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a b s t r a c t

Reactions at the biointerfaces between stainless steel and protein-rich dairy products, which contain
whey proteins, are important to consider in terms of food safety and material grade selection. Changes in
corrosion behavior, metal release, and surface composition of austenitic (AISI 316 L), ferritic (AISI 430),
and lean duplex (LDX 2101) stainless steels in simulated milk (SMS) and whey protein solution were
investigated. The amount of released metals and the corrosion susceptibility increased according to
2101 < 316 L < 430. All grades revealed low corrosion rates in the whey protein solution without any sign
of active/metastable corrosion. Pitting corrosionwas evident for 430 in SMS. The total amount of released
metals (iron, chromium, and nickel) was significantly higher in whey protein solution compared with
SMS. This suggests the metal release process to be mainly governed by complexation reactions. Nickel
was preferentially released compared to its bulk composition fraction for both 316 L and 2101 in the
highly complexing SMS. Reduced metal release rates with time correlated with the enrichment of
chromium in the surface oxide. The extent of metal release was for all metals substantially lower than
release limits of metals stipulated in health regulations related to the use of alloys and metals in food-
related environments.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Stainless steel alloys (SS) are increasingly used in food contact
applications due to their superior mechanical properties combined
with lowcorrosion rates [1]. Data onmetal release (migration) from
stainless steel used in transportation or processing containers is
nonetheless relatively scarce, in particular for protein-containing
solutions of relevance for food and beverages [2]. The global de-
mand for protein-based products has increased due to increasing
population and improved average living standards [3]. Bovine milk
is a common protein source for humans, with an increased annual
consumption of 3.3% in the developing countries from the early
1990s until today [4]. Dairy products are considered important
protein-containing food sources due to their functional and
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nutritive characteristics. The main proteins of milk are casein and
whey proteins present in a ratio of 5:1 [5]. Whey proteins are also
ingredients of different protein products, e.g. protein drinks, which
are increasingly used in connection to sport activities and fitness
lifestyles [6]. There is hence an increasing demand on food safety
related to the use and performance of materials used for storage,
transport and processing [7].

Stainless steels are established main structural materials in the
food and dairy industry [8]. It has been reported that stainless steels
may suffer from pitting corrosion in milk processing plants and
related equipment [9]. Among the austenitic stainless steel grades
used in food processing, AISI 304 and AISI 316 are most common
[10]. Although grade 316 is the more corrosion resistant grade,
severe corrosion cases have been reported for this gradewhen used
in inappropriate environments [10]. The authors have recently
performedmetal release studies for austenitic stainless steel (grade
AISI 316 L) in simulated milk solutions and whey protein solution
under static and stirring conditions [11]. The study concluded that
the presence of whey proteins and friction in a synergistic way
increased the amount of released metals. Active corrosion of
stainless steels in food contact is very rare, and when reported,
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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found to be mostly related to inappropriate grade selection for the
given environment, faulty fabrication or design, and/or incorrect
cleaning procedures [10]. Such conditions may also negatively
affect the organoleptic aspects of the food and food safety [12].
Duplex stainless steels have been considered as more corrosion-
resistant within the food industry and therefore in some cases
been implemented as alternatives [10]. Ferritic stainless steels, such
as AISI 430, are used in some food equipment, such as kitchen
utensils [13], and have been suggested as nickel-free alternatives,
however, their corrosion rates are higher as compared to the other
grades mentioned [10].

The extent of metal release (migration) from stainless steel in
food environments is governed by different mechanisms and pro-
cesses including corrosion (metal oxidation), pitting corrosion, and
complexation-induced metal release [14e23]. It has been hypoth-
esized that i) metal release is preceded and triggered by the
adsorption of proteins [24], ii) protein exchange might increase
(and in some cases reduce) the extent of corrosion [20,25], iii)
adsorbed proteins can act as beneficial lubricants in the case of
wear processes [26], and iv) that the adsorption of proteins can
contribute to the mechanisms of tribocorrosion via complexation
with metals within the surface oxide [11].

To the best of our knowledge, there is no study that addresses
both metal release and corrosion of different stainless steel grades
in simulated milk compared with whey protein solutions. Such an
investigation is relevant to ensure correct grade selection and have
control of potential interactions between the container material
and its environment. The aim of this study was therefore to eluci-
date the interactions between awhey protein solution and stainless
steel surfaces of different grade and microstructure compared with
their behavior in a non-protein containing simulated milk solution.
This was performed by using electrochemical-, spectroscopic- and
microscopic techniques to study changes in the corrosion perfor-
mance, extent of metal release, and surface composition for
austenitic (AISI 316 L), ferritic (AISI 430), and lean duplex (LDX
2101) stainless steels.
2. Materials and methods

