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Themineralogy and spatial distribution of nano-crystalline corrosion products that form in the steel/concrete in-
terface were characterized using synchrotron X-ray micro-diffraction (μ-XRD). Two types of low-nickel high-
chromium reinforcing steels embedded into mortar and exposed to NaCl solution were investigated. Corrosion
in the samples was confirmed by electrochemical impedance spectroscopy (EIS). μ-XRD revealed that goethite
(α-FeOOH) and akaganeite (β-FeOOH) are the main iron oxide–hydroxides formed during the chloride-
induced corrosion of stainless steel in concrete. Goethite is formed closer to the surface of the steel due to the
presence of chromium in the steel, while akaganeite is formed further away from the surface due to the presence
of chloride ions. Detailed microstructural analysis is shown and discussed on one sample of each type of steel.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

In non-carbonated and chloride-free concrete, embedded steel rein-
forcement is protected from corrosion by a protective oxide film that
forms on the steel surface. However, in less-than-ideal conditions this
is not the case. A decrease in concrete alkalinity may cause failure of
the stable chemical environment around the steel reinforcement. Also,
a rise of the concentration of chloride ions above a threshold value in
the vicinity of steel reinforcement may lead to a localised breakage of
the passive layer [1]. Once the passive layer is dissolved or broken cor-
rosion is initiated, and a second stage of corrosion starts, i.e., the corro-
sion propagation period, during which corrosion products are formed
on the surface of the steel [2]. These corrosion products are mainly
iron oxides and iron oxide–hydroxides, which have a larger specific vol-
ume than pure iron. The resulting volume expansion during the build-
up of corrosion products creates radial pressure at the steel/concrete in-
terface, leading to concrete cracking and delaminating, and eventually
structural instability and failure [3]. Models that consider the radial
pressure at the interface between the cement matrix and reinforcing
steel – which leads to tensile stresses greater than the concrete tensile
strength and thus cracking – take into account properties of concrete
(e.g., residual compressive and tensile strength, stiffness, modulus of
1 510 643 8928.
teiro).
elasticity) and properties of corrosion products (e.g., rate of formation,
depth of penetration into thematrix, volume, andmorphology of corro-
sion products) [4–11]. Due to the critical role that corrosion products
play in understanding the propagation of corrosion, cracking and the
eventual failure of concrete, several comprehensive studies were per-
formed to characterize the different iron oxides and iron oxide–hydrox-
ides that form during corrosion of carbon steel reinforcement [13–17]
andweathering steels [12,18,19]. However, previous studies investigat-
ing corrosion products formed on carbon steel reinforcement in
concrete [13–16] have not reported the spatial distribution of the crys-
talline phases in the corrosion products near the steel-cement matrix
interface. This information is critical to better understand the corrosion
process, the formation of corrosion products, and the generation of
stress on the interface leading to concrete cracking.

Nowadays, stainless steels are widely utilized as reinforcement
instead of carbon steel, especially when durability due to aggressive
environment exposure is a concern. Because of rising nickel prices,
however, new types of corrosion resistant steels with lower percent-
ages of alloying elements have been developed, e.g., low-nickel,
high-chromium corrosion-resistant steels, which can be a cost-
effective corrosion resistant alternative to highly alloyed stainless
steels. So far, published research on these types of steel as concrete
reinforcement has focused on the corrosion initiation phase, mainly
on the characterization of the passive film, and on the critical condi-
tions for the onset of corrosion [20–24]. Long-term research of

http://crossmark.crossref.org/dialog/?doi=10.1016/j.cemconres.2015.02.004&domain=pdf
http://dx.doi.org/10.1016/j.cemconres.2015.02.004
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corrosion behaviour of these steels in concrete is very scarce, espe-
cially those aiming at evaluating the real-time propagation of corro-
sion and the formation of corrosion products. Until now, research on
laboratory samples and long-term exposure of real concrete reinforced
structures to marine environments have shown that, besides longer
initiation periods, these steels have a prolonged propagation period
(i.e., more time is needed to achieve a certain level of corrosion activity)
[25,26]. The available literature on corrosion products formed under the
influence of alloying elements concentrates mainly on synthesized iron
oxide–hydroxides, created and tested under laboratory-controlled
conditions [12,27–31]. These studies have demonstrated that adding
specific alloys influences the type of iron–hydroxide phases created
during the corrosion process.

The present study aims at determining the type, morphology, and
in-situ spatial distribution of the crystalline phases of corrosion prod-
ucts that form during natural (non-accelerated) corrosion of two
types of low-Ni, high-chromium Cr corrosion resistant steel embedded
in mortar. Reinforced mortar samples were exposed to an aggressive
chloride solution for two years, during which their corrosion activity
was confirmed by (1) monitoring the corrosion potential and (2) by
analysing electrochemical impedance spectra (EIS) at the open circuit
potential (EOC). Next, corrosion products formed in the steel–cement
matrix interface were analysed with synchrotron radiation to deter-
mine their type and distribution relative to the surface of the reinforce-
ment. Using synchrotron-based X-ray micro-diffraction (μ-XRD), two-
dimensional maps showing the distribution of crystalline phases with
a high spatial resolution were obtained. Besides the μ-XRD used for
identification of crystalline phases, X-ray micro-fluorescence (μ-XRF)
was also used for elementalmapping to differentiate between corrosion
products and the cement paste matrix, thus locating areas of interest
(e.g., iron-rich or chromium-rich areas). Scanning Electron Microscopy
(SEM) combined with Energy Dispersive Spectrometry (EDS) was
used for imaging and to determine the chemical composition of recog-
nized corrosion products.

