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Abstract: The effect of a Cu addition on the corrosion behavior of 304 austenitic stainless steel in
a solution was elaborately investigated through salt spray tests, FeCl; immersion tests and charac-
terization analyses. The corrosion behavior was further analyzed by optical microscopy, scanning
electron microscopy, inductively coupled plasma mass spectrometry and an X-ray photoelectron
spectroscopy analysis. 304Cu showed a higher corrosion resistance than 304 after the salt spray tests
in a 5 wt.% NaCl solution for 168 h; the beneficial effect of Cu was not obvious after exposure for
480 h. Penetrating (stripped morphology in 304 and fishbone morphology in 304Cu) and non-
penetrating dish-shaped pits were both observed on 304 and 304Cu after immersion in a 6 wt.%
FeClj solution for 72 h; the corrosion rates of 304Cu were much higher than 304. Cu and Cu®* were
the main existing forms in the as-received 304Cu and Cu* formed with the corrosion in chloride
solutions. The results indicated a good corrosion resistance of 304Cu in service. The use of steel in an
aggressive environment for a long exposure time should be cautiously considered.
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1. Introduction

In recent years, frequent food safety incidents have become one of the most serious
public health concerns. The spread of diseases caused by bacterial and microbial contam-
ination results in significant economic losses and public health safety risks [1,2]. In the
household sanitary equipment market, there is an increasing demand for products with
antibacterial properties; thus, the development of stainless steel tableware with antibac-
terial properties has begun [3,4]. By adding antibacterial elements such as copper (Cu)
into the stainless steel smelting process, the manufactured stainless steel can obtain good
antibacterial properties after a proper heat treatment process [5,6]. Yang et al. observed that
copper-bearing stainless steel released Cu ions with a bactericidal function, which could
effectively reduce human infections caused by bacteria and microorganisms as well as the
microbial corrosion of stainless steel [7-9].

As anew type of structural and functional integrated material, it is expected that, with
an improvement in the antibacterial properties, the corrosion resistance of copper-bearing
stainless steel will not decrease. However, the effect of Cu alloying on the behavior of
corrosion is still controversial. Oguizie et al. suggested that Cu had a negative effect on
the corrosion resistance of austenitic stainless steel in a 0.1 M sulfuric acid solution [10].
Zhang et al. reported that, after a solution-aging treatment, 304Cu stainless steel had
a Cu-rich phase and the defect density of the passive film increased in 0.5 M sulfuric
acid [11]. Ujiro et al. reported that Cu was deposited on the surface of austenitic steels and
corrosion resistance was improved through the suppression of active dissolution in chloride
media [12]. Tomio et al. reported that copper sulfide formed in an H,S-Cl™ environment
and it enhanced the formation of the chromium oxide film, which improved the pitting
corrosion resistance of austenitic steels [13].

304 stainless steel has become the most widely used austenitic stainless steel due to
its good corrosion resistance as well as it being easy to process and cost-effective [14-16].
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304Cu as an antibacterial stainless steel is a potential candidate that meets the requirements
of daily applications. The direct solution of copper-bearing stainless steel without an aging
treatment has higher economic benefits in production. However, it also affects the corrosion
resistance of stainless steel. Therefore, the corrosion behavior of solution-treated Cu-bearing
austenitic stainless steels in aggressive solutions still demands a better understanding.

In this study, salt spray tests, FeCl; immersion tests and an X-ray photoelectron
spectroscopy analysis were carried out to investigate the pitting behavior of copper-bearing
304 stainless steel in different corrosive solutions. The differences in the pit depth, pit width
and corrosion behavior of 304 and 304Cu were discussed. The work aimed to reveal the
influence of Cu on the corrosion resistance of 304.

2. Materials and Methods
2.1. Materials

304 and 304Cu stainless steels (provided by Guang Qing Metal Technology Limited)
were used in this research. The chemical compositions (provided by the supplier) are
shown in Table 1. These two steels were heated to 1250 °C, then rolled into a 3.5 mm thick
strip. The steel strip was subjected to solution treatments at 1100 °C for 10 min and then
cold rolled to 0.6 mm. The strip was then subjected to solution treatments at 1000~1050 °C
for 5~10 min, followed by hydrofluoric acid and hydrogen peroxide washing. The thickness
of the experimental sheets was 0.6 mm.

Table 1. Chemical composition of materials (wt.%).