2.1. Materials and microstructure

Austenitic AISI 316 L (denoted 316 L), ferritic AISI 430 (430) and
duplex EN 1.4162 (2101) stainless steel sheets (2 mm thick) were
provided by the International Stainless Steel Forum, Belgium. Their
nominal bulk composition is given in Table 1 (detailed data for 316 L
is given in Ref. [11]). The microstructure of the grades was high-
lighted by means of light optical microscopy (LOM), using a Leica
DM2700 M instrument. Coupons were polished in steps down to
0.25 mm (diamond paste) followed by chemical etching at room
temperature at different conditions to visualize the microstructure;
316 L (20 s in 10mL nitric acid,15mL hydrochloric acid,10mL acetic
acid and two drops of glycerin), 430 (20 s in 50 mL hydrochloric
acid, 100 mL water and 8.33 g FeCl3$6H2O) and 2101 (30 s in 30 mL
hydrochloric acid, 70 mL water, and 1 g K2S2O5). The etched cou-
pons were cleaned using ultrapure water (18.2 MU cm, Millipore,
Table 1
Microstructure and nominal bulk alloy composition of stainless steel grades 316 L, 430 a

Grade UNS EN Microstructure Fe Cr

AISI 316 L S31603 1.4404 Austenitic Bal. 16.9
AISI 430 S43000 1.4016 Ferritic Bal. 16.0
EN 1.4162 S32101 1.4162 Duplex Bal. 21.4
Solna, Sweden), and dried with nitrogen gas at room temperature
prior to the microscopic examination. Phase fractions of the 2101
grade were determined using the Clemex image tool.
2.2. Experimental conditions

Coupons of all grades, sized 15 mm � 15 mm, were prepared as
described earlier [11]. In short, the coupons were abraded (both
sides and all edges) using 1200 SiC grit paper (with water), ultra-
sonically cleaned by acetone and ethanol for 5 min, dried with ni-
trogen gas at room temperature, and aged (stored) for 24 ± 1 h in a
desiccator at room temperature (25 ± 2 �C). This procedure enables
reproducibility due to a constant surface history, as the time be-
tween grinding/polishing and experiments largely influences the
metal release and corrosion results [27].

Whey protein isolate (Lacprodan DI-9224) with a total protein
content of at least 92% was obtained from Arla Food Ingredients,
Denmark.

The test solutions were prepared as described in Ref. [11]. In
short, one day prior to each exposure, 80 g/L whey protein (typical
for whey protein drinks) was freshly dispersed in ultrapure water
and stored for 24 ± 1 h in a refrigerator (4 �C). Simulated milk so-
lution (SMS) was prepared from ultrapure water and analytical
grade reagents (1.57 g/L KH2PO4, 1 g/L K3C6H5O7$H2O, 1.42 g/L
Na3C6H5O7$2H2O, 0.18 g/L K2SO4, 0.3 g/L K2CO3, 0.6 g/L KCl, 1.32
CaCl2$2H2O and 0.65 g/L MgCl2$6H2O). The pH of the SMS and the
whey protein solution was 6.8. Triplicate coupons and one blank
sample (test solution only) were exposed in parallel for each grade
and test condition at room temperature for 0.5, 4, 24, and 48 h,
respectively. All vessels and tools were acid-cleaned in 10 vol-%
HNO3 for at least 24 h, rinsed four times in ultrapure water and
dried in ambient laboratory air. The pH of all test solutions was
measured prior to and after exposure. After immersion, the cou-
pons were rinsed with 1 mL ultrapure water, dried with nitrogen
gas at room temperature, and placed in a desiccator before post-
evaluations using X-ray photoelectron spectroscopy (XPS), LOM,
and scanning electron microscopy (SEM).

The whey solution samples were frozen and the SMS solution
samples were acidified with ultrapure 65 vol-% nitric acid (pH < 2)
and stored at room temperature (at most one month) before so-
lution analysis. The whey solutions were digested prior to the
atomic absorption spectroscopy (AAS) measurements as described
in Ref. [11].
2.3. Atomic absorption spectroscopy (AAS) analysis and
presentation of data

Total amounts of released Fe, Cr and Ni were determined in the
acidified SMS and the digested whey protein solutions by means of
graphite furnace AAS (PerkinElmer AA800), details given in
Ref. [11]. The limits of detection, LODs, determined from three
times the average standard deviation of all blank solutions were
8.6 mg Fe/L, 0.48 mg Cr/L and 2.0 mg Ni/L for the whey protein so-
lution, and 2.3 mg Fe/L, 0.77 mg Cr/L and 1.5 mg Ni/L for SMS. Back-
ground metal concentrations were determined to <25 mg Fe/L and
nd 2101 based on supplier information (wt.%).

