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Stainless steel ASTM 316 L is often used in the food industry as contact material with protein-rich dairy products. It has to be welded
at some locations for many of these contact materials. This study aimed at i) determining any combined effects of the presence of
whey protein (WP) and welding-induced weaknesses on corrosion and metal release, and ii) determining the appropriate welding
procedure and filler metal (316 L, 309 L, 312). All weld metals (WMs) showed a higher pitting corrosion susceptibility as compared to
the base metal (BM). Under induced friction (stirring), WP significantly enhanced the metal release from all materials, which was
accelerated between 1 and 3 days of exposure. Post-imaging indicated pits. 312-WM released significantly higher amounts of
metals as compared to the BM and the other WMs. This study indicated that the presence of WP, friction, and weldment-induced
corrosion susceptibilities could synergistically cause metal release and corrosion of food contact materials.
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INTRODUCTION

Non-corroding, easily cleanable, and safe materials for the
production, transportation, and storage of food and beverages
are vital for the achievement of food security and improved
nutrition’, which are sustainability goals of the United Nations.
Food production is increasing as a consequence of the world’s
growing population’. Food and beverages, and even more their
production, can be very corrosive due to high salt, protein, acid or
base contents, high temperatures, wear, and frequent cleaning®™.
In addition to material failure, the release of corrosion products,
such as metal ions, metal-binding proteins, and metal or metal
oxide particles, is of great concern for the food quality?™.

Stainless steels are frequently used in the food industry due to their
corrosion resistance, mechanical properties, and appropriate lifetime?.
Among all stainless steel grades, AlSI 316 L is a popular grade in dairy
industries*”. It is an austenitic (face-centered cubic, non-ferromag-
netic) grade with about 16-18 wt% chromium (Cr), which is
responsible for the formation of a thin (1-3 nm), passive surface
oxide®. It also contains about 10 wt.% nickel (Ni), which is not present
in its surface oxide, but enriched beneath the oxide®?2. It contains
about 2.5 wt.% molybdenum (Mo), which is responsible for its high
resistance against localized corrosion (pitting or crevice corrosion)®.
The low amount of carbon in the grade 316L ensures that the
formation of Cr carbides is minimized'®.

Milk and its products are significant sources of protein''. Bovine
milk contains two types of protein types: casein and whey protein
(WP). The former makes up about 80%, and the latter about 20% of
its total protein'>'3, WP possesses greater functional, biological, and
nutritional values, and is more rapidly assimilated by the human
body than casein™'>. WP is a mixture of a-lactalbumin,
-lactoglobulin, lactoferrin, immunoglobulins, serum albumin, gly-
comacropeptides, and enzymes'?'3, There is a globally increased
protein and WP demand, among others for protein food supple-
ments, bakery, snacks, confectionery, and beverages' 'S,

Milk proteins and their adsorption on food contact material
surfaces can influence the corrosion and metal release rates'’~', It
has been shown that metal release from stainless steel 316L

increases strongly under stirring (wear) conditions in the presence of
WP in a synergistic way due to the complexation ability of WP under
neutral pH conditions'®. In addition, the presence of proteins is
important for the formation of bacterial biofilms on these
surfaces*?°22, For food security, bacterial biofims need to be
removed by regular and frequent cleaning procedures under
potentially corrosive conditions, such as oxidative or alkaline
chemical environments, high pressure, and elevated temperature®?3,

Food contact materials require welding for the assembling of
equipment?®, the construction of transmission tanks2>, or equip-
ment repair. Gas Tungsten Arc Welding (GTAW) is a common
welding method for stainless steel?®?”. From a corrosion
perspective, welding poses a risk due to a combination of
microstructure and residual stress effects induced by a tempera-
ture gradient and varying cooling rates representing nonequili-
brium solidification?®, affecting a variety of possible corrosion
types including intergranular corrosion due to carbide precipita-
tions and potential differences (galvanic effects) between the weld
metal (WM) and base metal (BM) or along the heat-affected zone
(HAZ)29_31.

To the best of our knowledge, there is no investigation on the
corrosion behavior and metal release of stainless steel weldments
in WP-containing solutions. This study aims at (i) determining any
combined effects of the presence of WP and welding-induced
weaknesses on corrosion and metal release, and (ii) determining
the appropriate welding procedure and filler metal to use for
joining and repairing processing and transportation equipment
made of 316 L in the dairy industry.

