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Abstract

Inconel 625 is a promising candidate as base material for bipolar plates in the High Temperature Proton Electrolyte Membrane
Fuel Cell (HT-PEMFC). due to its mechanical strength and anti-corrosive properties. Due to its often complicated flow channel
networks both internally and externally, production time and costs are significant factors to the total fuel cell manufacturing costs.
Additive manufacturing (AM) might be a promising production method, though it is important that the material have its desir-
able properties intact. This includes corrosion resistance towards concentrated phosphoric acid (H;PO,) at elevated temperatures
(120 °C- 200 °C) and exposed to different voltage values. In this work, flat Inconel 625 samples have been manufactured using
AM followed by post-machining of its surface to an arithmetic roughness average (R,) of ~0.3 pum. These samples were electro-
chemically tested for its anti-corrosive properties while exposed to concentrated HsPO, at 150 °C and a potential of 0.65 V vs the
reversible hydrogen electrode (RHE). The sample surfaces were analysed using scanning electron microscopy (SEM) before and
after the corrosion experiment. The interfacial contact resistance (ICR), a measure for the resistance towards electron conductivity
through the corrosion-exposed surface with an adjacent conducting material, was also measured before and after the corrosion tests.
For comparison, hot rolled Inconel 625 sample commercially purchased and post-machined to the same R,-value was tested for its
corrosion properties and compared to the AM-produced Inconel 625 sample. The AM-sample had a higher corrosion rate compared
to the commercial with a corrosion penetration rate (CPR) almost twice as high. The measured ICR of the commercial sample was
over 3.5 times higher than for the AM-sample after the corrosion test, indicating a less successful formation and thickness develop-
ment of a protective phase on the AM-sample surface. Despite of equivalent surface roughness, the corrosion properties between
the two production methods are significantly different, which are thought to be linked to different microstructures formed during
their manufacturing.
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1. Introduction

The high temperature proton exchange membrane fuel cell (HT-PEMFC) is one of many emerging fuel cell tech-
nologies believed to play a role in the future energy infrastructure. Operating in the temperature range of 120 °C-
200 °C, the HT-PEMFC has numerous advantages over the more mature PEMFC-technology. Higher tolerance to
inlet gas impurities, no water management, and easier cooling of the cell/stack are advantages that makes HT-PEMFC
an option for systems where PEMFC cannot operate (Araya et al. (2016); Chandan et al. (2013); Rosli et al. (2017)).
As with other fuel cell technologies, reducing costs, upholding the performance over time, and ensuring a sufficient
lifetime of the system are the main challenges that needs to be solved.

The bipolar plates (BPPs) are among the most expensive and heaviest components in a fuel cell stack (Kundler
and Hickmann (2016)). Being located between each cell, the bipolar plates have to conduct the current through the
stack. provide highly optimised flow fields for the gases to ensure its homogeneous distribution over the catalyst layer,
and typically have internal cooling channels for the cooling liquid necessary to control the internal stack tempera-
ture. The state-of-the-art material for HI-PEMEC is graphitic composite materials, which has to be thick due to their
brittle nature, contributing to the total weight, volume, and costs of the stack (Kundler and Hickmann (2016); Weiss-
becker et al. (2014); Antunes et al. (2010)). Therefore, metals have been suggested as an alternative material for BPPs
(Weissbecker et al. (2014)), making it possible to reduce their thickness significantly.

Another contribution to the costs is the production method. BPPs are highly complex, especially due to their intri-
cate geometry. A possible manufacturing method that can potentially reduce costs and increase the design flexibility
of the BPPs is additive manufacturing (AM). AM is well suited for making complex internal geometry that can be
difficult to manufacture otherwise, especially at low production volumes. Although internal flow channels can also be
achieved by laser welding of ultra-thin bipolar plates, high tooling costs prevent this manufacturing method of being
profitable at low volumes. Additionally, limited dimensional stability and restricted flow channel geometry due to
the manufacturing process constrain this method. In metal-AM, powder bed fusion is the most promising method for
manufacturing small parts with complex geometries, and superior material quality (Pratheesh Kumar et al. (2021)).
Moreover, selective laser melting (SLM) and electron beam melting (EBM) can both produce high quality metals
with complex geometry. However, because the support material in the EBM process is semi-sintered during the build
(Ameen et al. (2018)), extraction of powder from internal flow channels is difficult, making the EBM process less
suited for manufacturing of BPPs. The SLM is not limited in extracting powder, but requires more support structures
than EBM. Internal cavities, where support structures can not be removed, must therefore be designed in such a way
that support structure is not necessary and unused powder can be extracted.

