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Abstract: Corrosion processes of the most common steel grades in various environments are the
subject of numerous studies. At the same time, the corrosion of welded joints hidden in concrete
thickness has not yet been studied. The authors set themselves the task of investigating this process.
For this purpose, the corrosion resistance of several metals (grade St.3, U7 and their weld joints) was
studied in standard test solutions, simulating a concrete pore liquid, containing sodium carbonates
and hydrocarbonates, and sodium chlorides. Data on comparative corrosion resistance in saline
media for specified materials were obtained. It was shown that the corrosion rate depends on the
ease of CO; ingress into the solution, and, to a lesser degree, on the metal microstructure. The
surface character of the metal samples and the composition of corrosion products were investigated
by scanning electron microscopy and an X-ray diffraction analysis. Chemical forms of surface
compounds were determined. For the first time, it is clearly shown that the electrode coating flowing
during welding does not always protect the weld from corrosion, as was previously believed. The
corrosion rate, in this case, is just the same as at the surface of the metal plate of a similar composition.
In the conclusion of this work, it is emphasized that in the case of alkaline and chloride-containing
media, the protective coating falling from the electrode to the weld does not protect it sufficiently
from corrosion.

Keywords: corrosion resistance; welding unit; concrete; concrete pore liquid; carbon dioxide; scanning
electron microscopy; X-ray diffraction analysis; gravimetry; weight loss kinetics; surface defects

1. Introduction

Corrosion is under the continuous scrutiny of researchers [1,2]. By average estimates,
currently, direct losses of metal from corrosion are approx. 4-5 percent of the national
income of industrially developed countries, and not less than 10 percent of smelted metal,
that is, 20 million tons per year. Practical engineers undertake maximum necessary mea-
sures for the corrosion protection of process equipment and engineering structures [3—6].
Article [3] examines the corrosion of underground pipelines and suggests new ways to pro-
tect against it. In work [4], the effect of shear stress on the wall of technological pipelines on
the intensity of carbon dioxide corrosion is studied. Articles [5,6] discuss the chemical and
thermal treatment of steel in low-melting solutions. The authors of article [7] compare the
data on corrosion in different continental regions on Earth. Paper [8] is devoted to the repair
of a precast reinforced concrete residential building. This article contains important infor-
mation concerning the corrosion processes of steel reinforcement inside reinforced concrete.
Monograph [9] contains extensive material, devoted also to the corrosion of steel reinforce-
ment. Authors of monograph [9] summarize materials on this topic. Monograph [10] is
devoted to concrete corrosion and contains numerous examples of concrete decomposition
in seawater. The interrelation of concrete and reinforcement destruction is considered on
numerous examples. Paper [11] is listed as a good illustration of this type of investigation.
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Currently, research is continuing in the field of corrosion of bimetallic metal compounds, a
good example of which are the works [12,13]. A number of works are related to the general
problems of assessing the mechanical strength of materials, including those of welds [14,15]
and practical methods of control [16,17]. The modern technique of corrosion control is also
discussed in papers [18,19]. Various mathematical models, in particular the graph theory,
have been used to describe the corrosion process [20]. Paper [21] deals with the corrosion
protection of steel pipes in petrochemical production. Maksarov et al. paid much attention
to improving the quality of the further processing of welded products [22-25]. Paper [26] is
devoted to corrosion investigations in the atmosphere.

Currently, conducted research mostly affects the phenomena of atmospheric corrosion,
a good example of this is the extensive and scrupulous work in [7]. As experience in
the operation of precast concrete buildings shows, over time, various difficult-to-remove
defects occur in concrete, which cause the corrosion of the reinforcement [8]. The problem
of corrosion is substantive, where one or another fabricated metal part that is inaccessible
for visual and instrument inspection corrodes. In particular, this applies to the assembly
process of buildings and structures of precast concrete. The total output of fabricating yards
is under production regulations and under the strict control of factory laboratories. In the
overwhelming majority of cases, the fabricating yards produce products by autoclaving,
during which the concrete setting occurs under an elevated temperature (191 °C) and
pressure, exceeding the atmosphere’s pressure by 10% [9]. However, the assembly occurs
outdoors, whereby a strict quality control of joint sealing between the mating structures, or
cement grout or concrete drying temperature is impossible [10,11]. These determine the
comparatively inferior quality of concrete quality in joints. To join two precast structure
elements, electric welding is generally used. The characteristic feature of electric welding is
fast metal heating and cooling, resulting in the formation of micro-cracks near the weld
joint. Quite often, such heating is performed repeatedly. Moreover, when welding, a change
in the mating metals’ microstructure near the weld occurs [12,13]. All the above-mentioned
factors can increase the metal corrosion. Currently, effective methods of quality control of
welding joints [13-23] as well as the remote monitoring of the operational characteristics
of structures have already been developed. Recently, intensive research has also been
conducted aimed at the early detection of corrosion [18,19]. However, when assembling
elements from reinforced concrete, it is practically impossible to monitor the corrosion near
the weld joint after sealing the joint between the concrete goods by cement grout [9].

