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A comparative study was performed on the inhibition of steel reinforcement corrosion using three solu-
ble phosphates: sodium monofluorophosphate (Na2PO3F), disodium hydrogen phosphate (Na2HPO4) and
trisodium phosphate (Na3PO4). Tests were carried out using ordinary Portland cement (OPC) paste spec-
imens and OPC mortar specimens with embedded steel reinforcements. The corrosion inhibitors were
deployed in two different ways: by immersion of OPC specimens in aqueous solutions containing the sol-
uble phosphates (migrating corrosion inhibitor), and by addition of the phosphate powders to a fresh OPC
paste (admixture corrosion inhibitor). After curing, the tested specimens were studied using X-ray dif-
fraction, wavelength-dispersive electron microprobe analysis, linear polarisation resistance and electro-
chemical corrosion potential. A correlation was found between the phosphate content (by migration or
admixture) in the OPC matrices and the steel corrosion rate.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction hydrolytic equilibrium between the soluble primary phosphates
Many different methods have been proposed to address rebar
corrosion in reinforced concrete structures, such as barrier layers,
cathodic protection and corrosion inhibitors. Corrosion inhibitors
may be a good way to prevent and/or control reinforcing steel cor-
rosion because they are easy to apply and less costly than other
prevention methods [1,2].

Corrosion inhibitors may be classified according to their appli-
cation procedure, protection mechanism or composition [3]. They
can be deployed by addition to the fresh cement paste, as an
admixture corrosion inhibitor, or by application on the hardened
concrete surface, as a penetrating or migrating corrosion inhibitor
[4]. The latter inhibitors are transmitted through the concrete to
the reinforcements by means of a diffusion process.

Alternatively, steel rebars can be treated with a phosphate solu-
tion to coat the metal surface with an integrated, mildly protective
insoluble crystal layer [5–7]. In the phosphating process, iron dis-
solution takes place at the substrate microanodes and hydrogen is
evolved at the microcathodes [8–10]:

Feþ 2H3PO4 ¡ FeðH2PO4Þ2 þH2 ð1Þ

The formation of a soluble ferrous phosphate leads to a decrease
in the phosphoric acid concentration, and as a result an increase in
the pH at the metal/solution interface. This change in pH alters the
and the insoluble tertiary phosphates of the iron present in the
phosphating solution, resulting in the rapid conversion and depo-
sition of insoluble tertiary iron phosphate [11].

Phosphating processes help to protect steel against corrosion
and provide a good anchoring capability. The barrier performance
of the phosphate layer depends on its insulating ability and poros-
ity [12]. In recent work, Manna studied the effect of a phosphate
coating on steel substrates with different thermomechanical treat-
ments [13,14]. The best results in terms of corrosion behaviour and
bond strength were recorded for tempered martensitic steel. The
effectiveness of a Zn–Ca phosphate system has also been reported
[15], showing a 74% enhancement in the bond strength between
the rebar and the concrete. Minimum corrosion current and max-
imum corrosion potential values were obtained for the Zn–Ni
phosphate conversion coating system, showing its optimum corro-
sion resistance.

The use of phosphate compounds as corrosion inhibitors has
been widely studied, but there continues to be a lack of consensus
about the inhibition mechanism, which can be anodic, cathodic or
mixed [16,17]. Phosphates offer an environmentally friendly alter-
native to traditional sodium nitrite (NaNO2) inhibitors [18,19].

Soluble phosphates, traditionally disodium hydrogen phosphate
(DHP), or sodium monofluorophosphate (MFP), can be deployed in
concrete in two ways: by mixing with the cement, sand and water
as an admixture corrosion inhibitor [18,20], or by immersion of the
concrete in a phosphate solution or surface application of a phos-
phate solution by brushing as a migrating corrosion inhibitor
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[21]. With the latter methods, phosphates penetrate the concrete
pore network by capillarity. In all cases, the soluble phosphates re-
act with calcium hydroxide (portlandite) (Ca(OH)2) to trigger the
precipitation of an insoluble calcium phosphate. Some criticisms
of this mechanism are that DHP or MFP are thus obstructed from
reaching the embedded steel surface, reducing their capacity to
act as corrosion inhibitors [22–25].

