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� The effects of Na2O/SiO2 molar ratio on the interphase of geopolymer was studied.
� The interphase presents more N-A-S-H gel than adjacent paste regardless of the Na2O/SiO2 ratios (0.8 and 1.6) attempted.
� The higher Na2O/SiO2 ratio led to increased interphase bonding between aggregate and paste.
� Mechanical and microstructural characteristics in different length scales were in good agreement.
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a b s t r a c t

This paper presents a multiscale experimental study on the influence of different Na2O/SiO2 molar ratios
on the mechanical and microstructural characteristics of the aggregate-paste interphase in fly ash-based
geopolymer mixtures. By analyzing the scanning electron microscope images, the solid phases present in
the microstructure were identified, and the frequency of occurrence of each phase was quantified. In
addition, the porosity and pore size distribution of geopolymer specimens were measured by mercury
intrusion porosimetry. By conducting nanoindentation tests on a large array of indentations and subse-
quent statistical analysis of the test results, the elastic moduli of individual phases were extracted. The
bond behavior between aggregate and paste was also investigated by conducting the three-point bending
test of single edge notched beam specimens. Integration of test results in different length scales showed
that interphase region generates more sodium aluminosilicate hydrate (i.e., N-A-S-H) gel than the adja-
cent paste region regardless of the Na2O/SiO2 ratios used in this study. In addition, the mixture prepared
with the higher Na2O/SiO2 molar ratio exhibited more N-A-S-H gel in the interphase zone, which led to
increased bonding strength between aggregate and paste.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Interphases in composite materials often play an important role
of the whole composite behavior. The most important interphase
in ordinary Portland cement (OPC) concrete is the interfacial tran-
sition zone (ITZ) which is typically defined as the zone between
cement paste and aggregate [1]. The ITZ forms around each aggre-
gate particle with a thickness usually of about 50 lmdue to several
phenomena such as the so called ‘‘wall-effect” where there is less
calcium-silicate-hydrate (C-S-H), high porosity, a greater concen-
tration of calcium hydroxide (CH), and ettringite [2,3]. It is believed
that a higher difference in strength between the ITZs and sur-
rounding phase leads to more micro-cracking in the ITZs [4,5].
Moreover, the higher porosity of the ITZs can significantly reduce
the mechanical properties and durability of entire concrete by
allowing easier penetration of aggressive species into concrete
[6]. The importance of the ITZ in concrete comes from it being
the weakest zone in the whole composite. Thus, the overall com-
posite performance is strongly based on this single zone [7].

An alternative cementitious material that has obtained increas-
ing attention in the field of civil engineering is fly ash-based
geopolymer due to its low CO2 emission without compromising
mechanical properties. In geopolymerization technology, a variety
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of by-products that are rich in silica and alumina such as fly ash and
slag can be transformed into useful binding materials. Fly ash is an
appropriate material to be used as a solid precursor to make
geopolymers due to its chemical composition, low water demand,
andworldwide availability [8]. The geopolymerization process con-
sists of dissolution of the geopolymer reactants in a strong alkali
solution such as sodium hydroxide and sodium silicate [9]. A poly-
condensation process leads to the formation of amorphous to semi-
crystalline polymers such as siloxo (ASiAOASiAOA), sialate
(ASiAOAAlAOA), sialate - siloxo (ASiAOAAlAOASiAOA), and
sialate-disiloxo (ASiAOAAlAOASiAOASiAOA) [10]. In geopoly-
mers, the amorphous sodium aluminosilicate hydrate (so-called
N-A-S-H) gel is the main reaction product of low calcium fly ash
and is mainly responsible for strength development [11]. N-A-S-H
has a similar elastic modulus to low density C-S-H, which is the
main reaction product in OPC concrete through hydration [12–
15]. Many studies have shown the feasibility of geopolymer con-
crete to supplement OPC concrete with sufficient durability and
mechanical properties [16–18]. Themicrostructure andmechanical
properties of geopolymer material have been evaluated in detail by
several studies [19–22]. Findings from previous studies showed
that a combination of sodiumhydroxidewith sodium silicatewould
improve the geopolymerization process greater than using sodium
hydroxide alone [23–27]. Phoo-ngernkham et al. [28] studied the
flexural strength of notched Portland cement concrete beams filled
with alkali-activated binders using a three-point bending test. Their
results showed that a combination of sodiumhydroxidemixedwith
sodium silicate solution provided higher flexural strength of
notched OPC beam than those of sodium hydroxide or sodium sili-
cate alone. Previous studies have also observed that the Na2O/SiO2

molar ratio plays an important role in morphological, microstruc-
tural, and mechanical properties of fly ash-based geopolymers
[29–36]. For instance, Silva de Vergas et al. [37] reported that
geopolymer mortars made with higher Na2O/SiO2 molar ratio
showed more compressive strength and denser morphology.