It is known that concrete pore liquid has a pH of approx. 12, which stipulates rein-
forcing steel passivation and prevents its corrosion in the bulk of concrete. During the
operation, moisture and CO, diffuse inside concrete, with strongly alkaline solutions of
concrete pore liquid (with pH =~ 11.3-12.5) reacting with CO, with the calcium carbonate
generation [9]:

Ca(OH); + CO, = CaCO3 + H,O 1)

The further development of the process results in hydrocarbonate formation, shifting
the pH value towards neutral solutions, reaching a pH of 9, which results in the depassiva-
tion of the protective oxide coating on the metal, creating favorable conditions for corrosion.
It is known that iron corrosion is the most intense, in the pH range from 4 to 10 [27,28]

CaCO; + CO, + HyO = Ca(HCO3), @)

Reinforcement corrosion results in the formation of a loose mass of hydrated ferric
oxides, the volume of which exceeds the volume of the initial metal-reinforcing element.
This, in turn, results in the mechanical failure of concrete [29].

A large body of research is devoted to concrete corrosion [30] (a review is given in
paper [27]) and corrosion in saturated lime solutions [31]; however, it does not concern the
peculiarities of the corrosion of weld joints and joining the reinforcement when assembling
concrete goods. The aim of this paper is to study the metal corrosion near the weld joint in
the standard test medium with a pH close to the pH of a solution in the concrete pores.
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2. Materials

A list of studied structural materials and their composition is given in Table 1. Distilled
water, sodium chloride (chemically pure), sodium carbonate Na,CO3 x 10H,O (pure) and
sodium hydrocarbonate (chemically pure) were used to prepare the saline solutions. Saline
media composition is listed in Table 2.

Table 1. Composition of the studied structural materials.

Control Parameters Material Grade
U7 St.3 ANO-4
Components GOST GOST GOST
1435-99 380-2005 5.1215-72
As - up to 0.08 -
C 0.66-0.73 0.14-0.22 up to 0.10
Cr up to 0.2 up to 0.3 -
Cu up to 0.25 up to 0.3 -
Fe base base base
Mn 0.17-0.33 0.4-0.65 0.6-0.8
Ni up to 0.25 up to 0.3 -
- up to 0.008 -
P up to 0.03 up to 0.04 up to 0.035
up to 0.028 up to 0.05 up to 0.035
Si 0.17-0.33 0.05-0.17 up to 0.18

Table 2. Summary data on the study of structural materials corrosion resistance.

Sample Saline Media Composition, wt. %  Initial Corrosion Rate Per
Sample No. al First Day, g/cm® Day
Material  Na,CO; NaHCO;  NaCl 104
4.2 33.6 35 34
! St3 42 33.6 - 18
42 33.6 3.5 1.2
2 vz 4.2 33.6 - 0.95
3 Weld joint 42 33.6 3.5 3.2
St3-5t3 42 33.6 - 2.13
4 Weld joint 4.2 33.6 35 3.42
5t3-U7 42 33.6 - 24
5 Weld joint 42 33.6 3.5 3.3
u7-u7 4.2 33.6 - 2.10
3. Methods

