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The elastic modulus of corrosion product (E.p) has been reported with significant variations in the literature. This
study aims to investigate the E, of naturally-generated chloride-induced corrosion products formed in different
concrete mixes. Microstructural characterization was conducted through nano-indentation, electron microscopy
and Raman spectroscopy. The corrosion products were mainly composed of a goethite matrix with portions of
maghemite, independently of the concrete composition. Microscopic analysis suggest that layers of corrosion

products grow at different times and under different physico-chemical conditions. Our measurements showed
that E, varied between 80—100 GPa, which can be suggested for numerical models of corrosion induced

cracking.

1. Introduction

Chloride-induced corrosion is a major degradation mechanism
affecting reinforced concrete structures. It involves dissolution of iron
caused by the external chloride ion ingress through the cementitious
matrix and eventually reaching the steel surface. In presence of oxygen
and an electrolyte, formation of corrosion products (i.e. iron oxides and
hydroxides) occurs, which exerts tensile stresses within the cementitious
matrix and leads to cracking of concrete. Cracks further facilitate chlo-
ride ions to penetrate into the structure more easily and accelerate the
steel corrosion [1]. In practice, excessive corrosion often results in un-
foreseen maintenance, repair costs and, in severe cases, loss of structural
capacity. Therefore, predicting degradation of concrete due to corrosion
is a vital exercise. Numerous modelling attempts have been presented in
the last decade which mainly considered the degradation through
assessing mechanical properties [2-6]. In these models, the elastic
modulus of the corrosion (Ep) products plays an important role in
predicting the crack development over time within the concrete cover
[71, since corrosion products forming at the steel/concrete interface
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(SCI) participate in the mechanical interaction between the rebar and
cementitious matrix when corrosion occurs. Depending on the model,
the used E, can have significant impact on the accuracy of the predicted
time to cracking [8]. Hence, one of the major challenges to make better
predictive models is to obtain accurate values of E,.

Many studies have been attempted to determine a realistic value of
Ep that can be used in concrete fracture models [7-19]. Samsonov [9]
assumed that the elastic modulus of iron oxides ranged between 215 GPa
and 350 GPa. Similar values were estimated by Ouglova et al. [10], who
obtained a value of E¢, of 360 GPa through oedometer test on rust
samples. Bhargava et al. [11] assumed that E, was the same as that of
low-carbon steel (i.e. 207 GPa). It seems, however, unlikely that E.,
would be comparable (or even be higher) than the elastic modulus of a
pristine steel due to the differences in hardness and microstructural
density values of the both phases [12]. Also, corrosion products may
contain different concentration of oxygen and hydrogen, which influ-
ence the inter-atomic bonding energy and, hence, the modulus of elas-
ticity of the compound. Lower E, values were measured by Housemann
et al. [13], who performed nano-indentation on corrosion products and
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observed that E, ranged between 70—100 GPa. The same authors also
found two distinct layers (inner and outer) of corrosion products when
inspecting samples with Scanning Electron Microscopy (SEM). A similar
distinction was observed also by Zhao et al. [7]. In this case,
nano-indentation unveiled that the E;, of the inner layer ranged between
47—-86 GPa while the E¢, of the outer layer ranged between 98—122
GPa. The same technique was used by Savija et al. [8], who measured
the E, of anodically-accelerated corrosion products. In their study, no
distinction between rust layers was observed through SEM analysis, and
their E¢p, values ranged between 50—68 GPa. A thorough research was
conducted by Derhoux et al. [14], who coupled nano-indentation,
Raman spectroscopy and Scanning Electron Microscope (SEM) analysis
to characterize corrosion products at the SCI of differently corroding
samples. In their study, they obtained characteristic values for specific
corrosion product phases, which were 92—95 GPa for goethite, 56 GPa
for ferrihydrate, 113 GPa for maghemite/ferrihydrate and 139 GPa for
magnetite/maghemite. Similarly, Jiang et al. [15] coupled
nano-indentation and Raman spectroscopy to characterize corrosion
products formed due to anodic polarization of the steel reinforcement.
Differently from Dehoux et al. [14], they found 67.9 + 5.3 GPa for
goethite/lepidocrocite, 69.4 + 2.9 GPa for akaganeite, 82.3 + 3.7 GPa
for maghemite and 103.2 + 2.7 GPa for magnetite. For both studies,
these values were consistent for similar phases found in different spec-
imens within the same study. Lundgren [16] proposed a stress-strain
formula to determine the mechanical properties of corrosion product,
based on the two-dimensional relation between the three components at
the SCI (steel, corrosion product and concrete), which resulted in Ec;, of
14 GPa. Suda et al. [17] found that E, ranged between 0.1-0.5 GPa
through nonlinear finite element analysis. Care et al. [18] devised two
hollow cylinder models using the elastic mechanics method, through
which they determined E},. For their first model, the Elastic modulus of
the rust layer was deduced as equal to 140 MPa, while for their second
model, E¢, ranged between around 50 MPa and 250 MPa. Interestingly,
they concluded that E., was dependent on the thickness of the rust layer
and on the initial radius of the reinforcement, and that a constant value
for E, should not be considered in numerical modelling [18]. Balafas
[19] proposed E., of 40—87 MPa, while Zhao [12] proposed 100 MPa
after performing cyclic low-compression and oedemeter tests on
naturally-generated corrosion products. In their model for concrete
cover cracking as a function of steel corrosion, Molina et al. [20] tested
values of E, of 2.0-4.0 GPa, with no relevant influence on the output
results. Studying the elastic modulus of corrosion product, Molina et al.
[20] assumed that corrosion product was perfectly elastic and that it
could be considered as a fluid with Poisson’s ratio (v;) of 0.5 and bulk
modulus (K;) of 2.0 GPa. Using the equation E, = 3(1—-2v;)*K,, they run
their models with E, of 12 MPa.