This paper studies the performance of three soluble phos-
phates: MFP, DHP and trisodium phosphate (TSP), as corrosion
inhibitors for reinforced mortar, and evaluates the effectiveness
of their application by addition to a fresh cement paste as an
admixture corrosion inhibitor or by diffusion as a migrating corro-
sion inhibitor through the immersion of mortar specimens in an
aqueous MFP, DHP or TSP solution.
Fig. 1. Granulometry distribution of the tested ordinary Portland cement (OPC)
obtained using the laser ray diffraction method.
2. Experimental programme

Type I 52.5 N/SR ordinary Portland cement (OPC) with the
chemical composition given in Table 1 was used. Its particle size
distribution (Fig. 1) was obtained by laser ray diffraction and
showed only one mode, where 10% of the particles were smaller
than 1.5 lm, 50% smaller than 10.5 lm and 90% smaller than
29.2 lm.

Carbon steel bars of 8 mm in diameter and a chemical composi-
tion of 0.45% C, 0.22% Si, 0.72% Mn, <0.010% P, 0.022% S, 0.13% Cr,
0.13% Ni, 0.18% Cu and balance Fe were used as reinforcements.

Three soluble phosphate compounds were tested as reinforcing
steel corrosion inhibitors: 95% pure Aldrich sodium monofluoro-
phosphate (Na2PO3F), 99% pure Panreac disodium hydrogen phos-
phate (Na2HPO4), and 97% pure Panreac trisodium phosphate 1-
hydrate (Na3PO4).

Two types of specimens were tested: cement paste specimens
and mortar specimens with embedded steel reinforcement bars.

Cement paste specimens were made by mixing the OPC with
water at a constant water/cement ratio of 0.35. Pastes were pre-
pared with 3% additions of the studied phosphates (MFP, DHP or
TSP) and without phosphates. The fresh paste was poured immedi-
ately into 10 � 10 � 60 mm moulds and cured in conditions of
100% relative humidity (RH) for 30 days at room temperature.

The cement paste specimens with 3% addition of phosphates
were used to study phosphate distribution by wavelength-disper-
sive electron microprobe analysis (EMPA). A JEOL JXA-8900M unit
was used under operating conditions of 20 kV acceleration voltage,
50 nA current, 20 s peak counting time, 5 s background counting
time, and a beam diameter of 20 lm. EMPA analysis determines
the phosphorus content as P2O5.

The cement paste specimens without phosphates were used to
perform diffusion experiments by immersion in a 0.2 M aqueous
MFP, DHP or TSP solution (migrating corrosion inhibitor speci-
Table 1
Chemical compositions (% in mass) of tested ordinary
Portland cement (OPC).

Compound Composition (%)

SiO2 20.33
Al2O3 3.40
Fe2O3 4.68
CaO 57.84
MgO 1.51
MnO 0.10
TiO2 0.09
K2O 0.72
Na2O 0.51
SO3 7.26
Loss on ignition 3.42
Insoluble residue 1.23
mens), according to the method used by López-Acevedo et al.
[26], for a period of 60 days.

Cement paste specimen preparation for EMPA analysis con-
sisted of taking 6 mm thick slices with a cross section of
10 � 10 mm from the core of the prism 30 mm from the square
base, encapsulation in epoxy resin, and polishing with aluminium
oxide powder paste of 0.05 lm grain diameter. Fifty microprobe
spots spaced 190 lm apart were analysed along a 10 mm line. All
measurements were made on two replicate specimens. Crystalline
phases present in the specimens were characterised by X-ray dif-
fraction (XRD) using a Bruker D8 Advance diffractometer with
Sol-X detector. X-ray patterns were recorded from 5� to 65� (2h)
in the step-scanning mode, step size 0.02� (2h), and 1 s counting
time.

