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The interconnect is one of the most important components in a solid oxide fuel cell
(SOFC), as it is structurally and electrically connected to the stacked unit cells. One of
the most important characteristics of an interconnect is that it must have a low area-
specific resistance (ASR) to improve its electrical conductivity. In this study, welded
ferritic stainless steel 430 (S5430) was fabricated by laser welding to analyse the ASR
at different working temperatures. Digital microscope (DM) and electrochemical
impedance (EIS) were used to study the structure of the process samples to investigate
the welded area and ASR. The ASR was measured using C-V analysis via a two-point
dual-probe technique at 400°C, 500°C, 600°C and 700°C. The results show that the ASR
is lower in the middle part of the welded area than at the start and end areas of the
welded parts. In addition, choosing the right range of laser speed played an important
role in lowering the ASR. Therefore, a lower ASR is important for the SS430 to become
an interconnect in SOFC.

1. Introduction

In an era of globalization, solid oxide fuel cells (SOFC) have become one of the promising

technologies for generating clean,

reusable, and renewable energy [1-5]. It is very well known that

the SOFC has become an alternative way that is very sustainable and efficient as high as 70% in
generating power compared to conventional power sources [6,7]. Figure 1 shows the efficiency of
different types of fuel cells that have been investigated in previous studies. The efficiency of SOFC
hinges on critical components, including the anode, cathode, electrolyte, and interconnect. The
interconnect holds particular significance as it unites individual cells to form a fuel cell stack.
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Previously, according to Tukimon et al., [8] and Cooper and Nigel [9] ceramic interconnects were
prevalent in high-temperature fuel cell applications (750°C-1000°C). However, their fragility over
prolonged operational periods raised concerns. It is reported by Yusof et al., [10], that the operating
temperature for low-temperature SOFC (LT-SOFC) is between 400°C and 600°C. The attention and
approach in lowering the SOFC operational temperature has allowed the usage of stainless-steel
interconnect as it can help to reduce material cost compared to the ceramic interconnect. As an
alternative, the fabrication of ferritic stainless steel 430 (SS430) proves promising for SOFC
interconnects due to its favorable attributes such as high electrical conductivity, low resistivity, ease
of fabrication, and cost-effectiveness. Consequently, this study employs a laser welding process to
explore the viability of SS430 as an interconnect material for SOFCs.

EFC: polymer electrolyle fuel cell (70°C)
PAFC: phosphoric acid fuel cel (200°C)
MCFC: malten carbonate fuel cell (B50°C)
SOFC: solid ouide fusl cell (BOJ*C)
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Fig. 1. Efficiency of SOFC with other fuel cell technologies [6]

Laser welding is an effective method for connecting or joining two or more materials. This
technique has been broadly applied in the manufacturing industry owing to its advantages, such as
extra production, automotive works, and the formation of a good quality weld with small heat-
affected zones has been mentioned by Kovacs [11]. Particularly, Jamaludin et al., [12] state that
industries that use laser welding are found to effectively produce critical components such as
batteries and fuel cells, leading to a huge increase in fabrication. Nevertheless, some problems need
to be resolved regarding the laser welding parameter in the application of SOFC interconnect.
Therefore, a good laser welding parameter needs to be investigated to improve the joining in SOFC
interconnect.

Morphology analysis of welded stainless steel is important for investigating the defects that exist
inside the welded area. Previous data produced by Chen et al., [13] indicate that a circular or stirring
effect on the laser changes the solidification rate on the welded area, resulting in improved
morphology and reduced deformation of the welded area. Figure 2 illustrates a typical instance of
welding defects that may arise post the joining procedure. The existence of these defects has
impacted the characteristics of the welded material. In the context of SOFC, defects like porosities
and incomplete penetration have the potential to result in gas and water leakage during operation,
adversely affecting the efficiency of SOFC performance. Consequently, there is a necessity to
investigate laser welding parameters for minimizing, and ideally eliminating, the occurrence of such
defects.
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Fig. 2. Types of defects after the laser welding process [8]

Other than the morphology, the analysis of the area-specific resistance (ASR) is important in the
process of design and evaluation of SOFC interconnect since it is related to the electrical resistivity
experienced by a unit area of the interconnect during operation. Besides, it acts as a performance
metric for fuel cells, allowing researchers to evaluate the efficiency of energy conversion. Next, ASR
measurements serve as a diagnostic tool, identifying issues or anomalies within the cell, and guiding
maintenance and optimization. Furthermore, ASR data is essential for material optimization,
providing insights into the impact of different materials on performance, aiding in electrode and
electrolyte characterization, and contributing to efficiency improvement through targeted
modifications. Therefore, the ASR measurements also play a role in quality control during
manufacturing, validate theoretical models, and advance fuel cell technology by uncovering
fundamental mechanisms for ongoing development and improvement.

