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Abstract: In recent years, penetrating weapons have been used more and more to attack increasingly
hard targets; therefore, the impact of such a penetrating process has increased to an extremely high
level. As an important component of a fuze, the reliability of the ceramic capacitor in high-impact
environments is key for the normal working of the fuze. In this paper, we found that a high-impact
causes parameter drift of the multilayer ceramic capacitor (MLCC), which further causes the fuze to
misfire. This paper mainly studies the internal mechanism of the MLCC’s parameter drift during high
impact. Firstly, transient physical phenomena, such as capacitance fluctuation and the leakage current
increase of the ceramic capacitor under a high acceleration impact, were studied experimentally
by a Machete hammer, revealing the relationship between the capacitance change, leakage current
change, and acceleration under different working conditions. Secondly, a mechanical model of the
ceramic capacitor is established to simulate the change in capacitance value, which shows that the
main factor of the capacitance change is the deformation-derived change in the facing area between
the electrodes. Lastly, an equivalent circuit model is established to simulate the change in the leakage
current, which shows that the main factor of the leakage current change is the piezoelectric resistance
of the ceramic dielectric.

Keywords: multilayer ceramic capacitor; high impact; failure mechanism; leakage current;
mechanical model

1. Introduction

A penetration weapon is a kind of high-value ammunition used for attacking strategic hard targets,
such as weapon depots, missile launching sites, airport runways, and command centers. A penetration
fuze is the “brain” of a penetrating weapon system, which precisely controls the burst point [1]. For the
penetration fuze, a reliable power supply is the basis of its normal functioning. So, the multilayer
ceramic capacitor (MLCC), which is the main energy-storage component of a penetration fuze, plays an
important role in the reliability of the whole penetration weapon. Because the penetration fuze
experiences an extreme impact, mechanical environment (acceleration up to hundreds of thousands of
gravity g, lasting for a millisecond-wide pulse) [2,3], the reliability of the MLCC under high impact is
very important.

Previous studies on the reliability of an MLCC under high-acceleration impact mostly focused
on structural failure [4-11]. Prume et al. established a finite element simulation model for electrical,
mechanical, and thermal coupling of an MLCC [12]; Lee et al. used a multi-scale homogenization
modeling method to characterize the structural characteristics of multilayer ceramic capacitors [13];
Zhang et al. used the equivalent mechanical model to describe the impact-driven deformation of an
MLCC and reveals that the electric field distortion resulting from the deformation can easily cause
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ceramic capacitor failure [14]; and He et al. discussed the failure of an MLCC through a high overload
impact dynamic experiment and analyzed the influence of such a failure on the fuze system [15].
At present, the dynamic impact experiment and mechanical failure modeling are the most common
ways to study the failure of an MLCC.

However, even there is no structural failure, it does not mean that no functional failure occurs in the
MLCC and other electronic devices. Current research hotspots are focused on stress concentration and
structural damage due to high impact. In actual working conditions, the MLCC did not have structural
damage, but the penetration fuze still misfired due to the parameter drift. This paper focuses on the
failure mechanism of an MLCC under high-impact conditions. In addition, it has been revealed that the
tantalum capacitors and supercapacitors, two other kinds of energy-storage devices for a penetration
fuze, still have capacitance parameter fluctuation without structural damage under a high-acceleration
impact [16]. Gao et al. studied a fuze misfire caused by the sudden increase in leakage current of the
tantalum capacitor under a high-g impact load [17]. Therefore, for an MLCC subjected to a strong
impact, besides the structural failure, the functional failure problem of the parameter fluctuation is
also important for practical application. However, the research in this area is still relatively scarce.
In this paper, the changes in MLCC capacitance and leakage current upon subjection to a high impact
are presented in real time, and the internal mechanism causing the electrical parameter changes is
studied by physical field modeling and equivalent circuit modeling, which provides significant guiding
towards the reliable use of an MLCC in a penetration fuze.

2. Experimental Study on MLCC Parameter Fluctuation Failure

2.1. Structure and Principle of an MLCC

A multilayer ceramic capacitor is mainly composed of an inner electrode, outer electrode,
and ceramic dielectric material. A multilayer ceramic capacitor is composed of ceramic dielectric
membranes printed with internal electrodes (mainly made of nickel, silver, palladium, and other metal
materials) in a staggered manner. After one-time high-temperature sintering, the ceramic plates are
formed, and the outer electrodes are sealed at both ends of the ceramic plates to form a monolith-like
structure, as shown in Figure 1 [18,19].
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Figure 1. Application of a multilayer ceramic capacitor (MLCC) in a penetration weapon. (a) The penetration
process in a military application. (b) The MLCC is the energy-storage element of a penetration fuze.
(c) Internal structure diagram of the MLCC.
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2.2. MLCC High-Impact Test System

An MLCC is often used as the main energy-storage element of a penetration fuze, which needs to
withstand extreme environments, such as long pulse and high-g impact acceleration in the process
of launching and penetrating. The impact can cause changes in the electrical parameters of the
MLCC, among which the capacitance capacity and leakage current change are the most important
to evaluate the capacitance failure. A Machete hammer is the most widely applied experimental
system to research such extreme high-g impact environments, whose impact pulse width can reach
hundreds of microseconds and impact value can reach up to tens of thousands of g. By adjusting the
corresponding gear of a machete pawl, different acceleration values can be obtained upon releasing
the pawl, which can simulate the actual mechanical environment of the fuze during the penetration
process. The experimental system of the Machete hammer is shown in Figure 2.
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Figure 2. Experimental system diagram: (a) schematic diagram of a Machete hammer test system;
(b) installation diagram of the capacitance and sensor.