Mn Ni Cu Mo N C S

1.3 10.1 0.5 2.0 0.05 0.02 0.0006
0.3 0.1 0.04 0.02 0.03 0.03 0.0016
4.8 1.6 0.3 0.28 0.22 0.02 0.0010
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<LOD (Cr and Ni) for the whey solution, and <LOD (Cr and Fe) and
<4.7 mg Ni/L for the SMS solution. Traces of Fe in the whey protein
are expected and known from previous studies [11]. The corre-
sponding blank concentrations were subtracted from the sample
concentrations. These corrected concentrations were multiplied by
the exposure volume and any dilution factor (for digested samples
only), divided by the exposed coupon area as described in Ref. [11],
and reported as the released amount of metals in mg cm�2. Mean
values are reported with standard deviations of independent trip-
licate samples.
2.4. Electrochemical measurements

Electrochemical measurements were carried out in a conven-
tional three-electrode flat cell with the stainless steel coupons
(exposed area 1 cm2) as working electrodes, a platinum mesh as
counter electrode and an Ag/AgCl saturated KCl electrode as
reference electrode. Solution- and coupon preparation were as
described above. All electrochemical measurements were con-
ducted at aerated conditions and room temperature using a
Princeton Applied Research potentiostat equipped with several
PMC-1000 channels, allowing parallel independent measurements.
Open circuit potential (OCP), potentiodynamic polarization and
electrochemical impedance spectroscopy (EIS) measurements were
carried out in both the whey protein solution and in SMS. OCP
measurements were performed for 4 h before all other electro-
chemical measurements were conducted. Potentiodynamic polar-
ization measurements were performed from �0.25 V vs. OCP to
1.6 V vs. Ag/AgCl sat. KCl with a scan rate of 1 mV s�1. EIS was
performed at OCP with an amplitude of 10 mVrms sweeping fre-
quencies from 10,000 Hze0.01 Hz.

The Randles electrical-equivalent circuit (EEC) (RS (Rp-EISQ)) was
used to fit the EIS data. Rs is the resistance of the electrolyte be-
tween theworking and the reference electrode. Rp and the constant
phase element (CPE) represent the resistance and capacitance of
the barrier (passive) layer, respectively. Due to the presence of
surface roughness and non-homogeneities of the coupon surfaces,
CPE was used instead of a pure capacitor [28]. CPE is defined as:

ZCPE ¼1
.
ðjwÞ0Y0 (1)

where j¼
ffiffiffiffiffiffiffi
�1

p
, n is the CPE exponent that represents the deviation

from a pure capacitance, Y0 is designated as the general admittance
function and u is the angular frequency with u ¼ 2pf. CPE can
describe several elements: n ¼ 1 represents a perfect capacitance,
n ¼ 0.5 shows a Warburg impedance and n ¼ 0 corresponds to a
resistance.
Fig. 1. LOM images of etched stainless steels grades at different magnification: (a)
316 L; (b) 430; (c) 2101.
2.5. XPS characterization

Surface compositional analysis of the outermost surface
(approx. 5e10 nm) was performed on duplicate locations of both
unexposed and selected exposed coupons using X-ray photoelec-
tron spectroscopy (XPS, UltraDLD spectrometer, Kratos Analytical,
monochromatic 150 W, Al X-ray source on areas sized
700 � 300 mm2). Wide and high-resolution spectra (pass energy
20 eV) for Fe 2p, Cr 2p, Ni 2p, P 2p, Cl 2p, N 1s, O 1s, and C 1s were
collected. All binding energies were corrected to the C 1s peak at
285.0 eV. The 2p3/2 peaks of Fe and Cr were separated into their
metallic (Fe: 707.3 ± 0.2 eV; Cr: 574.4 ± 0.3 eV) and oxidic (Fe:
711.3 ± 0.4 eV; Cr: 577.0 ± 0.3 eV) fractions to quantify their relative
amounts. Ni (2p) was only observed in its metallic state
(853.1 ± 0.1 eV).
3. Results and discussion

3.1. Metallographic investigation

Differences in microstructure of the austenitic 316 L, ferritic 430
and duplex 2101 stainless steels are visualized in Fig. 1 using LOM
images. 316 L showed the presence of fine equiaxed grains (average
grain size of 8 mm) of austenite with some annealing twins, Fig. 1a.
As expected, no chromium carbides were observed in the grain
boundaries. The microstructure of grade 430 revealed coarse grains
of ferrite sized 15 ± 4 mm and the presence of non-uniformly
distributed carbides (Fig. 1b). As shown in Fig. 1c, the microstruc-
ture of grade 2101 showed elongated austenitic (g) areas (bright) in
a matrix (dark) of ferrite (a). Quantitative metallography revealed
approximately similar volume fractions of the g- (51 ± 2) and the a-
(49 ± 2) phase.
3.2. OCP measurements

Changes in OCP with time up to 4 h in SMS are presented in
Fig. 2 (top) for two independent replicate coupons of 316 L, 430 and
2101. The OCP was slightly reduced with time for all grades with a
large drop only observed for grade 430 after approximately 2e2.5 h
in SMS. This drop in potential was most probably related to a
(metastable) pitting corrosion event, see next section. In whey
protein solution, Fig. 2 (bottom), relatively constant and



Fig. 2. Open-circuit potential for duplicate coupons of 316 L, 430 and 2101 immersed
for 4 h in in SMS (top) and whey protein solution (bottom).

