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This paper presents a case study of Machine Learning (ML) prediction model for small data sets instead of destructive testing
of brazed contacts. The main problems noted in the study were data availability, data quality, an extremely low number of
NOK destructive test results and overall small data set. Recent researches are not very often focused on small data set ML
prediction models and even less often on its application in resistance brazing. This paper tends to bridge this gap. The case
study methodology consists of data collection, data preparation, correlation analysis, feature selection, model training,
hyperparameter optimization, and model evaluation. It is proven possible to train ML prediction model with small datasets
to predict numerical test outcomes if dataset quality is adequate. The practical use of this approach is reflected in the reduction
of test costs since destructive tests can be quite expensive, and ML prediction model is one time, relatively low investment.
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1. INTRODUCTION

When it comes to quality, product safety, and dependability, the automotive sector is among the most demanding of all
industries (Misokefalou et al., 2022). In unreliable or high-risk manufacturing processes, it is necessary to test each and every
component. If the production process is stable, repeatable and reproducible but it is linked to some special characteristic of
the product, statistical process control (SPC) might be applied (Kumpati et al., 2021). All the tests are non-value-adding;
hence they increase the production cost of the product. If tests are destructive, this means that a product is lost for this test,
thus increasing the costs even more. Some destructive tests are requested by a customer, some are necessary in order to have
a better insight in the process quality and/or adjust production parameters, and some destructive tests are linked to special
characteristics with a high potential risk (Siwiec and Pacana, 2021). Destructive testing requires trained staff, expensive
equipment, time and supplies, and of course, a product to be destroyed (Maev et al., 2021).

This study is focused on a real-life project of destructive test substitution with a ML prediction model, for brazing
process verification, in the plant of one of Tier 1 automotive suppliers. In this study, SPC is represented by destructive testing
of electric drive stators to verify the brazed contact quality between the copper coil and the phase ring. The analyzed product
is a three-phase electric drive stator, with copper coils resistance brazed on the phase rings (Figure 1). The specified test
utilizes a randomly selected stator from the manufacturing process to assess the parameters of the brazed contact and the
needed pull force to separate the contact. The stator is cut, and brazed contacts are separated. Some brazed contacts are used
to test the pull force, and some are grinded, polished and observed under the microscope (Figure 2). Under the microscope,
cross-section width and height are measured, and cracks and voids are looked for. These tests are utilized as a way of statistical
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process control and a method of production release. The market share of electric and hybrid cars is growing. Therefore, the
manufacturing of electric drives is becoming increasingly important (Husain et al., 2021). Electric drives may be rather
expensive. Therefore, destructive testing can incur a great deal of unnecessary expenses. Replacing destructive testing with
non-destructive alternatives might result in considerable cost savings. If the manufacturing process is stable, fewer
components should be examined. In the project implementation phase, the testing frequency needs to be high until there is
sufficient data to decide whether the process is reliable or not. In addition, an SPC destructive test cannot ensure that 100%
of the manufactured components meet the specifications. Also, in the test described in this study, a cross-section cut is
performed on the contact and observed under the microscope, which may easily be done in a defect-free region of a defective
contact, hence incorrectly classifying the defective product as a part with no defects. Having all these limitations of destructive
SPC testing in mind, a better solution is required.

1.1 Brazing process and destructive testing process verification description

Figure 1 depicts a three-phase electric drive stator with 24 copper coils that have been firmly soldered (resistance brazed) to
three-phase copper rings. Brazing is a category of hard soldering joining procedures in which filler material (solder) is heated
over 450°C (above the filler's melting point) (Sevryukov et al., 2015). There are four primary heating techniques for brazing:
torch or manual brazing, induction brazing, resistance brazing, and vacuum brazing (Weis et al., 2017). Resistance brazing
is seldom mentioned in contemporary scientific literature. Most of the research papers in the past few years have been focused
on advancements of brazing filler materials, brazing of dissimilar materials, and novel methods for utilization of existing
brazing technology (Ahn, 2021; Sevryukov et al., 2015; Weis et al., 2017). This paper focuses on Cu-Cu resistance brazing
with basic filler materials (Figure 1).

3 phase rings

4 Brazed contacts
Copper coils

Figure 1. Graphic presentation of the stator in question and brazed contacts on 3 phase rings (adapted from Chen et al.,
(2009))

The brazing head consists of 2 brazing probes, which can separately move along the Z axis. Copper wires are laid on a
phase ring that already contains brazing added material, and the current is passed through the probes. Due to resistance heating
and pressure, the added material melts, the wire flattens, and a secure connection is made between the wires and a phase ring,
as shown in Figure 2.

If the process parameters are not set up correctly, there is a risk of gas bubbles forming, which may lead to voids in the
brazed region; fractures may also arise; wire may be crushed or not squeezed sufficiently; and a great number of other flaws
may also occur. Problems of a similar kind may manifest themselves if the brazing region contains any contaminants. These
kinds of flaws have the potential to have a major impact on the brazed contact's thermal and electrical conductivity, as well
as on its lifetime and dependability (Wankerl et al., 2020).

