]. Fig. 3 shows a typical load-depth curve that starts with a constantly increasing loading,
followed by a constant holding and a constantly decreasing loading [51]. According to the initial slope
of the elastic unloading curve, two mechanical properties including indentation modulus (M) and

hardness (H) can be obtained as follows [53, 54]:
1.d
M=- lf)lh hmax (1)

Pmax
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where p is the indentation load, pmax is the maximum indentation load, 4 is the indentation depth, /max
is the maximum indentation depth, and A4 is the projected area of the elastic contact.

The indentation modulus (M) is associated with the elastic properties of the testing material (£)
and the indenter tip (Esp) as [55]:
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where v is the Poisson’s ratio of the testing material, and vyp is the Poisson’s ratio of the indenter tip.

For the diamond indenter used in this study, the values of Etp and viip are 1140 GPa and 0.07,
respectively. For AAC, the value of Poisson’s ratio (v) is in the range of 0.13 and 0.26 [56, 57]. Since
the change of v from 0.13 to 0.26 would not significantly affect the results according to Eq. (3), the
suggested v for the testing material was set as 0.2 in this study. Accordingly, the elastic modulus (£)
can be calculated as [58]:

E=(1-v?)x [ﬁ—(l;t—’fp)]-l )

The nanoindentation instrument with a Berkovich indenter tip (BRUKER, Hysitron TI 950,
Germany) was used in this study, which can achieve a load resolution of 1 nN and a displacement
resolution of 0.04 nm. Nanoindentation test started with the loading at a constant increasing rate of
400 uN/s until it reached the maximum load of 2 mN. Afterwards, the load was held for 2 s followed
by the unloading at a similar constant rate. The maximum load of 2 mN corresponded to the average
indentation depth of 350 nm. The average indentation depth (350 nm) was more than 2 times greater
than the RMS roughness of testing samples, suggesting the effect of roughness on the measured
properties was effectively avoided (see Table 4).

As shown in Fig. 4, the grid nanoindentation area covered the dimension of 50 x 100 um across
the interface between aggregate and paste matrix. The space between the indented points was set as
10 pm and 5 pm in the lateral and vertical directions, which was 28 times and 14 times more than the
indentation depth, respectively. Such distance should be sufficient to avoid the effects of interacting

microvolume during nanoindentation tests, which is normally about 3-5 times the indentation depth
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[59]. In total, 126 nanoindentation points for each sample were taken for the statistical analysis.
2.4.2. BSEM-EDS test

A field emission scanning electron microscopic (ZEISS, GeminiSEM, Germany) equipped with
BSEM and EDS was used to characterise the microstructural and chemical features of ITZ. Before
testing, a layer of carbon was coated on the surface of sample under vacuum in order to improve the
conductivity of testing sample. BSEM tests were performed at 10 kV voltages under the working
distance of 8.9 mm. The BSEM images with a pixel size of 0.25 um were captured at a magnification
of 500 x. For EDS analysis, the “line mode” was used in this study, where the line scanning was
performed with a dwell time of 5 ms at 500 testing points.

3. Results
3.1. Micromechanical properties
3.1.1. Nanoindentation data analysis

Fig. 5 shows the results of grid nanoindentation test on AAFS concrete. The area near the edge of
coarse aggregate with 100 X 50 um was chosen for nanoindentation test (Fig. 5a). Here, the AAFS
sample at 6 h of curing was used as an example. Fig. 5b depicts the load-depth curves of the testing
points along a testing line from aggregate to paste matrix. Three different regions including aggregate,
ITZ and paste matrix can be well distinguished, where the differences in the indentation depth and
the slope of unloading portion among these curves can be clearly recognized. This can be attributed
to the differences in hardness and stiffness among the corresponding material phases. The indentation
depth is associated with the hardness, while the slope of unloading portion is related to the elastic
modulus. The order of indentation depth among these regions is aggregate < ITZ < paste matrix, while
the order of slope is aggregate > ITZ > paste matrix. This suggests that aggregate has the highest
hardness and highest elastic modulus, followed by ITZ and paste matrix.

