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Abstract: The aim of this paper is to evaluate the corrosion rate expressed in material loss per unit of
time and the surface properties of carbon steel type S235]R blasted with different types of materials
(quartz, alumina, and red garnet with a particle size between 60 and 80 mesh (0.25-0.60 mm)). The es-
timation of corrosion rate was determined by electrochemical methods, such as open circuit potential
(OCP), polarization resistance (Rp), corrosion rate (Veorr), and gravimetric method by immersing the
samples in 3.5% NaCl solution for a period of 336 h. All surfaces were characterized before and after
corrosion tests using ex-situ characterizations, such as optical microscopy and roughness analysis.
The results indicate that S235]R non-sandblasted exhibited higher polarization resistance, the lowest
corrosion rate, and the lowest roughness values. While for the S235]R sandblasted groups, reduced
corrosion resistance and increasing roughness values were noted. From the sandblasted groups,
the lowest corrosion resistance and the highest value of roughness are attributed to the S235]R surface
sandblasted with quartz. The S235]R surface sandblasted with quartz shows a decrease in corrosion
resistance approximately two times lower than the non-sandblasted surface and an increasing of
roughness approximately six times greater than the non-sandblasted surface.

Keywords: S235]R carbon steel; corrosion rate; sandblasting; roughness; optical microscopy

1. Introduction

Metals and alloys are widely used as building materials and not only [1]. Steel is a
common material widely used for the construction of naval, offshore, mechanical, and civil
engineering structures [2]. Carbon steel S235]R is a material mainly intended for the
construction of industrial and residential facilities, parts of power transmission towers,
equipment elements, offshore structures, car bridges, oil, and gas platforms, as well as other
structures [2]. It presents advantages, such as good mechanical resistance and extremely
low cost, compared to other types of materials [3,4]. The main disadvantage of these types
of materials is their tendency to corrode, which limits their applications [5,6].

Corrosion is a phenomenon that affects the aesthetics of these structures and, more
than that, reduces the resistance of the structures over time [7,8].

The surface treatment of metallic materials is one of the most important factors gov-
erning their resistance. There are many methods of pretreatment of the surface of the
materials. The most common treatments are mechanical, chemical, and electrochemical
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methods [9,10]. Mechanical methods consist of roughening processes, such as sandblasting,
polishing, or abrasion [11]. Sandblasting is a mechanical surface treatment that consists
of forcefully propelling a stream of non-metallic or metallic particles onto the surface to
be treated, to remove contaminated layers, modify surface roughness, promote mechani-
cal anchoring, and increase free energy of the surface by increasing the thermodynamic
interactions at the interface of the bonded materials [12].

Sandblasting could also affect the chemical composition, crystal structure, micro-
stiffness thermal expansion coefficient, resistance, and microstructure on the surface of the
material. Sandblasting could also be used as a mechanical surface treatment for various
materials, such as titanium alloys, steel, and aluminum, etc. The deformation caused by
this type of surface treatment is inhomogeneous [13,14].

As a surface treatment method, sandblasting is commonly used for surface modi-
fication, surface strength enhancement, surface cleaning, and rust removal. Therefore,
a smoother surface can be obtained by sandblasting in general [15,16].

During the sandblasting process, the surface of metal materials is repeatedly blasted
by sand particles or other hard particles at high speed, which leads to the removal of the
oxide layer from the surface, at the same time, generating the effect of severe local plastic
deformation [12,17].

During sandblasting, the shocks produced between the sand particles and the surface
of the steel structure cause serious damage to the surface. This is manifested by the erosion
of craters of different shapes and depths present on the surface of the metal material,
the thickness of the wall is gradually reduced, and the rupture occurs when the stresses
in the crater reach a limiting threshold [12,17]. The sand erosion process improves fatigue
strength under tension. This improvement comes from the introduction of compressive
residual stresses to the hardened surface layers [18,19].

The aim of this paper is to determine the corrosion resistance by electrochemical and
gravimetric methods of carbon steel 5235]R sandblasted with different materials (quartz,
alumina, and red garnet) over a period of 14 days by immersing the materials in 3.5% NaCl
solution. The influence of the roughness, the pH of the solution, and the evolution of the
optical micrographs of the surface before and after the corrosion process are also discussed.
The novelty of the study consists in adding to the specialized literature a study that has
not been reported before. Respectively, the influence of different types of sandblasting
materials on the corrosion resistance of S235]JR steel immersed for a period of 14 days in
the 3.5% NaCl solution simulating the seawater environment will be investigated.

In the specialized literature, there are very few studies that treat the effect of sand-
blasting on the corrosion resistance of different types of steels, and the results are contradic-
tory [15,20-25]. Some studies show that sandblasting decreases corrosion resistance [21,25],
while others claim that sandblasting increases corrosion resistance [15,20,22-24].

The importance of the study consists in the fact that sandblasting is one of the most
effective methods of cleaning or finishing the surfaces of any type of solid material with
the help of sandblasting grits. The metal surfaces that have been cleaned and from which
the oxides have been removed can be covered with anti-corrosive protective films resistant
to the action of aggressive environmental factors [25].

