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Abstract:

In this work, the corrosion behavior of carbon steels embedded in normal-performance cement pastes
(NPCP) and ultra-high-performance cement pastes (UHPC) contaminated with seawater were studied.
The results showed that the corrosion of the carbon steel propagated in NPCP due to the relatively low
resistivity of the matrix. The initial high CI/OH" ratio induced the corrosion of steel after the cast of the
seawater mixed UHPC, however it was suppressed immediately within the first few days due to the
significant reduction of water, which inhibited the anodic reaction of the corrosion process. The
insufficient oxygen supply did not dominate the corrosion process, since the phase conversion of the

corrosion products could also sustain the cathodic reaction.
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1. Introduction

Corrosion of steel bars is one of the main causes for the durability problem of reinforced concrete
structures in marine environment. Generally, hardened concrete has an internal porous cementitious
matrix which is filled with an alkaline pore solution [1-3]. The corrosion behavior of the embedded steel
is highly related to this porous cement matrix [4-10]. For a high-quality dense concrete, the corrosion risk
is usually much lower, and it will increase the chloride penetrating path and delay the corrosion initiation
during the service life of structures [11]. With the advance of concrete technology, ultra-high-
performance concrete has been developed and applied in practice for over two decades.

Ultra-high-performance concrete is a kind of innovative cementitious material exhibiting very high
strength and exceptional good durability, which is normally prepared with extremely low w/c ratios based
on the principle of compact packing [12-16]. It exhibits high particle packing density and thus can be

defined as a dense concrete. Due to the superior durability, it was recognized as an excellent candidate for
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infrastructures with long service life in aggressive environment. The low w/b ratio and low porosity of
such kind of concrete result in significant lower water, gas and chloride permeability. The water
absorption coefficient of ultra-high-performance concrete was five times lower than conventional

concrete [17]. The gas permeability coefficient, generally lower than 1.0 x10'°, was found to be three

magnitude lower than the conventional concrete [18]. The chloride diffusion efficient was at least one

magnitude lower compared with high performance concrete, which was ranged from 0.2x 10" m%/s to
4.1 x 103 m?%s depending on the w/b ratio. With high durability, the corrosion rate of steel bar in ultra-
high-performance concrete was reported to be around 0.01uA/cm? after 1 year of immersion in 3.5%

NaCl solution, and no chloride was detected at the steel bar, indicating no corrosion occurred [19]. The
corrosion initiation was significantly postponed under accelerated corrosion test [20]. El-Joukhadar [21]
investigated the corrosion behavior of steel bar in Ultra High Performance Fiber Reinforced Concrete
(UHPFRC) by applying a constant voltage to accelerate corrosion. It was also found that the corrosion
was fully mitigated by UHPFRC without service cracks, but the effectiveness decreased with the increase
of the crack width. In the previous studies, the corrosion behavior induced by external aggressive ions are
investigated, and the studies on the corrosion-mechanism of steel bar in such dense cementitious materials
are still limited. In addition, the corrosion behavior of steel bar in chloride-contaminated ultra-high-
performance concrete is rarely studied, which is critical for the knowledge of the corrosion resistance of
such innovative cementitious materials. The endogenous chloride usually originates from the binding
materials, mixing water or sea-dredged aggregates [22].

For chloride contaminated concrete, CI/OH" ratio in the concrete pore solution was recognized as a
critical parameter for the corrosion initiation of steel bars [23-26]. The steel bar could not be passivated
when this ratio is higher than the critical value (0.66~1.4 [24]). With the progress of cement hydration, a
part of the chloride ions could be chemically bounded to the hydrates. For example, Friedel’s salt could
be formed with the presence of C3;A in cement, and chloroferrite phase, which is analogous to Friedel’s

salt, could also be formed in cement with a low content of C3A due to the additional physical absorption
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by C-S-H [27]. Thus, the content of free chloride in the pore solution can be reduced with the progress of
hydration of cement. Simultaneously, the water in the pore solution would also be consumed continuously.
As a consequence, the corrosive internal environment keeps varying during the early age of the cement
hydration. For ultra-high-performance concrete, the water to binder ratio and the hydration degree of
cement are both much lower than that of the normal performance concrete, and the microstructure are
extremely dense. The changes of the corrosive environment with time and its effects on the corrosion
behavior of chloride-contaminated ultra-high-performance concrete is still not clear.

The aim of this work is to study the initial corrosion behavior of carbon steel in chloride-contaminated
ultra-high-performance concrete, revealing the corrosion mechanism. To achieve this, the chemistry of
the pore solution and microstructure of the cement pastes were firstly evaluated to characterize the
internal environments for the steel corrosion. Then, the corrosion behavior was monitored by using
electrochemical test methods, including open circuit potential (OCP) and electrochemical impedance
spectroscopy (EIS). The resistivity of the concrete, which is one of the critical factors was also analyzed.
The passive film formed on the steel was characterized by using X-ray photoelectron spectroscopy (XPS).
The surface morphology of the carbon steel with corrosion products was characterized by using scanning

electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS).