As seen in Fig. 5¢c and 5d, the elastic modulus and hardness were calculated and plotted in a two-
dimensional contour map according to the load-depth curves. Taking the contour map of elastic
modulus as an example, the red area represents the hard matrix with higher elastic modulus, while
the blue area stands for the soft matrix with lower elastic modulus. Combined with the analysis of
microscopy image (Fig. 5a) and load-depth curves (Fig. 5b), the contour map can be divided into
three categories, i.e., aggregate, [TZ and paste matrix (Fig. 5¢). The aggregate covers the colour from
green to red due to its relatively high elastic modulus, while the paste matrix with relatively low
elastic modulus is presented as blue. The area with median value is correlated to ITZ, which covers
the colour from light blue to light green. Similar results can also be found in the contour map of
hardness (Fig. 5d).

3.1.2. Micromechanical properties of [TZ

The characterisation of micromechanical properties of ITZ and paste matrix was performed based
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on a series of statistical analysis, where 126 indentations given on a grid of 50 x 100 pm in each
sample were analysed. In the analysis, the micromechanical properties including elastic modulus and
hardness were obtained from 20 strips with 5-pm width. To estimate the variation of elastic modulus
and hardness against the distance from the aggregate surface, the mean values of these properties
were calculated using 6 grid points in each strip. Additionally, the elastic modulus and hardness were
plotted in the counter map to visualize the phase distribution in the testing area. Fig. 6 shows the mean
values of elastic modulus and hardness against the distance from aggregate and the counter maps of
elastic modulus and hardness at different curing ages. It should be noted that the elastic modulus was
mainly discussed in the following sections considering the similar trend between curves of elastic
modulus and hardness.

As seen in Fig. 6a, the elastic modulus is generally reduced by increasing the distance from
aggregate at 3 h. Aggregate has the highest elastic modulus (> 30 GPa), followed by ITZ and paste
matrix, whose elastic moduli are in the range of 10-20 GPa and 0-10 GPa, respectively. A similar
trend of elastic modulus can be observed at 6 h and 12 h (Fig. 6b and 6¢), where the elastic modulus
of different regions follows an order of aggregate (> 30 GPa) > ITZ (10-30 GPa) > paste matrix (0-
20 GPa). Between 1 d and 3 d, the elastic modulus of ITZ is stable at 10-30 GPa (Fig. 6d and 6e),
while the elastic modulus of paste matrix increases from 0-20 GPa to 10-30 GPa at 1 d and then
decreases to 0-10 GPa at 3 d. As the curing age increases from 7 d to 28 d, the elastic moduli of ITZ
and paste matrix become close to each other and have a similar value of 10-20 GPa (Fig. 6f and 6g).

Fig. 7 shows the mean values of elastic modulus and hardness in ITZ and paste matrix of AAFS
concrete at different curing ages. As seen in Fig. 7a, the elastic modulus of ITZ is 13.58 GPa at 3 h,
which is higher than that of paste matrix, i.e. 5.11 GPa. With the increase of curing age from 3 h to
12 h, the elastic modulus of ITZ tends to be much higher than that of paste matrix and increases
significantly from 13.58 GPa to 21.21 GPa, while the elastic modulus of paste matrix is stable at
around 5 GPa. At 1 d, the elastic modulus of ITZ is slightly decreased to 18.37 GPa, while that of
paste matrix approaches 19.59 GPa, implying that ITZ and paste matrix have a similar elastic modulus.
Afterwards, the elastic modulus of paste matrix reduces obviously to 11.33 GPa at 3 d, making it
lower than the elastic modulus of ITZ again. With increasing curing age from 3 d to 28 d, the elastic
modulus of ITZ is decreased steadily from 18.5 GPa to 13.20 GPa, while that of paste matrix is
increased slightly from 11.33 GPa to 13 GPa, leading to a similar elastic modulus of these two regions
at 28 d. A similar trend can also be observed in the evolution of hardness, as shown in Fig. 7b.

