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ORROSION never sleeps, therefore, industries rather than governments do their best to

resist the different types of corrosion by all possible methods and techniques particularly
in high-risk areas. Nevertheless, organic coatings are considered the most widely applied
route for protection of metallic surfaces from corrosion and they are of a special importance
in transportation and infrastructure. Accordingly, the main goal of this study is to provide a
detailed overview of a protective pigment/inhibitor system based on low-cost boron phosphate
and poly(p-phenylenediamine) as a new type of corrosion inhibitive coating that works
holistically to obtain long-term performance for steel protection. However, characterization
and investigation of boron phosphate and/or in-situ polymerized p-phenylenediamine were
achieved via XRD, XRF, FT-IR, SEM and thermal analysis. Besides, different concentrations of
boron phosphate/poly(p-phenylenediamine) were applied within controlled paint formulations
based on epoxy resin, subsequently, they showed good physico-mechanical properties and high
protection level against corrosion.

Keywords: Boron phosphate, Poly(p-phenylenediamine), Pigments, Inhibitors, Coatings,
Surface treatment, Corrosion protection.

Introduction

Boron phosphate is widely used in many industrial
applications due to low cost, low toxicity and its
outstanding properties. Boron phosphate has
a chemical formula (BPO,). It is a white solid
which belongs to the class of orthophosphates.
It can be prepared by solid state reaction using
several reactants such as phosphoric acid with
boric acid, phosphoric acid with triethyl borate,
triethyl phosphate and boron trichloride [1, 2].
Furthermore, synthesis of BPO, was achieved via
microwave irradiation routes [3, 4]. However, our
concern is the preparation of boron phosphate by
mixing boric acid (H,BO,) and phosphoric acid
(H,PO,) at elevated temperature.

Boron phosphate can exist in two forms,
one is amorphous and soluble in water which
is prepared at low temperatures and another
crystalline insoluble form which is prepared at
elevated temperatures. It has been proved that
the crystalinity of these compounds increased

with increasing temperature and heating time. In
addition, the solubility of the BPO, compounds
decreased with increasing the temperature of
reaction and with decreasing pH [1, 5].

Boron phosphate has found applications in
agriculture and fertilizers when applied to soil [5]
and also in manufacturing of synthetic herbicides
[6]. It has been widely used as a catalyst [7, 8].
Besides, boron phosphate was used as a good
smoke reducer and economic flame retardant with
different resins applied as composites [9-12]. It
is used as a phosphating agent for various metals
[13, 14]. In addition, as an additive in glass and
ceramic manufacture [4, 15, 16], in electrical
insulation [17] and electronic packaging [18].
Recently, boron phosphate has found application
in fuel cell membranes [7,19]. According to
authors® knowledge and survey, there is no doubt
that literature is scanty concerning the application
of boron phosphate as inhibitive pigment in
corrosion protection of metals.
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Inhibitors can be considered as the first line
of defense against corrosion. By definition, a
corrosion inhibitor is a chemical substance that,
when added in small concentration to a medium,
effectively decreases the corrosion rate. In general,
the efficiency of an inhibitor increases with limited
increase in inhibitor concentration. The scientific
and technical corrosion literature has descriptions
and lists of numerous chemical compounds that
exhibit inhibitive properties. From the economical
and environmental points of view, only very few
inhibitors are actually used in practice [20,21].
However, organic inhibitors affect the entire surface
of a corroding metal when present in sufficient
concentration. Their effectiveness depends on the
chemical composition, molecular structure, and
their affinities for the metal surface [22, 23].

In continuation to research work of corrosion
protection of steel via conducting polymers, there
are several reported results concerning with the
application of some polyanilines, and polyaniline
derivatives as corrosion inhibitors or in-situ
polymerized aniline moities with phosphate
pigments or other fillers during polymerization
process [24-27].

However, it is clear that there is no single
protective mechanism is operative in organic
coatings and that their long-term performance is
predicated on a number of collaborative processes
working holistically. The properties of individual
components in a coating may be well-known, when
combined within a formulated product the overall
outcome is not predictable and extended empirical
testing is required to validate performance [28].

