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Abstract: An electronic fuze is a one-shot system that has a long storage life and high mission
criticality. Fuzes are designed, developed, and tested for high reliability (over 99%) with a confidence
level of more than 95%. The electronic circuit of a fuze is embedded in the fuze assembly, and thus is
not visible. Go/NoGo fuze assembly mission critical testing does not provide prognostic information
about electrical and electronic circuits and subtle causes of failure. Longer storage times and harsh
conditions cause degradation at the component level. In order to calculate accrued damage due to
storage and operational stresses, it is necessary to perform sample-based accelerated life testing after
a certain time and estimate the remaining useful life of mission critical parts. Reliability studies of
mechanical parts of such systems using nondestructive testing (NDT) have been performed, but a
thorough investigation is missing with regards to the electronic parts. The objective of this study
is to identify weak links and estimate the reliability and remaining useful life of electronic and
detonating parts. Three critical components are identified in an electronic fuze circuit (1) a diode,
(2) a capacitor, and (3) a squib or detonator. The accelerated test results reveal that after ten years of
storage life, there is no significant degradation in active components while passive components need
to be replaced. The squib has a remaining useful life (RUL) of more than ten years with reliability
over 99%.

Keywords: one short system; electronic fuze; reliability; remaining useful life (RUL); accelerated life
testing (ALT)

1. Introduction

Electronic fuze is a mission-critical part of one-shot systems that demands high storage and
operational reliability. Reliability is defined as the time a system will perform its intended function
without failure under stated operating conditions. One-shot systems such as air bags, firefighting
equipment, initiating devices, electronic fuzes, and avionics assemblies of rockets are used once in their
complete service life. During dormant life in storage, these devices undergo environmental stresses
which cause degradation and can affect the operational reliability of the product. The service reliability
requirement for such systems is very high due to the mission profile and application. Failure of any
critical component due to storage fatigue and degradation can cause mission failure [1,2]. In order to
make accurate estimations of remaining useful life (RUL) and reliability predictions of these systems
and subsystems, it is necessary to examine the prognostic health of critical components. Accelerated life
testing by simulating environmental conditions of long-term storage is used to quantify the health of
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critical components and their failures [3,4]. Repeated nondestructive testing (NDTs) and sample-based
destructive testing over a minimum period of five years are essential to estimate the operational
reliability of the mission-critical parts [5]. Functional testing with Boolean results of a pass-fail
(Go/NoGo) does not provide any information about the degradation of components. Measured values
of test results carry some degree of information about the degradation process and can be predicted by
the drift in measured values towards failure. Environmental stresses applied to electronic modules
cause degradation both in components and assembly (soldering), which leads to failure, especially
at weaker links [6]. A one-shot system usually has long service and high-reliability requirements,
and therefore failure-based removals by studying failure mechanisms help to achieve high reliability
during the entire service life [7,8]. Reliability analysis and RUL estimation of small electronic explosive
detonators (devices) also called EEDs is a critical issue in the field of safety and reliability due to the
high risk in the case of failure. Reliability of miniature safety and arming devices (SADs) used in
artillery fuzes is assured by conducting environmental tests under a variety of temperature, vibration,
and impact conditions [9]. Researchers have worked on RUL and reliability estimations of the
one-shot system using different techniques involving stress analysis, highly accelerated life testing
(HALT) for failure analysis, and failure mode effect and criticality analysis (FMECA) to determine the
reliability of subsystems and assemblies of the one-shot system. Martin [10] studied the monitoring
and maintenance of the one-shot system. Martin further explored the relationship between destructive
testing and fatigue degradation to establish repair criteria for the reliability assurance of a one-shot
system. Wang et al. [11] studied the design of safety and arming design for a fuze at high speeds.
Lall et al. [12,13] used a nondestructive method to evaluate the reliability of fuze electronics using finite
element techniques to examine any damage to the electronic circuitry of a fuze. Yet the technique is
unable to answer functional performance and degradation in electrical characteristics at the component
level. Suhir [14] suggested that a probabilistic design for reliability (PDfR) was a better tool than HALT
for the understanding of the operational reliability of new products for which no degradation data is
available. Cheng et al. [15] and Cheng et al. [3] discussed the operational reliability of the one-shot
system under normal operation and in a stressed thermal cycling environment. Sakamoto et al. [16]
employed accelerated testing for the identification of failure modes for operational amplifier circuits.
Xie et al. [17] worked on the design improvements and firing performance of silicon-based detonators.
Chiodo and Lauria [18] discussed redundancies and the effect on the failure rate of industrial electronic
applications. They discussed the relationship between failure rates and redundancies, for k out of n
systems, and the effect on the overall reliability of the system. They also discussed the variation in
failure rates due to intermittent properties of infant mortality and high failure rate which continuously
decreases with time. After infant mortality, there exists a stable, low failure rate (operational life)
and finally increasing failure rate towards the end of life for electronic products. Sharp et al. [19]
discussed the design for reliability (DFR) for cluster munition fuze (CMF) with the reliability of
more than 99%. They also explained the concept and introduction of redundancies in the case of a
high-reliability application where human safety and operational reliability are required. Zhao and
Yun [20] studied inspection intervals for the one-shot system. The development of the reliability block
diagram and then identifying parallel and series systems contributing towards reliability can help in
the overall system reliability estimation of the electronic module [21]. Wang et al. [22] measured and
analyzed solid-state drives (SSD) reliability using accelerated testing. They compared the results and
retention of properties both at normal and high temperatures. Data collection to estimate degradation
is performed over a certain period, and the measurement equipment needs to be reliable for accurate
data collection. Micro-electromechanical systems (MEMS) based technology is replacing conventional
electronic detonators, but still, many systems are presently in storage [23].