2. Experimental program

2.1. Materials

Two types of low-Ni, high-Cr steel were studied. One of the steels
had 10 wt.% Cr (UNS S41008, EN 1.4003) and the other 16 wt.% Cr
(UNS S20430, EN 1.4597). Both steels had significantly lower Ni con-
tent compared to classical stainless steel (less than 2 wt.%, compared
to typical alloyed stainless steel with 8 to 13 wt.%). Table 1 lists their
chemical composition. Both tested steels are commercially available
on the market as corrugated reinforcing steel, and both were embed-
ded into the mortar as received from the manufacturer. The surface
of the reinforcing steels was not additionally pre-treated, with an in-
tention to simulate what would happen during real construction in
the case of application of these steels as reinforcement. Production
processes of both of the tested steels are protected by the producers.
Based on the appearance of the surface of the steel, it could be as-
sumed that 10%wt Cr steel was not pickled, while 16% steel was pick-
led in the production phase.

The mortar used to embed the steels was prepared using cement
CEM I 42.5 (cement without mineral admixture, similar to ASTM ce-
ment Type I), with a 0.7 water-to-cement ratio. Crushed limestone
Table 1
Elemental composition of the investigated steels.

Steel type Elemental composition, wt.%

C Si Mn S

10% Cr steel ≤0.03 ≤1.00 ≤1.50 ≤0.015
16% Cr steel ≤0.10 ≤2.00 7.50 ≤0.003
with a maximum particle size of 4 mm was chosen as the aggregate.
The mortar mix proportion was chosen so that the ratio between
constituent materials (water, cement and aggregate) was identical
to the concrete labelled C(0.7) according to European standard EN
1766: 2000. In this standard, the preparation of reference concrete
is described, which is used to perform comparative tests for evaluat-
ing the influence of products and systems for repair and protection of
reinforced concrete structures. Therefore, to evaluate the influence
of corrosion resistant steel composition on the corrosion behaviour
of reinforced concrete and to keep the concrete quality constant for
both steel types, a similar mortar to that C(0.7) of known properties
was prepared. Corrosion was not accelerated electrochemically;
rather, it was allowed to initiate and propagate naturally. To obtain
a significant amount of corrosion products in a reasonable time, a
mortar with high water-to-cement ratio was used. It is assumed
that a better quality concrete would not change the morphology or
chemical composition of the corrosion products; however, it would
prolong the time to onset of active corrosion, change the properties
of the interfacial zone between steel and matrix, and influence the
mobility of ions inside the cement matrix. However, since the aim
of the paper is to compare two different types of steel in the same
mortar mixture, it can be expected that this influence would be sim-
ilar for both steel types.

The mortar was cured for 28 days in a humidity chamber, with con-
trolled humidity (95% RH) and temperature (20 ± 2 °C). After 28 days,
the compressive strength of the mortar wasmeasured as 32.7 MPa. The
mortar also showed a low resistance to chloride penetration (non-
steady state chloride migration coefficient tested according to NT
BUILD 492; measured as 2 × 10−11 m2 s−1).

2.2. Preparation of the samples

The 14 mm-diameter steel rebar from the selected two different
steels were cut into 100 mm-long pieces, providing an approximate
steel testing area of 45.5 cm2 for each segment. A copper wire was
welded to the top end of each segment for the electrical connection.
The weld was protected with a polyester-based sealing material. This
connectionwas necessary tomonitor the corrosion potential and obtain
impedance spectra of the steel during the two-year-long exposure of
the samples to aggressive conditions that simulated a marine environ-
ment. The steel segments were placed into 40 mm-diameter and
140 mm-long plastic moulds and fresh mortar was then placed into
the moulds embedding the steel. A special holder for moulds was pre-
pared, consisting of 10 samples. The wire which was connected to the
reinforcing steel for electrochemical testing was fixed on the bottom
of the holder, to ensure that the steel will stay in the centre of the
mould. Once themortar was placed inside themould, themould holder
with all samples was placed on a vibrating table to ensure full compac-
tion of the samples. Samples were checked after demoulding, to ensure
that there were no visible defects of the samples. Three replica samples
were prepared as described and were cured in a humidity chamber for
28 days with controlled humidity (95% RH) and temperature (20 ±
2 °C) and were subsequently partially submerged into a 3.5 wt.% NaCl
solution (0.6 mol dm−3). A schematic sketch of the sample assembly
is shown in Fig. 1(a). Oxygen penetration was expected to proceed
from the upper part of the samples and chloride penetration from the
submerged part of the specimen. Based on the corrosion potential
N Cr Cu Mo Ni Fe

≤0.03 10.50 – – 0.30 Bal.
0.15 16.00 2.00 ≤1.00 b2.00 Bal.