Despite the importance of the interphase region between aggre-
gate and paste and its influence on the overall properties of the
concrete mixtures, only a very limited number of studies have
investigated the properties and characteristics of the interphase
region in geopolymer concrete [38,39]. Furthermore, the influence
of the Na2O/SiO2 molar ratio on the properties of the interphase
region still leaves many questions and requires more observations.
Table 1
The chemical composition of Class F fly ash (% mass).

SiO2 Al2O3 Fe2O3 CaO MgO

51.82 23.07 13.02 2.79 0.85

(a) L.O.I. loss on ignition.

Fig. 1. SEM images of fly ash: (a) particles
With the use of advanced microstructural and nanomechanical
technologies, the interphase region in geopolymeric mixture can
be properly characterized. In particular, nanoindentation is capable
of assessing the mechanical properties of the individual con-
stituents of cementitious materials quantitatively [20], and scan-
ning electron microscope (SEM) aided by the energy dispersive
X-ray spectroscopy (EDS) can identify the microstructural and
chemical gradients of the interphase compared to the paste further
from the aggregate [15,40,41].

This study aims to investigate the effects of different Na2O/SiO2

molar ratios on the microstructural characteristics, nanomechani-
cal properties, and chemical aspects of fly ash-based geopolymer
concrete by focusing on the interphase region. This is to better
understand the differences in geopolymerization products result-
ing from different ratios of alkaline activators. Towards the end
of the experimentation, SEM-EDS and nanoindentation tests were
conducted to examine the small-scale interphase in geopolymer
concretes designed in two different Na2O/SiO2 molar ratios. The
aggregate-paste bond behavior was also investigated by employing
a three-point bending test of single edge notched beam (SENB)
specimens. In addition, the pore structure of the geopolymer pastes
was characterized using mercury intrusion porosimetry (MIP) to
examine the effect of different molar ratios of Na2O/SiO2 on the
mixture’s pore structure.
2. Materials and sample preparation

2.1. Materials and mixture ratios

Class F fly ash was used in this study as an aluminosilicate source material and
was obtained from Boral, Colorado. Class F fly ash is produced from the combustion
of pulverized bituminous or Texas lignite coal and has a low calcium content. The
specific gravity of the fly ash is 2.37, and its chemical composition is shown in
Table 1. The morphology of the fly ash particles in their original state is shown in
Fig. 1. This figure shows that fly ash particles are generally spherical in shape and
the diameter of fly ash particles used in this study is in a range of about 500 nm
to 30 mm.

The alkaline activator solutions that were used to activate the solid precursor
(i.e., fly ash) were prepared by mixing 12 Mole NaOH (sodium hydroxide, SH) solu-
tion with Na2SiO3 (sodium silicate, SS) solution. SH solution was prepared by dis-
solving SH pellets with a purity of 98% in distilled water with pH of 7. The SS
solution (i.e., silica oxide (SiO2) of 28% and sodium oxide (Na2O) of 9% correspond-
ing to a weight ratio of SiO2/Na2O = 3.1) was chosen for this study. The activator
solution was allowed to equilibrate for a minimum of 24 h at a room temperature
(23 ± 2 �C) prior to use.
SO3 Na2O K2O L.O.I(a)

1.23 2.29 2.52 2.41

(2,000�); (b) zoomed view (13,000�).
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The ratio of alkaline solution to fly ash was kept constant at 0.4 in order to eval-
uate the effects of different ratios of alkaline activator on the properties of the inter-
phase region. The Na2O/SiO2 ratios attempted were 1.6 and 0.8 for the first mixture
(denoted as GP1 hereafter) and the second mixture (denoted as GP2 hereafter),
respectively. The ratios of SS to SH for GP1 and GP2 were 1.0 and 2.5, respectively.
These ratios were adopted from the experience of previous literature which have
reported values such as 0.67–1.0, 1.0, and 2.5, as the optimum SS to SH ratio to pro-
duce high strength geopolymer [12,13,42]. The geopolymer concrete specimens
were prepared with two different chemical compositions of the alkaline solution.
The mix proportion of each and the size distribution of aggregates are shown in
Tables 2 and 3, respectively. The fly ash and local crushed limestone were dry-
mixed for three minutes, and then the alkaline solution was added and mixed for
another five minutes. Since heat is a critical factor to overcome the activation bar-
rier of class F fly ash [43], all specimens were cured at 60 �C for 24 h in a laboratory
oven under sealed condition. Then, the specimens were demolded and stored in a
controlled environment with temperature of 23 ± 2 �C and relative humidity of
60% for 28 days. The average compressive strength of three samples for GP1 and
GP2 was 35.9 MPa and 27.3 MPa, respectively.
2.2. Specimen preparation

2.2.1. Specimen preparation for SEM-EDS and nanoindentation tests
In order to get the best compositional information using SEM-EDS and accurate

results from nanoindentation experimentation, it is critical to achieve a sufficiently
smooth surface to a tolerable level [44]. Therefore, once each mixture was fully
cured, 20 mm thick slices were first cut from concrete samples, and then each piece
was cut into small slices of approximately 10 mm � 10 mm cross-section and 4-
mm thickness using an MTI digital low-speed diamond saw.

