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Abstract: The use of corrosion-resistant metal materials in highly aggressive environments con-
tributes to the preservation of the environment because it reduces the use of protective agents and
coatings. Most metal objects are produced by some metal-forming process. It is well-known that
plastic deformation affects the corrosion resistance of different metal materials in different ways. As a
rule, austenitic stainless steels show a positive impact of plastic deformation on corrosion resistance,
especially when hot deformed with protective surface oxide layers. However, most research carried
out on these metals involves a carefully prepared surface which is either finely ground or polished.
This paper investigates the corrosion resistance of cold-formed (open die forged) austenitic stainless
steel in three different surface states for three different degrees of deformation. In doing so, we
simulate possible damage to the treated surface and evaluate the stability of the material with respect
to corrosion. Good corrosion resistance is shown for all three stages of deformation and for all three
surface states, with some differences in the obtained results. Although the polished surface shows the
highest corrosion resistance, as expected, the other two surfaces also demonstrate good results when
exposed to aggressive environments. All of the results were statistically processed and presented.
The results demonstrate the high usability of such materials in corrosion-aggressive environments
with minimal danger of corrosion and minimal need to include additional surface protection agents,
even against possible surface damage.

Keywords: austenitic stainless steel; corrosion resistance; surfacing; surface topography

1. Introduction

Metal products and semi-finished products are made mainly by metal forming tech-
nology. Today, more than 90% of smelted metal is processed by different procedures of
metal forming. Plastic deformation of metal causes a change in the shape and size of the
billet during the process of cold plastic working. There is also a change in the physical-
mechanical and chemical properties of the metal. For this research paper, only two of
the aforementioned characteristics are highlighted. The data are related to high-quality
structural carbon steels (namely DCO01, DC04, and DD13). An increase in the degree of
deformation leads to an increase in the strength characteristics and a decrease in corrosion
resistance [1]. Cold deformation increases the material’s strength, causing grain elongation
and dislocation pile-ups in its microstructure. When severe cold deformation is combined
with shear stress, it results in grain refinement. These structural changes (dislocation
pile-ups and grain refinement) affect the corrosion resistance of the material. The influence
on the material can be either positive or negative, depending on the type of material that
undergoes plastic deformation. The influence is positive if it makes the system more
stable with respect to corrosion, makes corrosion easier to avoid, or makes environmentally
aggressive treatments of metal surfaces less frequent.

Several authors have described the negative effects of plastic deformation on the
corrosion resistance of steels. Localized corrosion induced by plastic deformation has been
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reported for many alloys used in structural and functional applications. Hot deformation
of high-strength low-alloy (HSLA) steel leads to a lowered corrosion resistance [2]. Pre-
deformation affects the corrosion resistance of the 2205 duplex stainless steel. The corrosion
resistance of the passive film formed on 2205 duplex stainless steel was decreased in stress—
strain conditions when the material was pre-deformed by cold plastic deformation [3].
Samples of the stainless steel AISI 304 that suffered tensile plastic deformation—cold
deformation to different levels—showed a decrease in the pitting resistance [4]. The
influence of cold rolling and tensile deformation on the pitting corrosion resistance was
investigated on AISI 304 and AISI 430 stainless steels. The results showed a maximum
pitting occurrence after 20% of cold-rolling reduction or 10% of tensile deformation with
respect to dislocation pile-ups [5]. The paper by Hsu et al. [6] suggested that plastic
deformation increases the stress corrosion cracking tendency of AISI 304L stainless steel.
Another paper, by Tung et al. [7], found that cold rolling increases the pitting resistance of
304L due to the formation of a passive film.

However, another research paper on cold rotary swaging of the same type of metal
material provided opposite results. According to this paper, the material was subjected
to the influence of compressive plastic deformation and shear stresses. This resulted in a
refinement of the grain size. In this case, there was an increase in corrosion resistance of
the material after plastic deformation [8]. Austenitic stainless steel 316LN was hot forged
and annealed. The results of corrosion resistance testing indicate that the corrosion rate
decreases after the annealing of forged samples [9].