Fig. 3. Representative potentiodynamic polarization curves (scan rate of 1 mV s�1) for
430, 316 L and 2101 after 4 h immersion in SMS (a) and in whey protein solution (b),
and corresponding post-polarization light optical microscopy images. Post-
polarization images for grade 430 in SMS are shown at two different magnifications.

Table 2
Observed corrosion potentials (Ecorr/V), passivation current densities (mA cm�2), and
breakdown potentials (EBP/V) for 430, 316 L, and 2101 in SMS and in the whey
protein solution. The potentials refer to the Ag/AgCl saturated KCl reference elec-
trode. The results reflect mean values and standard deviations of at least three in-
dependent measurements for each material and exposure condition. The scan rate
was 1 mV s�1.

Solution Grade Ecorr
(V)

ip
(mA$cm�2)

EBP
(V)

SMS 316 L �0.277 ± 0.01 0.84 ± 0.1 1.13 ± 0.1a

430 �0.315 ± 0.03 2 ± 0.3 0.66 ± 0.05b

2101 �0.255 ± 0.06 0.04 ± 0.01 1.25 ± 0.3a

Whey 316 L �0.190 ± 0.02 0.2 ± 0.05 1.10 ± 0.1a

430 �0.205 ± 0,01 0.9 ± 0.03 1.10 ± 0.1a

2101 �0.145 ± 0.04 0.03 ± 0.01 1.10 ± 0.1a

a Transpassive breakdown potential.
b Pitting potential.
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comparable potential levels were determined for the different
grades after 4 h of immersion.

3.3. Potentiodynamic polarization measurements

Representative potentiodynamic polarization curves are pre-
sented in Fig. 3 for the stainless steel grades after 4 h of immersion
in SMS and whey protein solution. Corresponding corrosion pa-
rameters (average and standard deviation of at least three inde-
pendent measurements) are compiled in Table 2. With one
exception (430 in SMS), all grades remained in their passive state,
including three different potential domains; the cathodic domain
(potentials below�0.25 V), the passive domain (�0.25e1.25 V) and
the transpassive domain at potentials close to 1.25 V. The increased
current density at potentials at approximately þ1.0 V is related to
oxygen evolution [29], and the peak at aroundþ0.75 V is connected
to the oxidation of trivalent to hexavalent chromium [30].

In contrast to findings for 430, very similar polarization curves
were observed for 2101 and 316 L in SMS, Fig. 3a. From Fig. 3a and
Table 2 it can be deduced that grade 2101 exhibited a lower passive
current density (z0.04 mA cm�2) compared to 316 L
(z0.84 mA cm�2) and 430 (2 mA cm�2), indicative of a passive oxide
of higher barrier properties on grade 2101. A significant difference
observed among the grades was related to their susceptibility for
pitting corrosion in SMS. 430 suffered from severe pitting corro-
sion, whereas no pitting was taking place for either 316 L or 2101,
Fig. 3a. These observations were confirmed by post-analysis with
LOM, see Fig. 3a.

All grades remained passive in contact with the whey protein
solution, Fig. 3b. Similar to the behavior in SMS, grade 2101
revealed the lowest passive current density, followed by 316 L and
430. No pitting corrosion was observed for any grade.

3.4. EIS measurements

Nyquist diagrams and Bode plots are presented in Fig. 4 for the
stainless steel grades after 4 h of immersion in SMS and the whey
protein solution, respectively. All grades revealed a large semicircle
capacitive loop in the Nyquist diagrams, indicative of a typical
passive state. The impedance results clearly demonstrated the
highest passivity for 2101 followed by 316 L and 430 in both solu-
tions. The wide plateau from 10 to 0.1 Hz, with the negative phase
angle (-4) approaching 80� and the log|Z| versus log f slope
approximating �1, which was observed in the Bode phase angle
curve for 2101 in SMS indicates strong barrier properties of the
surface oxide. These barrier properties hinder the migration of
aggressive species such as O2� and Cl� from the solution into the
alloy interface [31]. Similar observations have been reported for
duplex stainless steel (grade 2507) in e.g. seawater [32]. Maximum
negative phase values around 80� were recorded for 2101 and 316 L
in a broad frequency range (0.01e10 Hz) in the whey protein so-
lution. The maximum negative phase angle was lower for 430 and