In order to protect the microstructure of the geopolymer material from the
stresses induced by mechanical polishing (which is necessary to achieve a highly
flat surface), specimens were vacuum impregnated with a low viscosity epoxy resin.
When the epoxy hardens, it fills the pores and cracks while maintaining the existing
microstructure [45]. After epoxy impregnation, the specimens were ground using a
series of silicon carbide-coated papers (340, 400, 600, 800, and 1200 grit) in an
automatic grinder-polisher. The grinding time for each grit size was 3 min. After
the grinding process, the specimens were cleaned in an ultrasonic cleaner. In the
following steps, to make sure the highest surface of the specimen was removed first,
diamond lapping films with gradations of 3 mm and 1 mm were used. In order to
remove the scratches resulting from previous steps, a sequence of successively finer
alumina suspension particles (1 mm, 0.3 mm, and 0.05 mm) was used to polish the
surface. Each polishing step lasted approximately 30 min. Finally, an ultrasonic
cleaner was used for 5 min to remove all dust and particles remaining from the pol-
ishing process.
Table 2
Mix proportions (in kg/m3) of GP1 and GP2.

Mix Aggregate Fly ash SS SH

GP1 1,316 774.2 154.9 154.9
GP2 1,316 774.2 221.3 88.5

Table 3
Aggregate gradation in weight percentages.

Particle size (mm) 4.75 � d < 9.5 9.5 � d < 12.5 12.5 � d < 19
Weight % 27 33 40

Fig. 2. Experimental configuration for SENB test: (a) for specimens of p
2.2.2. Specimen preparation for MIP test
The testing specimens of approximately 1.0 cm3 were cut from the middle of a

100 mm � 200 mm cylinder mixture using a diamond saw. After being cut, the
specimens were immersed in ethanol for 24 h to cease any further chemical reac-
tions. Then the specimens were dried in an oven at 70 �C for 4 h.

2.2.3. Specimen preparation for three-point bending test
Due to its simplicity, the three-point bending SENB specimen was chosen to

investigate the effect of interphase on fracture-related indicators from testing
results. The SENB is an attractive test as specimens are easy to fabricate without
complicated tools, and testing can be conducted on a typical three-point bending
mode. The testing configuration of the SENB is shown in Fig. 2 and comprised of
notched beam specimens with 120 mm wide, 40 mm thick and 60 mm height. Each
testing specimen had 2 mm wide pre-crack (notch) in middle. Two types of testing
specimens were prepared for paste-only (Fig. 2(a)) and paste-aggregate interface
(Fig. 2(b)) fracture. The single aggregate used for paste-aggregate interface speci-
mens was cut by diamond saw from core samples of limestone. The aggregate in
the middle of specimens had 55 mm height, 40 mmwide and 5 mm thick. The mid-
dle of the specimen is considered an adhesive interfacial zone which is prone to
fracture during testing.

3. Testing and analysis methods

3.1. SEM-EDS test

The polished surface of the specimens was imaged under FEI
Nova NanoSEM coupled with EDS to acquire micrographs that
distinguish different solid phases and to characterize chemical
compositions of each phase. After 28 days of curing, several high-
resolution images were obtained from each specimen. Image anal-
ysis was performed using MIPAR software in order to quantify the
area fractions of distinct phases in two different regions: region 1
which is considered more likely an interphase by taking 50 lm
strips parallel to the aggregate faces, and region 2 which is consid-
ered a paste by taking the region from the 50 lm strips. To sepa-
rate the phases within the image, a grey-level threshold value
was set and used; however, it was not accurately accomplished
because multiple different phases present in the image were in a
similar grey level. Manual adding or removing of the areas that
were needed or unwanted were thus applied to resolve the issue,
and the SEM images were converted into binary images to distin-
guish into two primary phases: N-A-S-H (in a continuous phase)
in black and the other phases (in a distinctive phase) in white. By
using the measurement tool, the area percentages of individual
phases were quantified.

3.2. Nanoindentation test

The elastic moduli of 28-day cured GP specimens were charac-
terized with a grid nanoindentation technique. Three representa-
tive areas of similar sizes were selected randomly around the
aggregates. In each area, 240 indentations were carried out in a
grid of 140 mm � 150 lm with 10 mm distance between indents.
The grid of a representative testing area is shown in Fig. 3. The test-
ing area was divided into two regions: a region with a dimension of
aste-only (b) for specimens with aggregate inserted in the middle.



Fig. 3. The representative area of the nanoindentation test.