Mortar specimens of 20 � 55 � 80 mm dimensions were pre-
pared using siliceous sand (SiO2, 99% pure) with a water/sand/ce-
ment ratio of 0.5/3/1. Two 8 mm diameter carbon steel bars were
symmetrically embedded lengthwise in the specimens and a stain-
less steel cylinder of 50 mm in diameter was inserted in a central
position. The curing conditions were the same as for the cement
paste specimens: 100% RH for 30 days at room temperature, prior
to the electrochemical measurements campaign. The mortar spec-
imens without phosphates were immersed in a 0.2 M aqueous
MFP, DHP or TSP solution or in distiled water at room temperature
(migrating corrosion inhibitor specimens). The mortar specimens
with phosphates were stored in desiccators at saturation RH
(�100%) at room temperature (admixture corrosion inhibitor
specimens).

The mortar specimens were used to carry out electrochemical
corrosion tests, with the carbon steel bars acting as working elec-
trodes and the stainless steel cylinder as counter electrode. A cen-
tral drillhole in the latter allowed the use of a saturated calomel
electrode (SCE) as reference. A pad soaked in distiled water was
used to facilitate the electrical measurements. An active surface
area of 10 cm2 was marked on the working electrodes with adhe-
sive tape, thus isolating the triple-mortar/steel/atmosphere inter-
face to avoid possible localised corrosion attack due to
differential aeration. Corrosion behaviour over time was monitored
using the electrochemical corrosion potential (Ecorr) and linear
polarisation resistance (Rp) techniques (Rp = DE/DI). This allows
the steel corrosion rate (current density) to be calculated using
the Stern–Geary equation [27]: icorr = B/Rp, where B is a constant
determined at the end of the experiment by performing polarisa-
tion curves, applying a polarisation of �200 mV < Ecorr < +200 mV,
B = (babc)/2.303(ba + bc), ba and bc are the anodic and cathodic Tafel



Fig. 2. XRD patterns for admixture corrosion inhibitor specimens. Ordinary Portland cement (OPC) (OPC Paste: blank experiment), OPC mixed with 3% Na3PO4 (TSP), OPC
mixed with 3% Na2PO3F (MFP), and OPC mixed with 3% Na2HPO4 (DHP). et: ettringite, c2f: calcium iron oxide, p: portlandite, c2s: calcium silicate (Ca2SiO4), c3s: calcium
silicate oxide (Ca3SiO4O).
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slopes, respectively [28]. An EG&G Parc potentiostat model 273A
was used for electrochemical measurements.

3. Results

Fig. 2 displays representative XRD patterns for cement paste
specimens with admixture corrosion inhibitor cured at 100% RH
for 30 days. The patterns show similar behaviour both with and
without phosphate, which may indicate that the presence of a
small amount of phosphates does not have a significant influence
on curing reactions, and at the same time that new crystalline
phases were not formed (for the 1–3% detection limit of the XRD
technique). XRD patterns (not included) for specimens without
phosphate immersed for 60 days (after curing) in 0.2 M aqueous
phosphate solutions (MFP, DHP or TSP) also showed no change in
relation to the original OPC paste specimen.

Fig. 3 shows the phosphorus distribution (as % P2O5) as a func-
tion of the penetration depth for migrating corrosion inhibitor
specimens using the EMPA technique. As can be observed, after
an initial fast decrease the P2O5 distribution is homogeneously of
the order of �0.10%. The P2O5 penetration depth was determined
by the intercept of the tangent associated to the sharp decay curve
showing the variation in P2O5 versus penetration depth and the ab-
scissa axis. Table 2 summarises the results for P2O5 penetration
depths. It can be seen that DHP and TSP compounds present similar
P2O5 penetration values, 380 lm and 126 lm, respectively, while
the MFP compound presents the highest penetration depth,
1114 lm.