RESULTS
Microstructural analysis and microhardness

The microstructure of the BM 316L consisted of equiaxed
austenitic grains with some annealing twins, as expected'®3?,
Fig. 1a (light optical microscope - LOM), while a varying fraction of
ferritic phases is also found for the WMs, Fig. 1b-d. This was also
confirmed by X-ray diffraction (XRD), Supplementary Fig. 1, with
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Fig. 1 Microstructure. LOM micrograph of electro-etched (a) AlSI 316-BM. b 316L-WM. ¢ 309L-WM. d 312-WM.

only austenite (y) for the BM 316 L, and both y and delta ferrite ()
for the WMs. Note that the employed XRD cannot detect less than
5% of volume fraction of a phase, which means that small
amounts of & could still be present in the BM specimen. Both LOM
and XRD measurements clearly show that the volume fraction of y
and 6 phases and their morphology vary among the different
WNM:s. Energy dispersive X-ray spectroscopy (EDS) analysis revealed
an increased Ni and increased Cr/molybdenum (Mo) contents in
the y (inter-dendritic) and & (dendritic) phases of the WMs,
respectively, Fig. 2 and Supplementary Table 1. The varying 6 to y
ratios in the WMs can be understood from the solidification
modes, which are influenced by their Crq / Nigq ratio, see
Supplementary equations 1-6 in the supplementary methods. The
316L-WM and 309L-WM solidify in the ferrite-austenitic (FA) mode,
which means that 6 dendrites are first solidified from the melt in
the melting zone, followed by the formation of the y phase in the
inter-dendritic regions after peritectic and eutectic reactions
between the primary ferrite phase and the melt?®. The ferrite
morphology in the FA mode can be skeletal ferrite and lathy
ferrite (see Fig. 1b, c)?®. Differences in cooling rates in the early
and later stages of solidification cause these different morphol-
ogies3, 312-WM, in contrast, exhibits acicular ferrite, widman-
statten, and intergranular austenitic microstructure. This is caused
by the higher Croq / Nigq ratio (2.5 as compared to <1.7,
Supplementary Table 2) and a ferrite mode (F) solidification
mode, Figs. 1d and 2e, 3. In the ferrite (F) mode, the ferrite phase
is the only phase that solidified from the melt and exists as a
single phase up to the solidus temperature (Supplementary
Equation 4). The y phase is first formed subsequently through
incomplete transformation in the solid state*. The absence of the
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sigma (o) phase in the microstructure of all three WMs indicates
appropriate welding parameters. The fraction of & ferrite in the
WMs was quantified by a ferrite scope to 6.7%, 8.4%, and 19.3%
(volume fraction) for the 316L-WM, 309L-WM, and 312-WM,
respectively. Figure 3 shows the microstructure at the BM/WM
interface for all three WMs, along with line EDS scans. It can clearly
be seen that the ferritic fraction increases throughout the HAZ
towards the WM zone in all cases. There was no significant
difference in composition for the 316L-WM and 309L-WM speci-
mens in the different zones, however 312-WM exhibits a higher Cr
content in the weld zone as compared to the BM zone. 316L-WM
and 309L-WM showed an epitaxial growth in the transition area,
however, 312-WM did not reveal any epitaxial growth, Fig. 3. An
epitaxial structure prevents the joint zone between the HAZ and
the WM from becoming a stress-focused zone.

Microhardness profiles for the WMs showed continuous
increasing trends of hardness from the BM through the HAZ
and to the WM, Fig. 4. The increasing hardness to the welding
zone is explained by the precipitation of the ferrite phase in the
austenite grain boundaries, and its role in restricting the grain
growth®>3%, 312-WM, which had acicular ferrite, widmanstatten,
and intergranular austenite, had clearly a higher hardness in the
welding zone than 309L-WM and 316L-WM, which had skeletal/
lathy ferrite and intergranular austenite, Fig. 4.

