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Abstract

The effects of metakaolin and variations in aggregate volume content on the diffusion kinetics of chloride ions in hydrated Portland
cement model mortars were studied. Chloride diffusion was monitored under both steady- and non-steady-state conditions, and capillary
porosity data were obtained for the specimens under investigation. The observed variations in chloride diffusivity were interpreted in terms of
the pozzolanic effect of metakaolin and the influence of an increasing proportion of paste—aggregate interfacial transition zone (ITZ) material
as aggregate volumes increase. Metakaolin reduced the rate of chloride diffusion through the hydrated cement matrix and also tended to
enhance the resistance to chloride transport of the ITZ material within the mortars. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Metakaolin is produced by the thermal activation of the
mineral kaolinite. This pozzolanic material has been exten-
sively investigated, particularly in relation to its effects on
the durability and properties of Portland cement composites
[1]. Specifically, metakaolin has been shown to provide
advantages with respect to chloride penetration [2], dete-
rioration due to alkali—silica reaction (ASR) [3], sulphate
attack and acid erosion [4].

Portland cement mortars and concretes consist of two
principal components namely hydrated cement paste (hcp)
and aggregate. However, it is widely acknowledged that
there exists a third morphologically distinct constituent at
the hcp—aggregate boundary [5]. This region, often termed
the interfacial transition zone (ITZ), has been studied
directly by electron microscopy [6] and microhardness
[7,8], and indirectly by gas [9] and liquid permeation [10]
techniques. Wide, although not universal, agreement exists
that the ITZ is a zone characterised by a higher porosity [11]
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and differing chemical and mineralogical composition [12]
than the bulk hep. It has been suggested that these properties
of the ITZ can be detrimental to some composite properties,
including resistance to chloride transport [13]. It has also
been shown that pozzolanic materials, such as metakaolin,
can affect the chemistry and microstructure of the ITZ [14]
and, thus, impact, potentially beneficially, on transport
properties [15].

The aim of the work to be described was to examine the
influence of metakaolin on chloride diffusion kinetics in
mortars with systematically varied volume fractions of
aggregate and, hence, varied proportions of ITZ material.
The approach used to evaluate the contribution of the ITZ
was similar to that described in previous work and involved
using model mortars containing nominally single-sized
spherical glass bead aggregates [16].

2. Experimental

Work was undertaken in two stages, viz. (i) steady-state
diffusion studies and (ii) non-steady-state studies. Whilst
different Portland cements and metakaolins were used for
each of the stages their properties were not significantly
dissimilar. The Portland cements used were commercial
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Table 1
Properties of Portland cements and metakaolins

Table 3
Mix descriptions

Portland cement Metakaolin

Steady state Non-steady state

Steady Non-steady Steady state ~ Non-steady state

Binder PC/MK PC, PC/MK
Water/binder ratio 0.35 0.40
Aggregate contents (vol.%) 0, 15, 30, 40, 50, 55 0, 15, 35, 55

state state (MetaStar 500) (MetaStar 501)

(mass%) (mass%)  (mass%) (mass%)
Si0, 20.3 20.8 51.8 55.4
Al,O4 5.44 52 423 40.9
Fe,03 2.8 2.0 2.99 0.64
CaO 63.7 63.8 0.08 0.01
MgO 1.44 1.6 0.13 0.23
SO; 2.9 2.5
K,O 0.77 1.1 0.61 0.81
Na,O 0.09 0.1 0.01 0.01
LOI 0.94 1.3 0.7
Pozzolanic 1050 1050

reactivity
(mg Ca(OH),/g)