Presently, destructive testing entails slicing off individual brazed contacts to examine them closely using a microscope
(Figure 3). The height and length of a wire's cross section are measured, and any flaws, such as pores or fractures, are
examined. In the last 3 years, in quality reports of the production plant in which the project was done, cracks and voids were
only detected in fewer than 1% of SPC test samples and in less than 0.000003% of all manufactured parts; hence this study
focuses on predicting wire width and height. Since the analyzed sample data showed that the process was extremely stable,
this choice was made since there was not enough data to educate the algorithm with.
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An additional test is being performed on the same tested unit to save the cost of the destroyed part, a pull-off test.
Different contact is rigged in a pull-off tester to determine the tearing force. Test results are documented manually in an Excel
sheet and stored as a PDF on SharePoint.
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Figure 2. Schematic representation of the brazing process with a microscopic view of a brazed area cross-section (adapted
from Mookam (2019))

| Contact height
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Contact width is measured

Figure 3. Microscopic view of a brazed area cross-section (created by authors)
1.2 Modern Non-Destructive Testing

In the recent past, there was a technological barrier limiting the use of some Non-Destructive Testing (NDT) solutions. In
some cases, NDT methods took a lot of time, which was not suitable for in-line testing (Machado et al., 2022). Some NDTs
require a high testing equipment investment, thus, are limited for the top-level suppliers. In the past, the automotive industry
did not prioritize the development of NDT solutions since they may hinder production (No6then, 2021). In today's
unpredictable economic situation, numerous modern NDT procedures are applicable in the automotive sector, establishing
new directions and trends with great reliability and efficiency (Ding et al., 2022; Machado et al., 2022, 2021). To avoid
unnecessary losses and testing costs (testing time, materials, equipment, manpower, etc.), various modern non-destructive
testing (NDT) methods have been studied. The most common non-destructive methods are (Madupu et al., 2017; Nothen,
2021): ultrasonic testing, magnetic particle testing, penetrant testing, thermography, eddy current testing, X-Ray/Computed
Tomography (CT), and Artificial intelligence (Al) — ML. Some of these methods are more suitable for the required application
than the others. Each of these methods has its advantages and disadvantages.

As a very effective and versatile technique, ultrasonic testing can pinpoint the precise position of defects and even reveal
slight differences in the material's structure, even on the smallest of components, though it might not be reliable for objects
smaller than 1.2mm and probe and the tested component must be separated by a coupling fluid or gel (Ding et al., 2022).
Ultrasonic transducers can withstand 150°C for a couple of seconds, and the brazing process usually occurs in an environment
above 500°C. Thus, some researchers (Vasilev et al., 2021) presented a novel contactless ultrasonic approach for working
with 3 mm steel sheets utilizing air as the coupling medium, while others (Lalithakumari and Pandian, 2020) utilized an Al
approach (such as Deep learning) to improve interpretation of the ultrasonic test results and increase test reliability. Ultrasonic
testing might not be the best approach because of the small size of brazed contacts and potential defects and a short time for
testing in line (2 seconds per joint).
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Another non-destructive method that is frequently used is magnetic particle testing (MPT). However, MPT proved
unsuitable for in-line testing of such tiny copper components with stringent cleaning requirements. MPT is a technique for
detecting fractures or flaws in ferromagnetic materials by adding the ferromagnetic powder to an item and generating a
magnetic field around it. Copper is diamagnetic (and in certain circumstances paramagnetic), and a stator is full of crevices
where the powder might dwell, hence preparation and cleaning would be required for the test to maintain a high degree of
cleanliness; therefore, this approach is not appropriate to the given study (Singh, 2020).

In penetrant non-destructive testing, the part must be cleaned and dried. It is necessary to apply the penetrant, remove
any surplus penetrant, and wait for the reaction to take place after some time has passed (Guirong et al., 2015). After this
process, the part should be visually inspected. The examination might also be done using a camera, but this method is time-
consuming, has the potential to contaminate the item, and, consequently, unable to identify cavities inside the brazed contact.
(Guirong et al., 2015). With this in mind, penetrant testing is not suitable for this application for mostly the same reasons as
MPT.

Thermography involves the use of a flash lamp for the purpose of stimulating the material being examined and an
infrared (IR) camera for the purpose of inspecting the materials for flaws (Kumar and Reddy, 2018). During the joining
process (soldering, welding, brazing, etc.), heat may be created using passive thermography, and a thermal camera is used to
identify any faults. It is a fast and reliable testing method, suitable for high temperature environments and large components.
Since the equipment for fast in-line testing can be relatively expensive, a brazing station could not fit thermography equipment
without significant modification and scanning on a different location requires line modification and customer approval, hence
this option wasn’t chosen (Kumar and Reddy, 2018; Siegel et al., 2020).

With the development of technology, eddy current non-destructive testing has emerged. It has been shown that eddy
current testing may efficiently find faults as minor as a few microns (cracks, voids, delamination, etc.) in a very prompt
manner (a couple of milliseconds test interval). Eddy current testing uses an excitation coil that induces a magnetic field and
receiver coils that pick up the signal of induced eddy current in the tested part (Machado et al., 2021). This testing technique
was considered a leading contender; nevertheless, for most of the same reasons that were given for thermography, it was not
selected as the final approach.

X-Ray and Computed Tomography (CT) can provide significant insight into the brazed area, detect defects of a couple
of microns in size, measure the size of the part or the defect, and also CT can provide a 3D measurement of the part and much
more (Galos et al., 2021; Hamade and Baydoun, 2019). CT and X-Ray scanners can produce high-quality test results, but
this method requires trained staff, expensive equipment, dedicated testing space, and a dedicated, specific computer, and it
usually takes a lot of time to analyze the results (Wankerl et al., 2020; Xiao et al., 2021). Equipment is very expensive, even
for laboratory use, but for in-line testing with space limitations, a fast-paced process, short testing time and high scanning
resolution requirements, the equipment price goes even higher. Due to the high material mix of the product and high material
density, this approach proved to be very challenging in real-life applications, as it was tested by researchers.