According to the best of our knowledge, there
are no recent studies concerning application of
modified boron phosphate (boron phosphate/
poly(p-phenylenediamine) hybrid system) as a
corrosion inhibitive coat for steel. This system
was performed via in-situ polymerization of
p-phenylenediamine in presence of boron
phosphate. Hence, the main goal of this study is
to prepare, characterize and evaluate unmodified
and modified boron phosphate as an eco-
friendly corrosion inhibitive pigment for high
performance anti-corrosive paint applications for
steel protection.

Experimental

Materials
Boric acid and hydrochloric acid are products
of Nasr Co., ortho phosphoric acid (85%) is a
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product of Panreac Quimca SA. Ammonium
peroxydisulphate initiator and p-phenylenediamine
are products of Merck Co. Pigments and extenders.
titanium dioxide pigment is a product of Crystal
Co. and zinc phosphate pigment is a product of
Wayne-USA. Barite and talc are products of Faltas
and Green Egypt Companies. Binders: epoxy
resin and its hardener are products of Bayer and
Huntsman Companies. Solvents: xylene, toluene,
ethyl acetate and ethyl alcohol are products
of Merck Co., Nasr Co. and BHD Laboratory
Supplies, GPR.

Preparation of boron phosphate pigment

Boric acid (0.2 mol) and o-phosphoric acid
(85%) (0.2 mol) were mixed together into 100 mL
porcelain crucible with complete stirring. Then
the wet mixture was heated to ~ 200 °C for a few
minutes to get rid of water and have solidified
mixture. Pyrolysis of the prepared sample
mixture was adjusted at the required time 2h and
temperature 1000°C under normal atmosphere.

In-situ polymerization of p-phenylenediamine in
presence of boron phosphate pigment

This method was carried out according to
our reported studies by in-situ polymerization
techniques [26]. (0.005, 0.01 & 0.02 mol)
p-phenylenediamine (pPDA), each was dissolved
in 50 mL ethanol and stirred with 30 g of prepared
boron phosphate. (0.005, 0.01 & 0.02 mol)
ammonium peroxydisulphate initiator, each was
dissolved in distilled water and was added drop
wisely to corresponding prepared (0.005, 0.01
& 0.02 mol) p-phenylenediamine respectively.
Then, addition of 1, 2, 4 mL of 1M hydrochloric
acid to each prepared mixture respectively. Each
mixture was left with continuous stirring for 14
hours. The products were filtered off and the
resultant precipitates were washed several times
with distilled water and were subjected for drying.
(Scheme 1).

Characterization methods

The characterization methods included the
following techniques: X-ray diffraction analysis
(XRD) was carried out by using Bruker AXS
D8 advance, with Ni filtered Cu-Ko radiation.
Images of scanning electron microscope (SEM)
were performed using (Joel Jx-840, Japan) and
the FT-IR analysis for the prepared samples
(using KBr media) was performed by Fourier
Transform Infrared spectrometer (Jasco FT/IR-
6100, Japan). Thermal analysis was obtained by
differential scanning calorimetry DSC131 EVO
(SETARAM Inc., France) which was used to
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Scheme 1. Proposed chemical structure of poly(p-phenylenediamine)

perform the differential scanning calorimetric
analysis. X-ray fluorescence analysis was carried
out by wave dispersive X-ray fluorescence WD
XRF PANalytical Axios advanced.

Methods for evaluation of boron phosphate as a
pigment

The international standard test methods were
applied for evaluation of the boron phosphate as a
pigment (illustrated in table 3) including: specific
gravity [29], bulking value [30], oil absorption
[31], bleeding test [32], chemical resistance [33]
and hydrogen ion concentration (pH value) [34].

Preparation of paint formulations

Paint formulations based on boron phosphate
/epoxy resin (as illustrated in Table 4) were
prepared as follows:

1. Dissolving the epoxy resin in a solvent mixture
of suitable solvents such as ethyl acetate and
n-butanol. 2. The mixture of pigments (titanium
dioxide, zinc phosphate, barite, talc, boron
phosphate) was first mixed with the half portion
of the epoxy resin to produce a semi-paste sample.
3. A ball mill was used to grind and disperse the
pigments mixture in the vehicle solution. The
grinding process continued for 2-4 hours. 4. After
the paint has been grinded in a semi-paste form, it
was incorporated with the reminder half portion of
the vehicle to produce the ready mixed paint and
followed by filtration and filling. 5. Consequently,
the prepared paint formulation (after adding of
hardener portion) was ready for application of one
layer of wet film thickness (about 200 micron) by
wire-wound drawdown bar onto the glass or steel
panels and left for drying to give layer of dry film
thickness of about 100 - 140 micron.