Corrosion behavior

Electrochemical impedance spectroscopy (EIS) measurements
were conducted to compare the barrier layer characteristics of
the oxide layer of BM and weldments in both solutions (phosphate
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Fig. 2 Microstructure and composition. SEM micrograph and corresponding Image) for (a, b) 316L-WM, (c, d) 309L-WM and (e, f) 312-WM.
Right: relative composition in wt.% of Fe, Cr, Ni, and Mo in the marked areas 1 (8) and 2 (y) for each of the WMs. Corresponding compositional

data are in Supplementary Table 1.

buffered saline, PBS, and PBS+10gL~' WP). Before the
measurements, the open circuit potential (OCP) was recorded
for one hour. In PBS, there was no statistically significant
difference among the specimens in terms of OCP, which was
either relatively stable or increasing with time, Supplementary Fig.
2. 312-WM changed the rank from highest OCP among the
specimens in PBS to the lowest OCP in PBS + WP, in which it had a
significantly lower OCP than 316L-WM. 316L-WM, on the other
hand, showed the lowest OCP in PBS and the highest in PBS + WP,
Supplementary Fig. 2. The OCP values after 1 h varied from —0.3 to
—0.15 Vag/agcr- Figure 5 depicts representative Nyquist and Bode
plots of the different materials. A capacitive arc is shown in the
Nyquist plots for all the specimens (Fig. 5a, d). The larger the
capacitive semicircle, the higher the corrosion resistance under
the experimental conditions. The Bode plots measured in the
high-frequency range (from 10* to 10°Hz in Fig. 5b, e) are
generally related to the electrolyte resistance, and high negative
phase angle values at medium frequencies (10% to 1072 Hz),
between 60 and 80 degrees, indicate a capacitive surface layer. A
single unit time constant, corresponding to the oxide layer, can be
identified from the EIS measurements. Therefore, the EIS spectra
were fitted using the Randles cell equivalent model (Fig. 5c). This
equivalent electrical circuit (EEC) model is appropriate for stainless
steel EIS plots recorded in solutions of relevance for this study'®37.
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Supplementary Table 3 shows the average and standard deviation
values of the solution resistance (R;), the constant phase element
(CPE), the charge transfer resistance (R.), the exponent n, and the
fitting error indicator y2. The latter (<0.0053 in all cases) indicates a
good agreement between the measured data and the theoretical
values, with a better agreement in the solution without proteins
(<0.0017). The differences between the different materials were
minor in PBS. The only significant (p < 0.05) difference in PBS was
an about 1.6-fold decreased CPE and an about 2.7-fold increased
R of 312-WM when compared to 316L-WM, in agreement with
the higher OCP (indicating more passive conditions) of 312-WM in
PBS, Supplementary Fig. 2. There were no significant differences
among the different materials in PBS + WP, except a significantly
higher (2-3-fold) CPE for the BM when compared to the weld
metals, but no difference in the R... When comparing the different
solutions, there was a lower CPE for BM and a higher CPE for 316L-
WM in the presence, as compared to the absence, of WP, however,
the difference was less than 2.6-fold. The only significant
difference in the R in the presence of WP as compared to PBS
alone was seen for 312-WM, with an increased (3.1-fold) R, in the
presence of WP. The exponent n indicated passive conditions in all
cases (0.81-0.91) with small differences among materials and
solutions. Only two (out of twelve) comparisons resulted in
statistically significant (p < 0.05) differences when comparing n for
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Fig. 3 Transition zone. LOM micrograph and EDS line analysis at the interface of base metal and welds made by (a, b) 316 L, (c, d) 309L, and

(e, f) 312 filler metal.

the different materials in the two solutions. In PBS, the exponent n
was larger for 312-WM (0.89) when compared to BM (0.81). In the
presence of WP, the exponent n was larger for 316L-WM (0.91)
than for BM (0.83). Except for 316L-WM (increased n in the
presence of WP), there was no significant difference for the
exponent n in the different solutions. In all, the difference
between the different solutions and investigated materials is
relatively small or non-significant at open circuit potential after 1 h
pre-exposure under static (non-stirring) conditions.