In this study, the focus on investigating the structure and the ASR of the SOFC interconnect has
been conducted, specifically through fabricating the interconnect material by using laser welding.

2. Methodology

For the laser welding process, stainless steel grade 430 (55430) with a thickness of 0.1 mm is used
for the application of SOFC interconnect. The chemical configuration of the SS430 is shown in Table
1. The specimens were cut to 60mm x 60mm dimensions and then cleaned by using ethanol to make
sure there was no dirt or contamination on the surface of the base material. By stacking two thin
SS430, the laser welding process has been conducted based on Figure 3. The specification of the laser
welding machine can be obtained from previous studies [12,14,15]. The preliminary testing for the
laser welding process has been done and the parameter that has achieved joining the two stacks of
stainless steel with 0.1 mm thickness is shown in Table 2.

After the laser welding process, the analysis of the surface-welded area has been conducted
through the utilization of a Digital Microscope (DM). This microscopic examination allows for a
detailed inspection of the structural characteristics of the welded stainless steel in the SOFC
interconnects. The analysis captures high-resolution images, enabling a thorough investigation of the
weld quality and potential defects such as porosity and cracks. This analysis plays a crucial role in
understanding the influence of laser welding parameters on the surface properties of the welded
region. By scrutinizing the structural features, it becomes possible to optimize welding parameters
for improved resistivity of the stainless-steel interconnects in SOFC.

Table 1

Chemical configuration of SS430

Element C S| Mn P S Cr Fe
W1t% 1.97 0.46 0.59 0.09 0.05 15.87 80.99
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Fig. 3. The schematic drawing of the laser welding process

Table 2
Parameter of the laser welding process
Sample Laser power (%) Laser speed (mms™)
1 100.0 50.0
2 100.0 40.0
3 100.0 30.0

As for the ASR determination, Current Voltage (I-V) testing from an electrochemical impedance
(EIS) machine is then conducted. Using a two-point dual-probe technique which connected the EIS
machine with the direct current (DC) flow to the sample, the ASR is gathered at different working
temperatures after 30 minutes of the soaking phase. The specimen is cutintoa 1.3 cm x 0.3 cm and
then sandwiched in between the platinum mesh (Pt-mesh) that is connected to the dual probe
connector. The schematic of the experimental setup is shown in Figure 4.

As shown in Figure 4, the welded sample is sandwiched using a Pt-mesh to let the current flow in
the samples. The resistance is obtained from the gradient of the I-V graph which is from DC input
(100mA to 10mA). The value of ASR can be calculated through Eq. (1) which is:

ASR = %(%-A) (1)

where 1/p is the gradient of the graph from |-V analysis, whereas A is the active area of the sample.
In this case, the area of each sample is fixed. The ASR was determined at the operating temperatures
of 700°C, 600°C, 500°C and 400°C and analyzed with NOVA Autolab Software version 1.11 and
calculated using Eq. (1) following Ohm’s Law mentioned by Tan et al., [16].
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Fig. 4. Experimental setup for the determination of ASR

3. Results
3.1 Surface Welded Structure

During the laser welding process of two stacks of FSS, distinct heat patterns was observed.
Initially, as the heat gradually increased, it melted the structure of the FSS. At this stage, the joining
was not effectively connected. As the process continued, the heat reached stability at the middle
point of the welded area, allowing for the joining of the FSS. However, towards the end of the welded
area, the heat has already overheated toward the sample. This led to faster liquidation and
solidification of the samples, resulting in a well-joined structure with additional reinforcement.
Hence, the quality of the welded part is recognized in the middle part of the welded area.

The welded area of each sample has been shown in Table 3. This welded area joins two plates of
SS430 by using different laser welding parameters shown in Table 2. Three samples have been
fabricated using different laser speeds to observe the effect of laser speed on the welded structure.