A challenge by using metal as material for the BPPs in HT-PEMFC is the highly corrosive environment in the
cells, created by the presence of concentrated phosphoric acid (H3POy) and the operational temperature and potential
of the stack. In addition to potentially suffering from corrosive damage, an increase in the so-called interfacial contact
resistance (ICR, the resistance towards current flow between the bipolar plate interface and the gas diffusion layer) is
another potential negative effect. Due to the potentially different material structure between a traditionally produced
metal and a metal produced through AM, corrosion testing of the materials and ICR-measurements are important for
the validation of AM as a suitable production method for BPPs.

In this work, we present ex-situ corrosion tests of Inconel 625, a promising base material for BPP in HT-PEMFC
(Nikiforov et al. (2011)). The samples tested are purchased commercially or being produced by AM in our lab,
where both were machined in our workshop for equivalent surface roughness and geometry. ICR-measurements were
conducted before and after. In addition, scanning electron microscopy (SEM) images before and after corrosion testing
are provided.

2. Experimental

Additively manufactured Inconel 625 samples were produced in a DMG Mori Lasertec 30 selective laser melting
system. The samples were additively manufactured to dimensions 5.7x42x29 mm, and were subsequently machined
to final dimensions 3.7 mm x 40 mm x 27 mm and an arithmetic roughness average (R,) of ~0.3 um. The samples
were manufactured on a stainless steel build plate with 5 mm support structure, the longest edge along the vertical
axis, no build platform heating, placed diagonally along the build platform, and with a layer thickness of 50 um. The
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Fig. 1. Specimen build strategy.

build strategy is shown in Fig. 1, with recoater and argon flow directions indicated. For hatching, the laser speed was
0.3 m/s and the laser power 140 W, and for contouring, the laser speed was 1 m/s and power 254 W. The remaining
parameters were as recommended by the manufacturer for Inconel 625. The powder was CarpenterAdditive 625
(LPW-625-AACH), batch no UK81375. The samples were not heat treated.

Reference samples of dimensions 3.7x40x27 mm were manufactured from a commercially purchased Inconel
625 hot rolled sheet (UNS N06625/ EN 2.4856). The manufacturer was VDM metals, with material certificate no.
183866/0. The original dimensions of the forged plate was 4.0x2000x6000 mm, and the heat treatment was soft
annealing at 984 °C/9min/water. The commercially purchased samples were machined to a similar R,-value and
dimensions as the AM-produced samples.

The corrosion tests were conducted in a FlexCell® PTFE voltammetric cell purchased from Gaskatel, where a
3.0 cm? circular area of the sample surface was exposed to the electrolyte. A VMP3 potentiostat from Biologic was
used to do the measurements. The cell consisted of a built-in counter electrode of a Pt/Ir-alloy, while the reference
electrode was a Hydroflex® reversible hydrogen electrode (RHE) purchased from the same company. The electrolyte
used for all the tests was concentrated unaltered phosphoric acid (85 % H3aPO4 Normapur from VWR). The electrolyte
was purged with N, for 30 minutes prior to the test, and provided above the electrolyte during the rest of the experiment
to form a protective gas blanket between the atmosphere and the electrolyte. The samples were cleaned by 20 cycles of
cyclic voltammetry at 100 mV/s between -0.3 V and 1.4 V vs RHE, followed by chronoamperometry at -0.5 V vs RHE
for 30 seconds. The cell was heated up to 150 °C while keeping the cell at open-circuit potential (OCP). At 150 °C, a
linear sweep at 1.0 mV/s from -0.3 V to maximum 1.4 V vs RHE was conducted. Finally, chronoamperometry at 0.65
V vs RHE was conducted for 24 hours, this to recreate the potential a HT-PEMFC cathode experience during normal
operation (Kaserer et al. (2013); Li et al. (2018)).

The interfacial contact resistance (ICR) was measured ex-situ before and after the corrosion experiments. The
principles of the measurements and subsequent calculations to obtain the ICR-values have been described in numer-
ous publications (Avasarala and Haldar (2009); Chanda et al. (2018); Gabreab et al. (2014); Wang et al. (2003)).
The sample was sandwiched between two Elat Hydrophilic plain cloths (Elat-H), which was then placed between
two gold-coated copper cylinders, providing a compression pressure. The compression was measured by a load cell
(Burster, 8532-5500-V400). A current of 1.0 A was provided by a Aim-TTi Digital Power Supply and the potential
was measured by a 7562 Multimeter from Yokogawa. To eliminate the measurement between the carbon cloth and the
gold-coated copper, a measurement of a sandwiched carbon cloth was performed separately.