The microstructure, containing different grain sizes of the metal material, influences
the formation of the passive layer. The corrosion processes can therefore be accelerated or
decelerated. Research has shown that a smaller grain size leads to a more stable passive
layer [10]. However, a higher amount of lattice defects, such as dislocations, can also result
in a faster corrosion rate under aggressive conditions. This is especially true in cases where
the material is associated with small grains [11]. The grain size is not the only influential
microstructural factor. Crystal structure can also have an impact on corrosion behavior.
Martensite shows a higher level of electrochemical activity and, thus, a faster corrosion
occurrence than austenite [12].

However, most of the corrosion resistance testing results in the open literature have
been conducted on samples with carefully prepared surfaces which were mainly either
finely ground to smooth or, in some cases, polished [13,14]. This paper investigates the
corrosion resistance of cold formed (open die forged) austenitic stainless steel. The material
was subjected to compressive stress, which causes plastic deformation. Three different
deformation degrees were obtained, and the examined surfaces of deformed samples were
prepared with three different surface treatments. The first surface treatment was a polished
surface, the second one was a ground surface, and the third one was a cut surface without
any finishing treatment. This paper uses different surface states with coarse-finished cut
surfaces to try to simulate possible damage and scratches to the finely treated surface and
to evaluate the stability of the coarse material surface with respect to corrosion.

2. Materials and Methods

Samples made of austenitic stainless steel 304 (X5 CrNi 18-10) were upset on a hy-
draulic press. Chemical compositions of the austenitic stainless steel 304 (X5 CrNi 18-10)
are shown in Table 1.

Table 1. Chemical compositions of the austenitic stainless steel 304 (X5 CrNi 18-10).

Chemical Element

C (%) Mn (%) P (%) S (%) Si (%) Cr (%) Ni (%) Mo (%)

0.08 2.00 0.045 0.030 0.75 1.06 8.05 0.29

Cylindrical hollow samples with an initial height of 40 mm, outer diameter of 20 mm,
and inner diameter of 7 mm were compacted in three degrees of deformation. The sample
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height was 35 mm after the first stage of deformation, 30 mm after the second stage, and
25 mm after the third stage. Therefore, the true strains that were achieved are ¢; = 0.13,
@2 =029, and @3 = 0.47. In total, 12 samples were made: 3 samples that were not deformed
and were used as a control group; 3 samples deformed only by the first degree of defor-
mation (¢ = 0.13), 3 samples deformed by the second degree of deformation (¢, = 0.29),
and 3 samples deformed by the third degree of deformation (¢3 = 0.47). The surface of the
first sample from each group was polished; the surface of the second sample from each
group was ground; and the surface of the third sample from the group was cut without
being processed. The surfaces of all samples were cleaned and degreased before corrosion
resistance testing was conducted.

2.1. Open Die Forging—Upsetting

The hydraulic press SICMI PMM 150 MC was used in the upsetting process. The
deformation rate was 3 mm/s. The true strains and the final dimensions of samples
are given in Table 2. After the upsetting process and surface finishing was completed,
12 samples were prepared for corrosion resistance testing. Figure 1 presents the final sample
features and all of the 12 deformed and finished samples. In Table 3, all of the samples are
numbered and grouped according to the achieved true strain and surface condition.

Table 2. Final dimensions of samples after upsetting process.

Deformation Average Sample True Strain Final Outer Final Inner Forming Force
Height h, mm @ Diameter dy, mm Diameter d;, mm F, kN
No Deformation 40.0 - 20 7 -
Stage 1 35.1 0.13 21 7 400
Stage 2 29.9 0.29 23 8 500
Stage 3 25.2 0.47 26 9 550

(a) (b)

Figure 1. (a) Final sample features; (b) finished samples.

Table 3. Sample status and numbering.