EMPA results allow the intrinsic phosphate diffusivity to be cal-
culated for the MFP, DHP and TSP corrosion inhibitors in OPC paste.
The diffusion coefficient for each phosphate compound may be
estimated by analysing the PO3�

4 content distribution over the pen-
etration depth based on the one-dimensional solution to Fick’s sec-
ond law of diffusion [29]:

Cðx; tÞ � C0
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¼ 1� erf
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where C(x,t) is the PO3�
4 content at penetration depth (x) at time (t);

t is the exposure time; x is the depth; C0 is the initial or background
PO3�
4 content in the OPC paste; CS is the PO3�

4 content on the ex-
posed surface; D is the effective diffusion coefficient; and erf is
the Gaussian error function, (erfðxÞ � 2ffiffiffi

p
p
R x

0 e�y2 dy) [30]. The effec-
tive diffusion coefficients (D) obtained using Eq. (2) are listed in Ta-
ble 2, presenting D values of 1.8 � 10�8 cm2 s�1 for MFP,
6.7 � 10�9 cm2 s�1 for DHP, and 5.0 � 10�9 cm2 s�1 for TSP, thus
indicating a decreasing diffusion rate in the order MFP > DHP > TSP.
Since the penetration depths of phosphorous are small, the diffu-
sion coefficient values should be regarded as approximations.

Fig. 4 shows the phosphorus distribution (as % P2O5) versus
depth for admixture corrosion inhibitor specimens using the EMPA
technique. As can be observed, the P2O5 distribution is inhomoge-
neous, varying between �0.10% and 0.90%. The average P2O5 con-
tent was 0.47%, 0.45% and 0.43% for MFP, DHP and TSP,
respectively. Considering that the distance between two consecu-
tive spots is 190 lm, that the spot diameter is 20 lm, and that
no analysis has a P2O5 value of less than 0.10%, it is concluded that
a better phosphate distribution (higher content) is obtained in the
OPC paste with an admixture corrosion inhibitor procedure (Fig. 4),
than with a migrating corrosion inhibitor procedure (Fig. 3), in
which the average P2O5 content was �0.10%.

Fig. 5 shows the corrosion potential (Ecorr) versus time for steel
bars embedded in mortar specimens immersed in the aqueous
phosphate solutions (MFP, DHP or TSP) or distiled water (migrating
corrosion inhibitor specimens). The Ecorr values are situated at lev-
els of low or medium risk of corrosion. Even so, the Ecorr parameter
can be used to define the probability of corrosion in the carbon
steel embedded in OPC mortar: for Ecorr < �0.43 V vs. SCE the prob-
ability of corrosion is high (�90%), for �0.43 V < Ecorr < �0.28 V vs.
SCE corrosion is uncertain, and for Ecorr > �0.28 V vs. SCE there is a
10% probability of corrosion [31]. Only the experiment performed
by immersion in distiled water presented a high risk of corrosion.
It can be seen that the Ecorr value for specimens immersed in the
aqueous phosphate solutions is less negative (noble) that for the
specimen immersed in distiled water (without inhibitor). Thus,
Ecorr values indicate that MFP, DHP and TSP may be considered
anodic inhibitors. Specimens immersed in the aqueous DHP solu-
tion present the most noble corrosion behaviour, with the least
negative Ecorr value.



Fig. 3. Phosphorus content (as P2O5) versus diffusion depth (penetration) for
migrating corrosion inhibitor specimens using Fick’s law. 60 days Immersion in
0.2 M aqueous: (a) Na2PO3F (MFP) solution, (b) Na2HPO4 (DHP) solution, and (c)
Na3PO4 (TSP) solution. To homogenise y-axis scale data, the first values of (a) were
not included.

Table 2
Penetration depth (lm) for migrating corrosion inhibitor specimens immersed for
60 days in aqueous Na2PO3F (MFP), Na2HPO4 (DHP) and Na3PO4 (TSP) solutions,
determined as phosphorus (P2O5), and diffusion coefficient of anion.