A comparison of the pitting corrosion susceptibility between
BM and the welded specimens after 1h of immersion in both
solutions using potentiodynamic polarization is shown in Fig. 6
and Supplementary Table 4. Figure 6 shows representative
potentiodynamic curves along with post-polarization optical
images (confirming the absence or presence of pits). A low
passive current density (<5.2 uAcm™2) is measured in all cases.
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There was no significant difference in the passive current density
among the materials or in the different fluids, except a slightly
higher passive current density of the BM when compared to 309L-
WM in PBS (p < 0.05). There was no significant difference (p > 0.05)
in the corrosion potential (E.o,) between the different materials in
PBS. In the presence of WP, the corrosion potential was
significantly (p < 0.05) lower for both BM and 312-WM compared
to the 316L-WM. Also, the E,,, of 312-WM was significantly lower
in PBS + WP when compared with PBS alone. All weld metals
showed pitting, while the BM did not. The trans-passive break-
down potential of BM in both solutions was significantly (p < 0.05)
higher than the pitting potential of all weld metals. In PBS, 309L-
WM had a significantly (p <0.05) lower pitting potential (higher
pitting susceptibility) when compared with the other two weld
metals, but there was no such difference in PBS + WP. 309L-WM
increased its pitting potential significantly in the presence of WP.
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In all, the welding resulted in higher pitting susceptibility, but
minor or no significant differences under passive conditions. The
presence of proteins rather suppressed the pitting susceptibility.

Metal release and visible surface changes

Figure 7 represents the released amounts, normalized on
geometrical surface area, of Fe, Cr, and Ni into PBS and PBS +
10gL~" WP after 24h and 72h of immersion under stirred
conditions for the different investigated materials. Any statistically
significant differences between the solutions and between the
different materials in PBS + WP are also indicated in Fig. 7 and
individual elemental release data is shown in Supplementary Fig.
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Fig. 4 Microhardness. Microhardness profile showing hardness for
BM, HAZ, and WM of the different weldments. The connecting lines
are only guidance for the eye. The vertical dashed lines mark the
edges of the HAZ.
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3. All three investigated elements were detected in all solution
samples. On average, 67 wt% of the total release was Fe, 16 wt%
of the total release was Cr, and 8.4 wt% of the total release was Ni.
This is close to the nominal composition (Supplementary Table 2).
The presence of WP increased the metal release significantly for
two out of four materials after 24 h, and for all materials after 72 h.
The release rate increased between 24 and 72 h of exposure in the
presence of WP, but not in the absence of it. The amount of
released metals increased about 7-fold for a 3-fold increase in
time, which means that the release rate increased more than
2-fold in PBS + WP. Instead, in PBS, it decreased up to 2-fold
despite the stirring conditions. The 312-WM was consistently
releasing the highest amounts of metals. There was no statistically
significant difference between the other three materials.

In post-exposure LOM examination, some pits on the metal
surface were found for all welded specimens after 72h of
exposure in both solutions (Supplementary Fig. 4). Also, ‘polished’
areas were observed after stirring exposure to PBS + 10gL™" WP,
but not PBS alone (Supplementary Fig. 4).

DISCUSSION

The pitting corrosion resistance of austenitic stainless steel
weldments caused by solidification segregation and partitioning
of alloying elements is often lower than that of BM even with
matching composition3”. The microstructure of each WM in this
work contained a dual-phase (y+96). The chemical composition
inhomogeneity at the y/6 interface can aggravate localized
corrosion due to depletion of Cr and Mo in the austenitic phase
(see Fig. 2)°%. In the absence of WP, 309L-WM showed the lowest
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Fig. 5 EIS. Representative Nyquist (a, d) and Bode (b, e) plots of BM and weldments after 1 h immersion at 25 °C in PBS (a, b) and PBS + 10g L™
WP (d, e). c Data fitted with one constant equivalent electrical circuit (Randles).
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pitting corrosion resistance, which we speculate is related to its
lowest Mo content®®. There was no significant difference between
316L-WM and 312-WM in terms of pitting corrosion resistance in
both solutions, despite the different & ferrite and Mo contents.

In the presence of WP, we have previously hypothesized that
there is a synergistic effect of abrasion (under stirring conditions)
and complexation, indicated by the polished areas in Supplemen-
tary Fig. 4 and by our previous study'® on rolled 316 L, in which a
similar mechanism was found for WP and for citrate (another
complexing agent without the lubricating properties of proteins).
This previously hypothesized mechanism was further confirmed in
this study, and interestingly, an accelerating metal release rate
with time was found between 24 and 72 h.