ML prediction models can be applied to predict the outcome of certain production processes. If the ML prediction model
is “fed” with the data from the production process (process parameters, i.c., pressure, temperature, voltage...) and destructive
test results (wire cross-section dimension, defect presence, pull force, etc.), various algorithms can be applied to form a
prediction for future production (Badora et al., 2021). Once an ML model is optimized for a certain process and model
training is completed with historical data (process data and destructive test result data), it can be successfully applied to
monitor the production process of the new parts and predict a hypothetical destructive test result (Kumar et al., 2022). ML
model, if well trained, could predict not only a class (OK or Not OK) but a specific value of the test result, such as wire width,
height, defect presence, etc. (Buongiorno et al., 2022). This approach can be used to minimize or, if possible, completely
substitute destructive testing. If destructive testing is by any means required, the ML prediction model could help choose the
parts which are most likely to be NOK ones (Not OK — nonconform part). The advantages of this method compared to
destructive testing are numerous. The ML prediction model can control 100% of produced parts. It is a one-time investment,
faster, reduces health and safety hazards, and a solution is transferable to different production plants with low to no additional
costs... Substitution of destructive testing of brazed contacts with ML leads to savings in terms of time and money, improves
product and process insight, reduces potential health and safety hazards, can be applied to test 100% of the parts, and a
solution is transferable to different production plants with low to none additional costs and much more.

1.3 Content of the study and Literature gaps
This study is focused on the development of a ML prediction model which is supposed to predict an outcome of a destructive
test using solely brazing process parameters without destruction of the part. The paper provides an explanation of quality

processes, focusing on SPC in a form of destructive and Non-Destructive test methods. An overview of modern NDT methods
has been given. A short explanation of the brazing process and destructive test in question is also provided. The main part of
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this case study consists of data collection, data preparation, ML method shortlisting, correlation analysis, feature selection,
model training, hyperparameter optimization, and model evaluation.

The limited amount of literature sources on topics such as Non-Destructive Testing of brazed contacts, ML prediction
of the result of the brazing process, and ML prediction model for small data sets served as the motivation for this research.
Available research is mostly focused on laser welding and big data ML prediction models with a considerable amount of
NOK test results (Breitenbach et al., 2021; Faragd et al., 2022; Hong et al., 2022; Rong et al., 2016; Shevchik et al., 2020;
Zhou et al., 2020). Laser welding is most often analyzed through optical backlash imaging, which is a completely different
approach of ML, based on visual input and image recognition (Shevchik et al., 2019). This study focuses on the small data
set of process parameters (voltage, resistance, temperature, etc.) with extremely low number of failed test results. Big data
and small data sets require completely different ML algorithms, and low amount of NOK test results makes model training
much more difficult (Badora et al., 2021; Ji et al., 2022; Zhang and Ling, 2018). This can also be considered as a gap in
literature since most of the research papers are focused on ML applications on Big Data sources where data sets can have a
50-50% ratio of OK and failed test results. (Kokol et al., 2022). When using small datasets in ML prediction models, it is
usually much more difficult to train the model and reach a satisfactory effectiveness level of the model compared to Big Data
analytics (Kokol et al., 2022). Overall, small datasets with a low number of NOK values are more challenging compared to
Big data analytics and require a different approach, different algorithms and a model training process (Kokol et al., 2022;
Sendek et al., 2022).

2. MATERIALS AND METHODS

This chapter, as shown in Figure 4, will present the following: the process of data collection and description, data restrictions,
data preparation and hyperparameter optimization, and feature selection. First, the collection of data (process parameters and
test results) was done. In the data preparation step, data was converted, filtered, translated, and formatted using the Knime
analytics platform. Once data was set, certain data restrictions and limitations were identified. Having data prepared and its
limitations known led to the step of finding proper ML methods (4 methods were shortlisted). Once the ML methods were
shortlisted, feature selection, model training and hyperparameter optimization were done for all 4 methods. Finally, the results
were analyzed, and models evaluated.
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Figure 4. Graphical representation of process of data collection and description; data restrictions; data preparation; and
hyperparameter optimization and feature selection (created by authors)

2.1 Data collection and description

The data considered as input in this study originate from the manufacturing process of e-drive stators. Two identical

automated brazing stations linked to a manufacturing execution system (MES) database give the input data. Measurements

such as the yield path of the left and right probe, average voltage, average current, brazing duration, the temperature of the
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left and right probe, and brazing status are recorded for each of the 24 coils that make up the stator. The pressing force of the
probe is not a real-time measurable value but rather a value that is predetermined. If this information was available, the
outcomes of predictions could be much more accurate. If any of the measurements lie beyond the lower or upper specification
limits, the produced part is of status “fail” and is not considered for further destructive testing during regular serial production.
In summary, the input dataset consists of measurement data of 134,535 unique serial numbers with status “pass” and 2,765
serial numbers with status “fail”.
The target data is obtained from test methods that record destructive macro analysis and pull test readings. Each protocol
contains the following test results:
 Soldering height in micrometers at 12 locations on the stator (two coils per long, medium, and short distance from
interconnector) for two sides each (left and right)
 Soldering width in micrometers at 12 locations on the stator (two coils per long, medium, and short distance from
interconnector) for two sides each (left and right)
 Pull test results in Newton on 6 locations
» Existence of cracks in the wires that are not filled with solder on 6 locations
» Wire indentation (only measured if present) at 6 locations
In total, the target dataset consists of 688 protocols with status “pass” and 10 protocols with status “fail” within a time
frame of 32 months. Data collection corresponds to step 1, shown in Figure 4.

