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On the Necessity to Improve the MIL-883E Standard

The necessity to improve the MIL-883 standard in order to more accurately determine the
reliability indicators of thermoelectric generators (TEGs) is substantiated. It is shown that
the failure time distribution law recommended by this standard follows from the
assumption of a constant rate of relative degradation of the parameters of the tested
products. Recommendations are given for the use of the MIL-883E standard for testing
thermoelectric generators (TEGs). It is shown that the use of a diffusion-nonmonotonic
failure time distribution instead of a logarithmic normal one allows for a significant
reduction in relative errors, determination of TEG reliability indicators and a logical
transition to the function of the probability of failure-free operation of an individual
thermoelement.

Keywords: rate of relative degradation of product parameters, logarithmically normal law
of failure time distribution, coefficient of variation of the rate of relative degradation of
parameters of thermoelectric generator modules, diffusion-nonmonotonic law of failure
time distribution, relative errors in determining reliability indicators.

1. Introduction

Awareness of the failure time distribution law of thermoelectric generator modules plays
a key role in determining their reliability indicators. And those are often more important than
the operating characteristics, which makes this work so topical. The basic standard, partially
adapted to thermoelectricity, is the military standard MIL-883E [2]. The main model
assumption for establishing the failure time distribution regulated by the mentioned standard
was the assumption of a linear law of relative degradation 3 of the parameters of integrated
circuits and semiconductor devices over time. and of constancy [1]. The mathematical
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expression for the linear model of relative degradation of the parameters is as follows:
apg—a

(- >
where ¢ is time, ay and a, are the initial and final values of a certain parameter of the tested
product, respectively. The resulting value is nothing but the criterion of its applicability
established by the technical specifications for the product, the deviation from which is
considered as a failure. From (1) it is clear that for fixed values of  and a,, the time for reaching
the same failures is determined by the initial parameters of the products. Let the technological
process of manufacturing products ensure not only the ideal reproducibility of their initial
parameters and the values of . Then the distribution of failure times will be the same as the
distribution of the initial parameters of the products, that is, due to the law of large numbers,
normal or logarithmically normal [1]. This distribution is convenient for it does not require a
special normalization procedure. It is with its use that reliability indicators in microelectronics
are determined [1]. Based on such a distribution of failure times, the MIL-883E standard [2]
requires improvement because the distribution of failure times of thermoelectric generator
modules is not logarithmically normal. Reliability indicators in accordance with the mentioned
standard are the terms of achieving 50 % and 16 % (more precisely 15.7 %) failures in the tested
sample. and the logarithm of the ratio of these terms. The first of these terms is equal to the
average operating time of the tested products to failure, and the mentioned logarithm
characterizes the degree of deviation of the density of the failure time distribution from 9, the
function, i.e. the deviation of the time dependence of the probability function of failure-free
operation from an ideal rectangle, which is perfect in terms of reliability theory. The dispersion
of the rates of relative degradation of the parameters of thermoelectric generator modules
considers the diffusion-nonmonotonic law of the failure time distribution, developed by the
Institute of Problems of Mathematical Machines of the NASU [3]. It should be noted that in the
absence of variation in the rate of relative degradation of product parameters, reliability
indicators such as equivalent constant failure intensity and vy, percentage resource, lose their
meaning, and the question of the reliability and relative errors of determining reliability
indicators within the framework of the diffusion-nonmonotonic failure time distribution [3]
disappears. The function of the probability of failure-free operation has the form of:

1t 1t

P(t) = d, J—t/i — exp (2) @, t;‘ )
v [/l V[ /u

where p is mean-time-between-failures (MTBF), v is a dimensionless coefficient of variation
of the rate of relative degradation of the parameters of the tested thermoelectric generator
modules, the function @ is determined by the formula (3). At zero coefficient v of variation of
the rate of relative degradation of the parameters of the tested thermoelectric generator modules,
the time dependence of the probability of their failure-free operation P(¢) degenerates into an
ideal rectangle with length p and height 1. With increasing v, its deviation from the ideal
rectangle increases significantly, therefore, the errors in determining reliability indicators
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increase. The disadvantage of the maximum likelihood method proposed by the mentioned
DSTU (State Standard of Ukraine) [3] is that it operates exclusively with failure terms and does
not predict the time dependence of the probability of failure-free operation of the tested
products. The estimates of the parameters p and v of the diffusion-nonmonotonic failure time
distribution law are directly determined through the experimental values of the failure terms
without taking into account the observed probabilities of their realization, and the
corresponding analytical formulas for their calculation are derived by the maximum likelihood
method. However, our studies have shown that the time dependence of the probability of
failure-free operation of the tested thermoelectric generator modules approximated in this way
significantly deviates from the predicting results and experimental data, therefore, the estimates
of the parameters of the diffusion-nonmonotonic failure time distribution law obtained by the
maximum likelihood method are considered by us as initial approximations, which are subject
to refinement by the least squares method. The corresponding system of equations for the
mentioned parameters is solved by the Newton iterative method. The number of iterations is
chosen so as to obtain a significant reduction in the sum of the squares of the deviations of the
points of the approximated time dependence of the probability of failure-free operation from
the experimental data and the predicting results with the refined values of the law parameters
compared to the parameters obtained by the maximum likelihood method. Our studies have
shown that there was indeed a significantly better agreement of the function of the probability
of failure-free operation, approximated by the least squares method, with the experimental data
and the predicted results. It turned out that the refined value of v is somewhat smaller than that
obtained by the maximum likelihood method, as a result of which the relative error of
determining 95 % of the resource of the tested thermoelectric generator modules with a
confidence probability of 0.99 decreased from 66 % to 26.5 %, while the above-mentioned
DSTU [3], exclusively in agreement with the customer, allows a maximum relative error of
40 %. The function @9 in formula (2) is defined as follows:

® (2) = 0.5erf () + 0.5, 3)

2

where — erf{(...) the so-called error integral.

It is important to note that the dissolution of fluids of liquid degradation of their
parameters attached to thermoelectric generator modules is not the same as the diffusion-non-
monotonic law of the distribution of species, but rather the diffusion-monotonic law [3].

These laws are inconsistent with each other due to the nature of the long-term strength
and the versatility of unmanned work due to the coefficient of variation in fluidity and the
significant degradation of parameters tested viruses and mathematical formulas for calculating
initial approximation parameters of laws using the maximum likelihood method. Care must be
taken in the process of testing thermoelectric generator modules for the reliability of the
implementation of specific terms within the framework of this method and does not guarantee
the required accuracy
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2. Research results and their discussion

Let us consider the application of the above approaches on the example of predicting
failure terms using the Weibull degradation model, the mathematical expression of which for
an arbitrary parameter of a thermoelectric generator module is as follows:

V(t) =V, Xexp (— (E)S) 4)

where Vo is the initial value of the parameter-criterion of suitability of the thermoelectric
generator module, 6 is the shape parameter, T is the scale parameter which are determined from
the experimental data by the least squares method. The output power and efficiency of the tested
thermoelectric generator modules were measured every 180 hours. As a result of predicting the
terms of their loss of 20 % in the output power and efficiency, a tabular dependence of the
probability of their realization was obtained (see table 1).

It should be noted that in this article we did not use the analytical expression (2) derived
by the developers [3], but moved to it by numerically integrating over time the corresponding
failure time distribution density given in [3]. At zero value of the coefficient of variation of the
rate of relative degradation of the parameters of thermoelectric generator modules, the
mentioned failure time distribution density degenerates into a o-function, and the time
dependence of the probability of failure-free operation of the tested thermoelectric generator
modules turns into a perfect rectangle.

Table 1
Time dependence of the probability of failure-free operation of the tested thermoelectric
generator modules, determined by the Weibull degradation model

P) 8/9 7/9 2/3 5/9 4/9 1/3 2/9 1/9 0
trog | 9725 10690 | 11140 | 11220 | 11760 | 12230 | 16660 | 22660 | 66780

061

0.4

4

0 20 40 ¢ thousand h. ! 20 40 60 1, thousand h.

Fig. 1 Fig. 2

Approximation of this dependence by the diffusion-nonmonotonic law of failure time
distribution by the least squares method gave the following standardized reliability indicators
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of the tested thermoelectric generator modules: MTBF11770 h with a relative error of
determination being 11.9 %; 95 % resource is 9170 h with a relative error of determination of
26.5 %, with a confidence probability of 0.99. The approximate time dependence of the
probability function of failure-free operation obtained by the maximum likelihood method
deviates sharply from the predicting results compared to the approximate dependence
determined by the least squares method, as can be seen from Fig. 1 and 2.