Fig. 1 shows the significant variations related to E, according to the
existing literature. Such broad variations might be attributed to the
different methods used to characterize corrosion products and their
micro-mechanical properties as well as to the different types of
corroding conditions (i.e. atmospheric, anodically-accelerated, chloride-
induced, etc.) to which specimens were subjected.

1.1. Aim of the study

A survey on the existing literature revealed that the effect of concrete
mix design on the mechanical properties of corrosion products is not
sufficiently understood. Therefore this study aimed to look into a
possible relationship between the type of cement and the mechanical
properties and mineralogy of naturally-generated chloride-induced
corrosion products. Ec, was obtained through nano-indentation of
corrosion product formed at the SCI. A comparison between the results
of this study and E, proposed by others was made, especially regarding
the elastic moduli obtained with the same technique [7,8,13-15].
Raman Spectroscopy, ESEM (Environmental Scanning Electron Micro-
scope) observations and EDS (Energy Dispersive Spectrometry)
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Fig. 1. Elastic moduli of corrosion products (E,) according to the literature
(experimentally measured E., values appear in regular font and estimated and/
or modelled E, values in italic).

elemental mapping were included in this study to investigate the rela-
tion between the mechanical properties and elemental composition and
mineralogy of corrosion products. The different mineralogy of the
corrosion products was analysed with regard to the cementitious matrix
in which they were embedded. Characterization of corrosion products
present at the SCI would help to better understand which compounds
were formed under certain conditions and how (trans)formation of
corrosion products would occur during time. These information aim to
better understand the development of steel corrosion in concrete.

2. Materials and methods
2.1. Specimen preparation

In this work, polished sections of four reinforced concrete were
analysed through nano-indentation, Raman spectroscopy, microscopic
analysis and EDS elemental mapping. The polished sections were ob-
tained from 20-year-old prisms cast in 1998 by Polder & Russo [21]. The
prisms were cast with four different cement types (CEM I, CEM II/B-V,
CEM I1I/B, CEM V/A), with a water/binder ratio (w/b) of 0.55 and using
siliceous river material with a maximum diameter (Dpyax) of 8 mm as
aggregate. In each prism, two groups of three smooth carbon steel bars
(S235) of 8 mm in diameter were embedded at a depth of 10 mm and 30
mm away from the mould face (Fig. 2). Prior to casting, each bar was
prepared by light polishing with sandpaper and cleaned in acetone. A
coat of cement paste and subsequently a coat of dense epoxy coating
were applied to both ends of the bar to minimize any side effect, leaving
an exposed length of 45 mm starting at 10 mm from the top side of the
prism. Two activated titanium wire electrodes (Ti*) and four stainless
steel bars were also part of the specimens’ layout, but they were not
considered in this study. After casting, prisms were exposed to 3.5 %
NacCl solution wet/dry cycles (1 day wet/6 days dry) for 6 months and
later left directly exposed (unsheltered) to the outside environment in
Delft, the Netherlands. The concrete compositions are summarized in
Table 1.

For this study, one cylindrical core of 20 mm in diameter was drilled
out from each prism. Each core contained a single rebar along its axis, as
described elsewhere [22]. The steel bar had 10 mm of cover depth. The
cores were vacuum impregnated by low viscosity fluorescent epoxy.
After the epoxy was cured, the cores were carefully sawn perpendicu-
larly to the bars, obtaining one 5-mm-high slice per each core. Once
sawn, sections were manually ground with #120, #220, #320, #600,
#800 and 1200# silicon carbide sanding paper and polished with 6, 3, 1
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Fig. 2. (left) top view of the prismatic specimen; (centre) drilled reinforced concrete core; (right) reinforced concrete section subjected to micro-analysis after
impregnation, sawing, grinding and polishing (S.S. = stainless steel; Ti*Re = activated Titanium electrode; N = direction towards the outdoor environment).

Table 1
Mix proportions for each specimen (w/b of 0.55; Dpax of 8 mm) [21].
Specimen  Cement Portland Fly ash Slag Aggregate
type cement content content™ content (kg/
content (kg/m>) (kg/m®» m?
(kg/m®)
S1 CEM I 32.5 287 0 0 1827
R Portland
cement
S2 CEM II/B-V 204 76 0 1830
32.5R (27%
fly ash)
S3 CEM III/B 71 0 215 1864
LH HS 42.5
(75 % slag)
S4 CEM V/A 139 70 70 1839
42.5 (25 %
fly ash, 25
% slag)

" ground granulated blast furnace slag.

and 0.25 pm polishing diamond paste on a lapping table to obtain a
mirror-like surface of the specimens. Each grinding and polishing step
took around 10 min. Ethanol and non-water based polishing paste were
used for grinding and polishing, respectively, to avoid further on-going
corrosion. Once polished, sections were coated with commercial trans-
parent nail polish to protect the polished section from oxygen. Just prior
to conducting the experiments, nail polish was removed by acetone and
the surfaces were reconditioned with 0.25 pm diamond paste for around
15 min. A representation of the whole sample preparation procedure is
reported in Fig. 2.

2.2. Experimental techniques

2.2.1. Nano-indentation

Nano-indentation was conducted on the corrosion product formed at
the SCI. Suitable locations to conduct the experiment (i.e. significant
amount of corrosion product) were located by optical stereomicroscope
(Leica MZ6). A KLA-Tencor Nano Indenter G200 with diamond Berko-
vich tip (i.e. a three-side pyramidal diamond) was used for the experi-
ment, as conducted by Savija et al. [8]. Each polished section was
subjected to one grid-like series of 100 indents, with fixed row/column
number (i.e. 5/20) and spacing between each indent (20 pm). E, was
determined through the Continuous Stiffness Method (CSM) developed
by Oliver and Pharr [23], which continuously measures the stiffness of
the indented material as a function of indentation depth. The maximum
indentation depth was set at 2000 nm. The output E., was the average of
the values measured between 1000 nm and 1800 nm. The Poisson’s ratio

of corrosion product was set at 0.25 similar to what was used in other
studies on nano-indentation of corrosion products [7,8]. Prior to each
test, calibration of the nano-indenter was conducted on external quartz
standards. An example of two measurements of elastic modulus (one for
steel and one for corrosion product) is visible in Fig. 3.