Steels sandblasted and covered with anti-corrosive films can be part of maritime
structures, civil and industrial architecture structures and elements [2].

Practically, the effective life of an anti-corrosion film depends a lot on the way the
steel surface was prepared before painting. The influence of sandblasting on the corrosion
resistance of steel before the application of anti-corrosion protection is an important factor.

Because sandblasting also determines the appearance of deep grooves that can capture
the corrosion products formed in the upper part of the surfaces, favoring the appearance of
micro reactions, generating pitting corrosion, thus affecting the life of the anti-corrosion
protections [25].

At the same time, the corrosion under the coating often progresses locally, leading to
the collapse of the structures in some cases or to the breaking of the steel elements [4].
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Therefore, the surface treatment method before applying anticorrosive coatings is
crucial for protecting steel structures against corrosion [4]. In this work, quartz was used as
a material for sandblasting because it is a material that consists mainly of quartz (which is a
durable crystal) that allows for efficient sandblasting, it is also cheap and very easy to find
compared to other types of materials. The main disadvantage of this sandblasting material
is the fact that once inhaled, it is harmful to the human body [26].

The red garnet grit used in the sandblasting process was used because it is an ecological
material that has the advantage of being able to be recycled several times [27].

Alumina (Al,O3) was selected due to the numerous properties that recommend it for
use in structural and tribological applications, being a combination of high hardness, heat
resistance, chemical inertness, and commercial availability [28].

2. Materials and Methods

In the present experimental study, S235]R steel (purchased from Mairon Galati, Romania)
was used, whose chemical composition is indicated in Table 1.

Table 1. Chemical composition of S235]R steel [%].

C Mn Si P S N Cu Fe
0.17 1.40 0.025 0.028 0.025 0.12 0.45 Balance

The samples used in this study were cut from a steel plate with dimensions of
500 x 500 x 2 mm and brought to the size of 23 x 23 X 2 mm.

Prior to the gravimetric method and electrochemical measurements, the S235]JR non-
sandblasted were treated with mechanical grinding with 1200 grit SiC emery sandpaper
in order to remove the layer of native oxide formed instantaneously on the surface of
5235]R steel in contact with the environment. After cutting the samples to the desired
dimensions, they were sandblasted with three different types of sandblasting materials that
had different chemical compositions. However, with the same grain of the sandblasting
grits for quartz, red garnet, and the alumina (ABRAZIV TRADE SRL, Mures, Romania)
used, respectively, 30/60 Mesh [0.25-0.60 mm] and their technical data are listed in Table 2.

Table 2. Technical data of sandblasting grits.

Type of Sandblasting  Hardness Chemical Shape of Grain Size  Density
Grit [Mohs]  Composition Particles [mm] [g/cm®]
SiO,: 99% rounded,
Quartz 7 Fe;O3: 0.2% yellowish 1.63
Other: 0.8% white
Almandine:
98%
Red garnet 8 Imenite: 1% angular 2.4
Quartz: 0.5%
Other: 0.5% 0.25-0.60 mm
A1203:
99.52%
. . Fe203:
Alumina (white 9.2 0.029% angular 3.85

electrocorundum) Si0O»: 0.034%
h: 0. o

NayO: 0.26%
Other: 0.16%

The mechanical sandblasting process was done with the help of the Seltech brand-
sandblasting equipment, which has a capacity of 80 L, an air flow of 600 L, and a working
pressure of 6 bar. The size of the ceramic nozzle was 3.5 mm.
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The samples were sandblasted at a 45° angle. The schematic drawing of the blasting
process of the S235]R steel samples is illustrated in Figure 1. The sandblasting was done
according to the ISO 8501 standard, which is the international standard for dry abrasive
blasting, at the S, (degree of cleaning) 2 § blasting level [29].

Sandblasting gun

ceramic nozzle

material to remove\\

Sandblasting grit

Figure 1. Schematic drawing of the sandblasting process used for S235]R steel samples.

After sandblasting, the samples were blown with air to remove the excess dust formed
after the sandblasting process.

For the electrochemical tests, the S235]R non-sandblasted and sandblasted S235JR
carbon steel samples were bonded to a copper wire. After that, they were insulated with
epoxy resin to obtain an active surface area of 5.29 & 0.3 cm?. The electrochemical equip-
ment PGP 201 connected to a PC was used for electrochemical investigations, on which the
VoltaMaster version 5.10 software runs.

The electrochemical cell used to evaluate the corrosion behavior of the sandblasted
and untreated S235]R carbon steel is a classic cell made of glass with a maximum volume
of 250 mL composed of three electrodes where (1) the working electrode (the material to be
studied in our case, the steel S235]R sandblasted and non-sandblasted), (2) the reference
electrode (Ag/AgCl inside which is saturated KCl solution, which has a potential of
+199 mV vs. SHE (standard hydrogen electrode) and (3) an auxiliary electrode made of Pt.

