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This work investigates the microstructure and manufacturing control of the masked Cold Spray Additive
Manufacturing (CSAM) strategy for producing of new bipolar plates (BPPs) for Proton Exchange Membrane
(PEM) electrolyzers, using low-cost, lightweight, and machinable materials. CSAM is a solid-state process capable
of fabricating 3D patterned parts based on a bottom-up approach using masks with a desired pattern. This study
focuses on the dimensional and microstructural characteristics of pin fins fabricated with spherical (Ti-S) and
irregular (Ti-I) Ti powders using the masked CSAM technology. Additionally, the performance of both Ti parts for
its application in PEM electrolyzers was evaluated in terms of corrosion resistance and interfacial contact
resistance (ICR). The results demonstrated that the masked CSAM technology allowed precise control and cus-
tomization of the dimensions of the 3D-printed pin fins, obtaining porosity values of 6 + 1 % for Ti-S and 4 + 1
% for Ti-I. The evaluation of the corrosion resistance of the CSAM Ti patterned parts showed that for both Ti-S
and Ti-I powders a stable oxide film at the typical operation potential (1.8 V vs Ag/AgCl) of a PEM water
electrolyzer was formed without signs of pitting corrosion. Finally, at a compaction pressure of 150 N/cm? ICR
values of 42 + 19,40 + 13, and 24 + 7 mQ-cm? were obtained for Ti-I, Ti-S, and standard Ti Bulk, respectively.

The results suggest than the masked CSAM technology shows great potential for the fabrication of Ti BPPs.

1. Introduction

Hydrogen is well known to serve as a carrier gas and has emerged as
a highly effective and promising energy storage method. Due to its
scarcity in its elemental state, its production usually needs an energy
input. As a result, it is primarily considered a secondary energy carrier,
derived from either renewable sources (such as wind, solar, geothermal)
or non-renewable sources (such as coal, gas, and nuclear). The ability to
store hydrogen as a portable and accessible fuel represents a significant
advancement in the field of energy sustainability, addressing one of the
worlds’ key environmental challenges: meeting the increasing demands
of electricity generation [1,2]. Today, the cheapest way to produce it is
by means of steam reforming of natural gas or gasification of fossil fuels,
both methods leading to a considerable production of CO; as a
by-product [3,4].

A promising alternative method for hydrogen production is through

the electrochemical splitting of water with electrolyzers. This technol-
ogy is powered by renewable sources, wherein electrical energy is
applied to promote a reaction that separates H,O molecules into Hy and
O,. The resulting purity of H from this process is typically close to 100
% [4-6]. There are three main types of water electrolysis technologies:
alkaline water electrolyzers (AWE), polymer electrolyte membrane
(PEM), and solid oxide electrolysis cells (SOEC), currently being the
AWE the most well established and mature technology [7]. The opera-
tion principle of these electrolyzers is different for each of them.
Particularly, the PEM water electrolyzers are composed of several parts:
two terminal end plates, bipolar plates (BPP), gas diffusion layers (GDL)
and a PEM placed at the center, as shown in Fig. 1.

In PEM electrolyzer cells, water is introduced into the anodic part of
the cell, where it is uniformly distributed by the anodic BPP and comes
in contact with the GDL and the PEM. Upon applying an electric current
to the cell, a potential difference is established, acting as the driving
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Fig. 1. PEM electrolyzer cell components.

force for a redox reaction to occur. At the anode, the oxidation of water
takes place, while at the cathode the reduction of protons occurs to form
hydrogen gas. These reactions are described as follows:

Anodereaction : 2H,0—0, + 4H" + 4e” D

Cathodereaction : 4H' + 4e” —2H, 2

The proton exchange membrane, usually made of a thin layer of
polymer membrane of perfluorosulfonic acid (PFSA) acts as a selective
barrier, allowing only for protons (H+) to flow from the anode to the
cathode. The electrons are directed through an external circuit and
create an electric current. At the cathode, the protons and the electrons
recombine to form Hj gas [7].

While the potential of producing green hydrogen through PEM water
electrolyzers is promising, their use in industry and large-scale pro-
duction has been limited by their high costs. Specifically, BPPs
contribute for 80 % of the cell’s weight, and account for approximately
40-60 % of its total cost [8]. As a result, there is a need to develop new
BPPs produced with low-cost, lightweight, and easily manufacturable
materials while ensuring they possess the specific properties required for
an efficient operation [9,10].

The BPPs are required to have characteristics that are highly
restraining and might be contradictory, such as to be chemically and
mechanically stable, while being resistant to corrosion and electrically
conductive [7,9,10]. The previous target of the U.S. Department of En-
ergy (DOE) initiative for 2020 determined the technical parameters
required for the BPP materials, including an interfacial contact resis-
tance (ICR) < 10 mQ-cm? and a corrosion resistance Teorr < 1 pA.