2. Experimental program

2.1. Materials and sample preparation

The Green Island Portland Cement (CEM 1 52.5, BS EN1971:2000) produced in Hong Kong was used.
The silica fume (powder form) used in the present work was supplied by a company in mainland China.
The compositions of the cement and silica fume obtained by XRF (Rigaku Supermini200) are shown in
Table 1. A polycarboxylic ether (PCE) based superplasticizer (MasterGlenium ACE 8588) was used to
prepare the cement pastes. The mix proportions of cement pastes are shown in Table 2. Cement pastes

with a water to binder (w/b) ratio of 0.4 was prepared to simulate the normal-performance concrete,
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which is denoted as NPCP. Silica fume is a critical component in preparing UHPC, and 20% silica fume
by weight of binder was used in this work [28, 29]. A w/b ratio of 0.143 was designed to represent an
ultra-high-performance concrete, which was denoted as UHPC. Seawater is a typical chloride resource for
the corrosion initiation of steel bar in concrete. It is generally known that seawater mixed concrete is an
extremely corrosive environment for the embedded steel bars. Corrosion of steel bar occurs immediately
after the cast of the normal performance concrete mixed with seawater [11, 30, 31]. To simulate a
severely chloride-contaminated condition, seawater was used as mixing water to prepare the cement
pastes in this work. It was prepared according to ASTM D1141 [32]: NaCl, MgCl,, Na;SQ4, CaCl,, KCI
and NaHCO; and the calculated Cl° concentration was 0.558 M. The constitutes of the NPCPs were first
mixed with a low speed for 1 min and further mixed for 2 min at a high speed. For the UHPCs, the binder
materials were first dry mixed for 5 min to fully disperse the silica fume added. After the addition of
water/seawater, it was then low speed mixed for 2 min and high-speed mixed for 5 min, and then low
speed mixed again for 2 min to remove the entrapped air voids during the high-speed mixing procedure.
The steel specimens were prepared from the S275J0 (EN 100252: 2004) carbon steel. The chemical
composition of the steel provided by the manufacturer is shown in Table 3. A copper wire was soldered
to one end of the sample for electric connection. It was sealed with an epoxy resin leaving an exposed
area of 0.856 + 0.02 cm? and then grinded successively from Grit 180 to 600 with emery papers. The steel
specimens were then fixed in moulds with a size of 40 X 40 x 40 mm designed with a cement paste cover
depth of 10 mm. The cement pastes were cast carefully into the mould with manual vibration to remove
air bubbles ensuring good contacts with the steel surface. The detailed information of the steel specimens
were shown in the previous work [33]. In parallel, cement paste specimens (40 x 40 x 40 mm) without
steel were prepared for the characterization of the internal environment. Three parallel specimens were
prepared for each group. Thus, 12 cement paste specimens with steel and 12 cement paste specimens
without steel were prepared respectively. All the specimens were demoulded after 24 h and cured in an
environmental chamber with a temperature of 22 + 1 °C and a relative humidity of 90%.

Table 1 Oxide compositions of binders (% w/w)



Material MgO ALOs SiO, CaO TiO; Fe.O; SO; MnO K,O

Cement 1.47 3.77 19.37 63.85 0.26 3.08 5.38 0.06 0.69
Silica Fume  0.90 0.40 91.00 1.00 — 1.80 0.18 — 1.70

123

124  Table 2 Mix proportions and CH content of cement pastes.

Mix wib hg:g;g Ceéf)l/:snt SF (%) SP (%) CH (cozr)ltent Po(rOoA)s)ity
DW-NPCP 0.4 DI water 100 — — 14.02 18.57
SW-NPCP 0.4 Seawater 100 — — 14.92 17.77
DW-UHPC  0.143 DI water 80 20 0.8 2.56 4.60
SW-UHPC  0.143 Seawater 80 20 0.8 2.61 5.36

125  Note: w/b: water to binder ratio, SF: silica fume, SP: superplasticizer, CH: Ca(OH),. CH content in wt.%
126  of cement paste was calculated according to the TG analysis as reported in [34].

127

128  Table 3 Chemical compositions of carbon steel (% w/w).

C Mn P S Si Al Nb Cr Ni Mo Cu
0.18 0.8 0.011  0.007 0.20 0.031 0.001 0.02 0.011  0.001 0.005

129

130  2.2. Test methods

131  2.2.1 Internal environment of cement paste

132 The corrosion behavior of steel was governed by many properties of the internal environment of the
133  concrete, such as the pH of the pore solution, the concentrations of aggressive ions, the availability of
134  oxygen, temperature, internal humidity, the resistivity and the characteristics of the steel/concrete
135 interface [4, 35]. In the present work, the chemistry and pore structure of cement paste were monitored to

136  assist the analysis of the corrosion behavior of carbon steel.

137  Pore water expression (PWE) is a popular and the most reliable method to study the pore solution
138  chemistry [36-39]. Attempts were made to obtain the pore solutions of the UHPC by the PWE method
139  after 1 d but failed. This was attributed to the low water to cement ratio, low porosity and very low

140  internal humidity (self-desiccation) of UHPC [40-42].
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As such, for the first few hours before the initial set of the cement paste, the pore solutions were extracted
by a 10,000-rpm centrifugation with for 5 min. After the setting of the cement paste, the pore solution was
extracted by PWE method using a pore solution expression device. The pH values of the pore solutions
were tested directly after the filtration using a REX PHS-3C pH meter. The concentrations of the chloride
and calcium ions in the pore solutions were tested by using a Mettler Toledo EasyPlus Titrator Easy CI

and a Cole-Parmer Model 360 Flame Photometer respectively.

