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Abstract

This paper develops a device capable of confirming the minimum coverage area on a thermistor by a thermal paste dispensed and cured
in the manufacturing process of Exhaust Gas Recirculation (EGR) temperature sensors to provide the required fixation in the presence of
mechanical shock conditions. Such a device leverages the thermistor’s self-heating effect and the thermal conductivity of the paste to
read the voltage drop from the sensor, which translates into paste coverage area. The methodology follows a synthesized procedure to
develop equipment and processes, considering an early phase for concept confirmation to demonstrate the feasibility of the device
development. In a later phase, the optimal parameters are calculated and set to the device for delivering the corresponding classification
of the sensors during the test. Once launched in production, the device demonstrates high effectiveness in screening out the sensors with
rejectable paste coverage area on the thermistor.
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1. Introduction

The electrical-mechanical devices manufactured by modern industry increasingly incorporate data collection through
sensors for decision-making [1], mainly in applications in which monitoring the current state of a system in terms of
temperature is crucial, using sensors in direct contact with the system environment [2]. An example of this is used in
vehicles with internal combustion engines and in their Exhaust Gas Recirculation (EGR) system [3], where temperature
sensors are used to provide the electronic control unit [4] with information, which are also known as EGR temperature
sensors [5]. The geometries of these EGR temperature sensors vary among different manufacturers. However, almost all of
them have in common to have a thin and long metal probe that houses the sensitive element of the sensor [6]. They also
have in common the use of a thermal paste or grease as a means of mechanical fixation and heat transfer between the probe
and the thermistor [7], as observed in Figure 1.

The problem faced by a well-known company is that given the thixotropic nature [8] of the thermal paste they use (C575)
and the difficulty of observing the inside of the probe once assembled the sensor, it is complex to ensure the amount and
position in which it is deposited. Given this fact, it becomes uncertain that the C575 is in contact with the thermistor,
covering it in a minimum area necessary to provide mechanical fixation in the presence of the shock and vibration test
profile required by the customer [9].

There are currently a few devices employed to confirm the level of C575 paste coverage on the thermistor, including the use
of a manually operated borescope [10] and with deep learning processing [11], the use of profilometer [12] and X-ray
inspection [13]. However, these measuring instruments have some dependence in one way or another on humans, either to
make a judgment or to operate them, not to mention the initial investment required in them.

To solve this problem, the company decided to develop an automatic device to confirm the coverage of the C575 paste on
the thermistor and to ensure its mechanical fixation. This device takes advantage of the susceptibility of the thermistor to a
physical effect known as self-heating, which occurs because the thermistor is basically a resistor that dissipates power in the
form of heat when an electric current at a specific voltage flows through it [14].

108


http://www.ijiset.com/

IJISET - International Journal of Innovative Science, Engineering & Technology, Vol. 10 Issue 04, April 2023
ISSN (Online) 2348 — 7968 | Impact Factor — 6.72
Www.ijiset.com

Other electrical devices in which the self-heating effect is applied are water flow sensors [15], conventional air flow sensors
[16] and seepage meters measuring slow groundwater inflows into water bodies, such as rivers and lakes [17].

Then, in combination with the thermal conductivity [18] of C575 paste and thermistor output voltage measurement [19],
self-heating was leveraged for the development and implementation of a device to confirm paste coverage over thermistors
in EGR temperature sensors; henceforth referred to as Paste Coverage Test Device (PCTD).

2. Materials and Methods

The PCTD development and implementation activities were carried out by following a synthesized procedure for the
development of equipment and mass production processes shown in Figure 2, which comprises different phases from
conceptualization to validation; each of the phases is discussed in the following sections.

