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ABSTRACT

Battery tab welding is critical for the optimal performance and long-term reliability of lithium-ion battery packs.
Inadequate weld quality can reduce battery efficiency, lower thermal performance, and introduce safety risks,
including the potential for thermal runaway. Poor welds also increase manufacturing costs related to scrap and
rework. As demand for advanced battery systems in electric vehicles, consumer electronics, and energy storage
continues to grow, there is an urgent need to improve the reliability and consistency of battery tab welding.
Traditional quality assurance methods, such as X-ray imaging, ultrasonic inspection, and destructive testing,
verify safety standards but are performed ex-situ and on a sampling basis, often testing only every hundredth
cell or pack. These approaches are time-consuming and cannot detect defective welds in real time. To address
these challenges, a custom platform that integrates a thermal camera into a laser welding setup was developed.
Thermal imaging records spatial and temporal temperature distributions, peak temperatures, and cooling rates
across the weld region. Key features are extracted from the thermal data using computer vision techniques,
enabling correlation of thermal behavior, including hotspot persistence, thermal gradients, and cooling dynamics,
with weld quality indicators such as porosity, lack of fusion, and overheating. Experimental results demonstrate
a weld success rate of 70%, with thermal features enabling clear differentiation between successful and failed
welds. These findings highlight the potential of in-situ monitoring for real-time process control in battery
manufacturing.

Keywords: Batteries, Laser welding, in-situ monitoring

1. INTRODUCTION

Battery tab welding is a critical process in lithium-ion battery manufacturing, directly influencing electrical
efficiency, thermal behavior, and mechanical integrity.! Variations in laser welding parameters such as power,
speed, and focal position can significantly affect melt pool dynamics, leading to defects including porosity, lack of
fusion, and burn-through. These defects increase electrical resistance, degrade mechanical performance, and, in
severe cases, introduce safety risks such as thermal runaway.? Ensuring consistent, high-quality welds is therefore
essential for reliable and cost-effective battery production.

Conventional quality assurance methods are primarily conducted ex-situ using techniques such as X-ray
imaging and ultrasonic testing®.# While effective for defect characterization, these approaches are typically
applied on a sampling basis and do not provide real-time feedback. As a result, defects may only be detected
after large production batches have already been completed, limiting process control and increasing scrap and
rework.
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To address these limitations, in-situ monitoring approaches have been explored to capture process signatures
during welding.® Optical imaging provides information on melt pool geometry and spatter, while thermal imaging
captures temperature evolution and cooling behavior®.” These signatures are directly linked to weld formation
mechanisms and offer the potential for real-time defect detection. However, many existing approaches focus on
geometric features or single-sensor measurements, with limited correlation to mechanical performance.

This work presents an in-situ thermal monitoring approach for battery tab welding by integrating a thermal
imaging system within a custom enclosure to capture spatial and temporal temperature distributions. Laser speed
is systematically varied to establish relationships between energy input, thermal response, and weld integrity.
Tensile shear testing validates the predictive capability of thermal features, demonstrating that in-situ thermal
data can distinguish between underscanned, optimal, and overscanned welding conditions. These results support
the development of a high-throughput cell to pack battery manufacturing framework with real-time cell/tab
weld quality monitoring. The contributions of this study are twofold: (1) demonstrating the feasibility of in-
situ thermal monitoring for battery tab welding, and (2) establishing a machine learning pipeline for real-time
weld quality classification based on thermal features. Data associated with this paper are available in a public
repository;® the specific data used in this study are labeled Dataset-1.

The rest of the paper is structured as follows: Section 2 describes the experimental setup, Section 3 presents
the results, and Section 4 concludes the paper.

2. METHODOLOGY
2.1 Test Setup

The driving motivation for this work is high-throughput battery manufacturing, with a focus on laser welding of
battery tabs. While the long-term vision includes integration into advanced battery pack architectures, such as
the Smart Pack for Advanced Research and Control (SPARC)? shown in Figure 1(a), the present study focuses
specifically on tab-level welding. Although the specimens used here are not full batteries, they are designed to
replicate key material and structural features relevant to battery cell/tab welding,.