Fig. 4. Schematic of load–displacement curve from nanoindentation.
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140 lm � 50 lm around the aggregate, which is representative of
the interphase region between aggregate and paste, and a region
with a dimension of 140 lm � 100 lm, which is representative
of paste. The dimension of region 1 set to be 50 mm is consistent
with the SEM image analysis, and it is typically regarded as a size
of ITZ in OPC [46].

The nanoindentation tests were performed by a Hysitron Tri-
boindentor with a pyramidal-shaped diamond Berkovich tip. As
is the case with most instruments, calibration is of great signifi-
cance because it limits uncertainties and yields repetitive results.
Tip-shape calibration is primarily based on the determination of
an area function for the selected probe. This method assumes that
the sample modulus is independent of indentation depth. Fused
silica was used as the standard material for calibration in this
study. The loading function was a quasi-static load-controlled
mode which was performed in 10-s up to a maximum load of
2,000 mN at a rate of 200 mN/s, followed by a 5-s hold and 10-s
unloading at the same rate. The 5-s holding period was considered
to eliminate any potential creep effects.

For characterizing nanomechanical properties, the Oliver and
Pharr method [47] was used by fitting the load–displacement
curve as shown in Fig. 4. The reduced modulus (Er) that captures
the effect of both the elastic deformation of the selected test spec-
imen and the indenter [48] is defined as follows:

Er ¼ 1
b
� S
2
�

ffiffiffiffi
p

p
ffiffiffiffiffi
Ac

p ð1Þ

where the parameter S refers to the contact stiffness of the material
and is defined as the initial slope of the unloading part of the load
vs. indentation curve at h = hmax. The Ac is the projected area at
the peak load (Pmax), and b is a dimensionless correction factor that
accounts for the shape of the indenter tip and is assumed as 1.081
for the Berkovich indenter tip used in this study.

The elastic deformation effect of the indenter is assumed to be
known so that the absolute elastic modulus (Es), which is solely
responsible for the indentation depth recovery during the unload-
ing process, can be determined. This relation is given by:

1
Er

¼ 1� m2s
Es

þ 1� m2i
Ei

ð2Þ
where E and m are Young’s modulus and Poisson’s ratio, respec-
tively; here the subscripts correspond to the specimen (s) and dia-
mond indenter tip (i). The elastic modulus and Poisson’s ratio of the
diamond indenter are equal to 1,140 GPa and 0.07, respectively. The
Poisson’s ratio of geopolymer was assumed to be 0.2 [20].

3.3. Statistical deconvolution of nanoindentation results

To determine individual properties of heterogeneous materials,
a statistical deconvolution technique can be applied to a histogram
of properties measured [20,49]. The histogram of E is constructed
from the effective measurements with the number of Nexp that
are divided into Nbins with an equal spacing of size b. The experi-
mental probability density function (PDF) can then be computed
as shown in Eq. (3).

pexp
i ¼ f expi

Nexp
:
1
b
; i ¼ 1 ;2; . . . ; Nbins ð3Þ

where pexp
i is the experimental PDF of bin i and f expi is the frequency

of the property (such as E in this case) within bin i in all effective
indentation measurements. In this study, the bin size was set at
1.5 GPa for the elastic modulus. By applying the deconvolution
method, individual PDFs related to individual phases can be found.

The elastic modulus of each phase was assumed to follow a nor-
mal distribution:

prðxÞ ¼
1ffiffiffiffiffiffiffiffiffiffiffi
2ps2r

p exp
�ðx� lrÞ2

2s2r
ð4Þ

where r is the mechanical properties related to single material
phases, pr is the theoretical PDF of the rth phase, and mr and sr are
the mean value and standard deviation of the rth phase computed
from Nr values as follows:

lr ¼
1
Nr

XNr

k¼1

xk; ð5Þ

s2r ¼ 1
Nr � 1

XNr

k¼1

xk � lr

� �2
; k ¼ 1; :::;Nr ð6Þ

where x is the approximated E value related to the rth phase.
The theoretical PDF covering all M phases (as illustrated in

Fig. 5) is then:

CðxÞ ¼
XM

r¼1

f rprðxÞ; ð7Þ



Fig. 5. Construction of M probability density functions from the experimental data.
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where fr is the volume fraction of the rth phase and is equal to Nr/
Nexp. It should be noted that entire volume fraction of all M phases
is equal to 1.0.

The theoretical PDF of each phase is then determined by mini-
mizing the following error function:

min
XNbins

i¼1

ðPexp
i � C xið ÞÞPexp

i

� �2 ð8Þ
3.4. Mercury intrusion porosimetry (MIP) test

The porosity and pore size distribution of 28-day cured
geopolymer pastes were measured by mercury intrusion
porosimetry (MIP) using a Quantachrome PoreMaster 60 with a
Fig. 6. SEM images of geopolymer activated w

Fig. 7. EDS map analysis
maximum intruding pressure of 420 MPa corresponding to a min-
imum pore size of 3 nm. An autorun mode was chosen with surface
tension and a contact angle of 0.48 N/m and 140�, respectively. The
principle of the MIP is to progressively record the intrusion mer-
cury volume at each pressure point until it reaches the maximum
pressure. At the maximum pressure, the total porosity can be
obtained by dividing the total intruded mercury volume by the vol-
ume of the sample. The applied pressure at each point can be
related to the corresponding pore diameter; then the pore diame-
ter can be calculated by using Washburn equation [50].

