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Abstract

This research investigated the effect of cold working on the corrosion resistance of 1.4301
(X5CrNil8-10, AISI 304) austenitic stainless steel. The test specimens were prepared by
cold rolling. The original thickness of the austenitic steel was 3.0 mm. Cold rolling pro-
duced specimens with thicknesses of 2.5, 2.0, 1.5, 1.0, and 0.65 mm. A corrosion test was
conducted according to ASTM G48 in a 6% ferric chloride solution for 45 h. The corrosion
process caused weight loss, which was measured for all test specimens. The corrosion test
results showed a clear correlation between deformation and corrosion-induced weight loss.
Corrosion weight loss depended on the degree of cold working. Based on these results, the
PREN index—which can be determined from the chemical composition—is not sufficient
on its own to characterise the corrosion resistance of 1.4301 austenitic stainless steel, as the
degree of cold working significantly modifies the extent of corrosion resistance.
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1. Introduction

The corrosion resistance of stainless steel is due to a thin passive layer that forms in
an oxidising environment on the surface. Chromium plays a decisive role in the formation
of this passive layer as Cr,O; [1]. The layer consists mainly of chromium oxides, and
it significantly reduces the rate of electrochemical reactions between the metal and its
environment [2]. Under appropriate conditions, the passive layer can reform following
local damage; therefore, the corrosion behaviour of stainless steels differs significantly
from that of ordinary carbon and alloy steels. However, corrosion resistance is not an
absolute property: the corrosion behaviour of a given steel is determined jointly by its
alloy composition and the corrosive environment [3,4]. Passive-film characterisation by
XPS and electrochemical methods has also revealed the relevance of film chemistry and
electronic properties to stainless-steel passivity [5-7]. A general mechanistic overview
separates passivity breakdown, metastable pit formation and pit propagation [8].

In the case of stainless steels, therefore, corrosion damage often does not take the
form of uniform material loss, but rather as a localised corrosion process. Pitting corrosion,
which occurs in media containing chloride ions, is particularly significant. Chloride ions
can promote the localised destabilisation of the passive layer, resulting in the formation
of a small active area. This area behaves as an anode relative to the surrounding surface,
which remains passive, thus significantly increasing the density of the localised corrosion
current [9]. In the developing corrosion cavity, the pH decreases due to the hydrolysis of
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metal ions, while the concentration of chloride ions may increase, causing the corrosion
environment inside the cavity to become increasingly aggressive. If the process becomes
self-sustaining, the initially small hole can rapidly deepen [1,3,4,10]. Early work on pit
injtiation established the particular significance of sulphide particles and their dissolution
products, while later local chemical mapping refined the proposed mechanisms [11-13].
Highly purified 1.4301 alloys provide an additional means of isolating non-metallic inclusion
effects [14]. Metastable pitting, as quantified by short-lived current transients, should be
differentiated from sustained pit growth [15].

In addition to alloy composition, the formation and propagation of pitting corrosion
are also influenced by metallurgical and surface characteristics. In addition to chromium,
molybdenum and nitrogen play a particularly important role in increasing resistance to
pitting and crevice corrosion [1,2,16]. At the same time, corrosion behaviour can also
be modified by the microstructure, the presence of secondary phases, and non-metallic
inclusions [17,18]. Studies of oxide particles, inclusion engineering and sulphide-free alloy
conditions indicate that inclusion chemistry, morphology and processing history can affect
the probability of local attack [19-21]. More recent work on cerium-modified inclusions
supports an inclusion-sensitive interpretation of pit initiation in 1.4301 stainless steel [22].
Reviews of inclusion formation in stainless steel production further demonstrate why alloy
specifications do not uniquely determine inclusion populations [23].

Both electrochemical and accelerated immersion methods can be used to test the corro-
sion properties of stainless steels. The advantage of immersion testing is that test specimens
can be exposed to a controlled, aggressive corrosive medium for a specified period of time,
after which the corrosion damage can be characterised by weight loss and morphological
examination of the surface [18]. The purpose of corrosion testing may be, on the one hand,
to elucidate the mechanism of a corrosion process and, on the other hand, to compare
the resistance of different materials or material states in a given environment [2,10,24].
The ASTM G48 ferric-chloride immersion procedure provides a comparative test proto-
col, whereas cleaning and mass-loss evaluation need to be considered separately under
ASTM G1 [25,26]. Electrochemical corrosion testing has also been reviewed in the related
field of biomedical titanium alloys; such methods provide methodological context but
cannot substitute for direct 1.4301-steel evidence [27].

