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Passivation Behavior of Steel Bar in Ultra-High Performance Concrete under Coupling Effect
of Different Internal Chloride Salts
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(1. College of Civil Engineering, Fuzhou University, Fuzhou 350116, China; 2. Fuzhou Building Research Institute Co. Ltd, Fuzhou
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Abstract: Ultra-high performance concrete (UHPC) was prepared via mixing water containing different chloride salts (i.e., NaCl,
CaCl, and MgCl,). The electrochemical indexes of the internal reinforcement during passivation period were measured by linear
polarization, electrochemical impedance spectroscopy and cyclic polarization. The passivation behavior and evolution of steel bars in
UHPC under the coupling action of different chloride salts were investigated. The results show that the reinforcement in UHPC is
able to be passivated under three different chloride salt systems. The resistances of UHPC matrix, steel passivation film and steel
charge transfer increase continuously with the hydration age. At the same concentration of Cl ions, the introduction of Ca salts
increases the possibility of steel corrosion to a certain extent, while the introduction of Mg salts delays the corrosion process of steel
bars to some extent. The pitting corrosion sensitivity of reinforcement increases with the increment of CI” ions concentration. At a
high CI" ions concentration, the pitting sensitivity of steel bars in Na—Ca system is greater than that in Na—Mg system.

Keywords: ultra-high performance concrete; chloride salt; steel bar; linear polarization; electrochemical impedance spectroscopy;
cyclic polarization; passivation behavior
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Table 1 Chemical composition of cementitious materials
W/%

Material CaO SiO, ALO; SO; Fe,0; MgO Na,O LOI
68.05 2244 276 225 224 091 0.19 1.28
0.50 92.66 0.09 0.03 063 098 0.59 0.77
56.90 0.07 0.05 0.02 0.13 0.07 4273

Cement
Silica fume

Limestone

w is mass fraction. LOI is loss on ignition, which is percentage of mass loss
of the raw material that will be dried between 105 and 110 C after being
burned at 950 C

x2 REMRIEVIENMRE

Table 2 Physical properties of cementitious materials

Material Specific surface area/(m*-g ')  Apparent density/(kg-m )
Cement 0.94 3150
Silica fume 18.92 2 000
Limestone 0.07 2700
%3 UHPC E{FE AL
Table 3 Formulation of UHPC matrix kg/m’®

Cement Silica fume Limestone Sand Superplasticizer =~ Water

580.6 138.7 720.2 597.9 30.8 184.3

12 #HEHRK

SZHERINKN EEE AR, ERAET
WP 19.354 /L 1ENFMEIRSE, BD KU E M
0.6%7/c47. 437K NaCl, CaCl, #1 MgCl, il 5 4
FHK, Wk 4 Pros.

F4 HMAK
Table 4 Mixing water

Sample No. n(Na") : n(Ca*") n(Na") : n(Mg”>")
U-6/18-Na 1:0 1:0
U-6/18-Ca/Mg 0:1 0:1
U-6/18-Na-Ca/Mg-2-1 2:1 2:1
U-6/18-Na-Ca/Mg-1-1 1:1 1:1

2

U-6/18-Na-Ca/Mg-1-2 1:2 1:

n is in molar; U is UHPC; 6 is mass fraction of Cl in cement is 0.6%; 18 is

mass fraction of Cl in cement is 0.6%; Na is Na'; Ca is Ca2+; Mg is Mgﬁ.

Hr, g5 nlsr 4T 51 00U K UHPC; 28
2 i) 6 5% 18 2 miMKER CU & (5 /K P 1 0.6%
oY% 1.8%, RISEBrifg Kk 3 f5FshrifgK CIkEE;
30, FEReEIuER, MRR R &R —&,
L 2 P& EnE, WRRFINAELE 2 P& &
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Fig. 1 Schematic diagram of polarization curves
@ is potential; i is current density; Eo is corrosion potential; icory is
corrosion current density; f,is Tafel anode coefficient; fis Tafel cathode

coefficient.

=5 iR Tafel EHSNME

Table 5 Tafel constant of different specimens

Specimen No. B/mV Specimen No. B/mV
U-6-Na 16 U-18-Na 28
U-6-Na-Ca-2-1 21 U-18-Na-Ca-2-1 37
U-6-Na-Ca-1-1 23 U-18-Na-Ca-1-1 39
U-6-Na-Ca-1-2 22 U-18-Na-Ca-1-2 32
U-6-Ca 24 U-18-Ca 36
U-6-Na-Mg-2-1 19 U-18-Na-Mg-2-1 27
U-6-Na-Mg-1-1 16 U-18-Na-Mg-1-1 24
U-6-Na-Mg-1-2 18 U-18-Na-Mg-1-2 25
U-6-Mg 14 U-18-Mg 22

B is Stern-Geary constant.