Electronic fuzes, electronic explosive detonators (EEDs), semiconductor bridges (SCB), squibs,
and detonators are a part of almost every artillery munition [24-27]. The devices are kept in storage for
years before they need to be used [28]. The concept of interval inspection and RUL estimation is very
common in the defense industry, and some time life extension of these assets is carried out based on
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prognostic health of the one-shot system. From the above literature and to the best of our knowledge,
there exists a gap in the area of reliability estimation and RUL calculation for a one-shot system based
on component degradation analysis due to storage stresses. In the literature, there is no significant
work in the area of remaining useful life estimation using degradation analysis and accelerated life
testing for failure analysis of electronic components [29-31]. In this research article, an electronic fuze
is divided into three parts, the electronic part that provides the initial trigger, the chemical part that
produces an explosion, and finally the mechanical part that provides arming and travel of the explosive
train. This research article only elaborates the first two parts, while the reliability of the mechanical
part is taken as unity. Accelerated life testing of critical electronic components is carried out to obtain
degradation and failure data. Reliasoft ALTA-7 is used for degradation data analysis of electronic
components with fail (F) or sustain (S) type data inputs, and Weibull analysis is performed to estimate
standard and conditional reliability of the device under test (DUT). Grey forecasting models, GM (1,1)
and discrete grey forecasting model, DGM (1,1), are used to estimate RUL using the degradation of the
explosive part as it provides the best estimation under a limited data environment [32].

The outcome of this study is the identification of a weak link that affects reliability, and needs
repair, replacement, or redesign to ensure overall system reliability and RUL. The main focus of this
study is to determine the electronic module failure data and its reliability estimation using Reliasoft
ALTA and Weibull. The grey forecasting model, GM (1,1), is used for the degradation analysis of squib
decreasing pressure [33,34]. The results show that the capacitor is the weakest link, while all other
parts have a reliability of more than 99% for a minimum RUL of five years.

The contents of this manuscript are as follows: Section 2 discusses accelerated life testing and
Weibull analysis of degradation and failure data, Section 3 contains a brief explanation of the grey
forecasting models, Section 4 describes the methodology of the research work, Section 5 is about the
result and discussion of the degradation analysis, and Section 6 summarizes our conclusions.

2. Accelerated Life Testing and Weibull Analysis

The concept of the famous bathtub curve provides an idea of life cycle of electronic assemblies
as worst when new due to infant mortality and a high failure rate decreasing with time. Accelerated
aging (AA) and highly accelerated stress screening (HASS) are used to precipitate failures due to infant
mortality [35,36]. After the infant mortality period, electronic products have a small constant failure
rate and, finally, the wear-out period is usually achieved by highly accelerated life testing (HALT),
as shown in Figure 1.
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Figure 1. Bathtub curve for electronic products.
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An electronic fuze has three critical components that are affected by storage stresses and undergo
degradation. They include a diode in the booster circuit, a capacitor as a source of energy for a squib
or detonator, and a detonator or squib itself [37-39]. Due to their role in the successful operation of
electronic fuzes, there RUL and reliability affect the overall life and reliability of the one-shot system.
The following models are used to calculate testing time, considering the storage and operational
stresses of temperature and humidity. Acceleration factor is used to calculate the HALT testing time at
given stress values to acquire degradation or failure data [16].

During the storage of electronic explosive devices, two types of stresses are considered. One is
thermal storage stress as storage temperature varies from location to location and the other is humidity
which also varies with time and place of storage. To simulate these stresses, we use two models to
calculate stress levels and test time to perform HALT. This is to simulate the stress models and to predict
degradation in the electronic part of EED, and hence the RUL. The Arrhenius model temperature stress
and Arrhenius relationship are given as [40]:

R(T) = Ae (1)

where R(T) is reaction rate, A is nonthermal constant, Ea is the activation energy, k is the Boltzmann's
constant 8.6173303 x 107° eV/K, and T is the absolute temperature (Kelvin).

TTFF e;—?x(%—ﬁ

TTFT @

Acceleration Factor = Af =
where Af is the acceleration factor, TTFF is time to failure in the field, TTFT is the time to failure in
the test, T is the operating temperature also called low temperature, and T is the test temperature
also called high temperature. In accelerated testing, test temperature is always higher than operating
temperature. The Arrhenius exponential reliability function is given by:

=T
Mrw:&% (3)
For the Arrhenius exponential model, the reliable life ¢y is given as:
tr = —CeV In[R(tg, V) )
Combining the Arrhenius model with the Weibull distribution, we get:
tr = C- ¥ [~ In[R(tg, V)]}? 5)

In the above equations, parameters B and C are called Arrhenius parameters also known as
model parameters. In the linearized Arrhenius equation, In(C) is the intercept of the line and B is the
slope of the line. The Arrhenius parameter B is linked to activation energy E, and is given as B = %,
where K is Boltzmann’s constant. Parameter C is linked with life L, stress V and B, and is given as
In(L(V)) = In(C) + &, where L(V) represent life L at stress level V.

During storage, one more stress along with temperature that causes degradation is humidity;,
given as:

v () ©

The Arrhenius-Peck model is a combination of humidity and temperature stress to simulate the
storage condition and is given as [41]:
RHspress " 7 x(dr-1)
Af _ ( Stress) e kT S\T1™ T2 @)
RHuse
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The components are subjected to environmental stresses, and time and stress levels are calculated
as per the acceleration factor. The failure or degradation data can be analyzed using Reliasoft Weibull++
and Reliasoft ALTA to estimate the degradation trends and reliability.

