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ABSTRACT

Pitting susceptibility of metals in corrosive environment is usually measured using a three-electrode set-
up to conduct accelerated corrosion tests. A widely accepted methodology consists in mounting a sample
in epoxy-resin and connect it with a copper wire. However, in chloride-rich environments, this often results
in the occurrence of crevice corrosion instead of pitting. In this study, a new 3D printed sample holder was
designed and its efficiency to study pitting corrosion of metals validated. The new method enables the
study of pitting corrosion by improving edge enclosure thus avoiding crevice corrosion. The validation is
based on two case studies where stainless steel samples are polarized in (i) 500ppm CI- at ambient
temperature and (ii) saturated Ca(OH), with 1M CI- at 60°C. The specifically chosen grade (AISI 316L) shows
failure of the electrode clearly initiated at the epoxy-sample edge in traditional tests and poor
reproducibility. Results showed that the use of the 3D printed sample holder significantly improved the
reliability and efficiency of the testing method, clearly avoiding unrealistic crevice corrosion in the tested
conditions. The designed sample holder therefore enables more realistic and representative pitting results
in corrosion research opening the possibility of conducting far less expensive repetitive tests.

KEY WORDS: Chloride; crevice corrosion, pitting; Corrosion rate; aqueous environments; uniform
corrosion
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1 INTRODUCTION

Over the past decades, the susceptibility of metals to corrosion has been a major area of research
within the field of material science, and that to avoid premature failure and financial loss in many industrial
sectors such as construction and manufacturing ones. Electrochemical lab-scale tests have been
fundamental in the scientific understanding of corrosion processes. They provide useful information in a
(relatively) short period of time by accelerating the corrosion mechanisms occurring in a defined corrosive
electrolyte on a specific (metal) sample. Various techniques have been proposed, including polarization
measurements, electrochemical frequency modulation, slow strain rate tests and electrochemical
potentiokinetic reactivation. All of them have their own outcomes as well as disadvantages.
Potentiodynamic and potentiostatic polarization measurements are key to study pitting susceptibility of
metals such as stainless steel in aggressive media [1]. However, the occurrence of crevice corrosion on the
working electrode is a common drawback of such methodology. Crevice corrosion can start at lower
potential than that required for pitting corrosion, meaning that a metal can be more susceptible to crevice
corrosion [2]. Several authors already recognized these problems and proposed several new setups and
processes, going from diluted water injection towards prepassivation of the metal coupon or the use of
syringe cell [3—8]. Also commercial alternatives for crevice-free working electrodes such as flat specimen
holders and Avesta cells are introduced [9, 10]. Unfortunately, these setups are always not cost-effective
for executing corrosion tests. For example, Berner et al. proposed the use of Avesta multicells to increase
the cost efficiency [11]. Another even more low budget method used epoxy resin to mount the specimen
and the resin/specimen interface was painted lacquer to prevent crevice corrosion [12, 13]. Although both
studies showed good results, the lacquer is not always sufficient to prevent crevice corrosion. Specific
conditions, such as temperature, chloride concentrations and pH, influences the initiation and propagation
of crevice corrosion. For example, Han et al. observed the reverse linear relationship between the chloride
concentration in the electrolyte and the critical crevice temperature of SAF 2205 DSS [14]. Also, they
noticed a dramatical decrease of the critical crevice temperature when the pH was more alkalic. Moreover,
Kennel et al. reviewed crevice corrosion models and mentioned that the pH and chloride ion concentration

can cause the disruption of the passive film and initiate crevice corrosion [15].
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In this study, a new methodology to study pitting corrosion is presented. A low budget 3D printed
sample holder is designed to avoid crevice corrosion and critically evaluated in two different
environmental conditions with high chloride content. One of these was specifically chosen because the
methodology was designed for further studies on pitting corrosion susceptibility of candidate materials for
a nuclear disposal concept. Therefore, a concrete pore solution at high pH (12.5), high temperature (60

°C) and high chloride concentration (35 400 ppm) was used.