Physical and mechanical properties of paint films

Evaluation of physical and mechanical
properties of dry paint films was carried out
via international standard methods including:
preparation of steel panels [35], preparation of

paint films of uniform thickness on test panels
[36, 37], measuring the drying time [38], film
thickness [39], pendulum hardness on glass
panels [40], adhesion by cross-cut tester [41],
degree of gloss [42] and resistance of organic
coatings to the effects of rapid deformation [43]
as well as testing the ductility by cupping test
machine [44]. However, Ductility can be defined
as it is a measure of a material’s ability to undergo
significant plastic deformation (under tensile or
compression stresses) before rupture, which may
be expressed as percent elongation or percent area
reduction from a tensile test.

Corrosion tests

The coated steel panels (edged by epoxy
resin) were immersed in artificial seawater (35
g NaCl/L) for 28 days taking into consideration
the gradual change of salt solution and washing
of panels with distilled water periodically. At the
end of this period, the panels were washed with
distilled water and left to dry. Hence, the degree
of blistering [45], filiform corrosion [46] and the
degree of rusting [47] on the surface of the steel
panels were evaluated. In addition, photographic
inspection of painted plates after the period of
immersion was recorded.

Results and Discussion

Characterization of boron phosphate pigment

X-ray diffraction analysis

The characteristic d-values of XRD (Fig. 1 &
Table 1) appeared clear and sharp, particularly the
most remarkable intense line of BPO, phase (d =
3.617: 100% at 2-theta =24.61) followed by other
characteristic peaks with lower intensities. This
pattern confirms high purity of the characterized
BPO, phase in comparison with the standard XRD
card of reference code no. 96-101-0300.

The importance of the XRD is contributed to
considering this analysis as a fingerprint for the
Egypt. J. Chem. 61, No. 5 (2018)
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Fig. 1. XRD pattern of prepared boron phosphate

TABLE 1. “d” Values and relative intensities of X-ray diffraction pattern for prepared boron phosphate compared
with standard reference card number 96-101-0300.

Pos. [°2Th.] d-spacing [A°] Height [Counts] FWHM Left [°2Th.] Rel. Int. [%]
24.6104 3.61740 3237.87 0.1181 100.00
26.9422 3.30939 94.97 0.1574 2.93
29.2024 3.05819 123.29 0.1574 3.81
40.0737 2.25009 937.33 0.2362 28.95
46.0836 1.96968 48.33 0.1968 1.49
48.9400 1.86119 250.36 0.2755 7.73
50.2678 1.81510 123.45 0.2362 3.81

Standard XRD card of highly pure boron phosphate
Ref. Code Mineral Name Chemical Formula Sem[l;/Q]uant
0
96-101-0300 - P, B, Os0 100

studied compound depending on characteristic TABLE 2. XRF analysis of prepared boron phosphate.
values of d-spacing between its atoms. However, ) ) Sample
it has the ability to give a quick answer for Main Constituents (wt %)
formation of phase under study or not even in -
presence of other overlapped phases. In addition, S0, 0.08
it provides a clear view of the purity (crystallinity) TiO, 0.098
of the compound by means of the degree of
sharpness of the observed peaks. ALO, 0.14

X-ray fluorescence analysis Fe,0, 002

It is clear from Table 2 that the P O, content CaO 0.02
equal to approx. 99.5 % indicating the presence of PO 99 45
boron phosphate as high pure grade. Taking in our 20
consideration, the XRF instrument cannot detect SO, 0.04
the elements of very low atomic weight (e.g. H, NiO 0.012
... Be, B, ....C and N).

CuO 0.012
FT-IR studies of uncoated boron phosphate
The IR spectrum of boron phosphate is shown ZnO 0.085
in Fig. 2., the peaks at 560 cm™ and 626 cm! are BaO 0.048

Egypt. J. Chem. 61, No. 5 (2018)
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Fig. 2. IR spectrum of prepared boron phosphate.

due to bending vibrations of PO, and the broad
band at 1100 cm™ is assigned to the asymmetric
stretching vibrations of PO,*, while the peak
at 933 cm! is attributed to B-O stretching. The
spectrum of prepared BPO, is in good agreement

with literature [4, 9, 48].