Sample No. 1 2 3 4 5 6 7 8 9 10 11 12
True Strain @y =0 ¢1=0.13 @2 =0.29 @3 =047
Surfacing C G P C G P C G P C G P

Legend for surfacing: C—Cut Surface; G—Ground Surface; P—Polished Surface.
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2.2. Measurement of Surface Topography

The Oxford MFP-3D Origin atomic force microscope (AFM) was used to obtain infor-
mation on the state of the sample surface in nanometers. Twelve samples were measured
by the AFM tapping mode at five different locations on the measured surfaces. The scanned
areas were 20 um x 20 pm.

The measurement results (namely, arithmetic mean and standard deviation) of the
height surface topography parameters—also called height area roughness parameters or
3D amplitude roughness parameters—are presented in Table 4. Images of the surface
topography of different surface finishing, both in 2D and 3D format, are presented in
Figure 2a—c.

Table 4. Results of height (amplitude) area roughness parameters.

Height Area Roughness Parameters Sa Sz Sv Sp Sku Ssk Sq
Surface Type nm nm nm nm - - nm
Arithmetic Mean 105.5 1265.9 628.5 637.5 3.9 —-0.2 202.2
Cut Surface
Standard Deviation 10.8 692.5 258.3 485.4 2.1 0.6 162.8
Arithmetic Mean 98.6 730.1 314.9 415.3 2.7 0.1 119.3
Ground Surface
Standard Deviation 21.1 86.1 53.1 63.0 0.3 0.2 24.3
Arithmetic Mean 11.6 122.0 54.4 67.5 35 —-0.1 14.6
Polished Surface
Standard Deviation 3.3 13.2 11.3 12.4 0.7 0.5 4.0

(b)

Figure 2. Images of surface topography for different surface finishing samples in 2D and 3D formats: the surfaces of (a) raw,

(b) ground, and (c) polished material.

The list of height area roughness parameters are as follows:

Sa—Arithmetic mean deviation;
Sz—Maximum height;
Sv—Maximum profile valley depth;
Sp—Maximum profile peak height;
Sku—Kurtosis;

Ssk—Skewness; and

5q—Root mean square deviation.

Although all of the height parameters presented in Table 2 have been measured,
further analysis of the impact of surface conditions on corrosion resistance was performed
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based on the parameters Sa and Sz. The most commonly used height or amplitude area
roughness parameters in the field of corrosion resistance are the arithmetic mean height
parameter (Sa) and the maximum height parameter (Sz) [15]. The measured values of the
arithmetic mean height parameter Sa and maximum height parameter Sz for all samples
are presented in Figure 3.
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Figure 3. Measured values of arithmetic mean height parameter Sa and maximum height parameter Sz.

2.3. Corrosion Resistance Testing

Electrochemical direct current (DC) testing was used to test corrosion resistance
using a potentiodynamic polarization measurement. The testing was performed using the
Potentiostat EG&G Princeton Applied Research Model 273A and the SoftCorr III software.
The test cell was composed of a reference electrode (Saturated Calomel Electrode, SCE), a
graphite counter electrode, and a working electrode (specimen). A 3.5% NaCl solution at
room temperature was used as an electrolyte.

Three studies were conducted as part of the electrochemical corrosion testing: testing
of open circuit potential (Epc), linear polarization (polarization resistance value Rp), and
Tafel extrapolation (corrosion rate veorr).