2 EXPERIMENTAL PROCEDURES
2.1 3D-printed sample holder

The proposed methodology to study pitting corrosion employs a new type of sample holder. Several
options were studied and led to the optimal design presented in Fig. 1 where a schematic of the final
design of 3D printed sample holder is shown. A more detailed technical drawing is provided in
Supplementary Information (Fig. S-1 & Fig. S-2). The sample holder consists of two cylindrical plates that
were both printed by a Prusa MK3S 3D printer with a 0.4mm nozzle and 100% infill. The sample holder was
printed with a 0.4mm nozzle and 0.2mm layer height. It is recommended to use ABS filament (Acryl
Butadiene Styrene) in acid or alkaline solutions. Because of the heavy warping with ABS, the 3D printer
was placed inside of an enclosure which helps to control the temperature. PLA filament (Polylactic acid)
can be used in less severe electrolytes. A flat rubber gasket (A) is pressed against the cylindrical part (B).
The copper wire (C), attached to the epoxy-mounted electrode (D), is inserted into theupper tubular part
(E). The sample area of the working electrode (D) is tied against the gasket (C) using nylon M10 bolts (F)
and nuts (G). Thread seal tape (PTFE tape) can be used to improve the fixation of the threaded shaft. Hand-

tightening the nylon bolts is sufficient to ensure a crevice-free sample area.

2.2 Electrochemical test conditions

Cyclic polarization measurements were conducted to measure uniform corrosion rate and to
evaluate the pitting resistance of the chosen metal samples. A Gamry Interface 1010E potentiostat was
used to execute the polarization measurements. All tests were performed using a scan rate of 0.167 mV/s
[1, 14, 15]. A Ag/AgCl (3.5 M KCI, +205 mV vs SHE) and a Hg/HgO (20% KOH, +98 mV vs SHE) electrode
were used as reference electrode in the neutral and alkaline solution, respectively. The scan direction was
reversed when the vertex potential or maximal current density (5 mA/cm?) was achieved [1, 16-17]. After

polarization, all samples were checked for local corrosion (pitting or crevice corrosion) by a digital Hirox
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KH-8700 microscope.

2.3 Materials and reagents

The following stainless steel grades were used to validate the pitting corrosion tests using the
proposed 3D printed sample holder and under the aforementioned test conditions: AISI 316L (1.4404) and
DX2205 (1.4462). Both samples were obtained from Outokumpu. The chemical composition and PREN-
values (Pitting Resistance Equivalent Number) of the stainless steels are listed in Table 1. It is worth noting
that AISI 316L shows failure clearly initiated at the epoxy-sample edge when traditional sample
preparation techniques were used. DX2205 was chosen because of its high PREN value and opens the

possibility to assess the methodology.

Table 1: Chemical composition of AISI 316L and DX2205 with their PREN-value

Common UNS
Cr (wt%) Ni (wt%) Mo (wt%) C (wt%) N (wt%) PREN
name number
AlSI 316L S$31603 16-18 10-14 2-3 0.03 0.1 23
DX 2205 S$31803 21-23 4.5-6.5 2.5-3.5 0.03 0.08-0.02 31

The samples were embedded in a Technovit® 4071 resin, wet grinded to P600 grit and polished
with a polycrystalline diamond suspension (up to 1um) before performing the cyclic polarization
measurements. Two electrolytes were used to validate the sample holder: (i) a solution containing 500
ppm CI- (pH=7) at ambient temperature and (ii) a saturated Ca(OH), solution containing 35 400 ppm CI-
(pH=12.5) at 60°C. Chloride contamination was done by adding NaCl to the electrolyte. All used chemicals
were ordered at VWR International (Haasrode, Belgium) and test solutions were prepared with Mili-Q
water (conductivity <100 uS/cm). To investigate the beneficial effect of the sample holder, two kinds of
tests were carried out: with samples mounted in the 3D printed holder and with regular embedded

samples (used as reference samples). All tests were repeated three times.
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3  RESULTS AND DISCUSSION
3.1 Polarization curves in a NaCl solution with 500 ppm CI- at 25°C

The first set of measurements aimed at investigating the effect of the sample holder in a neutral
environment. Fig. 2a and 2b compare the polarization plots of AISI 316L (1.4404) without and with the 3D
sample holder in 500 ppm CI-. Fig. 2a, performed with epoxy-mounted samples, showed strong current
increases at 0.45 V, 0.61 V and 0.63 V vs SHE, suggesting that local corrosion is occurring. However, no
evidence of crevice corrosion was found via microscopic analysis. This can be explained by the maximal
current density (in the hysteresis loop) which was relatively low (< 0.1mA/cm?). Fig. 2b presents the
potentiodynamic measurements of AISI 316L when mounted in the 3D printed sample holder.
Interestingly, no strong current increases or hysteresis loops were observed. The absence of hysteresis
loops indicates that no local corrosion occurred and that the sample (as working electrode) is protected
against crevice corrosion when mounted in the sample holder (compared to traditional epoxy-mounted
electrodes). Previous studies have demonstrated that AISI 316L stainless steel has satisfactory pitting
resistance in 500 ppm CI- containing environments [18-20]. This is in good agreement with the results of
the present tests when using the 3D printed sample holder (Fig. 2b), where AISI 316L also shows high
pitting resistance in 500 ppm CI. The results without sample holder (Fig. 2a) do not agree with those
studies, although, the possible interference of bad edge retention (of the sample) and the occurrence of

local corrosion cannot be ruled out.

