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The article focuses on the impact of temperature on the reliability of electronic components,; as in non-
redundant radio-electronic equipment, the failure of any component typically leads to the failure of the
entire device. The methods and approaches used to analyze the electronics reliability, predict operational
lifespans, and to enhance it are considered. Thermal effects are among the most significant factors influencing
reliability indicators of electronics, such as the probability of failure-free operation and mean time to failure.
The sequence of accounting for thermal factors during the calculations of operational failure rate, mean time
to failure, and the probability of failure-free operation according to the recommendations of Ukrainian State
Standards is analyzed. The primary focus is on calculating the mean time to failure for various groups of
resistors, capacitors, integrated circuits, and semiconductor components. Modern approaches to reliability
assessment are used in the study, particularly a combination of failure physics and computer modeling. It
was determined that the difference in the mean time to failure between the most and least thermally resilient
electronic components of radio-electronic equipment can be very significant and only increases with rising
temperatures.
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Introduction. Statement of the

problem

The reliability of electronic components (ECs) is a
crucial factor in ensuring their failure-free operation
over a long period of use. One of the main factors
affecting the reliability of electronic components is their
temperature. External thermal factors and internal
heat generation from the device itself determine the
thermal distribution, for example, across the printed
circuit board, which serves as the foundation for pla-
cing electronic components. Incorrect thermal regimes
typically impact reliability and functional performance,
causing issues that can lead to overloads, reduced li-
fespan, changes in electrical characteristics, and an
increased probability of failure.

The State Standard of Ukraine 2862-94 “Reliabi-
lity of Equipment. Methods for Calculating Reliabi-
lity Indicators. General Requirements” defines the
features of calculating reliability indicators at various
stages of research and development work, including
the development of specifications, technical proposals,
preliminary and technical projects. The objectives of
such calculations are to determine reliability indicators,

justify the optimal reliability variant of the design
solution, identify the nomenclature of assembly units
that limit the reliability of the overall object, develop
measures to enhance reliability, verify the expected
level of reliability against established requirements, and
SO on.

The main goal of this paper is to study the effect of
temperature on the reliability of electronic components
from different groups to identify the most and least
thermal resilient at the stages of technical proposal and
preliminary design.

1 Analysis of research and publi-
cations

To analyze the reliability of electronics, it is
common to use the Physics of Failure (PoF) approach
and computer modeling using software systems [1].
The PoF approach was formulated during the U.S. Air
Force symposium in 1962 [2]. Its application helps engi-
neers and researchers develop more reliable systems,
predict their operational lifetimes, identify potential
issues, and devise strategies to prevent failures. It is
used in many fields, including electronics [3], aviation,
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machine components manufacturing [4], energy, and
many others. For systems with multiple dependent
components, prediction of maintenance [5] and reliabi-
lity is performed using maintenance policies [6].

In the reliability calculation process, failure data
collected during observations or experiments are used
to determine parameters such as Mean Time to Failure
(MTTF), failure rate (A\) and others. Physics of Fai-
lure approach also allows taking into account various
factors, such as aging, temperature, voltage, vibrati-
on, etc., which can affect radio-electronic equipment
reliability [7].

Modern electronics faces demands for economy,
compactness, and high power density, which typically
lead to increased operating temperatures. Therefore,
in order to reduce the number of failures, new
approaches and methods of reliability calculation are
being developed and utilized [8]. The main idea is to
study the causes of failures and their impact on system
operation. Attention is given to the identification of
potentially vulnerable areas, damage mechanisms, and
defects that may lead to system failures for further
prediction, measurement, and reliability assurance [9].

Various aspects are considered in studies of
temperature impact on electronics reliability. One
of the directions consists in determining the opti-
mal range of operating temperatures [10], atwhich
electronics function most efficiently and have the
maximum duration of operation. Another direction
involves studying the influence of extreme temperature
conditions on the operation of electronics. The reli-
ability and failure mechanisms associated with high
temperature (175-250°C) and humidity are investi-
gated in [11]. Low temperatures can also induce
changes in electrical properties, therefore, work is carri-
ed out to enhance low-temperature reliability through
electrothermal analysis [12].

