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Abstract: For the high performance of a fuel cell where a bipolar plate (BP) is applied, rectan-
gular channel, microchannel width, micro-rib, enough channel quantity, adequate channel depth,
and innovative flow field design should be realized from a configuration standpoint. In this study,
a stainless-steel BP with a microchannel flow field is fabricated with a powder bed fusion (PBF) 3D
printer to improve fuel cell performance. A BP with a triple serpentine flow field, rectangular channel,
300 µm channel width, 300 µm rib, and 500 µm channel depth is designed. The print is completed
perfectly until the flow field. The bending phenomenon due to thermal deformation does not occur
in the BP fabricated by designing the thickness at 2 mm. Performance tests are conducted using
fabricated stainless-steel BPs. The current density value is 1.2052 A/cm2 at 0.6 V. This value is higher
by 52.8% than the BP with 940 µm channels (rectangle, 940 µm ribs, and 500 µm channel depth).
In addition, the value is higher by 24.9% than a graphite BP with 940 µm channels (rectangle, 940 µm
ribs, and 1000 µm channel depth). The current density values are measured at 0.6 V for 260 h.

Keywords: fuel cell; bipolar plate; channel; rib; powder bed fusion

1. Introduction

At 95 kW polymer electrolyte membrane fuel cell (PEMFC) stacks for cars, 440 single
cells are combined. Because a bipolar plate (BP), a stack component, is used in both the
anode and cathode in a single cell, a total of 880 BPs is used in the stack. The BP is a
crucial component since it occupies more than 60% of the stack weight, more than 50%
of the stack volume, and more than 25% of the stack cost [1–3]. The BP broadly plays
four roles in a single cell. First, the BP transfers the gases required for an electrochemical
reaction. The anode BP supplies hydrogen along the channel to transfer the hydrogen
to the membrane electrode assembly (MEA). While the cathode BP moves the supplied
oxygen along the channel, the water is produced by the reaction of oxygen with protons
in the hydrogen molecules passed through the MEA and discharged through the channel.
Second, the BP transfers electricity generated via the electrochemical reaction in a single
cell to the battery. Third, the BP removes the heat generated by the electrochemical reaction
from the coolant supply in the cooling channel. Fourth, the BP makes the MEA stay flat in
a single cell while structurally supporting the MEA in the single cell [4–7].

In the case of the PEMFC stack applied in cars, volume power density and mass
power density are essential specifications. Plans to improve these two values are either
to reduce the volume and weight of the stack or to increase the current density, which is
the performance of the single cell. Currently, the focus is more on the reduction in volume
and weight of the stack. The volume and weight of the stack are related to the volume and
weight of the BP. Therefore, the BP is manufactured by the stamping process of the thin
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metal plate. To apply the thin metal plate to the fuel cell, a welding process of two BPs and
a method where the surface is coated in the post-process are needed [8–10].

As the metal BP started to be applied in fuel cells, many studies were conducted on its
manufacturing process. Various manufacturing processes, including stamping [11], rubber
pad forming [12], hydroforming [13], CNC milling [14], roll forming [15], vacuum die cast-
ing [16], and semi-solid forging [17], were introduced as outcomes of the research. Among
these manufacturing processes, the most appropriate process for metal BP production is
stamping. However, the stamping process also has issues where forming limitations, such
as spring back, cannot be resolved. The shape of the cross-section of the channel having the
largest volume to the surface area that is contacted with the MEA is a rectangle. However,
with the stamping process, the channel cross-section shape of only a trapezoid or triangle
can be produced. If the pitch (rib + channel width) is wider, the channel’s cross-section
shape becomes trapezoid like a rectangle and can secure depth, but the number of channels
would be decreased. Conversely, if the pitch is made narrower, the cross-section shape of
the channel becomes close to a triangle and channel depth would be shallow, although
the channel number is increased [8,18]; that is, forming the limitations of the stamping
process is related to the performance limitation of the fuel cell. The flow field design of the
BP in a PEMFC is mainly divided into fin-type, series–parallel, and serpentine flow fields
according to the geometrical configuration. Research on flow-field structure has mainly
focused on graphite BPs [19] and/or stainless-steel BPs [20]. It is a well-known fact that
the difference in the structural types of BPs affects the transport and utilization efficiency
of reactants and water management, and they give a significant effect on the performance
of the PEMFC [21]. However, until now, the effect of a BP with a micro-rectangle channel
flow-field design using the 3D-printing method has not been reported.