The weld specimens consisted of a 0.15 x 8 x 100 mm strip of nickel-plated steel temporarily fixed using
high-temperature tape to a strip of stainless steel with nominal dimensions of 0.6 x 9.65 x 85 mm cut from
larger sheet stock. The material pairing was selected to approximate commercially relevant battery tab-to-case
configurations, with nickel tabs and stainless steel casings representative of cylindrical cells (e.g., Samsung 30Q).
The nickel strip was laser-welded to the stainless steel strip. One sample was placed in a jig consisting of a
steel block clamped to an aluminum breadboard plate with a threaded hole array. The specimen was clamped
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Figure 1: Test hardware setup, showing: (a) a custom housing for 18650 batteries with welded tabs; (b) the test
jig holding one weld specimen; and; (¢) a diagram of the weld pattern for all specimens.
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Figure 2: Custom cover equipped with a thermal camera, host computer, and welding equipment.

Table 1: Laser weld parameters.

Test | Spot Size Speed Power
1 150 pm | 45 mm/s | 300 W
2 150 pm | 45 mm/s | 300 W
3 150 pm | 60 mm/s | 300 W
4 150 pm | 60 mm/s | 300 W
5 150 pm | 75 mm/s | 300 W
6 150 pm | 75 mm/s | 300 W
7 150 pm | 90 mm/s | 300 W
8 150 pm | 90 mm/s | 300 W
9 150 pm | 105 mm/s | 300 W
10 150 pm | 105 mm/s | 300 W

between a custom 3D printed clamp made from glass-filled ABS and a steel spacer washer to maintain a fixed
gap between the specimen and the steel block as seen in Figure 1(b). The gap was introduced to mimic the
structure seen between a terminal and the current interruption device in an 18650 battery. This gap remains
constant throughout all tests. The jig assembly was mounted inside the build chamber of an Aconity MIDI laser
powder bed fusion system.

A custom cover for the printer (Figure 2) was designed and fabricated to house a thermal camera equipped
with a built-in 18° x 14° field-of-view lens; as discussed in Adhami et al.' The structural components were
manufactured using glass-filled ABS via 3D printing. The housing section also features a 240 mm diameter
fused silica optical window with a 1040 nm anti-reflective coating, allowing the build chamber to operate under
an argon atmosphere. For this experiment, the glass was removed to allow accurate temperature values to be
recorded. The cover features locking magnets that mate with the printer head, providing a safety interlock and
secure attachment during operation.

2.2 Laser Welding

Laser welding was performed with laser speed as an independent variable. The corresponding parameter values
are provided in Table 1. Power and spot size remained constant throughout all test runs. Two specimens were
welded at each power level. The build chamber was not filled with argon during any test run, and welding was
conducted under ambient atmospheric conditions.

Each specimen was welded with a circular pattern (dimensions shown in Figure 1(c)), and thermal footage
was captured during laser exposure. Each weld consisted of a single-pass circular scan with a diameter of 5 mm
to accommodate the strip size. A circular pattern was selected to avoid stress concentrations seen in shapes
with angled vertices. After each test run, the specimen was removed and replaced. Alignment of the specimen
was performed manually using an onboard guide laser. Results recorded during this procedure included thermal
imaging data and binary success verification via visual inspection and a shim to confirm weld contact.
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Figure 3: Testing configuration, showing: (a) the MTS Exceed E43 tensile tester in use; and; (b) all test
specimens.

Table 2: Summary of weld joint outcomes. Failure mode is reported as “weld”, “nickel strip”, “both”, or “n/a”
if the weld was unsuccessful.