K2 3B s T 2
Fig. 2 Typical curves of cyclic polarization

Eyit is pitting potential; E,, is repassivation potential.
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(a) Econ-t curves

(¢) Econ-t curves

E.or(SCE) is corrosion potential compared with saturated calomel electrode.
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Time/d

(d) icon-t curves

B3 NaCl 1 CaCl, #A1E T X UHPC 5 Ecor M igor HIRZMH
Fig. 3 Ecor and i evolution of steel rebar in UHPC
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(b) icon-t curves
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(d) icon-t curves

El4 NaCl Fl MgCl, #4 & 1EF N4 UHPC H Egor 1 icon I
Fig. 4 E o and i evolution of steel rebar in UHPC
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BTSRRI Re 55 R UM ARHEZR, 1 Bl AR Re AT R (B X BE A I8 RO G I T 19 K, 28 d
Kl 7 Fi. HE 7 AT, Na #h5 Ca. Mg #8555, LURRASE TRE, R fEE ReZIm T 2 MR,

(a) Nyquist plot of Na—Ca system at low concentration for 1 d (b) Nyquist plot of Na—Ca system at low concentration for 56 d

1d
400 600 800 1000
Z J(kQ-cm?)
(c) Nyquist plot of Na—Ca system at high concentration for 1 d (d) Nyquist plot of Na—Ca system at high concentration for 56 d
(e) Nyquist plot of Na—Mg system at low concentration for 1 d (f) Nyquist plot of Na—Mg system at low concentration for 56 d

(g) Nyquist plot of Na-Mg system at high concentration for 1 d (h) Nyquist plot of Na-Mg system at high concentration for 56 d

Zim si imaginary part of impedance; Z,. is real part of impedance.
K5 ASJH UHPC 35 %% WY Nyquist 1
Fig. 5 Nyquist plots of different UHPC specimens at different ages
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(a) Unpassive stage (b) Passive stage

Rs, Re, R, and R represent solution resistance, UHPC matrix resistance, passivation film resistance, and steel charge transfer resistance, respectively; C., Cr, and
C. characterize UHPC matrix capacitance, passivation film capacitance, and steel double layer capacitance, respectively.
6 Nyquist P 15530 L %
Fig. 6 Equivalent circuit of Nyquist plots
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(a) Resistance of passive film (b) Resistance of steel charge transfer
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(c) Resistance of passive film (d) Resistance of steel charge transfer
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13 7 14 21 28 42 56
Time/d
(e) Resistance of passive film (f) Resistance of steel charge transfer
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(g) Resistance of passive film (h) Resistance of steel charge transfer

Bl 7 Nyquist 04 L BH A2 i 28

Fig. 7 Nyquist data evolution of different specimens
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(a) Cyclic polarization curve of Na—Ca system at low concentration
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(b) Cyclic polarization curve of Na—Ca system at high concentration

10 10* 10° 102 10" 10° 10!
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(c) Cyclic polarization curve of Na—Mg system at low concentration  (d) Cyclic polarization curve of Na—Mg system at high concentration

B8 56 d I AN [A] UHPC A Hh 0 A 47 A A it 2
Fig. 8 Cyclic polarization curves of steel bars in different UHPC specimens at 56 d
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Table 6 Relevant electrochemical parameters obtained from cyclic polarization curves

Sample No. Econ/mV ic(,"/(uA-cm’z) Ei/mV ip/(uA-cm’Z) Eep/mV AE/mV
U-6-Na —139.202 0.006 7 48.315 0.0402 3 87.375 39.060
U-6-Na-Ca-2-1 —192.756 0.006 2 10.867 0.0439 8 40.933 30.066
U-6-Na-Ca-1-1 —189.682 0.005 8 10.944 0.0466 3 43.009 32.065
U-6-Na-Ca-1-2 —188.530 0.004 6 12.943 0.0440 6 36.089 23.146
U-6-Ca —186.686 0.004 9 15.191 0.0414 3 50.331 35.140
U-6-Na-Mg-1-1 —184.430 0.002 5 13.543 0.0430 6 38.189 24.646
U-6-Na-Mg-1-2 —174.623 0.002 3 26.092 0.04153 63.156 37.064
U-6-Na-Mg-2-1 —171.853 0.001 9 39.087 0.0403 5 61.157 22.070
U-6-Mg —182.761 0.001 8 27.938 0.0402 3 66.078 38.140
U-18-Na —459.295 0.007 5 —-109.237 0.11133 —-180.539 71.302
U-18-Na-Ca-2-1 —383.229 0.0059 -102.375 0.12229 -176.544 74.169
U-18-Na-Ca-1-1 —407.432 0.006 7 -97.402 0.1526 4 -176.621 79.219
U-18-Na-Ca-1-2 —318.765 0.007 1 -70.953 0.13515 -166.325 95.372
U-18-Ca -307.854 0.008 9 —68.038 0.1434 1 —156.413 88.375
U-18-Na-Mg-1-1 -236.674 0.003 2 78.228 0.06199 26.015 52.213
U-18-Na-Mg-1-2 —381.385 0.002 7 -99.401 0.0597 6 —46.189 53.212
U-18-Na-Mg-2-1 —313.564 0.003 6 —76.857 0.0621 3 -126.336 49.479
U-18-Mg —247.769 0.002 9 7.022 0.0572 3 53.159 46.137

AE is difference between pitting potential and repassivation potential.
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