Fig. 4. Nyquist and Bode plots of 316 L, 430, and 2101 after 4 h of immersion in SMS at OCP (aeb) and in whey protein solution (dee). Data fitted using Randles equivalent electrical
circuit (c) in which Rs equals the solution resistance, CPE, the constant phase element and Rp, the polarization resistance.
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in a shorter frequency range (0.1e1 Hz) compared with 2101 and
316 L. These results imply that the barrier properties of the passive
surface oxide present and formed on 2101 and 316 L were superior
compared to the passive surface oxide on 430 in the whey protein
solution. Poorer barrier properties of the surface oxide of 430
compared to 2101 and 316 L were also evident in both solutions
seen as smaller semicircles and narrower phase plateaus in the
Bode plots and Nyquist diagrams.

Since the Nyquist diagrams only exhibited one time constant for
all grades, the Randles electrical-equivalent circuit was used, Fig. 4c
- f00604c, to fit the EIS data, see experimental section. This model
has previously been used for modelling EIS data recorded for
stainless steels in the presence of proteins [28,33].
Table 3
Fitting results of EIS data for 316 L, 430 and 2101 after 4 h immersion in SMS and whey pro
three independent measurements.

Solution Grade Rs (U cm2) CPE (m

SMS 316 L 149 ± 10 0.51 ±
430 165 ± 8 11 ± 1
2101 195 ± 10 0.35 ±

Whey protein solution 316 L 496 ± 5 0.54 ±
430 500 ± 12 95 ± 5
2101 490 ± 6 0.27 ±
The impedance parameters derived from the EIS fits are
compiled in Table 3. According to the chi-squared (c2) values, the
proposed model successfully fits the EIS experimental results for
both solutions, with a better agreement between themeasured and
simulated values in SMS as compared to the whey protein solution.
The results show the largest charge transfer resistance for grade
2101 compared with 316 L and 430, i.e. 2101 to have the best
corrosion resistance (lowest corrosion rate) in both SMS and the
whey protein solution. Observed differences between the grades
were slightly more pronounced in the whey protein solution
compared to SMS, Table 3 and Fig. 4. The coefficients of the CPE of
2101 and 316 L were close to 0.9, which means that their behavior
was primarily capacitive. The solution resistance was about 2-3-
tein solution. Presented results reflect mean values and standard deviation of at least

F cm-2) Rp (kU cm2) n c2 � 10�4

0.08 932 ± 20 0.97 ± 0.02 <9
0 325 ± 15 0.93 ± 0.02 <8
0.03 4440 ± 120 0.98 ± 0.01 <4
0.02 466 ± 10 0.93 ± 0.01 <80

132 ± 10 0.83 ± 0.02 <40
0.01 7810 ± 250 0.91 ± 0.01 <0.3
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fold greater for all grades in the whey protein solution compared to
SMS, Table 3. This is probably mainly related to the lower salt
content of the whey protein solution.
3.5. Metal release

Released amounts of Fe, Cr and Ni for the different grades after
0.5, 4, 24 and 48 h in the whey protein solution and in SMS are
presented in Fig. 5. A tendency of increased amounts of all metals
with time was evident for all grades.

When comparing the total (Fe þ Cr þ Ni) amount of metal
release from the different grades it is evident that 430 released
Fig. 5. Released amounts of Fe (aeb), Cr (ced) and Ni (eef) from 316 L, 430 and 2101 as a fu
bars show the standard deviation of independent triplicate coupons. Blank concentrations
most metals, 1.5e12-fold more than both 316 L and 2101. This was
statistically significant (p < 0.05) for the release of both Fe and Cr at
most time points after 4e48 h of exposure. Significantly less (non-
detectable) amounts of Ni were released from 430 compared to the
other grades, as expected due to a very low Ni alloy content
(<0.1 wt%) in this grade. The released amounts of metals were
generally non-proportional to their corresponding bulk alloy
composition. This was in particular evident for Fe and Cr released
from 2101 to 430 in the whey protein solution for which 98.4% of
the total metal release was attributed to Fe (compared to 71e83 wt
% Fe in the bulk alloy) and less than 1.5% to Cr (compared to
16e21wt% Cr in the bulk alloy). These results are related to a higher
nction of exposure time in SMS (a, c, e) and in whey protein solution (b, d, f). The error
are subtracted (see experimental section).
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solubility of the iron oxide within the passive surface oxide
compared to chromium oxide in given conditions [34].

