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ABSTRACT
Electrical conductivity measurement and scanning electron microscope
(SEM) were used to examine the interfacial zone between cement paste and
quartz sands in Na2SiO3-activated slag mortars. Na2SiO3-activated slag mor-
tars exhibited a positive interfacial excess conductance, or a higher electrical
conductivity of the interfacial zone between cement paste and quartz sands
than that of bulk pastes. SEM observation indicated that no porous transition
zone could be observed in Na2SiO3-activated slag mortar, but was found in
Portland cement mortar. Because electrical conductivity depends on the pore
structure and pore solution chemistry as well, it is speculated, based on
published results, that the positive interfacial excess conductance was due to
the high alkali concentration rather than a more porous structure around
aggregate. Finally, a hypothesis on the formation of dense interface in
Na2SiO3-activated slag mortars was advanced.© 1998 Elsevier Science Ltd

Introduction

The interfacial zone between Portland cement paste and aggregate or reinforcement, which
is characterized by the prevalence of calcium hydroxide and the higher porosity, is the
weakest region that controls many important properties of concrete such as strength, perme-
ability, and durability (1). The thickness of the transition zone, as determined by measure-
ment of the orientation of Ca(OH)2 crystal or microhardness, ranges from 50 to 100 um
(2–3). To enhance the properties of concrete, attempts have been made to improve the
interfacial zone (4–7). These methods can be divided into two classes: 1) coating aggregate
surface with a low w/c paste, chemical reagents or polymers before mixing; and 2) partially
replacing Portland cement with supplementary cementing materials such as silica fume, fly
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ash, and blast furnace slag. These methods usually complicate concrete mixing process. Also,
the effectiveness for the enhancement of bond strength by these methods is still in dispute (4).

It is generally accepted that alkali-activated slag cement, which consists of ground
granulated slag and an alkaline activator(s), may exhibit higher strength, denser microstruc-
ture, and better overall durability than Portland cement (8–9). The dense transition zone
between cement paste and aggregate has been regarded as one of the main contributions to
the better properties of alkali-activated slag concrete. Few studies have investigated the
transition zone in alkali-activated slag concrete through the measurement of microhardeness,
and have found that the transition zone is harder than the bulk paste regardless of the nature
of aggregate (10–11).

Several techniques, such as scanning electron microscopy, X-ray diffraction, and micro-
hardness are often used to investigate the interface between cement paste and aggregate.
Recently, an electrical conductivity method has been successfully developed for character-
izing features of microstructure and formation process in the transition zone in Portland
cement concrete (12–15). In this study, the electrical conductivity method, together with
scanning electron microscopy, was used to examine the transition zone in Na2SiO3-activated
slag mortar.

Experimentation

Raw Materials

A pelletized blast furnace slag (BFS) was used in this study. The characteristics of the BFS
are given in Table 1. An X-ray diffraction analysis indicated that this slag consists mainly of
glassy phase except for trace crystalline merwinite (3CaOzMgOz2SiO2). A previous study has
indicated that Na2SiO3-activated slag mortars show a higher strength and a denser structure
than a typical commercial ASTM (American Society For Testing and Materials) Type III
Portland cement mortars at both early and later ages (16). A typical commercial ASTM Type
III Portland cement was used in this study as a reference cement for the comparison of
hydration products and the transition zone between cement paste and quartz. The chemical
composition and some physical properties of the Portland cement are also given in Table 1.

Reagent grade Na2SiO3z9H2O was used as an alkaline activator. The activator dosage was
3% Na2O based on the mass of slag. Na2SiO3z9H2O was dissolved in mixing water first and
then mixed with the slag andyor sand.

TABLE 1
Chemical composition (mass %) and physical properties of BFS and PC.

Item SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O

BFS 35.33 9.94 0.62 34.65 14.63 3.97 0.31
PC 20.68 3.68 2.95 62.93 4.21 2.62 0.14
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Preparation of Samples

Mortars for electrical conductivity measurement were prepared following ASTM C109 but
with volumetric fractions of the standard Ottawa sands from 0 to 0.54. A constant water to
slag ratio of 0.30 was used. The fresh mortars were cast in 8.03 8.03 3.0 cm cells and then
cured in a fog room at temperature 236 1°C. Some cement paste without sand was also cast
in small plastic vials for powder X-ray diffraction analysis of hydration products.