Similar to our previous study, we found the surface abrasion
mechanism in PBS to be abrasive wear (Supplementary Fig. 4),
with both two-body and three-body abrasive wear, causing the
formation of debris and scratches on the surface. The roughness
of the coupons stirred in PBS solution increased with time,
resulting in a reduced contact area between the magnetic stir bar
and the surface of the coupons. In contrast, the wear mechanism
in PBS+10gL~" WP seems to be predominantly fatigue wear,
along with some two-body and three-body wear, similar to our
previous findings in 80 gL~" WP'8, The greater hardness of 312-
WM did not result in a decreased metal release or decreased wear
under stirring conditions in the presence of WP. Most probably,
the other degradation mechanisms (complexation and pitting
corrosion) were increased due to the increased ferrite content and
low Mo content in 312-WM.

Although there were some visible pits for the WMs as compared
to the BM after the stirred exposure for up to 3 days, it is not
possible to reveal their status (active, metastable, re-passivated pits
and/or pits caused by abrasion) from the optical images alone.
However, the accelerated metal release between 1 and 3 days in
PBS + WP, along with a greater pitting corrosion susceptibility for
the WMs as compared to the BM, indicate that localized corrosion
could be involved in this accelerated metal release process. Also, the
metal release in approximate proportion to the bulk composition is
another indication of active/localized corrosion processes®.

The components of WP are similar to the components of other
proteins, especially albumin and globulin proteins, which can
increase metal release by a complexation mechanism'®4°, In the
present work, the WP was present in PBS, which contains salt. This
resulted also in pitting corrosion even at open circuit potential
under prolonged stirring. However, the pitting corrosion and
metal release under 24 h and 72 h stirring did not correlate with
the potentiodynamic polarization investigations under static
conditions and after 1h at open-circuit potential. In the metal
release investigations, 312-WM clearly released most metals,
followed by BM, and all coupons showed some pits. In the
potentiodynamic polarization tests, all WMs showed increased
susceptibility to pitting, while the BM did not. This indicates that
microstructure is of lower importance to metal release under
stirring conditions at open circuit potential, as compared to pitting
corrosion in an accelerated corrosion test. One explanation is that
the pitting potential in static (no friction) conditions is primarily
determined by bulk factors, such as alloying elements and
microstructure*’, while metal release at open circuit potential
under stirring in the presence of WP is governed by many
different possible factors, such as complexation, metastable
pitting corrosion, and tribological factors®. Another possible
explanation for the lower or similar metal release of 309L-WM
and 316L-WM, compared with BM, is the larger hardness of the
welds, which could have locally increased their wear resistance.

This study cannot answer on specific mechanistic questions, such
as the predominating metal release mechanism and how the
welding parameters influence those. However, it provides an insight
in combined mechanisms and points towards WP as a strongly
accelerating factor for some release mechanisms. As obvious from
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the pits and accelerated metal release after the 3 days exposure at
open circuit potential under stirring, these release mechanisms have
an important implication to corrosion safety and food safety. Future
studies should investigate whether standardized testing of welded
food contact materials in the dairy industry needs to be adjusted to
account for the effect of proteins. For example, neither the European
guideline for testing metal release from food contact materials** nor
the 1SO 4531:2018 standard test** suggest proteins or friction. While
citric acid, which is suggested in these testing protocols (along with
acetic acid), could theoretically be a good simulant for proteins in
terms of complexation ability, the pH (2.4) of the food simulant does
not allow for complexation with citric acid due to its full protonation
at this pH value**.

In summary, the BM 316 L microstructure was austenitic, while
the microstructure of the WMs contained increasing (316L-WM <
309L-WM < 312-WM) amounts of &-ferrite. 312-WM was harder
than 309L-WM and 316L-WM. Under static conditions after 1h
pre-exposure under open circuit potential, followed by potentio-
dynamic polarization, all WMs showed a higher pitting corrosion
susceptibility as compared to the BM. This pitting susceptibility
was slightly suppressed in the presence of WP. Under induced
friction from a magnetic stir bar and open circuit potential, the
presence of WP significantly enhanced the metal release from all
materials. The proteins further induced an accelerated metal
release between 1 and 3 days of exposure, compared with a
reduced metal release rate in the reference solution without WP.
Post-imaging indicated pits. The release was proportionally to the
bulk composition, indicating active/localized corrosion. 312-WM
released significantly higher amounts of metals as compared to
the BM and the other WMs. This study indicates that the presence
of whey proteins, friction, and weldment-induced corrosion
susceptibilities could synergistically cause a greater metal release
and corrosion of food contact materials.