In Fig. 3 it is visible that in the shallow indentation depth, the elastic
modulus measurements fluctuate up to very high values (i.e. 350 GPa for
steel) because of the roughness of the sample surface [7]. However, as
the indentation depth increases, the elastic modulus lines converge to
overall constant values deeper than 1000 nm, especially for corrosion
products. Therefore, the values that are measured at the depth range of
1000—1800 nm are representative for the average elastic modulus of
each indent. It is worth mentioning that some portions of indented
corrosion products and surrounding matrix were significantly cracked,
as visible later in this manuscript. As a consequence, the resulting elastic
modulus for certain indents was equal to 0 GPa. These values have been
included in the elastic modulus maps of Figs. 9-12, but they have not
been considered for further analysis (i.e. the average elastic modulus of
corrosion products for each sample visible in Fig. 18).

2.2.2. Scanning electron microscopy (SEM) with energy dispersive
spectroscopy (EDS)

SEM and NanoSEM observations were conducted to identify the lo-
cations where nano-indentation was performed as well as to study the
textures morphology of corrosion products. The SEM used was a Philips
XL30 ESEM. For the microanalysis, it was operated at 20 kV accelerating
voltage and standard-based microanalysis protocols were used from

400

—— corrosion product
s steel

350 1

300

interval for E average

250

150

Elastic modulus [GPa]

100

0 t t t t
0 500 1000 1500 2000 2500

Displacement into sample surface [nm]

Fig. 3. Example of elastic modulus measurements for steel and corro-
sion product.
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[24]. Backscattered electron (BSE) images were acquired with a
magnification of x200. To investigate the relation between the chemical
composition and the elastic modulus of corrosion products, EDS
elemental maps were also acquired at 20 kV. In addition, textures were
studied using a FEI Nova NanoSEM 650 at TNO, using a solid state GAD
detector, operated at 10 kV.

2.2.3. Raman spectroscopy

The portions of corrosion product subjected to nano-indentation and
ESEM/EDS analysis were further characterized by Raman spectroscopy
spot analysis. Raman spectroscopy tests were performed using a Raman
InVia reflex microscope (Renishaw) with an acquisition time of 1 min.
The spectral region from 300 to 1500 cm ™! was collected using a laser
with an excitation line of 785 nm. The peak area was calculated using a
peak analyser tool from Origin, the baseline was subtracted, and the
peak was fitted to a Gaussian fit. The different corrosion product phases
were identified by comparing the obtained spectra with reference
spectra from the current literature [14,15,25-27].

2.2.4. X-ray diffraction (XRD)

X-ray diffraction analysis (XRD) was performed on powdered sam-
ples obtained from the liberated rebars. XRD was performed using a
Bruker D8 Advance diffractometer equipped with a Lynxeye detector
with opening angle of 2.94°, working at 40 kV and 40 mA. The data of
the experiment were collected at room temperature using Cu Ka radia-
tion (A =1.5406 A) over a 20 range of 10°-40°, step size 0.02 degrees 20.
The sample was deposited on a zero background holder and was rotated
at 15 rpm during the measurement. Generator settings were 40 kV and
40 mA. After data collection, phase identification was carried out with
the Bruker program EVA4.2 and based on expert judgement.

3. Results

In the first part of this section, a textural description of the corrosion
products based on SEM analysis at or near the SCI is presented. In the
second part, the mechanical and compositional characterization of these
corrosion products is shown. The experimental investigations and
analysis reported in this study are representative of limited areas at the
SCI of different specimens, which however did not significantly differ
from the other locations around the reinforcement visually. Therefore,
the analysed locations were considered to be representative of the entire
SCI for a given specimen.

CEM+CP C

Acc.V Spot Magn
200 kV 5.0 200x

Det WD }—— 100 um
BSE 10.0 1.0 Torr
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3.1. Corrosion product textures

In sample S1 (Fig. 4), two layers of corrosion products were present
around the steel. These occur within a very thin (around 5 in all sam-
ples), bright (i.e. high electron back-scattering due to a relatively high
average atomic number) layer considered to represent the original mill
scale layer as reported by other studies [7,13]. Even though the rebars
were polished before casting, it is likely that the whole mill scale layer
could not be removed. As a consequence, in all the samples of this study
the remaining of the original mill scale layer is thinner than 10—20 pm
as reported by Cook [28]. At the interface between the internal corrosion
layer and the steel, tiny dark grey indents are visible. In addition, an air
void was present just outside these corrosion layers, separated from it by
a thin cement paste interlayer of about 20 pm wide. The air void was
filled by corrosion products.

In sample S2 (Fig. 5), the corrosion products were present in a layer
around the steel. The layer was convex towards the steel, with internal
cracking more or less following the outline of the rebar, the widest one
present more or less coinciding with the mill scale or just within the
outer part of the corrosion products layer. Within the overall grey
corrosion product layer, thin, slightly lighter veinlets occupied voids
exist. The veinlets show tiny cracks in their middle. No air void is pre-
sent, but at the interface with surrounding concrete, cracks occur with
massive corrosion products along their margins and penetrating the
surrounding paste.