Fig. 1. (a) Schematic of the cast samples; (b) sample after sawing, grinding and polishing.
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measurement and impedance spectra data representative specimens
were chosen for detailed microstructural analysis, and it is expected
that these specimens can be representatives of the group. After two
years of exposure, this representative specimen of each type of
steel was cut into 1-cm-thick slices. To ensure that all voids in the
matrix as well as the interface were filled with epoxy, one side of
the slice was vacuum impregnated with low-viscosity epoxy resin.
Next, the surfaces were carefully polished on a grinding plate with
20, 9, and 3 μm Al2O3 powder. The final polish was completed using
an oil-based paste with 0.25 μm diamond abrasives. During the
grinding and polishing, kerosene was used instead of water to
avoid any further reaction in the specimen. To prevent charging, a
20 nm-thick coating of carbon was applied on the specimens before
conducting the SEM investigations. Fig. 1(b) shows the specimens
as used in the microscopic investigations.

It has to be noted that, even though samples were impregnated
with epoxy and kerosene was used during grinding and polishing,
the process of cutting and grinding the sample may have induced ad-
ditional cracks in the sample and some short exposure to oxygen
may have changed the micro-structure of the products. This surely
is one of the main drawbacks in using methods that need detailed
and destructive sample preparation when investigating corrosion
of reinforcing steel in concrete. However, high spatial resolution
and the possibility of phase identification and mapping is unique to
this method, which is why it was used for this specific purpose.

2.3. Monitoring corrosion potential and impedance spectra

During the exposure, the corrosion activity of reinforcing steels
was monitored by measuring open-circuit potential (EOC) and by
performing electrochemical impedance spectroscopy (EIS). A standard
three-electrode systemwith a titaniummesh as a counter and a saturat-
ed calomel electrode (SCE) as a reference electrodewas used. All poten-
tials reported refer to the SCE. EISmeasurementswere performed in the
frequency range between 100 kHz and 0.1 mHz with the ac perturba-
tion ±10 mV. The impedance spectra fitting was carried out using the
commercial software ZView.

2.4. Scanning Electron Microscope (SEM) and Energy Dispersive
Spectrometry (EDS)

The SEM and EDS investigations were performed at the Department
of Earth and Planetary Science at the University of California,
Berkeley. The SEM was operated in backscatter mode, at an acceler-
ating voltage of 15 kV for imaging and 25 kV for elemental analysis
of the corrosion products. For imaging and microstructure investiga-
tions, magnifications in the range of 60 to 1000× were used with the
probe current ranging between 500 pA and 2 nA. The EDS point anal-
ysis andmulti-element mapping were employed at specific positions
on the sample to obtain the elemental analysis of corrosion products
at the steel/cement matrix interface. Element mapping was per-
formed at high energy (25 kV) and high probe current (around
3.0 nA) to optimize the counting statistics.
2.5. Micro-X-ray Diffraction (μ-XRD) and micro-X-ray Fluorescence
(μ-XRF)

Synchrotron μ-XRD measurements, carried out on beamline
12.3.2 at the Advanced Light Source (ALS), Lawrence Berkeley National
Laboratory [32,33], were used to characterize the corrosion products
and to identify their spatial distribution. Beamline 12.3.2 offers the abil-
ity to operatewith polychromatic (5–22 keV) ormonochromatic beams
[34,35]. In the case of the 10 wt.% Cr steel, a 450 μm× 550 μm area scan
was collected, with a 20 μmstep size in the x-direction and a 50 μmstep
size in the y-direction. In the case of the 16 wt.% Cr steel, two
500 μm × 400 μm area scans were collected, with a 20 μm scan step in
the x-direction and a 100 μm scan step in the y-direction. A diffraction
pattern was collected at each step using the Pilatus 1 M detector
(169 × 179 mmwith 981 × 1043 pixels of 0.172 μm edge length). The
scans were done in reflection mode, using a monochromatic beam (en-
ergy 10 keV, λ = 1.23986 Ǻ) while collecting diffraction data. The de-
tector was positioned at an angle 2θ of 47° with respect to the
incident beam. The angle of incident beamrelative to the sample surface
was 5°. The sample to detector distance was 145.93 mm. More details
on the general experimental set-up for beamline 12.3.2 can be found
in Kunz et al. [33].

Although beamline 12.3.2 is optimized for μ-XRD, it also allows
collection of fluorescence signals through a VORTEX Si-drift detector
that can be used to locate areas enriched with elements heavier than
Ca (Z N 20). In the present study, μ-XRF was employed for the locali-
zation of elements of interest; this was done to differentiate the area
of corrosion products from the cement matrix and pure steel. In this
way, μ-XRF maps helped to correlate sample positions during the μ-
XRD experiment with regions of interest identified in backscattered
SEM images.