Electrical Conductivity Measurement and Interfacial Excess Conductance

The electrical conductivity of concrete specimens(t) at hydration timet can be expressed as
follows (13):

s(t) 5 k(t)wa 1 b(t)

k(t) 5 3Sd

rDS1 1
d

2rD [sf(t) 2 sp(t)] 2
3

2
sp(t)

b(t) 5 sp(t)
6 (1)

where wa is the volumetric fraction of aggregate in concrete;d is the thickness of the
interfacial zone between cement paste and aggregate;r is the average radius of aggregate;
sf(t) is the conductivity of the interfacial zone between cement paste and aggregate at time
t; andsp(t) is the conductivity of cement paste at timet.

A parameteru, referred as an interfacial excess conductance, is defined as:

u 5 d(sf 2 sp) (2)

The following expression foru can be readily derived from Eq. 1:

u(t) 5 d[sf(t) 2 sp(t)] 5 rFk(t)

3
1

b(t)

2 G (3)

The slopek(t) and interceptb(t) can be readily obtained from the straight lines ofs(t) vs.wa

using experimental results;u can be calculated using Eq. 3.
The resistance of mortars was measured at 1 to 35 days, then converted to electrical

conductivity. Because the interfacial zone in Portland cement mortar has been extensively
examined (12–15), only alkali-activated slag mortars were investigated in this study. The

TABLE 1
(Continued)

K2O LOI Total
Density
(kg/m3)

Blaine
Fineness
(m2/kg)

0.44 0 99.89 2920 340
0.59 0.27 98.36 3140 495
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apparatus for determining the resistance of mortar was described in a previous work (14). The
electrical conductivity of mortars was calculated as follows:

s 5
L

S

1

R
(4)

whereL/Sis referred to as the cell constant (obtained by calibration with 0.1 N KCl solution).

Powder X-Ray Diffraction (XRD) Analysis

Powder XRD analysis was performed on ground alkali-activated slag and Portland cement
pastes with a Philips PW 1139 Diffractometer. The phases were identified from the charac-
teristic peak data base of the Powder Diffraction File of the Joint Committee on Powder
Diffraction Standards.

Scanning Electron Microscope (SEM) Observation

Alkali-activated and Portland cement mortars were cut into small fragments with an axe and
then placed in a bath of dry pentane cooled to about2125°C. After 2–3 min. in the bath,
these fragments were carefully moved to a vacuum freeze-drying apparatus for 24 h to
remove all free water (16). These fragments were stored in sealed containers for SEM
observation.

The interfacial zone between paste and quartz was examined under a Cambridge Ste-
reoscan 150 Scanning Electron Microscope. Micrographs were taken of representative areas

FIG. 1.
Electrical conductivity of alkali-activated slag mortar vs. volumetric fraction of quartz sand.
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at magnifications ranging from 203 to 100,0003 after the interfacial zone of the sample was
extensively viewed.

Experimental Results

Electrical Conductivity Measurement and Interfacial Excess Conductance

A plot of the electrical conductivity of the specimen vs. the fractional volume of quartz is
shown in Figure 1. The straight lines were predicated by Eq. 1. The correlation coefficients
for these fitted straight lines were greater than 0.98. This means that Eq. 1 can describe this
type of cementing materials well. The effect of quartz fraction on the electrical conductivity
of mortars decreased with time significantly during the first 2 days, and kept almost constant
after 15 days. Thus, the hydration and structure formation of alkali-activated slag take place
mainly during the first 2 days.

The interfacial excess conductance, which was obtained based on the slopes and intercepts
of fitted straight lines in Figure 1 (some data were not plotted in Fig. 1), is plotted vs.
hydration time in Figure 2. The interfacial excess conductance decreased quickly from 1 to
2 days and kept almost constant thereafter. This indicates that the structure formation of
transition zone is almost completed during the first 2 days of hydration. This is in agreement
with the findings from Portland cement mortars (13). The positive value of the interfacial
excess conductance means that the conductivity of transition zone between cement paste and
quartz is greater than that of the bulk pastes in alkali-activated slag mortars.

