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A B S T R A C T

The mixtures including crushed recycled aggregates have multiple complex aggregate/paste interphase regions
compared to conventional concrete mixtures, which brings significant technical challenges in understanding and
characterization of their properties. To gain a better understanding of such complex material organization, this
study adopted multiscale experimental methods by using nanoindentation test-analysis, laser scanning micro-
scopy, and energy dispersive spectroscopy. The multiscale methods were applied to two different composites in
which the same recycled aggregates were mixed with two different cementitious binders: a fly ash-based geo-
polymer and conventional Portland cement. The test-analysis results demonstrate that, in cement concrete
mixtures with recycled aggregates (CCRA), the pre-existing incomplete interphase within the recycled ag-
gregares was observed, although new paste was relatively well-bonded to the old recycled aggregate paste by
having an approximately 20-μm thick interfacial transition zone. In geopolymer concrete mixtures with recycled
aggregates (GCRA), both the old and new interphase appeared dense. More interestingly, the pre-existing in-
complete interphase within the recycled aggregates was filled in the GCRA, which was not the case observed
from the CCRA. Further analysis using energy dispersive spectroscopy suggests that geopolymeric materials can
reach the pre-existing incomplete interphase and create hydration-geopolymerization products that combine
calcium-silicate-hydrate (C-S-H) and sodium aluminosilicate hydrate (N-A-S-H) gel. The resulting cementitious
composite is expected to show enhanced mechanical properties owing to a better interphase region.

1. Introduction

Construction and demolition wastes (C&DW) are the excess or waste
materials produced during the construction, renovation, and demolition
of structures and buildings. The disposal of concrete structures and
pavements contributes a considerable fraction of C&DW in many
countries and induces environmental burdens [1]. Owing to the high
cost of raw materials and natural resources, several studies are being
conducted globally to search for new low-cost materials that exhibit
durability and good performance. Recycled aggregate is a reusable
mixture of aggregate and old cement paste that is generated by re-
moving, crushing, and processing old concrete structures that are
considered to be beyond their useful life. Recently, the use of recycled
aggregate to manufacture new concrete has gained considerable at-
tention in an attempt to reduce the use of virgin materials, to increase
economic benefits, and to promote environmental friendliness. Many

studies have investigated the engineering properties of recycled ag-
gregate and the effect of using recycled aggregate on the properties of
fresh and hardened concrete [2–7]. It is reported that at a high water-
to-cement (w/c) ratio of 0.55–0.75, the strength of concrete with re-
cycled aggregates is comparable to that of conventional concrete even
at 75%–100% replacement. However, by reducing the w/c ratio to
about 0.4, only 25% reduction in the strength compared to the re-
ference mix was observed [8,9]. The properties of recycled aggregates
acquired from crushed concrete have a significant effect on the me-
chanical properties of high-strength concrete [10].

The production of Portland cement, which is the primary compo-
nent of concrete, is responsible for high levels of CO2 emissions, and the
cement industry alone contributes to about 7% of the entire global CO2

emissions [11]. One of the efforts to reduce greenhouse gas emissions
and to produce more eco-friendly concrete is the use and/or develop-
ment of inorganic alumina-silicate materials (e.g., geopolymer),
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synthesized from industrial by-products such as fly ash that is rich in
silicon and aluminum [12]. In geopolymerization, the raw material is
transformed into a paste by using a high alkaline solution which is
usually a combination of sodium or potassium silicate and sodium or
potassium hydroxide [13]. Geopolymer binders can deliver approxi-
mately 80% less CO2 emissions compared to ordinary Portland cement
(OPC) [14,15]. Fly ash-based geopolymer paste can be used as an al-
ternative to cement paste for producing concrete, since it can sig-
nificantly decrease the greenhouse gas emissions and consume a large
amount of industrial wastes.

Many studies have investigated the properties of fly ash-based
geopolymer and shown that geopolymer has advantages of low creep,
high compressive strength, strong bonding to the aggregate, low
shrinkage, excellent resistance to sulfate attack, high acid resistance,
and great fire resistance [16–20]. Nanomechanical and microstructural
characterization of the aggregate-paste interphase in geopolymer con-
crete mixtures made with natural aggregates have shown that the ag-
gregate surface and paste are usually bonded together tightly due to the
formation of sodium aluminosilicate hydrate (N-A-S-H) gel, which is the
main reaction product of fly ash-based geopolymer [21,22]. It is re-
ported that, in conventional OPC concrete, there is a weak zone be-
tween the aggregate and cement paste which is prone to damage and
degradation and is called interfacial transition zone (ITZ) [23–27].