The technology which enables BPs to have a channel shape, rib dimension, and ma-
terial without such a limitation is 3D printing. Metal three-dimensional (3D) printing
(or additive manufacturing) is an advanced manufacturing technology that builds 3D
products layer-by-layer using computer-aided design (CAD) data [22,23]. R.F. Housh-
older patented the first 3D-printing technology in 1979 with the USA patent office [24].
After 2014, improvements were made in 3D-printing resolution and material in various
fields such as automobiles, aerospace, construction, medicine, and biotechnology. Three-
dimensional-printing technology can manufacture complex geometries which could not be
produced with conventional manufacturing methods comprised of a single process and
can go for mass production. Since there is no limitation for design, it can manufacture
the shape that can maximize efficiency based on freedom design. Metal 3D printing has
been gaining continuously increasing industrial attention for the production of functional
components [25–29]. Gould et al. manufactured a titanium alloy BP by applying a 3D
printer of direct metal laser sintering (DMLS) in 2015 [30]. At that time, the size of the
channels and ribs of the BP produced by DMLS was about 1 mm, which was more sig-
nificant than the BP channel produced by stamping. The resulting BP did not show any
merit for the freedom design of the 3D printer. Trogadas et al. (2018) applied DMLS to
manufacture a lung-inspired fractal flow field of a BP and exhibited a 20% performance
increase compared to the serpentine flow field [31]. Until now, no study has been conducted
on the performance of the fuel cell by making a BP with a microchannel flow-field through
a metal 3D printer [32]. The reason is that rapid technological development of 3D printers
has been made in recent years, which has made microscale manufacturing possible. From
the continuous development of 3D printer technology, the manufacturing cost, quality,
and manufacturing range will improve over time.

This study introduced powder bed fusion (PBF) 3D-printing technology to manufac-
ture a BP with the microchannel flow field of the fuel cell. A BP with 300 µm rectangle
channels in a serpentine flow field was then designed. Stainless-steel 316L (SUS 316L)
powder was used in the PBF. A BP of the same size as a single cell was designed to conduct
a performance test. The three BPs of different thicknesses (1 mm, 2 mm, and 3 mm) were
fabricated to investigate bending by thermal deformation. The cross-section shapes and
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dimensions of the channels were measured using a digital microscope, and the 3D surface
view and surface roughness were measured using an optical surface roughness tester. Fuel
cell tests were performed on the single cell to determine the performance of the BP with
300 µm rectangle channels. Two types of BPs that with different flow-field areas, channel
dimensions, and rib dimensions were prepared to compare performance. The long-term
performance test for the BP with 300 µm rectangle channels was conducted while operating
the BP at a cell voltage of 0.6 V for 260 h, and current densities were measured.

The main contributions of this study are the following:

- A PBF-3D-printer-fabricated stainless-steel bipolar plate with 300 µm rectangular
channels and ribs is achieved.

- Fine channels and ribs helped in increasing the current density.
- The stainless-steel bipolar plate with 300 µm channels increased the current density

by 52.8% more than 940 µm channels.
- The stainless-steel bipolar plate with 300 µm channels increased the current density

by 24.9% more than the graphite BP with 940 µm channels.

The rest of the paper is organized as follows: in Section 2, the 3D design of a bipolar
plate with 300 µm rectangle channels is presented. In Section 3, we discuss the 3D-printing
method, analysis, and single-cell test. In Section 4, we present the bipolar plates with
300 µm rectangle channels printed through PBF and the cell performance.

2. Three-Dimensional Design of a Bipolar Plate with 300 µm Rectangle Channels

To manufacture a BP with a 3D printer, a 3D design for the shape must be made,
and then the design should be converted to a stereolithography (STL) file. Although a
BP can be freely produced with a 3D printer, it was designed as single-cell-sized for the
fuel cell performance test. Figure 1 shows the BP designed for manufacturing with a 3D
printer. The BP’s width and length were the same at 95.6 mm, and square-shaped BPs were
made. At the center of the BP, there was a three-channel serpentine flow field. Holes of
Ø2 mm were arranged at both sides of the flow field: one for the inflow of hydrogen or
air and another for the discharge of water generated through an electrochemical reaction.
There were eight holes (Ø7.3 mm) at the edges of the BP for fastening with bolts to join
a single cell with the BP. Figure 1b shows the cross-section shape of the BP. The channel
and rib were designed to have a rectangular cross-section shape with an exact width of
0.3 mm (W0.3, R0.3). Since the particle size of the powder of a metal 3D printer is limited,
deposition may not be performed properly if the rib is narrow. However, the rib height
(channel depth, D) can be freely set regardless of powder particle size. If the channel
becomes deeper, the BP also becomes thicker. Therefore, the channel depth was designed
to be 0.5 mm. The channels were densely arranged because the width was as narrow as
0.3 mm, as shown in Figure 1a. The width and length of the flow field were 50.0 mm and
44.7 mm, respectively, and the area was 2235 mm2. The total number of channels arranged
in the flow field with a length of 44.7 mm was 75. The channel area occupied 1131.8 mm2