Fig. 3. (a) Bode and (b) Nyquist plots of impedance spectra for concrete sample reinforced
with the 10 wt.% Cr steel and the 16 wt.% Cr steel after 1 month of exposure to 3.5 wt.%
NaCl solution. Proposed EC used for fitting is shown in the upper corner; experimental
values given as dots, fitted values displayed as lines.
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3. Results and discussion

3.1. Corrosion activity

Fig. 2 shows representative results of EOC time dependence, obtained
from parallel measurements performed on 3 identical samples for each
of the steel embedded into mortar, during 24 months of exposure to
3.5 wt.% NaCl solution. It can be observed that for the entire exposure
time the potential of the 16 wt.% Cr steel was more anodic than the po-
tential of the 10 wt.% Cr steel. After 24 months of exposure both the po-
tential of the 10 wt.% Cr steel and 16 wt.% Cr steel decreased compared
to the values after one month of exposure, but the latter value was still
significantly more anodic than the former. The change of EOC towards
more negative values can be considered as indicative of depassivation
of steel and initiation of localized corrosion. In this study we focused
on the time-dependence of the potential where a rapid decrease of
the potential is interpreted as destabilization or breakdown of the pas-
sive film and initiation of pitting corrosion. This interpretation is further
supported by EIS results. EIS spectra for 10 wt.% Cr steel and 16 wt.% Cr
steel after one month of exposure are presented in Fig. 3. After one
month of exposure, a passive state is assumed for both steels. An electri-
cal circuit (EC) was used to describe the behaviour of the tested steels
and is shown on Fig. 3(a). In the electrical circuit, constant-phase ele-
ments (CPE) were used instead of the pure capacitance to take into ac-
count the inhomogeneity present at the reinforcement/pore solution
interface [36]. The impedance of a CPE is defined as ZCPE= [CPE(jω)n]−1

[37]. During the fitting process, values of nwere smaller than 1 for both
samples, indicating that the behaviour of the system is not purely capac-
itive and that CPE should be used. Furthermore, this analysis of the pro-
posed electrical circuit yielded fitted data with the error below 10% for
all parameters. The accuracy of fitting is illustrated in Fig. 3(a) and (b),
with experimental values presented as symbols and fitted values as
lines. The physical meaning of the components in the proposed circuit
during the passive state is the following: resistance Rmortar can be relat-
ed to the resistance of testing solution and mortar. The first time con-
stant parameters (resistance R1 and constant phase element CPE1)
appearing at the intermediate frequencies (between 10 Hz and
10−1 Hz) were attributed to the redox transformation which occurs
on the outer region of the passive layer [23,24]. The second time con-
stant parameters (resistance R2 and constant-phase element CPE2)
appearing at the low frequencies (between 10−1 and 10−3 Hz)were at-
tributed to the non-ideal interfacial capacitance of the steel surface and
charge transfer resistance that reflects the corrosion resistance of the
steel surface controlled by the properties of the passive film [22,24].
Fig. 2. Open circuit potential (EOC) of tested steels embedded into concrete during
24 months of exposure to 3.5% NaCl solution.
Fig. 4 presents the impedance spectra after 24 months of exposure
for 10 wt.% Cr steel and 16 wt.% Cr steel, respectively. An electrical
circuit was used to describe the behaviour of the tested steels and is
shown in Fig. 4(a). Constant-phase elements CPE instead of the pure ca-
pacitancewere used for longer exposure times, based on the same ratio-
nale used in the shorter exposure period. Here, the first time constant
parameters (resistance R1 and constant phase element CPE1) appearing
at the intermediate frequencies (between 10 Hz and 10−2 Hz) were at-
tributed to the layer of corrosion products formed at the reinforcing
steel surface, while the second time constant parameters (resistance
R2 and constant-phase elements CPE2) appearing at the low frequencies
(between 10−2 Hz and 10−4 Hz) were attributed to the sum of process-
es appearing at the pitted and passive area [38]. The accuracy of fitting is
illustrated in Fig. 4(a) and (b), with experimental values presented as
symbols and fitted values as lines (obtained error below 10% for all
parameters).

Table 2 shows the best-fit parameters obtained by fitting spectra
measured after one month while Table 3 displays the respective values
after 24 months of exposure for both types of steel. Values of resistance
are expressed over awhole surface of exposed steel (steel testing area of
45.5 cm2). The constant-phase element values, obtained by fitting the
spectra to proposed EC, were used to calculate the capacitance values,
using the equation developed by Farcas et al. [37]. The resistance of
the mortar and electrolyte Rmortar, is similar for both steels, with values
being slightly higher in the case of 10 wt.% Cr steel at the beginning of
the exposure, but declining over time for both specimens. The variation
of these resistances can be attributed to the poor quality of themortar as