The Pitting Resistance Equivalent Number (PREN) is an indicator widely used to
preliminarily characterise the resistance of stainless steels to localised corrosion [1-3].
PREN is a dimensionless value calculated from the chemical composition of the alloy,
which is primarily used to compare the expected resistance to pitting corrosion of different
stainless steel grades [1,2,24,28]. The most commonly used formula takes into account the
chromium, molybdenum, and nitrogen content, calculated by the following Equation (1):
The composition-based indicator is helpful for alloy screening, but its interpretation requires
care when comparing specimens of the same grade after different processing histories [29].

PREN = %Cr + 3.3 x %Mo + 16 x %N, (1)

where Cr, Mo, and N represent the chromium, molybdenum, and nitrogen content of
the alloy, expressed as a percentage by weight. For certain stainless steels—primarily
those with higher alloy content—PREN relationships that also take into account additional
alloying elements, such as tungsten, are used [1,30,31]. Studies of nitrogen-containing,
cold-worked austenitic steels have reported responses that vary with both the alloying level
and deformation range [32].

An increase in PREN generally indicates greater theoretical pitting corrosion resistance;
therefore, this value is suitable for a quick, composition-based comparison of the corrosion
resistance of different steel grades [33]. Its use is particularly useful in the initial stages
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of material selection; however, PREN cannot be considered a comprehensive indicator of
actual corrosion behaviour. Even among steels with identical or similar PREN values, there
may be significant differences in actual pitting corrosion resistance, since the calculation
takes into account only specific elements of the chemical composition. Furthermore, actual
corrosion behaviour can also be influenced by microstructure, inclusions, surface quality,
heat treatment, and environmental effects. For this reason, the literature emphasises that
the calculated PREN value should primarily be used for a rough comparison of different
steel grades, and that it cannot, on its own, be used to draw comprehensive conclusions
about the expected corrosion behaviour in a given operating environment [1,34,35]. Cold
rolling has been examined directly in 1.4301 (AISI 304) using electrochemical techniques,
and non-monotonic changes in pitting resistance have also been observed under conditions
different from the present ferric-chloride exposure [36,37]. Residual strain, crystal defects
and post-rolling thermal treatment have likewise been shown to influence the surface
response of stainless steel [38].

When determining the corrosion behaviour of stainless steels, experimental tests are
therefore necessary in addition to indicators based on chemical composition [39]. The ferric
chloride (iron(IIl)-chloride, FeCl;) immersion test is particularly suitable for comparing the
resistance of stainless steels to localised corrosion, primarily pitting and crevice corrosion.
During such tests, the aggressive, chloride-ion-rich medium accelerates the local failure
of the passive layer, allowing for a comparison of the corrosion behaviour of different
material conditions over a short period of time. Depending on the nature of the corrosion
damage, the test results can be evaluated based on weight loss, microscopic examination of
the corroded surface, or electrochemical and other quantitative characteristics. However,
weight loss primarily characterises overall material loss; therefore, in cases of localised
corrosion, surface morphological examination serves as an important supplement to it [40].
For the interpretation of immersion-induced mass loss, it should therefore be recognised
that corrosion current, pit initiation density, pit depth and total material removal represent
different aspects of degradation [15].

Based on the findings in the literature, the corrosion behaviour of stainless steels is
therefore the result of several interacting factors. The PREN, calculated based on chemical
composition, is an important and widely used comparative parameter for estimating pitting
corrosion resistance; however, evaluating actual corrosion behaviour also requires controlled
experimental tests and consideration of the material’s state characteristics. This is also
supported by research indicating that microstructure, inclusions, and the condition of
previous plastic deformation can measurably influence passivation and the development of
localised corrosion [24,41]. The objective of this study is to investigate, using immersion
testing, the corrosion susceptibility of 1.4301 stainless steel as a function of the degree of
plastic deformation. Evidence from mechanically deformed austenitic steels has highlighted
the combined contributions of grain refinement, deformation rate, dislocation density and
strain-induced martensite [42—44]. Cold working induces residual stresses in the austenitic
steel structure, which reduce corrosion resistance [36,45]. The microstructural reasons for
corrosion in cold-worked stainless steels are as follows: (1) grain boundaries, (2) second
phases or precipitates, (3) inclusions and impurities, (4) dislocations and residual stresses,
(5) phase differences [46,47].