of the flow field area, and the channel volume was 565.9 mm3.
When the plate shape, like the BP, is printed with a metal 3D printer, bending may

occur due to thermal deformation. Bending defects reduce the flatness of the BP, which
makes the BP flow field partially contact the MEA. This phenomenon can damage the MEA,
and the generated water cannot be discharged outside, thus deteriorating the fuel cell’s
performance. The base thickness (t) of the BP was set as an output parameter to search for
the thickness that would prevent bending. Therefore, three BPs were designed with a base
thickness of 0.5 mm, 1.5 mm, and 2.5 mm, respectively. The thickness of the first BP was
1 mm (D = 0.5 + t = 0.5), the second BP was 2 mm (D = 0.5 + t = 1.5), and the third BP was
3 mm (D = 0.5 + t = 2.5).
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width of 0.3 mm (W0.3), channel depth of 0.5 mm (D0.5), and rib of 0.3 mm (R0.3) (unit: mm). 
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osition (DED). PBF uses a powerful laser to precisely melt regions on the powder bed layer 
that are evenly spread using a recoating system. DED uses focused high-energy heat 
sources to fuse materials by melting as they are deposited. DED can differ from PBF as 
powders are often larger and require higher energy density. Furthermore, PBF offers 
higher precision compared with DED [26]. Therefore, a PBF device was used to fabricate 
the BP with a 0.3 mm channel. Figure 2 shows the schematic diagram of the process where 
the BP was built with a PBF 3D printer. The PBF 3D printer machine contained a 500 W 
fiber laser (DMP Flex 350 3D SYSTEMS, USA). The detailed processing parameters of the 
PBF 3D printer are shown in Table 1. Austenitic SUS 316L powder with an approximately 
sphere-like shape and an average diameter of 100 um was used. The chemical composition 
and thermophysical properties of SUS 316L are in Tables 2 and 3, respectively. Three types 
of SUS 316L BPs with different base thicknesses were printed under the printing condition 
mentioned in Table 1. 

 

Figure 1. Design of the BP for PBF 3D printing: (a) planal view; (b) cross-sectional view. Channel
width of 0.3 mm (W0.3), channel depth of 0.5 mm (D0.5), and rib of 0.3 mm (R0.3) (unit: mm).

3. Experiments
3.1. Manufacturing of Bipolar Plate with 300 µm Rectangle Channels by PBF 3D Printer

Metal 3D printers are broadly categorized into the PBF type and directed energy
deposition (DED). PBF uses a powerful laser to precisely melt regions on the powder bed
layer that are evenly spread using a recoating system. DED uses focused high-energy
heat sources to fuse materials by melting as they are deposited. DED can differ from PBF
as powders are often larger and require higher energy density. Furthermore, PBF offers
higher precision compared with DED [26]. Therefore, a PBF device was used to fabricate
the BP with a 0.3 mm channel. Figure 2 shows the schematic diagram of the process where
the BP was built with a PBF 3D printer. The PBF 3D printer machine contained a 500 W
fiber laser (DMP Flex 350 3D SYSTEMS, USA). The detailed processing parameters of the
PBF 3D printer are shown in Table 1. Austenitic SUS 316L powder with an approximately
sphere-like shape and an average diameter of 100 um was used. The chemical composition
and thermophysical properties of SUS 316L are in Tables 2 and 3, respectively. Three types
of SUS 316L BPs with different base thicknesses were printed under the printing condition
mentioned in Table 1.
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Table 1. Process parameters of PBF 3D printer.

Laser Power Scan Speed Jump Speed Minimum Feature Size

215 W 900 mm/s 15,000 mm/s 100 µm

Table 2. Chemical composition of SUS 316L powder (wt.%).

Cr Ni Mo Mn Si N P S C Fe

16.5–18.5 10.0–13.0 2.0–2.5 2.0 1.0 0.11 0.045 0.03 0.03 Bal.

Table 3. Thermophysical properties of SUS 316L powder.

Thermal Conductivity (at 20 ◦C) Thermal Expansion Coefficient Melting Range Density

15 W/mK 19 × 10−6 m/m ◦C 1370–1400 ◦C 8.0 g/cm3

3.2. Analysis of Channel Cross-Section

A digital microscope examined and magnified planar-view images in the BP channel
area. The channel was cut with a wire-cutting machine, magnified images of the channel
cross-sections were examined using a digital microscope, and then the width and depth
were measured. The channel’s 3D surface profile and surface roughness were measured
using an optical surface roughness tester. The surface morphology of the rib cross-section
was analyzed using scanning electron microscopy (SEM) to check the powder deposition
profile and pore distribution.