Compound (Anion) Penetration depth
(lm) Phosphorus (P2O5)

Diffusion coefficient
of anion (cm2 s�1)

Na2PO3F (PO3F2�) (MFP) 1114 1.8 � 10�8

Na2HPO4 (HPO2�
4 ) (DHP) 380 6.7 � 10�9

Na3PO4 (PO3�
4 ) (TSP) 126 5.0 � 10�9

Fig. 4. Phosphorus content (as P2O5) versus depth (penetration) for admixture
corrosion inhibitor specimens. Ordinary Portland cement mixed with 3%: (a)
Na2PO3F (MFP), (b) Na2HPO4 (DHP), and (c) Na3PO4 (TSP).
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Fig. 6 shows the corrosion current density (icorr), estimated from
Rp measurements, versus time for steel bars embedded in mortar
specimens immersed in the aqueous phosphate solutions (MFP,
DHP or TSP) or distiled water (migrating corrosion inhibitor spec-
imens). The icorr values are situated at levels of low or medium risk
of corrosion. The dotted line indicates the approximate limit for
passive steel values, 60.1 lA cm�2 [32]. The best corrosion inhibi-
tor behaviour is shown by the MFP and DHP compounds, with icorr

values of <0.1 lA cm�2, typical of the passive state. The TSP speci-
mens are passive from 10 to 30 days, after which time the icorr in-
creases. The blank specimen (immersion in distiled water without
inhibitor) was actively corroding.

Fig. 7 shows the corrosion potential (Ecorr) versus time for steel
bars embedded in mortar specimens prepared by mixing 3% of so-
lid phosphate powder (MFP, DHP or TSP) with OPC, water and sand
(admixture corrosion inhibitor specimens). The mortar specimens
were stored in desiccators at saturation RH (�100%). As for the
migrating corrosion inhibitor specimens (Fig. 5), the best corrosion
inhibitor behaviour is shown by the DHP compound. The speci-
mens with MFP and TSP compounds show Ecorr values at the med-
ium risk of corrosion level. From a practical point of view, Fig. 7
and also Fig. 5 present excellent results as the use of DHP or TSP
is a good alternative to the expensive MFP compound.



Fig. 5. Corrosion potential (Ecorr) versus exposure time for migrating corrosion
inhibitor specimens. Steel bars embedded in ordinary Portland cement (OPC)
mortar and immersed in distiled water (H2O) (blank experiment) or in 0.2 M
aqueous phosphate, Na2HPO4 (DHP), Na2PO3F (MFP) or Na3PO4 (TSP) solution.

Fig. 6. Corrosion current density (icorr), estimated from Rp measurements, versus
exposure time for migrating corrosion inhibitor specimens. Steel bars embedded in
ordinary Portland cement (OPC) mortar and immersed in distiled water (H2O)
(blank experiment) or in 0.2 M aqueous phosphate, Na2HPO4 (DHP), Na2PO3F (MFP)
or Na3PO4 (TSP) solution.

Fig. 7. Corrosion potential (Ecorr) versus exposure time for admixture corrosion
inhibitor specimens. Steel bars embedded in ordinary Portland cement (OPC) mixed
with 3% Na2HPO4 (DHP), Na2PO3F (MFP) or Na3PO4 (TSP). The specimens were
stored in desiccators at �100% RH.

Fig. 8. Corrosion current density (icorr), estimated from Rp measurements, versus
exposure time for admixture corrosion inhibitor specimens. Steel bars embedded in
ordinary Portland cement (OPC) mixed with 3% Na2HPO4 (DHP), Na2PO3F (MFP) or
Na3PO4 (TSP). The specimens were stored in desiccators at �100% RH.