Before and after each experiment, both the analyzed sample and the counter electrode
were washed with distilled water, and the volume of electrolyte (3.5% NaCl solution) used
for each experiment was kept constant at 150 mL. The 3.5% NaCl solution was prepared
with distilled water by dissolving the NaCl p.a reagent (purchased from Sigma-Aldrich).

The physical-chemical parameters of the 3.5% NaCl solution before and after the
corrosion process were measured using a Toledo S20k pH meter, and the resulting values
are presented in Table 3.

Table 3. Physical-chemical parameters of 3.5% NaCl solution before and after the corrosion process.

3.50/0 NaCl
before Corrosion Process
Parameters
S235JR—Non- S235JR—Sandblasted S235JR—Sandblasted S235JR—Sandblasted
Sandblasted with Quartz with Garnet with Alumina
pH 6.73 + 0.2
Conductivity [mS/cm] 423+1
Salinity [ppt] 26.5+ 0.5
after Corrosion Process
pH 711403 7.96 + 0.5 7.88 +0.2 7.80 £ 0.1
Conductivity [mS/cm] 435 + 0.5 43.7 + 0.9 43.6 + 0.6 43.1+0.3
Salinity [ppt] 26.8 £ 0.1 26.5 + 0.4 273+ 0.7 2714+ 05
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The tests were performed at room temperature, respectively 22 + 1 °C. All studied
samples were repeated three times to verify the reproducibility of the experimental data.
After immersing the sample in the 3.5% NaCl solution, sequences of electrochemical
measurements of OCP (open circuit potential or free potential), Rp, and Vo (polarization
resistance and corrosion rate) were performed as follows.

(a) AtT; =0 (immersion):

- OCP; with a duration of 60 min, meas period 0.6 s.
- Rp1-Veorr1, determine 30 points, scan rate = 1 mV/s, over voltage = 40 mV, OCP

duration = 1 min
(b) At T, = (after 336 h):

- OCP; with a duration of 60 min, meas period 0.6 s.
- Rp2-Veorr2, determine 30 points, scan rate = 1 mV/s, over voltage = 40 mV, OCP

duration = 1 min

Each measurement sequence (Rp-Vcorr) contains 30 value points calculated by using
the Stern-Geary equation (Equations (1) and (2)).

. B

Leor = R_p M
_ bn

2.303(ba+|bc|)

where icor = corrosion current density, B = the specific constant, R, = polarization resistance,
b, = are the Tafel slopes for anodic, and b, - Tafel slopes for cathodic reactions.

It should be mentioned that the samples were not taken out of the solution during the
experiment until after the passage of 336 h. The obtained results were interpreted with the
help of the Origin 2022 program.

In order to determine by the gravimetric method, the loss of material caused by the
corrosion process, the sandblasted and untreated S235]R steel samples were weighed before
and after immersing the samples for 336 h in 3.5% NaCl. Weighing the samples before
and after the corrosion process was done using a Kern EWJ 300-3H analytical balance,
which has a measurement accuracy of £0.1 g. The samples were immersed in a 3.5% NaCl
solution in hermetically sealed sterile vials that had a solution volume of 40 mL. The tests
were done at room temperature 22 £ 1 °C and repeated three times. The images of the
immersed samples before and after 336 h from immersion in 3.5% NaCl are presented in
Figure 2.

B @)

(a) (b)
Figure 2. Images of S235]R steel samples for (51)—S235]R—non-sandblasted, (S2)—S235]R—sandblasted

with quartz, (53)—5235]R—sandblasted with garnet, (54)—S235]R—sandblasted with alumina: (a) at
T; = at immersion, (b) T, = after 336 h from immersion time.

After weighing, weight loss was evaluated using ASTM G1-90 (1999) with Equations (3) and (4)

below, respectively [30,31]:
AW =W1-W2 (©)]

AW

=37 @)
where AW is weight loss in g, W is the initial weight of the sample before immersion,
W) is the final weight of the sample after immersion, Aw is the gravimetric index of the
sample in g/m? h, S is the surface area of the sample in m? and t—is exposure time in hours.

Aw
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The corrosion rate in mm year’l

relation Equation (5):

was evaluated from weight loss data using the

CR (mm year_l) = inglf (5)

where AW is weight loss in grams, p is metal density in g cm™3, A is the area of the
sample in cm?, t—is exposure time in hours, and K is a constant depending on the unit of
measurement of the corrosion speed according to ASTM G1-90 (1999) (=87.600).

To highlight the variations suffered by the studied samples before and after the
corrosion process, a Kern OBE114 metallurgical microscope was used.

The topographical characterization in terms of obtaining 2D roughness profiles was
measured using a Mitutoyo Surftest SJ-210 Series roughness meter by moving the feeler
needle on the surface of the studied samples over a distance of 4 mm and with a speed
of 0.20 um/s. A number of three samples from each set were analyzed, on which three
measurements were performed in different areas on each sample. After which the average
roughness parameters R, (arithmetic roughness average), Rq (average maximum peak to
valley distance for five sampling lengths within the measurement length), and R, (the dif-
ference between the deepest valley and the tallest peak in the surface) [32] were calculated.