The main factors influencing reliability under
changing temperatures are being identified, such as
thermal stress, material expansion, thermal degradati-
on, and so forth. Research on the dependency of
reliability on temperature effects is conducted in
various fields, for instance: materials and compounds
of electronic devices [13]; embedded electronics [14];
electric  transport [11]; substation automation
systems [15]; future power fusion machines [16],
downhole electronics (operating in an environment
of 200°C) [17].

Researchers are also focusing on developing effi-
cient cooling systems for microelectronics [18]. To
enhance the reliability, performance, and longevity
of modern compact and densely packed electronics,
thermal management systems are being developed and
improved for various operating conditions [17,19, 20].

Various approaches are used to predict the reli-
ability of electronic equipment, allowing reliability
assessment based on statistical data, calculations, and
experimental tests. Numerical modeling, finite element

theory, the use of computer programs, and engineering
tools allow for realistic predictions of temperature fields
formed during the operation of electronics [21].

Basically, for the thermal analysis of electronics,
various systems of automated design (CAD), such
as SolidWorks, Ansys Workbench and others, are
used [22]. For example, to calculate peak thermal
loads on semiconductors to confirm the effectiveness of
the High step-up DC-DC converter (HSDDC) thermal
models in the PLECS environment are utilized [23].

To take into account the influence of the
temperature effect on electronic components, models
based on information about their geometry and materi-
als are developed using the Finite Element Method
(FEM). Such models, like the insulated gate bipolar
transistor (IGBT) model, are aimed at ensuring si-
mulation accuracy at the circuit level, as well as during
overloads or even short circuits [24,25]. Depending on
the type of electronics and its characteristics, reliability
prediction methods can have different aspects.

For predicting the lifetime of power electro-
nics, the Stress-Strength Analysis Method (SSAM) is
proposed [26], which utilizes the concept of structural
reliability, where the physics of failure is taken into
account.

To accurately predict reliability, using the physics
of failure approach, one of the main problems is obtai-
ning information from manufacturers about electronic
components, their materials, reliability indicators, and
manufacturing processes [27-29].

To predict the reliability of power electronic
systems in unmanned aerial vehicle (UAV), the authors
of [30] developed a model that allows taking into
account different operating modes and operating condi-
tions based on the flight mission profile. Component
temperatures are recorded for different missions, and
the obtained data are used to improve the calculation of
mission-specific failure rates. For example, in the post-
accident mode, component currents and temperatures
increase, significantly affecting the failure rate of
components.

In industrial sectors, such as automotive
manufacturing, due to the increasing complexity
and diversity of systems, the use of soft computing
techniques is proposed to overcome the difficulties
in reliability analysis using statistical models. The
results of a comparative study [31] between software
and statistical calculations demonstrated that the
Adaptive Neuro-Fuzzy Inference System (ANFIS)
model allows for the most accurate prediction of
operational reliability.

In the articles [18] and [32], the authors propose
strategies for optimizing the design of microelectronics
cooling systems and addressing thermal management
issues. For this purpose, they utilize the Cuckoo Search
algorithm and the Generalized Spiral Optimization
algorithm, respectively.
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A 30% reduction in the maximum temperature
was achieved by the authors of [33] using reliability-
based design optimization (RBDO). This methodology
is a combination of 3D finite element simulation,
the Kriging substitution model, and an optimization
procedure.

The article [34] discusses the optimization of
thermal load distribution in tests at elevated
temperatures to determine the durability of soldered
joints. The influence of various heating and cool-
ing gradients on the reliability of soldered joints is
evaluated through thermomechanical finite element si-
mulation. In article [35] the methods for modeling and
optimizing the thermal regimes of electronic equipment
are presented.

The reviewed publications demonstrate a wide
range of research in the field of analysis and reliabi-
lity prediction of electronic equipment. They primari-
ly focus on general issues related to the impact of
temperature on electronics, the development of thermal
management systems, providing cooling, improving
operating modes, and studying the behavior of speci-
fic components under thermal loads. This article is
dedicated to the relevant research on the temperature
dependence of the Mean Time to Failure for various
groups of electronic components, which will primarily
aid in identifying the most and least thermal resilient
components.