(1) Inthe grain boundaries, the energy is higher, the disorder is greater, and the chemical
reactivity is higher than within the grains. This explains selective damage, such as
intergranular corrosion [48].

(2) Second phases or precipitates embedded in the metal have a different composition and
electrode potential than the surrounding matrix. This potential difference creates a
micro-galvanic cell [49].
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(3) Non-metallic inclusions—such as manganese sulfides (MnS) in steel—act as break-
down sites for protective surface oxides, frequently triggering pitting corrosion [50].

(4) Deformation increases dislocation density, which decreases corrosion resistance. In
the case of the barrier in the slip plane, the accumulation of dislocations is generally
interpreted as a mechanism for increasing hardness, which results in a significant
increase in the deformation energy per dislocation [46]. Areas with high dislocation
densities store excess mechanical strain energy from cold working. Higher internal en-
ergy increases the thermodynamic drive for localised dissolution and stress-corrosion
cracking [51,52].

(5) Plastic deformation induces phase transformation in austenitic steels. Martensitic
transformation induced by plastic deformation occurs when, under the influence of
mechanical work or stress, a metastable crystal structure—most commonly austenite
(face-centred cubic, FCC) in stainless steels—transforms into a martensitic phase
(such as hexagonal close-packed e-martensite or body-centred cubic/tetragonal «’-
martensite) without diffusion [53].

In cases where multiple phases appear in the microstructure, galvanic corrosion also
occurs. All effects that cause structural inhomogeneity can reduce corrosion resistance. In
stainless steels, low dislocation density, low residual stress, and a uniform microstructure
are desired to ensure corrosion resistance [45,54].

2. Material and Method
2.1. The Used 1.4301 Stainless Steel

In the tests, we used an austenitic stainless steel with the material number EN 1.4301
(EN 10088-3) X5CrNi18-10 or AISI 304 (ASTM A240/ASME SA240) stainless steel, which is
characterised by good corrosion resistance as well as favourable formability and weldability.
Grade 1.4301 belongs to the class of Cr-Ni austenitic stainless steels. The standard chemical
composition of Steel Grade 1.4301 is shown in Table 1. Prior studies on AISI 304 link
increasing cold reduction with work hardening and changes in the phase balance; these
observations provide a reference for interpreting the hardness measurements below [45,54].

Table 1. Standard chemical composition of Steel Grade 1.4301.

Material

C

Cr Ni Si Mn P S Mo

wt (%) <0.07

17.5-19.5 8-10.5 <1.00 <2.00 <0.045 <0.045 -

In the case of 1.4301, the molybdenum and nitrogen content is low, so the PREN value is
primarily determined by the chromium content. Taking into account the standard chemical
composition range, the PREN value typical for 1.4301 is within the range of 17.5-21.1.

2.2. Preparation of Test Specimens

The original test material consisted of laser-cut sheets with a thickness of 3 mm, nominal
dimensions of 5 x 200 mm, and material grade 1.4301. We cold-rolled the cut sheets in stages,
with nominal thickness reductions of 0.5 mm per step. During rolling, we produced six
different sheet thicknesses: 3.0, 2.5, 2.0, 1.5, 1.0, and 0.65 mm. Comparable rolled 1.4301 steel
specimens have been investigated in studies addressing the interaction of forming history
with localised corrosion, including welded material [55].

We prepared test specimens from each rolling condition for the corrosion test. We
selected the test specimen dimensions so that, for each sheet thickness, the surface area in
contact with the corrosive medium was nearly identical. This is essential for the corrosion
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test, as differences in initial surface area alone could influence weight loss. Using the
same surface area allows a more direct comparison of the corrosion behaviour of material
conditions cold-rolled to varying degrees.

The test specimens thus represented six different rolling conditions, with varying
degrees of plastic deformation relative to the initial sheet thickness of 3.0 mm. In subsequent
tests, we prepared these specimens according to the specified procedures and measured
weight loss after the corrosion test.