3. Results and Discussion

3.1. Electrochemical Measurements and Gravimetric Method Results Used to Determine the
Corrosion of Tested Samples

3.1.1. Open Circuit Potential

The open circuit potential (OCP) method is the first method applied in a protocol for
determining the corrosion rate. It should be mentioned that this method is not a quantita-
tive method for determining corrosion but rather a qualitative method that indicates the
oxidation tendency of a surface/material studied in an electrochemical environment [31].

Figure 3a,b shows the evolution of the free potential of surfaces studied at (a)
(T = immersion time) and (b) after 336 h from immersion (T5).

450 -680
—— (1) S235JR - non-sandblasted —_— Ll
— (2) S235JR - sandblasted with quartz 700+ . 60083 mv = .693.70 mV
-500+ (1) —_(3) $235JR - sandblasted with garnet —_ : (1/; o m
- (4) S235JR - sandblasted with alumina ST
2 5504 =] — (1) $235JR - non-sandblasted
" Teworom —Getn i e
= < X 1 — - san lasted with garne!
< 6004 Y @ L — (4) S235JR - sandblasted with alumina
['J >
> E=-637.88 mV -7804E=-795.12 mV N
> @~ — -800.84
Z -850 @), e 61780 my T by E=-800.84 mV
E = . =- m =, -800 4 L T T T T T T LTI
= E=-703.05 mV S s -
S 7004 @) ) £ 8204 E=-80472mV N E= -809.80 mV
c \ E=-731.61 mV S ®)
% o -840 1+
S 7504 E=-76154mv @) o _ @)
w -860 4 £=-670.56 mv . E=-871.15mV
]
-800 + + u + u + u + + + + { -880 + + + u u + u + + + + ]
0 5 10 15 20 25 30 35 40 45 50 55 60 0 5 10 15 20 25 30 35 40 45 50 55 60
Time [ min. ] Time [ min. ]
(a) (b)

Figure 3. Evolution of free potential of S235]R steel samples immersed in 3.5% NaCl solution for
(1) S235]JR—non-sandblasted, (2)—S235]R—sandblasted with quartz, (3)—S235]R—sandblasted with
garnet, (4)—S235]R—sandblasted with alumina: (a) at T = at immersion, (b) T, = after 336 h from

immersion time.

From Figure 3, it can be observed that the values of the free potential upon immersion
of all studied surfaces have a tendency to move towards more negative values, being more
pronounced in the case of sandblasted surfaces compared to the untreated surface.

The movement of the free potential towards more negative values indicates the in-
ability of the material to form a protective oxide film on its surface, while the stationary
state indicates that the surface has reached a state of equilibrium (it neither dissolves nor
forms the oxide layer on the surface of the samples) [25]. If for S235]R—non-sandblasted
(curve 1), the value of the free potential at immersion (Figure 3a) is E = —509.79 £ 24 mV
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vs. Ag/AgCl at the end of the first measurement period reaches E = —570.09 &= 32 mV vs.
Ag/AgCl, the potential difference between the two values being 60.3 mV more negative
than the free potential value from immersion.

For the same surface studied, it can be observed that after 336 h from immersion,
the value of the free potential decreases compared to the first measurement period (during
immersion), however, stabilizing around the value of —693 mV.

For S235JR—sandblasted with quartz (curve 2) it can be observed that at immersion
(Figure 3a), it has a value of E = —761.54 = 17 mV vs. Ag/AgCl reaching the end of the
measurement at the value of E = —784.03 £ 31 mV vs. Ag/AgCl, AE in this case, being
22.49 mV lower than the value from immersion. Moreover, for the same surface studied
(Figure 3b), a decrease in the values of the free potential can be observed compared to the
first measurement period. The same tendency of the free potential moving towards more
negative values with increasing immersion time is also observed for S235]R—sandblasted
with garnet (curve 3) and S5235]R—sandblasted with alumina (curve 4).

Comparing all the surfaces studied, it can be seen that the free potential values are
more negative for S235]R—sandblasted with quartz, S235]JR—sandblasted with garnet,
and S235]R—sandblasted with alumina as compared to 5235]JR—non-sandblasted at both
period time measured.

A displacement of the potential towards more negative values (behavior indicating
dissolution of the oxide layer) in the case of sandblasted surfaces was observed in the spe-
cialized literature also by other authors [25]. This behavior can be attributed to the increase
in the roughness of a surface that causes an increase in corrosion processes because the
roughness influences the corrosion potential favoring the appearance of corrosion pits [33].

3.1.2. Evolution of Polarization Resistance and Corrosion Rate (Rp-Vcorr)

The Rp method is a corrosion monitoring method that makes it possible to measure
the corrosion rate in real time and directly [31].

The corrosion current calculated with this method, represents the current that occurs at
the metal-medium (corrosive) interface when the metal is immersed in the electrolyte [31].

The variation of the polarization resistance for the studied surfaces immersed in the
3.5% NaCl solution at (a) (T{ = immersion time) and (b) after 336 h from immersion (T5) is
presented in Figure 4a,b.