2.2 Data preparation

Data preparation, model training and evaluation are performed in the KNIME Analytics Platform (Berthold et al., 2008,
2020). The destructive testing protocols had to be converted from PDF to Excel format using batch conversion in a PDF
editing program to make them machine-readable before loading them into KNIME, whereas the input data was directly
accessed from KNIME via a database connection. This also corresponds to step 2, shown in Figure 4.

Data cleaning steps included removing input and target columns with more than 10% missing data as well as columns
with low variance. After joining on the unique part identifier (the serial number), the resulting dataset consisted of 585 rows,
168 numerical input features (brazing parameters), and 30 numerical and 15 categorical target features (test results). Since
15 categorical features can be categorized only with OK and NOK status, and in more than 99% of the tests, all tested features
were OK, they were excluded from the prediction model.

From this combined dataset, a 70:30 train-test split was performed using stratified sampling based on the input brazing
station number.

2.3 Data restrictions

Since macro analysis and pull tests are destructive testing methods, the target dataset is small in comparison to the input
dataset and thus limits the range of possible ML algorithms to choose from without leading to overfitting. The target dataset
is also highly imbalanced, with only 1.4% of the parts failing the test. Therefore, the decision was made to formulate the ML
task not as a classification to predict the overall outcome of the destructive test but as a regression targeting the individual
measurements, which can then be interpreted in conjunction with the existing specification limits. For pull-off test results, it
was documented only if the part was OK (conform part) or NOK (Not OK- nonconform part). Test results do not contain
information about the force the part withstood, nor which force was sufficient to tear it. The information available teaches
the algorithm only if certain process parameters lead to an OK or NOK part on the pull-off test.

In addition, the manual nature of the test protocols complicated the ingestion process: The PDF file format required
additional transformation steps to make the protocols machine-readable; the non-standardized format meant that sometimes
fields were not consistently filled the same way, and lastly, the differing languages (input data: German, target data: Serbian)
and the alphabet made additional translation steps necessary. PDF conversion corresponds to step 3, shown in Figure 4.

The data-entering process also led to some considerable data quality challenges: The content of two columns was
switched for some test protocols, some entries had missing digits (e.g., “163” instead of “1163”), and errors in the primary
key entry “serial number” led to records which could not be matched to the input data. This led to some additional manual
data-cleaning efforts.

2.4 Overview of considered ML methods

There are very few research articles that concentrate on the application of ML to brazing processes in general, and there are
even fewer or none that specifically focus on resistance brazing. Having in mind that ML models applied to similar processes
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(i.e., laser welding) have proven to be an effective and efficient method of process verification, a review of different ML
methods was conducted in order to find suitable ones (Faragd et al., 2022; Rong et al., 2016; Shevchik et al., 2020)

Because both the input data (process parameters) and the output data (the results of the destructive test) were accessible
in the scenario that was presented, supervised learning algorithms were selected as the method of choice for further study.
The overview of ML methods corresponds to step 4, shown in Figure 4. Supervised learning involves data that has been
assessed and then modified with additional information to monitor the ML algorithm. It is just a matter of providing data in
sufficient quantities, which are already stored with the correct function value. In such a case, one speaks of "labeled (marked)
data sets" (Frochte, 2021). Furthermore, supervised learning is divided into two sections — classification and regression. In
classification, predefined categories or classes are assigned to each item (Jo, 2021). That means that in classification problems,
the output value of the target class is discrete. Regression estimates an output value based on multiple input factors (Jo, 2021).
In regression problems, the output is continuous. As the available labeled data set is small, the choice of the best ML method
for small data sets is considered as a further selection criterion. At the same time, one must consider various pitfalls in the
data sets. Essentially, training data is a composite of two components: signal + noise.

Considering the signal component as the main information in data and simultaneously the noise component as undefined,
highly volatile data, the overfitting and underfitting concepts can be easily understood (Jiang, 2021). In the case where a
model is too simple to catch all conditions of the signal, the trained model will give poor results. This case is called
underfitting (Jiang, 2021). On the other hand, a complex model will try to catch all of the noise in the given data and will
abstract the model from fitting all regularities from the signal. By using a complex model, the noise component can highly
influence and deflect the training outcome (Jiang, 2021). According to the project criteria and data availability, various
methods were analyzed and chosen.

Linear regression is a simple and effective machine-learning method. Furthermore, it can be well applied to small data
sets, and its results may be intuitively interpreted (Jiang, 2021). Generally, if at least approximately a correlation between
two characteristics in a population is suspected, linear regression calculation can be used to investigate and specify the
correlation. For this purpose, two characteristics of interest, X and Y, are tested on objects from the population (Hartung et
al., 2005). The 2n realizations x, ..., x, and y, ..., ¥, will be used to investigate the linear connection as presented in
Equation 1:

y=a+ Bx;+ e fori=1,...,n, Q)

where a is the absolute term, and B is the slope parameter of the linear relationship. As mentioned above, there are often
failures or misleading information in the data, described as noise. The parameter e,, ..., e, represents the noise in this
equation (Hartung et al., 2005). To determine the point estimates a and b for the parameters of o and B of a linear regression
problem, in such a way that by regression line shown in Equation 2:

y=a+bx. 2

The best possible estimate y for the expression of y of the characteristic Y, which has the expression x of the
characteristic X, is determined (Hartung et al., 2005). As criterion for the quality of the estimation, the sum of the deviation
squares is used as a measure, as shown in Equation 3:

R? =3 i —a—bx)? (3)

The estimators a and b for a and B must be determined in such a way that the sum of R? of the vertical squared deviations
of the measured values y from the provided values for x in the regression line y; — a — bx; becomes minimal. This method
is called method of least squares (Galos et al., 2021). Pseudocode for Linear Regression is shown in algorithm 1 as an
example.