3.1.3 Micromechanical properties of reaction products in [TZ

It is known that reaction products are the main components in ITZ, which would directly affect

the micromechanical properties of ITZ [35]. Thus, the micromechanical properties of reaction

products were analysed to investigate the mechanism behind the development of micromechanical
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properties of ITZ. Gaussian deconvolution method is commonly used to characterise the clusters of
experimental data with distinct mechanical properties, which can be divided into three steps including
experimental fitting, phases identification and data quantification [60]. In the first step, as shown in
Fig. 8, the frequency density of elastic modulus (normalised histogram with a bin size of 2.5 GPa)
was fit by three Gaussian distribution functions using the statistical analysis software called PeakFit
[61, 62]. Normally, five Gaussian distribution curves representing the five solid phases including
three types of reaction products (N-A-S-H, N-C-A-S-H and C-A-S-H gels) and two types of unreacted
particles (fly ash and slag) are considered in the Gaussian deconvolution [63]. After that, different
phases with different elastic modulus were identified according to the literature [64-66] and the
authors’ previous research [63]. The elastic modulus of reaction products is lower than 50 GPa while
that of unreacted particles is generally higher than 50 GPa. Therefore, the three deconvoluted phases
with elastic modulus of lower than 35 GPa are associated with the existence of three types of reaction
products, following the order of N-A-S-H <N-C-A-S-H < C-A-S-H [63] (Fig. 8). The first peak was
assigned to the N-A-S-H gels with elastic modulus of around 10 GPa, while the second and third
peaks were corresponding to the N-C-A-S-H gels (~ 20 GPa) and C-A-S-H gels (~ 30 GPa),
respectively. The threshold value defining the frontier between N-A-S-H gels and N-C-A-S-H gels
was set as the point of intersection between Gauss 1 (N-A-S-H gels) and Gauss 2 (N-C-A-S-H gels).
Similarity, the intersection between Gauss 2 (N-C-A-S-H gels) and Gauss 3 (C-A-S-H gels) was
considered as the threshold value to determine the boundary between N-C-A-S-H and C-A-S-H gels.
Accordingly, the threshold values of 15 GPa and 26 GPa were used to distinguish N-A-S-H, N-C-A-
S-H and C-A-S-H gels in terms of elastic modulus (Fig. 8). The determination of threshold value
should be slightly adjusted for different samples as it varies from sample to sample. Finally, the mean
value and volume fraction of each phase can be statistically characterised based on the total frequency
density within each threshold value. It is worth noting that the frequency of occurrence in the solid
phase was used to quantify the volume fraction, as the elastic modulus of gas phase (< 0.1 GPa) was
not considered in the decovlution process.

As shown in Fig. 9, the cluster allocation and volume fractions of different reaction products in
ITZ and paste matrix at different ages were successfully characterised. At early ages (3 h-12 h), the
volume fraction of N-A-S-H gels in ITZ is much lower than that in paste matrix, while the volume
fractions of N-C-A-S-H gels and C-A-S-H gels are obviously higher than those in paste matrix (Fig.
9a-c). At 1 d, the volume fraction of N-A-S-H gels in ITZ becomes higher than that in paste matrix,
but the volume fractions of N-C-A-S-H gels and C-A-S-H gels are lower than those in paste matrix
at this stage (Fig. 9d). At later curing ages (1 d-28 d), the volume fractions of all types of reaction
products in ITZ become close to those in paste matrix (Fig. 9e-g).

Fig. 10 shows the change in volume fractions of different reaction products in ITZ and paste
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matrix. This information would be helpful for understanding the effects of reaction products on the
development of elastic modulus of ITZ and paste matrix. Regarding the ITZ (Fig. 10a), it can be
observed that the volume fraction of N-A-S-H gels is generally higher than that of N-C-A-S-H gels
and C-A-S-H gels, regardless of curing age. Nevertheless, the volume fraction of each reaction
product varies with the increase of curing age. For N-A-S-H gels, the volume fraction decreases
significantly from 67.44% to 30% at early 6 h, but increases steadily between 6 h and 1 d, reaching
60% at 1 d. Afterwards, it decreases to 43.75% at 3d, but increases again at later curing age and finally
reaches 68.52% at 28 d. In contrast, the volume fraction of N-C-A-S-H gels increases significantly
from 25.58% to 43.33% between 3 h and 6 h and then decreases steadily to 24% at 1 d. Subsequently,
it increases to 40.62% at 3 d, followed by a decrease between 3 d and 28 d, reaching 27.78% at 28 d.
The developing trend in volume fraction of C-A-S-H gels is similar to that of N-C-A-S-H gels, which
is increased from 6.98% to 26.67% at early 6 h, followed by a steady decrease from 26.67% to 16%
as the curing age increases from 6 h to 3 d. Afterwards, it increases to 48.27% at 7 d, but then
decreases dramatically to 3.7% at 28 d.