Currently, titanium and stainless steels (SS) are considered the most
promising metals for the production of cost-effective BPPs, due to their
excellent mechanical properties, resistance to corrosion, and suitability
for large-scale production [9]. However, these materials also present
certain challenges that need to be addressed. Ti is notoriously difficult to
machine, making manufacturing through the BPPs conventional
manufacturing methods such as machining or stamping difficult [11].
Therefore, other manufacturing methods such as additive
manufacturing offer a potential solution. On the other hand, SS is sus-
ceptible to corrosion in acidic media, particularly at anodic potentials.
Consequently, SS BPPs are usually coated with a more noble material
such as Nb or Au [12-15].

Some studies investigate the possibility to manufacture metallic BPPs
with additive manufacturing (AM), however there is still a need to
explore and optimize the different technologies for a cost-effective
production of high-performance BPPs [16]. On one hand, few studies

Applied Surface Science Advances 24 (2024) 100649

are focused on the manufacturing and characterization of Ti BPPs
[17-19]. Lyons et al. [17] and Celik et al. [18] manufactured Ti BPPs
using Direct Metal Laser Sintering (DMLS) and Selective Laser Sintering
(SLS) AM technologies, respectively. However, both studies coated the
parts with an additional corrosion resistant coating, increasing the final
price of the 3D printed parts [20]. Moreover, Romero et al. [19] man-
ufactured Ti BPPs using powder metallurgy routes, and improved the
final part’s performance through a gas nitriding treatment. On the other
hand, more studies that investigate fabrication AM processes of SS BPPs
are found in the literature. For instance, Yang et al. [21] successfully
demonstrated the viability of manufacturing a cathode SS 316 L plate
using selective laser melting (SLM), indicating that additive
manufacturing (AM) could be a rapid and cost-effective approach to
develop BPPs. Additionally, Yang et al. [22] conducted further research
on the aforementioned BPPs, coating them with a protective layer of Au
through electroplating. This additional step allowed the BPPs to with-
stand the aggressive acidic conditions to be implemented on both the
anodic and cathodic sides of the electrolyzer cell. Furthermore, Huang
et al. [23] also utilized SLM to manufacture bipolar plates using SS 316 L
material. The authors fabricated the BPPs with various flow-fields and
evaluated their efficiencies through computational fluid dynamics (CFD)
simulations, concluding that the BPPs produced by SLM showed high
forming quality. On the other hand, Sdnchez-Molina et al. [24] manu-
factured SS 316 L BPPs by powder bed fusion (PBF), and compared their
properties with bipolar plates manufactured by conventional machining
processes, both parts showed similar characteristics in ex-situ corrosion
tests, exhibiting PBF as a potential AM technology for the production of
BPPs.

Since only a few studies have investigated a manufacturing meth-
odology of Ti BPPs, and no works are reported on the literature on the
fabrication of BPPs with thermal spray techniques, in this study a
methodology to manufacture Ti BPPs with cold spray additive
manufacturing (CSAM) is developed. CSAM is a solid-state process that
involves propelling a powder feedstock inside a gun using preheated,
compressed, supersonic gas (N or Hy) at high velocities (300-1200 m s
1) through a convergent-divergent (de Laval) nozzle. When the accel-
erated powder impacts a substrate with sufficient kinetic energy, it
undergoes plastic deformation at the point of impact, leading to particle
adhesion. With this technology, bipolar plates of different materials can
be built (such as Cu, Al, SS 316 L, and Ti) with customized flow-fields.
Since it is a bottom up approach and a solid-state technology, prob-
lems such as machinability and undesired phases and oxidation in the
plates are avoided.

The objective of this work is to develop a manufacturing process for
Ti patterned parts using masked CSAM and to evaluate the dimensional
and microstructural characteristics of irregular (Ti-I) and spherical (Ti-
S) parts. Additionally, this study evaluates the behavior and perfor-
mance of the CSAM Ti deposits in aggressive environments, focusing on
their corrosion resistance in acidic media and interfacial contact resis-
tance (ICR) as required for the commercial BPPs used in PEM
electrolyzers.

2. Materials and methods
2.1. Feedstock powder characterization

Two titanium powders with notable cost differences are investigated
in this work: a low-cost Ti powder (CNPC powder), characterized by
irregular morphology and produced through the pulverization of Ti
sponge material, and a comparatively more expensive gas-atomized Ti
powder (AP&C), featuring spherical particle shapes. In this study both
powders are labeled as Ti-I and Ti-S, respectively.