Test | Failure location
nickel strip
nickel strip
n/a
nickel strip
nickel strip
weld
nickel strip
nickel strip
n/a
both
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2.3 Tensile Test

Tensile testing of the specimens was performed using an MTS Exceed E43 electromechanical universal test system
(Figure 3(a)). Specimens that passed preliminary inspection after welding were then placed in the tester with the
nickel strip clamped in the upper jaw and the stainless steel strip in the lower jaw. The load was applied parallel
to the weld plane. Parameters for the tensile test were a cross-head speed of 0.0762 mm/s (0.003 in/s) and a
data acquisition rate of 10.0 Hz. A 17.8 kN (4000 lbf) preload was applied to the machine to eliminate errors
during testing. Specimens were inserted at a consistent depth within the jaws to ensure repeatable alignment and
minimize bending. Data collected during this procedure included peak load, failure mode, force-displacement
curves, and whether failure occurred in the nickel strip, at the weld interface, or both.

3. RESULTS

Table 2 summarizes the binary pass/fail outcomes, while Figure 3(b) presents representative weld morphologies.
The welds achieved a success rate of 70% in weld performance after the welding process. All successful welds
exhibited failure in the nickel strip rather than at the weld interface, suggesting that the weld strength exceeded
the tensile strength of the base material. This behavior is indicative of a mechanically robust joint.

Thermal images were generated from cropped regions of interest to focus specifically on the weld zone. Frame
selection was performed using a systematic and objective method: for each weld, the frame corresponding to
the highest peak pixel intensity was identified and used for analysis. Selecting the maximum-intensity frame
ensures that the image represents the moment of greatest thermal input and melt pool development, providing
a consistent basis for comparison across specimens.
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Figure 4: Representative thermal images comparing unsuccessful and successful welds.
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Figure 5: Pearson correlation matrix used to find features that are independent from the others.

Welds that featured darker fusion rings with large heat tinting led to failed welds or failure at the weld
interface during tensile testing. Conversely, welds that featured relatively thin, discrete fusion rings tended to
have the nickel strip fail during tensile testing. This is supported by thermal footage (Figure 4), which shows
unsuccessful welds having larger heat signatures than the successful welds seen in (Figure 3(b)). Additionally,
heat persists longer for unsuccessful welds, while successful welds cool almost immediately.

After extracting the frames, a set of statistical features was computed over each entire frame. A correla-
tion matrix was then generated to identify the most independent features. Based on this analysis (Figure 5),
skewness, standard deviation, maximum value, and kurtosis were selected as the most independent features. Two-
dimensional logistic regression decision boundaries'' were then computed for each pair of features, as shown in
Figure 6.
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Figure 6: Boundary plots marking good and bad welds.

A source of weld failure beyond process parameters may be clamp compliance during tightening, which can
cause the nickel strip to bow inward. This deformation may reduce thermal contact with the stainless steel
substrate, limiting heat dissipation and resulting in the larger heat signatures observed in Figure 4. This effect
could be mitigated by using stiffer clamping fixtures.

4. CONCLUSION

This work demonstrates the feasibility of in-situ thermal monitoring for battery tab weld quality classification
using features extracted directly from thermal image data. Statistical features, such as skewness, standard
deviation, and kurtosis, effectively capture differences in melt pool behavior and heat distribution associated
with weld formation, enabling discrimination between successful and failed welds. Experimental results show a
weld success rate of 70%. Experimental results show that welds exhibiting smaller, rapidly dissipating thermal
signatures tend to produce stronger joints, while larger, persistent heat signatures are associated with defects
and weaker weld performance. Two-dimensional logistic regression decision boundaries further confirm that
these features provide meaningful class separation. These findings suggest that thermal imaging can serve as a
non-destructive, real-time monitoring tool capable of evaluating weld quality on a weld-by-weld basis. Future
work will expand the dataset, investigate feature importance and univariate models, and explore integration of
thermal-based classification into real-time process monitoring and control frameworks for improved consistency
and reliability in battery manufacturing.
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