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Growth of C-S-H phases on different metallic surfaces
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Abstract

The influence of reinforcement, especially fibre reinforcement in ultra-high per-
formance concrete is strongly dependent on the bonding (adhesive, shear and
friction bond) between metallic surface and cementitious matrix. As usually
straight fibres are used for fibre reinforcement and, thus, no significant mechan-
ical bonding is existent, the adhesive bond is particularly important. Previous
studies stated that the adhesive bonding behaviour between metallic materi-
als and cementitious matrix strongly depends on the chemical composition of
metallic alloys. Therefore, in order to address this topic, the present study inves-
tigates the growth of C-S-H phases on stainless steel and on cold drawn steel.
This growth process was realised by a surface treatment of the metallic alloys
using a synthetically manufactured Tricalciumsilicate (C;S) powder diluted in
water. After defined times of the C;S treatment the process is stopped to get a
time dependent growing behaviour of the cementitious phases. Light microscopy
as well as scanning electron microscopy was used in order to investigate the sur-
faces following the application of the C5S. The results reveal that the growth of
C-S-H phases is more dependent on the metallic surface and its topography than
on the alloy composition.
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ing with these superior material properties, the failure
behaviour of UHPC can be described as explosive due to

Ultra-high performance concrete (UHPC) is characterised
by a very dense structure gained by a high packing den-
sity of the fines like cement, silica fume and quartz pow-
der, a low water/cement ratio of about 0.20-0.25 and,
therefore, the use of superplasticisers, leading to a high
compressive strength of above 150 N/mm?2.! Accompany-

the dense matrix.>* To improve mechanical characteris-
tics under tensile forces and counteract the explosive fail-
ure behaviour (micro-) fibre reinforcement is used with a
fibre content of about 1-2 vol%.>° Mostly, metallic fibres
are used in concretes, as these are widely available and
have enhanced mechanical properties. The effectiveness of
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TABLE 1 Overview of the test setups
Sample Treatment C;S solution
1:150 1:300 1:400 1:500 1:1000 1:1800
SS - X X X
CD - X X X
F_CD Annealed X X X X

the fibre reinforcement is strongly dependent on the bond-
ing (adhesive, shear and friction bond) between metallic
surface and cementitious matrix. In case of straight fibres,
where no significant mechanical bonding is existent, the
adhesive bond is particularly important.”® The interfacial
transition zone is strengthened in UHPC as the use of sil-
ica fume leads to an increased amount of Calcium-Silicate-
Hydrate (C-S-H) phases in the zone due to the secondary
reaction from Calcium Hydroxide and, therefore, improves
the adhesive bond between fibre and matrix. However,
previous studies indicated a varying efficiency of different
metallic fibre materials.”'’ This was quantified by fibre
pullout tests. The results revealed that the bond stress
could vary significantly as a function of the alloy compo-
sition as well as of coatings of the fibre. In order to inves-
tigate these differences in the bond strength between dif-
ferent metallic fibres and the cementitious UHPC matrix,
this study examines the microstructural growth of C-S-H
phases on different metallic surfaces in view of the C;S
saturation, sample topography and the composition of the
metal alloy as well as metallic microstructure.

2 | MATERIAL AND METHODS

For the metallic material different alloys were investigated.
For the tests, flat specimen (5 X 20 mm) of X5CrNil8-
10 stainless steel (SS) and 100MnCrW4 cold drawn work
steel (CD) were used. The latter material revealed corro-
sion before the first tests; therefore, polished fibres of the
cold drawn steel material (F_CD) were used. The fibres
were heated up to 900°C for 30 min to promote larger metal
crystallites in order to analyse them with electron backscat-
ter diffraction (EBSD) measurements. This is contrary to
a realistic fibre microstructure but was chosen as a model
system to increase a possible influence of crystallite bound-
aries and orientation.

For the growth of C-S-H phases, synthetically manu-
factured Tricalciumsilicate (C5S) powder in different con-
centrations diluted in distilled water was used. The con-
centrations were in a range of 1:150 (1 part C;S, 150 parts
water) to 1:1800 by mass (Table 1). The specimen were
then dipped into the solution for different time periods
(5 min up to 2 days) to get time resolved information
about the growth process of the C-S-H phases. This pro-

cess was carried out in a glovebox flooded with nitrogen
to minimise contamination with air and dust. Afterwards,
optical investigations of the specimen were done with an
environmental scanning electron microscope (ESEM) in
low- and high-vacuum mode using secondary electron
(SE) and backscattered electron (BSE) images. Prior to
the immersion tests, some of the specimen were analysed
with electron backscattered diffraction (EBSD) measure-
ments to allow a correlation between the crystallographic
orientations and the grain boundary character with the
growth process of the C-S-H phases. Therefore, the inves-
tigated specimen were ground down to 5 um grit size and
vibration-polished for 2 h using a colloidal SiO, suspension
with 0.02 um particle. EBSD measurements were then per-
formed using a scanning electron microscope operated at
20 kV.

