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Abstract: With the development of the miniaturization of electronic systems, heat dissipation from
components has become an increasing challenge. Structural electronics represent a new approach to
this problem. Instead of downsizing all the elements, in this idea, electronic parts of the device are
embedded into its mechanical construction. This approach has many advantages, but the reliability of
systems constructed this way has not been extensively studied so far. In this work, circuits consisting
of silver ink conductive traces were printed on FDM polymer substrates, with or without 0 Q2 resistors,
and were subjected to accelerated aging testing. The samples were divided into three groups, and
for each of them, the mean time to failure was calculated, which for the best group was 8000 h. This
paper also presents the mechanism that led to the failure of these systems, as well as actions that will
lead to the elimination of this phenomenon.
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1. Introduction

Electronics development is currently focused not only on increasing efficiency and
performance but on inventing new forms and functionalities. Today, electronics do not
have to be bulky, rigid plates but often become flexible [1], soft [2,3], injectable [3], or
even invisible to human eyes [4]. Another unconventional form of electronics is structural
electronics (SE), in which electronic circuits and components are embedded in device
structures such as frames or housing [5]. Thanks to placing components in three dimensions,
this approach can reduce device size by increasing design complexity [6], as shown in
Figure 1. Miniaturization can reduce manufacturing cost, and this effect can be amplified
by adapting SE through a reduction the number of parts and manufacturing steps of a
given device. Overall, some structural electronics technologies in specific applications can
save up to 70% of mass and 50% of cost [7]. Structural electronics can be based on 3D
additive manufacturing, which allows customer-tailored and agile production. As a result,
industries such as aerospace, automotive, and production lines are interested in using SE.
Structural electronics, thanks to the elimination of tool cost, is a promising technology
for electronics prototyping and small scale production. However, for this technology to
become widespread, especially in the aforementioned sectors, it is necessary to determine
the reliability of devices constructed with it.

Reliability has always been an important aspect of electronics. One of the many advan-
tages of the first transistors was their much longer lifetime than that of tubes [8]. It is still
relevant now because electronic systems consist of hundreds or thousands of components
and the failure of any one of them can damage the entire device and generate maintenance
costs [9]. It has to be remembered that for electronics devices, even 95% of life cycle costs can
be generated after the design phase [10], which shows the importance of reliability-oriented
designing and the selection of suitable components. Currently, electronic modules are not
only widely available consumer electronics (like smartphones, TVs, computers, etc.), but
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an essential part of most modern devices. For example, in the automotive industry, since
the 2000s, electronics have accounted for ca. 25% of manufacturing costs [11]. Furthermore,
electronic sensors are often parts of safety systems, which has led to the zero-defect con-
cept [12]. These requirements have led to a situation in which reliability is not an auxiliary
property of a given device but one of the main requirements or even objectives of the design
stage of a given electronic system. To accurately estimate the reliability of a given system,
besides data on its components (such as mean time between failures), it is crucial to know
the mechanisms of failure of the entire device.

Figure 1. Example electronic device made traditionally (A) and as structured electronics (B).

The estimation of failure mechanisms that occur in structural electronics is a complex
issue. These devices combine two functions (mechanical and electronic), so it is necessary
to consider both groups. The typical failure, well known from engineering practice, in
electrical systems is a capacitor defect. It is true that these components are responsible for
30% of electronics failures, but the proportion of damages caused by printed circuit boards
(PCBs) is similar, and together with solder-based connections, they account for 39% of
failures in electronics [12]. In structural electronics, standard components such as resistors,
capacitors, microchips etc. are also used. The most significant difference between PCBs
and SE is observed for paths and joints (which may be uniform in SE systems), so this work
will focus on them.