FIG. 2.
Interfacial excess conductance of alkali-activated slag mortar.

Vol. 28, No. 6 891INTERFACIAL TRANSITION ZONE, ELECTRICAL PROPERTIES, SEM



Powder X-Ray Diffraction Analysis of Hydration Product

To better understand the microstructure of the transition in alkali-activated slag and Portland
cement mortars, powder XRD analysis was carried out to identify the hydration products in
alkali-activated slag and Portland cement pastes, as shown in Figure 3. The XRD patterns of
Portland cement at 1 and 540 days were essentially the same, except for some differences in
intensity. Only the pattern at 1 day is presented. The detected hydration products in hydrated
Portland cement are C-S-H, Ca(OH)2, and ettringite (AFt). The C-S-H in hydrated Portland
cement has a C/S ratio of approximately 3 at early ages and 1.5 at later ages (17). C-S-H is
the major phase and C4AH13 is the trace phase in Na2SiO3-activated slag pastes. One study
has found that the C/S ratio of C-S-H in activated slag paste ranged from 0.66 to 0.91 (18)
and another one found it ranging from 0.9 to 1.2 (10).

Scanning Electron Microscope Observation of Transition Zone

A typical microstructure of the interfacial zone between the cement paste and quartz sand in
Portland cement mortars is shown in Figure 4. A thin layer of products, which is regarded as
the duplex film, adhered on the surface of the sand grain. Beyond it, there was a porous
transition zone with a thickness of 40 to 60 um. A high density of Ca(OH)2 cluster could be
observed in the porous transition zone. No crystalline morphology, as would be expected of
AFt, was observed although it was detected in powder X-ray diffraction test. As age
proceeded, the porous transition zone became thinner and denser.

In contrast with Portland cement mortar, significantly fewer exposed sand grains were

FIG. 3.
XRD patterns of Na2SiO3-activated slag and Portland cement pastes. (a) Na2SiO3-activated
slag after 1 day of hydration; (b) Na2SiO3-activated slag after 540 days of hydration; (c)
Portland cement after 540 days of hydration.
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observed on the fracture surface of alkali-activated slag mortars. Figure 5 shows the typical
microstructure observation of the interfacial area in alkali-activated slag mortars. The
interfacial area appeared to be very dense and uniform.

Discussion

Microstructure of Interfacial Zone

The SEM observation in this study confirms that a very porous transition zone, filled with
well-formed Ca(OH)2 crystals with c-axis parallel to the sand grain, exists between Portland
cement paste and sand grain. However no porous zone is observed between the alkali-

FIG. 4.
Transition zone between type III Portland cement paste and quartz.

FIG. 5.
Transition zone between alkali-activated slag paste and sand.
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activated slag paste and the sand grain. Another effective technique for interface investiga-
tion is the measurement of microhardness. It is well-known that the microhardness of the
transition zone is much lower than that of bulk paste in Portland cement mortar or concrete.
Several studies (19,20) have measured the microhardness of the transition zone between
alkali-activated slag paste and different aggregates and no weak transition zone has been
identified in the alkali-activated slag mortar, which will be explained later.

Interfacial Excess Conductance

The interfacial excess conductance is the difference in electrical conductivity between
interfacial zone and the bulk paste. The electrical conductivity of mortars depends not only
on the pore structure, but also on the pore solution chemistry. Based on the SEM observation,
no difference could be seen between the transition zone and the bulk paste in the alkali-
activated slag mortars. However, several studies have confirmed that alkalis concentrate in
the alkali-aggregate reaction rims around the reactive aggregate (20–21). Another study has
found that alkalis can also concentrate in the transition zone around non-reactive aggregate
(1). Thus, the positive interfacial excess conductance in the alkali-activated slag cement
concrete may be due to the difference in the pore solution chemistry between the transition
zone and the bulk pastes, instead of the difference in pore structure.