The particle morphology of each powder was observed in a Phenom
ProX Desktop scanning electron microscope (SEM). The powder size
distribution was determined with a laser diffraction particle sizing
analyzer LS 13 320 Model Dry Powder System.
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2.2. Bipolar plates manufacturing and process parameters

Both powders were sprayed with the high pressure CGS equipment
Plasma Giken PCS 100 on grit-blasted steel substrates with a 1.5 mm
thickness, with the spraying parameters indicated in Table 1.

The BPPs manufacturing methodology is based on selectively
shielding the substrate from deposition with a pattern that resembled
the inverse of the geometry to be deposited, being in this case the flow
field channels of the BPP. While spraying, the particles are able to flow
through the selected geometry and deposit forming a 3D pattern. This
masking process is schematically shown in Fig. 2. Thus, Ti 3D patterned
coatings were manufactured by using laser-cut steel mesh masks with
different patterns: big squares (mesh with squared holes 3 x 3 mm),
small squares (mesh with squared holes 1.5 x 1.5 mm), rows, and cyl-
inders. The masks were placed between the gun and the steel substrate,
allowing the powder to flow through the voids and to form the 3D flow
fields of the plates. The mask-substrate distance was systematically
optimized to attain homogeneity and precise control of the titanium
deposits geometry via CSAM. This masking methodology was developed
by Cormier et al. [25], where the authors used a mask for depositing
aluminum and stainless steel 304 L pin fins in aluminum substrates.

Particularly, for the manufacturing of the BPPs, a substrate is coated
with the spraying of a base layer that acts as the bottom surface of the
flow-field. Then, a mesh cut with the inverse of the desired pattern is
attached to the plate for a second spray that builds up the pin fins that
form the flow-field of the plates. Finally, the attached mesh is removed
to obtain the final BPPs. The first two steps are shown in Fig. 3.

2.3. Microstructure, mechanical properties & adhesion

The microstructural characterization and the mechanical properties
of the BPPs with both powders were determined. The metallographic
preparation of all samples was completed according to the standard
ASTM E1920-03(2014). The cross-sectional surface of the polished
samples was analyzed with the optical microscope (OM) Leica
DMI5000M. The mean porosity was calculated using image analysis
software ImageJ (v. 153e) according to the standard ASTM E2109-01
from 10 cross-sectional OM images at 20x magnification. The profil-
ometer SJ-210 Mitutoyo was used to obtain the superficial roughness of
the BPPs. The Vickers microhardness was calculated from 10 in-
dentations for each sample, following standard ASTM E384-17 with 0.2
kgF using Shimadzu HV-2/HMV-2T equipment.

The adhesion of the deposits with the substrate was tested with
equipment SERVOSIS ME 402-10 following the ASTM C633-13 stan-
dard. Three samples of each material were evaluated by adhering them
to a grit-blasted counterpart with the adhesive HTK Ultrabond 100; a
tensile test at a rate of 0.01 mm s was performed until failure.

2.4. Bipolar plates profile & 3D topography
To evaluate the dimensions and superficial characteristics of the
different patterns, the profilometry of the samples, along with their 3D

topography was evaluated with confocal microscope Sensofar Plu2300.

2.5. Electrochemical experiments

The corrosion resistance of sprayed materials was tested by sub-
jecting a 1 cm? sample to electrochemical measurements under similar

Table 1
Feedstock powders and cold gas spraying parameters.
Label Feedstock Pressure Temperature ( Standoff
powder (bar) °C) distance (mm)
Ti-I Ti (CNPC) 60 900 40
Ti-S Ti (AP&C) 60 900 40

Applied Surface Science Advances 24 (2024) 100649

conditions to those experimented in the anodic side of an operating PEM
electrolyzer. The experiments were performed in a 0.5 M H2SO4 solution
with oxygen saturation. To assess the corrosion behavior, polarization
curves were recorded using a VSP potentiometer. The polarization
curves were generated by varying the potential from —100 to 2400 mV
compared to the open circuit potential (Egcp). Subsequently, Tafel fit
extrapolation method was evaluated with EC-Lab software (V10.44) to
determine E; (corrosion potential) and I o (corrosion current). These
potentials were chosen to show the corrosion properties of both powders
within the potential range of an operating PEM electrolyzer.

To assess the stability of the materials, they were immersed in a 0.5
M H,S04 solution and subjected to a constant potential of 2 V for 100 h.
The Ecorr and I.orr were measured both before and after the stabilization
test. Subsequently, all samples evaluated after the stability test are
referred to as "post-mortem" samples.