Scanning electron microscopy (SEM) surface analysis of the samples were conducted by a ZEISS SUPRA 55VP
instrument before and after the corrosion experiments.
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Fig. 2. (a) Linear sweep voltammetry from -0.3 V to ~1.4 V vs RHE at a sweep rate of 1.0 mV/s for the commercial and the additive manufactured
Inconel 625 samples in 85 % H3PO4 at 150 °C. (b) Chronoamperometry (constant potential) at 0.65 V vs RHE for 24 hours in 85 % H3 PO, at 150
°C for the commercial and the AM-sample. The current is normalised with the geometrical area (3.0 cm?) of the sample exposed to the electrolyte
for both plots.

3. Results

Fig. 2 (a) shows the linear sweep from -0.3 V to ~1.4 V vs RHE at 1.0 mV/s of one of the tested commercial and
additive manufactured Inconel 625 samples in 85 % H3POy4 at 150 °C. At the potential range from -0.3 V to the dip
(located at -65.9 mV for the commercial sample and -61.5 mV for the AM-sample) reduction reaction takes place.
At the mentioned dip, known as the corrosion potential (Ecor), the reduction and oxidation (corrosion) reactions are
in equilibrium. At more positive potentials, a net corrosion reaction takes place. A peak at 28 mV vs RHE can be
observed. This is reported in the corrosion literature as the formation of a precipitate phase, normally being an oxide
(Stansbury and Buchanan (2000)). This phase partially protects the sample, keeping the current density (which is
directly linked to the corrosion rate) close to constant from 0.2 V up to 1.1 V. Tiny peaks can be observed at 0.65
V for the commercial sample, and 0.52 V for the AM-sample. These peaks are probably caused by oxidation of a
different species in the samples. Close to 1.1V, the current density starts to rapidly increase with increasing potential.
This is believed to be where the protective phase disappears, increasing the corrosion rate significantly (Stansbury and
Buchanan (2000)).

Fig. 2 (b) shows the chronoamperometry measurement at 0.65 V vs RHE for 24 hours in 85 % H3PO4 at 150
°C. As reported in the literature, the cathode of a HT-PEMFC during normal steady-state operational conditions will
experience a potential of 0.65 vs RHE (Kaserer et al. (2013); Li et al. (2018)). As can be seen, the current density is
higher in the beginning followed by a steady decrease with time. This is due to the thickness increase of the protective
phase, reducing the corrosion process of the samples with time. During the whole test, the AM-sample has a larger
current, indicating a larger corrosion rate. For both samples, the current density increases in the beginning, with a
larger and prolonged increase for the AM-sample. For the AM-sample, there are some prolonged fluctuations in the
time interval 10 - 14 hours. The exact reason for this is unknown.

Table I lists the corrosion potentials (Ecq). corrosion current densities ( jeorr), and the corrosion penetration rates
(CPR) of the commercial- and the AM-sample. E,; is obtained by the global minimum current density of Fig. 2
(a). The corrosion current density (jcor) can be obtained by extrapolation of the Tafel-slopes from the oxidation- and
reduction-half cell reactions, also obtained from Fig. 2 (a) (Stansbury and Buchanan (2000)). CPR can be calculated
from jeorr by equation 1:
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Table 1. Corrosion potential (E¢eyr), corrosion current density (jeorr). and corrosion penetration rates (CPR) for the commercial and the additive
manufactured sample in 85 % H3PO4 at 150 °C.

Commercial Additive Manufactured
Ecorr/mV -65.9 -61.5
Jeorr/ A /cm? 160 300
CPR/mm/yr 0.94 - 2.7237 1.7615 - 5.0896
K-EW-j
cPR = =27 eom (D
P

where p is the material density (8.44 g/cm®), K is a constant equal to 3.27 x 10~ mm- g/pA -cm- yr, and EW is
given by:

100
< wt%; - 1; (2)
M;

i=1

where wt%; is the weight percent given from the material certificate, n; is the valence number, and M; is the the
molar mass (g/mol) for the ith element of the alloy. Since the valence numbers for the elements are not known, their
maximum and minimum valence numbers were used to calculate CPR, giving a CPR-range for the samples. As seen
in the table, E . for the two samples are almost identical, which could be expected due to their similar elemental
composition. In contrast, the j., and CPR are significantly larger for the AM-sample.