From the laser welding processing, all samples showed no visible porosity or defect which
indicates the chosen parameter is acceptable in joining two stacks of SS430. The width of the welded
seams is approximately +1.0 mm. As we can see from Table 3, the texture of the surface welded area
at a welding speed of 50 mms™ is smoother compared to 40 and 30 mms™* welding speeds. A higher
welding speed usually makes the solidification, and cooling rates increase, potentially resulting in a
fine-grained and smoother surface welded area [17-19]. Meanwhile, a slower welding speed has
allowed the increase of heat input from the laser to the base material which leads to a rougher
surface texture. Also, the welded contrast at slower welding speed is darker in comparison with
higher welding speed. This shows that the heat input at a slower welding speed is higher than the
higher welding speed.
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Table 3

Surface structure using digital microscopy (DM) with 150X magnification

Sample The surface of the welded area Colour distribution on the welded area
Sample 1 (LP100 ' : ' '

LS50)

Sample 2 (LP100
LS40)

Sample 3 (LP100
LS30)

To obtain a more comprehensive understanding of the surface-welded structure, a colour
distribution map has been generated based on the Digital Microscope (DM) analysis. The colour
representation aids in visualizing the structural variations across the welded area. Notably, the blue
areas signify that the structure of the welded region aligns with the level of the base material, while
the transition from green and red indicates a reinforced structure in the welded area. Conversely, at
the blue zones overlapped with green or red zones, showing the presence of welding sag in those
areas as known as underfill [20-22]. The maximum depth of welding sag has also been generated
through the DM analysis, and the results are presented in Table 4.

Table 4 indicates a notable rise in the maximum sagging depth from Sample 1 to Sample 3. This
observation suggests a correlation between the increased welding speed and the amplified sagging
depth. Thus, a thorough examination of welding parameters is essential to gain insights into their
impact on the surface quality and, consequently, the performance of the welded components.
Therefore, the investigation of this parameter in laser welding is crucial for ensuring the achievement
of desired welded quality and identifying the operating parameters that enhance surface
characteristics.
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Table 4

Maximum sagging depth on the welded area
Sample Sagging depth (um)

1 29.12

2 35.32

3 42.57

3.2 Area-Specific Resistance

The area-specific resistance (ASR) in welded ferritic stainless steel is often influenced by various
factors such as changes in welded structure and potential contamination during the welding process.
Regarding the ASR, an examination was conducted at three distinct sections of the welded area,
namely the start, middle, and end. The ASR results for Sample 1, Sample 2, and Sample 3 have been
visually represented through bar graphs, as depicted in Figures 5, 6, and 7, respectively.
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Fig. 5. ASR Vs temperature for Sample 1
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From the plotted graph, it is evident that the trend remains consistent across all samples.
Nevertheless, in the case of Sample 1, there is an abnormal peak that is observed at the beginning of
the welded area for each temperature. The ASR demonstrates an increase with rising temperatures,
ranging from 0.29 Qcm? to 0.31 Qcm?. The rise in ASR indicates the existence of reinforcement at the
surface of the welded area during the welding process, causing a hindrance to the electron flow
within the welded region. Hence, the disturbance of the electron flow has reduced the efficiency of
electrical energy generation in SOFC systems.

As for Sample 2 and Sample 3, the range of ASR is almost the same which is approximately from
0.14 Qcm?to0 0.19 Qcm?. It is mentioned by Tan et al., [23] that the range of ASR for uncoated stainless
steel is between 0.124 Qcm? and 0.241 Qcm?. From these data, we can see that as the welding speed
is lowered, the value of ASR decreases. The acceptable ASR value for ferritic stainless-steel
interconnects in SOFC applications can vary based on specific system requirements and design
considerations. Therefore, getting a lower ASR value is desirable as it indicates lower resistivity with
better electrical conductivity and, consequently, improved performance of the SOFC system.

4. Conclusions

As for the conclusion, the effect of the welding speed that has affected the welded structure and
ASR has been studied. From this investigation, it is found that the laser welding parameter which is
laser power (100%) with laser speed (30 mms™?, 40 mms™, and 50 mms™) is suitable for joining two
thin ferritic stainless steel. As the welding speed increases, the surface welded area is smoother in
comparison with slower welding speed. Besides, the sample that has a higher welding speed also
gives the lowest welding sag compared to the other samples. The value of ASR needs to be as low as
possible to increase the effectiveness of the electron flow for generating electrical energy in the SOFC
system. It is recommended that the investigation of the parameter of laser welding needs to be
optimized to achieve a well-defined and ensure the desired welded quality and increase the
performance of the welded components.
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