Sample S3 (Fig. 6) shows a texture to some extent comparable with
that in sample S2. The layers were also convex towards the rebar, with
the inner part showing lighter marblings. Outwards, a more homoge-
nous zone occurs, with an lighter outermost zone against the mill skin.
This zone was still convex. Outside the mill skin, an area occurs with
interstitial corrosion products in the cement paste. No air void was
present at the SCI, but corrosion products penetrating the surrounding
paste was visible.

Sample S4 (Fig. 7) shows two homogeneous grey, slightly convex
layers of corrosion products against the steel, followed by a partly
lighter, more marbled layer against the mill scale. This zone shows with
internal cauliflower-like textures, especially in its inner part. In this
zone, a crack more or less following the outline of the steel was present,
coincident to the circumference of the mill scale. An air void filled with
corrosion products is present just outside the mill scale.

Fig. 8 shows details of the internal microstructure within the a layer
of corrosion products formed in S4 not subjected to nano-indentation.
Between the corroding steel and the mill scale layer, corrosion prod-
ucts occupied the volume that was originally pristine steel. At this
location, corrosion products look dense and compact, embedding

Fig. 4. S1 (left) ESEM/BSE image of indented location (S = steel; CEM = cement paste; CP = corrosion product; A = aggregate; AV = air void; C = crack). (right)
SEM micro-picture (zoom-in of the box from the left figure) showing the tiny dark grey indents in the steel at the interface with the internal corrosion products layer

(indicated by white arrows). The mill scale layer is indicated by black arrows.
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CEM+CP

AccV SpotMagn Det WD }——— 100 um
200kvV 50 200x BSE 100 1.0 Torr

Fig. 5. S2 (left) ESEM/BSE image of indented location (S = steel; CEM = cement paste; CP = corrosion product; A = aggregate; C = crack). (right) SEM micro-picture
(zoom-in of the box from the left figure) showing the tiny lighter veinlets (indicated by white arrows) and the filled hole of the same grey intensity right to the centre
of the picture. The mill scale layer is indicated by black arrows.

CEM+CP

A

AccV SpotMagn Det WD p—— '100 um
200kv 50 200x BSE10.0 10Torr

Fig. 6. S3 (left) ESEM/BSE image of indented location (S = steel; CEM = cement paste; CP = corrosion product; A = aggregate; C = crack). (right) SEM micro-picture
(zoom-in of the box from the left figure) showing the lighter marblings (indicated by white arrows) and longitudinal cracks in the inner corrosion product layer. The
mill scale layer is indicated by black arrows.

Acc.V SpotMagn Det WD |——— 100 um
200K 200x  BSE 100 10Torr

Fig. 7. S4 (left) ESEM/BSE image of indented location (S = steel; CP = corrosion product; A = aggregate; C = crack; AV = air void). (right) SEM micro-picture
showing (zoom-in of the box from the left figure) the crack surrounding the steel reinforcement coincident to the mill scale layer. The mill scale layer is indi-
cated by black arrows.
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Fig. 8. S4 (left) SEM micro-image of corrosion products formed at the SCI and penetrating in the surrounding matrix with different textures and orientation (S =
steel; CP = corrosion product; A = aggregate; C = crack; AV = air void). (top-right) SEM micrograph showing (zoom-in of the box from the left figure) distinct layers
of corrosion products with longitudinal cracks (indicated by white arrows) and layers of variably-oriented products. (bottom-right) SEM zoom-in of corrosion

products with.

300
250
. = CEM-+CP
200
{. Y
£
150 =
=}
. E
L ] Q
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L] L) . o
+ L 50
.................... 0
20 15 10 5 0
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potMagn Det WD j——————{ 100 um

-

Fig. 9. S1 (left) range of E, for each column of indents; (centre) BSE image of indented location with distribution of E, (S = steel; CEM = cement paste; CP =
corrosion product; A = aggregate; AV = air void; C = crack). Numbers in black indicate the columns of the indentation grid; (right) EDS elemental mapping of O, Fe,

Ca, Cl.

darker-grey (i.e. lighter atomic mass) marblings in its matrix. Corrosion
products also penetrated into the mill-scale layer as well as the sur-
rounding paste. The inner part of the penetrated products was composed
of discrete elongated crystals more or less perpendicular towards the
original outline of the steel (Fig. 8, top-right). In these zones, cracks with
the same orientation occur. The outer part is also made up by elongated
crystals, but with random orientation (Fig. 8, bottom-right). These
euhedral crystals enclose interstitial pores whose shape is defined by the
crystal phases of the corrosion products. The textures strongly suggest
different growth phases under different physio-chemical conditions.

3.2. Corrosion product characterization

In Figs. 9-12, the range of E, at the SCI for different specimens is
visible, as well as the ESEM/EDS analysis and elemental mapping of the
same locations. In the centre of each figure, a BSE micrograph of the
indented locations at the steel/concrete interface was shown. The
indented locations were overlapped by an E., map, which consist of 100
indents (divided in 5 rows and 20 columns). On the left-hand side of
each figure, the E;, profile is reported. Each point of the E;, profile is the
average of 5 indents belonging to the same indentation column. The
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Fig. 10. S2 (left) range of E, for each column of indents; (centre) BSE image of indented location with distribution of E., (S = steel; CEM = cement paste; CP =
corrosion product; A = aggregate; AV = air void; C = crack). Numbers in black indicate the columns of the indentation grid; (right) EDS elemental mapping of O, Fe,

Ca, Cl.
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Fig. 11. S3 (left) range of E, for each column of indents; (centre) BSE image of indented location with distribution of E., (S = steel; CEM = cement paste; CP =
corrosion product; A = aggregate; AV = air void; C = crack). Numbers in black indicate the columns of the indentation grid; (right) EDS elemental mapping of O, Fe,

Ca, Cl.
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Fig. 12. S4 (left) range of E, for each column of indents; (centre) BSE image of indented location with distribution of E., (S = steel; CEM = cement paste; CP =
corrosion product; A = aggregate; AV = air void; C = crack). Numbers in black indicate the columns of the indentation grid; (right) EDS elemental mapping of O, Fe,

Ca, Cl. variable orientations.

variation between these values is represented by two whiskers. On the
right-hand side of each image, the EDS elemental mapping of Fe, O, Ca
and Cl of each indented location is reported.