One common PCB failure is delamination of the copper foil from polymer substrate. It
may be caused by moisture entering the PCB and expanding during the soldering process
or operation of electronics at high temperatures. Another reason for this phenomenon
may be design error and local exceeding of safe temperature caused by too-high current
density in the circuit. This leads to open-circuit situations and can increase the probability
of metal migration [13]. Another phenomenon that may cause damage to the electronic
system is the short circuit of neighbor traces by tin whiskers or dendrites. This problem is
caused by the natural tendency of tin-rich alloys to grow filamentary crystals (whiskers)
on the surface of the metal. Whiskers are electrically conductive and mechanically strong
and grow faster towards high voltage gradients. Other factors that affect the growth rate
of whiskers are humidity and operating temperature, solder composition, contamination,
etc. [14,15]. The next mechanism that can lead to the failure of an electric device is the
formation of voids. These are nonconductive cavities in the solder joints, and their size can
reach up to tens of percent of joint size. There are many reasons for their formation, such as
evaporation of gases from the solder paste flux, temperature shrinkage, or differences in
diffusion coefficients between solder and pads. The formation of voids leads to increased
resistance of the joint and an increase in the current density flowing through the solder.
This can cause local overheating and further damage to the circuit [15,16].
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On the one hand, many of the mechanisms outlined above are reduced or even elimi-
nated in structured electronics. On the other hand, different phenomena may be enhanced
and, furthermore, others not previously observed in conventional systems may occur in
new technology approaches (such as additive manufacturing). Because of the layered
structure of SE, delamination is a common phenomenon that occurs not only in additively
manufactured electronics but in many 3D printed parts [17]. In contrast, the occurrence of
whiskers and dendrites in SE should be limited for two reasons. First, in this technique,
the conductive material is based on silver, and second, each conductive trace is usually
covered with an insulating layer. Because soldering is replaced by bonding with electrically
conductive materials, void creation should also be significantly reduced. Nevertheless,
additively manufactured objects usually have lower reliability than traditionally manu-
factured ones [18]. This is caused by the technological thermal stresses or porosity of the
fabricated structures. To sum up, the reliability of structural electronics is difficult to predict,
so in this work, we investigated how it is comparable with currently available technological
solutions. Furthermore, the mechanisms that lead to the destruction of such devices during
their operation were investigated.

2. Materials and Methods

The experiment for the determination of SE reliability used in this work was acceler-
ated life testing. It was decided to operate the electrical systems at elevated temperatures
and calculate the mean time to failure using the formula [19]:

D-H-Af
MTTF = ———1

1)
where MTTF is mean time to failure, D is number of devices tested, H is test hours per

device, r is number of failures, and Af is acceleration factor from the Arrhenius equation,
described by:

Efa,(#, L)
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where E, = 0.7 eV is activation energy (eV) of the failure mode, k = 8.617 x 107> eV /K is
Boltzmann’s Constant, T is operating temperature (in K) (usually room temperature),
and T is test temperature (in K).

To simulate structural electrical systems, 2 types of samples were prepared. The first
had 6 single traces in 3 different widths, ended with measurement pads at each end. The
second type had an additional 0 () resistor in the middle of each path. Both types of
samples also had a single meandering trace to simulate more complex shapes. The samples
were prepared in a multistep process. First, glycol-modified polyethylene terephthalate
(PET-G) substrates were printed using a fused deposition modeling (FDM) printer from
Graften (Poland). The FDM process involves heating and extruding a thermoplastic mate-
rial through the printer head and applying it to the required area [20,21]. PET-G filament
was purchased from Nebula (Poland) and extruded according to the manufacturer’s rec-
ommendations, i.e., with a nozzle temperature of 230 °C and a table temperature of 50 °C.
The substrates contained cavities for traces and resistors (if needed). In the next step, FDM
printing was stopped, and 0 (2, 1218 SMD resistors from Vishay (Malvern, PA, USA) were
placed (this step was skipped in the samples without resistors). Then, cavities were par-
tially filled with PM-460A paste from Henkel (Diisseldorf, Germany) using a custom-built
automated dispensing system. Dispensing was performed by extruding paste through
the tip using controlled pneumatic pressure [22-24]. In the next step, the paste was dried
at 50 °C for 15 min by FDM printer hot plate, and then the plate covering the traces and
resistors was 3D printed on top of the substrate. The cured ink layer was lower than the
surrounding polymer layer, so the first layer of covering plate was printed in midair over
traces and resistors, but the small size of cavities (less than 10 mm) is not a challenge for
FDM techniques. Figure 2 shows the fabrication steps and the appearance of the samples
at each step. Finally, 70 samples were produced and divided into three groups. Group A
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Substrate FDM
printing