14 — (1) $235JR - non-sandblasted £e — (1) $235JR - non-sandblasted
) —(2) S235JR - sandblasted with quartz 154 — (2) S235JR - sandblasted with quartz
134 —(3) S235JR - sandblasted with garnet 141 —(3) 5235JR - sandblasted with garnet
— (4) $235JR - sandblasted with alumina ! J  —(4) S235JR - sandblasted with alumina
- 1_3_J.159k0hmcm
—12F E AT : 7 o )
€ 1.207 kohm cfn’ e 124\ .\ R R RS RS E R R R TSIy
g P 7 011—-]-—-]—;—]——,+r—rww T
Rl £ 10 f f
e @) 1.146 kohm cm e T
>
_.n-1.0-- @ 0.875 kohm cm’ :ﬂ 094 4) 1.107 kohm cm” (3) 0.713 kohm cm?®
o \ 0.8
. P . 0.7
0.6 4 ”1 ]
: 054 / ,
@) 0.822 kohm cm” @) 0.616 kohm cm?
0.7 + + + + + + + + 0.4 t u t + + + } +
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
Time [ min. ] Time [ min. ]

(a) (b)

Figure 4. Evolution of polarization resistance (Rp) of S235]R steel samples immersed in 3.5% NaCl solu-
tion for (1) S235]R—non-sandblasted, (2)—S235]R—sandblasted with quartz, (3)—S5235]R—sandblasted
with garnet, (4)—S235]R—sandblasted with alumina: (a) at T = at immersion, (b) T, = after 336 h from
immersion time.

From Figure 4a, it can be observed that the values of the polarization resistance at
both studied times decrease in the case of the sandblasted samples compared to the value
obtained for the untreated surface. If for S235]R—non-sandblasted (curve 1) the R}, value
after one hour from immersion is 1.207 4 0.04 kohm cm?, for S235]R—sandblasted with
quartz (curve 2) the lowest Ry, value is 0.822 4= 0.06 kohm cm?, the difference between these
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2 values being 0.385 kohm cm?. A high value of polarization resistance means a low value
of corrosion rate.

For 5235]R—sandblasted with garnet (curve 3), it is observed that the R;, value = 0.875
+ 0.03 kohm cm?, a value which is also lower than S235]R—non-sandblasted (curve 1)
with 0.332 kohm cm? but higher than 5235]R—sandblasted with quartz (curve 2) with
0.53 kohm cm?.

For S235]R—sandblasted with alumina (curve 4), it can be seen that the Ry, value is
1.146 + 0.05 kohm cm? with 0.061 kohm cm? lower than S235]JR—non-sandblasted but
higher than S235]R—sandblasted with quartz with 0.324 kohm cm? and 0.271 kohm cm?
compared to S235]R—sandblasted with garnet.

After 336 h from immersion, Figure 4b shows a decrease in all polarization resistance
values compared to the values obtained in Figure 4a after one hour from immersion.

If after one hour of immersion, S235JR—non-sandblasted has a value of 1.207 +
0.04 kohm cm?, after 336 h of immersion, this sample reaches a value of 1.159 £ 0.06 kohm cm?,
the value decrease in this case is 0.048 kohm cm? compared to the first measurement pe-
riod. In the case of S235]R—sandblasted with quartz, the difference between the first
measurement period and the second measurement period is 0.206 kohm cm?. At S235]R—
sandblasted with garnet, the difference between the first measurement period and the
second measurement period is 0.162 kohm cm?. For S235]R—sandblasted with alumina,
the difference between the first measurement period and the second measurement period
is 0.039 kohm cm?.

The variation of the corrosion rate expressed as a penetration index for the studied
surfaces at (a) (T; = immersion time) and (b) after 336 h from immersion (T5) is shown in
Figure 5a,b.

013 017 —
—(1) S235JR - non-sandblasted —(1) S235JR - non-sandblasted
0124+ —(2) 5235JR - sandblasted with quartz 0161 (2 —(2) S235JR - sandblasted with quartz
o1 @ —(3) $235JR - sandblasted with garnet o1sd |\ —(3) 5235JR - sandblasted with garnet
kg — (4) S235JR - sandblasted with alumina \ — (4) S235JR - sandblasted with alumina
XD ., 0.14
L o 0.092 mm/year =
s Pt o N e S 0434
2 0.09+ 3 @) 0.106 mmlyear P
< = 0124 \ \ 0.134 mm/year
E o0 £ \ i
£ 1 / E 0114
L 007 o 0.052 mmlyear / s o104
N I 3 0.078 mmlyear 2
> 0.06 ®) y > ool
[ ey Y
0.05 - 0.08 1
0.04 F / / 0.074
) 0.045 mmlyear ‘1) 0.075 mm/year
0.03 + 4 + + + + + + J 0.06 + + + + + + + + {
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
Time [ min. ] Time [ min. ]
(a) (b)

Figure 5. Evolution of corrosion rate (V¢orr) of S235]R steel samples immersed in 3.5% NaCl solution
for (1) S235]R—non-sandblasted, (2)—S235]R—sandblasted with quartz, (3)—S235]R—sandblasted
with garnet, (4)—S235JR—sandblasted with alumina: (a) at T; = at immersion, (b) T, = after 336 h
from immersion time.