3.5. Three-point bending test

The three-point bending test was conducted using an Elec-
troForce dynamic mechanical station fitted with a load cell of
3 kN capacity. As Fig. 2 illustrates, each SENB specimen was man-
ufactured by casting GP mixtures into an in-house mold to target
specimen geometry also shown in Fig. 2. After curing for 28 days,
each hardened GP specimen was placed on the three-point bending
fixture. After trial and error, it was found that applying a small con-
tact load (i.e., 2 N) ensured good contact between the testing spec-
imen and the crosshead (loading point). Subsequently, each beam
specimen was loaded at 0.001 mm/s loading rate until complete
failure. A total of five to six specimens were tested for each case.
4. Results and discussion

4.1. Microstructural and chemical characteristics

The representative microstructure of the geopolymer mixtures
with different mixing ratios are presented in Fig. 6. These SEM
ith different Na2O/SiO2: (a) GP1; (b) GP2.

of: (a) GP1; (b) GP2.
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images display the presence of multiple phases. The presence of N-
A-S-H gel and fly ash particles was confirmed by EDS analysis as it
is shown in Fig. 7. This figure shows the EDS overlay map and the
individual maps of Si, Al, and Na. Since geopolymer is mainly
(around 85%) composed of Si, Al, and Na, the maps of only these
three elements are presented for the sake of simplicity. The higher
concentration of each color shows the higher concentration of each
element in the map.

The first phase (denoted as Phase 1 hereafter) which is associ-
ated with the vacancy (cracks and voids) appears black in the
SEM image because of its low mean atomic number. It should be
noted that some of the pores are formed within some fly ash par-
ticles which were originally hallow (cenospheres) [51]. The second
phase (denoted as Phase 2 hereafter), which is distributed uni-
formly in dark grey in the microstructure, is attributed to the
sodium aluminosilicate hydrate (N-A-S-H) gel. This was confirmed
by EDS analysis, which shows the continuous layer appeared in
purple in the Na map. The N-A-S-H gel is the most important reac-
tion product in geopolymer material and acts as a binding agent
that embeds all of the remaining phases. This gel has been charac-
terized extensively by many studies including [40,52,53]. There are
other phases of fly ash particles in different levels of reaction (such
as unreacted fly ash particles, fly ash particles with cavities, and
partially reacted particles [54]) appear light grey in the microstruc-
ture and are considered as Phase 3 in this study. The fly ash parti-
cles presented bright in Si and Al maps due to the high
concentration of these two elements and dark in the Na map.

The area fractions of individual phases (Phase 1, Phase 2, and
Phase 3) resulting from six images of GP1 and eight images of
GP2 in the two regions (i.e., region 1 and region 2) are shown in
Table 4. As shown, the area fractions of Phase 2 at the region 1
(close to aggregate surface) are 70.5% and 63.1% for GP1 and GP2,
respectively. The area fractions of Phase 2 at the region 2 (farther
from the aggregate surface) are 58.5% and 49.3% for GP1 and
GP2, respectively. The results infer that the area percentages of dif-
ferent phases are influenced by the Na2O/SiO2 ratio. This might be
due to the fact that the alkaline solution with a higher sodium con-
tent leads to the dissolution of more fly ash particles, then trans-
forms them into N-A-S-H gel (binding phase). The test results of
image analysis also demonstrate that the geopolymer matrix
Table 4
Area fraction (%) of different phases in the two regions.

Specimen Region Phase 1

GP1 Region 1 1.5 + 0.79
Region 2 1.4 + 0.38

GP2 Region 1 2.5 + 0.85
Region 2 2.6 + 1.00

Table 5
EDS point analysis results of GP1 and GP2.

Sample Point Si (%) Al (%)

GP1 1 57.0 22.3
2 58.3 21.1
3 57.6 21.8
4 63.1 36.1
5 68.1 29.2
6 56.0 43.2

GP2 1 67.8 19.8
2 66.7 19.9
3 69.9 18.4
4 53.3 42.4
5 53.2 42.1
6 67.7 29.3
contains richer N-A-S-H gel in the proximity (region 1) of aggre-
gate particles than in the paste region (region 2), which is the dif-
ferent observation of the case of conventional OPC mixture where
less C-S-H gel is typically formed at the interphase [3].