Material P S Si Mn Ni Cr Cu Fe
304 0.03 0.01 0.38 1.05 7.81 18.40 0.08 Bal.
304Cu 0.03 0.01 0.35 0.70 7.77 17.83 3.95 Bal.

2.2. Experimental Methods
2.2.1. Salt Spray Test

The salt spray test referred to ISO 9227-2017 [17]. All specimens were ground by SiC
abrasive paper to a 1200 grit finish and ultrasonically cleaned with absolute ethanol. The
specimens were then placed into the salt spray test chamber (HUAIAN ZHONGYA 750B.
No.8 Kaiming Road, Qingjiangpu District, Huaian City, Jiangsu Province). The specimens
faced upwards at an angle of 20°. The solution used was 5 wt.% NaCl (Sinopharm Chemical
Reagent Co., Ltd. No.385 Longhua East Road, Huangpu District, Shanghai) and the
temperature was set at 35 £ 2 °C. Continuous spraying experiments were carried out for
168 and 480 h. There were 5 samples under each test condition. The samples were labelled
as S1, S2, S3, S4 and S5, accordingly. A ZEISS Sigma 300 scanning electron microscope
(SEM) equipped with an energy dispersive spectrometer (EDS) was used to observe the
morphologies of the pits and measure the element distributions. The depth and width of
the pits were measured by an optical microscope (ZESSI Smartzoom 5. No.60 Meiyue Road,
Waigaogiao Free Trade Zone, Pudong New Area, Shanghai). The widths of the pits were
measured in two directions and the average value was recorded. Pits smaller than 5 pm in
width were not included in this study. Only the maximum depth of each pit was recorded.

2.2.2. FeClz Immersion Test

The FeCl; immersion test referred to ASTM G48-11 [18]. Specimens were ground with
SiC abrasive paper to a 1200 grit finish. The specimens were hung on wires and immersed
in 500 mL of 6 wt.% FeCl; for 72 h at room temperature (22 & 1 °C). After the experiment,
the samples were ultrasonically cleaned with absolute ethanol and weighed to calculate the
corrosion rates. There were 5 samples under this test condition. The samples were labelled as
51, S2, 53, 54 and S5, accordingly. SEM and EDS were used to observe the morphology of the
pits and understand the element distributions. The solution was analyzed by an inductively
coupled plasma atomic emission spectrometer (ICP-MS) to measure the Cu ion content.
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2.2.3. X-ray Photoelectron Spectroscopy Analysis

X-ray photoelectron spectroscopy was used to analyze the valence change of Cu in
304Cu after exposure to 5 wt.% NaCl and immersion in 6 wt.% FeCl;. The XPS measure-
ments were performed using a Thermo Fisher Scientific K-Alpha system. The vacuum
degree of the analysis chamber was 5 x 107!? Pa and the X-ray resource was Al Ko
(1486.68 eV; 15 kV). The filament current was 10 mA and the signal accumulation was
carried out for 5-10 cycles. The passing energy was 50 eV and the step size was 0.05 eV.

3. Results
3.1. Salt Spray Test

In a chloride environment, stainless steel is susceptible to pitting corrosion. In the salt
spray test, there was no obvious difference in the pitting morphology between 304Cu and
304. The typical morphology of the pits on 304Cu after a 480 h salt spray test is shown
in Figure 1. The pit was shallow and grinding marks were observed on the surface. The
width of the pit was about 20 pm. The EDS results in Figure 1 showed that there were iron
oxides and chloride complexes in the corrosion products, but there was no Cr and Ni. No
obvious Cu was found in the corrosion products. Cu was evenly distributed on the surface.
With an increase in the test time, there was no obvious difference in the pitting corrosion
morphology and the addition of Cu had no obvious effect on the pitting morphology.

100pm

Figure 1. (a) SEM and (b) EDS mapping results of 304Cu pits after a 480 h salt spray test in 5 wt.%
NaClat35 +2°C.

Figure 2 shows the numbers and widths of the pits on 304 and 304Cu after exposure for
168 h and 480 h. The numbers in the black boxes represent the numbers of pits per sample.
Each pit is indicated by a dot in the figure. Table 2 shows the values of the numbers and
widths on 304 and 304Cu. The pits formed from the salt spray tests were relatively shallow;
all were within 3 um. In the 168 h experiment, there were more pits in 304 than 304Cu. There
was a large pit in the 54 sample of 304, the size of which was more than 90 um. Pits were only
found in S3 of 304Cu. In the 480 h experiment, pits were found in 3 samples in 304 and 304Cu.
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The pits were usually smaller than 50 um in width. However, there were large pits in the S1
sample of 304Cu, the size of which were more than 60 um.
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Figure 2. Number (figure in black boxes) and width of pits on 304 and 304Cu stainless steel surface

after salt spray tests in 5 wt.% NaCl.