From the analysis of Figure 5a, it can be observed that the values of the corrosion rate
at both studied times increase in the case of the sandblasted samples compared to the value
obtained for the untreated surface.

If for S235]R—non-sandblasted (curve 1), the Vo value after one hour of immer-
sion is 0.045 =+ 0.02 mm/year, for S235]R—sandblasted with quartz (curve 2) the high-
est Veorr value is 0.092 £ 0.04 mm/year, the difference between these two values being
0.047 mm/year.

It is well known that Ry, is inversely proportional to Vcorr. A high value of polarization
resistance means a low value of corrosion rate [31].

For S235]JR—sandblasted with garnet (curve 3), it is observed that the V o
value = 0.078 £ 0.05 mm/year, a value which is also higher than S235]JR—non-sandblasted
(curve 1) with 0.033 mm/year but lower than S235]JR—sandblasted with quartz (curve 2)
with 0.014 mm/year.
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For S235]R—sandblasted with alumina (curve 4), it can be seen that the Vo value
is 0.052 £ 0.04 mm/year with 0.007 mm/year higher than S235JR—non-sandblasted
(curve 1) but lower than S235]R—sandblasted with quartz (curve 2) with 0.04 mm/year
and 0.026 mm/year compared to S235]R—sandblasted with garnet (curve 3).

After 336 h of immersion, Figure 5b shows an increase in all Vcorr values compared to
the values obtained in Figure 5a after one hour of immersion.

If after one hour of immersion, S235JR—non-sandblasted (curve 1) has a value of
0.045 £ 0.02 mm/year, after 336 h of immersion, this sample reaches a value of 0.075 +
0.05 mm/year, the increase of the Vo value, in this case, being with 0.03 mm/year higher
than the first measurement period. In the case of S235]R—sandblasted with quartz (curve 2),
the difference between the first measurement period and the second measurement period
is 0.042 mm/year.

At S235]R—sandblasted with garnet (curve 3), the difference between the first mea-
surement period and the second measurement period is 0.028 mm/year, and for S235]R—
sandblasted with alumina (curve 4), the difference between the first measurement period
and the second measurement period is 0.028 mm/year.

A decrease in the corrosion resistance in the case of other sandblasted materials was
also observed in the literature by other authors [21,25].

From the electrochemical results, it can be seen that the S235]R non-sandblasted surface
shows the highest corrosion resistance. This behavior is possible due to the fact that the
non-sandblasted surface has a lower roughness value compared to sandblasted surfaces.

The lowest corrosion resistance is obtained by the 5235JR sandblasted with quartz,
which has a corrosion resistance approximately two times lower compared to the non-
sandblasted surface. This behavior is due to the increase in roughness value approximately
six times higher compared to the non-sandblasted surface. Sandblasting increases the
roughness and determines the appearance of deep grooves that can capture the corrosion
products formed in the upper part of the surfaces, favoring the appearance of micro
reactions, thus generating pitting corrosion [33].

Table 4 shows the values of the corrosion rate and the gravimetric index calculated
according to the formulas presented in the material and methods chapter.

Table 4. The weight loss of the S235]R steel samples for S235]JR—non-sandblasted, S235JR—sandblasted
with quartz, S235]R—sandblasted with garnet, and S235]R—sandblasted with alumina during 336 h
from immersion time.

Sample Code
Parameters S235JR—Non- S235JR—Sandblasted S235JR—Sandblasted  S235JR—Sandblasted
Sandblasted with Quartz with Garnet with Alumina
W1 [g] 6.0982 + 0.003 5.9829 £ 0.009 5.4550 £ 0.006 5.4520 £ 0.002
W2 [g] 6.0875 £ 0.002 5.9630 £ 0.007 5.4394 £+ 0.003 5.4393 4+ 0.001
S [m?] 0.0529 + 0.003
t[h] 336
K 87.600
olg cm 3] 7.87
Aw [g/m? h] 6.07 £0.03 x 1074 1.11 + 0.06 x 1073 8.77 £0.04 x 10~* 7.14 £0.02 x 10~
CR [mm year‘l] 0.067 + 0.004 0.124 £+ 0.009 0.097 + 0.005 0.074 + 0.003

From Table 4, it can be seen that, in the case of the results determined by the gravimetric
method, the trend of the samples after 336 h of immersion in the 3.5% NaCl solution remains
the same as that determined by the electrochemical method. Thus, it can be seen that the
corrosion rate increases in the case of sandblasted samples compared to the non-sandblasted
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5235]R sample. This is mainly because the roughness of the surfaces increases compared to
the untreated sample, favoring the occurrence of corrosion.

3.2. Surface Roughness Results of Tested Surfaces before and after Corrosion Process

Roughness is an important parameter in understanding the effect that surface topog-
raphy has on the corrosion resistance of a material [33,34]. Figure 6a—d shows the surface
roughness before corrosion, and Figure 7a—d shows the surface roughness after corrosion.
Table 5 shows the average values of the obtained roughness parameters.