2.6. Interfacial contact resistance

The powders were cold-sprayed onto both sides of a 9 cm? steel
substrate with 1 mm of thickness. The sprayed samples were subse-
quently grinded on both sides with a 120 SiC paper until 1 mm of Ti
coating remained on each side. To determine the interfacial contact
resistance (ICR), the approach proposed by Wang et al. [26], based on
the Davies’ method [27], was employed. In this modified method, the
ICR was measured in two setups: first, the Ti sample was placed between
two pieces of Toray conductive carbon paper and two copper plates, and
second, only one piece of Toray paper was inserted between the copper
plates. The final ICR was calculated with the ICR difference of both
setups.

For this, a compaction force ranging from 0.25 to 2 kN/cm? was
applied using the SERVOSIS ME 402-10 equipment. For each setup and
compaction force, a current of 1 A was passed (between the copper
plates) using the DC power supply LABPS1503. The voltage drop across
the system was measured using the HP 3458A multimeter and calculated
employing Ohm’s law Eq. (3).

3

The ICR was measured before and after the post-mortem experiment.
3. Results and discussion
3.1. Feedstock powder

The selection of the feedstock powder in the CS process is of vital
importance, as it not only affects the properties of the final deposit, but
also has a great influence on the total cost of the process [28]. In addi-
tion, the morphology and particle size distribution of the powders are
key factors influencing the deposition efficiency and the final quality of
the coatings. Fig. 4 and Table 2 show the SEM micrographs, as well as
the mean particle size of both powders, respectively. The SEM micro-
graphs exhibit the morphology for both powders. As expected, powder
Ti-I exhibited irregular particles, while powder Ti-S showed spherical
particles. These images also show the variation of the particle sizes.
Despite both powders having a similar mean particle size, Ti-I presented
a broader size distribution compared to Ti-S, which could impact the
shape of the deposits due to the deflection of large particles with the
mesh.

Some studies have focused on evaluating the effects of powder
morphology on coating properties such as porosity, microhardness,
mechanical properties and deposition efficiency [29,30]. Vaz et al. [29]
evaluated the properties of SS 316 L CS coatings sprayed with different
powders under the same conditions. Their findings indicated that there
is no distinct advantage to using spherical powder over irregular powder
in terms of coating quality, mechanical properties, resistance to corro-
sion, and resistance to abrasive conditions. Furthermore, Wong et al.
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Fig. 2. CSAM masking process.

2cm

Fig. 3. Masked CSAM process steps: (1) Ti base layer and (2) mesh setup.

[30] investigated the influence of different morphologies of pure Ti
powder on coating properties. Although their results demonstrated that
spherical powder exhibited the highest deposition efficiency, the irreg-
ular powder showed similar porosity values to those of the spherical
powder. Consequently, spraying irregular powders can produce coatings
with characteristics very similar to those of spherical powders under the
optimal spraying conditions, with the added advantage of being more

cost-effective.

3.2. Bipolar plates profile & 3D topography

One of the major problems of the large-scale production of PEM
electrolyzers is the high costs of the BPPs. Since these plates require a
material that can withstand aggressive acidic conditions, while being
able to be electrically conductive, only a few materials are good can-
didates [4]. In general, metallic BPPs are commonly produced through
methods such as stamping, hydroforming, and milling [31]. Nonethe-
less, these processes further limit the range of materials that can be
effectively used, including titanium, due to its limited ductility at room
temperature [32]. This limitation affects the accurate production of BPP
with flow flied channels in the range of hundreds of microns. As
mentioned before, there are only a few studies available in the literature
regarding the additive manufacturing of BPPs, and none of them spe-
cifically explore titanium.

Fig. 5 shows the resulting Ti patterned surfaces produced by CSAM
that correspond to the flow field channels of a BPP. As previously
indicated, four different patterns were investigated in this study starting
from squared flow-fields of different dimensions (Fig. 5A-B), up to other
patterns composed of rows or cylinders (Fig. 5C-D).

Table 2

Mean particle size of the feedstock powders.
Powder Shape Mean particle size (um) d10 (um) d90 (um)
Ti-I Irregular 40.1 + 2.8 9.7 £ 0.8 89.5 £ 6.4
Ti-S Spherical 36.2 + 2.2 20.8 £3.1 56.4 + 4.4

Fig. 4. SEM micrographs of the powders.
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—ien o (C)
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Fig. 5. CSAM BPPs with different flow-field patterns. (A) big squares, (B) small squares, (C) rows, (D) cylinders.

The importance of the accurate manufacturing of the flow field
channels lies on the crucial role that the design of the flow-field plays in
optimizing the operation efficiency of the PEM electrolyzers. Particu-
larly, the BPPs not only act as a conductive and support component of
the PEM electrolyzers but they should distribute and maintain a uniform
flow throughout its surface. Achieving a uniform flow helps to reduce
the internal cell resistance and to prevent the risk of localized corrosion
[33]. For this reason, BPPs with several patterns and sizes were sprayed
in this work.