2.3.1. Testing of an Open Circuit Potential

Open circuit potential (corrosion potential) testing was the first of three electrochemical
studies conducted on the prepared samples. This study measures the difference in potential
between the working electrode (test sample) and the reference electrode (Saturated calomel
electrode, SCE), when no current is flowing. A change in potential in a time of 1000 s was
monitored. The open circuit potential of all samples in the 3.5% NaCl solution is presented
in Figure 4. For the result, the final value was measured at the very end of the monitoring,
since the stability of the system had been achieved by that point. The open circuit potential
indicates the tendency of metals to corrode, but it does not provide information about the
corrosion rate. Whereas changes in the open circuit potential of the samples from more
negative values to positive values means that the material tends to create a protective
passive film, changes from more negative values to positive values means that the metal is
corroded in the testing solution. The more positive the value of the open circuit potential,
the more resistant the test sample is to corrosion. However, if the value of the open circuit
potential is greater than zero, we can then conclude that our sample is a noble metal.
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Figure 4. Open circuit potential of samples in the 3.5% NaCl solution: (a) not deformed (1, 2, and 3), (b) first degree of
deformation (4, 5, and 6), (c) second degree of deformation (7, 8, and 9), and (d) third degree of deformation (10, 11, and 12).

Measured values of the open circuit potential Eqoc for all samples are graphically
presented in Figure 5.
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Figure 5. Measured values of open circuit potential.
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-240

Since all of the Egc values are negative, we can therefore conclude that our samples
have a tendency to corrode in a 3.5% NaCl solution.

2.3.2. Linear Polarization

Linear polarization is a method used to determine polarization resistance or resistance
to Faraday’s reaction (Rp). This factor can be defined as resistance to the passage of
electroactive particles from one phase (metal or alloy) to another (electrolyte) and vice
versa., The higher its value, the higher the resistance of the test material to corrosion. Linear
polarization resistance for all samples in the 3.5% NaCl solution is presented in Figure 6.
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Figure 6. Linear polarization resistance of samples in the 3.5% NaCl solution: (a) not deformed (1, 2, and 3), (b) first degree
of deformation (4, 5, and 6), (c) second degree of deformation (7, 8, and 9), and (d) third degree of deformation (10, 11,

and 12).
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The linear polarization resistance method consists of applying a 20 mV potential
variation to the metal below and above the open circuit potential (Eoc). In this narrow
region, the plot of potential vs. current is approximately linear. The slope of that linear
polarization curve at the corrosion potential is defined as the polarization resistance (Rp).
Higher polarization resistance means lower corrosion current. The values of polarization
resistance for all samples are graphically presented in Figure 7.
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Figure 7. Measured polarization resistance.

2.3.3. Tafel Extrapolation

Tafel extrapolation is a method by which we determine the corrosion rate of a partic-
ular sample in the testing medium (a 3.5% NaCl solution). The results provided by the
SoftCorr III are presented graphically in semi-logarithmic form (Figure 8). By extrapolating
the linear portion of anodic and cathodic curves to the corrosion potential, the value of
the corrosion current density is determined and the corrosion rate is calculated. Figure 8
shows anodic and cathodic polarization curves for samples in the 3.5% NaCl solution.

The corrosion rate v was calculated from the corrosion current density jr obtained
from the Tafel diagram, according to the ASTM G5-94 (Equation (1)) [16]:

0.13 X jeorr X E
Ocorr = ]T(l))ﬂ il 1)

where

e  p—density, g/cm?;
jeorr—corrosion current density, A/ cm?; and
Ew—equivalent weight, g.

The calculated corrosion rate gives a clearer picture of corrosion resistance. The
calculated results are graphically presented in Figure 9.
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Figure 8. Polarization curves for samples in the 3.5% NaCl solution: (a) not deformed (1, 2, and 3), (b) first degree of
deformation (4, 5, and 6), (c) second degree of deformation (7, 8, and 9), and (d) third degree of deformation (10, 11, and 12).
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Figure 9. Tafel extrapolation—corrosion rate.

Compared to the linear polarization method, the Tafel plot was performed in a wider
potential range of 250 mV with respect to corrosion potential, providing the data con-
cerning corrosion current and corrosion process kinetics [17].

3. Results and Discussion

On the basis of the results of open circuit potential Eoc, we can conclude that all
of the samples have a certain dissolution in the 3.5% NaCl solution because the values
of open circuit potential for all of the samples are less than zero. Based on the obtained
results, however, we cannot ascertain any correlation between the true strain value and
the differences in the surfacing with the measured potential of Egc. Likewise, we cannot
conclude from these tests that the degree of deformation and quality of sample finishing
has influenced corrosion resistance.