Fig. 4. (a) Bode and (b) Nyquist plots of impedance spectra for concrete sample reinforced
with the 10 wt.% Cr steel and the 16 wt.% Cr steel after 24 months of exposure to 3.5 wt.%
NaCl solution. Proposed EC used for fitting is shown in the upper corner; experimental
values given as dots, fitted values displayed as lines.
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water saturation and salt penetration inside the matrix caused the in-
crease of the conductivity of the mortar. It is also possible that the vari-
ation in resistances is partly caused by varying distances between
reference and working electrode due to the inability to perfectly repli-
cate the electrochemical cell parameters during each testing. A compar-
ison of resistances R2 after onemonth of exposure, when both steels are
passive, demonstrates that the charge transfer resistance of the passive
film formed on 16 wt.% Cr steel is two orders of magnitude higher than
of the 10 wt.% Cr steel (182.2 kΩ cm2 compared to 14.1 MΩ cm2). This
significant difference can be attributed to the formation of amore stable
Cr-rich passive film in the case of 16 wt.% Cr steel compared to the case
of 10 wt.% Cr steel [21]. The resistances R1 after one month of exposure
have comparable values for both tested steels (several kΩ cm2),
supporting the attribution of this resistance to the redox transformation
occurring on the surface of the oxide film formed on both types of steel.

After 24 months of exposure, the values of resistance R1, ascribed to
the layer of corrosion products, are higher in the case of 16wt.% Cr steel
than in the case of 10 wt.% Cr steel, 26.7 kΩ cm2 and 16.7 kΩ cm2,
Table 2
The best-fit parameters obtained by fitting spectra for 10 wt.% Cr steel and 16 wt.% Cr steel aft

Steel type Eocv, mVSCE Rmortar, kΩ cm2 R1, kΩ cm2

10 wt.% Cr −0.318 5.6 2.3
16 wt.% Cr −0.165 3.2 6.4
respectively. There was an even great discrepancy in the values of ca-
pacitance C1 measured: 2 mF cm−2 for 10 wt.% Cr steel and
0.1 mF cm−2 for 16 wt.% Cr steel. Obtained values of capacitance were
similar to the values obtained for carbon and corrosion-resistant steels
during long-term exposure to aggressive environment [39].

A higher value of capacitance obtained for 10 wt.% Cr steel that for
16 wt.% steel indicates formation of a highly porous and heterogeneous
layer of corrosion products. The resistanceR1 of 16wt.% Cr steel is higher
than that of 10 wt.% Cr steel, with significantly lower capacitance of this
layer, indicating that the layer of corrosion products formed in the case
of 16 wt.% Cr steel is more homogeneous and probably less porous. A
comparison of the EIS parameters of the second time constant (R2 and
C2) obtained for both types of steel after 24months of exposure also re-
vealed significantly higher resistance and significantly lower capaci-
tance of the pitted and passive area of 16 wt.% Cr steel compared to
10 wt.% Cr steel. Therefore, even though the corrosion initiated and
propagated for both steel specimens, the corrosion resistance of the
16 wt.% Cr steel was still significantly higher than that of the 10 wt.%
Cr steel, even during the corrosion propagation period. Higher corrosion
resistance of this steel during passivity is attributed to the composition
of the passive film and is dependent on the chemical composition of the
bulk material [20–22].

3.2. Phase distribution

Backscattered SEM (BSE) images (Figs. 5 and 6) were collected at
low magnification (around 60×), which allowed for differentiation be-
tween phases in the sample (the steel is bright, the iron-rich interface
with corrosion products are light grey, and the cement matrix is dark
grey), and the correlation of the BSE image with μ-XRF maps. Fig. 5
shows a backscatter image of the 10 wt.% Cr steel and the mortar inter-
face (a) together with the elementmapping of (b) Ca, (c) Fe, and (d) Cr,
obtained by μ-XRF of the same area. To allow comparison of the distri-
bution of elements throughout the sample, the intensity of each
element on a specific map-point was normalized relative to the maxi-
mum intensity of this element obtained on themapped area, which ex-
plains the scale bar from 0 to 100 shown below the images. Note that
the corrosion products are propagating from the steel surface through
the cement matrix in a ~0.5 mm thick layer.

Fig. 6 shows the BSE image of the 16wt.% Cr steel and themortar in-
terface (a) together with the element mapping of (b) Ca, (c) Fe, and
(d) Cr, obtained by μ-XRF of the same area. On this steel, corrosion prod-
ucts are propagating from the steel surface through the cement matrix
in a ~0.4 mm thick layer. The numbers on the BSE images and Fe and
Cr map in Figs. 5 and 6 denote the spots where diffraction patterns
were collected [shown below in Fig. 8(a) and (b)]. These specific loca-
tions were chosen depending on the relative amount of Fe and Cr, and
their vicinity to the surface of the reinforcing steel. Positions 1 and 2
are close to the steel surface. Positions 3 and 4 are in the corrosion prod-
ucts/cement paste interface. Monochromatic diffraction measurements
produced smooth Debye–Scherrer rings, revealing that corrosion prod-
ucts were nanocrystalline and that the monochromatic beam
(2 × 20 μm) is appropriate for further characterization of these prod-
ucts. The obtained powder diffraction patterns covered a 2θ range of
8°–60°, corresponding to 1.2 b d b 8.5 Å. Fig. 7(a) shows an example
of a diffraction pattern obtained with the instrument set-up described
in Section 2.5. Integration along the azimuthal direction leads to a
er 1 month of exposure.