The free and total chloride contents in cement pastes was quantified by using a washing method after 56 d
curing. Due to the presence of a large amount of un-hydrated particles in UHPC, the time of washing
should be as short as possible to avoid the rehydration of these particles. Considering this, the cement
pastes were crushed and grounded to a particle size < 315um [43]. For the free chloride test, 5 g sample
was added into 200 mL deionized water and agitated for 3 min at room temperature. The resulting
solution was filtered immediately and stabilized using 2 mL nitric acid (53%). For the total chloride test,
5 g sample was added into 50 mL deionized water agitating for 2 min, and the nitric acid prepared with 80
mL water + 20 mL 53% nitric acid solution was added and continued agitating for 30 min. Then the
solution was filtered, and the chloride content was measured using the potential titration method as

mentioned above.

After 56 d curing, the cement pastes were freeze-dried for 24 h and then grounded to particle sizes < 75
um. X-ray diffraction (Rigaku Ultima IV) patterns were recorded for the four groups of cement pastes.
The data acquisition over the range of 5.0°- 70.0° 20 with a step size of 0.02°. The pore structure of
NPCP and UHPC was measured using Mercury Intrusion Porosimetry (MIP, Micromeritics AutoPore IV

9500 Series) after 28 days of curing.

2.2.2 Corrosion behavior monitoring

The corrosion behavior of carbon steel in cement pastes was characterized by electrochemical test

methods (Multi-Autolab M 204 workstation). A three-electrode system was used, of which the reference
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electrode was a saturated calomel electrode (SCE), the counter electrode was a stainless-steel plate. The
counter electrode and reference electrode were connected through a wet sponge, facing the working

electrode to ensure a good current distribution [33].

Open circuit potential (OCP) was tested periodically to assess the corrosion risk of the carbon steel.
However, it has been known that the OCP of steel in a very dense matrix, such as UHPC, is influenced by
the availability of gaseous oxygen. In the present work, the OCP results was discussed in the light of
whether gaseous oxygen was present. Due to the high resistivity of the UHPC, the electrochemical
impedance spectroscopy (EIS) was regarded as more suitable to detect the corrosion rate of the carbon
steel when compared with linear polarization resistance (LPR) test [44]. As such, EIS test with a 10-mV
sine perturbation was conducted after OCP became stable. The OCP was determined until the variation of
the potential with time (dV/df) was lower than 1 pV/s. A frequency range of 100 kHz ~ 10 mHz with
seven points per frequency decade was used [45]. The software of Zsimpwin was used to simulate the EIS

test results.

Finally, the paste specimens with steel were split open after 56 d of curing, and the steel samples were
extracted for surface observations, by which the steel/paste interfaces and the morphologies of the
corrosion products could be characterized. In order to remove the loose cement hydration products
remained on the steel surface, the steel samples were immediately immersed into ethanol and cleaned in
an ultrasonic device for 5 min. Then they were dried by using N, flow and stored in a plastic bag filled
with N, gas before the surface characterization. To reveal the chemistry of the passive film formed, X-ray
photoelectron spectroscopy (XPS) tests were conducted on the surface of the steel samples. An XPS
spectrometer with an Al K o X-Ray source was used, the analytical chamber pressure was set as 2 x 107
Pa. The survey spectra and the high-resolution spectra of Fe 2p were recorded. The results were analyzed
by using an Xpspeak software. Scanning Electron Microscopy (VEGA 3 TESCAN) with an Energy-
dispersive X-ray spectroscopy (EDS) was used for the surface characterization of morphology on steel

samples.



190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

3. Results and Discussion

3.1 Internal environment monitoring

3.1.1 pH value and Ca*" concentration in pore solution

It is well recognized that the OH" ions in the pore solution acts as the “corrosion inhibitor” and promotes
the passivation of the steel in concrete. In Fig. 1, the pH value of the pore solution in NPCPs increased
significantly within 1 d and then increased further slightly with time. The pH values of pore solution of
SW-NPCP were lower than those of DW-NPCP. For UHPCs, the overall pH values within 1 d were much
higher than those of NPCPs. It has been reported in many researches [46-48] that the silica fume may act
as inert diluent at the early age (within 1 d), which would accelerate the hydration of cement. By this, the
content of the alkali in pore solution would be increased within 1 d, exhibiting higher pH values [46, 47].
Therefore, the higher pH value in UHPCs was most probably due to the dilution effect of silica fume.
Higher cement to water ratio might also be an important cause for the higher pH value compared with
NSCP [47]. More reactant (cement) will promote the hydration process. With the progress of cement
hydration, the pH value would decrease to low level due to the pozzolanic reaction between the silica
fume and the alkali in the pore solution [46, 47, 49]. Although the pH value of UHPCs after 1 d could not
be obtained, it could be speculated that the pH value would reduce afterwards due to the pozzolanic
reaction, which could consume a large amount of CH. This could also be reflected from the pH results
obtained by leaching method as shown in Table 4. The pH values of SW-UHPC were lower than those of
DW-UHPC. The reduction of pH values caused by the seawater can possibly be explained by the
presence of high concentration of Ca®" in seawater. The concentration of Ca*" in the pore solution of SW-
NPCP was much higher than those in DW-NPCP as shown in Fig. 1 and the additional Ca*" in seawater
could break the solubility equilibrium of Ca(OH), and result in decrease of the amount of dissolved

Ca(OH)..
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218  3.1.2 Chloride in cement pastes

219  The concentration of the free chloride ion in the pore solution are presented in Fig. 2(a). After the

220 commencement of the cement hydration, the Cl- concentration in SW-NPCP increased sharply to a very
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high value around 0.7 M (much higher than that in seawater) after ca. 12 h, which is in agreement with
the results in [50]. During the reaction of cement with seawater, water was consumed for the hydration of
cement and simultaneously the Cl" was chemically or physically absorbed during the hydration of cement.
Compared with OH", the Cl in seawater could preferentially react with C3A by intercalating the

interlayers of [Ca,Al(OH)s]" to form Friedel’s salt (Equation (1)) [51].