2.1 Concept confirmation

As part of the company’s manufacturing process of the EGR temperature sensors, the C575 paste is automatically dispensed
right at the bottom of a metallic probe, in a confined "chamber" of difficult access and visibility using a stainless-steel
needle of 7.6 ¢cm in length. Later in the assembly process, a Negative Temperature Coefficient (NTC) thermistor [20] is
inserted into this chamber. The cross-section image of Figure 1 shows the thermistor covered by the C575 paste that is in
contact with the metal probe. Additionally, as result of the proposed concept test with EGR temperature sensors, it was
possible to confirm that when the supply voltage between the thermistor terminals exceeds the manufacturer's
recommendation, the self-heating effect is produced. Figure 3 shows an image from a thermographic camera in which a bare
thermistor is self-heated after applying an overvoltage of 18 volts. The output voltage behavior of EGR temperature sensors
with different C575 paste conditions when supplied with different voltages, appears in Figure 4.

Thermistor
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plastic sleeve

Paste
C575

Metallic:
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Figure 1. Temperature sensor.
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Figure 2. Synthesized procedure for the development of equipment and process.
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Figure 3. Thermistor self-heating after applying overvoltage.
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Figure 4. Behavior of voltage output measured in temperature sensors with different conditions of C575 coverage on thermistor

In the section enclosed in red corresponding to the 18 volts supply, it was possible to discern the most substantial difference
in behavior between sensors with different C575 paste coverage conditions. For those sensors with coverage according to
the product design (at least 2/3 thermistor), the rate of change in measured voltage with respect to time is less pronounced
compared to those without coverage; this rate of change will refer to as voltage drop across the thermistor or simply voltage
drop from now on. The less pronounced voltage drop in these sensors was attributed to the fact that the heat generated in the
thermistor is conducted by the C575 paste (which is in contact with the self-heated thermistor) from the inside to the outside
of the EGR temperature sensor (i.e., from the thermistor to the metal housing and then to the environment). Conversely, the
more pronounced voltage drop in the parts without C575 paste coverage is explained by the buildup of heat generated in the
thermistor due to its self-heating which has no means by which to be conducted to the outside. Table 1 summarizes this
paragraph and incorporates the effect of thermistor self-heating on the electrical resistance of the thermistor.

The concept test incorporated the supply of 18 volts in EGR temperature sensors. However, the thermistor manufacturer
warned that such voltage exceeded the maximum recommended power application (26 vs. 24 mW recommended) to avoid
entering “runaway mode” and could potentially damage the thermistor. For this reason, the supply voltage of the PCTD is
11 volts. With this, the applied electrical power is reduced to 10 mW, which significantly reduced the risk of damage to the
thermistor without compromising the self-heating necessary for the test at room temperature (25 °C). Figure 5 depicts the
maximum possible amount of self-heating under such initial temperature conditions based on the Steinhart-Hart equation
[21], which is 13.33°C. Considering these results, the potential to develop the PCTD for C575 paste coverage in the
thermistor of EGR temperature sensors is confirmed.
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2.2 Industrialization

This phase defines the indispensable elements for the suitability and acquisition of the hardware and software necessary to
implement the PCTD, comprising different steps such as test algorithm, test parameters, parameter estimation tool, and
production equipment design.

Test algorithm. The Final Function Test (FFT) production equipment was planned to incorporate the PCTD with the
proper conditioning to introduce it and the ability to automatically store voltage readings observed during the sensor test
time in an individual Excel file (one reading every 25 milliseconds). This provides information regarding heat generation
and conduction in the sensor. Figure 6 plots three sets of these voltage readings, referred to as voltage curves.

The potential of the PCTD lies in the design of an algorithm that classifies the EGR temperature sensors according to their
less or more pronounced voltage drop. It is achieved by taking voltage readings at different points of the curve (only two are
required); the PCTD algorithm incorporates these readings in steps 5 and 6, as shown in Figure 7.

Table 1: Effect of thermistor self-heating effect in electrical resistance and voltage drop

Condition of paste . Thermistor’s | Voltage drop
Heat buildup -
C575 coverage on . . electrical due to
: in thermistor . .
thermistor resistance thermistor
According to design Little High Low
No coverage Much Low High

Max thermistor self-heat vs. environment temperature supplying 11 voits

Max self heat at
25°C = 13.33°C

Figure 5. Curve of max self-heating in thermistor.
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Figure 6. Voltage curves of different paste C575 coverage conditions
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Test parameters. The developed parameters Tinit, Tfinal, and Vdelta_Max are implicit in the PCTD algorithm; in Figure 7
the step is referenced in parenthesis.