The Weibull probability density function (pdf) is given as:

- p-1 =

where f(t) > 0, 1 is the scale parameter or the characteristic life (n > 0),  is the shape parameter
(B > 0), and y is the location parameter or the failure-free life with ¢ > y (—co < y < +00). The Weibull
cumulative density function is given as:

B
F(t) = 1-¢(F) ©

and reliability function is given as:

R(t) =1-F(t) =¢ 7 (10)

In this paper, Equations (2), (6), and (7) are used to calculate the acceleration factor with operational
and storage stresses, whereas, Equations (9) and (10) are used to calculate the pdf and the reliability of
the critical components.

3. Grey Forecasting Models

The grey forecasting models are used to predict future values of the squib pressure to calculate
the RUL of the detonating part of the fuze. The sample size is usually large to make a prediction and
life estimation, as we need reliability of more than 99%, with a confidence level of 95%. The basic form
of grey prediction model GM (1,1) is explained below [33,34]:

Step 1 Sequence of original values

x0 = {x01),20(2), ¥03), ..., xO(K), ..., xO (m)}; (11)
Step 2 The accumulating generation operator (AGO) sequence is given as

W = {xM(1),xW(2), xV(3),...,xD(K), ..., 20 (m)} (12)

k
where x(l)(k) =Y x(©0 (i)and k=1,2,3,...,m;
i=1

Step 3 The inverse accumulating generation operator (IAGO) sequence is given as

dz
dt

+at® =p (13)

where £1) (1) is predicted value of x(?)(1);
Step 4 Predicted values value £(!) is expressed as

2 = pxW (k) + (1-P)xM(k+1) =2V (k+1) (14)

wherek = 1,2,3,....
Here P is a predictor parameter and traditionally its value is taken as 0.5 in the original model.
GM (1,1) is given as
xO (k) + azV (k) = b (15)
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wherek = 1,2,3,... .
Model parameters a and b in Equation (7) can be expressed as

[ Z ] — (B7B) 'BTYy (16)

B and Yy in Equation (8) can be expressed in the following matrix form as

-zMW@2) 1 x0)(2)
-zW@E)y 1 x(0)(3)

B= : v = : 17)
Z0(m) 1 <) (m)

Step 5 The particular solution in the form of model parameters a and b as

2 (k+1) = (x@ (1) - Z)e-ﬂk + Z (18)
wherek=k=1,2,...,n—1,
Solving Equation (13), we get Equation (18), which is called time response, the corresponding
predicted output is given by the following equation:

£Ox(k+1) =z (k+1) £Wx(k)
= (1-e)(x0(1) - )t )

wherek=1,2,3,....

4. Methodology

In this section, the method for calculating the test time of each component for an accelerated-aging
equivalent to five years using Equations (2) to (7) is explained. Furthermore, the components or
modules are subjected to different stress levels to obtain the degradation data as well. This degradation
data is, then, used as an input to Weibull++ and ALTA-7 (Equations (8) to (10)) to estimate the failure
and reliability of components. Weaker links in randomly selected twenty printed circuit boards
(PCBs) of the electronic fuze are selected by design analysis and field failure data. Three components,
the diode, the capacitor, and the squib are selected as the weaker links as these are responsible for
providing the trigger current and energy to the squib which is necessary to perform the intended
function. Using temperature and humidity models from Equations (4), (5) and (7), the acceleration
factors and test time under stated conditions is calculated. The storage temperature is taken as 25 °C to
35 °C (T7) and the accelerated temperature as 100 °C to 125 °C (T3) for active components and 85 °C
for the passive component. The relative humidity is taken from 40% to 85% and activation energy
Ea =0.7-0.9 eV. Using these values and acceleration factor Af, the test duration at designated stress
levels is calculated for all three types of components. In order to calculate the reliable life for the
next five years, we perform highly accelerated life testing (HALT) on 20 samples of each component.
The HALT testing time or the accelerated aging time for capacitors result is 80 h and for diodes, it is
64 h. The flow diagram of the complete methodology ALT planning, implementation, and analysis
is shown in Figure 2a and a block diagram of the test setup to acquire degradation or failure data is
shown in Figure 2b.

As shown in Figure 2b, the environmental chamber is interfaced with the automatic test equipment
(ATE) or measuring instrument and the results are tabulated after every four hours. In the case of
failure of a component, the previous pass time is recorded as TTF (time to fail). During ALT, either the
component fails (F) and we get time to failure (TTF) or the component is suspended (S) and the state
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end time is equivalent to TTF during the test. In data analysis using ALTA, it is necessary to mention
the F or the S state along with TTF or state end time. The F and S values and corresponding time are
calculated for both diode and capacitor as the input data for ALTA and Weibull analysis to calculate
RUL and reliability using the above setup in Figure 2b. In Figure 3a, a squib tester is used to measure
electrical characteristics of the squib. The performance of the detonating part depends upon both the
electrical and explosive properties of the squib. A change in squib resistance and firing current can lead
to failure. Once the squib is qualified for electrical characteristics, the chemical properties and explosion
pressure provide the operational ability to perform its intended function. In Figure 3b, when Switch
2 is closed, it provides a discharging path to the capacitor through the squib resistance. The energy
stored in the capacitor is dissipated in the squib causing it to produce an explosion. The health of
the capacitor assures the strength of the explosion, which is required to initiate the explosive train as
mentioned in [11], and therefore the capacitor is a critical component.