consisted of 3 meandered paths and 4 paths without resistors in each tested width (0.5 mm,
1 mm, or 2 mm) and 2 paths with resistors in each width. Group B consisted of 2 meandered
paths and 4 paths with resistors in each width. Group C consisted of 5 meandered paths
and 6 paths without resistors in each tested width and 4 paths with resistors in each width.
In each group, samples were connected in series to equalize the flowing current, and then
all samples were placed in a climatic test chamber CTS C-70/200 at 344 K (71 °C). The
temperature at which the accelerated life tests were performed was limited by the glass
transition temperature of PET-G, which is approximately 350 K (77 °C). After connection
to the power supply system, the series of samples was connected to an automated data
acquisition system to determine the time when failure of any of the samples in the series
occurred. It was assumed that after some time, the circuit would break, indicating failure,
which was registered as a state in which the measured current value dropped below 20 mA.
This test was conducted as a pilot study to check the viability of the technology and not to
accurately determine the final reliability of a given sample. For this reason, the number
of tested samples was small, and the tests were carried out only up to the failure of the
first sample (r = 1). The activation energy should theoretically be empirically determined
for each process; however, in electronics reliability testing, a value of 0.7 eV is common
and provides sufficiently accurate results [25-27]. In these calculations, the operating
temperature T value was 294 K (21 °C).

Resistor Conductive ink Covering plate
placing dispensing FDM printing

Figure 2. Fabrication steps of tested structural electronics samples and their appearance on each step.

3. Results

During the accelerated tests, the flowing current dropped below 20 mA several times
in particular groups of samples. This means that instead of breaking the circuits, a fault
with a different operation mechanism occurred. Therefore, the time to the first drop of the
current value was used to calculate the MTTE. However, all samples were kept at elevated
temperature for about 24 h, and any electrical measurements were made only after this time.
Interrupting the test and excluding failed samples could lead to cooling of the chamber
and disruption of the test conditions. Table 1 shows the number of samples in each group
and the calculated MTTE.

Table 1. Results of accelerated life test of structural electronics circuits. The test was conducted in
344 K (71 °C), where the assumed use temperature was 294 K (21 °C).

Group Number of Samples Number of Samples .

Name in the Group (D) with Resistors Test Time (H), h -~ MTTF, h
A 21 6 0.67 200
B 14 12 2 400

C 35 12 17 8000
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The highest MTTF value was observed for the group with the most samples. With the
samples connected in series (where the reliability of the whole series is a multiplication
of the reliability of individual members), this indicates that the dominant failure process
was the so-called “infant mortality” failure [28]. Samples that failed in groups A and B
should be detected by the quality check process and eliminated from the production series.
A similar conclusion can be drawn from the analysis of the resistance of every sample, as
the range of initial value was more than an order of magnitude larger for selected path
widths (Figure 3). Even for the best series (2 mm wide traces with resistor), the highest
resistance value of the sample was more than three times the value of the sample with the
lowest resistance measured. This shows the low repeatability of the fabrication process,
which may have affected the spread of the MTTF results. However, despite the described
problems, the obtained results are very close to the reliability of systems commonly used in
industry: in automotive, the designed target of a lifetime is 10,000 h [29]. With additional
effort and the use of the best currently available technologies, with quality control applied,
we should achieve this target.