- Tinit. The instance of the timer measured in milliseconds at which the voltage reading 1 is taken (step 5).

- Tfinal. The instance of the timer measured in milliseconds at which the voltage reading 2 is taken (step 6).

- Vdelta_Max. The upper limit of voltage readings difference, hereafter referred to as Vdelta (step 9).

Parameter estimation tool. For the parameters Tinit and Tfinal, a tool was developed for their estimation from the voltage
curves of each test. Such a tool was designed in Excel software to make use of the Solver module, which allows obtaining
optimal solutions to complex problems by defining an optimization model [22]; from here on, the tool will be referred to as
Voltage Curve Analyzer or simply as Analyzer.

The Analyzer uses a solution algorithm and the definition of numerical constraints to estimate Tinit and Tfinal values that
produce the Vdelta values of known accepted EGR temperature sensors (with C575 paste coverage on thermistor according
to design) consistently lower than those of known rejected sensors (without C575 paste coverage on thermistor). In other
words, the goal is to maximize the difference between both types of sensors in the right direction: low Vdelta values for
accepted sensors and high values for rejected sensors.

The Solver window with the parameters of the optimization model that the user must enter as part of the Analyzer (depicted
in Figure 8) is briefly described next.

1. Objective function. It is selected in the window the direction of the optimization: minimizing, maximizing, or
equaling a value. In the case of the Analyzer, the cell containing the indicator function of Eq. (1) was defined as the
objective function, which represents the count of the times that the Vdelta value in the known rejected sensors are
greater than the known accepted ones; it was selected in the Solver window that the objective function was

maximized.
Z j[la’initf—lf’ﬁnali)<(Vinitj—Vfinai!j)
1=i=m
l=j=n (1)
Where:

o o Viniti and Vinitj represent the voltage readings at Tinit for the i-th known accepted sensor and the j-th
known rejected sensor, respectively.

o o Vfinali and Vfinalj represent the voltage readings at Tfinal for the i-th known accepted sensor and the j-
th known rejected sensor, respectively.
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2. Variables of the objective function. Although the parameters Tinit and Tfinal are not directly contained in the
objective function, they do determine the calculation of the Vdelta value of the sensors, whether they are accepted
or rejected. For this reason, these parameters were defined as the variables of the objective function, on which
Solver iterated in search of the maximum value of the objective function.

3. Constraints. In any optimization problem, the values of the variables of the objective function need to be bounded
in allowed ranges, which on many occasions have to do with the availability of resources or technological
limitations. The elements that limit the variables are called constraints; Solver requests two types.

a.  Numeric. This constraint imposes limits to the value that the variable can take, either higher, lower, or
integer. In the case of the Analyzer, individually and added together, the parameters Tinit and Tfinal must
not be greater than 5000 milliseconds due to the cycle time of the FFT production equipment needing to
be kept lower than this value. Also, both parameters are defined as integers (i.e., decimal values are not
allowed).

b. Non-negativity. This is the constraint used to represent the existence of resources, this is done by
restricting the solution to involve negative numbers.

4. Solution algorithm. The solution method that Solver uses to find the optimal solution is selected. In the case of the
Analyzer, the evolutionary method was defined, which is used to solve problems that do not have a linear solution.

Production equipment design. The last step in preparation for the implementation of the PCTD is to define in which of the
stations of the FFT production equipment shown in Figure 9 the necessary changes needed to be incorporated. Table 2 lists
the FFT equipment stations, their functions before and after the implementation of the PCTD; as can be seen from the table,
the Electrical continuity test carried out at station 2 was consolidated at station 1 together with the Electrical insulation test
in order to accommodate for the PCTD.