Regarding the paste matrix (Fig. 10b), it can also be observed that the N-A-S-H gels dominate the
volume fraction of reaction products, regardless of curing ages. However, the evolution process of
reaction products in this region is less complicated compared to that in ITZ. At early curing ages (3
h-12 h), the volume fractions of all reaction products are stable. The volume fraction of N-A-S-H gels
is stable at around 90%, while the volume fractions of N-C-A-S-H gels and C-A-S-H gels are stable
at around 6% and 4%, respectively. At 1 d, the volume fraction of N-A-S-H gels is decreased
dramatically to 36.36%, while the volume fractions of N-C-A-S-H gels and C-A-S-H gels are
increased significantly to 45.45% and 18.19%, respectively. Afterwards, the volume fractions of all
reaction products become relatively stable at later curing ages (3 d-28 d). At 28 d, the volume fractions
of N-A-S-H gels, N-C-A-S-H gels and C-A-S-H gels reach 55%, 35% and 10%, respectively.

3.2. Microstructural characteristics
3.2.1. Morphology of ITZ

Fig. 11a shows the morphology of interface between aggregate and paste at 3 h. The morphology
can be divided into different phases based on the Gaussian deconvolution method, where the
greyscale histogram of image was deconvolved into different Gaussian curves by using a statistical
analysis software called PeakFit [35]. It can be seen from Fig. 11b that three different phases including
uncreated particles, reaction products and pores can be identified and labelled in different colours.
The unreacted particles are labelled in red, while the reaction products are presented as light blue and
the pores are labelled in blue. Here, the ITZ is marked based on the results of nanoindentation test,
where the region with different micromechanical properties in comparison with paste matrix is

considered as ITZ (Fig. 6). It can be observed that ITZ and paste matrix have different microstructural
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features. Regarding the distribution of unreacted particles, the size and density of unreacted particles
in ITZ are smaller than that in paste matrix, which would lead to a relatively high local AL/P ratio in
ITZ (Fig. 11c). In terms of reaction products, more reaction products are accumulated in the area
adjacent to aggregate than the area far away from aggregate (Fig. 11d). Regarding the pore structure,
the porosity of ITZ is smaller than that of paste matrix, as shown in Fig. 11e. In addition, some initial
microcracks can be found in both ITZ and paste matrix.

3.2.3. Evolution of pore structure in ITZ

Since the pore structure is a key microstructural characteristic that would directly affect the
micromechanical properties of ITZ, the evolution of pore structure was further analysed in this study.
An open-source image analysis software Fiji was used to characterise the pore size distribution (PSD)
and porosity of ITZ [67]. Since the size of single pores (typically < 0.1 pm) is smaller than the pixel
size of BSEM images (0.25 um), the characterised pores are related to the porous patches instead of
the singles pores. Thus, only the pores (i.e. porous patches including capillary pores, cracks and
hollow reaction shells) with size higher than 0.25 pm can be quantified in this study.

Fig. 12 shows the PSD and volume fraction of porosity of ITZ at different curing ages. The PSD
spectra of ITZ shown in Fig. 12a reveals several important features of pore structure. First, the pores
with size between 0.25 pm and 2.5 pm dominate the pores in ITZ, followed by the pores with size of
2.5-5 um and the pores with size larger than 5 pum, regardless of curing ages. Second, the PSD
intensity is decreased steadily at early ages (3 h-3 d), followed by an increase at later ages (3 d-28 d).
More specifically, as seen in Fig. 12b, the overall porosity of ITZ is reduced continuously from 1.61%
to 0.25% at early 3d, followed by a slight increase from 0.25% to 0.45% between 3 d and 28 d. In
addition, it can be observed that the percentage of pores with size of 0.25-2.5 um decreases steadily
from 82.50% to 70.66% between 3 h and 3 d, and then increases dramatically to 97.52% at 28 d. In
contrast, the percentages of the pores with other sizes (2.5-5 um and > 5 um) increase at early 3 d,
but decrease between 3 d and 28 d. Regarding the paste matrix, it can be seen from Fig. 13a that the
overall changing trend of pore structure in paste matrix is similar to that in ITZ. However, the PSD
density of paste matrix is higher than that of ITZ, especially at early 12 h. As seen in Fig. 13b, the
porosity of paste matrix is between 4.17% and 6.16% at early 12 h, which is obviously higher than
that of ITZ, i.e. 0.76-1.61%. Afterwards, the porosity of paste matrix is decreased significantly to
1.14% at 1 d, followed by a steady decrease to 0.67% at 7 d and an increase to 1.21% at 28 d.