2 Thermal impact on reliability
indicators

The standard DSTU 2862-94 [36] recommends the
use of a diffusion non-monotonic (DN) distribution of
resource for radio-electronic products and electronic
systems, the predominant failure mechanism of which
is the aging process, fatigue, and various electrical
processes. The probability of failure-free operation of
electronic components that have a DN-distribution
of operating time before failure is calculated by the
formula:

Pt) @(MTTF—t) 22(1)< MTTF+t>
= —_— — ev —_— 5
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where ®(u) is the normal distribution function (u is
integration parameter); MTTF is mean time to fai-
lure; t is required operating time of the object; v
is coeflicient of variation of the product’s operating
time, assumed to be one if there are no additional
experimental data.

With respect to scale and shift, the error function
«erfs coincides with the probability normal distributi-
on function, therefore it is more convenient to use the
equivalent formula in the calculation process:

®(u) = % [1 +erf(\;§)] .

The mean time to failure is determined by the equation:
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where )\, is the operational (working) intensity of
failures, which takes into account the operating condi-
tions; 73 is the test duration (in hours), during which
the value of the basic failure intensity )\, is obtained.

The values of A\, for most electronic components
listed in the handbooks were determined in accelerated
tests over a period of time 7,(1...5)-10% hours, while
the value of the actual failure intensity Aoy, in turn, is
related to A\, by a dependency:

n
)\op = )\bKop Hsz
i=1
where ), is the initial (baseline) failure intensi-
ty at nominal electrical load and normal ambient
temperature 25°C; K,, is the operating mode coeffi-
cient provided by the temperature function (T) and
the load coefficient, for its calculation, it is advisable to
use analytical models provided in reliability handbooks
for radioelectronic products; K; are coefficients that
account for changes in failure intensity depending on
various factors (requirements for the development and
manufacture of equipment, operating conditions severi-
ty, equipment complexity, etc.); n is the number of
factors taken into account.
Therefore, the reliability of each electronic
component depends on: the baseline failure intensi-
ty; the mode coefficient determined by the load

(IC complexity) and the component enclosure
temperature; coefficients that account for other
various factors. Some of the K; coefficients

(Ko, K1y, Krpt, Ko, Kt, K1, K1, etc.) also depend
on temperatures: ambient, housing, transistor juncti-
on, etc. Therefore, the temperature conditions of
component operation are crucial for their reliability
indicators and the reliability of electronic equipment
as a whole.

The calculation of reliability metrics, such as
mean time to failure, depending on temperature
for various groups of electronic components is a
rather complex task. It is necessary to take into
account the diverse properties of each component,
and real devices may contain hundreds or thousands
of components of different types, with calculations
individually performed for each of them. Performing
such calculations manually requires significant time
spent searching for a large volume of parameters
for each component and repetitive calculations, with
therisk of errors due to operator negligence. Therefore,
the development and use of computer programs is
mandatory.

Automation of the considered calculations with the
help of software makes it possible to quickly and effi-
ciently take into account a vast number of factors and
improves the design process.
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dependence
for electronic
from different

3 Temperature
of MTTF
components
groups

For determining the thermal resilience of electronic
components from different groups, it is advisable
to calculate the MTTF dependencies on their
temperature. In order to automate the calculation of
reliability indicators (according to DN-distribution),
software was developed.

The calculations presented in this article were
performed for a temperature range from 0 to 110 °C.
The load factor is set to 0.8, meaning that in the
conducted calculations, K,, depends solely on the
temperature of the ECs.

MTTF, as a function of parameters \,, and 7
(for 7, = 3 x 10* hours), was calculated using the
approximation expression:

MTTF (X\op) = alogig(Aop) + b,

where a = —1,574; b = 2,697.

The research was conducted for ECs from 59 di-
fferent groups across four categories: resistors, capaci-
tors, integrated circuits (ICs), and semiconductor devi-
ces.

Figure 1 shows dependence of MTTF on T for a set
of nine fixed non-wirewound resistors.
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Fig. 1. Dependence of MTTF on T for non-wirewound
fixed resistors

The precision resistors were the most reliable (at
temperatures above 10°C), while the greatest reduction
in MTTF with increasing temperature was observed in
the Ultra-stable resistors.

Figure 2 shows dependence of MTTF on T for a set
of four fixed wirewound and foil resistors.
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Fig. 2. Dependence of MTTF on T for wirewound and
foil fixed resistors

Here again, the precision resistors were the most
reliable (at temperatures above 10°C), while the
greatest reduction in MTTF was observed in the ultra-
stable resistors.