METHODS
Material

The nominal compositions, as provided by suppliers, of the BM and three
different filler metals is shown in Supplementary Table 2. The BM, a sheet
with 2 mm thickness, was supplied via the International Stainless Steel
Forum and investigated/characterized previously'®#®. The filler metals
were supplied by ESAB, Gothenburg, Sweden, and had a diameter of
2.15mm. The BM (rolled sheet, 2 mm thickness, 200 mm x 100 mm) was
cut using a Wire-cut Electrical Discharge Machining (WEDM). The WP
isolate (Lacprodan DI-9224) had a total protein content of at least 92% and
was obtained from Arla Food Ingredient, Denmark, and similar to the one
we investigated in previous studies'”'8,

Welding procedure

Two weld specimens were prepared from the BM (ASTM 316 L) and each of
the three filler metals by using the GTAW process, denoted 316L-WM,
309L-WM, and 312-WM, respectively. Prior to welding, surface contami-
nants were mechanically and chemically removed by wire-brushing and
wiping with acetone, respectively. Pre/post-heat treatments were not
applied. Visible and ultrasonic inspections during and after welding
confirmed the absence of geometrical, surface, and under-surface defects.
The shielding gas (100% argon) was purged from the front and back, to
prevent the penetration of gases from the atmosphere to the weld zone.
All specimens were welded using identical conditions, including a heat
input of 0.456kJmm~". More details are given in the supplementary
information (Supplementary Table 5 and Supplementary Equation 7).

Microstructural characterization

Specimens for microstructural examination were cut using WEDM and
abraded mechanically with a series of SiC papers (80-1200 mesh) and then
polished with 1 um and finally 0.3 um Al,O3 powder suspension. Then,
they were electro-etched for 60-90 s in 100 g L' oxalic acid at a voltage of
6V at room temperature. The different zones of the specimens (Welding
zone: WM, heat-affected zone: HAZ, base metal: BM) were investigated
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using LOM and scanning electron microscopy (SEM), using a Philips-XL30
instrument with an EDS. For qualitative phase analysis, XRD was performed
in the weldment and BM using an X Prt-MPD System with Cu-K, target at
40kV and 30mA and the X-pert software. Once we identified all
magnetizable phases by XRD (only &-ferrite present), we used an Aka
Scan ferrite scope (MQ51H4) to quantitatively (detection limit about 0.1
vol-%) measure the &-ferrite content, reporting a five-reading average. The
hardness of the weld joints was determined by a micro-hardness tester
equipped with a Vickers diamond indenter at a load of 100 g and a dwell
time of 10 s. This test was performed along the transverse direction parallel
to the surface that includes the different zones (BM, HAZ, and WM) at both
sides of the weld.

Corrosion and metal release

Solutions. The solvent in this study was double distilled water (18.2 MQ
cm resistivity, Heidolph instrument). Two solutions were prepared from
analytical grade reagents with and without 10gL~" WP. The chemical
composition of PBS was 1.36 g L~' KH,PO,4, 1.28 g L~' Na,HPO,4, and 8.77 g
L' NaCl, adjusted to pH 6.8 with NaOH. This pH is relevant for simulated
milk and whey protein solutions, and PBS at pH 6.8 (without WP) has
previously been found to be a best-case, non-complexing, reference
solution'®. PBS + 10 g L~! WP was prepared one day (24 + 1 h) before each
exposure and stored in a refrigerator at 4 °C temperature.

Metal release tests. Coupons (10 mm X 10 mm X2 mm) were cut using
WEDM and abraded with 1200 grit SiC paper on both sides. The edges and
back side were sealed, and the total exposed surface area to the solution
was 1cm? After grinding, coupons were ultrasonically degreased in
acetone for 15min and dried with nitrogen gas at room temperature,
followed by storage in a desiccator (<10% relative humidity) at room
temperature for 24+ 1 h prior to exposure to the solution. This surface
preparation ensures the formation of a comparable surface oxide®.