As illustrated in Fig. 1, concrete mixtures including crushed re-
cycled aggregates have multiple complex aggregate-paste interphases
compared to conventional concrete mixtures, which leads to significant
challenges in understanding and characterization of the concrete
properties. There are a number of aggregate-paste interphases within a
single recycled aggregate, and the recycled aggregate adheres to a new
paste. This organization subsequently leads to different interphases: old
interphases between the old aggregates and the adhered old cement
paste, and new interphases between the old cement paste and the new
cement paste [28,29]. The failure behavior of the concrete mixtures
with crushed recycled aggregates depends on the relative quality of the
old and new interphases [30]. The lower strength is typically owing to
the presence of weak ITZs and old adhered paste [29]. Although it is
generally reported that the adhered old paste or the old ITZ is the
weakest zone [31], other studies have shown that the adhered old paste
is not always the main factor controlling the quality of the entire con-
crete mixtures with recycled aggregates [32], and the relative strength
of the old paste and new paste is the main factor that might define the
weakest link [33]. Other studies have measured the nanomechanical
properties of both old and new ITZs in cement concrete mixtures made
with recycled aggregates by conducting nanoindentation and micro-
hardness tests. Based on their results, the old ITZ showed lower in-
dentation modulus than the old paste matrix, and new ITZ also showed
lower indentation modulus than the new paste [30,34]. Regarding
geopolymer mixtures with recycled aggregates, limited studies have
characterized the new and old interphases [36,37]. Liu et al. [35]
conducted microstructural characterization of only the new ITZ in

geopolymer concrete mixtures with recycled aggregates and found that
a weak ITZ does not develop.

2. Research objectives and scope

In this article, the complex interphases between recycled aggregates
and cementitious binding materials are investigated in order to improve
the understanding of the interaction between two recycled materials,
namely fly ash (an industrial by-product) and recycled aggregates. To
meet the research objective, recycled aggregates were mixed with two
different cementitious materials to produce two concrete mixtures:
geopolymer concrete with recycled aggregates (GCRA hereafter) and
cement concrete with recycled aggregates (CCRA hereafter). This study
used multiscale experiments (spanning the nano-to-micro scales) by
integrating microstructure examination using a laser scanning micro-
scope (LSM), nanomechanical characterization using a nanoindentation
test-analysis, and spatial mapping of chemical elements using energy
dispersive spectroscopy (EDS).

3. Materials and sample preparation

3.1. Materials and mixture ratios

In this study, low-calcium fly ash (Class F) with specific gravity of
2.37 obtained from Boral, Colorado was used as an aluminosilicate
source material for synthesizing the geopolymer. The fly ash chemical
composition is presented in Table 1. To activate fly ash particles, an
alkaline activator solution was prepared by blending sodium hydroxide
(NaOH) and sodium silicate (Na2SiO3) solutions. Sodium hydroxide
pellets with a purity of 98% were dissolved in distilled water to prepare
sodium hydroxide solution of 12 molar concentration. The chemical
composition of the sodium silicate solution was 9% Na2O, 28% SiO2,
and 63% water. The activator solution was allowed to equilibrate for a
minimum of 24 h at room temperature prior to use. The mass ratio of
the NaOH to Na2SiO3 solutions was 1.0. As a counterpart of the fly ash-
based geopolymer paste, Type I OPC, with chemical compositions as
listed in Table 1, was used to produce cement paste. The water ab-
sorption capacity and specific gravity of the recycled aggregates were
6% and 2.40, respectively. Recycled aggregates retained on 4.75, 9.5,
and 12.5 mm sieves were used in the mixes.