The total amount of released metals, which was dominated by
Fe, was for all grades significantly higher (1.6e190-fold) in whey
protein solution compared with SMS [statistically significant
(p < 0.05) for Fe and Cr at most time points, Fig. 5]. This was though
not the case for released Ni. No significant increase or decrease of
released Ni in whey protein solution compared to SMS were
observed for grade 316 L, but a seemingly increased amount of
released Ni was observed for 2101 in SMS (detectable amounts)
compared to the whey protein solution (non-detectable amounts).
3.6. Surface analysis

The relative fractions of metals (Fe, Cr, and Ni) determined in the
outermost surface by means of XPS are compiled in Table 4. Cor-
responding Fe 2p3/2, Ni 2p3/2, and Cr 2p3/2 spectra are shown in
Figs. S1eS2 (supplementary information). Ni was only present in its
metallic form and only observed for 316 L at some areas. Fe and Cr
were in general observed in both metallic and oxidized forms. As
already previously reported for 316 L [11], the exposures in both
SMS and whey protein solution resulted in the enrichment of Cr
within the surface oxide. There was also a tendency of a reduced
oxide thickness upon exposure, indicated by a reduced relative
fraction of oxidized to metallic metal constituents within the
outermost surface. The ratio of nitrogen (400 ± 0.1 eV) and oxidized
carbon (C2: 286.1 ± 0.2 and C3: 288.5 ± 0.2 eV), indicative of pro-
teins [35], to oxidized metal peaks showed evident protein
adsorption for all grades. This fraction increased from 21 (unex-
posed) to 56e63 wt% upon exposure to the whey protein solution
for grade 316 L, from 16 to 25e54 wt% for 430, and from 27 to
42e46 wt% for 2101. Consistently, the atomic ratio between nitro-
gen and oxidized carbon (N/C2þC3) increased from 0.04 to
0.33e0.46 for 316 L, from 0.08 to 0.28e0.36 (except for the 4 h
exposure showing undetectable amounts of nitrogen) for 430, and
from 0.03 to 0.36e0.57 for 2101.
Table 4
Relative fraction (wt.%) of metallic Ni, metallic and oxidized Fe and Cr, and the fraction of
*100 wt%). The results are presented as mean values and standard deviation between m

Grade Solution Time/h Nimet Femet

430 e 0 <LOD 14 ± 5
SMS 0.5 <LOD 13 ± 2
Whey 0.5 <LOD 11 ± 0.2

4 <LOD 12 ± 2
24 <LOD 12 ± 0.7
48 <LOD 21 ± 0.3

2101 e 0 <LOD 12 ± 0.2
SMS 0.5 <LOD 9 ± 0.2

4 <LOD 12 ± 0.05
24 <LOD 13 ± 2
48 <LOD 14 ± 0.5

Whey 0.5 <LOD 12 ± 1
4 <LOD 15 ± 2
24 <LOD 11 ± 1
48 <LOD 19 ± 0.5

316 L e 0 2 ± 0.7 8 ± 0.04
SMS 0.5 1 ± 2 9 ± 3

4 2 ± 0.03 6 ± 0.3
24 5 ± 2 11 ± 2
48 5 ± 1 11 ± 0.6

Whey 0.5 <LOD 6 ± 2
4 <LOD 7 ± 0.1
24 1 ± 1 10 ± 2
48 2 ± 3 11 ± 4

a Statistically significant (p < 0.05) increased amounts compared with unexposed cou
b Statistically significant (p < 0.05) reduced amounts compared with unexposed coup
3.7. Further discussion

Two different mechanisms may explain gradually reduced OCP
with time observed for all grades in SMS: i) the adsorption of
species such as phosphates that reduces the rate of cathodic re-
actions [28,36], and ii) the reduction of surface oxide thickness by
complexationwith citrate [37e41], which would result in increased
anodic reaction rates. XPS results indicate further that the latter
may play an important role in SMS. A surface oxide of reduced
barrier properties with time combined with the presence of chlo-
rides could further explain the increased pitting susceptibility
observed for 430 in SMS compared to its behavior in the whey
protein solution. In contrast, the negative shift in OCP with time
that was observed for all stainless steel grades in the whey protein
solution is most probably associated with protein adsorption,
which hinders the cathodic reactions [14,20,21,28,33,36]. These
findings were supported by the XPS results. Whether protein
adsorption can completely inhibit corrosion of stainless steel on a
long-term perspective is debated [25]. However, some studies point
out the lack of positive effects after long time periods (reviewed in
Ref. [25]). The EIS measurements of this study indicated an influ-
ence of protein adsorption on the charge transfer [42]. The results
show that adsorption of proteins efficiently hinder corrosion by
forming a surface layer. However, the extent of released metals was
substantially higher in the whey protein solution as compared to
SMS. These observations contrast with the behavior of more
actively corroding materials such as iron and mild steel for which
the adsorption of proteins has resulted in both reduced extent of
corrosion and metal release [21].