All containers and material in contact with the solution were acid-
washed (10% HNO; for at least 24 h, followed by four times rinsing with
double distilled water) in order to desorb and dissolve any metal species
from the walls, so that they could be rinsed away, and background
contamination could be kept minimal®’.

Independent samples of triplicate coupons and one blank (no coupon)
sample were exposed in parallel, under stirring conditions (with a
magnetic stir bar) to 5mL of PBS and PBS+10gL™" WP at room
temperature for 24h and 72h. The magnetic stirrer was adjusted to
300 rpm at room temperature. The magnetic bars were smaller than the
diameter of the cylinders and were stirred easily without touching the
container during the test run. They were placed on top of the coupons,
providing friction. After exposure, all coupons were rinsed with 1 mL
double distilled water (the rinsing water was wasted) and dried with
nitrogen gas at room temperature. The coupons were further examined by
LOM, and the solution samples were prepared for solution analysis.

Inductively coupled plasma optical emission spectroscopy (ICP-OES)
using a Perkin Elmer Optima 7300DV measured the solution concentra-
tions of Fe, Cr, and Ni released from coupons to both solutions under
stirring conditions. Prior to analysis, the solution samples were prepared by
acidification (PBS samples) and digestion (PBS+10gL~" WP). For
digestion, 0.25 mL of 65% HNO; was added to 5mL of solution sample,
and then the mixture was boiled gently over a water bath (90 °C) for 1-2 h
or until a clear solution was obtained. Later, 0.125 mL of 65 % HNO; was
added, followed by further heating until total digestion. PerkinElmer NIST®
quality control standards for ICP, Part No. N9300281, were used as the
stock standards for preparing working standards*®. The metal concentra-
tions, in pug L~' were determined based on three replicate readings for
each sample. The limits of detection (in both solutions) were 11.5 ug Fe
L=",1.77ug Cr L', 2.46 ug Ni L. All sample concentrations exceeded the
limits of detection in this study. The corresponding blank concentrations, if
detectable, were subtracted from the triplicate average of sample
concentrations. Released amounts of metals (ugcm~2) were calculated
by multiplying the blank and dilution factor (DF)-corrected concentration
(ugL™") by the exposure volume V (0.005L) divided by the exposed
coupon area A (1.cm?), as shown in Eq. (1). The number of replicates (n)
was 3. The DF is a unitless factor determined from the final volume after
digestion divided by the initial sample volume, for example it is 5, if 1 mL
of solution sample is diluted with 4 mL of acid or water.

o (G—Coiane)
72'4 - Pkl « DFx V 1

Released amount = 2
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Electrochemical measurements. Coupons (7 mm X6 mmx2mm) were
abraded mechanically with 1200 grit SiC paper on both sides, mounted
in epoxy, ultrasonically cleaned for 15 min in acetone, dried with nitrogen
gas at room temperature, and stored in the desiccator for 24+ 1 h. The
electrochemical measurements were accomplished by the Ivium Potentio-
stat System and a three-electrode cell with Ag/AgCl sat. KCl as a reference
electrode, Pt wire as a counter electrode, and the coupon as working
electrode. First, the OCP was measured for 60min. Then, EIS was
conducted with an amplitude of 10 mV,,s and a frequency range of
10,000-0.01 Hz. Last, potentiodynamic anodic polarization tests were
performed from —0.250V vs. OCP to 1.6V or 0.02 A.

To determine the resistance and capacitance of the oxide (passive) layer,
EIS experimental data was analyzed with the Z-View software. Measurement
plots were fitted with an electrical equivalent circuit model, as specified in
the result section. R; is the solution resistance between the reference and the
working electrode. R, is the polarization resistance, and CPE is the constant
phase element, which is related to the passive layer. More details are given in
the Supplementary methods and Supplementary Equation 8.

Statistical evaluation. Student's t-test for unpaired data with unequal
variance was used (KaleidaGraph v. 4.0) to determine any statistical
significant differences between two sets of data with at least three
independent specimens in each set. Differences were counted as
statistically significant for probabilities (p) of less than 0.05 of being equal.

DATA AVAILABILITY

The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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