Algorithm 1 Linear Regression pseudocode (Strehl and Littman, n.d.)
Inputs: a,
. Initialize x =[x1, ..., xn] and y = [y1, ..., yn] and number of observations n.
:Compute S, = YL x;and S, = X1, y;
- Initialize sum of product of x and y S,
. Initialize sum of square of X S,
:fori=1,2,3,...:ndo
Compute Sy, 8S Sy.y = ity X; * Y

oOUrWNPRO
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7. Compute Sy, @S Sy, = Xiti X % X;
i (n*Sxxy—Sx*Sy)
8. Compute fasf = ——==
[') B ﬂ (N*Sxsx—Sx*X)
9: Determine mean values meanX and meanY
10: Compute a as ¢ = meanX —  * meanY

In algorithm 1 x = [xi, ..., Xn] represent independent variable values, y = [y1, ..., yn] represent dependent variable
values; S, sum of all values for the observed independent variable x; S,, sum of all values for the observed dependent variable
y at the level of each observation i; S,., sum of all squared values for the observed independent variable x at the level of each
observation i; S,.,, sum of all product values for the observed independent variable x and dependent variable y at the level of
each observation i, o estimated intercept and B estimated slope.

Random Forest and Gradient Boosted Trees both belong to the tree-based models. Both methods combine the outputs
from individual decision trees. Based on the evaluation of neural networks, random forest, regression trees and support vector
machines, decision-tree-based algorithms show easier application in the training (Rodriguez-Galiano et al., 2015). The main
advantage of Gradient boosted trees is the method of boosting, which sequentially combines weak decision trees, the so called
weak learners, so that in the new decision tree, the errors of the previous ones are corrected. Avoiding the overfitting by
learning from simple data sets, as the weak learners are not capturing all complex dynamics in the data, is a further advantage.
Considering tabular data, in some cases, supervised learning methods, like Gradient Boosted Tree Regression, even
outperform the nowadays popular Deep Learning methods (Shwartz-Ziv and Armon, 2021). Algorithm 2 shows pseudocode
for Gradient boosted tree as an example.

Algorithm 2 Gradient boosted tree pseudocode (Qi et al., 2018)
1: Inputs: D = {(X3,y1), ..., (Xn,yn) 1, 6, y
2: Output: F(x) =M, Fi(x)
3: Initialize Fo(x)=arg mins XN, L(yi, §)
4: While (m<M)
5 di=-[oL (yi,F(xi))/ oF (xi)] F(Xi)=Fm-1(X)
6 9={(x, d)}, i=1,N
7 g(X) = FITREGRETREE(9, 0)
8 pm = arg min, 2L, L(yi, Fr-1(X) + pg(x))
9 Fin(X) = Fna(X)+ ypmg(X)
13: End while

In the Random Forest method, different decision trees are built and parallelly combined. In comparison to other ML
techniques, for the Random Forest, only two parameters are required to generate a model: the amount of regression trees and
the amount of evidential features (Jiang, 2021). Reducing the number of evidential features brings, as a result, a reduction in
the correlation among trees, which increases the model's accuracy (Rodriguez-Galiano et al., 2015). The pseudocode for the
Random Forest method is shown as an example in Algorithm 3.

Algorithm 3 Random Forest pseudocode (Guo et al., 2021)

1: To generate c classifiers:

2: Fori=ltocdo

3: Randomly sample the training data D with replacement to produce D,
4. Create a root node, N; containing D;

5: Call Build Tree (Ni)

6: End for

7: Build Tree (N):

8: If N contains instances of only one class then

9: Return

11: Else

12: Randomly select x% of the possible splitting features in N

13: Select the feature F with the highest information gain to split on

14: Create f child nodes of N, Ni N, where F has f possible values (Fu,...,Fy)
15: Fori=1to fdo

16: Set the contents of N; to D;, where Dj is all instances in N that match F;
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17: Call Build Tree (Ni)
18: End for
19: End If

Kernel Ridge Regression, also called Kernel Ridge Squares, was taken into consideration as a further ML model, as
only a small number of the destructive test results were available (Stulp and Sigaud, 2015) (Zhang and Ling, 2018). This
method uses the advantage of the kernel function, which projects the data set in a higher dimensional space by transforming
the features of a data set. The basic idea behind bringing the data set into a higher dimensional space by transforming the
original features is to reorganize the geometry of the original features to have more trivial geometry of the feature of the data
set (Jung, 2022). The two kernels considered are a linear kernel and a radial basis function kernel. Furthermore, Kernel Ridge
Regression is a non-linear regression form with an overfitting prevention regularization (Vu et al., 2015). In algorithm 4
pseudocode of Kernel Ridge Regression is shown.