In Fig. 1: 2 is the curve of the probability of failure-free operation of the tested
thermoelectric generator modules, approximated by the least squares method; 3 and 4 are the
limit curves taking into account the errors in determining the reliability indicators of the tested
thermoelectric generator modules with a confidence probability of 0.99. In Fig. 2 the curve 1
denotes the probability of failure-free operation, approximated by the maximum likelihood
method. The points in both figures are the results of predicting failure terms using the Weibull
degradation model. Comparison of the results of predicting failure terms using the Weibull
degradation model with their values observed at the stage of running-in of thermoelectric
generator modules gives a relative discrepancy that does not exceed 10.6 %. Such predicting
accuracy can be considered acceptable. The equivalent constant failure rate of the tested
thermoelectric generator modules was A = 8.172-10°h"! with a relative error of 10.5 %. At first
glance, such a failure rate of the thermoelectric generator modules seems significant, but it
corresponds to the failure rate of one thermoelement equal to 6.435:107 h'!, which is
approximately 3.1 times less than the value given in the literature [4], which is equal to
2:10°h™!. The above-mentioned failure rate A of the tested thermoelectric generator modules as
a whole relative to their loss of 20 % of the output power is within 5-10°~10* h'!, which meets
the requirements of the IEC607-49-23 and JEDEC JESD-22A104 standards. The specified
standards provide for a service life of thermoelectric generator modules from 10 thousand h. to
20 thousand h. From Figures 1 and 2 it is clear that the curve of the probability of failure-free
operation of the tested thermoelectric generator modules, approximated by the method of least
squares, passes through a larger number of points, and the limit curves of the probability of
failure-free operation of the tested thermoelectric generator modules lie sufficiently close to
each other, which ensures proper accuracy and reliability of determining the reliability
indicators. Let us consider that the failure intensity given in this article is acceptable for the use
of the tested thermoelectric generator modules both in industry and everyday life. To predict
the failure times of thermoelectric generator modules with a service life of over 100 thousand
hours. for military and space applications, it is advisable to use not the Weibull degradation
model, but its more generalized modification [5], which takes into account the presence of their
limiting resource, which corresponds to the complete loss of the performance of the tested
thermoelectric generator modules. The probabilities of realizing different values of the limiting
resource in the tested sample were found by approximating the observed time dependences of
the output power and efficiency of the tested thermoelectric generator modules by the least
squares method and are given in Table 2. Approximation of this function of the distribution
time of complete failures of the tested thermoelectric generator modules in accordance with the
diffusion-nonmonotonic law of the distribution time of failures (2), carried out by the least
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squares method (Fig. 3), enabled determining the following indicators of the limiting resource
stability of the materials used in the tested thermoelectric generator modules [5]: average
operating time to complete failure (average limiting resource) 2.91°106 h with a relative error
of'5.3 % at a confidence probability of 0.95; 95 % limit resource 2.61-106 h with a relative error
of 12.9 % at the same confidence probability equivalent constant failure rate A = 3.38:10°h"!
with a relative error of 15.1 %. Such equivalent constant failure rate corresponds to the
minimum achievable equivalent constant failure rate of one thermoelement equal to 2.64-10h
!, which is quite acceptable for practical application of the tested thermoelectric generator
modules.

Table 2

t, hour 2.624-10° 2.934-10° 2.992-10° 3.335-10°
P@) 0.75 0.5 0.25 0

It should be mentioned that the introduction of the equivalent constant failure rate to the
list of standardized reliability indicators of thermoelectric generator modules is appropriate and
justified because, for any non-ideally rectangular time dependence of the probability of failure-
free operation of the tested thermoelectric generator modules, there is a time interval counted
from the start of the tests, during which the number of suitable thermoelectric generator
modules will decrease by 2.71828 times. The value inverse to the duration of this interval is
equal to the equivalent constant failure rate of the tested thermoelectric generator modules. The
obtained indicators of resource stability of materials can rightfully be called integral, since it is
difficult to reasonably attribute them to individual materials that significantly differ from each
other in resource stability.

P(0) 1

0.8 |

0.6 |

0.4

0 2.8 % 32 1 10°h.