4Ca% + 2A1(OH) 4+ 2CI" + 40H" + 4H,0 — CasALCL(OH)-4H,0 (Friedel’s salt) (1)

CI' could also be physically absorbed by the hydration products C-S-H, forming the chloroferrite phase
which is analogous to Friedel’s salt [27]. The sharp increase of Cl° concentration in SW-NPCP was
mainly due to the quick consumption of water for the cement hydration. Such a high Cl" concentration
would increase the risk of corrosion of the steel in cement paste. The Cl- concentration in SW-UHPC
were much lower compared with SW-NPCP during the first several hours. As discussed above, the
C3A/CI ratio is much higher in UHPCs, and the hydration rate of C3A is much higher compared with the
other clinkers. Therefore, higher proportion of CI" could be absorbed resulting in the significant reduction
of CI" concentration in the pore solution. After 12 h, the Cl° concentration in SW-NPCP decreased
significantly, and it was attributed to the chemical and physical binding behavior of chloride by the
hydration products of cement. As mentioned in previous work, very little Friedel’s salt could be formed in
seawater mixed concrete, the reduction of Cl- was mainly due to the physical absorption of the C-S-H [50].
After 7 d, the decreasing rate of Cl° concentration stabilized. This was due to the reduction of the
hydration rate of cement. After 56 d, the Cl" concentration dropped to a very low level of 0.23 M. This
indicated that a large proportion of Cl" was bound by the hydration products. As shown in the XRD
patterns of the cement pastes of Fig. 3, Friedel’s salt was detected in SW-NPCP but was not detected in

SW-UHPC.
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247 Fig. 2. Evolutions of (a) Cl" concentration and (b) CI/OH- ratio in pore solutions of SW-NPCP and SW-

248 UHPC.

249  To quantitatively evaluate the binding of CI" in the cement pastes, the free and total chloride contents
250  were measured after 56 d as displayed in Table 4. It can be seen that only a small portion of chloride

251  remained as free chloride in the cement paste, and a major part of chloride was chemically or physically
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bound by the cement hydration products both in SW-NPCP and SW-UHPC. Similarly, it was reported
that a large portion of the Cl” was consumed to form the Friedel’s salts in normal concrete [52, 53]. The
free/total chloride ratio of SW-UHPC was much lower than those of SW-NPCP. The measured total
chloride contents of the two groups of samples were both lower than the calculated chloride contents

according to the mix proportion. This might be due to the leaching of ions during the curing process.
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Fig. 3. XRD patterns of cement pastes

Table 4

Chloride content (by mass of cement paste) and pH value of leachate of seawater mixed cement pastes.

Calculated chloride =~ Measured chloride content (%) Free/total
ID . . ) pH value
content (%) Total chloride Free chloride chloride ratio
SW-NPCP 0.79 0.5452 0.0741 0.1359 12.29
SW-UHPC 0.28 0.1957 0.0149 0.0761 11.93

* Calculated chloride content was based on the mix proportion and composition of seawater.
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In seawater, besides chloride ion, SO4* has also been reported to be a potential aggressive ion for steel
and exhibits negative effect on the corrosion of steel bars in concrete [54-57]. However, the concentration
of SO4* is much lower as compared with Cl- and it can be readily consumed to form the ettringite at the
very early age [30]. Therefore, Cl- would dominate the corrosion process of the steel in the cement-based
system. Hence, the influence of SO4> on the steel corrosion was not considered in this work.

The corrosion of the steel bars in concrete is reported as the result of the competitive absorption of the
aggressive ion CI and the inhibiting ion OH™ on the iron atoms of the steel surface. Therefore, it was
proposed that the C1/OH™ mole ratio can be used to define the chloride threshold value of steel bars in
concrete [24]. This ratio was also recognized as a critical criterion to predict the corrosion risk of the steel
bars in concrete or simulated pore solutions with admixed chloride [23, 58]. To assess the corrosion risk
of the carbon steel, the CI7OH™ mole ratio was also determined, in which the concentration of OH™ was

calculated from the measured pH values according to the following equation [37]:

pH =14+ log [OH] (2)
As displayed in Fig. 2(b), the C1/OH ratio in SW-NPCP increased slightly during the first few hours and
decreased exponentially with time. The criterions of Cl1/OH- ratio for the concrete/mortar admixed with
chloride proposed by the researchers varied a lot as summarized in [59]. The initial CI/OH" ratio was high
enough for the corrosion of the unpassivated carbon steel in the fresh cement paste according to the lower
boundary of 0.6 proposed by Hausmanns [23, 24]. The decrease of this ratio with time indicated the
reduction of the corrosivity of the pore solution, which was related to the corrosion rate of the actively
corroding steel. For SW-UHPC, the initial CI/OH" ratio was significantly lower compared with SW-
NPCP, but it was still higher than the corrosion criterion for the cases with admixed chlorides. The
corrosion of steel in SW-UHPC was expected to occur at the beginning. The subsequent evolution of CI-