Algorithm 4 Kernel Ridge Regression pseudocode (Liu et al., 2022)
0: Input: stored populations of the preceding time steps {P*, P2,..., P'}, Pk={vij*|
0:i=1,2,...N; =1,2,...d; k=1,2,.. .,t};
0: Output: initial population of the new time step P+1= (vi®*!, ..., VN®*1).;
1: for i=1,..., N do;
2. forj=1,2,...,ddo
3: generate a time series s = (vij!, vij?,...,vij) from the stored populations;
4: obtain training samples from s by using sliding window technique;
5: use training samples to train a KRR model;
6 set test instance X1 = (vijt9*L, ..., vijY);
7 predict the label value (vij**!) of the test instance; according to y' (K + alq) %« derived from (Liu et al., 2022)
8 repair vij*** if it is out of the boundary value according to [4];
9 end for
10: end for

2.5 Hyperparameter optimization and Feature selection

With a training set size of only 409 rows and 168 input features, there is an increased risk that a ML algorithm will find
patterns that are not valid for the general population (Jensen and Shen, 2008). Therefore, a Forward Feature Selection loop
was implemented to pre-select a set of input features for the training of the Linear Regression model; this corresponds to step
5, shown in Figure 4. For each target variable, the number of features was optimized by maximizing the evaluation metric
“Adjusted R-squared”, which penalizes the addition of irrelevant input variables to the model; this corresponds to step 5,
shown in Figure 4 (Devore, 2012).

Table 1. Overview of Hyperparameter Optimization Settings

Model

Optimization Method

Model
Parameter

Optimization
parameters

Random Forest Regression

Grid Search

nr_models

Start: 50
Stop: 200
Step size: 10

Random Forest Regression

Grid Search

max_depth

Start: 1
Stop: 31
Step size: 2

Gradient Boosted Tree Regression

Grid Search

max_depth

Start: 2
Stop: 10
Step size: 2

Gradient Boosted Tree Regression

Grid Search

learning_rate

Start: 0.1
Stop: 1.0
Step size: 0.1

Kernel Ridge Regression (Linear
Kernel)

Grid Search
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Model Optimization
Parameter parameters
Start: 0.1
Stop: 1.0
Max_iterations: 100
Warm up: 40
Gamma: 0.25
No_candiates: 25
Start: 0.00005
Stop: 0.1
Bayesian Optimization Max_iterations: 100
(TPE) gamma Warm up: 40
Gamma: 0.25
No_candiates: 25

Model Optimization Method

Bayesian Optimization

Kernel Ridge Regression (RBF Kernel) (TPE)

alpha

Kernel Ridge Regression (RBF Kernel)

Table 1 shows an overview of which hyperparameter optimization techniques have been applied for each ML algorithm.
These methods were implemented using the KNIME Parameter Optimization Loop in connection with 2-fold cross-
validation.

For model hyperparameter optimization and overall model evaluation, the coefficient of determination R? (“R-squared”)
was used. This coefficient expresses the proportion of the variance in the target variable, which is predictable from the input
variables and has been implemented in the form of the KNIME (Berthold et al., 2008) Numeric Scorer node.

3. RESULTS AND DISCUSSION

In this section, correlation analysis will be shown along with regression model results. Also, the general benefits of this
approach will be discussed.

3.1 Correlation Analysis

Correlation analysis was performed to measure the strength of the linear relationship between process parameters and
destructive test measurements. This corresponds to step 3, shown in Figure 4. It yielded some strong correlations between the
brazing parameters “yield path” and the macro analysis measurements of “height after soldering” and “solder width” for
identical coils on the stator. These findings confirm the production logic outlined in Section 1.

It was identified that, in general, macroanalysis failures are not visible outliers when considering macroanalysis
measurements but could be found in the center of the distribution, as Figure 5 shows. Additionally, in Figure 5 can be seen
that when the yield path increases, solder width also increases. Figure 6 shows the same behavior for pull test failures.
Additionally, in Figure 6, we can see that when the yield path increases, solder height decreases. Figure 7 differentiates
between the two twin brazing stations. The difference in distribution was present for almost all measurements and led to the
decision to use stratified sampling in the train-test split for model training. In Figure 7, it is possible to see that there are no
significant differences between the two stations, thus no additional steps are required.
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Red = Macro Analysis fail: Green = Macro Analysis pass: r = 0.72 Red = Pull Test fail: Green = Pull Test pass: r = -0.75
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Figure 5. Scatterplot of correlation between brazing Figure 6. Scatterplot of correlation between brazing
parameters and macroanalysis measurement. Red = Analysis parameters and macroanalysis measurement. Red = Pull test
failed, green = analysis pass. r = 0.72 failed, green = Pull test pass. r = -0.75
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Figure 7. Scatterplot of correlation between brazing parameters and macroanalysis measurement. Blue = Brazing station 1,
orange = Brazing station 2. r = -0.82

3.2 Regression Model results

In total, for 19 out of 30 numeric target variables, a model performance with an R? value of 0.5 or higher was achieved. Out
of those 19, Linear Regression performed the best for 11, Linear Kernel Ridge Regression for 4, Gradient Boosted Tree
Regression for 3, and Random Forest Regression for 1. A comparison of all model results per target can be seen in Table 2.