Figure 3 shows dependence of MTTF on T for a set
of six variable resistors.
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Fig. 3. Dependence of MTTF on T for variable resistors

The results significantly differ from the previ-
ous sets of resistors. Metal oxide and composite
bulk resistors demonstrated the greatest resilience to
temperature increase, while adjustable and trimmer
resistors showed the least, with a sharp decline in
MTTF above 70 °C.

Figure 4 shows dependence of MTTF on T for a set
of nine fixed capacitance capacitors.
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Fig. 4. Dependence of MTTF on T for fixed capacitance
capacitors
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The glass capacitors were the most reliable, while
the least reliable were the oxide-electrolytic capaci-
tors. It is noteworthy that glass and thin film with an
inorganic dielectric capacitor at minimum temperature
are more reliable than all previously considered groups
of resistors.

Figure 5 shows dependence of MTTF on T for a
set of eight capacitors with organic synthetic dielectric
and trimming capacitors.
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Fig. 5. Dependence of MTTF on T for capacitors with
organic synthetic dielectric and trimming capacitors

All capacitors with organic synthetic dielectric
show a significant drop in MTTF when reach-
ing a certain temperature, and at the maximum
temperature, almost all groups experience failure. The
MTTF dependence on T for trimming capacitors (with
solid dielectric and air capacitors) appears to be linear.

Figure 6 shows dependence of MTTF on T for a
set of six groups of integrated circuits (ICs). In the
reference guide, each of them is divided into subgroups
based on the number of elements and bits. Calculations
were performed for the IC with the maximum number
of elements/bits in each group.
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The reduction in MTTF for all groups of ICs is
linear and averages 150 thousand hours for the given
temperature range.

Figure 7 shows dependence of MTTF on T for
a set of nine semiconductor devices (excluding the
microwave range).
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devices (except for microwave range)

Figure 8 shows dependence of MTTF on T for a set
of eight semiconductor devices (microwave range).
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Fig. 8. Dependence of MTTF on T for semiconductor
devices (microwave range)

The MTTF of all the presented semiconductor
components rapidly decreases with increasing
temperature. Only components from a few groups have
a non-zero MTTF value, with Zener diodes and voltage
limiters being the most thermal-resilient.

Table 1 presents the MTTF of the most and
least thermal-resilient electronic components, among
all those considered, under different temperature regi-
mes.
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Table 1 — MTTF of the most and least thermal resilient
ECs

T, °C | MTTFmin, | MTTF hax, | AMTTF,
thousand thousand thousand
hours hours hours

25 281 706 425
40 253 674 421
60 195 632 437
80 0 (1 group) 589 589
110 0 (17 groups) 558 558

Under the same temperature conditions, the MTTF
of different groups of electronic components varies si-
gnificantly, and with increasing temperature, the least
resilient components significantly lose their reliabili-
ty. Components that are very resilient to temperature
increases have also been identified. Accordingly, it was
found that the difference in the MTTF between the
most and least thermal resilient electronic components
of radio-electronic equipment can be very significant
and only increases as the temperature rises.

Conclusions

The results of the conducted research demonstrate
a significant impact of temperature on the reliabili-
ty of all considered types of electronic components
— resistors, capacitors, integrated circuits, and semi-
conductor devices.

Based on the obtained dependences between mean
time to failure and temperature, significant differences
in thermal resilience among components from di-
fferent groups were identified. Specifically, the most
thermal resilient components in each group were found
to be: fixed precision resistors, metal oxide variable
resistors, glass capacitors, hybrid ICs, Zener diodes
and voltage limiters. The least resilient components
were also identified, for which the MTTF indicator
sharply decreases with increasing temperature. Of the
59 examined groups of ECs, at a temperature of 80 °C,
components from one group (semiconductor detectors)
demonstrated a zero MTTF, and at 110 °C, the number
of such groups increased to 17.

Minimizing the average temperature of electronic
components can lead to an uneven decrease in their
reliability over time, and, in unredundant electronic
equipment, the failure of even one, least thermal resili-
ent component can cause premature failure of the entire
electronic device. Therefore, to enhance the overall
reliability of radio-electronic equipment, it is essential
to consider the differences in thermal resilience among
various groups of components from the early stages of
design.