The study of structural materials corrosion in solutions was carried out in both static
conditions and with agitation. In the experiments with agitation, a periodical agitation of
the solution was carried out once a day for 1 h by a submerged mixing device at the rate
of ~600 RPM. The technique of the experiment with agitation is described in detail in our
previous works [32,33]. The sheet metal samples were welded by ANO-4 electrodes 2 mm?
in diameter with a welding current of 40 A. Then, the surface was mechanically cleaned and
the 10 cm? plates were cut out. The obtained 10 cm? plates were placed into the solution
(Table 2) and exposed for 1-62 days. The pH of the model solution was about 11.2-11.5
and changed slightly over time. At the same time, two parallel experimental series were
performed in dynamic mode and three in static mode. Corrosion rate monitoring was
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implemented by weighting by the use of the analytical balance VLO-200 (Russia). The
reaction rate was determined by the loss in weight of the plate for the specified time period:

Am
T S-At ®)

where:

v—corrosion rate;
Am-—sample mass variation;
S—sample area;
T—exposure time.

The concentration of iron in the solution was determined via the spectrophotometric
method [29]. Spectrophotometric determination of iron (III) in solution was carried out
by the use of strongly colored complexes with thiocyanate ions. Photometric analysis
was performed on the KFK-3 instrument (Russia) at a wavelength of 480 nm (when the
maximum absorption of the thiocyanate ion was observed). Photometry was carried out
according to a two-beam scheme using a comparison solution with a cuvette length of 2 cm.
Quantitative determination was performed using a pre-constructed calibration dependence
with standard solutions. This method is very sensitive and allows to confidently determine
the concentrations of iron (III) ions up to 102 mol /L.

As the obtained data show (Table 2), the samples with a weld joint turned out to be
more apt to corrosion than the initial allow samples. As expected, steel grade St3 showed
lesser resistance to corrosion compared to U7, which was clearly seen by the corrosion
rate (Table 2). Among weld joints, the joint of two steel grade St3 plates showed higher
resistance to corrosion. The main cause of the observed feature was probably defects in the
structure of the metal resulting from thermal shock accompanying electric arc welding.

The chemical and phase composition of the surface compounds formed during corro-
sion was studied by X-ray diffraction phase analysis.

The measurements were carried out using a powder X-ray diffractometer D2 Phaser
(Bruker, Germany) using CoKa radiation. XRD quantitative analyses were performed by
full-profile pattern refinement (Rietveld method) with Topas 5.0 software. A good fit was
obtained for each of the samples without introducing amorphous phases into the models
even though the overlapping wide (due to small crystallite size and microstrain) reflections
might have produced an impression on partial amorphization.

The elemental composition of the surface was determined using energy-dispersive
X-ray microanalysis. The microrelief of the surface was studied using scanning elect-
ron Microscopy.

Electron microscopic studies were performed on a scanning electron microscope Supra
55 VP by Carl Zeiss (Germany). The samples used for electron microscopic examination
were coated with platinum on the Q150T high-vacuum deposition unit of Quorum Tech-
nologies (Great Britain). Energy-dispersive X-ray microanalysis was performed on the
console EDX 80 firm Oxford Instruments Nano Analysis (UK) to the scanning electron
microscope (Supra 55 VP, Carl Zeiss (Germany).

4. Results and Discussion

As shown in Figure 1, agitation contributed substantially to the corrosion mechanism.
With static exposure in the standard test solution (curve 1), the reaction occurred under the
diffusion control and, with a surface layer saturation near the metal, the process retardation
took place.

As we could expect, the decrease in the corrosion rate during the first 20 days was
apparently due to the gradual shielding of the metal surface with hydrated oxides and
other corrosion products. The agitation probably removed the diffusion limitations on the
reaction rate [30,31]. We assume that the increase in the corrosion rate after 40 days was
due to kinetic features. With every subsequent agitation, the saline solution saturation by
oxygen and CO; up to the constant values of concentration occurred. A similar nature of
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relationship between the corrosion rate and the exposure time for the sample with a weld
joint (Figure 2) showed that the metal microrelief and the likely standard electric potential
difference of two different alloys were also not the reason of the observed peculiarity.
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Figure 1. Variation of St3 (sample No. 1) corrosion rate in the solution containing NaCl. 1—in static
conditions; 2—with agitation.
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0 5 10 15 20 25 30 35 40 45 50 55 60 65
T, days

Figure 2. Variation of the corrosion rate of the plate with a weld joint (sample No. 4) in the solution
containing NaCl. 1—in static conditions; 2—with agitation.