Table 5. Roughness parameter values for the tested surfaces before and after the corrosion process.

Sample Code
before Corrosion Process
Parameters
S235JR—Non- S235JR—Sandblasted S235JR—Sandblasted S235JR—Sandblasted
Sandblasted with Quartz with Garnet with Alumina
R, [um] 0.856 + 0.01 5.548 + 0.05 4.039 £+ 0.02 3.749 + 0.01
Rq [um] 1.068 £ 0.1 6.805 £ 0.2 5209 +04 4.826 +0.2
Ry [um] 4.652 +0.3 31.723 £ 0.9 25.732 £ 0.5 25.291 £ 0.7
after Corrosion Process
R, [um] 1.153 £ 0.03 5.065 + 0.03 3.642 + 0.01 3.349 + 0.02
Rq [um] 1422 £ 05 6.452 + 0.6 4881 +04 4360 + 0.3
R, [um] 6.894 + 0.1 29.812 £ 0.3 25.571 £ 0.1 24.448 + 0.5
6 30
‘ —— 5235JR - non-sandblasted I st | — S235JR - sandblasted with quartz I
a4 R, =0.856 ym 201+ e
154 :
'E 24+ E 10 4
Z Z s+
"ol oe® ol
54
24 104
15 4
a4 204
} } } ! -25 t } t
0 3 4 (] 3 4

2
Displacement [ mm ]

(a) (b)

2
Displacement [ mm ]

25 25

20 —— S235JR - sandblasted with garnet I 20 ‘ —— S$235JR - sandblasted with alumina I
15 R =4.039 ym 15 R, =3.749 ym

10 10

R,[um]
] o v
R [um]
=
—_—
—
=

-25+ t + + 2
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Figure 6. 2D surface profile of surface roughness before corrosion for: (a) S235]JR—non-sandblasted,
(b)—S235]R—sandblasted with quartz, (c¢)—S235]R—sandblasted with garnet, (d)—S235J]R—
sandblasted with alumina.
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Figure 7. 2D surface profile of surface roughness after corrosion of S235JR immersed during 336 h
in 3.5 NaCl solution for: (a) S235]JR—non-sandblasted, (b)—S235]JR—sandblasted with quartz,
(c)—5235]R—sandblasted with garnet, (d)—S235]R—sandblasted with alumina.

N
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From the analysis of Figure 6, it can be seen that after the sandblasting process,
the roughness of the samples increased compared to the S235]R—non-sandblasted steel sam-
ple (Figure 6a). If S235]R—non-sandblasted has a roughness of 0.856 £ 0.01 um, it can be
seen that 5235]R—sandblasted with quartz (Figure 6b) has a roughness of 5.548 + 0.05 um,
the increase of the roughness parameter, in this case, is 4.692 um.

In the case of S235]R—sandblasted with garnet (Figure 6¢), the roughness value has
a value of 4.039 £ 0.02 um, while S235]R—sandblasted with alumina (Figure 6d) has a
value of 3.749 £ 0.01 pm. The increase in roughness after the sandblasting process was also
observed in the specialized literature by other authors [25,32,35,36].

This behavior is explained in the specialized literature by the fact that during the
sandblasting process, the surface of the samples is repeatedly sandblasted with hard
particles at a very high speed, which leads to the removal of the superficial oxide layer
formed on the surface of the samples generating at the same time a local plastic deformation
and a micro cutting process (formation of irregular cavities with random distribution) in
the surface layer [25,32].

From the analysis of Figure 7, an increase in roughness after the corrosion process can
be observed in the case of S235]R—non-sandblasted (Figure 7a). If before the corrosion
process, it had a roughness of 0.856 pum, after the corrosion process, it has a value of
1.153 pm. In this case, the increase of the parameter of roughness (R;) is higher than the
initial value with 0.297 um.

This is possible due to the appearance of corrosion products on the surface of the
sample that generated an inhomogeneous surface. In the case of the sandblasted samples,
a decrease in the roughness parameter (R,) after the corrosion process is observed compared
to the values of the roughness parameter before the corrosion process.
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In the case of samples sandblasted after the corrosion process, the roughness decreases
due to the fact that the corrosion products formed on the surface of the layer fill the voids
formed after sandblasting, resulting in a more uniform surface [33].

According to Evgeny Barmatov and his team [33], sandblasting is a process that causes
surface defects, plastic deformations, micro deformations, and changes in heterogeneity
through the possible fragmentation of the particles used in the sandblasting process that
reach the surface of the sandblasted materials [33]. Sandblasting also determines the
appearance of deep grooves that can capture the corrosion products formed in the upper
part of the surfaces, favoring the appearance of micro reactions, thus generating pitting
corrosion [25,33].

Thus, in the same study [33], the authors state that the increase in the roughness
of a surface causes an increase in corrosion processes because the roughness influences
the corrosion potential favoring the appearance of corrosion pits. While a less rough
surface reduces, the occurrence of metastable pits by reducing the sites capable of being
activated [33].