In addition to the flow-field design, achieving homogeneity in the 3D
printed pins is essential to maintain an optimal contact with the gas
diffusion layers, thereby minimizing the interfacial contact resistance
and ensuring a uniform pressure in the cell [34]. To assess the homo-
geneity of the Ti deposits by CSAM, the 3D topography and the profile
characteristics of the pins were evaluated using confocal microscopy.
Fig. 6 shows the flow-field dimensions exhibited by the 3D topography
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evaluation. Overall, the pins were uniformly distributed with similar
heights, regardless of the pattern. However, it was observed that, in all
cases, the pins tended to grow exhibiting a pyramid shape. This phe-
nomenon is a characteristic of the CSAM process, attributed to the ve-
locity profile of the particles during the deposition; the particles in the
core achieve greater velocity, promoting more deposition in the center
of the jet than in its periphery [35].

In the Figs. 7 and 8 the profiles of the Ti patterned coatings produced
with both powders (Ti-I and Ti-S) are shown with their corresponding
microstructures, using squared patterns of two distinct dimensions (3 x
3 mm and 1.5 x 1.5 mm, respectively).

In the case of the 3 x 3 mm pattern, the pin fins of both powders were
coated with an identical number of layers (Fig. 7) in order to study the
effect of the deposition efficiency of the powder in the final character-
istics of the deposit. As observed in Fig. 7, squared pin fins of big di-
mensions were obtained using this pattern. Despite being sprayed with

(B) T
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0.0 mm 08
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Fig. 6. 3D topography of different CSAM BPPs patterns. (A) Ti-S small squares, (B) Ti-I small squares, (C) Ti-I cylinders, (D) Ti-S rows.
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Fig. 7. Profiles and cross-sectional optical microscope (OM) surface images of the 3D big squared patterns of the CSAM BPPs.
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Fig. 8. Profiles and cross-sectional optical microscope (OM) surface images of the 3D small squared patterns of the CSAM BPPs compared to a commercial standard.

the same layers, powder Ti-S was shown to almost double the height of
powder Ti-I. This difference is attributed to their distinct morphologies;
as mentioned before, spherical powders are known to have a higher
deposition efficiency than irregular powders [30,36]. Therefore, under
the same parameters, the morphology of the powder directly influences
the total height of the Ti 3D coatings.

Fig. 8 exhibits the 3D profiles of the Ti coatings produced with a 1.5
x 1.5 mm pattern. In this case, number of deposition layer adjustments
were made to attain a height comparable to a commercial standard BPP.
The profiles of the 3D coatings (Fig. 8) revealed that the width and

height of the pin fins can be tailored with accuracy based on the di-
mensions of the inverse pattern cut in the mask.

In the same way, the cross-sectional microstructure of the squared
patterns of powders Ti-I and TI-S are also shown in Figs. 7-8. Overall, it
was observed that the width of all the samples was consistent with the
dimensions of the mesh. For the big squares (Fig. 8A-B), a mesh with
voids of 3 x 3 mm was used, leading to a width of the pins of 2.94 + 0.05
mm for Ti-I, and 2.34 + 0.10 mm for Ti-S. Furthermore, the small
squares (Fig. 8C-D) showed similar results; for the mesh with squared
voids of 1.5 x 1.5 mm, the pins showed a width of 1.26 + 0.05 mm (Ti-I)
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and 1.48 + 0.10 mm (Ti-S). This revealed that even though there was
some interference of the mesh with the particle deposition, the pins grew
with similar dimensions as the voids in the masks. Consistently with the
3D topography, the tendency of all powders to form pins with a pyramid
shape was also observed.

Moreover, the sprayed Ti deposits showed a higher superficial
roughness than the commercial BPP. This rough surface is very common
in CSAM deposits due to the impact of the particles. Hence, to ensure
adequate contact of the BPPs inside the electrolyzer cell, post-process
step to reduce the superficial roughness is recommended.

3.3. Microstructure, mechanical properties & adhesion

In addition to the dimensional characteristics of the BPPs, the eval-
uation of their microstructure is very important, as intrinsic defects like
cracks or pores may be present. To minimize these defects, the selected
spraying parameters need to be optimized. Although CS is a suitable
technology to process Ti, the literature reports challenges in obtaining
dense parts, with porosities reported to be as high as 20 % [37].