Table 5 shows EDS results on the points shown in Fig. 8(a) and
(b). The EDS point analysis was performed to investigate the com-
position of some unreacted fly ash particles and N-A-S-H gel in GP1
and GP2. Table 5 shows that the Si/Al ratios of the N-A-S-H gel
(points 1, 2, 3 in Fig. 8) is higher than that of fly ash particles
(points 4, 5, 6 in Fig. 8) in both cases. The Si/Al ratios of the N-A-
S-H gel is higher than that of fly ash particles since the Si in N-A-
S-H gel comes from both the alkaline activator and the dissolved
fly ash particles, while Al only comes from the fly ash particles.
The Na/Al in N-A-S-H gel is also much higher than that of unre-
acted fly ash particles since Na is provided by the alkaline activator
during geopolymeric reaction. As expected, the Na content in GP1
was higher than the Na content in GP2 due to higher Na2O/SiO2

ratio in GP1.

4.2. Nanomechanical properties

Overall nanoindentation results from each region (i.e., inter-
phase and paste) for GP1 and GP2 specimens were merged and
plotted in Fig. 9. It shows the overall experimental (with actual
data) and theoretical (with smoothing) probability density func-
tions (PDFs) with deconvoluted five peaks in GP1 and GP2 speci-
mens on both regions. The histogram covers all the phases
present in geopolymer material. Based on the understanding from
previous studies that identified distinct phases created in fly-ash
based geopolymers [51,55], the deconvoluted peaks were assigned
to the individual phases. The first peak with the lowest elastic
modulus can be attributed to the phase with a lack of materials
such as voids and cracks, whereas the last peak (Peak 5) with the
highest elastic modulus is highly related to the phase with unre-
acted fly ash particles. The second peak, which is the largest and
most frequent, is most likely associated with N-A-S-H gel, which
is the main binding phase in geopolymer. The third peak is attrib-
uted to the partially reacted fly ash particles with the reaction
products remaining around the particles, hence a higher elastic
modulus than N-A-S-H gel, which has diffused away from the fly
Phase 2 Phase 3

70.5 + 5.83 28.1 + 5.35
58.5 + 4.88 40.1 + 5.11

63.1 + 11.25 34.4 + 11.64
49.3 + 5.58 48.1 + 6.06

Na (%) Si/Al Na/Al

20.7 2.56 0.93
20.6 2.76 0.98
20.6 2.64 0.94
0.8 1.75 0.02
2.7 2.33 0.09
0.8 1.30 0.02

12.4 3.42 0.63
13.4 3.35 0.67
11.7 3.80 0.64
4.3 1.26 0.10
4.7 1.26 0.11
3.0 2.31 0.10



Fig. 8. SEM images showing EDS points of analysis on: (a) GP1; (b) GP2.

Fig. 9. Deconvolution results of the PDF of elastic modulus for the GP1: (a) region 1 (interphase), (b) region 2 (paste); and GP2 (c) region 1 (interphase), (d) region 2 (paste).
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ash particles is exhibited. The fourth peak, although it is not con-
clusive at this stage, based on matching with SEM image analysis
results, it seems related to unreacted fly ash particles containing
some cavities that lead to lower stiffness than the intact fly ash
particles. Some relevant previous studies have reported similar
values of elastic moduli [20,51].

The mean elastic moduli of individual peaks and their frequency
of occurrence resulting from GP1 and GP2 are summarized in
Table 6. As can be inferred from the table, the elastic modulus of
N-A-S-H gel is around 16–17 GPa regardless of the Na2O/SiO2 of
the activator, while the frequency of occurrence of the produced
gel is apparently dependent on the Na2O/SiO2. The GP1 specimen
with a higher Na2O content in the activator produced more N-A-
S-H gel than GP2 specimen. The percentage of N-A-S-H gel in the
region 1 (interphase) and region 2 (paste) of the GP1 specimen
was around 12% higher than that of GP2 specimen. Comparing
the frequency of occurrence of N-A-S-H gel in the two regions, it
was observed that the N-A-S-H gel in region 1 was more than that
of region 2 in both GP1 and GP2. This observation agrees well the
results of SEM image analysis.

The quantified fraction of the first peak (the phase with a lack of
materials such as voids and cracks) in the GP1 was slightly higher
than that of GP2; however, nanoindentation may not be a
proper way to determine the volumetric fraction of such phase in
the specimens. Therefore, the pore structure of each specimen
was evaluated by the MIP, which is a common method used to
investigate internal pores of conventional cementitious materials
[56–58].

4.3. Pore structure analysis

The effects of different alkaline solution compositions on the
pore structure of geopolymer were studied by measuring the
distribution of pore sizes and porosity using MIP. Fig. 10(a) shows
the curves of cumulative intrusion volume and pore diameters of
GP1 and GP2. As presented, the cumulative intruded mercury



Table 6
Elastic moduli of individual phases and their frequency of occurrence.