Additionally, fibre pullout tests with regular and
annealed cold drawn fibres (F_CD) were carried out on five
specimen for both fibre types. For the tests, fibre rows of
five fibres were pulled out of a UHPC matrix, revealing an
average maximum pullout force, which can be translated
to a maximum bond stress using the following formula:

FIHB.X

8 6y

Fmex = dexmxl,’
where Fy,,x is the average maximum pullout load, d; is the
fibre diameter and [, is the embedded fibre length.’'°

3 | RESULTS

Applying the flat stainless steel (SS) and cold drawn (CD)
samples in an oversaturated aquatic C;S solution (ratio of
1:150) revealed that already after 10 min first C-S-H seeds
were formed and after 25 min larger parts of the specimen
were overgrown by C-S-H phases, forming ‘C-S-H isles’
(SS sample exemplary in Figure 1A). These phases often
grow on dark isle structures that formed prior to the C-S-
H phases. In addition, on the samples that were exposed
to the oversaturated solution, often CaOH, crystals were
found (Figure 1A). Lowering the concentration of the C;S
to a ratio of 1:400 leads to a much lower abundance of C-
S-H seeds on the surface. After 20 min, only single crys-
tals were visible and no connected parts as in case of the
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(A) SS sample after 25 min in a oversaturated C;S solution (1:150). Large parts of the specimen are covered with C-S-H

phases. Dark isles serve as crystallisation seeds for the C-S-H phases. In the oversaturated solution, CaOH, crystals can be seen. (B) Stainless
steel after 20 min in a C;S solution with a ratio of 1:400. Only single C-S-H seeds are visible. (C) SS fibre after 25 min in a C;S solution with a
ratio of 1:150. Overlayed is a transparent EDX mapping of calcium, identifying the phases as C-S-H phases / C-S-H seeds (in combination with
Figure 1D). (D) SS fibre after 25 min in a C;S solution with a ratio of 1:150. Overlayed is a transparent EDX mapping of silicon, identifying the
phases as C-S-H phases/C-S-H seeds (in combination with Figure 1C). (E) General topography of the corroded CD specimen. (F) CD sample
after 50 min in the C;S solution with a ratio of 1:400. First C-S-H phases formed within the depressions of the sample. Mostly single crystals
are visible. No isles formed. All images in SE or custom (mixture of SE and BSE) mode. Figure 1C and D with overlaying EDX mapping

oversaturated solution were found. After 30 min in the
same solution, the number of C-S-H seeds increased and
some smaller C-S-H isles (or their precursors that could
be calcite based or due to corrosion effects) were visible
(Figure 1B). Figure 1C and D shows C-S-H phases exem-
plary on non-polished fibres. Selective EDX measurements
and EDX mappings [Ca (red) in Figure 1C and Si (green)

in Figure 1D] clearly shows an accumulation of silicon and
calcium on the isle-like structures, identifying these as C-
S-H phases/C-S-H seeds.

In case of the flat cold drawn steel (CD), the general
appearance and topography of the sample look very differ-
ent (Figure 1E). Clearly visible depressions due to corro-
sion are spread over the whole sample and a topographic



SCHLEITING ET AL.

Journal of

Microscopy

151

WD HFW HV  |mode mag = - 10 pm
10.7. mm 29.8 um 10.00 kV| SE 5000 x Universitaet Kassel

Material: F_CD
WD  HFW | HV [mode
10.6 mm 57.6 um|15.00 kV| SE 2590 x

FIGURE 2

Material: F_CD | Solution ratio: 1:500 [ Immersion time: 4 hours
WD [ HFW | HV mode mag = | - 5 jum -
10.7 mm|12.2 ym|15.00 KV _SE 12 257 x Uni Kassel

Mater F:CF Solution ratio: 1:500
0 FW [ HV |mode mag
10.1 mm|133 ym|15.00 kV| SE 1122 x

(A) Overview of the polished fibre surface. (B) Single C-S-H isle connected to gap in the fibre after 4 h in a 1:500 C;S solution.

(C) Fine coating of C-S-H phases on the polished fibre after 8 h in a 1:500 C;S solution. (D) SE image with overlapped transparent EBSD

measurement of the polished fibre after 8 h in a 1:500 C;S solution. The overlapped image displays the EBSD inverse pole figure (IPF) map of

the ferrite phase. The IPF map was plotted with respect to the normal direction. The corresponding color-coded standard triangle is shown in

D. Larger C-S-H isles are found mostly at or near grain boundaries. All images in SE mode

effect was expected. In general, the crystallisation pro-
cess at the surface began later compared to the stainless
steel sample. With a concentration of 1:400, the first C-
S-H phases were found about 50 min after exposing the
specimen to the C;S solution (Figure 1F). The first crystals
formed within the depressions of the steel sample.