products (CEN I: 42.5 N), and were sieved at 150 pm to
remove any coarser particles or agglomerates prior to use.
The metakaolins were also commercially available products
(MetaStar 500 and 501 from Imerys Minerals). Chemical
and physical properties of the Portland cements and the
metakaolins used are shown in Table 1. The aggregate used
to prepare the model mortars was a silicate glass bead of
similar composition to that used elsewhere [16] and sup-
plied by British Optical. The physical properties of the
beads are shown in Table 2. To ascertain the potential for
reaction between the beads and the alkaline pore solution
encountered in Portland cement systems, beads were either
contacted with 10 M NaOH solution at elevated temperature
or autoclaved with a 10-M NaOH solution. Results are also
shown in Table 2 and suggest that degradation by pore
solution under normal conditions would be negligible. This
performance was in contrast to that of other glass beads
considered, which were marketed as zirconia but which
were actually a blend of ZrO, and SiO,. These beads
disintegrated under the autoclave conditions. It is suspected
that the silicate composition of the glass beads gave them
greater resistance to alkali attack than the silica component
of the beads that disintegrated.

The compositions of pastes and mortars are given in
Table 3. Metakaolin was used as a 10 mass% partial
replacement for Portland cement. The aggregate quantity
was adjusted to give aggregate volume fractions as tabu-
lated. Samples prepared for steady-state diffusion experi-
ments also contained a superplasticiser addition (1% by
binder mass of a sulphonated naphthalene formaldehyde

Table 2
Properties of model aggregate (glass beads)
Typical bead size (mm) 1.00-1.25
Bead specific gravity (kg/m®) 2.57
Loss in mass on exposure to 10 M NaOH 0.4
at 80 °C for 24 h (mass%)
Loss in mass on autoclaving for 24 h 11.7

with 10 M NAOH (mass%)

condensate). A planetary mixer was used to prepare all
samples. In all cases, the cement and metakaolin were
preblended. Details of sample processing and storage con-
ditions are given in Table 4. Duplicate samples were
prepared for non-steady-state diffusion and four replicate
samples for steady-state diffusion experiments.

After the initial curing periods, the following proce-
dures were followed. For steady-state measurements, discs
(2.5-3 mm thick) were cut from central portion of the
cylinder and then lightly polished and mounted between
the two compartments of a diffusion cell [17]. The
compartments contained 1 M NaCl/0.035 M NaOH and
0.035 M NaOH, respectively. The increase in chloride
concentration in the compartment containing dilute NaOH
was monitored by periodically removing 100-pl aliquots
for chloride determination by colorimetric analysis [18].
Plotting chloride concentration as a function of time
allowed subsequent calculation of effective chloride diffu-
sivity by the application of Fick’s first law.

For non-steady-state measurements, the top (cast face)
12 mm was removed using a diamond saw. The remnant
was reimmersed in NaOH for about 24 h. The cut face was
then polished with P600 grade wet polishing paper and the
sides and base of the cylindrical section sealed with paraffin
wax. The wax-coated cylindrical samples were then placed
horizontally (noncoated surface vertical and exposed) in a
sealed vessel containing a mixture of 0.032 M NaOH and
1 M NaCl for 168 days. The area of each exposed face
was 28.3 cm?® and the volume of solution per sample was
1.5 dm® (exposed area to volume ratio of 18.9 cm” dm ~ ).
After exposure, the wax coating and circumferential 4 mm
of the samples were removed and profile grinding was
performed in 3-mm increments from the exposed surface.
All “grindings” were dried at 105 °C and then combined to
give 5—10 aliquots per sample. Portions of these aliquots

Table 4
Experimental conditions

Steady state Non-steady state

Casting Cast into cylindrical moulds with vibration
to remove air. Samples covered with
polythene, sealed, and rotated slowly
end-over-end (8—10 rpm for 24 h)

Nominal temperature (°C) 22 20

Mould diameter (mm) 49 60

Demould (h) 168 24

Initial curing regime 0.035 M NaOH 0.032 M NaOH
solution, 84 days solution, 60 days

Aggregate contents (vol.%) 0, 15, 30, 40, 50, 55 0, 15, 35, 55
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(5 g) were then dissolved in boiling HNO; (100 ml of 10%
concentration), filtered, and the filtrate analysed for chloride
content using a chloride ion selective electrode calibrated
against sodium chloride standards. For each sample, a
chloride penetration profile was constructed and the corre-
sponding apparent chloride diffusivity calculated assuming
Boltzmann’s solution of Fick’s second law [19].