1. Field Data Input
(Storage & Operationa
Stress Data)

v
2. Determine the Stress| 8. Identification of
Types & Define Highest| Failure Modes based
Stress levels on Degradation Data
i Plots
3. Define Measurement 6. Perform ALT based
Characteristics on AF, Test Duration, & 9. Pseudo-failure Time
T Inspection Time for various Modes
7 Dafine Probable - through Extrapolation
Failure Modes using 7. Degr a”dat;/_on Data
Fah'ure‘Cntena olfecuon 10. Reliability
Calculation based on
9. Calculate AF, Test STEP-2: ALT Weibull Distribution
Duration, & Inspection Implementation Mode!
Time
STEP-1: ALT STEP-3: ALT
Planning L, Analysis
(a)
Stimulus Device Under Test {DUT)
et .Bench of A_TE B — Environmental Chamber
(Auto:atlcTTe:tlethfllgment) ¢ Humidity and Temperature
ImeTa B2 (1T Responce Stress

(b)

Figure 2. The proposed methodology for the remaining useful life (RUL) and reliability calculations.
(a) Methodology and process flow diagram; (b) experiment procedure block diagram.

For the squib, the relative humidity (RH) is taken as 40% and 70%, Ea = 1.00704 eV, and the
temperature as 25 °C (T7) and 70 °C (T5). Using Equation (7) the Af is calculated to be 916.31 and
the test time for ten years of reliability as 94.29 h. For the squib testing, we normally measure firing
current, no firing current, ohmic values, and finally firing power. Because the squib demands high
reliability, i.e., around 99.5% with a confidence level of 95%, therefore, the sample size is usually large
even with a zero failure rate. Typically, 600 samples are required with zero failure and for a single
failure, the sample value rises to 950 in order to assure 99.5% reliability with a confidence level of 95%.

Firing power after qualification of electrical parameters for all squibs is measured at the end of
accelerated aging for 2.5, 5, 7.5, and 10 years or at 23.5, 47, 70.5, and 94 h, respectively. The firing power
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decreases with time, but remains above some minimum threshold value which is 10 MPa. The decline
in firing power is due to storage stresses, especially temperature and humidity. As the squib is a
critical part and is vital in a successful mission completion, therefore, a larger sample size is subjected
to destructive testing to measure firing pressure and reliability.

| Device under !

?  test (DUT)

'\

Switch 1 R
—)

‘ Squib
|Switch 2

— N
&

LAY

. —"/ -
Space Electronics LLC
Igniter Circuit Tester

1 "v'

’
1
N ~

(b)

Figure 3. Squib electrical properties measurements. (a) Squib or ignitor tester; (b) squib or ignitor circuit.

In order to provide the required charging current for the capacitor, we used a booster circuit
that consisted of the MOSFET, diode, and bleeding resistor, as shown in Figure 4a,b. As the energy
stored in a capacitor is given as energy stored in capacitor = %C V2, therefore, capacitance and voltage
developed across the capacitor are important parameters. This voltage can drop in the presence of
leakage current of the capacitors and this will affect the firing current required to initiate an initial
trigger for the explosive train through the squib resistance. Therefore, the decline in capacitance or the
increasing trend of leakage current in long term storage application is critical for mission reliability.

(g}
|l
| RIS
—0
-
=}
o
=}
=
-+
~—r
)
A
i
@]
WA
)

e —

MOSFET
(a) (b)

Figure 4. Squib energizing circuit. (a) Booster circuit for high current; (b) capacitor discharging circuit.

The failure of the diode is caused by diode forward current I, and VF, as the diode acts as protection
in the booster circuit. Finally, after calculating individual reliabilities, we use series and parallel
combinations of reliabilities to calculate the reliability of the electronic fuze, as shown in Figure 5. As all
these parts are connected either in series or parallel combination, and therefore combined reliability is
calculated based on series and parallel combination of the reliabilities of individual components.

Block-1

1 2 |— e Ny
Block-2

1 2 |— oo n;
Block-m - - .

1 2 [—  ees Nm

Figure 5. Parallel series system structure.
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5. Results and Discussion

After calculating stress levels (acceleration factor) and testing times for the weaker links of the
electronic fuze, accelerated life testing is performed to obtain failure or degradation data. The analysis
of failure or degradation data is performed using Reliasoft ALTA and Weibull to predict the failure of
the component. The accelerated life test for the first weaker link capacitor is performed for a reliable
life of ten years. The required testing conditions for 20 samples of capacitors for accelerated testing
are: Temperature = 80 °C, relative Humidity = RH = 85%, and test time = 80 h. Degradation data for
all the 20 capacitors are analyzed using ALTA to study the extent of degradation due to accelerated
aging and the ability of the capacitor to withstand environmental stresses for a period of ten years.
The degradation results show that all 20 capacitors are still in the qualified zone of their characteristic
curves, but the trend is moving towards failure and the curve becomes steeper as we approach the
time limit of 80 h. Humidity and high temperature negatively affect the dielectric strength causing
an increase in leakage current and a decrease in charge pholding capacity or capacitance. An LCR
meter (Agilent 4284A) interfaced with the environmental chamber was used for sequential testing
of capacitors.

Failure due to different stresses, the failure mechanism, and the failure modes are shown in
Figure 6. The physics of failure in the different components help to identify the stresses and their impact
on the life of the components. Knowledge of the failure mechanism helps to identify the impact of a
stress environment on different parameters, and failure modes help to screen out the underperforming
components. The failure mechanism and failure modes help to improve the operating conditions and
protective measures, and therefore avoid failures. For active components such as the diode, transistors,
and integrated circuits, the life span is large and failure is mostly linked with wear out, quality of
material, and doping. For the power devices, failure is linked with heat dissipation and the load
attached. For passive components such as capacitors, the effect of environmental stresses is more rapid.
Therefore, for a product consisting of different types of components, it is necessary to identify weaker
links and estimate RUL and reliability. Knowledge of stresses, the failure mechanism, and failure
modes helps with the selection of a capacitor for operation in a stressed environment and also to
identify critical parameters during accelerated aging. The failure of a fuze can be due to mechanical
failure or electrical failure, electrical failure due to components is discussed here. Another failure can
be due to solder joints and Muhammad et al. [6] discussed the effect of environmental stresses on
solder joints. The analysis of degradation or failure data received from field failure or acquired by
HALT helps in forecasting reliability and RUL.