Nano-indentation and SEM/EDS analysis were coupled with Raman
spectroscopy of specific locations of the corrosion product at the SCI to
investigate the relation between mechanical properties and mineralogy
of corrosion product compounds, as reported in Figs. 13-16. In each
Raman spot graph only the most representative peaks for the different
corrosion products have been highlighted. When peaks of Raman spectra
were not representative of any corrosion products, they were considered
to be caused by signal noise and therefore remained unassigned. A
schematic representation of the nano-indentation maps and the Raman

spectra of each sample is given in Fig. 17.

In Figs. 9-16, areas of corrosion product with different grayscale
value and E, can be distinguished, as schematically summarized in
Fig. 17. As described above, sample S1 shows two layers of corrosion
products around the steel (Fig. 4). The inner layer is mainly composed of
goethite with minor ferrihydrate and has E, of 50—75 GPa, whereas the
outer layer is also dominated by goethite, but with maghemite instead of
ferrihydrate; this layer has an Ec, of 75-100 GPa (Figs. 9,13). The
corrosion product in the interfacial air void is also goethite, with E¢p
varying from 75 to 125 GPa. In S2 (Figs. 10,14), the matrix of the
corrosion product layer is mainly composed by goethite (Fig. 14, spot 1
& 4) with an E, of 100—125 GPa. In these matrix, a zone with brighter
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Fig. 13. S1 (left) BSE image of indented location with E., mapping (in black: spots analysed through Raman spectroscopy); (right) Raman spectra for points 1-4. (G:

goethite, F: ferrihydrate; Mh: maghemite, /: coexistence of both products).
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Fig. 15. S3 (left) BSE image of indented location with E., mapping (in black: spots analysed through Raman spectroscopy); (right) Raman spectra for points 1-4. (G:

goethite; H: hematite; Mh: maghemite, /: coexistence of both products).

marblings and cracks as well as a filled hole are present (Fig. 5), cor-
responding to a mixture of goethite and magnetite (Fig. 14, spot 2) and
sole maghemite (Fig. 14, spot 3), respectively. For the latter domain, a
relatively low E¢p, of 25—75 GPa was measured, at least the lower values
likely due to the presence of cracks. A layered microstructure of

corrosion product was also visible for S3 (Figs. 6,11). The inner layer
was composed of goethite (Fig. 15, spots 1 & 2), with domains of
maghemite and hematite (Fig. 15, spot 3), and E¢, of 50100 GPa. The
outer layer against the mill scale is made up by maghemite solely
(Fig. 15, spot 4), with E¢p of 100—125 GPa. The two homogeneous grey
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Fig. 16. S4 (left) BSE image of indented location with E., mapping (in black: spots analysed through Raman spectroscopy); (right) Raman spectra for points 1-4. (G:
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Fig. 17. Schematic representation of the nano-indentation maps and results of Raman spectroscopy for each sample. (G: goethite, F: ferrihydrate; Mh: maghemite,

Mn: magnetite, H: hematite, SCI: steel/concrete interface).

layers of corrosion products in S4 (Fig. 16, spot 1 & 2) are both made up
by goethite, but with an increase of E, from 75 GPa to 125 GPa close to
the steel. The lighter outer layer of corrosion products adjacent to the
mill scale is made up by maghemite (Fig. 16, spot 3), with E¢p of 75-100
GPa (Fig. 12). The corrosion products in an interfacial void partially
filled are made up by a mixture of goethite and maghemite (Fig. 16, spot
4).

For all the specimens, the elastic modulus of some areas of pristine
steel was higher than the known elastic modulus of low-carbon steel,
equal to around 210 GPa. For S1, S3 and S4, the elastic modulus of steel
was ranging between 200—250 GPa, while for S2 it reached a maximum
value of about 275 GPa.

The identification of corrosion products was accompanied by powder
XRD. Besides phases from the cement pastes, the following corrosion
products were identified in the powders: S1 — goethite, S2 — goethite,
lepidocrocite, S3 — goethite, lepidocrocite, S4 — goethite, lepidocrocite.

=]

4. Discussion
4.1. Development of corrosion products in time

A better understanding of propagation of corrosion and its conse-
quences does not only require determination of their mechanical prop-
erties, but also their development in time, both geometrically and
mineralogically. In literature, different iron hydroxides and oxides have
been reported: the four modifications of FeOOH (goethite, a-FeOOH;
akaganeite, f-FeOOH; lepidocrocite, y-FeOOH; feroxhyte, 5-FeOOH),
different modifications of Fe;O3 (hematite, a- FepOs; maghemite,
v-Feo03), magnetite (Fe3O4), wiistite (FeO) and ferrihydrite
(Fe10014(0OH)3) as well as poorly crystalline or amorphous iron com-
pounds [14,15,27,33-36]. In our samples we found goethite (and fer-
rihydrite in one layer in one sample) and iron oxides (mainly
maghemite, also hematite and magnetite). After a period of 20 years
natural chloride induced corrosion, mineralogy of corrosion products
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seems to be independent with respect to the type of cement used, despite
the different pH of the pore solution of different mixes. In our opinion,
the different pore solution’s pH does not play a role during the initial
stage of corrosion products getting formed, since the very low (acid) pH
at the pit depth would be more dominant than the one of the pore so-
lution to influence the formation of the oldest (i.e. initial) compounds
(goethite). On the other hand, the contact with solutions with different
pH might influence how corrosion products (re)precipitated during the
many-years exposure of the specimens, which however did not show any
significant difference. As a consequence, the pH of the pore solution of
different mixes seems a secondary factor that might influence the
mineralogy of corrosion products.