The continuous decrease of porosity at early ages regardless of ITZ or paste matrix can be
attributed to the alkaline reaction that would generate reaction products to fill capillary pores. The
increase of porosity at later curing ages can be related to the microcracking occurred in ITZ and paste
matrix. As shown in Fig. 14, the microcracks are changed obviously with the increase of curing ages.

It can be seen from Fig. 14a-b that some initial microcracks exist in both ITZ and paste matrix, which
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might be caused by the early-age shrinkage, e.g., plastic shrinkage and autogenous shrinkage. In
addition, the freeze-drying method used to stop chemical reactions for the samples at 3 h and 6 h
might also lead to the formation of initial microcracks. Nevertheless, the microcracks become less
and finer with the continuous curing from 6 h to 1 d regardless of ITZ or paste matrix due to the
formation of reaction products (Fig. 14b-d). Afterwards, some microcracks induced by later-age
shrinkage (e.g. dry shrinkage) can be observed in paste matrix, which further propagate to ITZ with
the increase of curing ages from 3 d to 28 d (see the yellow circles in Fig. 14e-g).
3.3.Chemical features

Fig. 15 shows the distribution of elements across the interface from the surface of limestone
aggregate to the edge of paste at different curing ages, where four key elements including silicon (Si),
calcium (Ca), aluminium (Al) and sodium (Na) are presented. Apparently, the concentration of Ca is
stable at a high level in the region of aggregate due to the high content of Ca that limestone aggregate
contains. The concentrations of Si, Al and Na are stable at a low level in the region of aggregate but
changes sharply at the aggregate-paste boundary. Given that the small amount of Na presented in FA
and GGBS (Table 1), the increase of Na in the paste region might indicate the formation of reaction
products (e.g. N-A-S-H and N-C-A-S-H gels) under the activation of Na-rich alkaline activator (SS
+ SH). The high concentrations of Si and Al can also be found in this region, confirming the formation
of reaction products as well. As seen in Fig. 15a-c, the concentrations of Si, Al and Na in ITZ are
higher than that in paste matrix between 3 h and 12 h, implying the formation of more reaction
products in ITZ. Afterwards, the concentrations of these elements in ITZ become close to those in
paste matrix between 1 d and 28 d (Fig. 15d-g), indicating a similar reaction rate in ITZ and paste
matrix at later curing ages (1 d-28 d).
4. Discussion

The combination of nanoindentation, BSEM and EDS test results indicates that the
micromechanical properties of ITZ in AAFS concrete are determined by two factors: (i) the chemical
composition of reaction products, and (ii) the microstructural characteristics. In the following
subsections, the effects of these two factors on the micromechanical properties of ITZ are discussed
in detail. In addition, a comparison between micromechanical properties of ITZ and paste matrix is
also discussed to further understand the role of ITZ in AAFS concrete.
4.1. Effect of chemical composition of reaction products

Previous studies have reported that different reaction products have different micromechanical
properties [63, 66, 68]. The elastic modulus of reactions products in AAFS follows an order of N-A-
S-H gels < N-C-A-S-H gels < C-A-S-H gels, which can be attributed to their different level of
structure disorder and gel porosity [63]. This implies that the chemical composition of reaction

products in ITZ would determine its micromechanical properties.
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Fig. 16 shows the evolution of elastic modulus and volume fraction of reaction products in ITZ.
During the early curing ages (3 h-12 h), the elastic modulus of ITZ is increased significantly from
13.58 GPa to 21.21 GPa. This can be ascribed to the increase in volume fractions of N-C-A-S-H gels
and C-A-S-H gels from 25.58% to 38.1% and from 6.98% to 23.8%, respectively, which have
relatively high elastic moduli. The increase in volume fractions of N-C-A-S-H gels and C-A-S-H gels
is a result of the quick dissolution of Ca from GGBS due to its high reactivity [69-71].