3.3. Single-Cell Test

A single cell was prepared to conduct a fuel cell performance test of SUS 316L BPs
manufactured by the PBF 3D printer and the fuel cell test system was prepared. Figure 3a
shows the components of the single cell and the single cell with its components assembled.
The single cell was composed of 2 aluminum end plates, 2 sets of gold-coated current col-
lector plates, 2 sets of 3D printed SUS 316L BPs, 2 silicone gaskets, 2 sheets of carbon cloth,
and 1 catalyst-coated membrane (CCM). The single-cell components were placed, and the
cell was assembled under a pressure of 10 kgf/cm2 as shown in Figure 3b. Two cartridge
heaters for heating and one thermocouple for measuring temperature were inserted into
the end plate of the single cell. The specifications of the MEA used for the performance
test are tabulated in Table 4. For the MEA, the CCM was combined with the gas diffusion
layer (GDL). The GDL is carbon cloth with a microporous layer (MPL) made of polyte-
trafluoroethylene (PTFE). Platinum loading for the anode and cathode was 0.12 mg/cm2

and 0.45 mg/cm2, respectively. The active electrode area was 25 cm2.

Table 4. MEA specification for single-cell test.

Membrane Catalyst Anode Catalyst
Loading

Cathode Catalyst
Loading

Gas Diffusion
Layer Active Area

Nafion 212 50 wt.% Pt on
Vulcan (carbon) 0.12 mg/cm2 0.45 mg/cm2 Carbon cloth with

MPL and PTFE 25 cm2

The operating condition for the single-cell test and photos of the connection status of
the testing equipment are presented in Table 5 and Figure 3c, respectively. Hydrogen was
used in the anode and air in the cathode as reactant gases. After setting the humidification
temperature at 75 ◦C, the humidified hydrogen was supplied at a flow rate of 300 ccm
and humidified air at 750 ccm. The stoichiometry of hydrogen and air was 1.5 and 3,
respectively. The temperature of the single cell was 75 ◦C, and the operating pressure was 1
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atm. A 100 W electronic load (Smart2 PEM, WonATech) was used to measure the single
cell’s performance (power, current density, etc.).
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system for performance test.

Table 5. Operating condition for the single cell.

Fuel Anode, Cathode
Flow Rate

H2,
Air Stoichiometry

Gas Humidified
Temperature Cell Temperature Operating

Pressure

H2, Air 300 ccm,
750 ccm 1.5, 3.0 75 ◦C 75 ◦C 1 atm

In this study, two types of BPs with a flow-field area of 2490 mm2 (50.0 mm × 49.8 mm)
were prepared to compare the performance of an SUS 316L BP with 0.3 mm channels.
Figure 4 shows two types of BPs for comparison. The graphite BP was prepared using
a CNC machine with a channel width of 0.94 mm, channel depth of 1.0 mm, and rib of
0.94 mm. The SUS 316L BP was prepared using a metal 3D printer with a channel width of
0.94 mm, channel depth of 0.5 mm, and rib of 0.94 mm. As shown in Figure 4a, the graphite
BP had the larger channel width and rib by more than 3 times and the larger channel depth
by 2 times, respectively, compared to the BP in Figure 1. While the SUS 316L in Figure 4b
had the larger channel width and rib width by more than 3 times that of the BP in Figure 1,
the channel depth was the same. The area of the channels in both BPs was 1338.2 mm2

and more comprehensive by 206.4 mm2 (18.2%) than the BP (1131.8 mm2) in Figure 1.
The configuration data of the BPs in Figure 4 are presented in Table 6.
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Figure 4. Two BPs for comparison: (a) Graphite (W0.94, R0.94, and D1.0) by CNC machine; (b) SUS
316L (W0.94, R0.94, and D0.5) by metal 3D printer.

Table 6. Configuration data of two bipolar plates for comparison.

BP Type Graphite by CNC Machine SUS 316L by Metal 3D
Printer

Shape of the channel Rectangle Rectangle
Width of the channel 0.94 mm 0.94 mm
Depth of the channel 1.0 mm 0.5 mm

Width of the rib 0.94 mm 0.94 mm
Cross-section area of a channel 0.94 mm2 0.47 mm2

Number of channels 27 ea 27 ea
Area of the flow field 2490 mm2 2490 mm2

Area of channels 1338.2 mm2 1338.2 mm2

Volume of channels 1338.2 mm3 669.1 mm3

For the continuous cycle operation of the single cell, the current was increased at
0.04 A/s, and the test was stopped when the voltage of the cell became 0.3 V, and then the
setting was performed again to make the next cycle start. After 39 cycles of operations,
the voltage and current values of the 40th cycle were adopted to draw the current–voltage
(i-V) curve. The operation was repeated twice under the same condition to obtain reliable
data while changing the MEA. The current density values were measured while operating
the cell voltage at 0.6 V for 260 h to determine the long-term performance.