Table 3 shows the microstructural results for porosity, roughness,
microhardness, and adhesion strength of the Ti-S and Ti-I small squares.
In particular, the powder Ti-S presented a slightly higher porosity (6 + 1
%) compared to the irregular powder (4 + 1 %). These results are
consistent with the work of Wong et al. [30] in which the porosity of
several CS Ti coatings was evaluated based on powder morphology,
resulting in porosity values of 3 % and 5 % for irregular and spherical
powders, respectively. It is worth indicating that in all cases, a denser
microstructure is exhibited in the center of the pins than on the edges.
This may be attributed to the interference of the mesh with the in-flight
particles, as well as to a lack of tampering effect of subsequent particles
in these walls. This phenomenon has also been observed in other works
that studied the masked CSAM process [25,38]. For instance, Cormier
et al. [25] characterized Al and SS 316 L pyramidal fin arrays manu-
factured with masked CSAM. Their findings revealed that the Al fins
presented a porosity distribution in which the core resulted denser than
the exterior layers. However, the SS 316 L fins exhibited a homogeneous
porosity. The authors attributed this difference to the bonding charac-
teristics of both powders; the core Al particles were more prone to
compaction by the impact of the subsequent particles compared to SS
316L. In the same way, cold sprayed Ti coatings are well known to be
sensitive to this tampering effect, typically Ti deposits exhibit a porosity
distribution in the first layers tend to be denser compared to the external
layers [37].

As mentioned before, both powders presented a high superficial
roughness of Ra 17 + 2 pm and Rz 78 + 6 pm for Ti-I, and Ra 16 + 4 pm
and Rz 67 + 9 pm for Ti-S. These values could affect negatively the
conductivity needed in the cell due to a poor contact between the BPPs
and the GDL. For this reason, a post-process step is recommended to
ensure a close contact between all elements in the PEM electrolyzer
stack.

Another significant aspect when manufacturing BPPs with CSAM is
the adhesion of the patterned coatings to the substrate. An inadequate
adhesion of the 3D pattern can impede an efficient functionality of the
plates. The bonding strength between the sprayed powders and the
substrate was evaluated, revealing that both of them exhibited cohesive
failures at 59 + 2 MPa for Ti-I, and 45 + 5 MPa for Ti-S, indicating a
proper bonding strength between the coating and the substrate.

In general terms, CSAM is an efficient method capable of processing

Table 3
Microstructural characteristics & adhesion of the small squares pin fins.
Sample Porosity Roughness Microhardness (HV 5) Adhesion
(%) (Ra, Rz - pm) (MPa)
Ti-I 4+1 (17 £ 2,78 £ 6) 171 £ 17 50+2
Ti-S 6+1 (16 £ 4,67 £9) 193 + 23 45+5
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titanium in its solid state, making it possible to produce BPPs with
customized flow-fields within a few minutes and to overcome the
challenges of other traditional methods such as stamping or machining.
The masked technology allowed to customize the size and shape of the
flow fields by adjusting the quantity of layers sprayed and the patterns of
the mesh.

3.4. Electrochemical experiments

To ensure a long-term durability and efficient functioning of the
electrolyzer, a fundamental requisite for the BPPs is their inherent
resistance to corrosion. In particular, the anodic side of the plate is
subjected to an aggressive chemical acidic environment originating from
the electrochemical reactions responsible for the splitting of the water
molecules [4]. Only a limited number of materials have the character-
istics to effectively operate at such conditions. Laedre et al. [4] studied
the corrosion properties and ICR of non-coated materials at the condi-
tions experienced in a PEM water electrolyzer. These materials included
Mo, W, SS 316 L, SS 304 L, IN625, Nb, Ta, and Ti. This study revealed
that, among these materials, Nb, Ta, and Ti demonstrated an excellent
corrosion resistance. However, after prolonged polarizations their ICR
was significantly increased. Langemann et al. [39] designed a set of
experiments to determine candidate coating materials for SS 304 BPPs,
based on their resistance to corrosion under the pH conditions found in
an operating PEM water electrolyzer. It was found that under high po-
tentials the pH value dropped significantly in the anode side of the
electrolyzer. Under these conditions the authors proposed Au and TiN as
coatings solutions for corrosion resistance enhancement, however even
Au and TiN coated components revealed signs of corrosion after expo-
sition to 0.5 M H3SO4 solution. Conversely, Lettenmeier et al. [40]
coated SS BPPs with Ti by Vacuum Plasma Spraying (VPS) which was
subsequently top-coated with Pt by magnetron sputtering Physical
Vapor Deposition (PVD). The assessment of the Pt-coated BPPs in a
commercial PEM electrolyzer for 1000 h revealed that the duplex Pt-Ti
coatings fully protected the SS substrate, while achieving an excellent
cell durability.