Whey proteins consist of about 48e58% b-lactoglobulin, 13e19%
a-lactalbumin, 12e20% glycomacropeptide, 6% bovine serum al-
bumin, 8e12% immunoglobulin, 2% lactoferrin, and 0.5% lactoper-
oxidase [43]. It is very probable that several of these components,
especially the albumin and globulin proteins, can increase the
extent of protein-induced corrosion by complexation mechanisms
[44e46]. The binding sites to these proteins for Cr, Fe, and Ni are
oxidic to total metal constituents ((Feox þ Crox)/(Feox þ Crox þ Nimet þ Femet þ Crmet)
easurements on duplicate coupons.

Crmet Feox Crox Oxide fraction

2 ± 0.3 67 ± 2 18 ± 2 84 ± 5
<LOD 62 ± 6 25 ± 5 87 ± 2
3 ± 0.9 67 ± 1 19 ± 0.6 86 ± 0.7
<LOD 88 ± 2 <LOD 88 ± 2
4 ± 0.2 41 ± 6 42 ± 5 83 ± 0.9
2 ± 2 36 ± 2 41 ± 5 77 ± 3
4 ± 0.3 60 ± 2 23 ± 2 86 ± 0.06
4 ± 0.3 64 ± 0.4 24 ± 0.2 87 ± 0.6
4 ± 0.1 54 ± 1 30 ± 2 84 ± 0.2
5 ± 2 47 ± 2 35±2a 82 ± 4
4 ± 0.7 43 ± 2 39 ± 0.9a 82 ± 1
4 ± 0.1 55 ± 2 28 ± 1 83 ± 1
5 ± 0.4 44 ± 2 36±1a 80 ± 1
5 ± 0.7 42 ± 1 41 ± 0.4a 84 ± 2
5 ± 1 36 ± 3 39±1a 75 ± 2
2 ± 0.2 70 ± 0.4 19 ± 0.1 89 ± 0.5
2 ± 0.2 67 ± 0.9 20 ± 0.08a 87 ± 1
2 ± 0.3 69 ± 0.3 21 ± 0.3a 90 ± 1
2 ± 0.4 49 ± 0.4 33 ± 0.3a 82 ± 0.05b

4 ± 0.3 43 ± 0.4 37 ± 0.3a 79 ± 0.2b

1 ± 0.4 71 ± 4 22 ± 2 93 ± 2
2 ± 0.7 60 ± 0.9 31 ± 2 91 ± 0.6
2 ± 0.08 48 ± 6 40 ± 5 88 ± 0.8
3 ± 0.3 46 ± 0.4 37±1a 84 ± 2

pons.
ons.
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most probably specific and include both strong and weak binding
sites [47e49].

The enrichment of Cr in the surface oxide upon exposure of all
grades and solutions is consistent with previous findings
[2,28,50e52] and with the observed metal release findings. The
released amount of Cr compared with the total amount of released
metals (Fe þ Cr þ Ni) was for all grades <5% after 48 h of exposure
in SMS and <2% after 48 h in the whey protein solution. Released
proportions of Cr were for all grades lower than its corresponding
proportion in the bulk alloy (2101e21.4%, 316L-16.9%, 430e16.0%).
XPS findings for 316 L imply, in agreement with literature findings
[27], Ni to be located beneath the Cr- and Fe-rich surface oxide
rather that in the outermost surface oxide. No Ni was observed in
the surface oxide of either 2101 or 430 (bulk content 1.5
and < 0.1 wt%, respectively) and was also released to a significantly
lower extent compared to 316 L (10.5 wt% Ni in the bulk alloy). The
relative release of Ni was 51% of total amount of released metals
(Fe þ Cr þ Ni) for 316 L, and 9% for 2101 after 4 h in SMS. Ni was
under these conditions preferentially released compared to its
proportion in the bulk alloy (2101e1.6%, 316L-10.1%). This reflects
probably the high complexation capacity of the SMS fluid and the
concomitant adjustment in composition and barrier properties of
the surface oxide [11]. The presence of Ni enriched beneath the
surface oxide, here observed for 316 L, has been reported beneficial
for the oxidation of Fe and Cr at the metal/oxide interface [53] and
may therefore paradoxically result in both a decreased corrosion
rate and an increased (initial) release of Ni.