The mutual relationships of the different iron compounds getting
formed at the SCI, in terms of time and/or different physio-chemical
conditions, has only sparsely been studied. The mineralogical interpre-
tation of their textures is an essential prerequisite to this, though these
textures might prove ambiguous. In our samples, we saw different
textures:

One or two layers between the pristine steel and the mill scale (S1, S2,
S$3). — The fact that these occur within the mill scale and are convex
towards the steel is considered as evidence that they were developed in
situ (Figs. 4-6). In case of S1 and S3, the outer formation was dominated
by maghemite, the inner one by goethite; in case of S2, the single layer
was dominated by goethite. The presence of goethite as the dominant
corrosion product around the reinforcement was in good agreement
with previous studies [29-32]. Formation of goethite, as well as trans-
formation of other FeOOH-polymorphs into goethite, could be expected
since goethite is the most stable oxyhydroxide [37]. According to Song
et al. [38], ferrihydrite is formed directly from the corroding mild steel
and, when in contact with low Cl- content environments, transformed
into goethite. Also, in a high Cl- content, lepidocrocite might evolve to
goethite through chlorination, which involves the intermediate forma-
tion of ﬁ-Fesog(OH)8C11_35 [38].

Marblings and elongated streaks within the goethite layer (S1, S2, S3) —
Such domains were irregularly shaped and discountinuous streaks that
differ in texture and composition from the main matrix (goethite). They
were composed by iron oxides (maghemite, hematite, magnetite)
instead of iron hydroxides (goethite). Although it was tempting to
consider the domains a relic of an older precursor layer preceding the
goethite, this might not be the case. The fact that the inner layer
composed of goethite was convex towards the steel indicates that the
goethite was developing directly at the expense of the latter. Also the
fact that, in S2 the veinlets of maghemite and/or magnetite (supposedly
based on comparison of similar domains in this sample analyzed by
Raman) occur along a tiny internal fractures (Fig. 5) suggests that these
developed along this fracture at expense of the original phase, i.e.
goethite, or another phase not present anymore. Therefore, the iron
oxides are considered an in situ replacement of originally iron
hydroxides.

It is interesting to note that the direction of recrystallization, i.e. the
oldest phase (goethite) constituting the inner layer of corrosion products
around the steel and the secondary iron oxides, notably maghemite,
composing the outer layer in our samples differs from the one observed
by Demoulin et al. [27] in 46 years old CEM II/A-S concrete. Their type
2a texture involves development of goethite outside a wiistite /
magnetite / hematite directly on the steel, interpreted as the mill scale;
their type 2b involves development of goethite between this scale and
the steel. This mill scale is, however, different from our outer layer of
corrosion products, and corresponds texturally to ‘our’ mill scale (whose
composition was not analyzed in this study).

The hematite in our samples might have developed from dehydration
and recrystallization of goethite, with magnetite developing due to lack
of oxygen supply [38]. This fact might explain why traces of hematite
and magnetite are found in the corrosion product layer (i.e. S3). In high
Cl™ content environment, the most likely corrosion product phase that
forms from ferrihydrate is lepidocrocite, since chlorides stabilize its
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crystal structure [38]. Though lepidocrocite was not observed in the spot
analysis by Raman spectroscopy, it was identified by bulk XRD in S2, S3
and S4. The presence of maghemite marblings (and layers) might be
caused by dehydration and recrystallization of lepidocrocite that did not
transform into goethite.

Domains with euhedral crystals (S4) - It was clear that corrosion
products in air voids outside the mill scale represent iron compounds
that had been dissolved prior to deposition. However, also the elongated
euhedral crystals with interstitial pores delimined by faces of these
crystals observed in the outer layer of corrosion products in S4 (Fig. 8)
require free space not available when in situ transformation of steel to
goethite to iron oxide occurs. These are considered as having grown
from saturated solution in free (partly) fluid filled spaces. Taking the
Raman spectrum of spot 3 for S4 (Fig. 16) as a reference, these crystals
represent maghemite, indicating that indeed this is at least in part
formed by recrystallization.

4.2. Micro-mechanical and -structural characterization of corrosion
products

4.2.1. Micro-mechanical properties of corrosion products

In Fig. 18 the range of E., measured for each specimen was reported.

According to Fig. 18, the average value of E., formed in different
concrete mixtures does not significantly change with cement type,
overall ranging between 80—100 GPa in all specimens. This range of E¢p
is similar to what was found by Hosemann et al. [13] (70—100 GPa) and
slightly different from the Elastic modulus of corrosion product studied
through nano-indentation by others [7,8,14,15]. Savija et al. [8] found
that E, ranged between 50—68 GPa, while Zhao et al. [7] measured E,
of two distinct corrosion product layers. In this latter case, they found
that the inner layer (formed due to dissolution of the reinforcement) had
Ep of 47—-86 GPa, while the outer layer (mill scale-related) had 98—122
GPa. Differences with previous studies might be related to the different
exposure to which the samples were subjected. Both of these studies
investigated the E, of anodically-polarised (accelerated) corrosion
product. Anodic acceleration probably influences the formation and
further distribution of corrosion product [8]. The current density at
which corrosion was accelerated might influence the micro-structure of
the corrosion product, such as its porosity and crystallinity, which likely
influence the resulting micro-mechanical properties. Further specimens
nano-indented by Zhao et al. [7] included portions of corrosion product
previously peeled from a corroding bar, thus excluding the potential
effect that the SCI might have on the corrosion product’s microstructure
(due to constrain from the surrounding concrete). The influence of
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boundary conditions (i.e. presence of cracks and cement paste) were
already pointed out by Savija et al. [8], who observed that the elastic
modulus of cracked corrosion product was lower than the E;, of undis-
turbed products. This was because presence of defects and lack of sur-
rounding boundaries that would offer accommodating area for the
deformation of the material while being indented, as it was also
observed in the present study.