10 -

Resistance, Ohms
H

Meander |
0.5 mm path +res

0.5 mm path

1 mm path + res
1 mm path *
2 mm path +res
2 mm path
0101 —_————————————

’

Figure 3. Initial resistance of different groups of 3D printed electronics. The designation “+ res”
indicates paths with a 0 () resistor.

4. Discussion

An unresolved issue remained to explain the mechanism that caused the progressive
increase in resistance of the samples. To the authors” knowledge, two types of phenomena
leading to the increase in resistance are possible: changes in the geometry of the conduction
path or chemical changes in the conductive material. Path dimension change could be
caused by electromigration of silver [30-32] or degradation of the polymeric vehicle of
the paste, which can lead to loss of integrity. In order to determine the geometry of the
samples after the accelerated tests, X-ray computed tomography (CT) of samples with the
highest resistance change was performed (Figure 4). The “X” marks visible in Figure 4 are
CT artifacts representing the polymer substrate and do not affect the current flow. The CT
observations and measurements indicated only a slight difference in the path dimensions,
which may have been caused by the uneven application of the conductive material or due
to the measurement accuracy (£0.05 mm). A 0.1 mm reduction in dimensions did not
explain the two-order of magnitude increase in the resistance value.

After eliminating changes in the geometry of the conductive paths, the next step was
to measure and analyze the resistance of each sample. The results of these measurements
are presented in Figure 5. It is clear that a significant increase in resistance occurred only
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for samples with embedded resistors. This means that the phenomenon causing this failure
occurred at the contact between resistor terminals and printed paths. Void generation was
initially excluded because of the low curing and testing temperature of the conductive
material, and furthermore, no voids were observed with X-ray tomography. The most likely
phenomenon that could cause such an increase in resistance is the formation and growth of
an intermetallic layer. The main component of the conductive material was silver micro
powder, while the resistor pads were plated with tin base alloy (which was confirmed in
energy-dispersive X-ray spectroscopy). These two metals can form alloys with resistivity of
up to two orders of magnitude higher than that of pure silver, which was observed while
developing Ag-based resistors [33] and microelectronics films [34]. Furthermore, diffusion
at the junction of these two metals was observed below the soldering temperature, and the
resistivity of such a junction increases in time at an exponential rate [35], which is important
for long-term processes.

resistor

Distance 1: 0.43 mm)|

"
-,

measurement pads

Figure 4. X-ray computed tomography model of sample after accelerated life testing. Initially,
the printed trace had about 0.5 mm. The visible X marks are CT artifacts representing the
polymer substrate.

- X
3 0.5 mm path+ res
7 3 1 mm path + res
100 — 2 mm path + res
u 3 0.5 mm path
i 1 mm path
é 1 X 1 2 mm path
~ 10 — o
&€ -

_ll .
-I-Eiﬂ

" X

Figure 5. Change of resistance of 3D printed samples after accelerated aging test. R; represents
resistances after test and Ry means initial values. The designation “+ res” indicates paths with a
0 Q) resistor.
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5. Conclusions

In this paper, the main mechanisms of electronics failure for 3D printed structural
circuits were evaluated. We observed that the reliability of structural electronics was not
significantly different from that of electronics made by the traditional approach. Current
commercially available techniques make it possible to produce devices with MTTF ap-
proaching industrial requirements (8000 h in this work, against automotive demands of
10,000 h). It is expected that the primary phenomenon negatively affecting the reliability of
structural electronics is the growth of intermetallic layers. This can be avoided either by
developing new electronic components or by developing nonsilver conductive materials,
which could be an interesting direction for further research. It should be noted that the
reliability of specific devices may vary from this case, but concerns about the robustness
of the structural electronics should not be a barrier to their development. Differences in
obtained MTTF values shows that the quality of control has a more significant influence on
the reliability of products than the technique used.
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