4. Experimental Results
4.1. Bipolar Plates with 300 µm Rectangle Channels Printed by PBF
4.1.1. Flatness

The BPs having the shape in Figure 1 were manufactured under the operating condi-
tion of the PBF as in Table 1. BPs with different thicknesses were designed and printed to
investigate bending by thermal deformation. Figure 5 shows the samples’ photos fabricated
while varying the thickness of the BP at 1 mm (t = 0.5 mm), 2 mm (t = 1.5 mm), and 3 mm
(t = 2.5 mm). To observe bending, samples were placed on the flat floor toward the printing
direction to take shots. In the case of the sample having a thickness of 1 mm, bending
occurred and surfaces on both sides were lifted from the floor. The surfaces on both sides
were lifted from the floor by about 2.1 mm, while the center surface was lifted about 1.0 mm
from the floor. On the contrary, a sample with a thickness of 2 mm did not bend, and the
sample surfaces were almost in contact with the floor. The sample with a thickness of 3 mm
had to bend even if it was thicker by 1 mm than the sample with a thickness of 2 mm.
The surfaces on both sides were lifted about 0.8 mm, and the central surface, about 0.4 mm,
was lifted from the floor.
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Figure 7a. The region with a number indicates the position of shooting. From the magni-
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designed shape in the bent area. 

Figure 5. Bending confirmation of three types of PBF-built SUS 316L BPs.

4.1.2. Appearance

The time taken to print the BP with a thickness of 1 mm was 1 h 25 min; 2 mm, 3 h
10 min; and 3 mm, 4 h 55 min. Figure 6 shows the SUS 316L BPs manufactured through
PBF. It was confirmed that there was no defect on the surface, and the print was completed
perfectly until the flow field with 0.3 mm channels. Since the reproducibility of 3D printers
is remarkably high, the samples with the same quality can be repeatedly printed if printing
is executed under the same condition. The first produced BP, the second BP, and the third
BP were all printed perfectly.
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Figure 6. Planar view of PBF-built SUS 316L BPs with a thickness of 2 mm.

A digital microscope magnified the channel part to examine the printing condition
more closely. The images taken from the seven regions of the flow field are presented in
Figure 7a. The region with a number indicates the position of shooting. From the magnified
planar view, there were no blockages in the channels. The ribs were also deposited almost
straight. There was a concern that the ribs might not be deposited as straight in the region
where the channel was bent at 90◦. However, the ribs were built similarly to the designed
shape in the bent area.

Nonetheless, circular projections existed on the surface of some places, thus showing
a rough surface. After cutting the channel, the cross-section shapes magnified by the
digital microscope were measured, and the images are presented in Figure 7b. There was
no blockage in all the seven regions. Although the top and side of the ribs were rough,
the shape was rectangular, similarly as the design shape. However, some pores were found
in the ribs.
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were used in one layer. If large-sized particles were used, the gap was not narrowed down 
and remained as pores since the gap between particles was significant even after melting. 
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4.1.3. Width and Depth of Channels 

Figure 7. Digital microscope image of the flow field of the PBF-built SUS 316L BP: (a) Planar view;
(b) Cross-sectional view.

The surface morphologies were measured for a cross-section of the ribs after mounting
and polishing using SEM to observe the deposit shape of the ribs. The cross-sectional
images of the ribs measured using SEM are presented in Figure 8. The shape of the ribs
was rectangular with ragged edges. Micropores were found in various locations in the
ribs. However, no porosity was observed from the base region below the ribs. The PBF 3D
printer builds the BP from the base and then the ribs. The particle size of the powder was
less than 100 µm, and its size varied when the rib of 300 µm was built and 3–10 particles
were used in one layer. If large-sized particles were used, the gap was not narrowed down
and remained as pores since the gap between particles was significant even after melting.
Therefore, it might have been attributed to the irregular side surface of the ribs and was
porous. Such a phenomenon can be resolved if the particle size is more minute in the
powder and the sizes of the particles become uniform.
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4.1.3. Width and Depth of Channels