The locations at which cracks occurred varied among the analysed
specimens. For S1 and S4, a 5—10 pm wide crack at the interfacial zone
between corrosion products and surrounding paste was visible (Figs. 13
and 16). The surroundings of these locations had E, ranging between
0 and 75 GPa in both cases. Differently, S3 was cracked in proximity to
the steel reinforcement (Fig. 15). This crack occurred within the goethite
layer, which had E, ranging between 25 and 75 GPa. For S2, two main
locations at the SCI were cracked: the interface between corrosion
products and surrounding paste as well as an inner portion coincident to
a goethite-maghemite layer. Both these locations had E, ranging be-
tween 0 and 75 GPa. As a matter of fact, it seems that cracks occur at the
least resistant locations of the interfacial zone, which however vary
among specimens. Three out of four specimens (i.e. S1, S2 and S4) had
cracks coincident to the cement paste at the corrosion products-matrix
interface. These locations are also adjacent to the mill scale layer sur-
rounding the reinforcement, and they had least E, according to nano-
indentation results. For S1 and S4 an interfacial void (completely and
partially) filled by corrosion products is visible, which might have
weakened the locations at which cracks are found. On the other hand, S3
had a crack coincident to a goethite layer adjacent to the steel rein-
forcement (Fig. 15). Interestingly, SEM/EDS analysis suggests that the
paste surrounding the reinforcement of this specimens is densely pene-
trated by corrosion products (Fig. 11). Surrounding paste with pene-
trated corrosion products is visible also for S2, which however seems less
deep and marked than that of S3 according to ESEM/EDS analysis
(Fig. 14). Penetration of corrosion products into the surrounding paste
probably densified and therefore strengthened the corrosion products-
paste interfacial zone, which in this case had E, ranging between 75
and 100 GPa. On the other hand, the cracked goethite portion of S3 had
E.p, ranging between 0 and 75 GPa. According to these observations, it
seems that penetration of corrosion products into the surrounding paste
as well as the presence of interfacial defects can strengthen and weaken
the SCI, therefore influencing the locations at which cracks occur.

According to the nano-indentation results of this study (Figs. 9-12),
the elastic modulus of pristine steel was higher than its well-known
value of 207 GPa. Similar results were obtained by Savija et al. [8],
who measured an elastic modulus of pristine steel equal to about 250
GPa. Lower values were obtained by Zhao et al. [7], who obtained an
elastic modulus of pristine steel of around 183 GPa. Since in the present
study the nano-indenter was calibrated with an external quartz standard
prior to each test, the reliability of the results of E., should not be
questioned. At the same time, the difference between the standard
elastic modulus of steel and that measured in the present study as well as
in previous ones is significant. A possible explanation of these results
might be related to the alloy component that is microscopically inden-
ted. The microstructure of low-carbon steel is composed of pearlite, a
two-phase laminar matrix made of ferrite (a-Fe) and cementite (Fe3C)
[39]. While a-Fe is relatively soft at temperatures below 727 °C, FesC
can have an elastic modulus even higher than 300 GPa [40]. The elastic
modulus of FesC is recognized to be highly anisotropic, and it depends
on, among other parameters, its orientation along different crystallo-
graphic directions [40]. A specific orientation of the pearlite structure,
and especially of its FesC fraction, might have therefore resulted from
the nano-indentation tests in elastic modulus of pristine steel higher
than the standard values.

4.2.2. Relationship between mineralogy and micro-mechanical properties of
corrosion products

The characterization of corrosion products coupling nano-
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indentation and Raman spectroscopy has been previously conducted
by only a few researchers [14,15]. Dehoux et al. [14] characterized the
corrosion product compounds and their mechanical properties formed
due to different types of corrosion (i.e. artificial corrosion, under
controlled chloride environment and naturally generated in ancient
buildings). They found that E., of specific compounds (i.e. goethite,
maghemite, magnetite and ferrihydrate) was not varying between
samples subjected to different types and time of corrosion. Jiang et al.
[15] also found very similar E, within the samples they analysed in
their study, which were corroded through anodic polarization. Howev-
er, the E., that they obtained was significantly lower than that of
Dehoux et al. [14]. In Fig. 19, the results of E, for different corrosion
product compounds reported by previous studies [14,15] as well as by
the present study are reported.

In Fig. 19, it can be seen that similar phases investigated in different
studies present different E.,. Compared to previous studies, in the pre-
sent research higher variation of E, for specific compounds is visible.
This is especially clear for goethite, of which E, was equal to 92—95
GPain [14], 67.9 £+ 5.3 in [15] and it was varying between 75—125 GPa
in the present study. Similar differences can be observed comparing E,
of maghemite and magnetite, for which Dehoux et al. [14] found 113
GPa and 139 GPa, respectively, while Jiang et al. [15] found 82.3 + 3.7
GPa and103.2 + 2.7 GPa, respectively. Despite the higher scatter, E.j, of
maghemite found in S1, S3 and S4 is overall comparable to that found by
others. For S2, E¢;, of both maghemite and magnetite are much lower
than that found by others due to the presence of cracks, of which in-
fluence on the results has been previously discussed. Furthermore, it is
worth mentioning that through nano-indentation the measured E, was
representative for a cluster that is visible only at the sample surface [41].
The main assumption using this technique was that the surface material
corresponds to the one indented in depth, which might not be always the
case. The specimens analysed in our study were also analysed through
X-ray Computed Tomography (CT-scans), as described elsewhere [22].
Through CT-scan analysis, it was verified that corrosion product was
present also below the indented locations. However, the fact that su-
perficial characteristics correspond to the in-depth ones could not be
verified. Hence, it must be emphasized that the E., measured in our
study as well as that of previous ones were not representative of single
corrosion product compounds crystals, but more of clusters formed by
precipitation of corrosion products. The micro-mechanical properties of
these clusters are likely to be influenced by many inter-related param-
eters besides their mineralogy, such as their porosity, their crystal
orientation and their crystallinity, which differ among different speci-
mens and structures. Therefore, a fixed E;, for specific corrosion product
compounds might not be representative for different cases.