/OH ratio in SW-UHPC could not be obtained due to the difficulty of extracting the pore solution.
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3.1.3 Pore structure of cement paste

The porosities and the pore size distributions of cement pastes after 28 d are shown in Table 2 and Fig. 4
respectively. The critical pore diameter of SW-NPCP was shifted to the left and the peak value was lower
compared with the DW-NPCP. The size and the amount of the capillary pores, which is the dominant
factor determining the porosity, were reduced with the use of seawater, thus resulting in a lower porosity.
It was mainly due to the accelerated hydration of cement caused by the ions present in seawater [52]. In
addition, the volume of the gel pores with the size less than 10 nm increased significantly in the SW-
NPCP, which is in agreement with the results in the previous studies [50, 60]. For the UHPCs, the
porosity was much lower, and the critical pore diameter was reduced by nearly one order of magnitude
compared to the DW-NPCP. Most of the pores in UHPCs were located at the region < 20 nm, which
indicated an ultra-low permeability of the cement paste. Similarly, the volume of gel pores was increased
in the SW-UHPC compared with DW-UHPC, which may be the dominant factor facilitating the increase
of the porosity. The ultra-dense structures of the UHPCs would largely prevent the migration of internal
and external ions in the matrix. On the one hand, the ingress of aggressive ions, e.g., Cl", CO, and SO4%,
would be difficult due to the ultra-low ion, gas and water permeability, increasing the durability of the
concrete matrix. On the other hand, the electrochemical process of corrosion on steel bar would be

difficult to proceed without the ion, water and gas exchange.
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3.2. Corrosion behavior of carbon steel

3.2.1 Electrochemical impedance spectroscopy and resistivity of cement pastes

Fig. 5 displays the EIS test results of the carbon steel in different cement pastes. It is worth to note that
the desired EIS signal of SW-UHPC specimens could not be obtained after 28 d, and the related results
for this group of specimens were not recorded. Attempts had been done to select a proper equivalent
circuit for the EIS analysis based on the physical meaning of the elements in the steel/paste interface and
literature review [33, 61, 62]. Two time constants were needed to satisfy the analysis in the present work,
even though they could not always be obviously observed in some plots due to the possible super-position.
The EIS results were fitted using the equivalent circuit as shown in Fig. 6, which showed the best fitting
parameter and low error. Ry represents the paste resistance. R; and Q; respectively represent the resistance
and capacitance of the passive film in DW-NPCP/UHPC or the corrosion products in SW-NPCP/UHPC.
R> and Q: denote the charge transfer resistance and the double layer capacitance respectively [63]. The

detailed fitting results of each parameter were shown in Table 5 (the degree of deviation, x> < 107).
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324 Fig. 5. EIS results of carbon steels in different cement pastes.
325
326 Fig. 6. Equivalent circuit for simulation of EIS results.
327 Table5
328  Fitting results of EIS parameters for carbon steel in cement pastes.
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330  The evolution of the resistivity of cement paste (Ro), which is a critical parameter for the corrosion rate
331  of steel [64], is shown in Fig. 7. The initial resistivity of the cement paste was in the order of SW-UHPC
332 < DW-UHPC < SW-NPCP < DW-NPCP. At the beginning, the paste was in the fresh state, and the
333 resistivity of the paste was mainly controlled by the conductivity of the pore solution. The high salinity of



334

335

336

337

338

339

340

341
342

343

344

345

346

347

348

the pore solution in SW cement pastes would lead to lower resistivities. The rapid consumption of the
limited amount of water by cement hydration in UHPC further induced a very high salinity of the pore
solution. The initial pH values of UHPCs were much higher than the NPCPs as shown in Fig. 1(a). This
was the reason for the lower resistivities of the fresh UHPCs compared with NPCPs. Nevertheless, the
resistance of the paste in UHPCs increased sharply, and it became higher than those of NPCPs after 12 h.
It was due to the dense matrix, consumption of the limited amount of water in the pores and the

significant reduction of the internal humidity caused by self-desiccation [13].
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Fig. 7. Resistivity of cement pastes as a function of time.

At 28 d, the resistivity of the paste in DW-UHPC reached 1x10° Qcm?, which was three orders of
magnitude higher than those of the NPCPs and one order of magnitude higher than that of SW-UHPC.
This can also be observed from the Z value corresponding to the minimum Z; value in the high frequency
region of the Nyquist plots. It should be noted that the resistance of the SW-UHPC was too high to obtain
readable EIS curves after 28 d. In this case, the internal relative humidity of SW-UHPC should be too low

for the corrosion of carbon steel. For the SW-NPCP specimen, the resistivity was slightly lower than that
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of DW-NPCP within 14 d. It might be attributed to the high salinity (very low resistivity as confirmed in
literature [50]) of the pore solution in SW-NPCP as shown in Figs. 1 and 2, even though the cross-
sectional fraction of the electrolyte channels was reduced by the refined pore structure of the paste
prepared with seawater as shown in Fig. 4. After 14 d, the resistivity of SW-NPCP became higher than
the DW-NPCP but reduced again to reach a similar level to DW-NPCP. This fluctuation might be due to

the change of the pore structure caused by the crystallization of salts in the seawater cement paste [65].