To aid in the interpretation of the diffusion data, the
‘capillary pore volumes’ of all samples were determined
prior to exposure to chlorides. As in earlier investigations
[20], ‘capillary porosity’ was taken to be the volume
fraction represented by the loss of water on drying speci-
mens from a saturated condition to a condition of equili-
brium at 90.7% RH (obtained by storage over a saturated
solution of barium chloride at 20 °C). This particular
measure of ‘capillary porosity’ corresponds to pores wider
than about 30 nm [21].

3. Results and discussion
3.1. Steady-state diffusion

Mortar-paste diffusivities were estimated on the assump-
tion of Maxwell’s relationship and using measured effective
chloride diffusivities. The Maxwell relationship (Eq. (1))
strictly applies to a composite of effective diffusion coeffi-
cient (D), consisting of a previous matrix of diffusion
coefficient, D, containing periodically spaced, impervious
spheres of volume fraction, ¢ [16].

Dot = 2D(1-¢)(2 + )~ (1)

Fig. 1 shows that the effective diffusion coefficient of
chloride in the mortars diminishes with increasing aggregate
volume fraction as would be expected for an impermeable
aggregate. Estimations of the mortar-paste diffusivities,
obtained using the Maxwell equation, compensated for the
reduced diffusion cross-sectional area resulting from the
presence of the impervious aggregate. The data show that
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Fig. 1. Variation in effective (steady state) diffusivity with aggregate content
(Portland cement/metakaolin binder).
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Fig. 2. Variation in capillary porosity with aggregate content (Portland
cement/metakaolin binder).

for the range of aggregate volume contents investigated, the
mortar-paste diffusivity did not change significantly. It
would be expected that with increasing aggregate volume
content, there would be a gradual predominance of the
microstructural characteristics of the ITZ over the bulk
paste. That the mortar-paste diffusivity does not increase
with aggregate volume content indicates that no gross
percolation is occurring when a metakaolin is used as a
partial cement replacement.

Page and Ngala [16] reported effective mortar and
mortar-paste diffusivities about one order of magnitude
higher for model mortars prepared with only Portland
cement at a similar water/binder ratio (cured at 38 °C for
10 weeks). Observed increases in mortar-paste diffusivity
with increasing aggregate content were considered a possi-
ble indication of some percolation occurring at high aggre-
gate volume fractions.

Mortar capillary porosity (Fig. 2) decreases with increas-
ing aggregate volume as would be expected. The calculated
mortar-paste capillary porosities show a decrease in volume
with aggregate contents between 15 and 40 vol.%. This may
be due to aggregate improving dispersion of the pozzolan,
thus, facilitating a more efficient pozzolanic reaction. The
increases in capillary porosity at 50 and 55 vol.% possibly
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Fig. 3. Variation in apparent (non-steady state) diffusivity with aggregate
content (Portland cement binder).
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Fig. 4. Comparison of mortar-paste diffusivities (Portland cement binder).

indicate ITZ effects, but these are not reflected in the
diffusion data obtained.

3.2. Non-steady-state diffusion

Fig. 3 shows that for the “control” samples, the apparent
diffusivity remains almost constant with increasing aggre-
gate content, despite the reduced paste volume available for
chloride transport. The corresponding calculated mortar-
paste diffusivities increase sharply as the aggregate volume
fraction is increased over the range 35—55%. This trend is
supportive of the hypothesis that some percolation may be
occurring as a result of the overlap of more porous ITZ
regions when higher aggregate contents are used in Portland
cement model mortars as reported previously [16].

Mortar-paste diffusivities from this and the previous work
are compared in Fig. 4, although it should be noted that only
the trends and not the absolute values are relevant here as the
data from Ref. [16] are steady-state ‘effective diffusivities’.
That the data from two sources correlate well, however,
supports the view that increasing aggregate content, and,
hence, the quantity of ITZ material, is detrimental to the
chloride permeability characteristics of the mortar paste.