At 1 d, the elastic modulus of ITZ is decreased from 21.21 GPa to 18.37 GPa, which is related to
the decrease in volume fractions of N-C-A-S-H gels and C-A-S-H gels from 38.1% to 24% and from
23.8% to 16%, respectively due to the reduction of free Ca releasing from GGBS, implying that
GGBS in ITZ has been almost completely dissolved [72-74]. This can be ascribed to the low content
of GGBS that occupies 25% of the total precursors for AAFS concrete. In comparison, more Al and
Si can be supplied from the continuous dissolution of FA due to its high content (75% of the total
precursors), contributing to the increase in volume fraction of N-A-S-H gels from 38.1% to 60%.

Between 1 d and 3 d, the elastic modulus of ITZ becomes stable at around 18.5 GPa, which is
associated with the stable chemical reaction at this stage. During this period, the volume fraction of
N-A-S-H gels is decreased from 60% to 43.75%, while the volume fraction of N-C-A-S-H gels is
increased significantly from 24% to 40.62% and that of C-A-S-H gels remains stable at around 16%.
This suggests that part of N-A-S-H gels have been transformed into N-C-A-S-H via interchanging
between Ca and Na. Since Ca has a higher polarising power than Na, the Na within N-A-S-H gels
would be replaced by Ca [75]. Given that GGBS in ITZ has been almost completely dissolved at 1 d,
the mobile Ca in ITZ might be released from the paste matrix due to the concentration gradient
between these two regions [35].

With the increase of curing age from 3 d to 7 d, the elastic modulus is declined slightly from 18.5
GPa to 17.68 GPa, attributing to the transformation between different reaction products. During this
period, the volume fraction of N-A-S-H gels is increased slightly from 43.75% to 48.27%, which
indicates that the effects of Ca on N-A-S-H gels become less sensitive to the decrease of mobile Ca.
The volume fraction of N-C-A-S-H gels is declined from 40.62% to 24.14%, while that of C-A-S-H
gels is increased from 15.63% to 27.59%, implying the transformation between N-C-A-S-H gels and
C-A-S-H gels, where Na in N-C-A-S-H gels is continually replaced by Ca and eventually leading to
the formation of C-A-S-H gels [75].

At 28 d, a sharp decrease of elastic modulus from 17.68 GPa to 13.2 GPa can be observed, which
can be explained by the significant increase in volume fraction of N-A-S-H gels with relatively low
elastic modulus and the obvious decrease in volume fraction of C-A-S-H gels. In detail: the volume
fraction of N-A-S-H gels is increased significantly from 48.27% to 68.52%, while the volume fraction
of C-A-S-H gels is decreased dramatically from 27.59% to 3.7%. This can be ascribed to the reduction
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of free Ca releasing from GGBS, indicating that GGBS in both ITZ and paste matrix has been almost
fully dissolved.

According to the discussion above, the evolution of micromechanical properties of ITZ can be
divided into three stages: (i) accelerated growth stage (< 12 h), (ii) stationary stage (12 h-7 d), and
(ii1) decrement stage (7 d-28 d). This finding is consistent with the microstructure evolution of ITZ,
as discussed in the authors’ previous study [35].

4.2. Effect of microstructural characteristics

It is known that the pores and microcracks are two key microstructural features, which would
directly affect the micromechanical properties of ITZ [18, 76]. As shown in Fig. 12, the total porosity
of ITZ is decreased dramatically from 1.61% to 0.76% at early ages (< 12 h) due to the rapid chemical
reactions occurred in this region, which would promote the formation of reaction products and refine
the pore structure. Meanwhile, the initial microcracks are refined (Fig. 14a-c). As a result, the
microstructure of ITZ becomes compact, leading to an obvious improvement in its micromechanical
properties, from 13.58 GPato 21.21 GPa (Fig. 14). Between 1 d and 7 d, the porosity of ITZ is stable
at a relatively low level between 0.25% and 0.42% (Fig. 12), which is corresponding to its stable
elastic modulus with around 18 GPa during this period (Fig. 16). With the increase of curing age from
7 d to 28 d, the microstructure of ITZ becomes less dense, accompanied by an increase in porosity
from 0.36% to 0.45% (Fig. 12) and the microcracking occurred in this region (Fig. 14g). The
appearance of microcracks in I'TZ would significantly reduce the bond between solid phases and lead
to the occurrence of micro gaps within the testing area itself. This would decrease the confinement of
the surrounding matrix in the indented region and consequently result in a relatively low elastic
modulus of ITZ (Fig. 16). These findings indicate that the formation of reaction products would help
reduce the pore size, refine the microstructure and consequently enhance the micromechanical
properties of ITZ, especially at early ages (< 12 h). However, the microcracking induced by shrinkage
may inversely affect the microstructure of ITZ and reduce its micromechanical properties at later
curing ages (> 7 d).