C1, μF cm−2 n1 R2, kΩ cm2 C2, μF cm−2 n2

26.8 0.75 182.2 516.5 0.85
18.9 0.91 14,146.4 37.9 0.91



Table 3
The best-fit parameters obtained by fitting spectra for 10 wt.% Cr steel and 16 wt.% Cr steel after 24 months of exposure.

Steel type Eocv, mVSCE Rmortar, kΩ cm2 R1, kΩ cm2 C1, μF cm−2 n1 R2, kΩ cm2 C2, μF cm−2 n2

10 wt.% Cr −0.496 2.8 16.7 1980.0 0.51 55.5 24,683.1 0.80
16 wt.% Cr −0.342 3.1 26.7 94.6 0.65 147.0 1145.9 0.70
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regular one-dimensional intensity versus d-spacing or 2θ powder dif-
fraction pattern. For phase identification, peak positionswere compared
against a crystal structure database, available as a part of the ALS in-
housewritten μ-XRD analysis software (XMAS) [32]. Proper phase iden-
tification requires calibration of the instrumental geometry; in this case,
this was accomplished through the diffraction patterns of Si and Al2O3.
Fig. 5. (a) BSE image of the 10wt.% Cr steel andmortar interface; and μ-XRFmaps of the same a
bers marked on the images represent the positions at which diffraction patterns presented in F
Table 4 shows themain crystalline phases observed in the corrosion
layer and the d-spacing and Miller indices of their high-intensity
finger-print reflections that were used to identify them [40,41].
Other phases usually found as corrosion products display only high
angle, low d-spacing reflections, which are difficult to use phase identi-
fication due to strong peak overlap at low d-spacings. Fig. 7(b) and
rea showing distributions and intensities of (b) calcium, (c) iron and (d) chromium. Num-
ig. 8(a) were collected.



Fig. 6. (a) BSE image of the 16wt.% Cr steel andmortar interface; and μ-XRFmaps of the same area showing distributions and intensities of (b) calcium, (c) iron and (d) chromium. Num-
bers marked on the images indicate the positions at which XRD patterns in Fig. 8(b) were collected.
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(c) shows identified diffraction rings for dolomite (aggregate) and
akaganeite (corrosion products), respectively. In addition to the phases
related to the corrosion products, the investigated samples were pre-
pared from reinforced mortar, resulting in the observation of many
phases related to the cement matrix and the aggregates. Dolomite and
halite, due to their high crystallinity, showed the strongest peaks in
the μ-XRD pattern and created strong individual spots, as opposed to
the nanocrystalline corrosion products, which created smooth rings
on the diffraction image. As hydration products and aggregates are
not the subject of this research, their peaks were subtracted from
diffraction patterns and are not displayed in the patterns shown in
Fig. 8(a) and (b).

Fig. 8(a) and (b) shows μ-XRD patterns, which were obtained by in-
tegration over a 2θ range of 8°–60°, corresponding to 1.2 b d b 8.5 Å,
performed on a diffraction pattern collected on locations specified
with numbers 1 to 4 in Figs. 5 and 6. The main phases were identified
and their characteristic reflections are shown on the bottom of
Fig. 8(a) and (b). The results of microdiffraction experiments pre-
sented in Fig. 8(a) and (b) show that akaganeite (Fe3+O(OH,Cl),
also known as β-FeOOH) and goethite (α-FeOOH) are formed as



Fig. 7. (a) A representative monochromatic μ-XRD pattern (energy = 10 keV) showing partial Debye–Scherrer rings, (b) reflections of dolomite, and (c) reflections of akaganeite.
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the main crystalline phases of the corrosion products of chromium-
rich steel in concrete exposed to a marine environment.

Previous studies performed on synthesized iron oxide–hydroxides
indicated that chromium influences the formation of goethite as a pre-
dominant crystalline phase compared to other iron oxide–hydroxides
[18]. Akaganeite was found to be the main phase when corrosion oc-
curred in marine environments [15–17,19]. Therefore, the influence of
the steel composition and the environment around the steel in concrete
explainswhymainly these two iron oxide–hydroxides formed as corro-
sion product of chromium rich steel in concrete exposed to marine en-
vironment. In the case of the 10wt.% Cr steel, chromite (FeCr2O4) is also
identified at the edge of this reinforcing steel. Even though chromite and
magnetite (Fe3O4) have similar diffraction patterns, the d-spacings of
the phase observedherematched the ones of chromite better thanmag-
netite. Also, EDS performed on the phase adjacent to the surface of the
steel revealed high amounts of chromium, and the ratio between chro-
mium and iron indicated chromite chemistry. Since chromite could po-
tentially be a precipitate formed during production of this ferritic steel
[42] and not a phase formed due to the corrosion process, it is not con-
sidered further.