The occurrence of pitting corrosion that was observed for grade
430 during the potentiodynamic polarization in SMS, but not for
2101 or 316 L, is most probably related to an improved corrosion
resistance induced by the presence of Mo (316 L) and more Cr
(2101) in the bulk alloy for the latter grades, Table 1 [54]. Phos-
phates in solution have previously been reported to act as corrosion
inhibitors towards pitting of different biomedical alloys [33]. The
concentration of phosphates in SMS was evidently not sufficient to
hinder pitting of grade 430. Similar surface damages due to local-
ized corrosion have previously been reported for grade 430 in
chloride-containing food solutions [1]. From the EIS measurements
it is evident that the passive surface oxide of grade 430 revealed
poorer barrier properties compared to both 316 L and 2101 in both
solutions. The lower corrosion rate observed for 2101 compared to
316 L in chloride-containing solutions is consistent with literature
findings on another duplex stainless steel grade (2205) at similar
conditions [55] and for 2101, compared to different stainless steel
grades (among them 316 L and 430), in different food simulants
(5 g/L citric acid and artificial tap water) [56]. It has been proposed
that duplex stainless steels are new candidate materials to be used
within both food industry and in sensitive environments such as
the human body [55]. The combination of superior mechanical
properties due to the presence of two phases (d-ferrite and
austenite), and an improved corrosion resistance governed by the
high Cr bulk content associated with Mo and Ni are the main ar-
guments to encourage the replacement of 316 L with duplex
stainless steels [55]. Their specific microstructures result in addi-
tion in a dense and homogeneous passive surface oxide [57].

Higher total amounts of released metals from the stainless steel
grades into the whey protein solution compared to SMS was not
associated with any increased extent of corrosion, rather the
opposite with improved surface properties. These observations
imply that different mechanisms are prevailing, for example pitting
or metastable pitting events were probably not playing any role for
any grade at OCP conditions. Furthermore, metal oxidation pro-
cesses (corrosion) depend only indirectly on adsorption-controlled
surface complexation processes with chelating agents (e.g. citrate
or proteins), which might be beneficial for the surface oxide
adjustment and improved passive properties over time [41].
However, it could also result in a reduced oxide thickness and
thereby an increased metal oxidation (corrosion). The rate of
complexation-induced release and thereby its effects on the barrier
properties of the passive surface oxide depend, among others, on
the stability constant of formed complexes, the strength and ki-
netics of adsorption, the concentration of the chelating agents,
prevailing exposure conditions such as rate of agitation, ionic
strength (shielding charges), solution pH, and on the presence of
other agents/proteins of higher surface binding affinity [24].

This study is limited by its boundary conditions, e.g. the results
can only be claimed valid for room temperature and given envi-
ronments. It has further been conducted without any wear pro-
cesses taking place, conditions that could result in enhanced
extents of metal release and corrosion for certain conditions [11].
However, generated results in this study highlight the importance
of stainless steel grade selection and understanding of complexa-
tion mechanisms in environments with chelating agents and/or
proteins. Finally, it should be noted that released levels of all metals
were for all three grades of this study below the specific release
limits stipulated by the European Union for alloys in food contact
[12], being at least 44-fold lower for Fe, 21-fold lower for Cr, and 10-
fold lower for Ni.

4. Conclusions

The aim of this work was to elucidate changes in corrosion
behavior, metal release, and surface composition for three grades of
stainless steels of different microstructure in a simulated milk so-
lution (SMS) and in a whey protein solution. The studies included
austenitic (AISI 316 L), ferritic (AISI 430), and lean duplex (LDX
2101) stainless steels. The following main conclusions were drawn:

1 All grades revealed low corrosion rates (2101 < 316 L < 430) in
the whey protein solutions without any sign of active or meta-
stable corrosion.

2 Pitting corrosion events were observed to take place during
potentiodynamic polarization of grade 430 in SMS (containing
e.g. citrate, chlorides, and phosphates), whereas neither 316 L
nor 2101 showed any pitting susceptibility. The corrosion rate in
SMS was the highest for 430, followed by 316 L and 2101.

3 Improved passive properties were evident for all grades in both
the whey solution and SMS based on the polarization in-
vestigations. The EIS findings demonstrated the surface oxide of
2101 to reveal a higher charge transfer resistance and a lower
capacitance compared with the surface oxides of both 316 L and
430. The XPS findings showed Cr to be enriched in the surface
oxide for all grades upon exposure in both SMS and whey pro-
tein solution.

4 In accordance with the electrochemical findings, the total
amount of released metals (Fe þ Cr þ Ni) was highest for grade
430, followed by 316 L and 2101. Most Ni was released from
316 L connected to its presence beneath the surface oxide and a
higher bulk alloy content compared with the other grades.
Preferential release of Ni compared to its relative bulk content
was evident for both 316 L and 2101 in the strongly complexing
SMS solution after 4e48 h of exposure. Released amounts of Cr,
Ni, and Fe were in all cases substantially lower (10e44 times
lower) than stipulated release limits of metals from alloys and
metals used in food environments.

5 More metals were released from the different alloys when
exposed in the whey protein solution compared to SMS. These
findings could not entirely be predicted by the electrochemical
measurements, suggesting complexation mechanisms to play
an important role.
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