Fig. 3 displays the polarization curves of DX2205 in a 500 ppm CI" solution. No strong current
increases in the passive region (300-900 mV vs SHE) were observed. This indicates that epoxy-mounted
electrodes and electrodes mounted in the sample holder did not suffer from crevice corrosion. As
expected, Epoxy-mounted electrodes in Fig. 3a did not show crevice corrosion mainly because the DX2205
grade has a higher resistance to local corrosion (higher PREN value, see Table 1) [21]. It is known that alloy
grades with a higher PREN value also have better resistance to crevice corrosion [22]. Interestingly, the
measurements with the sample holder (Fig. 3b) show better reproducibility than the epoxy-mounted
samples. The high pitting corrosion resistance of this grade, found in this study, seems to be consistent

with other researches [23, 24] which found that DX2205 stainless steel shows excellent pitting corrosion
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resistance in NaCl solutions (up to 0.1 M CI"). Recently, Huang et. al. [23] reported that no pitting or crevice
corrosion was found for DX2205, even for a chloride concentration up to 21 300 ppm CI- (epoxy-mounted
electrodes). The influence of the sampler holder in the chosen solution is presently not as visible as for the
AISI 316L stainless steel grade predominantly because of the higher crevice and pitting corrosion resistance

showed by duplex stainless steel grades.

3.2  Polarization curves in a saturated Ca(OH), with 35400 ppm CI- at 60°C

As a second electrolyte medium, a saturated Ca(OH), solution was used. This solution is often used
to assess corrosion resistance of stainless steel in a concrete environment for their use as reinforcement
bars. To create a harsh testing environment, 35 400 ppm Cl- was added to the saturated solution and all

tests were performed at elevated temperature up to 60°C [24].

The results for an AISI 316L sample mounted in epoxy-resin and with sample holder are compared
in Fig. 4. Negative hysteresis loops are observed in Fig. 4a when no loops are present when using a sample
holder (Fig. 4b). Furthermore, all measurements carried out in epoxy-resin showed severe attack at the
epoxy-sample edge as shown in the microscopic analysis of the samples after the cyclic polarization test
(Fig. 5). Numerous pits and crevices were observed on the studied sample area. When evaluating pitting
susceptibility of the AISI 316L, possible interferences from crevice corrosion cannot therefore not be ruled
out. When using the 3D printed sample holder, oxidizing potentials above oxygen evolution were achieved
without strong current increases. This suggests that AISI 316L shows very high pitting corrosion resistance
in the tested solution. These results are in agreement with the findings of Elsener et al. [25] who showed
no pits on AISI 316L stainless steel even in a 0.1 M NaOH solution (pH 13) containing 177 000 ppm ClI-.
However, some studies report poor pitting resistance of AISI 316L, even at a lower concentration of 354

00 ppm CI- [26—29].

Measurements in saturated Ca(OH), were also carried out on the DX2205 stainless steel grade.
The results of these polarization plots are depicted in Fig. 6. Consistent with the findings for AISI 316L
material, it was found that epoxy-mounted samples suffered pitting and crevice corrosion in the studied

environment. All polarization tests with epoxy-resin failed due to the occurrence of crevice corrosion. No
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pits were detected at the surface of DX2205 stainless steel (Fig. 7), only gaps that initiated at the edge of
the mounted sample. However, all measurements with the sample holder showed high pitting resistance
of DX2205 in chloride-contaminated saturated Ca(OH), at 60°C. These results are consistent with the data
obtained at ambient temperature where DX2205 did not pit with 1 M CI- [27, 29]. Only few studies such as
Mesquita et al. [30] were able to test pitting susceptibility at elevated temperature (pH 10 with 21 240

ppm ClI- at 50°C) and are in accordance with our findings.