Fig. 9. Inhibitor efficiency (%) versus time for migrating corrosion inhibitor
specimens. Steel bars embedded in ordinary Portland cement (OPC) mortar
immersed in aqueous phosphate, Na2HPO4 (DHP), Na2PO3F (MFP) or Na3PO4 (TSP)
solution.
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Fig. 8 shows the corrosion current density (icorr), estimated from
Rp measurements, versus time for steel bars embedded in mortar
admixture corrosion inhibitor specimens prepared by mixing 3%
of solid phosphate powder (MFP, DHP or TSP) with OPC, water
and sand. The mortar specimens were stored in desiccators at
�100% HR. The best corrosion inhibitor behaviour is shown by
the DHP compound, with icorr values situated at levels of low or
medium risk of corrosion.

Fig. 9 shows the inhibitor efficiency (IE) versus time for steel
bars embedded in mortar specimens immersed in the aqueous
phosphate solutions (MFP, DHP or TSP) (migrating corrosion inhib-
itor specimens). The IE (%) value was obtained using the expression
[33]:

IEð%Þ ¼ CRabs � CRpre

CRabs
� 100 ð3Þ

where CRabs and CRpre are the steel corrosion rates estimated from
Rp measurements in the absence and presence of inhibitor, respec-
tively. In general, the best inhibition efficiency is shown by the MFP
compound. Nevertheless, for 10 and 20 days experimentation the
DHP compound showed the highest IE. In general, the order of inhi-
bition efficiency is MFP > DHP > TSP.
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4. Discussion

The low penetration of phosphate ions in the migrating corro-
sion inhibitor specimens (1114 lm, 380 lm and 126 lm for MFP,
DHP and TSP, respectively) may be explained, on the one hand,
by the very low porosity of the tested OPC paste, and on the other
hand by the reaction of phosphate ions with portlandite in the OPC,
yielding apatite which is precipitated in the pore network. The for-
mation of apatite probably blocks any further inhibitor
penetration.

Ormellese et al. [4], studying a tertiary amine with inorganic
phosphorus compounds as a corrosion inhibitor for reinforcing
steel, reported a capillary coefficient of �3 g m�2 s�1/2 for the
inhibitor and �6 g m�2 s�1/2 for water, indicating that the inhibitor
penetration was limited to the first 20 mm of concrete depth. This
behaviour was associated to the high inhibitor viscosity compared
to water and, above all, a chemophysical interaction between the
inhibitor mixture and the concrete pore surface leading to the for-
mation of precipitated compounds that block the concrete poros-
ity. In view of these results, the lower penetration of the
inhibitors tested in the present research (126–1114 lm) can prob-
ably be explained by the interaction between the inhibitor and the
OPC paste.

According to Chaussadent et al. [34], the chemical reactions be-
tween the phosphate solution and the substrate (portlandite) are:

6CaðOHÞ2 þ 3PO3F2� þ 6Naþ ¡ Ca5ðPO4Þ3Fþ CaF2 þ 6OH�

þ 6Naþ þ 3H2O ð4Þ

5CaðOHÞ2 þ 3PO3�
4 þ 9Naþ ¡ Ca5ðPO4Þ3OHþ 9OH� þ 9Naþ ð5Þ

5CaðOHÞ2 þ 3HPO2�
4 þ 6Naþ ¡ Ca5ðPO4Þ3OHþ 6OH�

þ 6Naþ þ 3H2O ð6Þ

Using the standard free energy values (DG0
f ) reported by Wag-

man et al. [35], and Tacker and Stormer [36], for the different spe-
cies, it was possible to calculate the equilibrium constants for Eqs.
(4)–(6), which allow the following activities of phosphate ions in
equilibrium with the interstitial solution to be calculated for the
migrating corrosion inhibitor specimens: log aPO3F2� ¼ �23:02,
log aPO3�

4
¼ �10:81, and log aHPO2�

4
¼ �11:16. These activity values

are very low and corroborate the low mobility of phosphate ions
in the OPC paste. However, calcium fluorophosphate or calcium
hydroxide phosphate may precipitate as amorphous phases which
are more soluble than the crystalline phases and consequently
have a higher activity and mobility phosphate ions. The extraordi-
narily low activity value calculated for monofluorophosphate ion
indicates lower mobility than the PO3�

4 and HPO2�
4 ions. The discor-

dance between this result and the diffusion process experiments
(Table 2) may also be explained, according to Rowley and Stuckey
[37], and Mehta and Simpson [38], by assuming that the reaction
between portlandite and monofluorophosphate (PO3F2-) yields cal-
cium monofluorophosphate dihydrate and subsequently, according
to Ostwald’s rule, changes to the most stable fluorapatite according
to the following equilibriums [39]:

CaðOHÞ2 þ PO3F2� þ 2Naþ þ 2H2O ¡ CaðPO3ÞF � 2H2O

þ 2OH� þ 2Naþ ð7Þ

and

3CaðOHÞ2 þ 3CaðPO3FÞ � 2H2O ¡ Ca5ðPO4Þ3Fþ CaF2 þ 9H2O ð8Þ

Using the DG0
f for calcium monofluorophosphate dihydrate pro-

posed by Duff [40]: �2221.29 kJ mol�1, the equilibrium constant of
Eq. (7) and the activity of the monofluorophosphate ion were cal-
culated, log aPO3F2� ¼ �4:66. This value would explain the high
diffusion of this ion in the OPC paste. Thus a precipitation-diffusion
mechanism may be proposed. Precipitation of the Ca(PO3)F�2H2O
phase takes place following an evolution to Ca5(PO4)3F, with a
drastic reduction in the activity of the interstitial PO3F2- ion.

Table 2 lists the effective diffusion coefficients (D) obtained
using Eq. (2). The D values are 1.8 � 10�8 cm2 s�1 for MFP,
6.7 � 10�9 cm2 s�1 for DHP and 5.0 � t10�9 cm2 s�1 for TSP. These
results indicate a diffusion rate order of MFP > DHP > TSP. Phos-
phate diffusion is a time-dependent process that decreases with
time since the capillary pore network will be altered as precipita-
tion products continue to form. Furthermore, some phosphate ions
will become chemically bound as they penetrate through the pore
network and form precipitate phosphate compounds. Iron phos-
phate forms a thin film on both the surface and the core of the
OPC paste because it is perfectly mixed with the remaining mate-
rials. This protects it from later attacks and also insulates the OPC
paste from the aggressive environment, besides providing good
adherence to the reinforcing steel bars.

Ecorr results indicate that the presence of DHP, MFP or TSP had a
positive influence on the inhibition of corrosion. The Ecorr was
shifted in the anodic direction (less negative) and the steel/OPC
system was less prone to corrosion. Ecorr values were situated at
levels of low or medium risk of corrosion with both migrating cor-
rosion inhibitor and admixture corrosion inhibitor specimens in
the presence of phosphate compounds (Figs. 5 and 7, respectively).
In contrast, the experiment involving immersion in distiled water
without inhibitor (Fig. 5) presented a high risk of corrosion. Com-
paring the Ecorr values for migrating corrosion inhibitor specimens
in the presence and absence of inhibitor (Fig. 5), DHP, MFP or TSP
may all be considered anodic inhibitors when acting as migrating
corrosion inhibitors.

icorr Values, estimated from Rp measurements, were situated at
low or medium levels of corrosion risk, see Fig. 6 for migrating cor-
rosion inhibitor specimens. The dotted line (60.1 lA cm�2) is the
approximate limit for the passivity of steel [32]. The best corrosion
inhibitor behaviour for migrating corrosion inhibitor specimens
was shown by the MFP and DHP compounds. The specimens con-
taining TSP compound were active at the start of the experiment,
passivated between 10 and 30 days, and the icorr increased to the
active state (medium risk of corrosion) after 30 days, see Fig. 6. A
medium risk of corrosion was shown by the migrating corrosion
inhibitor specimens in the absence of inhibitor, i.e. immersed in
distiled water. For the admixture corrosion inhibitor specimens
(Fig. 8) the best corrosion inhibitor behaviour was shown by the
DHP compound, which presented icorr values in the passive state
for most of the tested time.