Peak 1 Peak 2 Peak 3 Peak 4 Peak 5

GP1-region 2 E (GPa) 5.83 ± 1.82 16.66 ± 5.64 29 ± 4.52 40.55 ± 4.62 61.73 ± 7.29
Freq (%) 3.28 59.04 15.77 12.69 9.20

GP1-region 1 E (GPa) 5.50 ± 1.58 17.07 ± 5.86 31.65 ± 3.04 44.71 ± 5.21 62.86 ± 3.10
Freq (%) 3.33 71.95 8.67 12.21 3.82

GP2-region 2 E (GPa) 5.82 ± 1.87 17.87 ± 5.97 29.57 ± 3.69 44.01 ± 7.15 68.06 ± 9.17
Freq (%) 2.67 52.83 16.83 13.13 14.53

GP2-region 1 E (GPa) 4.44 ± 1.66 17.34 ± 5.73 32.42 ± 3.84 45.06 ± 5.31 69.32 ± 8.01
Freq (%) 2.64 64.68 14.56 10.32 7.78
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volume of GP1 was not significantly lower than that of GP2, and
the pore size distributions did not change much by varying the
ratio of Na2O/SiO2. The total porosity could be calculated from
the cumulative intruded mercury volume. The resulting total
porosity was 29.65% and 34% for GP1 and GP2, respectively. It
can be implied from the results that increasing the sodium content
might lead to the reduced porosity of geopolymer materials. 65% of
measured pores in GP1 was within a range of 0.0036–0.05 lm,
whereas only 40% of measured pores in GP2 was within that range.
In addition, the volumetric percentages of pores within a range of
0.05–0.2 lm were 23% and 51% for GP1 and GP2, respectively. The
results of MIP are in line with the results from the SEM image anal-
ysis where GP1 had more N-A-S-H and fewer pores than GP2. With
a high content of sodium in the alkaline solution such as in GP1,
the more N-A-S-H gel could be produced, which would lead to
more refinement of pore structure.

Fig. 10(b) shows the differential pore distribution curves of GP1
and GP2. Two primary peaks were observed, which is similar to the
differential curves observed from traditional cement paste [59].
The two primary peaks reflect the presence of two pore systems:
the capillary pores and gel pores, and the first peak identifies the
critical pore diameter. The critical pore diameter has been reported
to largely influence the permeability and diffusion of traditional
cementitious materials [60,61]. It was found that the critical pore
diameter was 42 nm and 62 nm for GP1 and GP2, respectively.
Increasing the ratio of Na2O/SiO2 in the alkaline solution led to a
reduction in the critical pore size.

4.4. Three-point bending test results

Since the roughness of the aggregate plays an important role in
the aggregate-paste interaction [62–64], the roughness of the
aggregates used for GP1 and GP2 was determined in multiple loca-
tions using a laser scanning microscope before conducting three-
point bending fracture test [65]. The 3D topographic images of
the scanned area of the aggregate used for making GP1 and GP2
specimens are shown in Fig. 11. The average root mean square
(RMS) values of 15 scans for each representative aggregate are
Fig. 10. Pore size distribution: (a) cumu
shown in Table 7. A statistical z-test was performed to compare
the roughness of the aggregates, and it was found out that the
average roughness of the aggregates for GP1 and GP2 were not sig-
nificantly different (i.e., P > 0.05).

As aforementioned, the three-point bending test was conducted
in displacement-controlled mode using an Electroforce dynamic
mechanical station which permitted loading to be applied at a slow
rate (0.001 mm/s) to achieve the quasi-static condition. Data were
recorded at a fast rate (20 data points per second) to ensure accu-
racy. Fig. 12 presents load point displacements plotted against the
applied forces from all the cases (i.e., GP1 and GP2, both with and
without aggregate). It can be noted that the mechanical behavior of
GP SENB specimens was generally elastic and failed in a brittle
fashion. Results show that in all cases, the maximum load was
more repeatable compared to the displacement at which the spec-
imens failed.

For a more quantitative assessment, data analysis was con-
ducted from the test results presented in Fig. 12 by identifying four
indicators: the maximum load, displacement at failure, stiffness,
and the interfacial bond strength (IBS). The IBS was calculated only
for the GP specimens with aggregate by dividing the maximum
load by the cross-sectional area of the aggregate (i.e.,
55 � 40 mm2). Analysis results are shown in Table 8 with the aver-
age values and standard errors. As shown in the table, the maxi-
mum load and displacement at failure of beams with only paste
were greater than beams with the aggregate inserted. This indi-
cates that the interfacial bonding between the paste and aggregate
influences the mechanical properties of concrete. Table 8 also
shows that increasing the molar ratio of Na2O/SiO2 in the alkaline
solution clearly affected the IBS between paste and aggregate. The
IBS of GP1 was much greater than that of GP2. This might be due to
more N-A-S-H gel produced in the proximity of aggregate particles
in GP1 than GP2, which was observed from the SEM-EDS
microstructural image and nanoindentation test-analysis results
in this study. Regarding mixture stiffness, GP2 presented higher
values than GP1 when the beam is paste-only. This observation
was somewhat different from the initial expectation, since more
N-A-S-H gel formation was observed from GP1 than GP2. It is not
lative curve; (b) differential curve.