The above-mentioned factors impacted the overall dissolution rate, but this impact
was invariable in time. One could cautiously surmise that, in this case, there were kinetic
difficulties caused by the occurrence of the following reaction:

CaHCO; + 20H ™~ = CaCO; + HCO;~ + H,O @)

With that, metal surface passivation by the deposition of formed calcium carbonate
would be likely to occur. It would gradually cease as the standard test solution would ab-
sorb CO, from the air in the quantities, sufficient for the reaction described by Equation (2).

Another possible reason for the abrupt change in the reaction rate during intermittent
agitation after 20 days was the development of porosity on the sample surface as the
metal was oxidized. Within the framework of these concepts, it was easy to explain the
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significant difference in the dynamics of the corrosion rate changes over time for cases with
intermittent stirring and without it. It was agitation that helped saturate the pores with
“fresh” portions of the solution. Existing porometry methods require surface dewatering.
Unfortunately, drying the sample caused very significant changes in the chemical structure
of hydrated oxides on the metal surface. The complete dehydration of surface compounds
inevitably leads not only to a change in the size of the pores, but also to a complete
change in the relief of the surface. These circumstances caused it to be impracticable to
correctly take into account changes in the porous structure of the corrosion products in the
solution environment. Due to these reasons, it was also not possible to provide an adequate
mathematical interpretation of the diffusion in the case under consideration.

It cannot be ruled out that the noted peculiarity of the process with periodic agitation
was associated with the transition of the iron ion to the solution and its further completion
of oxidation. However, the data on the iron content in the solution (Figures 3 and 4)
prevented us from stating this with confidence.
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Figure 3. The history of steel grade St3 (sample No. 1) corrosion rate in the NaCl-containing solution,
determined by iron availability in the saline solution without agitation.
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Figure 4. The history of steel grade St3 (sample No. 1) corrosion rate in the NaCl-containing solution,
determined by iron availability in the saline solution with agitation.
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Incidentally, it is known that iron oxides have a nonstoichiometric structure, and the
degree of corrosion in time depends on the residual porosity (capillarity) of FeO [34]. Until
recently, new information has been published on the effect of FeCO3 on the process of iron
corrosion [35,36].

The typical results of the elemental analysis of the surface layer are presented in
Table 3. As follows from the data in Table 3, the main surface compounds are iron (III)
oxides. The relatively high carbon content is probably due to the presence of carbonates.

Table 3. Summary data on the study of the elemental composition of the samples welded be-
tween steel St3 and steel U7 surface after exposure for 60 days, according to energy-dispersive
X-ray microanalysis.

Contents at the Surface of the Sample Material, wt. %

SpectrumNo  po i C o Na S cl Fe  Total

1 Y 6.95 34.19 0.14 0.49 0.31 57.93 100.00

2 Y 8.14 31.65 0.13 0.56 0.27 59.24 100.00

3 Y 7.44 35.01 0.00 0.50 0.31 56.74 100.00

4 Y 8.62 34.13 0.20 0.46 0.27 56.32 100.00

5 Y 5.15 32.87 0.21 0.98 0.47 60.32 100.00

6 Y 5.44 34.00 0.15 0.86 0.25 59.30 100.00

7 Y 5.15 33.58 0.08 0.30 0.26 60.63 100.00

8 Y 7.74 31.19 0.13 0.36 0.22 60.36 100.00

9 Y 7.43 31.63 0.15 0.37 0.22 60.21 100.00

10 Y 6.04 31.06 0.15 0.70 0.41 61.65 100.00

Average 6.81 32.93 0.13 0.56 0.30 59.27 100.00
Standard deviation 1.28 1.44 0.06 0.22 0.08 1.75
max. 8.62 35.01 0.21 0.98 0.47 61.65
min. 5.15 31.06 0.00 0.30 0.22 56.32

An electron microscopic study of the surface of the samples after 60 days of exposition
indicated the presence of a loose disordered structure on their surface with different
crystallite sizes (Figures 5-8). In the micrographs, one could observe spherulites of calcium
carbonate, lineal structures of iron (III) compounds (also see Table 4) and (in the case of a
weld joint) hollows associated with gas emission presumably in the process of electric arc
welding. There were, however, certain differences in the structure of the surface layer in
the case of samples of 5t3, U7 and, in particular, welded joints.