MTTF can be considered the most effecti-
ve characteristic for the integrated assessment of
electronic components reliability at the stages of

technical proposal and preliminary design of radio-
electronic equipment.

The software developed and used in this research
is a very effective tool for automating the reliability
calculations of radio-electronic equipment ECs.

The obtained results provide a foundation for
further work aimed at achieving optimal reliability
variants of design solutions, including through multi-
criteria parametric optimization.
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BnoauB TemmoBoi cTiifikocTi eJTeKTPpOHHUX
KOMIIOHEHTIB HAa IOKAa3HUKHN HaailiHOCTi
PaIioeIeKTPOHHOI anapaTtypu

Hiximuyx A. B.

Y cTaTTi OCHOBHA yBara IpUIISE€THCA BIJIUBY TeMIIEPa-
TYypHU HA HAIWHICTH €IEKTPOHHUX KOMITOHEHTIB, OCKLIBKH,
B PaJioesIeKTPOHHIM amapaTypi 0e3 pe3epByBaHHS, BiIMOBA
Oy/Ib-sIKOTO KOMITOHEHTY 3a3BUYail TPU3BOIUTH 10 BiIMOBH
BCHOTO MPHUCTPOIO Brijomy. Po3risiayTo MeToam i miaxosm,
10 3aCTOCOBYIOTHCH JJId aHAJI3y HAAIHHOCTI eIeKTPOHIKY,
MIPOTHO3YBAHHSI TEPMIHIB €KCILIyaTarlil, a TaKOX IX 30ib-
meHHsd. TeruioBl BIVIUBU € OXHUMU i3 HANOIIBII BaromMux,
[0 BIUIMBAIOTH HA TaKi IOKA3HUKHM HAMIHHOCTI eeKTpo-
HIKM, K IMOBipHICTH 6€3BiAMOBHOI pOGOTH TA TAC HAIIpa-
MIOBaHHs 110 Bizmosu. ITpoaHa i3oBaHO MOC/IJOBHICTD Bpa-
XyBaHHY TEIIOBUX (PAKTOPIB IIPU BHKOHAHHI PO3PaXyHKIB

eKCIIIyaTaIiifHol IHTEHCUBHOCTI BiZIMOB, CEDEIHBOTO UACY
HAPAIIOBAHHS Ha BIIMOBY Ta MMOBIpHOCTI 6€3BiaMOBHOT
poboTu BiAMOBiIHO 10 peKoMeHmariil lepKaBHuX cTaHIap-
1iB Ykpainu. OcHOBHHMIT aKIeHT 3pOOJIEHO HA PO3PAXyHOK
CepeHHOTO YACYy HATIPAIIOBAHHA 0 BIAMOBU /IS PI3HUX
TPYI PE3UCTOPiB, KOHAEHCATOPIB, IHTEIPAJIBHUX MiKPOCXeM
Ta HAIMIBIPOBIIHUKOBUX KOMIIOHEHTIB. ¥ POOOTI BHUKOpH-
CTAQHO CyYaCHI TiAXOAM 10 OINHKM HAMNHHOCTI, a came,
3aCTOCOBAHO KOMOIHAIIIO (pi3uKM BiMOB Ta KOMIT IOTEPHOTO
MOZeIIOBaHHs. Bu3Ha9eHo, Mo PI3HUIE Y CePeIHHOMY Jaci
HAIMPAITIOBAHHS 10 BIZIMOBU MiXK HANOLIBIT Ta HAWMEHTII
CTIfIKUMU JI0 TEIJIOBUX BIJIUBIB €JI€EKTPOHHUMU KOMITOHEH-
TaMU PaiOeIeKTPOHHOI amapaTypu MOXKe OyTu myzKe 3Ha-
HOIO 1 3 MiABUIIEHHIM TEMIIEPATYPH TiTbKU 301IbIIYETHCS.

Karowosi crosa: eIeKTPOHHMI; KOMIIOHEHT; BIIJIAB; TE€M-
meparypa; Ha IliHICTh; PO3PaxyHOK; IPOTPaMa; TeILIo; CTili-
KIiCTbh; Cepe/iHiil; yac



	Introduction. Statement of the problem
	Analysis of research and publications
	Thermal impact on reliability indicators
	Temperature dependence of MTTF for electronic components from different groups
	Conclusions
	References