The ratio of alkali solution to fly ash was 0.4 for fabricating GCRA
specimens. The fly ash, recycled aggregates, and alkaline solution
content were 706 kg/m3, 1200 kg/m3, and 282 kg/m3, respectively. To
prepare GCRA, first, the recycled aggregates in saturated surface dry
condition and fly ash were blended for 3min. Afterward, the alkaline
solution was added to the blend of recycled aggregates and fly ash. The
obtained mixture was mingled for another 5min and then was cast in
cylinder mold. A curing process at 60 °C in an oven was employed for
the GCRA specimens for 24 h. Then the demolded specimens kept at a
temperature of 23 ± 2 °C for 28 days. The CCRA specimens were

Fig. 1. Schematic illustration of concrete mixture with recycled aggregates.
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fabricated with water to cement (w/c) ratio of 0.4. The cement, re-
cycled aggregates, and water content for making CCRA were 702 kg/
m3, 1193 kg/m3, and 281 kg/m3, respectively. The CCRA specimens
had different curing regime, in which after casting, the specimens were
sealed by means of lids and plastic bags for 24 h to avoid excessive
moisture loss. Then the CCRA specimens were taken out from the mold
and kept in water for 28 days. The mixtures were tested for compressive
strength, which resulted in the average compressive strength values of
three samples for GCRA (34.24 ± 0.85MPa) and CCRA
(33.02 ± 1.29MPa), respectively. The workability of fresh mixes was
also measured via slump flow according to ASTM C143. The results
showed that the CCRA mix had slump flow of approximately 55mm
and the GCRA mix had slump flow of approximately 44mm. The lower
workability of GCRA is due to the higher viscosity of alkaline solution
compared to water.

3.2. Specimen preparation

In order to obtain accurate results from nanoindentation experi-
ments, it is critical to obtain a flat surface by smoothening and reducing
the roughness to an acceptable level [38]. Therefore, 20-mm thick slices
from the center part of the cured mixture were extracted. Using a digital
low-speed diamond saw, the extracted slice was cut to obtain a small
specimen with about 1 cm×1 cm cross section and 0.4 cm thickness. In
order to protect the microstructure of the specimens from the stresses
induced by mechanical polishing, which is essential to obtain an ex-
tremely flat surface, the specimens were vacuum impregnated using a
low viscosity LR White epoxy resin. As the epoxy hardens, the pores and
cracks are filled and the microstructure is maintained [39]. After epoxy
impregnation, the specimens were ground using silicon-carbide-coated
papers (340, 400, 600, 800, and 1200 grit) in an automatic grinder-
polisher for 3min at each step. After the grinding process, the speci-
mens were cleaned in an ultrasonic cleaner. Subsequently, to make sure
the uneven surfaces were removed first, 3 μm and 1 μm grade diamond
lapping films were used. Furthermore, in order to remove any scratches
resulting from previous steps, a series of sequentially finer alumina
suspensions (1 μm, 0.3 μm, and 0.05 μm particle diameters) were used
to polish the surface. Each step continued about 30min. Finally, an
ultrasonic cleaner was used for 5min to remove all remaining debris.

4. Testing methods

4.1. Laser scanning microscope (LSM)

To acquire high-resolution images of each specimen microstructure,
a laser scanning microscope (LSM) was employed. The LSM is a type of
optical microscope that not only collects optical images, but also pro-
vides high-resolution surface data by combining a laser light source
with white light [40]. In LSM, the specimen is scanned by using a fo-
cused laser beam. The intensity that is reflected by the laser beam is
produced as a function of position, and as a result, a high-resolution
image of the specimen is obtained. The surface topography can be ob-
tained at any area of the sample by analyzing the returned laser light
intensity relative to the laser z-position [41,42].

4.2. Energy dispersive spectroscopy (EDS)

A FEI Nova NanoSEM scanning electron microscope (SEM) with
energy dispersive X-ray spectroscopy (EDS) was used for qualitative
chemical mapping, quantitative line scans, and point analysis of the
regions of interest. Before performing the SEM–EDS analysis, the sur-
face of the specimens were sputter coated with a thin carbon layer to
dissipate the excessive charge from the sample without interference
with elements of interest [39].

4.3. Nanoindentation testing

A Hysitron Triboindentor with a diamond Berkovich tip was em-
ployed to obtain the nanomechanical properties of each specimen. The
loading profile was trapezoidal using a quasi-static load-control pro-
cedure. The profile included a 10-s loading ramp at a rate of 200 μN/s, a
maximum load of 2000 μN followed by 5-s holding to eliminate any
creep effect [43], following by a 10-s unloading ramp. A schematic of
the load vs. contact depth curve is illustrated in Fig. 2.

By analyzing the slope of the unloading curve (S= dP/dh) and using
the contact area (Ac) determined from calibration and the indentation
depth h [44], the indentation modulus or reduced modulus (Er) of each
indent can be obtained. The relationship is given by

= ⋅ ⋅E
β
S π
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where β is a dimensionless parameter that considers the shape of the
indenter tip [45].