Fig. 3. Dependences of the probability of realizing a certain marginal resource
of thermoelectric generator modules on the value of this resource: 1 — approximated
by the maximum likelihood method in accordance with the diffusion-nonmonotonic law of failure
time distribution, 2 — approximated by the least squares method. 1,3 — marginal curves taking
into account errors at a confidence probability of 0.95, triangles — results of predicting
the marginal resource according to the probabilistic theory of degradation
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It should be also noted that the failures of thermoelectric generator modules during
accelerated tests cannot be explained by layer-by-layer cracking of thermoelectric legs under
the action of thermomechanical stresses transverse to the temperature gradient, the relaxation
of which is facilitated by the regulated and controlled pressing of the tested thermoelectric
energy converters to the hot heat exchanger.

3. Conclusions and recommendations

It is shown that the logarithmically normal law of failure time distribution follows from
the model assumption of the constancy of the rate of relative parameter degradation, which is
not inherent in thermoelectric generator modules. The dispersion of the values of the rate of
relative parameter degradation inherent in thermoelectric generator modules takes into account
the diffusion-nonmonotonic law of failure time distribution regulated by DSTU [3], developed
by the Institute of Problems of Mathematical Machines of the NASU. Preliminary predicting
of failure terms of thermoelectric generator modules is advisable to be carried out on the basis
of a probabilistic model of degradation of their parameters according to certain failure
characteristics. The simplest of them, the Weibull model, is advisable to use at the stage of
running-in of thermoelectric generator modules for highly reliable thermoelectric systems, and
also to assess and predict the reliability of materials, including thermoelectric ones, it is
necessary to use a more generalized degradation model that assumes the presence of their limit
resource [5]. The parameters of the degradation models are determined by appropriate
approximation of the time dependences of the parameters of the tested thermoelectric generator
modules obtained during the tests by the least squares method. Further, the failure terms
determined for each of the tested thermoelectric generator modules are arranged in ascending
order, then, taking into account the volume of the tested sample and assuming the gradual nature
of failures, a table of the predicted time dependence of the probability of failure-free operation
of the tested thermoelectric generator modules is constructed according to Table 1.After that,
in accordance with the diffusion-nonmonotonic failure time distribution law [3], estimates of
the parameters of the diffusion-nonmonotonic failure time distribution law are determined by
the maximum likelihood method directly through the failure terms predicted by the degradation
models, namely: the average operating time of the tested thermoelectric generator modules
before failure and the coefficient of variation of the rate of relative degradation of their
parameters, namely, parameters of the diffusion-nonmonotonic failure time distribution. We
consider these estimates only as an initial approximation for approximating tabular data by the
least squares method. The corresponding system of equations regarding the parameters of the
diffusion-nonmonotonic failure time distribution law is solved by Newton's iterative method.
Further on, based on the found parameters of the diffusion-nonmonotonic failure time
distribution law, taking into account the volume of the tested sample, the y-percentage resource
of the tested thermoelectric generator modules and the equivalent constant intensity of their
failures and the relative errors of determining these reliability indicators for a given confidence
probability are additionally found. The main difference of the approach we used to approximate
the probability function of failure-free operation of the tested thermoelectric generator modules
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is a significant reduction in the relative errors of determining their reliability indicators for a
given confidence probability. It should be noted that the diffusion-nonmonotonic failure time
distribution law [3] instead of the logarithmically normal [1] in combination with the
probabilistic theory of degradation of thermoelectric generator modules can be used, taking into
account the cycle duration, to determine the indicators of cyclic stability of thermoelectric
generator modules. It is important to note that using the approach described in this article, we
can find the equivalent constant failure rate with acceptable accuracy, regardless of the accuracy
with which the approximation of the constant failure rate is confirmed by experimental data,
since it is regulated by many international standards and determines the most appropriate areas
of application of the tested thermoelectric generator modules. According to the known
temperature dependence of the equivalent constant failure rate found in the process of
accelerated tests, assuming the validity of the Arrhenius law, it is possible to find the activation
energy of defects that cause failures of the tested thermoelectric generator modules, and then
identify these defects. If we assume that identical defects have the same activation energy, then
due to the Arrhenius law, only the average and y-percentage resources of the tested
thermoelectric generator modules and the equivalent constant intensity of their failures will
depend on the temperature, because the coefficient of variation of the rate of relative
degradation of their parameters, being a relative value according to [3], will not depend on the
temperature. Therefore, the relative errors in determining the reliability indicators of the tested
thermoelectric generator modules will also be temperature independent.