Fig. 5 shows the effect on apparent diffusivity of the
incorporation of 10 wt.% metakaolin as a partial substitute
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Fig. 5. Variation in apparent (non-steady state) diffusivity with aggregate
content (Portland cement/metakaolin binder).
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Fig. 6. Comparison of mortar-paste diffusivities (Portland cement/
metakaolin binder).

for Portland cement. Compared with those of the control
specimens, apparent diffusivities are reduced by approxi-
mately one order of magnitude. Mortar-paste diffusivities
show little variation with aggregate contents. This trend
suggests that the ITZ produced in samples containing
metakaolin does not differ significantly from the bulk paste
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Fig. 7. Variation in capillary porosity with aggregate content (Portland
cement binder).
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in terms of its chloride diffusion resistance. Therefore, the
apparent diffusivity of the mortar composite decreases
continuously with increasing aggregate content.

It is also interesting to compare the steady- and non-
steady-state diffusion data obtained for samples prepared
with metakaolin in this work. Fig. 6 shows that despite the
use of different methods, i.e. steady and non-steady state,
there is agreement in terms of general trends.

It is acknowledged that the ITZ formed by Portland
cements can contain a higher concentration of calcium
hydroxide than the bulk paste [22], and it is therefore
possible that these higher-than-average reactant levels
would increase the extent of the metakaolin—calcium hydro-
xide reaction in the ITZ. Greater reaction between meta-
kaolin and the calcium hydroxide would produce more
finely dispersed products of the pozzolanic reaction, thus,
increasing the diffusion path tortuosity and further limiting
chloride ingress.

Figs. 7 and 8 compare the mortar and mortar-paste
capillary porosities of the two sets of non-steady-state
samples. Samples incorporating metakaolin have lower
measured capillary porosities than their “control” counter-
parts. The data indicate that the use of metakaolin reduced
the capillary porosity of the bulk paste and ITZ pore
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Fig. 8. Variation in capillary porosity with aggregate content (Portland
cement/metakaolin binder).

structures although the ITZ were still more porous than
the bulk paste. This effect of metakaolin on porosity has
been widely reported and is attributed to the products of the
metakaolin—lime pozzolanic reaction, which have higher
molecular weight silicate chains than those characteristic of
the CSH phase of hydrated Portland cements [23]. These
reductions in capillary porosity are a contributing factor to
the lower mortar-paste diffusivities observed for samples
incorporating metakaolin. However, the contribution that
the metakaolin could make to the chloride binding capacity
of the hcp is also potentially another important factor in
reducing chloride penetration [24,25].

4. Conclusions

The steady-state diffusivity of chloride ions in mortar
pastes incorporating metakaolin did not vary significantly
with aggregate volume fractions. Mortar-paste capillary
porosity data only showed some increases at aggregate
volume fractions greater than 40%. Metakaolin has been
reported to act as a pozzolan and produce cementitious
products that refine paste pore structure. In this case, it
appears that metakaolin has also refined the pore structure of
the ITZ so that its chloride diffusion characteristics differ
little from those of the bulk paste.

Non-steady-state chloride diffusivities of mortar pastes
increased with aggregate volume content in samples with
only Portland cement as binder. The capillary porosity of
the mortar paste increased with aggregate volume, indicat-
ing that the ITZ had a higher overall porosity than the bulk
paste. The chloride diffusivity increased relatively sharply
at aggregate volume fractions above 35%, whereas capil-
lary porosities increased broadly linearly with aggregate
content. This is suggestive of some interconnection of
higher porosity ITZ regions results in percolation, thus,
facilitating chloride diffusion.

The use of 10 mass% metakaolin as a partial replace-
ment for Portland cement reduced non-steady-state chloride
diffusivities by approximately one order of magnitude
relative to those of samples with only Portland cement as
binder. Mortar-paste diffusivities did not vary significantly
with variations in aggregate content. Relative to control
samples, metakaolin reduced mortar-paste capillary poros-
ities although the latter still increased with increasing
aggregate volumes. The lack of variation in mortar-paste
diffusivity and rising capillary porosity with increasing
aggregate content supports the hypothesis that the use of
metakaolin increases permeation path tortuosity and inhi-
bits percolation.
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