The phase composition of the rust of the samples under investigation after 60 days
exposition is presented in Table 4. As can be seen, the corrosion products of S5t3, U7 and
the weld contained, in general, oxides-hydroxides, and some qualitative and quantitative
differences were related to the composition of the starting metals. The presence of albite
and, probably, the traces of muscovite was due to the coating of the welding electrode. The
quantitative definitions should not be considered too accurate, because the main phases
were poorly crystallized. As for the crystallinity of the defective phases, it could be expected
that it was their defectiveness (oxygen deficiency, vacancies, stresses, etc.) that prevented
the formation of large crystals. As it was shown above (Table 2), the presence of these
components did not have a decisive effect on the corrosion process. Typical diffractograms
are shown at Figures 9-11.
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Figure 5. Electronic microphotograph of the steel St3 surface after 60 days of exposure. Linear
structure—FeO(OH); bulk structure—CaCOj3 and its co-crystallized components.

Mag=10.33K

Figure 6. Electronic microphotograph of the steel St3 surface after 60 days of exposure. Linear
structure—FeO(OH); bulk structure—CaCO3 and its co-crystallized components.
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Mag=>5.00KX

Figure 7. Electronic microphotograph of the weld between steel St3 and steel U7 (surface after 60 days
of exposure). “Wasp’s nest” structure is calcium carbonate spherulite and angular plate structure is
FeO(OH).

24.01nm
63.4°

“ 176.3 nm
107.6°

184.9nm

=100.13Kx (20 m

Figure 8. Electronic microphotograph of the surface of steel St3 surface after 60 days exposure with

structural elements measurement.
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Figure 9. Diffractogram of the 5t3 surface compounds. Vertical bars at the bottom of the graph mark
the peak positions of the identified phases.
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Figure 10. Diffractogram of the of the U7 surface compounds. Vertical bars at the bottom of the graph
mark the peak positions of the identified phases.
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Figure 11. Diffractogram of the weld joint 5t3-U7 surface compounds. Vertical bars at the bottom of
the graph mark the peak positions of the identified phases.

Table 4. Summary data on the study of the phase composition of samples after exposure for 60 days
according to the X-ray phase study.

Contains at the Surface of the Sample

Phase Material, %
No Name Formula St3 u7 W;lt;l-]t(]);nt
Iron(III) oxide
1 hydroxide, FeO(OH) 58.65 55.35 4451
goethite

2 Lepidocrocite FeO(OH) 35.40 38.29

4 Magnetite Fe304 4.62 4.16

5 Maghemite Fe304 1.33 -

6 Albite Na[AlSizOg] - 13.03

7 Muscovite KAI,[AlSizO1¢](OH), - traces

5. Conclusions

In this work, it was shown that the corrosion process in model alkaline and alkaline—
chloride media proceeded by a complex mechanism. The predominance of kinetic or
diffusion control was traditionally determined by the presence or absence of agitation.
However, this was probably not the only factor. The rate of the corrosion process was also
affected by the surface relief, the specifics of the existence of surface phases of variable
composition as well as the conditions of the equilibrium existence of surface compounds.
The situation was complicated by the fact that the direct porometric analysis of the surface
under these research conditions was associated with significant difficulties, even if it was
still possible.

For a long time, it was assumed that the electrode coating melted during electric
welding, flowed down to the metal surface and protected the weld from corrosion. How-
ever, as follows from our results, this useful phenomenon was not typical for all cases. In
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particular, this applied to alkaline and (or) chloride-containing media. One of the solutions
to the problem is to provide a better corrosion protection of reinforcement splicing for
concrete goods, and the quality of a concrete seal for block joints should be improved. In
specific cases, additional insulating materials on metals should be applied as offered in
paper [37]. It is necessary, however, to take into account the fact that hydrophobic coatings
weakened the adhesion of concrete to metal. This work was just the beginning of the study
of the corrosion of welds in the thickness of concrete. We expect to continue these studies
further. Currently, concretes based on multicomponent binders are being developed and
used [38,39], which can lead to a change in the pH of the liquid phase in the concrete
structure and, accordingly, affect the corrosion of welded joints in the reinforcement [40].
This requires further advanced research of the corrosion processes of welded joints in the
concrete thickness.
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