Salver Paramaters X
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|
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i4) :I;;::n;snw-q Evalutionary b Optians

Sohing Method

Sebect the GRG Nonknear engine far Sobver Problems that are 1mocth nonlinesr. Select the LP
gine os linear Solver Problems, and select the Evolutionary engine for Sobver
problems that are non.smooth.

Figure 8. Configurable parameters in Solver module.

Table 2: Functions of stations in FFT production equipment before and after implementing PCTD

Station Previous functions Function after PCTD
St.0 Product load/unload Product load/unload
St.l Electrical insulation test Electrical insulation and continuity test
St.2 Electrical continuity test PCTD
St.3 Laser coding of good parts Laser coding of good parts
St.4 Spare Spare
St.5 Spare Spare
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2.3 Development of parameters.

As part of this section, activities necessary for the estimation of the parameters and sensor classification limit were carried
out, once the PCTD was introduced in the FFT production equipment.

Estimation of Vinit and Vfinal. Twelve EGR temperature sensors were selected with varied coverage conditions,
confirmed by X-Ray inspection, as depicted in Figure 10. The product design engineer specified clear criteria for
acceptance and rejection of C575 paste coverage considering this inspection method, as shown in Table 3. These sensors
were tested on the FFT production equipment: three replicates, each of the four positions (nests) of the machine tooling; all
in random order. Figure 11 shows the order of the runs, which is the typical order followed when conducting a gage
repeatability and reproducibility (GR&R) study [23]. Subsequently, the process data that the FFT production machine
automatically saved to the server was downloaded and verified that there was no problem with data storage.

0] ]
Ele . .

Figure 9. Stations of FFT production equipment.
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Sensor 1. Sensor 2. Sensor 3. Sensor 4.
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Sensor 5. Sensor 6. Sensor 7. Sensor 8.

No coverage No coverage Between 2/3 and full  Between 2/3 and fullf
Sensor 9. Sensor 10, Sensor 11. Sensor 12.
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Figure 10. Coverage condition of C575 paste in EGR temperature sensors used in GR&R study.
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In addition to downloading the process data that was stored on the server, the voltage curves were also obtained and entered
in the Analyzer (a total of 144 curves). Then, the algorithm was run in Solver, which found an optimal solution in
approximately 40 seconds, estimating the Tinit and Tfinal parameter values in 1370 and 1480 milliseconds. These estimated
values effectively produced maximization of the objective function. In other words, in each of the opportunities (2211 in
total) for comparison of Vdelta values between the accepted and rejected sensors, the latter were always greater than the
former, and in none of the comparisons did this happen the other way around. In addition to this, the means for the three
groups of sensors that are summarized according to their status label in the Table of statistics in Figure 12 were observed to
be substantially different. This was confirmed by the two-sample T-test, which produced a P-value lower than 0.05,
typically used. Also, a clear separation between the three boxes representing the results of the three types of sensors
according to their status label was observed in the boxplot of Figure 13 which supports statement above.

Table 3: Acceptance and rejection criteria of C575 paste coverage in thermistors.

Condition of paste Label in Example of
C575 coverage on Criteria Reaction plan Analizer Sensors in
thermistor tool Figure 10.
No coverage Reject Dispose in scrap bin R_null 5,6
Between 0 and 1/3 Reject Segregate for Analysis R_partial 1,2
Between 1/3 and 2/3 Reject Segregate for Analysis R_partial 4
Between 2/3 and full Accept Keep processing A_par_tot 3,7
Full coverage Accept Keep processing A _par_tot 11,12
Replicate 1 Replicate 2 Replicate 3
Nest | 1 [ 23| a]l1]|2|3|al1|2]3]|a
1 1 2 3 4112|1110 9 2 5| 11| 4
2] 5 6 7 8 8 7 6 5 1 7 3|10
3] 9 11011 12]| 4 3 2 1 9 6 8 | 12
4 4 1 2 3 911211 10]| 4 2 5|11
- 5 8 5 6 7 5 8 7 6|10 1 7 3
é 6]l 12| 9 10| 11| 1 4 3 21121 9 6 8
71 3 4 1 2110 9 |12|11]11)| 4 2 5
8 7 8 5 6 6 5 8 7 310 1 7
9 11|12 9| 10| 2 1 4 3 8 |12 | 9 6
10 2 3 4 11110 9|12 5 (11| 4 2
11 6 7 8 5 7 6 5 8 7 3 |10( 1
12) 10 [ 11 | 12 | S 3 2 1 4 6 8 | 12| 9

Figure 11. Run order of EGR temperature sensors in GR&R study.