—— [ [ ———T

1. Extremely High . .x | 1.Loss of Moisture 1. Permanent Drop of ||
|| Temperature | Lk from Electrolyte Effective Capacity ”
I I

2. Extremely Low 4 s | 2. Change in Dielectric " 2. Increase of ESR I "
" Temperature || Strength "
I I 3. Capacitive Drop I

3. Temperature 3. Change in | ||
|| Exceeding Design | !!‘ Conductivity of 4. Increased Leakage
imits ectrolyte urren
— u et |1y e
I 4. High Humidity I 4. Power Factor . |IL | 5.Increased Loss
" Conditions " " Change Il "' Tangent ||
I
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I{| stresstyres [l | B o || " | || FAILURE MODES |||

roeeese] loeseeee | Seeeeerd

Figure 6. Stresses, failure mechanism, and failure modes in the capacitor.
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The decrease in capacitance and increase in the leakage current of the capacitor with time are
shown in Figure 7a,b. Figure 7a,b also shows that, at time T = 80 h, all the important characteristics of
capacitors are well within range but show a degrading trend. One capacitor shows an abnormal trend
and is heading towards failure. This shows that capacitors need to be replaced in order to achieve high
reliability. The tendency of failures can be observed if we extrapolate the curves in Figure 7a beyond
80 h. The trend shows that humidity and temperature stresses in accelerated aging have damaged
the core parameters of capacitors and the reliability of both component and product is compromised.
The results help in the identification of the critical component that can affect the overall reliability of
the product and needs replacement every five years instead of ten years. Over time, the capacitor
loses its capacitance due to degradation in dielectric strength. Because the trigger current for initial
explosion is provided by the energy stored in the capacitor, therefore capacitance becomes a critical
parameter for mission success. From the graph in Figure 7a,b we observe that due to degradation in
parameters, a few more capacitors can suddenly lose their characteristic during the next five years
of storage. The cost of replacing a component is less than the cost of failure and high reliability of
a product demands even higher component reliability. To achieve this, early removal of a capacitor
is recommended. When the capacitor is replaced, in the overall reliability calculation, the value of
the RC is taken as 0.995, which is the same as taken at the start of the life cycle. As storage has a
negative influence on capacitance, therefore, electrolytic capacitors must be scrutinized for the date of
manufacturing before use in critical applications.

The second weaker link is the diode in the electronic fuze, again twenty diodes are subjected to
accelerated life testing at higher degrees of temperature. This helps to obtain the degradation data
and to study the effect of thermal stresses on different characteristics of diode and failure modes
triggered by these thermal stresses. The component datasheet, storage, and operational conditions
provide useful information about stress levels, and hence the calculation of the acceleration factor.
The acceleration factor, due to high-temperature stresses, is calculated by using the Arrhenius relation.
The values obtained for forward voltage (V) and leakage current (I;) at high temperatures after every
four hours are plotted against time. A Tektronix Curve Tracer 370B is used for testing the diodes.
Figure 8a,b shows that the forward voltage (V) remains constant with time and is not affected by
thermal stress. Contrary to this, the reverse current I, increases with time under thermal stresses which
indicates that, at high temperatures, minority carriers’ increase.

ALTA 7 - w
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L ]
.
- g0
= 995§ . sl —
1150.00 g ® . g = - 4;——4: - A |
i 8 22— —=8-e-a = c11
R =SS +g 88 i =
g8 oo¢oo oSty a8 gqg =
=§-o.
= =S a2 eSS BOe . . u—_
= AL S G e o N S
S10s0. e - — S13
§ \
H
£ ‘ c14
3 =
) “ c1s
£ .
g 950.00 =
= c16
.
c17
850, c1s
c19
°
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750.00) |
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0 6
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Figure 7. Cont.
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Figure 7. Capacitor degradation vs. time. (a) Leakage current vs. time; (b) capacitance vs. time.

Figure 8a,b shows that values of critical parameters for diodes do not exceed the threshold values
during accelerated testing and are well within limits. It means the diode will not affect the overall
reliability of the electronic fuze for the next ten years.

Finally, we use Weibull analysis to estimate standard and conditional reliability for the diode,
as the capacitor needs to be replaced with a new one. Probability distribution function (pdf) plot and
reliability plot for diode using Reliasoft Weibull function are shown in Figure 9a,b, respectively.

The conditional and standard reliability results from the probability distribution function are
as follows:

e  Standard reliability 0.99;
e  Conditional reliability 0.989.

It shows that out of two critical components, one of the components (diode) holds its performance
characteristics and confirms ten years of reliable life while the capacitor needs to be replaced every
five years.

In order to calculate the reliability and life of the electronic fuze, we need to calculate the reliability
of both electronic and explosive parts. We perform accelerated life testing to evaluate the reliability
and remaining life of the electronic components. The storage conditions, especially humidity, affect the
performance of explosive parts by reducing the exploding pressure necessary for the reliable operation
of the electronic fuze. As discussed in Section 4, a lot of samples are required to calculate the reliability
of the explosive parts of an EED. Electrical characteristics of a squib need to be evaluated and, then,
the exploding pressures need to be measured. The electrical characteristics of the filament or squib are
as follows:

e  DBridge resistance < 1.5 (), firing current > 1.5 A, Isolation resistance > 20 M Q) at 500 V;
e  The firing qualified pressure range for the squib is 10 to 20 MPa.