It clear that partially hydrolyzed species are
also released and the corresponding broad band
can only be seen in the spectrum. Kmecl et. al.
showed that broad shoulder-like absorption band
in the area of 3700-2500 cm! can be attributed to
stretching modes of O-H group bound geminally
to P or B atom with hydrogen atom bound with
hydrogen bond to oxygen atom of geminal or
neighboring O-H group. In addition, absorption
bands at 3210 and 1640 cm™ may be attributed
to stretching and deformation modes of adsorbed
water [1, 9].

There are no bands at 1470 and 790 cm™ which
would belong to the stretching and bending modes
of boric acid which indicates that there is no free
acid in the prepared sample [1], these results are
in a good agreement with our results obtained by
XRD pattern.

Scanning electron microscope

It is clearly seen from the SEM image (Fig.
3a,b) performed at magnifications x15000 that the
particles have semi-regular shape and appear in
groups of accumulated particles collected together
giving a reinforcing effect that impart good
protecting properties to the paint films. There
is no characteristic difference can be illustrated
from the two images 3a&3b of SEM uncoated
and poly(p-phenylenediamine) coated samples

of boron phosphate respectively. However,
the observations by Mulla ef. al. indicated that
surface area of BPO, decreases with increase in
calcination temperature [49].

Characterization of boron phosphate coated with
inhibitor PpPDA

One of the most important challenges with
inhibitors is that although effective behavior
at inhibition and/or preventing corrosion when
incorporated into paints but they can be toxic. From
the earliest days of the development of industry
of paints, scientists and technologists have tried
to minimize if not eliminate this problem. In
addition, they design and concern with continuous
release of inhibitor during and after coating
process to improve corrosion protection of coated
metal surface [22, 28, 50]. Thus, the inhibitor of
our interest is poly(p-phenylenediamine) PpPDA.
It is safe and echo-friendly with respect to the
corresponding applied monomer [51] or other
applied organic inhibitors [52, 53]. Besides, the
studied inhibitor was prepared and polymerized
at the surface of boron phosphate pigment before
its incorporation within the paint formulations,
i.e., it acts as homogeneous and regular leachable
species within the coating system providing long
term performance against corrosion process.

FT-IR studies of coated boron phosphate

The IR spectrum of boron phosphate coated with
PpPDA contains four strong bands at 560, 628, 935,
and 1103 cm™!, which can be seen clearly in Fig. 4.
Rather broad band at 3438 cm ™' that was decreased
with respect to the corresponding one shown in Fig.
2. In addition, absorption bands at 3210 and 1640
cm’! were also decreased or diminished.

Egypt. J. Chem. 61, No. 5 (2018)
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Thermal analysis

As shown in the DSC thermograph of uncoated
BPO, (Fig. 5), there is an observed peak appears
slightly before 120 °C. This peak may be attributed
to loss of partially hydrolyzed species at this stage
of heating, that is confirmed and discussed by IR
results of Fig. 2 [1].

On the other hand, the DSC thermograph
of BPO, coated with PpPDA (Fig. 6) showed
disappearance of the last detected peak that appears
slightly before 120 °C in Fig. 5. This indicates
the behavior of applied inhibitor to stabilize the
surface of boron phosphate pigments and its ability
to replace the sites of hydrolyzed species [9].
Accordingly, this can also emphasise and explain
the disappearance and/or decreasing the IR bands
discussed in Fig. 4.

In addition, Fig. 6 shows that there is no observed
thermal decomposition in the sample all over the
range of temperature curve. In other words, no
degradation of polymeric inhibitor was observed.
This may due to very low concentrations of inhibitor
and because it makes just a thin film covering
the surface of studied boron phosphate pigment.
However, if we considered the very slight changes
within the thermal curve of Fig. 6 (i.e. at 240-300 °C
& 400-450 °C), it can match easily with literature of
thermal degradation of PpPDA [54].

Evaluation of boron phosphate as a pigment

Boron phosphate was evaluated as a pigment
(Table 3) for coating applications according to
standard testing methods [29-34].