Results summary

Table of statistics Table of counts

R_null R_partial A_par_tot Condition Count
n 48 48 48 R-A>0 0
Mean 0.0729 0.0229 0.0121 R-A<=0 0
Std. Dev 0.02644 0.00448 0.00217 Sum of square 1]

t-TESt 64471E_1g _

Figure 12. Summary of results optimized by Solver.
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Estimation of Vdelta_Max. Once Vinit and Vfinal parameters were estimated, the next step was to estimate the
Vdelta_Max parameter based on the calculated Vdelta values. For this, the PCTD process data was collected from 3
production batches, equivalent to 3 thousand sensors. These sensors were inspected with X-rays in order to correlate the
numerical value with an image. Once tested in the PCTD, the data was analyzed using the frequency histogram shown in
Figure 14, which showed that the data did not seem to be normally distributed. Actually, the distribution of the Vdelta
values tended to form three almost perfectly defined groups: the first one from left to right resembled a Normal distribution
having as border values 0 to 0.015; the second had a more flattened shape going from 0.015 to 0.047; finally the third one
appeared to have a slightly more pointed shape, starting from 0.047 to just over 0.1. For group 1, normality of the data was
demonstrated in Figure 15.

Then, using the PCTD process data and the X-Ray inspection images from each sensor, a random sample from each of the
groups was taken to identify what level of C575 paste coverage they had. A correspondence of VVdelta values of group 1 and
the pieces with acceptance criteria was found; same finding with values of group 2 and the pieces with partial coverage and
“segregate for analysis” criteria; and with values of group 3 and null coverage; these criteria are shown in Table 3.

X-ray images of EGR temperature sensors with VVdelta values coming from each of the three groups are shown in Figure 16.
Based on the X-ray images of the three groups (especially those of groups 1 and 2), the value of the VVdelta_Max parameter
was estimated in 0.015, under which the EGR temperature sensors were judged during the Launch control period.

Results plots

Boxplot of Vdelta values by status label Boxplot of Vdelta values by overall status

Figure 13. Plots of results optmized by Solver.

Histogram of Vdelta values
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Figure 14. Histogram of Vdelta values from 3000 EGR temperature sensors.
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2.4 Validation plan.

The validation plan for the implementation of the PCTD in the FFT production equipment consisted of a GR&R study and a
process capability study (Cpk) [24], both are shown in Figure 17 and Figure 18, respectively.

In Figure 17, in the Gage Evaluation section, the %Study Var (or Percentage of variation) of the source called Total Gage
R&R (or Total Gage Repeatability and Reproducibility of the study) is shown which was less than 10%, this is the maximum
value that a GR&R study can obtain for the measurement system to be considered as acceptable. This study was carried out
with 12 EGR temperature sensors tested in the run order shown in Figure 11.

Also, Figure 18 shows the Cpk study of the first production batch, in which the Cpk value was greater than 1.33 which is the
lower limit for a process to be considered capable of producing parts within the technical specification [25].

Based on these studies, the implementation of the PCTD was considered validated and ready to test in mass production.
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Figure 15. Histogram and probability plot of VVdelta values from Group 1.
Figure 16. X-ray images sampled from all groups.
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Figure 17. GR&R study of VVdelta values.
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3. Results and discussion

In the Launch control period, EGR temperature sensors were produced and tested with the PCTD active in 10 production
lots (each with 1050 EGR temperature sensors). Then they were inspected by X-Ray, and the number of sensors accepted
and rejected by the PCTD appears in Table 4. Subsequently, both categories of sensors were X-ray inspected (treated
separately) and classified into one of the C575 paste coverage condition categories listed in Table 3; this information was
summarized and reported in Tables 5 and 6 for the rejected and accepted sensors, respectively.