In order to determine the influence of the degree of plastic deformation and the
surfacing type on corrosion resistance and corrosion rate of the stainless steel AISI 304,
an analysis of the variance (ANOVA method) and Multiple Comparisons -Test (Fisher
LSD) was conducted for the results of Linear polarization and Tafel extrapolation methods.
While a ¢-Test is used to determine if there is a significant difference between the means of
two groups, ANOVA is used to demonstrate if there are any statistical differences between
the means of three or more independent groups. The results of the corrosion resistance
and the results of the corrosion rate are presented in Tables 4 and 5, respectively. Using the
ANOVA method, it was determined that the p-value was 0.907 for the corrosion resistance
and 0.698 for the corrosion rate. The p-values represent sufficient evidence to support the
conclusion that all of the means of the corrosion resistance and corrosion rate for different
deformation degrees are equal when the significance level (alpha) is set at 0.05. The interval
plot displays the mean and confidence interval for corrosion resistance and corrosion rate
depending on the deformation degree (Figures 10 and 11).
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Table 5. Photographs of sample surfaces before and after corrosion testing.

Before Corrosion After Corrosion Before Corrosion After Corrosion

Sample No. Resistance Testing  Resistance Testing Sample No. Resistance Testing  Resistance Testing
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Figure 10. The interval plot of the mean and confidence interval for corrosion rate depending on the

deformation degree.

0,04

003

0,02

Corrosion rate, mm/year
(=]
=

0,00
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Figure 11. The interval plot of the mean and confidence interval for corrosion resistance depending

on the deformation degree.

It can be concluded that the deformation degree has no statistically significant influ-
ence on corrosion resistance and corrosion rate.

Using the ANOVA method, the influence of the surfacing type on the corrosion
resistance and corrosion rate was also analyzed. The p-value (0.001) for the corrosion
resistance and p-value (0.032) for the corrosion rate represent sufficient evidence to support
the conclusion that the means of the corrosion resistance and the means of the corrosion rate
for different surfacing types are not all equal when alpha is set at 0.05 (Figures 12 and 13).
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Figure 12. The interval plot of the mean and confidence interval for corrosion resistance depending
on the surfacing type.
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Figure 13. The interval plot of the mean and confidence interval for corrosion rate depending on the
surfacing type.

To explore the differences among the means for different surfacing types, the Multiple
Comparisons t-Test (Fisher LSD) was applied. In accordance with the Multiple Compar-
isons t-Test (Fisher LSD), if an interval does not contain zero, then the corresponding
means are significantly different. Multiple Comparisons t-Test (Fisher LSD) showed that
the mean of the corrosion resistance and the mean of the corrosion rate for the polished
surfacing type are significantly different from the means of ground and cut surfacing types
(Figures 14 and 15). The difference between cut surfacing types and ground surfacing
types are not statistically significant for both corrosion resistance and corrosion rate when
alpha is set at 0.05.
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Figure 15. Multiple Comparisons t-Test (Fisher LSD) for corrosion rate.

Photographs of all observed surfaces, before and after corrosion resistance testing, do
not show any visible changes in surface structure. All surface photographs are classified in
Table 5.

The results of height roughness parameters Sa and Sz are presented in Figure 3.

Using the ANOVA method, it was determined that the p-value (0.940) for the arith-
metic mean height parameter Sa and the p-value (0.973) for the maximum height parameter
Sz represent sufficient evidence to support the conclusion that all of the means of the
parameter Sa and parameter Sz for different deformation degrees are equal when alpha is
set at 0.05. The interval plot displays the mean and confidence interval for the Sa and Sz
parameters with respect to the deformation degree (Figures 16 and 17).
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Figure 16. The interval plot of the mean and confidence interval for roughness height parameter Sa
depending on the deformation degree.
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Figure 17. The interval plot of the mean and confidence interval for roughness height parameter Sz
depending on the deformation degree.