In this work, the CSAM Ti BPPs were tested as a basis for determining
its resistance to corrosion without a top coating. A bulk Ti plate was also
tested for comparative reasons. For this, corrosion measurements were
performed with a three-electrode cell in the rage potential of —0.1 V to
1.8 V vs Ag/AgCl, which is the potential range that can be found in an
operating PEM electrolyzer cell. Fig. 9 shows the polarization curves
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Fig. 9. Polarization curves showing electrochemical stages (1) cathodic, (2)
active zone, (3) passivation processes.
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recorded, while Table 4 shows the corrosion resistance results E.orr and
Leorr-

The polarization curves were recorded in the range potential of —0.1
V to 1.8 V vs Ag/AgCl to study the stability of the oxide film formed in
the surface of the samples during the anodic corrosion. Of the three
different zones typically observed for the corrosion processes (1.
cathodic region, 2. active zone, and 3. passivation processes), the last
two represent the anodic behavior of the samples [13].

All the tested samples showed an active zone (zone 2), representing
the point at which the corrosion current reaches its maximum point
before starting the passivation processes. Samples Ti-S and the Ti Bulk
showed a subtle active peak, while the Ti-I exhibited a more prolonged
active zone to higher current densities. Following the active zone, an
oxide film began to form on the surface of all samples, inducing material
passivation. This protective film caused a drop in the corrosion current,
which remained stable until the potential reached 1.8 V. For some ma-
terials, during this passivation region (zone 3) the oxide film can break,
causing a steep rise in the corrosion current, generating pitting corrosion
[41]. None of the materials tested in this study exhibited this behavior,
hence their oxide films are stable enough within the operating potential
range of a PEM electrolyzer.

As for the corrosion potential Egq results, shown in Table 4, all
samples exhibited similar values; -614 + 9 mV for Ti-I, -665 + 14 mV for
Ti-S, and -640 + 17 mV for the Ti Bulk. Similar corrosion current den-
sities to those reported by Laedre et al. [4] for Ti plates were measured
for the new Ti CSAM surfaces. Despite of this, a clear difference in the
Leorr between the Ti CSAM powders and the Ti Bulk, with values of 250 +
14 pA/cm? for Ti-I, 220 + 10 pA/cm? for Ti-S, and 15 + 4 pA/cm? for the
Ti Bulk, was observed. As expected, the bulk exhibited a better resis-
tance to corrosion than the manufactured BPPs by CSAM. These values
are consistent with the results obtained by Laedre et al. [4] on the
potentiostatic tests; current densities of 170 pA/cm? for the Ti plates
were reported.

In terms of corrosion rate, the samples presented values of 2.2 x 1073
+1.2 x 10 *mm/yr, 1.9 x 103 + 8.8 x 10~°> mm/yr, and 1.3 x 10~*
+ 3.5 x 107° mm/yr, for samples Ti-I, Ti-S, and Ti Bulk, respectively.
This behavior may be attributed to intrinsic defects within the micro-
structure of the CSAM BPPs, particularly to the increased porosity of the
sprayed parts in comparison with the Bulk plate. Two mechanisms
responsible of this phenomenon are well documented in the literature,
Hussain et al. [41] investigated the role of porosity in the corrosion
behavior of CS Ti coatings, observing a decreased corrosion resistance of
the as-sprayed Ti Coatings with 11 % of interconnected porosity due to
the percolation of the electrolyte through the pores towards the sub-
strate, causing galvanic corrosion. Moreover, Ahmed et al. [42] studied
the effects of porosity in corrosion resistance of thermal sprayed coat-
ings. The results indicated that the non-interconnected porosity led to
crevice corrosion in the pores, which negatively impacted the corrosion
performance. Based on these findings, it is more likely that the second
phenomenon—crevice corrosion within non-interconnected pores—is
occurring in the Ti-I and Ti-S samples, since the reduced porosity
(approximately 50 % lower than that reported by Hussain et al.) in both
CSAM Ti samples likely prevents the percolation of the electrolyte to the
substrate.

To determine the stability of the Ti surfaces produced by CSAM, the
samples were immersed in a 0.5 M H,SO4 solution and subjected to a
constant potential of 2 V for 100 h. Fig. 10 shows the Eqrr and Ieo,y re-
sults before and after the post-mortem tests for all the samples. In

Table 4
Corrosion resistance results.

Sample Ecorr (mV) Teorr (pA/cmZ) Corrosion rate (mm/yr)

Ti-I —614+9 250 + 14 22x10%+1.2x107*
Ti-S —665 + 14 220 + 10 1.9x10°3+£88x107°
Ti Bulk —640 + 17 15+ 4 1.3x107%+£35x%x10°
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particular, the Ti-Bulk maintained its corrosion resistance values before
and after the post-mortem tests. However, the two cold-sprayed Ti
coatings showed higher E, and lower I., values, attributed to the
formation of a stable and thick superficial oxide layer which is clearly
affecting the electrochemical response of the surface and, which
appearance is consistent with the behavior of both materials shown in
the polarization curves in Fig. 9. This stable protective layer allows for
these Ti surfaces deposited by CSAM to perfectly withstand the aggres-
sive conditions of the electrolyzer cell without corroding however it
might have a detrimental effect in their final electrical conductivities.