From Table 5, which includes the breakdown of the C575 paste coverage conditions in the sensors rejected by the PCTD, in
a high percentage of them (66.6%), the rejection was correct; the condition included is No coverage. Also, according to the
acceptance criteria in Table 3, 28.98% of the rejected sensors belonged to the “Segregate for analysis” group; the conditions
included are coverage Between 0 and 1/3 thermistor and coverage Between 1/3 and 2/3 thermistor. And finally, 4.34% of
the sensors were incorrectly rejected (type 1 error) or over-segregated; the conditions included are coverage Between 2/3
and full thermistor and Full coverage.

Regarding Table 6, which breaks down the C575 paste coverage conditions in the sensors accepted by the PCTD, 0.42% of
the sensors exhibited a condition that implied segregation for analysis, and the PCTD did not detect it. It indicates that the
conditions included in these sensors are probably not rejectable. However, an exhaustive analysis must be carried out, and
later approval must be provided by the product design engineer for these conditions to be accepted. Also, none of the
accepted sensors were found with No coverage condition of C575 paste.

Process Capability Report of Vdelta

usL

Process Data X —— Cverall
- Within
0015 Overall Capabilty
Mean 000835902 Po .

0a2 P
0.00154362 -y | i
ithing  0.00144019

Figure 18. Cpk study of VVdelta values.

Table 4: Overall summary of accepted and rejected sensors by the PCTD.

Lot number Acggfl?g by Ref:egl‘fg by
JO1, 44326756 1046 4
102, 44326757 1031 19
JO3, 44320933 1050 0
104, 44319599 1025 2
JO5, 44319605 1043 7
306, 44314439 1041 9
JO7, 44330540 1048 2
108, 44330541 1049 1
J09, 44334931 1048 2
710, 44334934 1050 0
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Table 5: X-ray inspection results of rejected sensors by the PCTD, classified by C575 paste coverage condition.
Lot number No coverage Between 0 Between 1/3 Between 2/3 Full coverage
and 1/3 and 2/3 and full

JO01, 44326756 3 1 0 0 0
J02, 44326757 15 1 0 1 2
J03, 44320933 0 0 0 0 0
J04, 44319599 13 11 1 0 0
JO5, 44319605 7 0 0 0 0
J06, 44314439 5 2 2 0 0
JO7, 44330540 2 0 0 0 0
J08, 44330541 1 0 0 0 0
J09, 44334931 0 2 0 0 0
J10, 44334934 0 0 0 0 0

Table 6: X-ray inspection results of accepted sensors by the PCTD, classified by C575 paste coverage condition.

Lot number No coverage Between 0 Between 1/3 Between 2/3 Full coverage
and 1/3 and 2/3 and full
J01, 44326756 0 0 1 0 1045
J02, 44326757 0 0 0 0 1031
J03, 44320933 0 0 0 0 1050
J04, 44319599 0 4 11 6 1004
J05, 44319605 0 0 1 2 1040
J06, 44314439 0 17 8 2 1014
J07, 44330540 0 0 0 6 1042
J08, 44330541 0 0 0 0 1049
J09, 44334931 0 0 2 2 1044
J10, 44334934 0 0 0 0 1050

4. Conclusions

This paper presented the problem faced by a company in the manufacturing process of EGR sensors related to paste
coverage detection in such sensors. The approach proposed comprised the development and implementation of the PCTD,
an automatic device that confirms the coverage area of the C575 paste on the thermistor to ensure its mechanical fixation.
The PCTD takes advantage of the susceptibility of the thermistor to self-heating and the thermal conductivity of the C575
paste. Moreover, the PCTD was successfully implemented in the company’s mass production process of EGR temperature
sensors. During the Launch control trial, none was found with the No coverage condition, indicating a high effectiveness of
the PCTD to detect the sensors with rejectable conditions.
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