The elastic modulus (Es) of the indented material can then be cal-
culated from the measured reduced modulus Er using the Poisson's ratio
of the material tested (νs), the Poisson's ratio of the diamond indenter
(νi), and the Young's modulus of the diamond indenter (Ei), as
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The hardness can also be determined from Equation (3) where Pmax

is the peak load at the load-displacement curve.

Table 1
Chemical composition (in % mass) of fly ash (Class F) and Portland cement (Type I).

Component SiO2 Al2O3 Fe2O3 CaO MgO K2O SO3 Na2O Na2O3 LOI

Fly Ash 51.82 23.07 13.02 2.79 0.85 2.52 1.23 2.29 – 2.41
Cement 20.99 6.19 3.86 65.96 0.22 0.6 0.55 – 0.17 1.46

Note: LOI (loss on ignition).

Fig. 2. A Typical nanoindentation load-displacement curve.
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5. Results and discussion

5.1. Microstructural characterization

Fig. 3 shows the laser scanning microscopy images (3(a) and 3(c))

and topography images (3(b) and 3(d)) taken from regions that include
the aggregate, old cement paste, and new cement paste in the CCRA
specimen. It can be observed that in some locations, there is a clear
interfacial debonding (or separation) with high porosity between the
aggregate and old paste. In the topography images, the interfacial de-
bonding (or separation) is clearly seen as the areas around the ag-
gregates that have lower elevation (shown in blue and green) compared
to the aggregate phase and paste phase. In contrast, the old paste and
new paste appear dense and well-bonded together, and no clear

Fig. 3. LSM images of CCRA across old and new interphase: (a) and (c) microstructural images; (b) and (d) topography images; (e) and (f) topographic profiles.

Fig. 4. Frequency of occurrence of thickness and depth of incomplete interfacial zone.
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separation can be observed in the new interphase region. The three-
dimensional view and topographic profile of the CCRA specimen across
some specific aggregate-old paste-new paste regions are also shown in
Fig. 3(e) and (f). The thickness and depth of particular regions where
interfacial debonding occurred can be measured from the topographic
profiles. The histograms of the thickness and depth of the interfacial
debonding, which were captured from 30 different locations on the
CCRA specimens, are shown in Fig. 4. As can be inferred, the variation
of thickness and depth of the interfacial debonding are in a range of
30–110 μm and 5–35 μm, respectively. The thickness of interfacial de-
bonding observed in CCRA of this study seems larger than that of ty-
pical portland cement concrete interphases, which are in the range of
15–50 μm [21].

Fig. 5 shows the LSM and topography images of the GCRA specimen.
Similar to CCRA, the old paste and new geopolymer paste appeared
well-bonded together. However, the microstructure of the old inter-
phase in GCRA was substantially different from that in CCRA. It was
generally viewed that the old paste was very well bonded to the ag-
gregate in most of the old interphase zones. This observation is inter-
esting, because the recycled aggregate particles in both CCRA and
GCRA specimens originate from the same source, and thus, a similar
microstructural feature from the old interphase region was expected.

In relation to the better interphase zones observed from recycled

aggregates in GCRA specimens, it can be noted that some locations
around the recycled aggregates in GCRA are in different color contrasts
from the adjacent paste (noted as “unknown phase” in Fig. 6), which
was detected through optical microscope observations. It can also be
implied that, through the contrast image, this region appears relatively
denser than the adjacent old paste. To identify the unknown phase, the
EDS analysis was conducted to capture elemental (chemical) composi-
tions of the target regions, which are presented later (see sub-section
“EDS analysis results” for details).

5.2. Nanomechanical properties

For nanomechanical characterization, areas that contain both old
interphase and new interphase were chosen for grid indentation of
GCRA and CCRA specimens. The root mean square roughness in mul-
tiple areas of both specimens was measured to be 80 nm, which meets
the roughness criteria of cementitious materials for nanoindentation
test [30]. A total of 609 indents were made, covering 140 μm×100 μm
of the specimen region. The distance between each indent in both the
vertical and lateral directions was selected to be 5 μm to avoid any
influence between indents. Fig. 7(a) and (b) show the grid indentation
patterns and distribution graphs of elastic modulus and hardness cap-
tured from the nanoindentation tests on CCRA and GCRA, respectively.