Interface Formation Mechanisms in Portland Cement Mortar and Concrete

Several different hypothesis have been proposed to explain the formation of the transition
zone between cement paste and aggregate in portland cement concrete:

Y Formation of water layer on the non-porous aggregate surface at the beginning of the
mixing of concrete mixture, inhibiting anhydrous grains from coming into contact with
the interface.

Y Flocculation of cement grains in contact with the aggregate, resulting in high local
porosity.

Y Inadequate intergrain filling due to wall effect, resulting in high local porosity.

Actually, no single model or mechanism can fully explain the formation of the porous
transition zone between Portland cement paste and aggregate. The formation of the transition
zone can be described as follows: When the cement paste is placed in contact with aggregate,
a porous zone around aggregates forms due to the several reasons as described as above. The
concentration difference between the transition zone and the rest of the paste leads to the
migration of ions, such as Na1, Ca21, Al31 and SO4

22, during the hydration of cement and
promotes Ca(OH)2 and AFt growth in contact with the aggregates.

Hypothesis for the Interface Formation in Alkali-Activated Slag Mortars

A more porous transition zone around quartz also forms as Na2SiO3 activated slag pastes is
placed in contact with sand grains due to the various effects as described as above. It is well
known that sodium silicate is a water-reducing agent. It was visually observed during the
mixing that Na2SiO3-activated slag pastes showed a higher workability than Portland cement
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pastes for a given water to cement or slag ratio although no workability was measured. This
means that Na2SiO3 can reduce the flocculation of slag grains and the wall effect. Thus, it can
be expected that the initial porous transition zone around quartz in Na2SiO3-activated slag
mortars is smaller than that in Portland cement mortars.

The pore solution in Na2SiO3-activated slag has a very high concentration of [SiO4]
42

(1.61 mol/L at the beginning in this study). The variation in Ca21 concentration results in the
migration of Ca21 to the porous transition zone and the formation of C-S-H with a lower C/S
ratio than that in the bulk paste, which fills pores around sand grains. As water is consumed
due to the hydration of slag and electrolytes are released from the dissolution of slag grains,
the excess [SiO4]

42 in the solution will condense and act as an inorganic polymer in hardened
mortars. It can be expected that no porous and weak interfacial zone will exist in Na2SiO3-
activated slag mortars.

Sand grains have a very low dissolution rate and solubility in water. However, the
dissolution rate and solubility will increase significantly with pH values greater than 12. The
presence of alkalis also markedly increases the dissolution rate of quartz (22). The surface
dissolution of sand grains will enhance the bonding between quartz and cement paste through
two effects: formation of more products around sand grains and a rough surface that enhances
mechanical interlock.

Some studies (10) have reported that the clays or silts on the surface of aggregate, which
normally weaken the bond between Portland cement paste and aggregate, can react with the
alkaline activator(s) to form cementitious compounds, however no sufficient evidences have
been provided.

Conclusions

This study has investigated the formation of microstructure of transition zone in Na2SiO3-
activated slag mortars using electrical conductivity measurement, XRD analysis of hydration
products and SEM observation. The following conclusions can be drawn based on the
experimental results and analyses based on published results:

1. The measurement of electrical conductivity indicated that a positive interfacial conduc-
tance existed in Na2SiO3-activated slag mortars (or the electrical conductivity of the
transition zone was higher than that of the bulk paste).

2. A very porous and weak transition zone was observed under SEM in Portland cement
mortars, but a dense and uniform transition zone was observed in the Na2SiO3-activated
slag mortars. The formation of the dense and uniform transition zone in the Na2SiO3-
activated slag mortars can be attributed to several factors such as water reducing function
of Na2SiO3, high initial concentration of [SiO4]

42 in the pore solution and increased
dissolution of quartz in such a high pH medium.

3. In Portland cement concrete, a positive interfacial excess conductance means the pres-
ence of a porous transition zone between cement paste and aggregate. An analysis based
on literature review indicated that the positive interfacial excess conductance in alkali-
activated slag cement concrete may be due to the difference in the pore solution
chemistry between the transition zone and the bulk pastes, rather than the pore structure.
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