Fig. 11. The 3D topographic image of the aggregate used for: (a) GP1; (b) GP2.

Table 7
RMS roughness measurements (lm).

Samples Scanning
size

Average RMS
roughness

RMS roughness
deviation

GP1 1,430*1,000 7.11 0.85
GP2 1,430*1,000 6.95 0.83

Fig. 12. Three-point bending test results of SENB: (a) GP1: paste-only; (b) G

Table 8
Analysis results from the SENB test for all cases tested with associated standard error.

Mix Case Maximum load (N) Displacem

GP1 Paste-only 582.65 ± 11.68 0.26 ± 0.0
Interphase 432.51 ± 23.19 0.2 ± 0.00

GP2 Paste-only 1,012.25 ± 59.83 0.23 ± 0.0
Interphase 209.79 ± 22.19 0.13 ± 0.0
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certain why GP2 paste was stronger than GP1 paste at this stage,
but the definite conclusion should be made with more statistically
ample test results. As shown in Fig. 12, test results between repli-
cates showed a variability, which certainly limits the conclusive
assessment.

Although more data and further analyses are necessary to reach
more definite conclusions, the results summarized in Table 8
P2: paste-only; (c) GP1: paste-aggregate; and (d) GP2: paste-aggregate.

ent at failure (mm) Stiffness (N/mm) IBS (MPa)

1 2,441.43 ± 144.13 Not applicable
7 2,458.76 ± 155.03 0.19 ± 0.01

1 4,570.53 ± 340.7 Not applicable
1 1,909.77 ± 188.7 0.09 ± 0.01
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implies that the higher content of unreacted fly-ash particles in
GP2 stiffens the paste of the mixture but produces a weaker inter-
phase. Conversely, when a mixture allows increased reaction to
occur such as in GP1, the resulting paste is less stiff but beneficial
to the strength of the paste-aggregate interphase since the reaction
product (i.e., N-A-S-H gel) acts as a binding agent that bonds aggre-
gate and paste tightly together.

5. Concluding remarks

This study investigated the effects of different Na2O/SiO2 molar
ratios on the mechanical and microstructural characteristics of the
aggregate-paste interphase in fly ash-based geopolymer concrete
mixtures. The following conclusions can be drawn based on test-
analysis results.

� The analysis of the SEM images identified three major phases in
the microstructure of the geopolymer mixture at varied frac-
tions: phase with a lack of materials (e.g., voids and cracks),
N-A-S-H gel phase, and fly ash particles with different levels
of reaction. The N-A-S-H gel occupied the largest area fraction
among others and was observed more in the proximity of aggre-
gate particles than in the paste. Higher molar ratios of Na2O/
SiO2 in the alkaline solution led to the formation of more N-A-
S-H gel and fewer pores. A detailed comparison of pore struc-
ture features using the MIP also showed that the critical pore
size decreases by increasing the molar ratio of Na2O/SiO2 in
the alkaline solution.

� From the nanoindentation testing, five distinct peaks in the dis-
tribution of elastic moduli were usually identified through the
deconvolution technique. The first and second peaks were
attributed to the pores and N-A-S-H gel, respectively. Other
three peaks were related to fly ash particles in different levels
of curing-reaction with the alkaline solution. The elastic modu-
lus of the main reaction product (N-A-S-H gel) was in a range of
16–17 GPa and seemed to be independent of the alkaline solu-
tion molar ratio. The nanoindentation results also confirmed the
existence of a rich generation of N-A-S-H gel in the proximity of
aggregate particles compared to the paste, regardless of the
Na2O/SiO2 molar ratios attempted in this study.

� From the results of three-point bending of SENB specimens, it
was observed that the mechanical performance of the geopoly-
mer mixtures mainly depends on the fraction of N-A-S-H gel.
The interfacial behavior of GP1 was better than GP2, which
seems due to more N-A-S-H gel produced in the proximity of
aggregate particles in GP1 than GP2. In general, large-scale
mechanical test results were in a good agreement with other
small-scale results. The higher amount of Na2O/SiO2 molar ratio
exhibited more N-A-S-H gel in the interphase, which led to
increased bonding between aggregate and geopolymer paste.

� For a more conclusive understanding, more testing variables
including different Na2O/SiO2 molar ratios than the two ratios
attempted in this study should be considered. In addition, more
test results that can allow rigorous statistical assessments
should be pursued. Further efforts to cohesively incorporate
multiscale results and observations (i.e., SEM, nanoindentation,
pore structure, EDS, and three-point bending) from the geopoly-
mer materials and control ordinary Portland cement materials
are also significant, which is in progress by the authors.
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