Fig. 5. LSM images of GCRA across old and new interphase: (a), (c), and (e) microstructural images; (b), (d), and (f) topography images.
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Each bar in the distribution graph shows the average values from 21
indentations with 5 μm spacing in the vertical direction. As mentioned
previously, in some areas of the CCRA specimen, the old interphase
appeared porous and interfacial debonding/separation was detected
between the old aggregate and old paste. Because a smooth surface is
required for accurate nanoindentation measurements, the regions with
significant interfacial separation in CCRA were intentionally avoided.
Fig. 7(a) shows that, when interfacial debonding is not significant be-
tween the aggregate and paste, the modulus and hardness of the in-
terphase zone are not very different from the paste region as shown by
the modulus bars between 25 and 85 μm. In contrast, the modulus and
hardness values of the new cement paste showed an increasing trend
between 90 and 110 μm until somewhat consistent values are reached.
In order to check if the properties between 90 and 110 μm are statis-
tically different from the properties after 110 μm, the elastic modulus
and hardness mean values between the two regions were compared by a
z-test. The difference in the values of elastic modulus and hardness
between the two regions (i.e., region 1: 90 μm–110 μm vs. region 2:
110 μm–140 μm) was significant (p < 0.01), as shown in Fig. 8. The
average elastic modulus and hardness of region 1 were 22% and 26%
lower than that of the region 2, respectively. Region 1 might be related
to the formation of a new ITZ within the new cement paste. Regarding
the nanomechanical properties of GCRA (Fig. 7(b)), it can be noted that
no obvious weak zones are present either in the old interphase or in the
new interphase regions. Fig. 7(b) also shows a larger variation of the
nanomechanical properties in new geopolymer paste compared to those
of the new cement paste which is due to the high heterogeneity of the
geopolymer paste.

5.3. EDS analysis results

The chemical elements distribution of CCRA and GCRA was studied
by conducting EDS elemental mapping. Fig. 9(a) and (b) show the
distribution of each chemical element present on the same regions ex-
amined in the previous subsection. The intensity of each color re-
presents the concentration of the related chemical element in the
mapped region. Fig. 9(a) shows that the Ca and Si elements are rela-
tively well-distributed in the old cement paste entire region, including
the vicinity of the old aggregate. However, in the new cement paste
zone, there are regions with a low concentration of Ca and Si and high
content of Al. In GCRA (Fig. 9(b)), the distribution map of Na in the

new geopolymer paste shows that circular particles appeared dark,
which indicates that these particles have low amount of Na. From
Table 1, it can be seen that fly ash contains very low amount of Na
(2.29%). Thus, it can be inferred that the circular materials are fly ash
particles that did not actively react with the alkaline activator. This
outcome is because geopolymer paste is likely rich in Na element after
active chemical reactions between fly ash particles and an alkaline
activator, which is a combination of NaOH and Na2OSiO3 solutions. It
can also be seen that the large fly ash particles are distributed further
away from the surface of the old cement paste, and the three elements
(i.e., Na, Al, and Si) are well-distributed in the new geopolymer paste.
This result indicates that the main reaction product in geopolymer (i.e.,
N-A-S-H gel) is well distributed in the new paste, in particular at the
region close to the boundary with the old cement paste. The good
bonding between the old cement paste and new geopolymer paste ob-
served in the microstructural images (Fig. 5) is supported by the EDS
chemical results.

More information about the variation of each chemical element
across old aggregate-old paste-new paste can be acquired from the EDS
line scanning by focusing on the four elements distribution: Na, Al, Si,
and Ca. Analysis results of CCRA and GCRA are shown in Fig. 10(a) and
Fig. 10(b), respectively. Fig. 10(a) shows that Ca and Si are well-con-
centrated close to the boundary of the old aggregate, which suggests the
existence of C-S-H within the old interphase. However, in a region
approximately 20-μm-wide (from 95 to 115 μm) next to the boundary of
the old cement paste, a high concentration of Ca and very low con-
centration of Si were detected, which might be due to the somewhat
large amount of calcium hydroxide (CH) crystals created. This ob-
servation agrees well with the general belief of ITZ formation in con-
ventional portland cement concrete, in which the ITZ contains less C-S-
H but with a higher amount of CH [24]. It can also be noted that a
higher concentration of Al was observed in the new interphase
(95–115 μm) compared to the outer paste (115–140 μm), which might
be related to the presence of ettringite in the new interphase zone.
Several studies have reported an increased amount of ettringite in the
ITZ. Monteiro and Mehta [46] claimed the “through-solution” me-
chanism, which states that aluminate, calcium, and sulfate ions quickly
migrate to the surface of the aggregate due to the presence of water film
around the aggregate [46].