The channel width and depth of images taken by the digital microscope from the seven
regions were measured using the image analysis function as in Figure 7b. The channel
width and depth data for seven regions in the flow field are presented as graphs in Figure 9.
The width and depth of the channel did not differ much depending on the region. The chan-
nel’s width was about 0.29 mm smaller by about 0.01 mm than the design width (0.3 mm).
Because the side faces of the ribs were rough, the channel’s maximum and minimum width
differed by about 0.14 mm, which was why the error bar in the graph was expressed as
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significant. The depth of the channels (rib height) was 0.57–0.58 mm, which was higher
by about 0.07 mm than the design width (0.5 mm). The difference between the maximum
and the minimum channel depth was about 0.05 mm, which was smaller than the channel
width by about 3 times. The channel width became narrower by 0.01 mm than the design
width because powder spread to the side due to its weight during melting. The channel
depth was higher by 0.07 mm than the design because the top of the deposited rib was not
flat but was projected round.

Energies 2022, 15, x FOR PEER REVIEW 10 of 15 
 

 

The channel width and depth of images taken by the digital microscope from the 
seven regions were measured using the image analysis function as in Figure 7b. The chan-
nel width and depth data for seven regions in the flow field are presented as graphs in 
Figure 9. The width and depth of the channel did not differ much depending on the re-
gion. The channel’s width was about 0.29 mm smaller by about 0.01 mm than the design 
width (0.3 mm). Because the side faces of the ribs were rough, the channel’s maximum 
and minimum width differed by about 0.14 mm, which was why the error bar in the graph 
was expressed as significant. The depth of the channels (rib height) was 0.57–0.58 mm, 
which was higher by about 0.07 mm than the design width (0.5 mm). The difference be-
tween the maximum and the minimum channel depth was about 0.05 mm, which was 
smaller than the channel width by about 3 times. The channel width became narrower by 
0.01 mm than the design width because powder spread to the side due to its weight during 
melting. The channel depth was higher by 0.07 mm than the design because the top of the 
deposited rib was not flat but was projected round. 

 
Figure 9. Dimension of channel width and depth of PBF-built SUS 316L BP. 

4.1.4. Surface Roughness 
The 3D surface profile and surface roughness were measured at the channel of the 

SUS 316L BP produced through PBF using an optical surface roughness tester. As com-
parison data, the graphite BP produced by the CNC machine in Figure 4a was also meas-
ured. The 3D surface profile of the channel measured by the optical surface roughness 
tester is presented in Figure 10. The X-axis of the 3D surface profile was in the channel 
width direction, and the Y-axis was in the channel length direction. As confirmed from 
the 3D surface profile, the SUS 316L BP had higher surface peaks, more profound valleys 
than the graphite BP produced by the CNC machine, and more minute projections. The 
surface roughness values of the 3D surface profile were measured from the exact center 
to the X-axis and Y-axis, respectively. The arithmetic average roughness (Ra) values of the 
X-axis and Y-axis of the SUS 316L BP were 4.663 μm and 4.316 μm, respectively. While 
the Ra value of the X-axis and Y-axis of the graphite BP were 1.565 μm and 2.519 μm, 
respectively, the Ra value of the Y-axis was higher than that of the X-axis by 1.6 times. The 
channel of the graphite BP was machined toward the channel length (Y-axis) using an end 
mill with the same diameter as the channel width. The end mill impression was formed 
toward the channel length in the bottom. Therefore, the Ra value of the Y-axis was higher 
than that of the X-axis by 1.6 times. In the case of the SUS 316L BP, since the particle size 
of the powder was smaller than 100 μm and sizes were varied, at least more than three 
powders were melted at the channel bottom. Therefore, the roughness was similar regard-
less of the X-axis and Y-axis. The surface layer formed due to the melting of the powder 
and was rougher by 3 times in the channel width direction and by more than 1.7 times in 
the channel length direction than that in the surface produced by cutting with the end 

Figure 9. Dimension of channel width and depth of PBF-built SUS 316L BP.