icorr Values (Figs. 6 and 8) indicate active corrosion at the start of
the experiment followed by a drop in the corrosion current density
which may be associated with the protection supplied by the
inhibitor or by the surrounding alkaline medium of the pore net-
work solution. After this initial time an increase in the icorr was ob-
served which may be explained by a precipitation-diffusion
mechanism. Only in the presence of the DHP compound, for both
migrating corrosion inhibitor and admixture corrosion inhibitor
specimens, were the steel reinforcements in the passive state for
all the experimental time tested. The MFP compound, which sup-
plied passivity for the steel embedded in migrating corrosion
inhibitor specimens (Fig. 6), came in second place. This result is
interesting because it suggests that the conventional MFP com-
pound could be replaced by the cheaper DHP.

The average P2O5 content was 0.47%, 0.45% and 0.43%, respec-
tively, for MFP, DHP and TSP, in the case of admixture corrosion
inhibitor specimens, and �0.10% for all three phosphates in the
case of migrating corrosion inhibitor specimens. This difference
in the P2O5 content was probably not enough to bring about a
change in corrosion inhibition behaviour, since the icorr was of



D.M. Bastidas et al. / Cement & Concrete Composites 43 (2013) 31–38 37
the same order for migrating corrosion inhibitor specimens (Fig. 6)
and admixture corrosion inhibitor specimens (Fig. 8).

It can therefore be said that the procedure based on a diffusion
process, by immersion in an aqueous phosphate solution, is not the
best approach. Preventing corrosion can be well solved by mixing
the phosphate compound with the cement paste. This procedure
is easy to apply, and a small amount of DHP, of the order of 1%,
would probably be enough to protect the steel reinforcement while
avoiding the interaction between DHP with calcium hydroxide
(portlandite).

The DHP compound showed the highest inhibition efficiency (IE)
for 10 and 20 days of experimentation using migrating corrosion
inhibitor specimens. Nevertheless, in general the best IE was shown
by the MFP compound. The order of IE was MFP > DHP > TSP. These
results corroborate the fact that, from a practical point of view, DHP
and TSP compounds are good alternatives to the expensive MFP
compound for use as migrating corrosion inhibitors.
5. Conclusions

The average P2O5 content for specimens prepared with an
admixture inhibitor process was 0.47%, 0.45% and 0.43% for MFP,
DHP and TSP, respectively, and for specimens immersed in aqueous
phosphate solutions (inhibition mechanism as a migrating corro-
sion inhibitor) the average P2O5 content was �0.10% for all three
phosphates. This difference is probably not enough to cause a
change in corrosion inhibition behaviour, since the icorr was of
the same order for both types of specimens. Thus, the admixture
or migrating corrosion inhibitor approaches were about equally
effective in corrosion inhibition.

Phosphate diffusion is a time-dependent process, which de-
creases with time as the capillary pore network becomes altered
by the continuing formation of precipitation products. Further-
more, some phosphate ions will become chemically bound as they
penetrate the pore network and form precipitate phosphate com-
pounds. The experimental results of the migrating corrosion inhib-
itor diffusion coefficient were used as the base to calculate the
diffusion of MFP, DHP and TSP compounds through the OPC paste.

The three tested corrosion inhibitors (MFP, DHP or TSP) present
good inhibition behaviour. The order of efficiency for phosphates
acting as migrating corrosion inhibitors was MFP > DHP > TSP.
The results indicate that DHP and TSP compounds are good alter-
natives to the expensive MFP compound. For admixture corrosion
inhibitor specimens the best corrosion inhibitor behaviour was
shown by the DHP compound, which presented icorr values in the
passive state for most of the tested time.
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