The EDS test results are compatible with nanoindentation test re-
sults shown in Fig. 7(a). Owing to the rich formation of C-S-H, the

Fig. 6. (a) Optical microscopy images, (b) LSM images, and (c) topography maps of the unknown phase around aggregate in GCRA.
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nanomechanical properties of the old interphase region in CCRA was
similar to the properties of the adjacent paste when aggregate and paste
were bonded well. However, the new interphase within a region ap-
proximately 20 μm from old cement paste in CCRA shows reduced
mechanical properties, which correlates with the lower C-S-H content
in this region.

When comparing the distribution profiles of Na in CCRA and GCRA,
it is obvious that the old cement paste in GCRA contains much more Na
than the old cement paste in CCRA. This result is interesting because
cement paste usually contains a very low amount of Na. The nontrivial
existence of Na detected from the old cement paste in GCRA implies
that certain amounts of Na from the new geopolymer paste diffuse into

Fig. 7. Nanomechanical properties across aggregate-old paste-new paste.

Fig. 8. Comparison of nanomechanical properties: region 1 (90 μm–110 μm) vs. region 2 (110 μm–140 μm) in new cement paste.
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the old cement paste. Further studies are needed to provide greater
clarity to these results. In addition, the distribution profiles of three
elements (Al, Si, and Na) along the distance from 95 to 105 μm show an
abrupt increase in Na as well as the concentration of Al and Si. This
behavior implies the existence of an interphase zone with an ample
amount of N-A-S-H gel, which yields a strong bond between the old
cement paste and new geopolymer paste. The increasing distribution of
Si (the main element of fly ash) and decreasing trend of Na (the main
element of N-A-S-H gel) throughout the new geopolymer paste (dis-
tance from 95 to 140 μm) indicate that more fly ash particles that were
not fully reacted with the alkaline activator are placed further away
from the surface of the old cement paste.

In order to investigate any possible effects of the geopolymer paste
on the properties of the interphase in recycled aggregates, additional
EDS analyses were conducted in two cases for comparisons: the inter-
phase of old aggregate particles within an recycled aggregate without
any interaction with new paste (Fig. 11) and the interphase of old ag-
gregate particles within an recycled aggregate that shows interaction

with the geopolymer paste (Fig. 12). Fig. 11 shows the LSM image with
the region of interest (a box), its associated EDS chemical map showing
all elements, and a scanning electron microscopy image identifying
several specific zones to quantify the EDS results. At each zone, atomic
Ca/Si ratios were obtained, and the results are presented in Table 2. The
EDS analysis showed that there was a considerable difference in the Ca/
Si ratios of the interphase (zones 1, 2, and 3) and the adjacent paste
(zones 4, 5, and 6). It can clearly be seen that the Ca/Si ratio in the
interphase is greater than that in the adjacent paste. The larger numbers
of Ca/Si in the interphase are due to the presence of more Ca and less Si
compared to the adjacent paste, which implies that the interphase re-
gion contains a higher content of CH crystals than in the adjacent paste.

The EDS maps shown in Fig. 12 are obtained from the regions in
GCRA, in which the presence of the “unknown phase” (noted in Fig. 6)
was detected. For comparison, four zones were chosen: zones 1 and 3
are considered the unknown phase in the vicinity of old aggregates and
zones 2 and 4 are in the adjacent paste. Table 2 shows the EDS results.
The elemental composition of all four zones was found to be dominated