Table 2. Number and width of pits on 304 and 304Cu stainless steel surface after salt spray tests in 5

wt.% NaCl.
Number of Pits Width of Pits/um
S1 S2 S3 S4 S5 S1 S2 S3 S4 S5
10
12 1
14
14 14 13 16
304/168 h 0 5 8 2 3 / 33 16 95 23
33 28
35 19
23
23
8
11
11
304Cu/168 h 0 0 7 0 0 / / 13 / /
18
19
25
11
19
20 17
304/480 h 7 0 3 1 0 24 / 23 46 /
28 30
37
42
11
14 23
15 23
304Cu/480 h 4 0 6 1 0 26 / 25 38 /
63 30
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Figure 3 is the appearance ratings of the samples based on the defect area with
reference to ISO 10289-2006 [19]. The corroded area at the edge was not taken into account
to exclude any edge effect. After 168 h of salt spray tests, pits were only observed on one
sample of 304Cu; 304 had pits, except for one sample with an appearance grade of 10. In
the 480 h salt spray test, when comparing 304 and 304Cu, the appearance grade of 304Cu
was lower, i.e., the corrosion resistance of 304Cu was worse. Comparing the results of the
168 h and 480 h tests, the area of surface defects of 304Cu increased with an increase in the
exposure time; the appearance grade of 304 did not significantly change with an increase
in the test time. The corrosion resistance of 304Cu was better in the 168 h experiment.
However, with the increase in the experimental time, the corrosion resistance of 304Cu
significantly decreased.
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Figure 3. Appearance rating of stainless steel after salt spray test in 5 wt.% NaCl.

3.2. FeCl3 Immersion Test

The NaCl environment of the salt spray tests was relatively mild. The 6 wt.% FeClj
solution was of a higher chloride ion concentration and a high oxidizing power; thus, the
environment was much more aggressive. Figure 4 illustrates two typical morphologies of
samples after immersion in FeCl; with non-penetrating and penetrating pits. Figure 4a,b
show examples of non-penetrating pits in 304 and 304Cu. The non-penetrating pit of 304
had ridges in its wall. The pit of 304Cu had a similar morphology with corrosion products
around it. Figure 4c is an example of penetrating pits in 304; most of the pit had a stripped
morphology, but the end part of the strip was penetrating. Figure 4d illustrates the fishbone
morphology of the penetrating pits in 304Cu. Compared with 304, the penetrating area in
304Cu was much larger as the main and side part of the pit were both penetrating. Figure 4e
shows a typical cross-section of the 304 penetrating pits, which shows a semi-circular pit.

Figure 5 shows the results of the Cu element distribution of the pits observed on
304Cu after immersion in FeCls solutions. In the non-penetrating pits (Figure 5a,c), there
were oxides and chloride complexes of iron, chromium, nickel, silicon and copper in the
corrosion products. In the penetrating pit (Figure 5b,d), Cu was evenly distributed on the
steel matrix. There were oxides and a small amount of Si in the local area around the pit.
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Signal A= SE2 Date: 21 May 2021 - EHT= 20005V Signal A= SE2
Time: 15:55:05 F WD=11.5mm Mag= 500X

EHT=2000kV Signal A = SE2 EHT=2000kV
WD = 11.6 mm Mag= 100X 1 WD =116 mm

Date: 16 Dec 2022
Time: 14.09:12

Figure 4. Morphology of (a,b) non-penetrating and (c,d) penetrating pits in 304 and 304Cu;
(e) cross-section of 304 pits after 72 h FeCl; immersion tests.

250um

Figure 5. SEM morphology and EDS mapping results of 304Cu (a,c) non-penetrating and
(b,d) penetrating pits after 72 h FeCl3 immersion tests.
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Figure 6 shows the widths and depths of the non-penetrating pits after immersion tests
in FeClj solutions. The width of the 304 non-penetrating pits ranged from 60 pm to 700 pm.
Generally, once there were non-penetrating pits, the number of pits on the 304Cu samples
were greater. There were more pits over 300 pm on 304Cu and a large number of pits with a
width over 600 pm were found in S4. The width of the 304Cu non-penetrating pits ranged
from 70 pm to 1000 pm. Most of the pits on the surface of 304 were deep pits over 25 um;
the depths of the pits on the surface of 304Cu were all below 25 pm. This indicated that the
pits were easier to initiate and propagate on 304Cu in 6 wt.% FeCl3 once pitting occurred,
but the pits on 304Cu did not grow in depth as much as 304. Non-penetrating pits were not
noted in S1 and S5 of 304Cu because the pit depth was too shallow to be recorded.
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Figure 6. Non-penetrating pit depth and width of 304 and 304Cu after immersion in 6 wt.% FeCl; for 72 h.