3.5. Interfacial contact resistance

Since PEM water electrolyzers require an energy input, the electrical
resistance of the entire cell must be as low as possible for it to operate at
its maximum efficiency. It has been shown that the most critical point for
ohmic losses is at the point of contact between the BPP and the gas
diffusion layer [43]. Therefore, the electrical resistance of the plates
must be maintained as low as possible.

Fig. 11 shows the results of the interfacial contact resistance tests at
different compaction forces, based on the approach of Wang et al. [26].

The ICR values for all materials diminished as higher compaction
pressures were applied, which is attributed to an enhancement in the
superficial contact area. In general, the Ti Bulk demonstrated lower ICR
values compared to both Ti patterned surfaces produced with Ti-I and
Ti-S powders by CSAM. This shift is attributed to the inherent defects
present in the CSAM process, such as pores and inter-particle bound-
aries. On the other hand, no important differences in the ICR values were
found between the CS powders, which suggests that the electrical con-
ductivity is determined by the nature of the material and not the
morphology of the powder. Particularly, at a compaction pressure of 150
N/cm? ICR values of 42 + 19, 40 + 13, and 24 + 7 mQ-cm? were ob-
tained for Ti-I, Ti-S, and Ti Bulk, respectively; all of these values are
consistent with other studies found in the literature [44,45]. Although
these values are higher than what the DOE target sets (ICR < 10 mQ-cm?
at 140 N/cm?), CSAM is still a feasible process for the production of
BPPs.

Another key property of the BPPs is their ability to maintain their
electrically conductive properties at the same time as they maintain
their resistance to corrosion. Fig. 12 compares ICR values for all the
samples before and after the 100 h post-mortem tests.

In all cases, after the post-mortem tests, there was a notable increase
in the ICR, indicating that the oxide layer formed on the surface impeded
the conductivity of the specimens after 100 h, in agreement with the
results observed in the electrochemical tests. This effect was more
evident in the CSAM samples, in which the permeation of H,SO4 through
the superficial pores may have contributed to a more pronounced
corrosion, decreasing the electrical conductivity of the BPPs. In future
studies, strategies to address the decrease of the ICR value for CSAM
BPPs are encouraged, for example, the application of PVD coatings [15].

4. Conclusions

This study establishes an efficient methodology for the production of
Bipolar Plates using the Cold Spray Additive Manufacturing technology
with customized flow-fields within a few minutes, overcoming the
challenges of other traditional methods such as stamping or machining.
To summarize, the following key findings can be concluded:

e The masked CSAM process allowed to manufacture Ti BPPs with
customized flow-fields within a few minutes. The produced pin fins
that make of the flow-fields were homogeneous, presenting the same
shape and size: the mesh with voids of 3 x 3 mm lead to a width of
the pins of 2.94 + 0.05 mm for Ti-I, and 2.34 + 0.10 mm for Ti-S,
while the mesh with squared voids of 1.5 x 1.5 mm, resulted in
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pins with a width of 1.26 + 0.05 mm for Ti-I and 1.48 + 0.10 mm for
Ti-S.

e The CSAM Ti BPPs presented porosity valuesof 6 +1 % and 4 +1 %
for powders Ti-S and Ti-I, respectively. Both deposits exhibited a
high superficial roughness, hence a final post-processing step is
suggested to ensure a good contact of the BPP in the cell.

e The evaluation of the corrosion resistance of the CSAM Ti patterned
coatings showed that for both Ti-S and Ti-I powders a stable oxide

film at the typical operation potential (1.8 V vs Ag/AgCl) of a PEM
water electrolyzer was formed. No signs of pitting corrosion were
observed in the range of potentials under assessment confirming the
high stability and resistance of these Ti surfaces to acidic
environments.

At a compaction pressure of 150 N/cm? ICR values of 42 + 19, 40 +
13, and 24 + 7 were obtained for Ti-I, Ti-S, and Ti Bulk, respectively.
Furthermore, after the post-mortem tests, there was a notable in-
crease in the ICR, indicating that the oxide layer formed on the
surface impeded the conductivity of the specimens.

The morphology of the powder only has an influence on the depo-
sition efficiency. The resistance to corrosion and ICR properties are
dependent on the nature of the material. Therefore, using an irreg-
ular powder contributes to a cost-effective manufacturing of BPPs.
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