The pressure measurement of samples is taken at different time intervals (years) T0, T2.5, T5, T7.5,
and T10, by actually firing the samples. The pressure drop at T10 is well above the threshold value of
10 MPa. The grey forecasting model GM (1,1) provides an accurate prediction when the input data
is limited. Here we have only four average values of detonating samples collected after 2.5 years.
Equation (19) is used to calculate a prediction of future values in GM (1,1). Using the grey forecasting
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model GM (1,1) the values show that the total life of the detonator is more than 20 years, with the
remaining useful life of more than 10 years as shown in Table 1.
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Figure 8. Degradation vs. time. (a) Diode I, vs. time; (b) diode Vr vs. time.

The detonator has a reliable life for the next ten years or more. Using a series combination of
electronic parts used as a current source or power source and explosion part, the reliability is the
product of both parts. Therefore, the overall reliability of the electronic fuze is the product of individual
reliabilities and is given as:

Rsystem(ElectronicFuse) = Rp xRg X (RM —RmxRc - RC) (20)

where Rsystem (electronic fuze) = 0.99 or 99% is the system reliability, Rpjoqe = Rp = 0.995, RyiosreT =
R =0.995, Regpacitor = Re = 0.995, and Rsguip = Rs = 0.995. Alternatively,

Rsystem(ElectronicFuse) = Rp XRg X (RM —RmXRec - RC)- (21)
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Reliability electronic fuze = Reliability of electronics components x reliability squib = 0.995 x

0.995 = 0.99 or 99%.
If the sample size is increased, reliability is above 99%. Nevertheless, in the presence of limited

data and samples, the estimated reliability can be considered as acceptable.
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Figure 9. Reliability of diode (a) pdf plot for diode degradation and (b) reliability plot for the diode.



Micromachines 2020, 11, 272 14 of 16

Table 1. Grey forecasting values of detonators using GM (1,1).

Time Interval Time (Years) Actual Data GM (1,1) Forecasted Data
T1 2.50 18.85 18.53
T2 5.00 17.35 17.20
T3 7.50 15.65 15.95
T4 10.0 14.98 14.80
T5 12.5 - 13.74
T6 15.0 - 12.75
T7 17.5 - 11.83
T8 20.0 - 10.97
T9 22.5 - 10.18
T10 25.0 - 09.45

Average Relative Error - 0.06%

6. Conclusions

In this study, the reliability of the electronic parts of a fuze (one-short system) is calculated.
An electronic fuze is a small one-shot device that is mission critical and consists of two parts.
The electronic part provides the trigger current and has three critical components. The reliability of all
other parts, including biasing resistors and the PCB, is taken as unity, as they are either not critical
or not considered. The RUL of the PCB and solder joints is calculated separately. The second part is
the explosive part and the squib which provides initial flame and, then, an explosion for successful
completion of the mission. The overall results are in close agreement with the required reliability of
99%. The reliability of electronic fuze and squib, to the best of our knowledge, has not been studied
at the component level. Normal studies used the Military Handbook 217 values for allocation or
estimation of reliabilities. However, in this research work, actual values of constituent parts have
been evaluated to calculate component and system reliability. Reliasoft was used to perform the
accelerated life testing and degradation analysis. The Reliasoft Weibull distribution is an excellent
tool for reliability calculations using degradation and field failure data. The complex system is further
divided into smaller systems to calculate the reliability of smaller components which are further
combined using a series and parallel combination to calculate the system’s reliability. This study also
revealed that a design improvement is required, which replaces energy storing capacitors with others
having long storage characteristics. In the future, the reliability of a complex system consisting of
multiple subsystems could be calculated, where required, at the subsystem level, and later combined
to calculate the system level reliability.

Author Contributions: N.M. designed and performed the experiments, analyzed the data, and wrote the original
draft of the research article; Z.F. supervised the research work and over viewed the initial draft; S.Y.S. and D.H.
overviewed draft, suggested improvements and drafted the article for both technical and language improvements.
All authors have read and agreed to the published version of the manuscript.

Funding: The research work was partially funded by, the fund for basic scientific research fees of Central
Universities (No. NC2019003), the fund for basic scientific research fees of Central Universities (No. NP2019104)
and the National Natural Science Foundation of China (No. 71671091).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zhao, Q.Q.; Yun, W.Y. Storage availability of one-shot system under periodic inspection considering inspection
error. Reliab. Eng. Syst. Saf. 2019, 186, 120-133. [CrossRef]

2. Jiao,].; De, X.; Chen, Z.; Zhao, T. Integrated circuit failure analysis and reliability prediction based on physics
of failure. Eng. Fail. Anal. 2019, 104, 714-726. [CrossRef]

3. Cheng, Y.; Elsayed, E.A. Reliability Modeling of Mixtures of One-Shot Units under Thermal Cyclic Stresses.
Reliab. Eng. Syst. Saf. 2017, 167, 58-66. [CrossRef]


http://dx.doi.org/10.1016/j.ress.2019.02.016
http://dx.doi.org/10.1016/j.engfailanal.2019.05.021
http://dx.doi.org/10.1016/j.ress.2017.05.018

Micromachines 2020, 11, 272 15 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Ruidong, D.; Chun, G. Researches and Investigation on Manufacturers’ Reliability Test Data of Electronic
Parts. Enerqy Procedia 2017, 127, 242-246. [CrossRef]

Raza, A.; Ulansky, V. Minimizing total lifecycle expected costs of digital avionics” maintenance. Procedia Cirp
2015, 38, 118-123. [CrossRef]