The R; and R; values of specimens in DW cement pastes increased with time, which is in agreement with
the trend of passivation process of steel bar reported in previous work [33, 66]. Higher values of R; were
obtained in DW-UHPC, and the R, values were almost two orders of magnitude higher after 56 d. It was
mainly because the lack of water resulted in the reduction of effective exposed area of steel. For SW-
NPCP, the R; and R values decreased after 28 d and 56 d respectively. This phenomenon could be
attributed to the reduction of resistivity of cement paste as described above. For SW-UHPC, the R; values
were much lower than those in SW-NPCP. The R; values were related to the mass and chemistry of the
corrosion products, which was discussed in the following sections. R, value in SW-UHPC after 56 d was
three orders of magnitude higher than those of SW-NPCP. R, was closely related to the anodic or cathodic
process of corrosion. The redox process of the corrosion products on steel surface would support the
cathodic process even though the oxygen was limited. The presence of the Cl- would promote the anodic
process of corrosion in SW-UHPC, however the extremely limited water supply would inhibit the anodic

process of corrosion, resulting in much higher R, values.

3.2.2 Open circuit potential and corrosion rate

To obtain the corrosion behavior of the carbon steel, the corrosion rate i..., which is related to the

polarization resistance, was obtained according to ASTM G59 [67]:

icor=B/R,  (3)
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where B is the Stern-Geary constant. The B value used to calculate the corrosion rate was 26 mV for the
active corrosion condition in SW-NPCP and SW-UHPC and 52 mV for the passive state in DW-NPCP
and DW-UHPC in the present work [68, 69]. The polarization resistance R, was calculated using the

following equation [70]:

Rp:R1 + R, (4)

It should be noted that the R, values increased to an extremely high level in SW-UHPC after 3 d as shown
in Table 5, which can be regarded as similar to the level of a passive state. The B value of 52 mV was

thus selected to calculate the corrosion rate after 3 d.

The evolutions of open circuit potential and the corrosion rate of carbon steel in different cement pastes
are shown in Fig. 8. For DW-NPCP, the initial potential of the carbon steel was negative of ca. -0.3 V,
which indicates the oxidation reaction between the bare carbon steel and the highly alkaline pore solution
in the cement paste. The potential increased immediately, indicating the formation of an oxide film
(passive film) on the steel in the cement paste. After ca. 7 d, the potential almost stabilized which
suggested that a full oxide film was formed on the steel surface. The slight increase of the potential with
time was due to the compacting and thickening of the passive film. It can also be confirmed by the
evolution of the corrosion rate of the DW-NPCP. The corrosion rate of the carbon steel reduced with time
at the beginning. After ca. 14 d, it became steady at a very low level, indicating a fully passive state of the
carbon steel in cement paste. This trend represented the general passivation process of the carbon steel in
the concrete without any contamination and was consistent with the passivation process in normal-

performance cement mortar and the simulated concrete pore solutions [71-73].
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Fig. 8. Evolution of (a) open circuit potential and (b) corrosion rate of carbon steel as a function of time.

For SW-NPCP, the initial potentials were much more negative than that in DW-NPCP, and the corrosion

rates were at a very high level, indicating that the carbon steel was in an active corrosion state at the
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beginning. This was due to the high C17OH- ratio in the pore solution of the cement paste as shown in Fig.
2. The concentration of the OH™ in the pore solution was not sufficient to promote the passivation of the
carbon steel. Subsequently, the potential in SW-NPCP increased significantly to a high level within 14 d,
suggesting a reduction of the corrosion probability of the carbon steel. Simultaneously, the corrosion rate
decreased significantly to a very low level. This was mainly due to the decrease of the C1/OH" ratio with
time as shown in Fig. 2, reducing the corrosivity of the pore solution. The increase of the resistivity of the
cement paste might also contribute to the decrease of the corrosion rate and the positive shift of the
potential. After 28 d, the potential decreased slightly, and the corrosion rate increased gradually. This was
due to the reduction of the resistivity of cement paste, which was caused by the change of the

microstructure as described above.

For DW-UHPC, the initial potential of around -0.550 V was much more negative compared with DW-
NPCP. This was further shifted to the negative direction in 7 days and tended to be stabilized at -0.600 V
subsequently. At the beginning, the fresh cement paste had sufficient water and dissolved oxygen and a
higher pH value resulted in more negative potential due to the partial dissolution of passive film with the

increase of the alkalinity of solution following the relation [74]:

E=a-bpH &)

where a and b (have a value ~30 mV/pH unit) are constants. The dissolution of passive film occurred

according to:

Fe(OH), + OH = FeO, +H,0  (6).

Therefore, the negative initial potential was attributed to the high initial pH value of the pore solution in

DW-UHPC as shown in Fig. 1(a).

With the hydration of cement, the microstructure of DW-UHPC became much denser within a short
period, and the supply of the oxygen would be restricted. The subsequent negative shift was expected to

be due to the gradually limited oxygen supply according to the Evans diagram as shown in Fig. 9(a) [19].
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The potential is dominated by the cathodic reaction process, which is determined by the oxygen diffusion

at the steel/paste interface.