Figure 7 shows the lengths of the penetrating pits. The pit developed along the rolling
direction. The length of the 304 penetrating pits ranged from 0.9 mm to 22.9 mm. The
length of the 304Cu penetrating pits was from 1 to 11.5 mm. Between 2 and 8 penetrating
pits were observed on each tested 304 and 304Cu sample. The penetrating pits found in the
304Cu samples were usually longer, which indicated that the penetrating pits were easier
to initiate and grow on 304Cu.
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Figure 7. Length of penetrating pits on 304 and 304Cu after immersion in 6 wt.% FeCl; for 72 h.

The samples after pitting corrosion for 72 h were weighed to calculate the corrosion
rates (g/ (m?2-h)) of stainless steel, as given in Equation (1):

W — W,
Corrosion rate = MAS SR S b 1)

In the equation, W¢ is the initial mass of the sample in grams (g); Wy, is the mass of the
sample after the experiment in grams (g); S is the total area of the sample in square meters
(m?); and t is the experiment time in hours (h).

The corrosion rates are shown in Figure 8. The average pitting corrosion rate of 304Cu
was higher, indicating that the addition of Cu reduced the corrosion resistance of 304
stainless steel. The Cu ion concentration in the solutions of 54 and S5 was further measured
by ICP-MS after the immersion tests. The corrosion rates were consequently calculated,
assuming a uniform dissolution of the material according to its composition as listed in
Table 1. Table 3 lists the corrosion rates from the weight-loss measurements and ICP-MS.
The results revealed that the corrosion rates under different measurement methods were
consistent with each other.
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Figure 8. Corrosion rate from weight-loss measurements after a 72 h FeCl3 immersion test.
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Table 3. Corrosion rates (CRs) from weight-loss measurements and ICP results.

Average CR from Weight-Loss ICP Results
Sample M ts (g'm~2-h-1)
easurements (g-m [Cu?*J(mgL1) CR from ICP (g-m~2-h-1)
304Cu/S4 3.4 347 3.8
304Cu/S5 2.0 21.2 2.3

3.3. XPS Measurements on the 304 Surface

Figure 9 shows the XPS spectra of Cu before and after the corrosion tests of 304Cu.
The binding energies of the metal Cu, Cu* and Cu®* were very similar [7,20]. The peaks of
the metal Cu were expected to appear at binding energies ranging from 932.2 to 933.1 eV;
the binding energies of CuyO were very close to it [21-23]. The binding energy of CuO
generally appeared around 934 eV [24,25]. Figure 9a is the XPS result of the as-received
304Cu. Metallic Cu was the main existing form and CuO also existed. Figure 9b illustrates
that CuCl appeared in the pits after exposure in 5 wt.% NaCl for 168 h. The existing
form of Cu changed when the exposure time increased. Figure 9c shows that Cu* and
Cu?* were the main existing forms in the corrosion products after the 480 h salt spray test.
Similar results were found in the FeClz immersion tests. Figure 9d shows that the existing
forms of copper in the corrosion products were mainly CuCl, and CuCl after immersion in
the 6 wt.% FeCls solution for 72 h.
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Figure 9. X-ray photoelectron spectroscopy analyses on Cu of (a) as-received 304Cu, (b) 304Cu after
168 h salt spray tests, (c) 304Cu after 480 h salt spray tests and (d) 304Cu after 72 h FeCl; immersion tests.