Fig. 3b. SEM image of the coated boron phosphate at magnification of x15000.
Egypt. J. Chem. 61, No. 5 (2018)
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Fig. 4. IR spectrum of boron phosphate coated with PpPPD.
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Fig. 5. DSC Thermograph of uncoated boron phosphate.
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Fig. 6. DSC Thermograph of boron phosphate coated with PpPPD.
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From Table 3, the following findings can be
documented:

1. Boron phosphate shows moderate value
of specific gravity and bulking value. 2. The
oil absorption value is relatively low for boron
phosphate. It is useful and important to reduce the
required resin content used for paint formulation
and consequently to reduce the paint cost. 3. The
results of bleeding tests carried out in various
solvents (such as toluene and xylene) indicate a
high degree of stability. 4. Chemical resistance
tests in alkaline and acidic media showed high
resistance of the boron phosphate samples against
the effect of alkalis (such as NaOH and CaCO,) and
effect of acids (such as H,SO,). 5. The measured
pH value referred slightly acidic properties of
boron phosphate which is acceptable criterion.

TABLE 3. Characteristics of prepared boron phosphate.

Surface coating applications based on boron
phosphate

Table 4 shows the solvent paint formulations
based on boron phosphate with epoxy resin and its
hardener in comparison with blank formulations
free of boron phosphate. However, epoxy resin
was used as a good binder giving high degree of
adhesion and good physical properties against
corrosion. In addition, because the coated
metal surface is proportional to the inhibitor
concentrates, so, the concentration of the inhibitor
in the medium is critical. For any specific
inhibitor in any given medium there is an optimal
concentration. Thus, we concern with studying the
different doses of the prepared inhibitor (PpPPD)
with the boron phosphate pigment applied within
the prepared paint formulations.

Evaluation Test Results
Specific Gravity 2.83
Bulking Value (gal/100Ib) 4.26
Oil Absorption (g oil / 100g pigment) 26
Degree of Bleeding None
Acid Resistance Excellent
Alkali Resistance Excellent
pH Range Slightly acidic
TABLE 4. Paint formulations based on boron phosphate and epoxy resin
Constituents Formulation No.
(€3] B1 (blank) B2 B3 B4 B5 B6 B7
(blank)

TiO,(Rutile) 20 - - 5 5 5 5
Zinc phosphate - 20 -- 15 10 10 10
Boron phosphate - - 20 5 5 5 5
BaSO, 18 18 18 15.5 15.5 15.5 15.5
Talc 16 16 16 13.5 13.5 13.5 13.5
BPO,- PpPPD 0.005 - - - - 5 - -
BPO,- PpPPD 0.01 - - - - - 5 -
BPO,- PpPPD 0.02 - - - - - - 5
Total pigment 54 54 54 54 54 54 54
Epoxy resin&
Hardener (2:1) 27 27 27 27 27 27 27
(Total binder)
Solvents
Blend of solvents 19 19 19 19 19 19 19
Total 100 100 100 100 100 100 100
P/B ratio
Pigments/Binder ratio 2/1 2/1 2/1 2/1 2/1 2/1 2/1

Egypt. J. Chem. 61, No. 5 (2018)
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It is worthy to mention that during the mixing
of paint formulation B3 in the containers of ball
mill, its color was changed to black. However,
after search for the reason of this change of color,
literature reported that some boron compounds
can be converted into black powder at relatively
high temperature [55]. Thus, this change in color
may be due to the produced heat during the
milling process particularly, the formulation B3
is the only one that has the predominant ratio of
boron phosphate.

Physical and mechanical properties of boron
phosphate paint formulations

The data of the physico-mechanical properties
of dry paint films of different paint formulations
(while adjusting the viscosity of the paint
formulations in a range of 4 poise) and dry films
based on boron phosphate and epoxy resin are
shown in Table 5.

From Table 5 the following results can be
addressed:

1. The paint films show suitable touch drying
time (30-45 min) and 4-5 hr for hard dry. The
coated films of all paint formulations show good
adhesion values of 5B indicating that the edges
of cuts are completely smooth (without paint
film detachment). 2. Dry paint films of various
formulations show good hardness value. 3. The
cupping test for the various paint films shows good
ductility values, indicating the good adhesion and

good elasticity of dry paint films. 4. Coated steel
panels for all paint formulations pass the impact
resistance test. 5. Gloss values of coated films for
all paint formulations at angle 60° indicate that
the paints are of low gloss. In general, all coated
steel panels show good and acceptable physico-
mechanical properties of the dry paint films.