3.3  Uniform corrosion rates determined by Tafel-extrapolation

Tafel-extrapolation is a fundamental technique to estimate the uniform corrosion rate in the
tested environments. During the past decade, many corrosion studies [31-37] have used epoxy-mounted
electrodes to calculate the corrosion rate. Therefore, it is important that measurements and drawn
conclusions based on tests performed with the 3D printed sample holder do not differ from those obtained
with epoxy-mounted samples and, in addition, that they result in accurate corrosion rates. Tafel-
extrapolation for additional information on the general corrosion behavior were therefore conducted on
linear parts of the anodic and cathodic slopes. Table 2 and Fig. 8 provides corrosion potentials for 316L
and DX2205 in the tested environments. In Table 3 and Fig. 9, the corrosion rates are summarized. Both
parameters were calculated by Tafel-extrapolation, 50-100 mV away from the open-circuit potential [38,

39].

Table 2: Corrosion potentials (in V vs SHE) in 500 ppm CI (pH 7) and sat. Ca(OH), with 35
400 ppm Cl at 60°C

Corrosion potential in
Corrosion potential in 500
Material saturated Ca(OH),
ppm Cl-(pH 7)
with 35 400 ppm CI-(pH 12.5)
Epoxy- 3D sample Epoxy- 3D sample
(inVwvs

SHE) mounted holder mounted holder
AISI 316L 0.12+0.007 0.06+0.003 -0.03+0.04 -0.02+0.01
DX2205 0.14+0.02 0.07+0.01 0.06+0.03 -0.03+0.01
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Table 3: Tafel-extrapolated corrosion rates in a) 500 ppm ClI- (pH 7) and b) sat. Ca(OH), with 35
400 ppm Clat 60°C

Corrosion rate in saturated
Corrosion rate in 500 ppm CI-

Material Ca(OH),
(pPH7)
with 35 400 ppm CI-(pH 12.5)
Epoxy- 3D sample Epoxy- 3D sample
(in um/y)
mounted holder mounted holder
AlS| 316L 0.79+0.24 0.54 +0.03 0.75+£0.2 0.56+0.13

DX2205 0.67+0.21 0.49+0.03 0.65+0.23 0.78+0.35

In Fig. 9, the general corrosion rates in 500 ppm CI" are presented. It is apparent from the bar plot
that the stainless steel samples are slowly corroding with rates below 1 um/y. The standard deviations are
much lower when measuring with the sample holder than those obtained with the epoxy-mounted
samples. Corrosion rates in saturated Ca(OH); are also displayed in Fig. 9. General corrosion rates are still
very low (<1 um/y) but measurements with the sample holder do not show lower standard deviations than
epoxy-mounted electrodes, presumably due to the higher working temperature of 60°C.

The corrosion potentials in 500ppm Cl- and saturated Ca(OH), are summarized in Fig. 8. Corrosion
potentials measured with epoxy-mounted samples show a higher standard deviation than the results with
the sample holder. In Table 3, it is clear that the standard deviation of the tests with the sample holder are
often within the same order of magnitude (+0.01). This indicates that tests performed with sample holder
show good reproducibility with respect to the corrosion potential. The reason why there is a difference in

corrosion potential between the epoxy-mounted electrode and the sample holder is still unclear.

To validate the sample holder combined with the methodology and to verify that the measured
uniform corrosion rates do not differ from epoxy-mounted samples, a statistical analysis of the tests was
performed in which corrosion rates of the sample holder and the epoxy-mounted samples were compared.
First, normality of the measured data (comparing the working electrode procedure) was checked by
Kolmogorov-Smirnov normality test [40]. The determined p-values, showed in Table 3, are higher than
0.05 (95% confidence interval), suggesting that the data is following a normal distribution. It is important

to check normality because statistical assessment, such as the one-way ANOVA, requires normal
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distributed data. One-way ANOVA is a statistical assessment enabling to verify if there are any significant
differences among the results. In the present study, this method was used to statistically assess the
differences among general corrosion rates determined with the sample holder or the epoxy-mounted
samples. Table 4 provides the p-values obtained using the one-way ANOVA test for the different materials
and test solutions. All p-values are higher than 0.05 which suggests that the general corrosion rates
measured with 3D printed sample holder and the epoxy-mounted samples are not statistically different. It
can be concluded that the use of a sample holder does not show any influence on the determined uniform

corrosion rate when compared to epoxy-mounted samples.
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Table 3: P-values of the Kolmogorov-Smirnov test to check normality

p-value of normality test in saturated
p-value of normality test in 500 ppm
Material Ca(OH), with 35 400 ppm CI-(pH 12.5)
cr
at 60°C
AlSI 316L 0.064 0.15
DX2205 0.089 0.69