It can be seen from Table 2 that there is a significant difference between the prediction performance of the macroanalysis
measurements and the pull test results. None of the models were able to reliably predict the force under which the wire will
break when being pulled. It is also noteworthy that Kernel Ridge Regression was never the top-performing model in any of
the cases with an R? value above 0.5. This subsection corresponds to step 6, shown in Figure 4, model evaluation.
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Table 2. Model evaluation results: Gradient Boosted Regression (GB), Kernel Ridge Regression (KRR) Linear Regression
(LR), Random Forest Regression (RF), KRR with Radial Basis Function Kernel (KRR_RBF)

Target GB KRR LR RF KRRRBF Max Max model
R2 R2 R2 R2 R2 R2
medium_leml 9_left+wire height after soldering [um} 0.723 0.692 0.815 0.703 0.078 0.815 LR
long_leml 7_right+wire height after soldering [um] 0.789 0.722 0.792 0.652 0.401 0.792 LR
long_lem5_right+wire height after soldering [um} 0.747 0.696 0.761 0.604 0.075 0.761 LR
long_leml 7_left+wire height after soldering [pum] 0.675 0.669 0.698 0.732 0.379 0.732 RF
short_leml 8_left+wire height after soldering [um} 0.571 0.605 0.713 0.665 0.055 0.713 LR
short_lem] 8_right+wire height after soldering [um] 0.519 0.327 0.668 0.242 0.317  0.668 LR
long_lem5_left+wire height after soldering [umJ 0.618 0.524 0.668 0.575 0.085 0.668 LR
long_leml 7_right+solder width [um] 0.664 0.575 0.594 0.526 0.174  0.664 GB
medium_leml 9_left+solder width [um] 0.639 0.644 0.659 0.328 0.574  0.659 LR
long_lem5_right+ solder width [um} 0.629 0.605 0.655 0.585 0.513 0.655 LR
long_leml 7_left+solder width [um} 0.626 0.645 0.506 0.322 0.459  0.645 KRR

medium_'em 7_right+wire height after soldering [um} | 0.635 0.645 0.637 0.639 0.131 0.645 KRR
medium_leml 9_right+wire height after soldering [um} | 0.615 0.591 0.641 0.616 0.243 0.641 LR

long_lem5_left+solder width [um} 0.622 0.567 0.542 0.538 0.315 0.622 GB
short_lem6_left+wire height after soldering [umJ 0.569 0.416 0.611 0.600 -0.002 0.611 LR
short_'em] 8_left+solder width [um} 0.330 0.609 0.604 0.572 0.442  0.609 KRR
medium_lem 7_left+wire height after soldering [um} 0.574 0.489 0.607 0.568 0.261  0.607 LR
short_lem6_left+solder width [um} 0.568 0.500 0.434 0.237 0.026  0.568 GB
medium_lem 7_left+solder width [um} 0.532 0.559 0.469 0.303 0.472  0.559 KRR
short_lem6_right+wire height after soldering [um] 0.439 0.454 0.486 0.431 0.138  0.486 LR
medium_lem 7_right+solder width [um} 0.455 0.446 0.423 0.481 0371 0.481 RF

Figure 8 shows predicted vs. actual value line plots of wire height for the target with the highest R? (0.815), in this case,
predicted by the Linear regression method. Even though the small data set was analyzed, and process parameter data was
limited and lacked some crucial information (such as the pressure of the probe on contact), it was sufficient to reliably predict
the dimensions of the contact cross-section. Since the cutting room technician always cuts the same contacts for the standard
destructive test (contacts: 9, 10, 11, 21, 22 and 23) and the other contacts only on a specific demand. This means that there
was much more data for some contacts than others. This fact didn’t have a great influence on the prediction results.

LR Prediction of medium_lem19_left+wire height after soldering [pm]
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Figure 8. Predicted vs. Actual value line plots of wire height for the target with the highest R? (0.815)

Figure 9 shows that even for the worst-performing macroanalysis target model, the predicted values are not significantly
close to the specification limit. In Figure 10, it can be seen that the process is stable and well above the lower specification
limit of 700um (green line). From the practical point of view, even if the prediction results were not so precise, it would be
safe for this specific process to use the ML prediction model as a process monitoring method.
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Figure 9. Predicted vs. Actual value line plots of the worst macroanalysis wire width target (R? 0.426)

Figure 10 shows predicted vs. actual value line plots of the highest pull test result (R? 0.296). Pull test result data was
very limited. The test shows the force on which the wire broke or which force it withstood. Nevertheless, it was not
documented in the test results. The only information available in the test result about the pull test is if the part is OK or NOK.
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Figure 10. Predicted vs. Actual value line plots of the highest pull test result (R? 0.296)

Lacking this numerical value, it was very hard to predict the pull test result in a numerical term. Since the process is
stable, there were not that many variations and all predicted results were in the correct zone (zone of OK parts). It can therefore
be concluded that while pull test predictions are not reliable, and macroanalysis results can be predicted by the ML model.

3.3 Benefits of the ML prediction approach

The general idea was to train the model to predict wire width and height, the presence of cracks and voids, and the pull force
required to tear a contact. If all these ML predictions were possible, destructive tests could be aborted or minimized. This
would lead to significant savings in time, test cost, and reduction of health and safety risks; it would enable 100% testing
inline, and the tested part would be saved. In the current scenario of destructive tests, the stator needs to be produced, brought
to the laboratory, documented, then cut, ground, polished, and observed under the microscope; a report must be created, and
the sample part needs to be scrapped. On the other hand, the ML prediction model would be integrated into the production
line with no nonvalue-adding activity required to test the part. All results would be almost instantly stored in the plant’s
software system.
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Due to specified project and data limitations, the ML prediction model was not fully capable of substituting destructive
tests. Pull test results could not be predicted in a precise manner since data contained only information if the sample passed
the destructive test or not, but not the actual pull force value. The goal was to predict a numerical value, not a class (OK or
NOK). Cracks and voids could not be predicted since an extremely low number of these defects was represented in the dataset.
Wire width and height of the brazed contact cross-section were predicted in a satisfactory way.