Dehoux et al. [14] concluded that corrosion products may evolve
over time, due to the consequent transformation of the phases depend-
ing on, for instance, the availability of oxygen at the SCI as well as the
amount of chlorides in the surroundings. In their study, they observed
that the older the specimens were (up to 660 years of age), higher the E.,,
of the formed corrosion products was. In their opinion, this could be
explained by the transformation of the initial phases found in the
corrosion product marblings (i.e. ferrihydrate) into more resistant
phases (i.e. maghemite and magnetite) during time. In their anodically
corroded specimens, Jiang et al. [15] found similar corrosion product
mineralogy, but significantly lower E,. The differences between the
results of the two studies were explained by the different environments
in which the corrosion products were generated as well as their possibly
different crystallinity, crystal size and morphology [15]. In our study,
corrosion products with the same mineralogy and age were in some
cases found to have different E;, (also from that of previous studies). By
looking at the morphology and the E;, of corrosion products, a possible
relevant parameter that may influence the micro-mechanical properties
of corrosion products at the SCI (and therefore their behaviour) is the
porosity of corrosion products. Different morphology and porosity of
corrosion products are clearly shown in Fig. 8, in which
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randomly-oriented needles of corrosion products with empty spaces as
well as overlapping layers that are not completely adjacent to each other
are reported. Also, according to the analysis of Fig. 14, corrosion
products densely penetrating into the surrounding matrix seem to in-
fluence the location at which cracks might occur, strengthening or
weakening the interfacial zone. The influence of corrosion products
porosity on their Ec, would be in line with the results of Dehoux et al.
[14], since older specimens (i.e. those that corroded for the longest time)
have more corrosion products formed, which would densely accumulate
at the interface with a consequent decrease in porosity. Also, anodic
acceleration of corrosion would results in more rapid formation of
products that are likely less densified than those occurring during de-
cades, which would explain why Jiang et al. [15] found lower E, for
their corrosion products despite they had identical mineralogy of that
reported by Dehoux et al. [14]. Coupling these analysis with the trans-
formation of phases depending on the surrounding conditions to which
the phases are exposed, it seems that characteristic values for different
phases could be only assessed if specifically related to a phase at a
specific point in time. These values are likely to change over time due
many inter-related parameters, and due to this broad inter-dependency a
prediction of their behaviour cannot be accurately established yet.

5. Conclusions

The aim of the present study was to characterize the micro-structure
and micro-mechanical properties (i.e. Elastic modulus) of naturally-
generated corrosion products due to penetrated chloride ions in rein-
forced concrete specimens cast with four different cement types: Ordi-
nary Portland (CEM I), Portland-fly ash (CEM II/B), blast furnace slag
(CEM III/B) and ternary Portland-fly ash-slag cements (CEM V/A). For
this purpose, textures of the corrosion products have been analysed and
nano-indentation, NanoSEM-EDS analysis, Raman spectroscopy and X-
ray diffraction were conducted. Based on the results of this study, the
following conclusions can be drawn:

e -The main corrosion product phases identified were a goethite matrix
with marblings and layers of maghemite. Traces of ferrihydrate,
magnetite and hematite were also observed, all by Raman spectros-
copy. Lepidocrocite was only observed through XRD in three out of
four specimens.
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e -Corrosion products were mainly developed in situ, but there was
evidence that some clusters were formed by precipitation from the
pore solution.

-Goethite was the dominant and oldest corrosion product observed,
except possibly for some traces of ferrihydrite. It was partly trans-
formed into hematite and magnetite.

e -Maghemite was also secondary, and at least partially precipitated
from the pore solution. The precursor to maghemite was not clear.
-No significant effect was observed with respect to the effect of
cement type on the corrosion product mineralogy and elastic moduli.
-The E, of identified corrosion product phases varied within speci-
mens. Furthermore, the E, obtained in this study slightly differed
from those reported by previous researchers [14,15]. It is likely that
micro-mechanical properties of phases depend on many inter-related
parameters intrinsic to the corrosion product (i.e. porosity, crystal-
linity, etc.) which could not be assessed. Since these parameters are
likely sensitive to changes over time, characteristic values of phases
should not be considered as constants.

o -EDS mapping suggest that E., was inversely proportional to the
presence of cracks and the concentration of cement-related compo-
nents (i.e. Ca and Si), as already pointed out by Savija et al. [8]. Most
of the cracks were visible at the interface between the corrosion
products and the surrounding matrix and they were coincident to the
mill scale layer. When cracks occurred within the corrosion products
(i.e. S3) they were found in layers of goethite, which was overall the
least resistant compound found in our samples.

-According to previous studies as well as from the nano-indentation
tests and Raman spectroscopy analyses on naturally-generated
(chloride induced) corrosion product performed in this study, an
average E.p ranging between 80—100 GPa is suggested for use in
numerical models for corrosion induced cover cracking related to
chloride induced corrosion. In terms of average values, significant
variations were not observed between Ec, of corrosion product
generated in mixes cast with different cement types. These average
values would not take into account the different phases and poly-
morphs that constitute the corrosion product layers.
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