Muhammad, N.; Fang, Z.; Shoaib, M. Microelectronics Reliability Remaining Useful Life (RUL) estimation
of electronic solder joints in rugged environment under random vibration. Microelectron. Reliab. 2020,
107,113614. [CrossRef]

Gaver, D.P; Jacobs, P.A. Reliability growth by failure mode removal. Reliab. Eng. Syst. Saf. 2014, 130, 27-32.
[CrossRef]

Chen, Y.; Wang, Z.; Li, Y.Y;; Kang, R.; Mosleh, A. Reliability analysis of a cold-standby system considering
the development stages and accumulations of failure mechanisms. Reliab. Eng. Syst. Saf. 2018, 180, 1-12.
[CrossRef]

Jeong, J.; Eom, J.; Lee, S.S.; Lim, D.W,; Jang, Y.I; Seo, KW.; Choi, S.S.; Lee, C.J.; Oh, J.S. Miniature
mechanical safety and arming device with runaway escapement arming delay mechanism for artillery fuze.
Sens. Actuators A Phys. 2018, 279, 518-524. [CrossRef]

Newby, M. Monitoring and maintenance of spares and one shot devices. Reliab. Eng. Syst. Saf. 2008,
93, 588-594. [CrossRef]

Wang, D.; Lou, W.; Feng, Y.; Zhang, X. Design of high-reliability micro safety and arming devices for a small
caliber projectile. Micromachines 2017, 8, 234. [CrossRef] [PubMed]

Lall, P; Kothari, N.; Deep, J.; Lowe, R. Analysis of progressive damage in fuze electronics using
micro-computed tomography and finite element models. In Proceedings of the 17th Intersociety Conference
on Thermal and Thermomechanical Phenomena in Electronic Systems, San Diego, CA, USA, 29 May-1 June
2018; Volume 1, pp. 1160-1168.

Lall, P.; Kothari, N.; Deep, ]J.; Foley, J.; Lowe, R. Development of FE Models and Measurement of Internal
Deformations of Fuze Electronics Using X-Ray Micro CT Data with Digital Volume Correlation. In Proceedings
of the 2017 IEEE 67th Electronic Components and Technology Conference (ECTC), Orlando, FL, USA,
30 May-2 June 2017; pp. 497-506.

Subhir, E. Could electronics reliability be predicted, quantified and assured? Microelectron. Reliab. 2013,
53, 925-936. [CrossRef]

Cheng, Y.; Elsayed, E.A. Reliability modeling and optimization of operational use of one-shot units. Reliab. Eng.
Syst. Saf. 2018, 176, 27-36. [CrossRef]

Sakamoto, ].; Hirata, R.; Shibutani, T. Potential Failure Mode Identification of Operational Amplifier Circuit
Board by Using High Accelerated Limit Test. Microelectron. Reliab. 2018, 85, 19-24. [CrossRef]

Xie, R;; Ren, X,; Liu, L.; Xue, Y,; Fu, D.; Zhang, R. Research on design and firing performance of si-based
detonator. Def. Technol. 2014, 10, 34-39. [CrossRef]

Chiodo, E.; Lauria, D. Some basic properties of the failure rate of redundant reliability systems in industrial
electronics applications. IEEE Trans. Ind. Electron. 2015, 62, 5055-5062. [CrossRef]

Sharp, A.; Andrade, J.; Ruffini, N. Design for reliability for the high reliability fuze. Reliab. Eng. Syst. Saf.
2019, 181, 54-61. [CrossRef]

Zhao, Q.Q.; Yun, W.Y. Determining the inspection intervals for one-shot systems with support equipment.
Reliab. Eng. Syst. Saf. 2018, 169, 63-75. [CrossRef]

El-Damcese, M.A. Reliability equivalence analysis of a parallel-series system subject to degradation facility.
Sci. J. Appl. Math. Stat. 2015, 3, 160-164. [CrossRef]

Wang, Y.; Dong, X.; Zhang, X.; Wang, L. Measurement and analysis of SSD reliability data based on accelerated
endurance test. Electron. 2019, 8, 1357. [CrossRef]

Hu, T.; Zhao, Y.; Zhao, Y.; Ren, W. Integration design of a MEMS based fuze. Sens. Actuators A Phys. 2017,
268, 193-200. [CrossRef]

Yang, X.; Wen, Y.; Dong, H.; Liang, Q.; Qin, B.; Yi, X. Bayesian reliability assessment for high-value
pyrotechnics systems based on inheritance factor. In Proceedings of the 11th International Conference on
Reliability, Maintainability and Safety, Hangzhou, China, 26-28 October 2016; pp. 1-4.

Agrawal, H.; Mishra, A.K. Probabilistic Analysis on Scattering Effect of Initiation Systems and Concept of
Modified Charge per Delay for Prediction of Blast Induced Ground Vibrations. Meas. J. Int. Meas. Confed.
2018, 130, 306-317. [CrossRef]


http://dx.doi.org/10.1016/j.egypro.2017.08.125
http://dx.doi.org/10.1016/j.procir.2015.08.024
http://dx.doi.org/10.1016/j.microrel.2020.113614
http://dx.doi.org/10.1016/j.ress.2014.04.012
http://dx.doi.org/10.1016/j.ress.2018.06.022
http://dx.doi.org/10.1016/j.sna.2018.05.040
http://dx.doi.org/10.1016/j.ress.2007.02.008
http://dx.doi.org/10.3390/mi8080234
http://www.ncbi.nlm.nih.gov/pubmed/30400425
http://dx.doi.org/10.1016/j.microrel.2013.03.011
http://dx.doi.org/10.1016/j.ress.2018.03.021
http://dx.doi.org/10.1016/j.microrel.2018.04.005
http://dx.doi.org/10.1016/j.dt.2014.01.002
http://dx.doi.org/10.1109/TIE.2015.2404306
http://dx.doi.org/10.1016/j.ress.2018.04.032
http://dx.doi.org/10.1016/j.ress.2017.08.007
http://dx.doi.org/10.11648/j.sjams.20150303.19
http://dx.doi.org/10.3390/electronics8111357
http://dx.doi.org/10.1016/j.sna.2017.09.051
http://dx.doi.org/10.1016/j.measurement.2018.08.032