Table 4: P-values of the one-way ANOVA to test statistical differences

p-value of ANOVA in saturated
Material p-value of ANOVA in 500 ppm CI- Ca(OH), with 35 400 ppm ClI- (pH 12.5)
at 60°C
AlSI 316L 0.11 1.98
DX2205 0.22 0.29

4 CONCLUSIONS

The main goals of the current study were to design a new optimized 3D printed sample holder
aimed at studying the pitting susceptibility of metals in aggressive electrolytes during cyclic
potentiodynamic measurements and to assess whether tests performed using this sampler holder would
(1) rule out crevice corrosion usually initiating at the edge of traditional epoxy-embedded sample and (2)

provide reliable uniform corrosion results. The main results could be concluded as follows:

(1) This study has shown that epoxy-mounted working electrodes are often not providing reliable pitting
corrosion tests in harsh environments. The occurrence of crevice corrosion, initiating at the epoxy-
sample edge, makes it impossible to draw reliable conclusions on the pitting susceptibility in
predefined conditions and it is therefore recommended to avoid them in metal corrosion research.

For example, using traditional epoxy-embedded samples, AISI 316L did show difficulties in the two
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(2)

(3)

(4)

different environments, especially in the second one (saturated Ca(OH); with 35 400 ppm CI’) case,
where severe failure of the electrode was observed clearly initiating at the epoxy-sample edge.
DX2205 on the contrary only showed small traces of crevices in saturated Ca(OH), with 35 400 ppm CI-
. In 500 ppm CI', no sign of pitting or crevice corrosion were visible (obviously due to the high PREN

value) but poor reproducibility was found.

With a 3D printed sample holder, all alloys passed the polarization test, no pitting or crevice corrosion
occurred, and reproducibility was remarkably better than the epoxy-mounted samples. And it is
important to note that only few studies such as Mesquita et al. [30] were able to test pitting
susceptibility at elevated temperature (pH 10 with 21 240 ppm CI- at 50°C) and they are in accordance

with these findings.

General corrosion rates were also determined by conducting Tafel-extrapolation on the polarization
curves. The corrosion potentials determined in tests with a sample holder clearly showed a lower
standard deviation and therefore, reproducibility was improved. One-way ANOVA statistical
assessment confirmed that the general corrosion rates obtained with the sample holder did not differ
from the ones achieved by using the epoxy-mounted samples. It could be concluded that
measurements with the sample holder in a 500 ppm ClI" solution also had a lower standard deviation
than regular epoxy-mounted samples. In saturated Ca(OH), however, no beneficial effect was

observed on the standard deviation, probably due to the higher working temperature of 60°C.

The findings of this study clearly highlight the potential of using the optimized 3D printed sample
holder to conduct reliable potentiodynamic measurements where pitting susceptibility can accurately
be assessed and providing repeatable uniform corrosion test results. Especially for leaner stainless
steel grades i.e. with a lower PREN-value, the implementation of a 3D printed sample holder permits

to avoid crevice corrosion at the edge of the epoxy-embedded sample.
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FIGURE CAPTIONS

Fig. 1: Simplified technical drawing of the 3D printed sample holder. It consists of (A) rubber
gasket 4 nylon M10 bolts (B) Cylindrical 3D printed part 3D printed bottom part (C) copper wire of the
working electrode (D) epoxy-mounted working electrode (@ 30mm) with attached copper wire (not part
of the sample holder as such) (E) 3D printed upper tubular part (F) 4 nylon M10 bolts (G) 4 nylon M10

nuts.
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Fig. 2: Potentiodynamic polarization plots of AISI 316L with 500 ppm Cl- A) in epoxy-resin and B) with a 3D-

printed sample holder.
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Fig. 3: Potentiodynamic polarization plots of Duplex 2205 with 500 ppm Cl- A) in epoxy-resin and B) with a 3D-printed
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Fig. 5: Crevice corrosion initiated on AISI 316L in saturated Ca(OH), with 35 400ppm CI- in epoxy-resin (i.e.

without a 3D printed sample holder).
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Fig. 6: Potentiodynamic polarization plots of Duplex 2205 in saturated Ca(OH); at 60°C with 35400ppm CI-

A) in epoxy-resin and B) with a 3D-printed specimen holder.



484
489 Fig. 7: Crevice corrosion initiated on Duplex 2205 in saturated Ca(OH), with 35 400ppm Cl- in

490 epoxy-resin (i.e. without a 3D printed sample holder).
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