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Abstract

The present study examines the distribution of calcium hydroxide, unhydrated cement grain and porosity at

the steel-concrete interface. The formation of calcium hydroxide has been confirmed by microscopic analysis

using BSE images containing the ITZ between the steel and concrete. It was found that calcium hydroxide does not

form a layer on the steel surface, different from the hypothesis that has been available in investigating the cor-
rosion of steel in concrete, ranging from 5 to 10% within the steel surface. Moreover, the high level of poros-
ity at the ITZ was observed, accounting for 30%, which may reduce the buffering capacity of cement hydra-
tion products against a local fall in the pH. These findings may imply that the mole of [CI']:[OH] in pore
solution as chloride threshold level lead to wrong judgement or to a wide range of values.
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1. Introduction

It is well known that cement hydration products, in par-
ticular calcium hydroxide, apart from a ferrous oxide film,
have an important role to play as they increase the resis-
tance to a chloride-containing corrosive environment 2, A
previous study has postulated that calcium hydroxide forms
a layer on the steel surface to protect the embedded steel
from corrosion by buffering a local fall in the pH *. The
level of the pH buffered by calcium hydroxide was later
found to be around 12.4%. However, this hypothesis has
been challenged by Glass et al”’ who observed in backscat-
tered electron (BSE) image that calctum hydroxide does not
form a layer at the steel-concrete interface, but its content
and distribution has not been quantified.

Despite the importance of the microstructure at the steel-
concrete interface that may be influenced by electrochemi-
cal treatment, the investigation on the interfacial zone (I1TZ)
between the steel and concrete has been rarely reported,
while the ITZ between the cement matrix and aggregate has
been extensively investigated.”"
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The present study concerns a quantification of the distri-
bution of calcium hydroxide, porosity and unhydrated ce-
ment paste at the ITZ between the steel and the concrete to
ensure the generation of calcium hydroxide in the vicinity
of the steel. To quantify the distribution of hydration prod-
ucts, BSE images were obtained in the vicinity of the steel
and then strips were made 1.54m in width, up to 100pum
away from the steel surface. This method of making strips
in the ITZ of interest was previously performed by Scriv-
ener and Gartner.” Each strip was extensively analysed to
estimate the content of calcium hydroxide, unhydrated ce-
ment paste and voids.

2. Experimental works
2.1 Specimen preparation
Mortar specimens were cast with a centrally located steel
ribbon (0.25mm thick). The mix proportion for cement:
water: sand mixture was 1.00: 0.45: 2.45. The experimental

set-up is given in Fig. 1. The mortar was cured for 28 days
at room temperature.
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Fig. 1 Experimental set-up for microscopic analysis of
the steel-mortar interface

Sample preparation after curing, consists of cutting, dry-
ing, vacuum impregnation with resin, lapping, grinding and
polishing. Segments containing the steel ribbon were sliced
perpendicular to the direction of the steel, using a diamond
saw, to produce a block specimen (40 x 20 x 10mm). The
specimens were then dried in an oven at 50°C for 3 days
and resin impregnated under vacuum. The impregnated
specimens were lapped and polished on cloths embedded
with diamond particles at five sizes ranging from 9, 6, 3, 1
to 0.25um. Polishing was performed at 70rpm, with a 7N
force applied to each specimen. The time spent on each
grinding and polishing stage was no longer than 2-4 min-
utes to minimise relief effects that may produce an uneven
surface due to the different hardness of materials. After
polishing, the specimens were cleaned ultrasonically in
acetone and then further dried for one day using a vacuum
pump at a pressure of the order 10™ Pa, followed by carbon
coating under pressure of about 7x10> Pa. The specimens
were stored in a low vacuum cabinet until required for the
scanning electron microscopy (SEM) observation. The pre-
pared specimen, as an example, is given in Fig. 2.

2.2 Image capture

A JEOL 5410LV SEM was used for taking BSE images.
The instrumental parameters used for the SEM were: accel-
erating voltage = 20kV; working distance = 15mm; beam
spot size (SS) = 12; lens current = 66pA. To avoid an erro-
neous calculation being introduced by the aggregate, all
images were captured at different locations along the steel
without the presence of aggregate particles. To ensure ran-
dom and unbiased sampling, 12 grey scale images were
collected per sample at a magnification of 500x. Then, the
images obtained were digitised to 1940 x 1455 pixels with
a pixel resolution of 0.1237um; a 500X magnification was
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Fig. 2 Example of specimen prepared for BSE image analysis

used to analyse the hydrated cement paste. Areas near the
sample edge were not imaged to remove sampling locations
that may have been damaged during the digitisation. The
image size to evaluate was 1877 x 1430 pixels.

2.3 Quantification of hydration products

To quantify the distribution of calcium hydroxide, poros-
ity and unhydrated cement in the vicinity of the steel sur-
face were determined by (1) binarising images for each
phase (2) making narrow strips about 1.48um wide, extend-
ing from the steel surface to 100um away from the steel
and (3) then calculating each phase of interest in a strip.

With binarised image for the steel, strips were produced
from the steel-mortar interface at 1.48um intervals. The
total distance to be covered was about 100um from the steel
surface, which requires 67 interface strips. The total area of
each strip was measured and then the allocation of calcium
hydroxide, porosity and unhydrated cement grains was cal-
culated by image calculation respectively. Fig. 3 gives an
example of the BSE image in strips and binarised images of
steel, unhydrated cement, calcium hydroxide and porosity.