To ensure unambiguous identification, the test specimens were labelled with a letter
and a serial number. The letter indicated the sheet thickness corresponding to the given
test specimen, while the serial number identified each test specimen from the same sheet
thickness individually (Table 2).

Table 2. Thickness of the tested specimens.

Thickness (mm)

3 2.5 2 1.5 1 0.65

Designation

Al, A2, A3 B1, B2, B3 C1,C2,C3 D1, D2, D3 E1,E2, E3 F1,F2, F3

Accordingly, we included a total of 18 test specimens in the corrosion test. We engraved
unique identifiers on the test specimens to ensure they could be identified after immersion
in the corrosive medium.

2.3. Hardness and Surface Roughness Measurement

The mechanical properties of the material under investigation are influenced by both
the starting material condition and the degree of subsequent cold rolling. In austenitic
stainless steels, cold forming can cause significant work hardening, accompanied by in-
creased strength. Therefore, we also determined the hardness of test specimens rolled
to varying degrees. We performed the hardness tests using a Buehler Wilson UH4750
universal digital hardness tester (Buehler, Lake Bluff, IL, USA). Table 3 below shows the
average hardness values as a function of sheet thickness. We used the Vickers method with
a 0.2 kg indenter (HV 0.2) to determine hardness. We took three measurements for each
sheet thickness, and the table summarises the average hardness values. The increase in
hardness should be interpreted in conjunction with possible changes in dislocation density
and transformation-induced martensite rather than being attributed to phase transformation
alone [56].

Table 3. Average hardness values as a function of sheet thickness.

Thickness 3 25 ) 1.5 1 0.65
(mm)
Hardness 183.4 320.77 34147 411.96 436.26 494.61
(HV 0.2) ' ' ‘ ' ' '

To characterise the test specimens’ surface condition, we also measured surface
roughness using a Mitutoyo Surftest SJ-301 universal surface roughness tester (Mitutoyo,
Kawasaki-shi, Japan). Surface roughness varied within a fairly narrow range; the average
roughness (Ra) for each sheet thickness ranged from 0.353 to 0.457 pm. The lowest average
Ra value was measured for the 2 mm-thick sheets, while the highest was measured for the
3-mm-thick sheets. The roughness values did not change monotonically with the degree of
rolling; no significant differences in surface roughness were observed among the various
rolling conditions. Therefore, when evaluating the corrosion tests, this parameter is pre-
sumably less important than the effect of rolling. Table 4 below shows the average surface
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roughness values, which vary by sheet thickness. We took three measurements on two test
specimens for each sheet thickness, for a total of six measurements per thickness; the table
presents their average.

Table 4. Average surface roughness values (Ra).

Thickness 3 2.5 2 15 1 0.65
(mm)
Ra (pm) 0.457 0.414 0.353 0.398 0.374 0.435

2.4. Parameters of the ASTM G48 Corrosion Test

The corrosion test was conducted in accordance with the principles of the ferric chloride
pitting corrosion test specified in Method A of the ASTM G48 standard. The ASTM G48
standard evaluates the resistance of stainless steels and other alloys to pitting and crevice
corrosion in an oxidising chloride medium. The test medium for Method A is a ferric
chloride solution of approximately 6% by weight, for which the standard also recommends
a test temperature of 22 + 2 °C. The specified solution, duration and temperature should
be reported explicitly because accelerated ferric-chloride results are condition-dependent
and cannot be equated directly with general service-life performance [25]. Surface damage
under repeated particle impingement has separately been examined in erosion—corrosion
studies; those loading conditions should not be conflated with static immersion [57].

During the test, the test specimens were individually immersed in 20 mL of a 6% (by
weight) ferric chloride solution at 22.5 °C for 45 h. We cleaned the test specimen surfaces
with acetone before the test and, after the corrosion test, cleaned them with distilled water
and acetone to remove corrosion products and contaminants. We tested three specimens at
each plate thickness. Specimen cleaning and the possible influence of residual deposits on
measured mass loss are also recognised methodological considerations [26].