4.1.4. Surface Roughness

The 3D surface profile and surface roughness were measured at the channel of the SUS
316L BP produced through PBF using an optical surface roughness tester. As comparison
data, the graphite BP produced by the CNC machine in Figure 4a was also measured.
The 3D surface profile of the channel measured by the optical surface roughness tester
is presented in Figure 10. The X-axis of the 3D surface profile was in the channel width
direction, and the Y-axis was in the channel length direction. As confirmed from the 3D
surface profile, the SUS 316L BP had higher surface peaks, more profound valleys than
the graphite BP produced by the CNC machine, and more minute projections. The surface
roughness values of the 3D surface profile were measured from the exact center to the
X-axis and Y-axis, respectively. The arithmetic average roughness (Ra) values of the X-axis
and Y-axis of the SUS 316L BP were 4.663 µm and 4.316 µm, respectively. While the Ra
value of the X-axis and Y-axis of the graphite BP were 1.565 µm and 2.519 µm, respectively,
the Ra value of the Y-axis was higher than that of the X-axis by 1.6 times. The channel of
the graphite BP was machined toward the channel length (Y-axis) using an end mill with
the same diameter as the channel width. The end mill impression was formed toward the
channel length in the bottom. Therefore, the Ra value of the Y-axis was higher than that of
the X-axis by 1.6 times. In the case of the SUS 316L BP, since the particle size of the powder
was smaller than 100 µm and sizes were varied, at least more than three powders were
melted at the channel bottom. Therefore, the roughness was similar regardless of the X-axis
and Y-axis. The surface layer formed due to the melting of the powder and was rougher by
3 times in the channel width direction and by more than 1.7 times in the channel length
direction than that in the surface produced by cutting with the end mill. Wang et al. [33]
reported that a GDL with higher roughness showed the greater contact angle with water,
which will facilitate water discharge in the GDL, which will improve the performance of
the PEMFC. Similar to this study, it is expected to favor the performance of the PEMFC
such as water transport behavior and PEMFC power density due to the high roughness of
the BP applied by the 3D-printing method.
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Figure 10. Three-dimensional surface profile at channel: (a) PBF-built SUS 316L BP(W0.29, R0.31,
and D0.57); (b) CNC-machined graphite BP (W0.94, R0.94, and D1.0).

4.2. Cell Performance
4.2.1. i-V Curve (Short-Term Performance)

The performance test was carried out by combining the BPs of 2 mm with the single
cell, and was also performed by combining a single cell and 1 mm- and 3mm-thick BPs with
occurring bending. In both the conditions, the reactant gases did not leak out, and there
was no deterioration in performance caused by the MEA damage, nor did the blockage of
water create discharge.

Figure 11 shows the i-V curve in the 40th cycle of three types of BPs (Figures 4 and 6).
The polarization curve of a PEM fuel cell can be divided into three major sections due to
activation loss, ohmic loss, and concentration loss. As can be seen in Figure 11, at a low
current densities range (i.e., i < 0.02 A/cm2), where the activation loss has a strong effect
on the initial rapid drop in the i-V polarization curves, the i-V polarization curves for fuel
cells with all BPs have different behaviors despite same operation conditions such as the
flow rate of fuel and air, cell temperature, pressure, and identical MEA use. The different
amount of activation loss may be due to the difference in diffusion concentration in the
fuel (hydrogen and oxygen) (i.e., reactant concentration effects) according to the different
patterns of the BPs. In the case of BPs made of the same SUS 316L material, the BP with
0.3 mm channel width and 0.3 mm ribs (W0.3, R0.3, and D0.5) showed the better i-V
polarization performance because of better convection and diffusion of fuels (hydrogen
and oxygen gases). In addition, a difference in i-v performance due to the activation loss
according to the BPs of SUS 316L and graphite having the same width of channel and rib
was clearly found, but its reasons according to the material difference of the BPs are not
clear. The linear slope shown in the i-V polarization curves is contributed by the ohmic loss
due to the charge transport of ions and electrons. The difference between the BPs of SUS
316L and graphite drives the difference in the transport of electrons from the anode to the
cathode due to different electrical conductivity, while that between the same SUS 316L BPs
is contributed by the concentration gradient originating from the different size of channels
and ribs. Concentration losses happened in the tail section of the i-V curve because of mass
transport. The concentration loss was strongly affected by mass transport in the fuel cell
electrodes and fuel cell flow structures. The different fuel cell flow structure due to different
BPs’ channel shape led to different convection of the reactant and product. Both SUS 316L
(W0.94, R0.94, and D0.5) and graphite (W0.94, R0.94, and D1.0) BPs with a similar channel
structure showed steep decline in the same current density range. The current density of
the SUS 316L BP (W0.29, R0.31, and D0.57) at 0.6 V was 1.2052 A/cm2. The current density
of the SUS 316L BP (W0.94, R0.94, and D0.5) and graphite BP (W0.94, R0.94, and D1.0) at
0.6 V were 0.7888 and 0.9652 A/cm2, respectively.
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the BP with channels and ribs of 0.3 mm, all the active areas took place in a uniform reac-
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Figure 12. Area where the channels contacted the MEA: (a) BP with W0.3, R0.3; (b) BP with W0.94, 
R0.94. 

4.2.2. Time–Current Density Curve (Long-Term Performance) 

Figure 11. i-V curve in the 40th cycle of three types of BPs: SUS 316L (W0.29, R0.31, and D0.57),
graphite (W0.94, R0.94, and D1.0), and SUS 316L (W0.94, R0.94, and D0.5).