4.3. Comparison between micromechanical properties of ITZ and paste matrix

The relative micromechanical properties between ITZ and paste matrix play a significant role in
the overall stress-strain relationship and failure patterns of concrete [77]. Therefore, it is vital to make
a direct comparison between the micromechanical properties of ITZ and paste matrix in order to
further understand the effects of ITZ on the overall performance of AAFS concrete.

Fig. 17 shows a comparison between the elastic moduli of ITZ and paste matrix of AAFS concrete
at different curing ages. Within the first 12 h, the elastic modulus of ITZ (13.58-21.21 GPa) is
obviously higher than that of paste matrix (4.32-7.45 GPa), which can be attributed to the continuous

chemical reactions occurred in ITZ due to the relatively high AL/P ratio in ITZ. The accelerated
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chemical reactions in ITZ would promote the formation of reaction products, resulting in a compact
microstructure and a high elastic modulus in this region. This result shows a good agreement with the
analysis of pore structure (Figs. 12 and 13) that the porosity of ITZ (0.76%-1.61%) is obviously lower
than that of paste matrix (4.17%-6.16%) during this period. In addition, the accelerated chemical
reactions facilitate the formation of N-C-A-S-H gels and C-A-S-H gels in ITZ. As seen in Fig. 9a-c,
the volume fractions of N-C-A-S-H gels and C-A-S-H gels in ITZ are higher than that in paste matrix,
resulting in a high elastic modulus of ITZ.

At 1 d, the elastic modulus of ITZ (18.37 GPa) is close to that of paste matrix (19.59 GPa), which
can be ascribed to the formation of more reaction products with high elastic modulus in paste matrix.
The volume fractions of N-C-A-S-H gels and C-A-S-H gels in paste matrix become higher than those
in ITZ (Fig. 9d) as the chemical reactions proceed in paste matrix, which is consistent with the
findings from EDS analysis that the contents of Si, Al and Ca in paste matrix become close to those
in ITZ (Fig. 15d). Moreover, it can be seen from Fig. 13 that the reaction products formed in paste
matrix would also help refine the pore structure of paste matrix and cause a significant reduction in
porosity of paste matrix from 4.17% (12 h) to 1.14% (1 d). The refinement of pore structure would
consequently lead to a compact microstructure and a high elastic modulus in this region.

However, a sharp decrease in elastic modulus of paste matrix can be observed at 3 d, which can
be attributed to the microcracking occurred in paste matrix (Fig. 14¢) and the significant decrease in
volume fractions of N-C-A-S-H gels and C-A-S-H gels in paste matrix (Fig. 10b). This is due to the
transport of Ca from paste matrix to ITZ, leading to the deficiency of Ca in paste matrix required for
the generation of N-C-A-S-H gels and C-A-S-H gels [35].

With the increase of curing age from 3 d to 28 d, the difference in elastic modulus between ITZ
and paste matrix becomes less. The elastic modulus of ITZ is decreased from 18.5 GPa to 13.2 GPa,
while the elastic modulus of paste matrix is increased steadily from 11.33 GPa to 13 GPa because of
its stable chemical properties and microstructure. As seen in Fig. 10b, the volume fractions of N-A-
S-H, N-C-A-S-H and C-A-S-H gels in paste matrix remain stable between 3 d and 28 d. Similarly,
the microstructure of paste matrix is also stable during this period (Fig. 14e-g). At 28 d, the ITZ and
paste matrix have a similar elastic modulus as a result of their similar chemical composition of
reaction products (Fig. 9g¢) and microstructural characteristics (Fig. 14g).