Micromachines 2020, 11, 272 16 of 16

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Li, Y; Jia, X.; Wang, L.; Zhou, B.; Shen, R. Research on the electro-explosive behaviors and the ignition
performances of energetic igniters. J. Energ. Mater. 2018, 36, 1-12. [CrossRef]

Tanoli, S.A K.; Rehman, M.; Khan, M.B.; Jadoon, I.; Khan, FA.; Nawaz, F; Shah, S.A.; Yang, X.; Nasir, A.A.
An experimental channel capacity analysis of cooperative networks using Universal Software Radio Peripheral
(USRP). Sustainability 2018, 10, 1983. [CrossRef]

Li, N.M.J.; Das, D.; McCluskey, P. Review of shelf life evaluation methods and a physics of failure approach
for shelf life estimation for electronic components. Microelectron. Reliab. 2019, 99, 152-160. [CrossRef]
Borkar, S. Designing reliable systems from unreliable components: The challenges of transistor variability
and degradation. IEEE Micro 2005, 25, 10-16. [CrossRef]

Si, X.S.; Wang, W.; Hu, C.H.; Chen, M.Y.; Zhou, D.H. A wiener-process-based degradation model with a
recursive filter algorithm for remaining useful life estimation. Mech. Syst. Signal Process. 2013, 35, 219-237.
[CrossRef]

Li, H.; Wang, J.; Ren, N.; Xu, H.; Sheng, K. Investigation of 1200 V SiC MOSFETs" surge reliability.
Micromachines 2019, 10, 485. [CrossRef]

Liu, J.; Liu, S.; Fang, Z. Storage reliability evaluation model based on grey target theory combined with
prospect theory. In Proceedings of the IEEE International Conference on Grey Systems and Intelligent
Services, Leicester, UK, 18-20 August 2015; pp. 374-377.

Guo, R;; Cheng, C.Y,; Cui, Y.H. L1-normed GM (1, 1) models and reliability analysis. In Proceedings of
the IEEE International Conference on Systems, Man and Cybernetics, Taipei, Taiwan, 8-11 October 2006;
pp- 775-779.

Zhao, D.; Gao, C.; Zhou, Z.; Liu, S.; Chen, B.; Gao, J. Fatigue life prediction of the wire rope based on grey
theory under small sample condition. Eng. Fail. Anal. 2020, 107, 104237. [CrossRef]

Rathgeber, S.; Bauer, R.; Otto, A.; Peter, E.; Wilde, ]. Harsh environment application of electronics—Reliability
of copper wiring and testability thereof. Microelectron. Reliab. 2012, 52, 2452-2456. [CrossRef]

Klyatis, L.M.; Klyatis, E.L. Useful accelerated reliability testing performance. Accel. Qual. Reliab. Solut. 2006,
93, 283.

Choi, J.; Hwang, K.; Kim, B. Reliability analysis for thermal cutting method based non-explosive separation
device. J. Mech. Sci. Technol. 2016, 30, 5433-5438. [CrossRef]

He, ].; Bao, T.; Wu, J.; Shao, G.; Du, D.; Le, X.; Zhang, Q. Reliability assessment and data processing techniques
of the squib valve in pressurized water NPPs. Nucl. Eng. Des. 2018, 332, 59—-69. [CrossRef]

Shah, S.A_; Fioranelli, F. RF sensing technologies for assisted daily living in healthcare: A comprehensive
review. IEEE Aerosp. Electron. Syst. Mag. 2019, 34, 26—44. [CrossRef]

Suhir, E. Three-Step Concept (TSC) in modeling Microelectronics Reliability (MR):
Boltzmann-Arrhenius-Zhurkov (BAZ) probabilistic physics-of-failure equation sandwiched between two
statistical models. Microelectron. Reliab. 2014, 54, 2594-2603. [CrossRef]

Joshy, S.; Verdingovas, V.; Jellesen, M.S.; Ambat, R. Circuit analysis to predict humidity related failures in
electronics—Methodology and recommendations. Microelectron. Reliab. 2019, 93, 81-88. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1080/07370652.2015.1015693
http://dx.doi.org/10.3390/su10061983
http://dx.doi.org/10.1016/j.microrel.2019.05.022
http://dx.doi.org/10.1109/MM.2005.110
http://dx.doi.org/10.1016/j.ymssp.2012.08.016
http://dx.doi.org/10.3390/mi10070485
http://dx.doi.org/10.1016/j.engfailanal.2019.104237
http://dx.doi.org/10.1016/j.microrel.2012.06.083
http://dx.doi.org/10.1007/s12206-016-1111-8
http://dx.doi.org/10.1016/j.nucengdes.2018.03.019
http://dx.doi.org/10.1109/MAES.2019.2933971
http://dx.doi.org/10.1016/j.microrel.2014.07.001
http://dx.doi.org/10.1016/j.microrel.2018.12.010
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Accelerated Life Testing and Weibull Analysis 
	Grey Forecasting Models 
	Methodology 
	Results and Discussion 
	Conclusions 
	References