Using the ANOVA method, the influence of the surfacing type on the roughness
height parameters Sa and Sz was also analyzed. The p-value (0.032) for parameter Sa and
the p-value (0.000) for parameter Sz represent sufficient evidence to support the conclusion
that the mean values of the roughness parameters Sa and Sz for different surfacing types
are not all equal when alpha is set at 0.05 (Figures 18 and 19).
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Figure 18. The interval plot of the mean and confidence interval for roughness height parameter Sa
depending on the surfacing type.
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Figure 19. The interval plot of the mean and confidence interval for roughness height parameter Sz
depending on the surfacing type.

In order to explore the differences among the means for different surfacing types,
multiple comparison results were examined. The Multiple Comparisons t-Test (Fisher LSD)
demonstrated that the mean of the roughness height parameters Sa and Sz for the polished
surfacing type was significantly different from the means for ground and cut surfacing
types (Figures 20 and 21). The difference between the corrosion rate for cut surfacing types
and ground surfacing types was not statistically significant when alpha was set at 0.05. In
accordance with the Fisher test, if the interval does not contain zero, the corresponding
means are significantly different.



Sustainability 2021, 13, 5871

17 of 19

W

Grinded - Cut

Polished - Cut }’—'.—I

Polished - Grinded ’-—'0—|

-120 -100 -80 —60 —40 -20

(- (P PR PR PR L SR

20 40

Differences between the means

Figure 20. Multiple Comparisons ¢-Test (Fisher LSD) for roughness height parameter Sa.
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Figure 21. Multiple Comparisons ¢-Test (Fisher LSD) for roughness height parameter Sz.

To explore the differences among the means, the Tukey Pairwise Comparisons and
the Hsu’s MCB (Multiple Comparisons with the Best) were also applied. All of the tests
that were used gave equal results. The analysis of the results was performed using a trial
version of the Statistical Software Minitab.

4. Conclusions

Plastically deformed products of stainless steel are often used in corrosion aggressive
environments in the food industry. In these conditions, anti-corrosion treatments can be
very limited. For this reason, it is important to obtain insight into the corrosion behavior
of a material in different circumstances of its exploitation. This paperwork presents
research into the corrosion resistance of plastically deformed stainless steel 304 at different
deformation degrees with different surfacing types. The main conclusions of the corrosion
resistance testing in 3.5% NaCl solution are as follows:
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e From the open circuit potential testing, we can conclude that none of the samples
are fully corrosion resistant and that all samples have a certain dissolution in the
3.5% NaCl solution. However, we cannot obtain any correlation between the true
strain value and the differences in the surfacing with the measured potential of Egc.
Therefore, we cannot conclude that the deformation degree and quality of sample
finishing has an influence on corrosion resistance.

e An analysis of the variance (ANOVA method) and Multiple Comparisons t-Test
(Fisher LSD) was conducted for the results of the Linear polarization method and the
Tafel extrapolation method. It can be concluded that the deformation degree has no
statistically significant influence on corrosion resistance and corrosion rate. Multiple
Comparisons t-Test (Fisher LSD) showed that the mean of the corrosion resistance
and the mean of the corrosion rate for the polished surfacing type are significantly
different from the means for ground and cut surfacing types. The difference between
cut surfacing types and ground surfacing types is not statistically significant for either
corrosion resistance or corrosion rate when alpha is set at 0.05.

e  Photographs of all surfaces before and after corrosion resistance testing do not show
any visible changes on the surfaces.

According to all of the above conclusions, we can claim that cold deformation of
stainless steel 304 did not have a negative influence on its applications in an environment
containing NaCl (aq). Although a polished surface presents the best choice for adequate
product surfacing in such conditions, changes in surface roughness (caused by localized
wear or simple scratches) do not present a greater danger for general corrosion resistance
in a controlled period.
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