4. General Discussions on the Localized Corrosion of 304Cu

The tests showed that the effect of Cu on the corrosion resistance of 304 depended
on the exposure conditions. In the 5 wt.% NaCl solution, the influence of Cu varied with
the exposure time. After 168 h of salt spray tests, the appearance rating of 304Cu was
higher, i.e., Cu improved the corrosion resistance. Sourisseau et al. also reported that the
deposition of copper formed a barrier that would inhibit dissolution in chloride media [26].
However, the beneficial effect of metallic Cu diminished with an increase in the exposure
time. Cu may have had a protective effect at first. However, with the increase in the
exposure time in the salt spray tests, and thus an increase in the deposited salts, more C1~
led to harmful effects. Ujiro et al. observed that CI~ decreased the stability of deposited
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Cu in a NaCl solution [12]. There was no obvious effect of Cu on the morphology of the
pits. The pits observed in the salt spray tests were generally too shallow to measure the
depth. In the environment of a low concentration of chloride ions, the anion adsorbed on
the metal surface was not aggressive enough to cause obvious damage. The pits found
in the salt spray tests were small and shallow. This observation was different from the
immersion tests.

Comparatively larger and deeper pits were observed on 304 and 304Cu when the
samples were immersed in 6 wt.% FeCl;. In the case of ferric chloride solutions, the
addition of Cu is harmful to the corrosion resistance of austenitic steels, as suggested by the
results that the pitting corrosion rates of 304Cu were higher. The EDS analysis indicated
that the corrosion products deposited around the pits of 304Cu were copper, chloride and
oxygen-rich compounds. Pardo et al. observed similar results in the corrosion products
of the outer region of pits of AISI 316 stainless steel in chloride solutions [27]. Cu* was
found around the corrosion products according to the XPS results, which further proved
the possible presence of CuCl. The existing form of Cu changed when the exposure time
increased. Cu* and Cu?* were the main existing forms in the corrosion products after
the 480 h salt spray tests and the FeCl; immersion tests. The deposition of Cu-containing
species on a locally corroded surface has been recognized for austenitic stainless steels, as
previously reported. Cu on the surface of the steels suppresses the anodic dissolution of the
steels. However, the stability of stainless steel decreases when copper dissolves as CuCl, ™
or CuCl3%~ in acidic chloride media [12,28]. This seems to explain that the influence of
Cu on the corrosion resistance of stainless steel was positive in the low chloride solution
and negative in the FeCl; solution. The deposited metallic Cu inhibited dissolution at first.
With the increase in C1~, Cu dissolved and hindered repassivation; thus, the corrosion
resistance decreased.

It is worth discussing that two types of pits with penetrating and non-penetrating
morphologies were found in the immersion tests. The addition of Cu led to the formation
of more non-penetrating pits and longer penetrating pits. The appearance of the non-
penetrating pits was a typical dish-shaped morphology [29]. The penetrating pits had a
stripped morphology in 304 and a fishbone morphology in 304Cu. Mohammed-Ali et al.
studied the role of delta ferrite in influencing the pit morphology during the atmospheric
corrosion of 304L stainless steel [30]. They reported that for 304L stainless steels exposed
to 0.4 M MgCly, the ferrite that existed along the rolling direction preferentially dissolved,
forming a stripped morphology. This observation was very similar to the morphology of
the penetrating pits in the present study.

Copper-bearing stainless steel is widely used as a new type of structural and functional
integrated material. The salt spray and immersion tests in the present work showed that
the beneficial effects of copper-containing stainless steel on improving corrosion resistance
greatly depended on the operating conditions. The 5 wt.% NaCl solution was in accordance
with the service environment of copper-containing stainless steel. We observed that the
corrosion resistance of 304Cu was better after a short exposure time in 5 wt.% NaCl.
However, the application of 304Cu in an aggressive environment such as 6 wt.% FeClj is
not recommended.

5. Conclusions

In this paper, the corrosion resistance of copper-containing 304 stainless steel was
compared with 304. The effect of the Cu addition on the corrosion resistance of 304 stainless
steel was studied through neutral salt spray tests and FeCls pitting corrosion tests and the
following conclusions were drawn:

(1) In the 168 h salt spray test, Cu slightly improved the corrosion resistance of
stainless steel. With an increase in the exposure time to 480 h, the surface defects of 304Cu
significantly increased. The corrosion products contained O and CL

(2) In the FeClj3 pitting corrosion experiment, two types of pits, penetrating and non-
penetrating, were both observed in the stainless steel. The penetrating pits had a stripped
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morphology in 304 and a fishbone morphology in 304Cu. 304Cu had a higher corrosion
rate and Cu reduced the corrosion resistance of the stainless steel.

(3) Cu and CuO were the main existing forms in the as-received 304Cu, which showed
protective effects. Cu* was the main existing form after a long exposure time in the salt
spray tests of 5 wt.% NaCl and immersion in 6 wt.% FeCls. It appeared that the dissolution
of copper led to harmful effects in these environments.
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