We determined the corrosion test results based on the difference in weight of the test
specimens before and after immersion in the corrosive medium. We compared the corrosion
behaviour under the various rolling conditions based on weight loss. To measure weight
loss, we used a Kern AL]J 220-4NM analytical balance (KERN & Sohn GmbH, Balingen-
Frommern, Germany).

2.5. Preparation for Microscopy Test

To examine the microstructure of test specimens with different plate thicknesses and
varying degrees of cold rolling, we prepared microscopic images of the microstructure
for each rolling condition. For metallographic examination, we cold-embedded the test
specimens; after grinding and polishing, we etched the surfaces with Kalling’s etchant. To
prepare the microscopic images, we used an Olympus DSX1000 opto-digital measuring
microscope (Olympus, Tokyo, Japan) and captured images at 2400x magnification.

3. Results and Discussion
3.1. Results of the Microscopic Examination

The microscopic images clearly show the gradual formation of work-hardening marten-
site as sheet thickness decreases, i.e., as the degree of cold forming increases (see Figure 1).
The microstructures corresponding to the various rolling conditions thus clearly illustrate
the microstructural changes resulting from cold rolling. In the case of the most heavily
formed test specimens with the thinnest sheet thickness, the presence of work-hardening
martensite is more pronounced than in test specimens subjected to a lower degree of cold
forming. Microscopy showed that the martensitic needle structure varies with the degree
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of forming (Figure 1). The reference specimen (3 mm thickness) microstructure is uniform
austenite. It shows typical twin crystals and polygonal grain geometry. In microscopic
images of the formed test specimens, martensite appears as a needle-like phase that remains
darker along the forming bands or at their intersections. The microscopic image of the
2.5 mm-thick test specimen shows the onset of martensitic transformation, while the bound-
aries of the original austenitic grains are still partially preserved. Subsequent microscopic
images show that as the degree of work hardening increases, the original grain bound-
aries disappear and the martensite needles become finer. The martensite fraction in the
microstructure increases. Deformation-induced martensite in 1.4301 stainless steel has been
documented using direct observations and related electrochemical measurements; phase
quantification would nevertheless require an appropriate independent measurement [58].

3 mm 2.5 mm _ 2 mm

Figure 1. Microscopic images of the test specimens.

3.2. Results of the Corrosion Test

Figure 2 below shows the average weight losses of the test specimens during the
corrosion test, by forming degree (sheet thickness). Based on the results, it is clearly evident
that as the sheet thickness decreases—that is, as the degree of forming during cold rolling
increases—the weight loss of the test specimens gradually increases. The smallest weight
loss was measured for the test specimens in their initial, unformed state with a thickness of
3.0 mm, while the largest weight loss values were obtained for the test specimens with a
thickness of 0.65 mm, which were formed to the greatest extent. This trend is consistent
with experimental findings on some cold-deformed steels, although the magnitude and
even direction of the effect depend on the strain range, environment, residual stresses, and
alloy state [56,57].
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Average weight loss as a function of deformation
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Figure 2. Average weight loss as a function of deformation.

Based on a comparison of the weight losses associated with the different rolling con-
ditions, a clear correlation can therefore be observed between the degree of forming and
the weight loss occurring during the corrosion test. The increase in weight loss suggests
that as the degree of cold forming increased, the tested material’s corrosion behaviour
became less favourable. Figure 2 also illustrates the table results and clearly shows the
relationship between weight loss and the degree of plastic deformation. For example, tensile
deformation, immersion media, and rolling history have produced different responses in
classic and contemporary studies; this prevents inferring a universal monotonic rule from
the present dataset [32,36,37].

The results show that corrosion-induced material loss increases due to microstructural
changes. The number of dislocations can increase as a result of the forming process, and
martensite appears in increasing quantities in the microstructure. As a result of the forming
process, residual stress in the test specimen can increase. Microstructural changes during
cold forming, as a function of the degree of plastic deformation, caused the increase in
corrosion weight loss (Figure 2). Based on the results, we cannot establish an equation
relating corrosion weight loss to the degree of plastic deformation during cold forming, but
the relationship is clear.