In Fig. 8(b), the corrosion rate decreased starting from the very beginning to extremely low level at 3 d.
This level was one order of magnitude lower than that of DW-NPCP. Generally, a negative potential is
believed to be associated to an active corrosion state. But the oxygen availability should be considered
also when analyzing the corrosion behavior of steel in such a dense cementitious matrix [19]. It is
interesting that the potential suddenly shifted to a much positive value after 36 d, while the trend of the
corrosion rate did not change. According to the corrosion rate, it could be known that the steel remained
in a passive state after 36 d. The oxygen supply was supposed to remain in a limited state with cement
hydration. If the potential was dominated by the cathodic reaction, the potential would be negative. With
the progress of the cement hydration the passivation process would proceed on even with limited oxygen
supply, which could be reflected in the R; values in Table 5. Therefore, it could be proposed that the
potential of the steel was dominated by the anodic reaction process, since the formation of a dense passive

film inhibited the anodic reaction. The mechanism can be illustrated by the Evans diagram as shown in

Fig. 9(b).
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Fig. 9. Evans diagram of mixed potential £ vs. current density i. (a) decrease of O, supply, (b)

enhancement of passive film, (c) increase of Fe?" concentration.
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For SW-UHPC, the potential started off at a negative level at around -0.670 V, and then increased sharply
to a very positive level. However, the corrosion rate decreased significantly to a very low level, which
was not consistent with the evolution of the potential. The OCP is a mixed potential when the anodic and
cathodic reaction rates are equal (with zero current), and it in part or in whole reflects the chemistry of the
internal cement paste environment surrounding the carbon steel [75]. The high initial CI/OH" ratio in SW-
UHPC (Fig. 2(b)) and the high initial corrosion rate in Fig. 8(b) indicated an actively corrosion state of
the carbon steel at the beginning, which corresponded to the initial low OCP value. The shift to the
negative direction within 3 d was attributed to the gradually reduction of oxygen supply with the
hydration of cement as illustrated in Fig. 9(a). A sharp shift of potential to positive values close to those
of passivated steel in DW-NPCP occurred after 3 d, implying that the OCP changed to be controlled by
the anodic reaction. With the cement hydration, the microstructure of cement paste became ultra-dense,
and the water would be consumed gradually. The transport of the ions formed at the site of corrosion to
the cement paste matrix would be inhibited, resulting in the sharp increase of the concentration of the ions
at the steel surface. It is known that the corrosion of steel and related Nernst equation could be expressed

as [76, 77]:
Anodic reaction

Fe > Fe’™ + 2¢ @)
RT
EFe/Fe2+:E0 +;lnFeZ+ (8)

Cathodic reaction

O, + 2H:0 + 4e— 40H 9)
RT 0
EOZ/OH_:EO +EanHz_ (10)

The concentrated Fe*" at the steel surface (equations (7) and (8)) will increase the reversible potential

and inhibit the anodic reaction. This is the cause for the increase of the OCP values to positive level
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around -0.150 V after 7 d based on the Evans diagram as shown in Fig. 9(c). It is worth noting that the
insufficient oxygen supply was not a main factor inhibiting the corrosion process, since the conversion of
the corrosion products in different phases could also sustain the cathodic reaction of the corrosion process.

Therefore, the lack of water was suspected to account for the mitigation of the corrosion in SW-UHPC.

3.2.3 Surface characterization of carbon steel

Fig. 10 displays the representative surface morphologies of the carbon steels in SW-NPCP and SW-
UHPC after 56 d of curing. For the SW-NPCP in Fig. 10(a), a large amount of hydration products,
including C-S-H (gel phase) and Ca(OH), (plate-like phase, CH), could be observed on the carbon steel
surface. It thus confirmed the presence of a lime-rich layer at the steel/paste interface, which was known
to exhibit a buffering effect for maintaining the pH value of the pore solution in concrete and was
beneficial for the inhibition of the corrosion initiation induced by the chloride ions. However, as shown in
Fig. 10(a) for SW-NPCP, the CH crystals in this lime-rich layer were only loosely attached on the steel
surface, but the corrosion products were firmly formed on the steel surface. This was because the growth
of the products was limited by the hardened paste surrounding the steel. In contrast, for the SW-UHPC in
Fig. 10(b), the loosely distributed corrosion products protruded outwards, indicating that the corrosion
occurred before the set of the cement paste, which was in agreement with the electrochemical test results

in Fig. 8.
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Fig. 10. Surface morphologies of carbon steels in SW-NPCP and SW-UHPC.

To characterize the surface condition of carbon steel in DW-NPCP and DW-UHPC, XPS is a powerful
method to characterize the chemistry of the passive film formed. Figs. 11 and 12 are the survey spectra
and high resolution XPS spectra of Fe 2ps» on the carbon steel in the studied cement pastes. Table 6
shows the detailed proportion of the decomposition and thicknesses of the passive films. The high-
resolution spectra was fitted , and the thickness of passive film was calculated according to the equation
reported in the literature [33, 78]. A thicker passive film with a higher Fe*'/Fe’" ratio and Feoxides
proportion (Table 6) was obtained on the carbon steel in DW-UHPC compared with DW-NPCP. At the
later age, the availability of oxygen was limited in DW-UHPC and it would not be favorable for the
growth of passive film. Therefore, the initial high pH value accounts for the rapid formation of a thicker
passive film with higher proportion of Fe** oxides. The structure of Fe** oxides was more porous, and the
Fe*" oxides in the passive film were proved to be more protective [79]. The passive film formed in DW-

NPCP would be more protective despite that it was thinner. The much higher R, value in DW-UHPC
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506  Proportions of decomposition and thicknesses of passive films.