With the results obtained during an experiment, some improvements could be done. Since statistical testing controls
only a fraction of the entire production, it is better to test the worst possible part than any random part. With limited prediction
capabilities, the ML algorithm could be used to separate/suggest critical parts which are to be submitted to destructive testing.
This is beneficial in two ways. Firstly, if ML predicts suspicious parts, it is much cheaper and more time efficient to test them
in the plant than to send them to the customer and receive a claim. Claim management might include sorting activities abroad,
recall of the parts, penalties for stopping the production line of the customer, decreased supplier rating, and for sure, a lot of
time of the local engineering team which is handling the claim. Secondly, if the worst part is submitted to the destructive test,
we could learn if the production process parameters need to be optimized. Additionally, when a complete electric motor is
assembled and tested on the EOL (end of line), defects of the brazing process on the stator might be uncovered. This means
that there is a possibility of destroying a good part for testing in the laboratory and then scraping another one on EOL.

Even with the limited capabilities, this prediction model could be something to benefit from in the production. As more
data is collected with time, the algorithm will be retrained, and it will increase in effectiveness. The solution is easily
transferable to multiple locations in the world with similar production processes with virtually no investment except data
mining and data wrangling on each specific site. Other destructive and NDT methods would require a relatively high
investment in testing equipment. With time, better ML methods may appear, providing better results than those obtained in
this experiment. It is highly important to set the course for future development. Having in mind that Al and ML can be very
beneficial if correct data of proper quality is provided, it is necessary to plan for the future. Production processes and test
results must be designed in such a way that will provide the right kind of data to Al in the near future.

4. CONCLUSIONS

In production of a relatively expensive product, destructive tests may incur high financial losses. Non-destructive testing
(NDT) methods offer a solution to this issue by reducing testing costs significantly. While state-of-the-art NDT technologies
can provide excellent testing results, not all methods are applicable to every use case. For this particular use case, the goal
was to develop a non-destructive testing solution with a 100% testing frequency in-line solution, a short ROI period, and high
transferability to other projects and locations. Some testing methods require a significant financial investment, such as CT
scanners, while others are not suitable for in-line testing due to fast-paced production, such as ultrasonic testing. Additionally,
some methods carry a risk of product contamination, such as magnetic particle or penetrant testing, while others require a
long implementation time and production station reconstruction, such as eddy current testing. Finally, some methods cannot
provide the measurement resolution necessary for the given application. In this use case, a ML prediction model was
determined to be the best fit for the project requirements.

It is proven possible to predict brazed contact width and height, which are typically correlated to the input features.
Macroanalysis tests could probably be replaced by ML prediction, given the distance from the specification limits. Pull force
could not be precisely predicted due to missing information about the process and destructive test results. Brazing probe
pressing force is critical information for this process, and it is a set value, not real-time measured. Destructive test results do
not contain information about the pull force value but only information if the test was OK or NOK.

Four different ML prediction models were used on a small dataset to predict the brazing process outcome and test
results. ML methods were shortlisted based on the given application, having in mind that the data set is very small and the
failed test reports are extremely rare. Methods applied in this case study were Linear Regression, Linear Kernel Ridge
Regression, Gradient Boosted Tree Regression, and Random Forest Regression. Out of 30 numerical values tested, 19 had
an R? value of 0.5 or higher. Out of those 19, Linear Regression performed the best for 11, Linear Kernel Ridge Regression
for 4, Gradient Boosted Tree Regression for 3, and Random Forest Regression for 1. Based on the results, Linear Regression
performed best with the given dataset.

To achieve satisfactory results, the input data must be sufficient (meaning it must include process-defining parameters
and contain enough values) of high quality and well formatted. The given data set contained 98% of OK test results and less
than 2% of failed test results. This ratio is very limiting and challenging. A better data ratio could probably lead to higher
prediction accuracy, leaving this as a topic for future research. If some of the process-defining value measurements are lacking
(such as probe pressing force), that is also reducing the success rate of the prediction model. The same limitations apply to
the missing values from the test reports (such as the pull force value). Small datasets are limiting but can lead to a successful
prediction model, but lack of process or test defining data/values renders success rate significantly.
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The limited literature available on topics such as Non-Destructive Testing of brazed contacts, ML prediction of brazing
process outcomes, and ML prediction models for small data sets served as the impetus for this research. However, most of
the available research is focused on laser welding and big data ML prediction models, with a considerable amount of NOK
(not-okay) test results. While laser welding is often analyzed through optical backlash imaging, which relies on visual input
and image recognition, ML algorithms for big data and small data sets require different approaches. Moreover, the low amount
of NOK test results in small datasets makes model training much more challenging. This gap in the literature highlights the
need for more research on ML applications for small datasets with low NOK values, which require different algorithms and
model training processes compared to big data analytics. Overall, such datasets are more challenging to work with and require
a different approach.

Future research can be developed in multiple directions. Primarily Al and ML prediction models for small datasets
should be researched. Various industrial processes could benefit from Al prediction models but are limited with small
datasets. Developing new algorithms or improving existing ones could be beneficial. Various NDT techniques for the
outcome prediction of resistance brazing processes (or welding in general) could be enhanced with Al, i.e., in terms of test
result interpretation for better test effectiveness and efficiency. One of the strategic points for future research would be
product, process, and test design for easy integration of Al prediction models. It is important to have in mind which data will
be necessary from newly designed products/processes/tests in a year or two when there is enough data to train ML prediction
models.
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