The zone where the rib and MEA contacted was the dead zone where reaction did
not occur. As the rib width decreased, the area where the rib and MEA contacted became
reduced. The narrower the channel width, the higher the number of the channel was.
Conversely, the larger the rib width of the BP, the larger the dead zone, while as the
channel width increased, the channel quantity became smaller. Figure 12 shows the image
expressing the area where the channels contacted the MEA for the BP with 0.3 mm channel
width and 0.3 mm ribs and the BP with 0.94 mm channel width and 0.94 mm ribs. In the
case of the BP with channels and ribs of 0.3 mm, all the active areas took place in a uniform
reaction where hydrogen movement occurred. For the BP with channels and ribs of 0.94 mm,
an uneven reaction may have occurred in which hydrogen movement was concentrated in
a specific zone or did not occur in other zones. Therefore, the difference may have occurred
between two BPs.
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4.2.2. Time–Current Density Curve (Long-Term Performance)

The current density of the SUS 316L BP (W0.29 R0.31 D0.57) produced through PBF
was measured under 0.6 V for 260 h. The measuring equipment was not allowed to be
off for even a moment during the 260 h. Figure 13 is the graph depicting the current
density of 0.6 V for 260 h. The performance was gradually increased when the operation
started, followed by an abrupt drop, and then maintained till 260 h. The current den-
sity at the 40th cycle (10 h) was 1.2052 A/cm2 during the cycle operation in Figure 11.
In the operation with a fixed voltage at 0.6 V, the current density at 10 h elapsed was
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1.1676 A/cm2. The current density was at a maximum of 1.1732 A/cm2 at 13 h, then
reduced to 0.000561 A/cm2 per hour. The current density was 1.0852 A/cm2 at 170 h,
decreasing from 171 h by about 0.0464 A/cm2 before reaching 1.0388 A/cm2. The cur-
rent density was not decreased from 171 h to 260 h and remained between 1.0616 and
1.0296 A/cm2.
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5. Conclusions

This study manufactured an SUS 316L BP with 300 µm channels in a serpentine flow
field using a PBF 3D printer. A single-cell performance test was conducted for the fabricated
SUS 316L BPs, and some beneficial results could be drawn.

(1) The BP sample with a thickness of 1 mm had a bending phenomenon due to thermal
deformation, while the sample with a thickness of 2 mm was not bent. The BP
had a thickness of 1 mm. Although it had a low flatness due to bending, it was
flexible enough to undergo elastic deformation to be flat by a compressive force when
combined with a single cell. Therefore, all the regions in the flow field of the BP with
a thickness of 1 mm adhered to the MEA excellently, so the reactant gases were not
leaked out.

(2) The fabricated SUS 316L BP channel shape was rectangular as in the design. The chan-
nel width was about 0.29 mm smaller by about 0.01 mm than the design size (0.3 mm),
while the channel depth was 0.57 mm deeper by about 0.07 mm than the design depth
(0.5 mm). The average arithmetic roughness (Ra) value was 4.316 µm, which was
higher by 1.7 times than that of the CNC machined graphite BP. Porosities were almost
not found from the base of the ribs, but pores were observed from various regions of
the ribs, and its edges were ragged due to pores.

(3) The current density of the manufactured SUS 316L BP with 0.29 mm channels (rectan-
gle, 0.6 mm channel depth, and 0.3 mm ribs) was 1.2052 A/cm2 at 0.6 V. This value
was higher by 24.9% than that of the graphite BP with 0.94 mm channels (rectangle,
1.0 mm channel depth, and 0.94 mm ribs). In addition, the current density was higher
by 52.8% than that of the SUS 316L BP with 0.94 mm channels (rectangle, 0.5 mm
channel depth, and 0.94 mm ribs).

(4) The current density of the prepared SUS 316L BP with 0.29 mm channels reached
a maximum at 1.1732 A/cm2 at 13 h in the long-term operation and reduced by
0.000561 A/cm2 per hour till 170 h. From 171 h to 260 h, the current density value
was maintained at 1.0616 to 1.0296 A/cm2.

The BP proposed in this study was designed to have a flow field at only one side for
the performance test of the single cell. However, with a PBF 3D printer, a BP with flow
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fields at both sides and a coolant channel at the center of the cross-section can be made.
BPs manufactured by a 3D printer must be analyzed in various directions. Future studies
will consider the following: the effect of the rough surface of the rib on the interface contact
resistance between the GDL and BP; the effect of the rough surface on the reactant and
coolant delta P; the local current redistribution that results from changes in plate thickness;
and quantifying the porosity of the BP web.
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