Fig. 3 shows the measured ICR-values for the commercial- and AM-sample before and after the corrosion test with
a constant current of 1.0 A and at a compression value of 140 N/cm?, which is the normal compression force for a
fuel cell stack. As seen, the ICR-value is higher after the corrosion test, believed to be caused by the lower current
conductivity of the protective phase formed during corrosion. The increase is especially large for the commercial
sample, with an increase close to 20 times the original value, while for the AM-sample the increase is close to 2.5
times the original value.

Fig. 4 shows SEM-images of the commercial- and AM-sample surfaces before and after the corrosion tests. The
images before the corrosion shows smooth surfaces with only small imperfections for both samples. The images of the
samples after the corrosion tests clearly shows numerous small holes in their surface, a phenomena known as pitting
corrosion. This occurs due to local non-uniform corrosion of the sample surface, which can be caused by structural
imperfections (grain boundaries, scratches, dislocations etc.) and non-uniform phase- and elemental distribution in
the surface. Another observation, despite being more qualitative, is the higher frequency of pits in the AM-sample
surface.

4. Discussion

Asis evident from Fig. 2 is the higher corrosion rate of the AM-sample compared to the hot rolled sheet commercial
sample. This is also reflected by the close-to-double value of corrosion current and consequently CPR shown in Table
1. This observation can have a connection to the ICR-measurements depicted in Fig. 3. The significantly larger value
after the corrosion test for the commercial sample compared to the AM-sample suggests a formation of a more stable
and potentially thicker protective phase, inhibiting the corrosion reaction. Microstructural characterisation of AM
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Fig. 3. ICR-measurement at a compression value of 140 N/cm? and a constant current of 1.0 A of the commercial and additive manufactured
sample before and after the corrosion test.

nickel superalloys reported in the literature is consistent on a higher degree of imperfections in the material structure
compared to traditionally produced materials (Sanchez et al. (2021); Li et al. (2015); Nguejio et al. (2019)). The
main reason is the high temperature gradient formed during manufacturing, which creates an anisotropic structure
particularly in the build direction. Columnar dendrites with mostly the alignment < 001 > from the sample substrate
towards the building direction have been reported for Inconel 625 (Li et al. (2015); Nguejio et al. (2019)). In addition,
formation of pores, cracks, and melt pool boundaries frequently happens, which can potentially be sites promoting
corrosion (Kong et al. (2019)). As witnessed from Fig. 4, it is clear from the corrosion pitting formation that there are
more sites prone to corrosion available on the AM-sample compared to the commercial hot rolled sample, despite of
the similar roughness of the surface through machining. It is therefore clear that the complicated microstructure of the
AM-sample affects the corrosion properties of the material independent of roughness factor.

This study has not included post processing strategies such as heat treatment or post hot isostatic pressing (HIP) for
the AM sample. Post-HIP has been pointed out as a promising method for reducing porosity and internal defects in
AM-parts. However, (Kreitcberg et al. (2017)) found that post-HIP reduced the material anisotropy for SLM Inconel
6235, but at the expense of grain size. Moreover, (Ameen et al. (2018)) found that corrosion resistance of SLM 316 was
worsened after post-HIP. These effects should be further explored. Likewise should effects on corrosion properties
from build strategies minimising temperature gradients, such as part orientation, hatching patterns, and bed/chamber
heating, also be investigated. An understanding of how to manipulate the material microstructure and its effects on the
material corrosion properties are thus necessary for successfully utilising AM as a method to manufacture BPPs for
HT-PEM fuel cells.

5. Conclusion

Commercial hot-rolled samples and additive manufactured samples post-machined to the same R;-value were
corrosion tested in a HT-PEMFC simulated environment (85 % H3;POy-electrolyte at 150 °C), where both ICR-
measurements and SEM-analysis of the samples were conducted before and after the corrosion experiments. The
corrosion rate of the AM-samples were significantly larger, in addition to a lower ICR-value, indicating a lower affinity
to create a stable and thick enough protective phase, despite having the same R,-value. It is clear that the formation of
such a phase and the corrosion rate are linked to the microstructure of the samples, created during their manufacturing.
Extensive work to understand how to achieve a desired microstructure during manufacturing, and its effect on cor-
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Fig. 4. SEM-images of (a) the commercial sample before corrosion test, (b) the AM-sample before the corrosion test, (c) and (e) the commercial
sample after corrosion test, (d) and (f) AM-sample after the corrosion test.

rosion and protective phase formations are therefore needed to successfully implement AM as a BPP-manufacturing
technique.
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