3. Results
3.1 Histogram

The signal coefficient () for each spot is assigned to a
grey scale value in the ranged image and can be converted
to an image scale with values from 0 to 255. When an im-
age is transferred from the SEM to the image analysis sys-
tem, pixels with grey levels that represent the signal intensi-
ties from corresponding points on the specimen, form the
image. There are five major fractions that can be identified
at the interface between cement paste and steel using BSE:
steel, unhydrated cement, calcium hydroxide, calcium silica
hydrate (CSH) gel and porosity. These can be illustrated by
a grey scale histogram that represents image pixel data. The
cement hydration products identified in the image are la-
belled at the corresponding histogram peak as shown in Fig,
4. The grey scale in the image depends on the electron den-
sity of the material. The phases of interest, graded in terms
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of their brightness (i.e. grey scale), are steel (lightest) >
unhydrated cement grains > calcium hydroxide > dense
inner product (DIP) and CSH gel > porosity and voids
(darkest). Afier determining the range of grey scale for each
phase, the BSE image was binarised to identify each phase.
The DIP is often generated surrounding unhydrated cement
grains, forming a rim. The content of calcium hydroxide
can be overestimated because the grey scale of the DIP is
similar to that for calcium hydroxide”. To eliminate this
error, the rim was manually eliminated in the present study.

3.2 Distribution of hydration products

Figs. 5~7 give the content of porosity, unhydrated ce-
ment grain and calcium hydroxide, together with dense in-
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ner product (DIP), at the ITZ between the steel and mortar.

The porosity occupying each strip was calculated as a
percentage of the total area of the sirip. As shown in Fig. 5,
the porosity increased significantly within 20pum of the steel.
In particular, within 1.5um of the steel, the porosity ac-
counted for about 30% and then reduced to the much lower
values, ranging from 1.68 to 2.88%. This trend of increas-
ing porosity at the steel interface has been also observed on
the case of the aggregate-cement paste interface.*”'”

As shown in Fig. 6, the content of unhydrated cement
grains was lowest at the interface and increased up to a dis-
tance of 30um from the steel. The unhydrated cement con-
tent decreased thereafier, to an average of about 7.55%
some 75um away from the steel.

Fig. 7 shows the distribution of calcium hydroxide ac-
cording to whether or not taking into account the DIP
amount. The difference in the values, induced from the DIP,
accounts for 0.33-5.21%, which was not addressed in the
present study. Surprisingly, the calciom hydroxide level
ranges from only 7.99 to 10.15% at the interface (within
10um) and from 5.23 to 12.92% within 100pm, which chal-
lenges the hypothesis that calcium hydroxide forms a con-
tinuous layer on the steel surface.

4. Discussion
BSE image analysis was used to study the influence of

electrochemical prevention on the distribution of calcium
hydroxide, porosity and unhydrated cement grains at the
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Fig. 7 Distribution of calcium hydroxide, considering
the effect of DIP, in the vicinity of the steel

steel-concrete interface, which was quantified in 2 dimen-
sions. Surprisingly, it was found that calcium hydroxide did
not form a layer on the steel surface but instead its content
increased in the vicinity of the steel. This observation has
important implications for determining the chloride thresh-
old level (CTL) for steel corrosion in concrete. It is well
known that a precipitated calcium hydroxide layer protects
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the embedded steel from corrosion by sustaining the alka-
line environment at the steel-concrete interface’ > > ',
when electrochemical reaction between chloride and fer-
rous ions forms ferrous chloride followed by ferrous hy-
droxide, allowing the local pH to fall. Hence, for corrosion
to initiate, sufficient amount of chlorides must accumulate
at the depth of the steel over the buffering capacity of cal-
cium hydroxide against the pH fall. However, the absence
of calcium hydroxide layer suggests that corrosion start at
some areas where no protective hydration products are
given to the steel. This area for corrosion initiation may be
the entrapped air void adjacent to the steel surface. This
idea is supported by experimental works showing that cor-
rosion initiates in the air voids generated by bleeding or/and
settlement underneath the embedded steel, perpendicular to
the direction of concrete casting."”™'” The importance of the
entrapped air void that would otherwise be filled with hy-
dration products also suggests that the CTL is strongly de-
pendent on the interfacial air void content.'®

Also, the idea of a protective calcium hydroxide layer on
the steel has led to the development of tests using a satu-
rated calcium hydroxide solution to determine the CTL
expressed as the ratio of [CI'):[OH]. However, the absence
of calcium hydroxide layer allows the pH of pore solution
in the vicinity of the embedded steel to be less influencing
on corrosion inhibition. The resistance to a local fall in the
pH (i.e. acid neutralisation capacity) involves only the area
where cement hydration products encompass the steel and
thus corrosion initiates in the unprotected area. Previous
studies show a wide range of the ratio of [CI]:{JOH] in
120 which may be attrib-
uted to the absence of the protective layer. A different

similar experimental conditions

quantity of calcium hydroxide formed at the steel-concrete
interface produces a different level of the buffering capacity
to a pH fall and corrosion, which thus may lead to a wide
range of [CI']:[OH"]. Hence, the ratio of [CI']:[OH], when
accompanied by the quantity of cement hydration products
at the steel-concrete interface and the interfacial air void
content, can be available to express the CTL, which seems
however less realistic.

5. Conclusion

The present study examined the distribution of calcium
hydroxide, porosity and unhydrated cement paste at the ITZ
between the steel and the concrete to ensure the generation
of calcium hydroxide. The conclusions of this study are
summarised as follows:

1) Microscopic analysis of BSE images containing the steel-
concrete interface showed the distribution of the porosity,
calcium hydroxide and unhydrated cement grains.
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2) Unlike the hypothesis that has been available in the ma-
jority of previous studies, precipitated calcium hydrox-
ide does not form a continuous layer on the surface of
the embedded steel.

3) Only 5.23-12.92% of calcium hydroxide occupied the
ITZ between the steel and the concrete, while the poros-
ity accounted for 30% approximately.
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