Besides these phases, no other crystalline phases were found in any
significant amount. In particular, the diffraction patterns suggest an
absence of Cr or Ni oxide–hydroxides. This is attributed to the fact
that other alloying metals are present in much lower amounts com-
pared to iron. Compared to chromium, iron dissolves more readily
and forms less stable compounds with oxides and hydroxides.
These less stable compounds react more easily with chloride ions to
form a soluble complex [3], which then precipitates in the pore solution
away from the surface of the steel. This explainswhy iron-rich areas are
found further away from the steel surface, while chromium-rich areas
outside the steel are found only in a thin layer in immediate vicinity
of the steel surface. Furthermore, the diffraction pattern shown in
Fig. 8(a) and (b) seem to suggest that akaganeite and goethite grow
by differentmechanisms, depending on their proximity to the steel sur-
face and the amount of Cr and Fe available. In the case of 10 wt.% Cr
steel, akaganeite peaks were found closer to the steel surface, but they
tended to be weaker and broader. With further distance from the steel
Table 4
Main phases identified, three reflections used for their identification, Miller indices of
planes producing reflections and their d spacing.

Type Relative intensities I, hkl, d-spacing (Å)

Chromite Fe2(CrO4)3 100, 311, 2.53 40, 440, 1.48 34, 220, 2.96
Goethite α-FeOOH 100, 101, 4.20 72, 111, 2.44 45, 301, 2.69
Akaganeite β-FeOOH 100, −101, 7.48 89, −103, 3.33 46, 200, 5.30
Halite NaCl 100, 200, 2.83 66, 220, 1.99 22, 311, 1.63
surface, akaganeite peaks increased in intensity and became sharper, in-
dicating a higher crystallinity and larger grain size. In the case of 16wt.%
Cr steel, mostly goethite is found in those areas closer to the surface of
the steel; its peaks have high intensities and are sharp, indicating that
goethite is in a well-crystallized phase in the area around the surface
of this steel. In contrast, further away from the surface of the steel, goe-
thite peaks becomeweaker and broader and akaganeite peaksmore in-
tense and sharper.

To further investigate the distribution of these two phases, two-
dimensional phase distribution maps [shown In Figs. 9 and 10]
were extracted from the diffraction area scans by integrating the in-
tensity over a single finger-print diffraction ring [as opposed to the
patterns shown in Fig. 8(a) and (b), which were obtained by integra-
tion over the full range of 2θ measured]. This was done using the
(101) reflection at d-spacing 4.20 Å for goethite [40] and (512) re-
flection at d-spacing 1.63 Å for akaganeite [41]. Fig. 9 shows detailed
investigation of an area of interest, performed using μ-XRF and μ-
XRD on the 10 wt.% Cr steel reinforced mortar sample. The area of in-
terest is chosen based on the μ-XRF maps (Fig. 5). The elemental
maps for (a) Fe, (b) Cr, and (c) Ca, obtained through μ-XRF measure-
ments are given on the left-hand side diagrams (with their scale
bar), while corresponding intensity maps showing distribution of
(d) chromite (FeCr2O4), (e) akaganeite (β-FeOOH), and (f) goethite
(α-FeOOH), obtained through μ-XRD measurement, are given on
the right-hand side diagrams. Fig. 10 shows detailed investigation
of the area of interest performed using μ-XRF and μ-XRD on the
16 wt.% Cr steel reinforced mortar sample, which was chosen based
on the μ-XRF maps, presented in Fig. 6.

The elemental maps for (a) Fe and (b) Cr obtained through μ-XRF
measurements are given on the left-hand side diagrams (with their
scale bar), while the corresponding intensity maps, showing distribu-
tion of (c) akaganeite and (d) goethite, obtained through μ-XRD mea-
surement, are given on the right-hand side diagrams. As shown in
Figs. 9 and 10, a layer of goethite is observed next to the steel surface,
which is followed by layers of akaganeite. Previous studies have demon-
strated that large amounts of both dissolved iron species and high chlo-
ride concentrations are necessary for the formation of akaganeite [27,
43]. In the investigated samples with embedded steels, it is possible
that a large amount of dissolved iron and chloride ions could accumu-
late in the steel/cement mortar interface, thereby creating favourable
conditions for akaganeite formation. The micro-diffraction experiments
reportedhere show that the layer of goethite and the layer of akaganeite
are negatively correlated, i.e., locations with higher amount of goethite
have lower amounts of akaganeite, and vice versa.

Further investigation of the corrosion products formed in the
steel/concrete interface was conducted examined using SEM and
EDS. During the microscopic investigation of the 10 wt.% Cr steel in-
terface, needle-like crystals were found in voids and cracks close to



Fig. 8. Radial integration of the collected μ-XRDdata for positions indicated on (a) Fig. 4, 10wt.% Cr steel and (b) Fig. 5, 16wt.% Cr steel. Themajor peaks of the identified phases are shown
in the bottom of the plots where A — akaganeite (β-FeOOH), G — goethite (α-FeOOH), C — chromite (FeCr2O4), and H — halite (NaCl).
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the surface of the steel, as shown in Fig. 11. These typical needle-like
crystals are usually identified as akaganeite crystals due to their spe-
cific morphology and the significant amount of chloride in their com-
position [13]. This is in agreement with the μ-XRD results [Fig. 8(a)],
which demonstrated that in the case of 10 wt.% Cr steel, akaganeite is
found close to the surface of the steel. In the case of 16 wt.% Cr steel,
no needle-like crystals were found close to the surface of the steel;
rather these needle-like crystals formed further away of the surface
in voids. They were usually found surrounded by platy-like crystals
that did not have chlorides in their chemical composition. This is
also in agreement with μ-XRD results [Fig. 8(b)], which showed
that goethite had formed closer to the surface and was then followed
by layers of akaganeite. An image of these groups of crystals is given
in Fig. 12.