As discussed above, ITZ is not the weakest region in AAFS concrete at early 28 d, considering its
comparable micromechanical properties and compact microstructure compared to paste matrix. It is
totally different from the ITZ found in PC concrete, which has a much smaller elastic modulus than
paste matrix [16]. This is mainly because of the different chemical reactions involved in AAFS
concrete and PC concrete, which result in a significant difference in the reaction products, the

microstructure and consequently the micromechanical properties. In PC concrete, ITZ is often
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regarded as the weak region due to the presence of relatively high porosity as well as large calcium

hydroxide (CH) crystals [20, 78], which would lower the strength of ITZ and the interfacial bonding

of aggregate and paste matrix [11]. In contrast, the main reaction products in AAFS concrete are N-

A-S-H, C-A-S-H and C-A-S-H gels [10, 75, 79], which would increase the strength of ITZ and

interfacial bonding [28].

5. Conclusions
In this study, the evolution of micromechanical properties of ITZ in AAFS concrete over time is

systematically investigated by means of nanoindentation, BSEM, and EDS. Based on the

experimental results, the main conclusions can be drawn as follows:

e The micromechanical properties of ITZ depend on the chemical composition of reaction products
and the microstructural characteristics. The ITZ with high proportion of N-C-A-S-H gels and C-
A-S-H gels tends to have a high elastic modulus because of their superior micromechanical
properties.

e The changes in chemical composition of reaction products and microstructure of ITZ would
directly affect the development of micromechanical properties in this region. At early 12 h, the
accelerated chemical reaction occurred in ITZ promotes the development of elastic modulus in
this region. Between 12 h to 7 d, the elastic modulus of ITZ fluctuates between 17.68 GPa and
21.21 GPa, due to the stable transformation among N-A-S-H, N-C-A-S-H and C-A-S-H gels. The
decrease of elastic modulus of ITZ between 7 d and 28 d can be ascribed to the reduction of free
Ca content and propagation of microcracks in this region.

e The evolution of micromechanical properties of ITZ can be divided into three stages: (i)
accelerated growth stage via fast chemical reactions (< 12 h); (ii) stationary stage via stable
chemical reactions (12 h-7 d); and (ii1) decrement stage via microcrack propagation (7 d-28 d).

e [TZ in AAFS concrete at early 28 d is not the weakest region owing to its desired micromechanical
properties and compact microstructure compared to paste matrix.

It should be noted that the micromechanical properties of ITZ in AAFS concrete are highly
dependent on its mix proportions, which would influence the formation of reaction products and the
development of microstructure as well as the micromechanical properties of ITZ. In addition, the
characteristics of aggregate in terms of size, shape and surface texture would also affect the
micromechanical properties of ITZ. For future work, it would be interesting to investigate the effects
of mix proportions and aggregate characteristics on the micromechanical properties of ITZ in AAFS
concrete.
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Table 1. Chemical composition (wt%) of FA and GGBS

Oxide SiO,  AlOs Fe03 CaO K:O MgO TiO2 NaO  SOs P.0Os
FA 55.76  30.22 3.56 2.33 0.91 0.46 1.72 0.40 0.79 0.27
GGBS 3322 1349 040 4157 0.64 7.04 0.50 0.34 2.14 -

Table 2. Specific density (g/cm?3) of different ingredients in AAFS concrete

FA  GGBS SS SH SP Fine aggregate  Coase aggregate

Specific density ~ 2.25 2.90 1.38 1.21 1.08 2.57 2.62

Note: FA (fly ash); GGBS (ground granulated blast-furnace slag); SS (sodium silicate solution); SH (sodium
hydroxide solution); SP (superplasticizer)

Table 3. Mixture quantity (kg/m?®) of AAFS concrete

FA  GGBS SS SH SP Fine aggregate  Coase aggregate

Mixture quantity 300 100 120 60 4 622 1178

Note: FA (fly ash); GGBS (ground granulated blast-furnace slag); SS (sodium silicate solution); SH (sodium
hydroxide solution); SP (superplasticizer)

Table 4. RMS roughness (nm) of AAFS paste and concrete at different curing ages

Curing age 3h 6 h 12 h 1d 3d 7d 28d
Aggregate 51 98 75 93 60 72 54
ITZ 132 106 122 124 103 97 138