Authors’ information

Petro Gorskyi — Doctor of Physical and Mathematical Sciences.
Gennadiy Gorskyi — Lecturer at the College of Yuriy Fedkovych Chernivtsi National
University.

References

1. Gnedenko B.V. (2010). Course of probability theory: textbook. Kyiv: Publishing and
printing center "Kyiv University", 464 p.

2. Standard  MIL-STD883E-Test method standard—Microcircuits—Washington, U.S.
Department of Defense, 1996 https://quicksearch.dla.mil/qgsDocDetails.aspx?ident number
=35984 domestic analogue — DSTU 8302:2015

3. DSTU 3004-95 Reliability of equipment. Methods of assessing reliability indicators based
on experimental data ksv.biz.ua+1limmsp.kiev.ua+1. Kyiv: — State Standard of Ukraine —
1995.

4. Kotyrlo G.K., Lobunets Yu.M. (1961). Calculation and design of thermoelectric generators
and heat pumps — a reference book K.: Naukova dumka, 36p.

5. Gorskyi P.V. (2023). Probabilistic theory of degradation of thermoelectric generator modules
and its use for determining the reliability of thermoelectric materials. Thermoelectricity, 2,
49-56.

Submitted: 20.08.2025

ISSN 1607-8829 Journal of Thermoelectricity Ne3, 2025 99



P.V. Gorskyi, G.P. Gorskyi.
On the Necessity to Improve the MIL-883E Standard

Topcbkuii I1.B.! (https://orcid.org/0000-0003-4658-0584),
Topcobknii T.IL>3

Tncturyt Tepmoenexrpuku HAH ta MOH VYxpainu,

ByJ1. Haykn, 1, UepHnisi, 58029, YkpaiHa;
YepniBenpKuii HalioHanbHU yHiBepcuteT imeni IOpis denpkosuua,
ByJ1. Komrobuncrkoro 2,Yepnisii, 58012, Ykpaina;

*BCII daxoBuii KomemK UepHiBEI[LKOTO HAILlIOHAILHOTO YHIBEPCUTETY
imeni FOpist ®enpkoBuua, By, bankosa, 1, UepHisiii, 58002, Ykpaina

IIpo HeoOXinHicTh ynockoHanenHs cranaapry MIL-883E

Obtpynmosano HeobXioHicmb yOockoHanewuss cmanoapmy MIL-883 3 memor 6Oinvuw
MOYHO20 BUSHAYEHHS NOKA3HUKIE Haodiimocmi mepmoenekmpuynux cenepamopis(TET).
Toxazano, wo pexomMeHOO8aHUNl YUM CMAHOAPMOM 3AKOH PO3HOOLLY 4acy 6i0MOg
BUNIUBAE 3 NPUNYWEHHS NPO CIMALICMb WEUOKOCMI 8IOHOCHOI Oegpadayii napamempis
sunpobosysanux eupobis. Jlaromscs pexomenoayii ujo0o sukopucmanus cmanoapmy MIL-
883E oo eunpobysanns mepmoenekmpuunux eenepamopie (TEI). Iloxazano, wo
BUKOPUCMANHA — OUDY3IlIHO-HEMOHOMOHHO20 — PO3NOOILY — Yacy  6IOMO8  3AMICHb
N02aPUPMIUHO HOPMATLHO2O O0380IAE ICMOMHO 3HUBUMU GIOHOCHT NOXUOKU, 8USHAUEHHS
noxasuuxie Haodiunocmi TEI ma 3axonomipwo nepevmu 00 @yukyii imosiprocmi
0e3610M0B8HOT pOOOMU OKPEMO20 MmepMOeTleMeHmA.

Kuaro4oBi cjioBa: MBUIKICTh BITHOCHOI Jerpanaiii mapameTpiB BUpOOiB, JorapuMidyHO
HOPMAJIbHUH 3aKOH PO3MOAUTY Yacy BiMOB, KOe(illi€HT Bapiallii MIBUAKOCTI BiIHOCHOT
Jerpanaiii - mapamMeTpiB  TEPMOEJICKTPHUYHHUX TEHEPATOPHUX MOXYIIB, audy3iiiHO-
HEMOHOTOHHH 3aKOH PO3ITOIITY Yacy BiJIMOB, BITHOCHI MOXWOKH BU3SHAYCHHS TIOKa3HHUKIB
HagifHOCTI.
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