Evaluation of corrosion protective properties
of the prepared paint formulations

It is clear from the data of the corrosion tests
of the dry paint films based on boron phosphate
(summarized in Table 6 and illustrated in Fig. 7) that:

Formulations B3, B4, B5, B6 and B7 show an
improvement in the disappearance of blisters with
respect to blank formulations B1 and B2.

Degree of rusting under the paint films has
also a good improvement by increasing the dose of
boron phosphate and/or inhibitor in the investigated
formulations. However, the paint formulation of high
inhibitor concentration B7 gives slightly difference.
On the other hand, the blank formulations B1 and
B2 gave a remarkable defect in blistering as well
as rusting. In addition, the filiform corrosion test
showed a significant enhancement for formulations
B3, B4, BS, B6 and B7 compared with the blank
formulations B1 and B2. In general, based on the
corrosion resistance studies, we can observe that
formulations B6 and B7 show better improvement
than other corresponding formulations.

TABLE 5. Physico-mechanical properties of dry paint films of different paint formulations based on boron

phosphate and epoxy resin.

Formulation No.
Test
Bl | B | B | B | B | B | m7
Wet film characteristics
Drying time
- Touch dry ——————————————————————— 30-45 Min ----------m-mmmmemmeee
- Hard dry 4-5 hr
Dry film characteristics
Dry film thickness (m) ~120 ~ 120 ~120 ~ 120 ~120 ~120 ~ 120
Adhesi
estont 5B 5B 5B 5B 5B 5B 5B
(cross-cut method)
Hardness (sec) 57 55 44 49 51 70 67
Ductility (mm) ~4 ~4 ~4 ~4 ~4 ~4 ~4
Impact resistance
P P P P P P P
(at 40 om height) ass ass ass ass ass ass ass
Gloss (angle 60°) 25 18.5 20 21.5 18.5 13.5 16
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TABLE 6. Corrosion test data of dry paint films based on BPO, / epoxy resin after immersion in artificial seawater

for 28 days
Formulation No.
Test
B1 B2 B3 B4 B5 B6 B7
Degree of Blistering* 2MD M 6F 6F 8F 8F 8F
5.G 5.G 9-G 8-G 9-G 9-G 9-G
Degree of Rusting** 0.03% 0.1% 0.03% 0.03% 0.03%
3% rusted 3% rusted
rusted rusted rusted rusted rusted
. Fig.3 Fig.3 . . . . .
Filiform Fig.1 Fig.2 Fig.1 Fig.1 Fig.2
Corrosion*** Med:ense Med:ense FewA | MedA | FewA | FewA | MedA

* Degree of blistering is evaluated by two characteristics: size and frequency. Size is determined by a numerical scale
from 10 to zero, in which 10 represents no blistering and blistering standards of 6, 4, and 2 represent progressively larger
sizes. Frequency at each step in size is designated as Dense = D, Medium dense = MD, Medium = M and Few = F.

** Degree of rusting is evaluated using a scale from 10 to 0 based on the percentage of visible surface rust (scale 10 = no
rust or rust < 0.01 % and scale 0 = rust > 50 %). The distribution of the rust is classified as spot rust (S), general rust (G),
pinpoint rust or hybrid rust (P).

*** Filiform corrosion is a special type of corrosion that occurs under coatings on metal substrates that is characterized by
a definite thread-like structure and directional growth according to standard figures in the ASTM D 2803-93.

B1 B2

Blank Blank

Fig. 7. Photographs of paint films based on BPO, / epoxy resin showing the degree of blistering and filiform
corrosion after immersion in artificial seawater for 28 days.
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Conclusions

Long-term performance requires utilization of
excellent inhibitive pigment(s) and presence of
inhibitive leachable species within the applying
coating system which is designed to limit the
corrosion processes that might arise underneath
the coating surface. Thus, our work devoted to
providing a protective pigment/inhibitor system
based on boron phosphate and in-situ polymerized
PpPPD as a corrosion inhibitive system.

Low-cost and safe boron phosphate pigment
was prepared and investigated individually and
in association with in-situ prepared polymeric
inhibitor PpPPD. Besides, they were applied and
incorporated within controlled paint formulations
to measure their physico-mechanical and
corrosion protective properties. They are of good
physico-mechanical properties and record high
protection against corrosion of steel.
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