Thickness

Samples  Fe*/Fe*  Femew (%)  Fe?/Feoxides Feoxides (%) (nm)
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DW-NPCP 1.881 10.9 0.347 71.9 6.13

DW-UHPC 2.833 6.8 0.261 86.5 8.02

3.2.4 Steel/paste interface model

The characteristic of the steel/concrete interface also plays an important role in the corrosion initiation of
steel [4, 8, 80]. According to the results of the present work, a model of steel/seawater cement paste
interface is proposed as shown in Fig. 13. For fresh cement pastes prepared by using seawater, the steel is
directly surrounded by the pore solution of the pastes which is similar to that in the simulated pore
solution contaminated with aggressive ions of the seawater. However, after hardening, the steel/paste
interface is quite different for different pastes. For the SW-NPCP specimens, the paste matrix would be
much denser than that of the DW-NPCP specimens. For the UHPCs, the dense and compacted
cementitious pastes would result in a low porosity (Fig. 4), and the self-desiccation of the UHPC would
also produce a very low internal relative humidity [13]. Due to the extremely low permeability and
unsaturated condition of the pores in UHPC, the transport of the aggressive ions, water and oxygen would
be significantly restrained. While the availabilities of water and oxygen would be dominant factors
influencing the corrosion process of steel in UHPC specimens. Furthermore, it is suspected that the lime-
rich layer at the interface would not be present in UHPC specimens due to the low CH content. This was

evidenced by the ultra-low CH content (2.61%) as shown in Table 2.
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Fig. 13. Model of steel/paste interface in fresh and hardened cement pastes.

3.3 General discussion

The corrosion behavior of carbon steel is closely related to the internal environment of concrete. For the
concrete prepared with seawater, the corrosion of the bare steel was initiated immediately after the casting
of the concrete, which was mainly attributed to the high initial C1/OH- ratio in the pore solution. With the
development of the cement hydration, the chloride content (aggressive factor) in the pore solution
increased sharply at the beginning and then decreased significantly to a much lower level, and the
majority of the chloride ion was bound by the hydration products. Simultaneously, the pH value and the
resistivity of the paste (inhibiting factor) increased with time. These resulted in an exponential decrease of
the CI/OH ratio, implying a reduction of the corrosion risk for the carbon steel. In spite of this, the
buffering effect of the lime-rich layer on the reduction of the pH value, which may have positive effect on
the corrosion inhibition, should also be considered. However, corrosion could not be ceased in the SW-
NPCP after the hardening of the cement paste. The OH™ concentration in the pore solution is not high
enough to inhibit the corrosion process, and the relatively lower resistivity of paste was also a

contributing factor for the corrosion propagation of carbon steel. In DW-UHPC, passivation occurred and
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a strong passive film was formed, even though the oxygen supply was limited after the hardening of the

cement paste.

The corrosion rate of the carbon steel in SW-UHPC was high but fell to a negligible level within the first
several days. It could be mainly due to the very high resistivity caused by the low internal humidity and
dense microstructure. It is not the insufficient oxygen supply but the lack of water that inhibited the
corrosion process of the carbon steel. To some extent, UHPC, even with admixed CI, may act as an
insulating (ultra-high resistivity) material protecting the steel from corrosion. In this work, the influence
of the admixed chloride in SW-UHPC was investigated. The corrosion behavior of steel bar in SW-UHPC
with the attack of the external chloride remains unknown. The chloride threshold value in such
cementitious materials is also an interesting point to be studied. Furthermore, it should also be
emphasized that the corrosion risk would be high when crack is induced in UHPC contaminated with Cl".
Both the leaching of CI" and OH™ from cement paste matrix will be present after the ingress of water, and
the steel bar is in active state according to the finding in this work. The initial corrosion risk of steel bar
exposed to cracks will be very high due to the presence of chloride ion and sufficient supply of water and
oxygen. However, the inhibiting agent OH™ will be high due to the secondary hydration of unhydrated
cement particles in UHPC matrix. The initial corrosion behavior of steel in cracks largely depends on the
Cl'/OH ratio of the micro-environment in the crack. Further studies on the corrosion behavior of steel bar

in UHPC with cracks is urgently needed in the future.

4. Conclusions

The present work investigated the corrosion behavior of carbon steel in severely chloride-contaminated

ultra-high-performance cement pastes. The following conclusions can be drawn:

1) The initial CI/OH" ratios in the pore solutions of SW-NPCP and SW-UHPC were higher than the
critical values of 0.6, thus the corrosion of carbon steel occurred. The CI concentration increased sharply

to 0.7 mol/L at the beginning and then decreased exponentially to a low level with the hydration of the
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cement in SW-NPCP. More than 86% and 92% of the chloride ions was chemically and physically

bounded by the cement hydration products in SW-NPCP and SW-UHPC respectively.

2) Even though oxygen supply was limited due to the ultra-dense microstructure after the hardening of the
cement paste, a well passivated state of the carbon steel was achieved in DW-UHPC due to the initial
high alkalinity of the pore solution, of which the pH value was higher than 13.4. A thicker passive film
(8.02 nm) with higher corrosion resistance was attained on the carbon steel in DW-UHPC compared with

DW-NPCP.

3) Corrosion of the carbon steel in seawater mixed cement pastes (SW-NPCP and SW-UHPC) occurred
after the casting of cement pastes. The corrosion process in SW-NPCP continued due to the presence of
chloride ion and lower resistivity of the paste. However, the corrosion in SW-UHPC was significantly

inhibited within the first 3 days mainly due to the lack of water for the electrochemical process.
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