Besides BSE images of needle-like and plate-like crystals formed
around a void, Fig. 12 shows iron and chromium distribution maps
of the crystals obtained by EDS. Themaps show that a certain amount
of chromium is present in corrosion products that formed during
corrosion of 16 wt.% Cr steel. Previous research performed on syn-
thesized particles of different iron oxide–hydroxide has shown that
cations such as Cr3+, Cu2+, Mn2+, and Al3+ can substitute for iron
in goethite, akaganeite, lepidocrocite, or magnetite [18,28–31].
Cook et al. [18] used Mössbauer and Raman spectrometry to
characterize corrosion products that formed on weathering steel in
natural environments, demonstrating that a layer of nano-sized
chromium substituted goethite crystals formed close to the steel sur-
face. They also prepared synthesized particles of goethite doped with
Cr to show that incorporation of Cr changes the mean crystal size.
Morales et al. [28] used transmission electron microscopy and
Mössbauer spectroscopy on synthesized goethite samples and,
based on the hyperfine parameters of the tested samples, demon-
strated that most of the particles present in pure goethite are larger
than 13 nm; in Cr-substituted goethite, however, most of the parti-
cles ranged between 8 and 13 nm. Previous studies [18,29] have hy-
pothesized that the internal goethite layer (that layer close to the
surface of the steel) contributed most heavily to the corrosion resis-
tance of alloyed steels, thereby interfering with diffusion of chloride
ions in the rust layer.

Based on the results from μXRD and SEM coupled with EDS pre-
sented herein, it can be hypothesized that this layer of goethite
with Cr, found in the case of 16 wt.% Cr steel and absent in the case of
10 wt.% Cr steel, contributed to the decreased corrosion propagation
of 16 wt.% Cr steel relative to that of 10 wt.% Cr steel, as shown by the
impedance data (Tables 2 and 3). Since these Cr-substituted iron
oxide-hydroxides were until now only found on synthesized iron
oxide-hydroxides, further research has to be performed on other



Fig. 9. 10 wt.% Cr steel reinforced mortar sample: μ-XRF elemental maps for (a) Ca, (b) Fe, and (c) Cr and corresponding intensity maps obtained through μ-XRD measurement showing
distribution of (d) chromite (FeCr2O4), (e) akaganeite (β-FeOOH), and (f) goethite (α-FeOOH).
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Fig. 10. 16 wt.% Cr steel reinforcedmortar sample: μ-XRF elemental maps for (a) Ca, (b) Fe, and (c) Cr and corresponding intensity maps obtained through μ-XRDmeasurement showing
distribution of (d) akaganeite (β-FeOOH), and (e) goethite (α-FeOOH).
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reinforcing steel types with different Cr and Ni contents to confirm that
such a substitutionwould occur naturally during corrosion of Cr alloyed
steel in concrete under high pH and low oxygen availability. As earlier
discussed, previous research on synthesized Cr-substituted iron oxide-
hydroxides [18,28,30,31] have shown that the presence of Cr influences
the size of the crystals. A similar behaviour could be expected in the case
of corrosion products formed during corrosion of Cr-rich reinforcing
steel in concrete. This would have a tremendous influence in concrete
structures since any variation in crystallite formation, size, and mor-
phology could potentially lead to differences in pressure at the steel/
concrete interface, consequently influencing the onset of the cracking
of concrete to occur.



Fig. 11. An example of needle-like crystals mainly formed in voids and cracks around the surface of the 10wt.% Cr steel, BSE image (a) with Fe (b) and Cr (c) distribution maps of the area
indicated in the red box on (a), obtained by EDS.
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4. Conclusions

Our results showed that scanning μ-XRD is a very useful tool for sam-
ples with nanocrystalline phases, enabling phase differentiation and 2-D
distribution maps of corrosion products with high spatial resolution.
Analysis of powder diffraction patterns revealed that the main phases
formed during corrosion of two types of high-Cr, low-Ni corrosion resis-
tant steels embedded in mortar were goethite and akageneite. Goethite
is predominantly found closer to the surface of the steel and its growth
is enhanced by the presence of chromium in the composition of reinforc-
ing steel. Akageneite is found further away from the surface of the steel
and its growth is attributed to the presence of chloride ions in the envi-
ronment around the steel. In the case of steelwith higher Cr content, cor-
rosion products with Cr were identified using SEM and EDS.

Since the present work investigated a phenomenon only on a
single set of samples, a follow up of the research would be to perform
Fig. 12. An example of crystals mainly formed in voids in the cementmatrix around the 16wt.%
red box on (a), obtained by EDS.
a statistical analysis to confirm reproducibility and repeatability of
the applied experimental program.
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