The results of the roughness tests presented in this study confirm the results obtained
from the corrosion and optical microscopy study.

3.3. Optical Microscopy of Tested Surfaces before and after Corrosion

The surface of untreated S235]R steel, and blasted with quartz sand, red garnet,
and white electrocorundum investigated by optical microscopy before and after corrosion
tests in NaCl 3.5% to highlight the corrosive attack are shown in Figures 8a—d and 9a—d.

Figure 8. Optical microscopy before corrosion of S235]R for: (a) S235]R—non-sandblasted,
(b)—S235]R—sandblasted with quartz, (c)—S235]R—sandblasted with garnet, (d)—S235]R—
sandblasted with alumina.

From the analysis of the images obtained with the help of optical microscopy before
immersing the samples in the 3.5% NaCl solution, it can be observed that the surfaces are
clean, without traces of corrosion products and defects.
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Figure 9. Optical microscopy after corrosion of S235]R immersed during 336 h in 3.5 NaCl solution
for: (a) S235]R—non-sandblasted, (b)—S235]R—sandblasted with quartz, (c)—S235]R—sandblasted
with garnet, (d)—5235]R—sandblasted with alumina.

From the analysis of the images after immersing the samples in the 3.5% NaCl solution
for 336 h, it can be seen that the surfaces show corrosion products (rust products) that
formed on the surface of the samples. The surface most affected by corrosion products is the
surface of the S235]R—sandblasted with quartz (Figure 9b), which shows pitting corrosion.
The pitting corrosion covers a high surface of S235]R—sandblasted with quartz, and the pits
are deeper into the substrate. The least affected surface by corrosion products is the surface
of the S235]R—mnon-sandblasted (Figure 9a), which shows more generalized corrosion at
the surface of the materials without attacking the substrate. The optical microscopy images
are in good agreement with all the measurements analysis presented in this study.

4. Conclusions

The present study describes the influence of different type materials of grit blasting on
the corrosion resistance by immersing the samples in 3.5% NaCl solution for 336 h. As a
result, the following conclusions were observed:

From the evolution of the free potential, a decrease in the free potential can be observed
in the case of sandblasted samples compared to the untreated sample. After one hour from
immersion, the studied samples show a shift of the free potential towards more negative
values, indicating dissolution of the oxide layer on the surface of the samples.

From the electrochemical and gravimetric methods used to determine the corrosion
resistance, it can be seen that sandblasting has a negative effect on the corrosion resistance
of the S235]R steel. The highest corrosion resistance is observed for the 5235JR non-
sandblasted surface, which presents higher values of Vo compared to the sandblasted
surfaces. This behavior is possible due to the fact that the S235]R non-sandblasted surface
has a lower roughness value compared to sandblasted surfaces.
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The lowest corrosion resistance is obtained by the S235]R sandblasted with quartz,
which has a corrosion resistance approximately two times lower compared to the non-
sandblasted surface. This behavior is possible due to the increase in roughness value
approximately six times higher compared to the non-sandblasted surface. Sandblasting
increases the roughness and determines the appearance of deep grooves that can capture
the corrosion products formed in the upper part of the surfaces, favoring the appearance of
micro reactions, thus generating pitting corrosion. In the case of the S235]R steel surface
sandblasted with garnet, a decrease in corrosion resistance of approximately 1.4 times
less is observed compared to the non-sandblasted surface. For the surface of S235]R steel
sandblasted with alumina, it can be seen that it has Vo values, which are close to the Vorr
values obtained by the non-sandblasted surface, indicating that sandblasting with alumina
grit can be chosen as a method of steel preparation in order to prepare the surfaces for
possible coatings. It was also observed that as the immersion time increases, the corrosion
rate increases, a behavior observed on all studied surfaces.

From the roughness analysis, it can be seen that after the sandblasting process,
the roughness of the sandblasted samples increases compared to the untreated surface.
This behavior is due to the fact that the oxide layer formed on the surface of the sample is
removed by sandblasting process, generating at the same time a local plastic deformation
and a micro-cutting process (formation of irregular cavities with random distribution) in
the surface layer.

After the corrosion process, the roughness of the sandblasted samples decreases due
to the fact that the corrosion products formed on the surface of the layer fill the voids
formed after sandblasting, resulting in a more uniform surface, while the roughness of
the non-sandblasted surface studied increases. This behavior can be explained by the
fact that the appearance of corrosion products on the surface of the sample generated an
inhomogeneous surface.

Determining the corrosion behavior of a material used in various industrial applica-
tions represents one of the most important properties that determine its choice or replace-
ment in a specific application. Thus, this study offers a deeper understanding of the effect
that sandblasting has on the corrosion resistance of carbon steel S235]JR, a material of major
interest considering its wide range of uses in various industrial sectors.

Further studies will be done regarding the influence of the three presented sandblast-
ing grits on the corrosion resistance of S235JR steel coated with different paints enriched
with ceramic nanoparticles. The studies will be completed by the analysis of the corrosion
products that appear on the surface of material.
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