The fibre specimen (F_CD) showed similar results as
the cold drawn flat samples. The untreated (not exposed
to the C;S solution) sample (Figure 2A) revealed more
topographic patterns than the flat stainless steel specimen,
however, not as distinct as in the CD specimen. To achieve
a slower growing process and, therefore, a finer and more
specific growing pattern, the sample was exposed to a C3S
solution with a ratio of 1:1800. However, no C-S-H phases
were found following 2 days of exposure. Therefore, the
concentration of C;S was evenly increased up to a ratio
of 1:500. On the sample in this solution, isolated C-S-H
isles were found first after 4 h. These formed mainly along
grain boundaries of the sample, however, have also over-
grown flat areas of the sample (Figure 2B). After 8 h in the
same solution, the whole sample was overgrown by fine
C-S-H phases (Figure 2C). Also large C-S-H isles are exis-

tent. EBSD measurements of both, flat (not shown here)
and polished fibre specimen (Figure 2D), revealed that a
growth of C-S-H phases does not correlate with the orien-
tation of the metal grains, however, it was confirmed that
larger C-S-H phases are preferentially growing at crystal-
lite boundaries (Figure 2D).

Fibre pullout tests of regular and annealed fibres (F_CD)
out of a UHPC matrix revealed no significant differences
in the bond strength as well as in post failure behaviour.
Regular and annealed fibres had a bond strength of 4.21
MPa (£0.49 MPa) and 4.26 MPa (+0.57 MPa), respectively
(Figure 3).

4 | SUMMARY AND DISCUSSION

The results have shown that the growth of C-S-H phases on
metallic surfaces based on a C;S solution correlates with
different parameters. First of all the concentration of the
C;S influences the growing speed of the C-S-H phases.!!
In an oversaturated solution, the very first phases are
formed within a few minutes, while in solutions with lower
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FIGURE 3

Results of the fibre pullout tests for cold drawn steel fibres (F_CD). (A) Specimen with annealed fibres: bond stress - slip

relation of the five specimen (grey lines) and average (black graph). (B) Specimen with regular fibres: bond stress - slip relation of the five

specimen (grey lines) and average (black graph)

concentrations (1:500 and lower) hours up to days are
needed in order to form the first C-S-H phases.

Stainless steel in a highly concentrated solution (1:400
and higher) revealed a specific growing pattern. In the
first minutes, dark isles were formed, serving as a seed
area for C-S-H phases. Within a few minutes, the C-S-H
phases began to grow on these isles (Figure 1A, C and D).
This growing pattern can be described after Vollmer-Weber
(Isle-like growth)."> Furthermore, much more Ca(OH),
crystals were found at the surface of the specimen in
the oversaturated solution compared to the lower concen-
trated solutions. In the latter, C-S-H phases often occur
as single crystals. Connected C-S-H phases are not visible
within the first 50 min; just some small precursor areas
were found (Figure 1B). This behaviour could be described
after Frank-van-der-Merwe.!? In this case, single crystals
form separate layers that are later overgrown by the next
layer, repeating this process up to a full coverage of the
surface.

Another important influence on the growing behaviour
of the C-S-H phases is the topography of the samples. In
case of the cold drawn steel, single C-S-H crystals began
to grow within depressions on the sample. In case of the
fibre sample (F_CD), the first single C-S-H phases as well
as small C-S-H isles were found always connected to grain
boundaries. Therefore, it is likely that these topographic
features (depressions and grain boundaries) favour the
growth of C-S-H phases. However, at a longer exposure
to the C;S solution, an evenly coating of the fibre with
C-S-H phases was found regardless of topographic fea-
tures on the sample. Furthermore, the fibre pullout tests of
annealed and regular fibres (F_CD) revealed no significant
differences in bond stress between fibre and cementitious
matrix.

In case of alloy composition of the fibre material, no
final conclusion can be drawn here. As the topography of
the alloys significantly differs, no clear conclusion can be

drawn, whether the differences of the growing behaviour
stems also from the alloy composition. Both cold drawn
specimen (CD and F_CD) had topographic impurities on
the sample and in both cases, these depressions served as
preferred growing spot for C-S-H phases. In contrast, on
flat areas of both samples, only a few single C-S-H phases
and C-S-H isles were found in case of short exposure times
(<4 h). Only after longer exposure times (8 h), a fine coat-
ing of C-S-H phases was found all over the fibre sample.
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