Fig. 9. EDS elemental maps.
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by Si, Ca, and Al. Comparing the two zones marked as the unknown
phase, the concentration of each element was found to be quite similar.
Consequently, the Ca/Si ratios of zones 1 and 3 are very similar.
Comparing the two zones of adjacent paste (zones 2 and 4), the con-
centration of Si was quite similar. The resulting Ca/Si ratios of zones 2
and 4 were approximately 1.6 times greater than the ratios found from
zones 1 and 3. According to other studies [47–49], the higher ratio of
Ca/Si is caused by the intermixture of C-S-H with portlandite with CH
possibly filling the interlayer space of C-S-H. The higher ratio of Ca/Si
in zones 2 and 4 implies that the amount of CH crystals in the old
cement paste is higher than that in the unknown phase. In addition, a

lower Ca/Si ratio in the unknown phase could be due to the existence of
more C-S-H in this region, which leads to the formation of more binding
agent around the aggregate. The presence of highly cleavable and so-
luble CH crystals in the ITZ of recycled aggregates can lead to the
formation of secondary C-S-H in the vicinity of the aggregate due to the
pozzolanic reaction that occurs between CH crystals and the silica-rich
fly ash. Other studies [50,51] found a similar observation from mixtures
made with a combination of CH and metakoline-based geopolymer. It
was found that when metakoline and CH were alkali-activated by
NaOH, C-S-H gel was found to be the secondary product and the co-
existence of the C-S-H and geopolymeric gel was not observed unless a

Fig. 10. EDS line scanning results across old and new interphase.
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reactive calcium source was initially present. In contrast, as can be seen
in Table 3, all zones in the old cement paste contain Na, while the
recycled aggregates did not show any Na content (see Table 2). This

observation confirms that the geopolymer paste influenced and
changed the old paste characteristics, which resulted in an increased Na
content and new product that filled the separated interphase between
the old aggregates and old cement paste.

Fig. 11. EDS analysis of recycled aggregate: (a) region of interest; (b) EDS map; (c) zones for analysis.

Fig. 12. EDS analysis of GCRA: (a), (d) typical microstructure with unknown phase in GCRA; (b), (e) EDS layered map; (c), (f) zones for analysis.

Table 2
EDS analysis results of the region of interest (interphase of old aggregate par-
ticles within a recycled aggregate without any interaction with new paste).

Region Figure Element Content (%)

Ca Si Al Na Other elements Ca/Si

1 11 60.8 22.0 8.5 0 8.7 2.76
2 11 61.7 22.6 13.3 0 2.4 2.73
3 11 64.5 16.2 8.8 0 10.5 3.98
4 11 35.4 37.3 17.5 0 9.8 0.95
5 11 35.8 42.3 14.7 0 7.2 0.85
6 11 37.2 39.9 16.7 0 6.2 0.93

Table 3
EDS analysis results of the region of interest (interphase of old aggregate par-
ticles within a recycled aggregate interacted with geopolymer paste).

Region Figure Element Content (%)

Ca Si Al Na Other Elements Ca/Si

1 12(c) 56.2 28.9 8.8 2.5 3.6 1.9
2 12(c) 56.4 19.1 12.2 9.1 3.2 3.0
3 12(f) 54.0 28.5 8.8 5.1 3.6 1.9
4 12(f) 62.2 19.7 7.5 5.1 5.5 3.1
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6. Concluding remarks

Recycled aggregates were mixed with two different cementitious
materials, OPC and fly ash-based geopolymer, and the interphase
characteristics in those cementitious composites were investigated by
integrating multiscale tests and analyses. The microstructural, nano-
mechanical, and chemical properties were identified by laser scanning
microscopy, nanoindentation, and SEM–EDS, respectively. The fol-
lowing conclusions can be obtained from this study results:

• In cement concrete mixtures with recycled aggregates, a pre-existing
incomplete interphase was observed within the recycled aggregates,
although the new paste was relatively well-bonded to the old paste
by having an ITZ approximately 20-μm-thick.

• In geopolymer concrete mixtures with recycled aggregates, both old
and new interphases appeared dense. More interestingly, the pre-
existing incomplete interphase of old aggregate particles within the
recycled aggregates was filled, which was not the case observed in
the cement concrete with recycled aggregates.

• Further analysis through EDS indicated that geopolymeric materials
can reach the pre-existing incomplete interphase and create geo-
polymerization-hydration products that combine the sodium alu-
minosilicate hydrate (N-A-S-H) gel and calcium-silicate-hydrate (C-
S-H).

• Based on the test-analysis results, it can be inferred that the fly ash-
based geopolymer is well suited for use with recycled aggregates
with enhanced mechanical properties, which can lead to en-
gineering of greener cementitious composites. However, this re-
search outcome should be verified with more test results and in-
vestigations. Such further efforts are under progress by the authors,
and follow-up results will be presented when available.
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