3.3. Macroscopic Examination of the Corroded Surface

After the corrosion test, we also took macroscopic images of the test specimen sur-
faces exposed to corrosion using an Olympus DSX1000 opto-digital measuring microscope
(see Figure 3). The images clearly show corrosion lesions and, in some places, localised
surface pitting; however, as the sheet thickness decreases—that is, as the degree of form-
ing increases—the number of visible pits or pitting lesions shows no clear or monotonic
change. Macroscopic images are therefore not suitable on their own for a clear quantitative
comparison of corrosion extent. Surface imaging is valuable for identifying individual pits;
however, the lack of a monotonic trend in visible pit counts should not be interpreted as no
change in mass loss [8,15].

https://doi.org/10.3390/pr14213568


https://doi.org/10.3390/pr14213568

Processes 2026, 14, 3568 90f 13

Figure 3. Macroscopic images of the surfaces of the test specimens.

In this case, weight loss of the test specimens provides a more reliable basis for com-
paring corrosion extent. Weight loss increased with increasing cold forming, indicating that
specimens subjected to greater cold forming experienced greater corrosion-induced mate-
rial loss. Macroscopic images are thus primarily useful for illustrating corrosion-induced
surface changes, while weight loss provides a quantitative comparison of corrosion extent.
Based on the microscopic images and weight loss, we conclude that complex corrosion
occurred. The observed pitting corrosion does not account for the measured weight loss;
therefore, other forms of corrosion likely occurred alongside pitting. Grain boundary and
stress corrosion most likely occurred because of increased residual stress from the forming
process and the appearance of the second phase (martensite).

Results on other grades and environments also indicate that deformation effects on pit
nucleation and propagation must be distinguished from the net material loss recorded in a
single immersion test [29,42].

3.4. Limitations of the Experiment

When evaluating the study results, several measurement uncertainties and experi-
mental limitations must be considered. The surfaces of the test specimens exposed to
corrosion were nearly identical; however, minor variations in geometric dimensions may
have influenced the determined weight loss. Additional sources of uncertainty may have
included the effects of removing corrosion products and cleaning the test specimens, as well
as the accuracy of the weight measurements. The three test specimens examined in each
material state represent a limited number of repetitions; therefore, a statistical evaluation
of the results is only possible to a limited extent. Furthermore, the FeCl; solution test is
primarily suitable for comparing different material states, and the results cannot be directly
generalised to all natural or industrial corrosion environments. Based on the increase in
weight loss, we can establish a correlation between forming and corrosion-induced material
loss; however, further, more detailed investigations are needed to identify the corrosion
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References

mechanism underlying this correlation unambiguously. Given the limited number of repli-
cates, additional electrochemical measurements and quantitative image analysis would
help test the proposed mechanistic interpretation [59].

3.5. Discussion of the Test Results

The most plausible explanation for the observed decrease in corrosion resistance is
the microstructural heterogeneity introduced by cold rolling, particularly the development
of deformation-induced martensite suggested by the optical micrographs. Differences
in local electrochemical activity among the austenitic matrix, transformed regions, and
deformation-affected areas may reduce passivation uniformity and promote preferential
dissolution in the aggressive ferric chloride (FeCl;) solution. This provides a possible link
between increasing deformation and greater corrosion-induced weight loss. The present
experiments establish an association between cold working, microstructural changes and
corrosion weight loss; they do not isolate a single dominant mechanism. Accordingly,
microstructural heterogeneity and its possible influence on local passivation constitute the
leading mechanistic interpretation.

4. Conclusions

In this study, we investigated the corrosion behaviour of austenitic stainless steel
1.4301 (X5CrNil8-10/304) in various cold-rolled conditions. The austenite-martensite
phase transformation microstructural changes are accompanied by hardening. The steel
lost its uniform structure, and the corrosion resistance decreased. The corrosion test results
revealed a clear trend between the degree of plastic deformation and corrosion-induced
material loss.

Consistent with the literature, corrosion is complex, and corrosion resistance depends
strongly on microstructure. The microstructure of austenitic 1.4301 steel can change with
machining and environmental effects. The microscopy test results show the austenite-
martensite phase transformation and the developed crystal structure. We did not test
dislocation density, but based on the hardening of the test specimens, we suggest that
dislocation density increases. We also infer that residual stress could increase in the mi-
crostructure, contributing to the increased corrosion weight loss. For industrial applications,
understanding the corrosion behaviour of the widely used 1.4301 austenitic stainless steel
is paramount.
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