Four kinds of ceramic capacitors with different capacities and different withstand voltages were
used in the experiment. The capacitors were welded onto the Printed Circuit Board surface and
fixed to the Machete hammer using thread. A piezoresistive high-g sensor (214-BM1009 type) was
used to measure the acceleration signal during the impact process, with a sensitivity of 3.0 uV/g
and a maximum range of 30,000 g. A Wayne Kerr 6500B series precision impedance analyzer was
used to monitor the change in ceramic capacitance. An electrochemical workstation (CHI600E Series)
was selected to monitor the change in leakage current. The ceramic capacitance parameters and test
parameters are shown in Table 1. The subsequent modeling and simulation in this paper are based on
these real device parameters.

Table 1. Capacitance specifications and measurement parameters.

Capacitor Type 0 (um) N h(um) I(um) b(um) S (mm?)
“1"CT41G-1210-X5R-16V-22uF 3.11 501 1.31 2945 2059 5.34
“1"CT41G-1210-X5R-25V-22uF 291 379 1.81 3165 2161 5.99
“1"CT41G-1210-X5R-16V-47uF 1.79 462 1.96 3238 2184 6.22
“1"CT41G-1210-X5R-25V-47uF 2.57 570 1.76 3364 2369 7.05

Where 60—thickness of dielectric layer; N—number of electrode layers; h—thickness of electrode layer; I —electrode
length; b—electrode width; and S—effective facing area.
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2.3. Transient Variation of Capacitance

The capacity of a ceramic capacitor changes during the impact process. Figure 3 shows that the
capacity of the ceramic capacitor (type: 16V-22 uF) increased with increasing impact acceleration.
Compared with the ceramic capacitors with different withstand voltages and differently rated capacities,
when the peak value of impact acceleration exceeded 5000 g, the ceramic capacitance of them all have
evident changes and the change value increased with the increasing impact peak value. The measured
data of the changes are shown in Table 2. Among them, the capacitance value change reached 0.18 uF
(absolute change); therefore, it cannot be ignored. In addition, the relationship between the MLCC
capacitance change and impact acceleration is nonlinear, but the amount of change increases sharply
after the threshold acceleration (>4000 g) is exceeded. This indicates that the higher acceleration
the penetration fuze is subjected to, the more serious the reliability problem regarding capacity
fluctuation can be. Besides, the larger the rated capacity and withstand voltage, the greater the
capacitance fluctuation.
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Figure 3. Change in ceramic capacitance with impact acceleration. (a) The impact peak value is 5209 g.
(b) The impact peak value is 5608 g. (c) The impact peak value is 6305 g. (d) The impact peak value is
8297 g.

Table 2. Capacity change of the MLCC under a different impact acceleration.

Capacitance Variation/uF

Capacitor Type
5026g 5608g 6305g 8297g
“J”"CT41G-1210-X5R-16V-22uF  0.022 0.030 0.106 0.146
“]”CT41G-1210-X5R-25V-22uF  0.027 0.033 0.109 0.151
“]”"CT41G-1210-X5R-16V-47uF  0.031 0.056 0.122 0.174
“]”CT41G-1210-X5R-25V-47uF  0.037 0.060 0.127 0.181
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The experimental results show that, although the capacitance value changes at the moment of
mechanical impact, it can restore to its original rated capacity after the impact, which verifies our
view that even if the MLCC and other fuze devices do not have structural failure, various transient
functional failures may still occur at the impact moment.

2.4. Transient Change of the Leakage Current

The leakage current of a multilayer ceramic capacitor is another key performance evaluation
parameter. During the impact, the leakage current of the ceramic capacitor also changes significantly,
causing ignored energy loss. According to Mattes et al. [20], the ceramic dielectric (BaTiO3) is not an
absolutely ideal insulating material and has a piezoresistive effect. When the capacitor is charged,
the electron penetrates through the dielectric layer and forms the leakage current. During the process
of impact, the piezoresistive effect is evident, resulting in a sharp increase in the leakage current.

In this study, both ends of the MLCC are connected to the electrochemical workstation. Real-time
monitoring of the leakage current changes by chronopotentiometry mode. Under such a mode, a constant
voltage is applied between the two ends. When the impact acceleration is applied to the MLCC
via the Machete hammer, the transient leakage current change is recorded by the electrochemical
workstation. The change in leakage current of the ceramic capacitor is closely related to its structure.
Figure 4 shows the leakage current of multilayer ceramic capacitors with different specifications
changed under different impacts. In the process of the experiment, the peak value of the impulse
acceleration increases gradually, and the leakage current of all types of capacitors increases suddenly,
which is a universal phenomenon. Moreover, the change in leakage current can reach values of up to
1.2 mA (absolute change), so it cannot be ignored. In addition, the relationship between the leakage
current change and impact acceleration rate is not linear; the amount of change increases sharply after
the threshold (4000 g) is exceeded. This indicates that the higher the acceleration the penetration fuze
is subjected to, the more serious the reliability problem of an increased leakage current can happen.
Besides, the greater the rated capacity and withstand voltage, the greater the increase in leakage
current. Note that the rated capacity has a greater influence than the withstand voltage on the leakage
current fluctuation.
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Figure 4. Relationship between the leakage current and impact in multilayer ceramic capacitors:
(a) leakage current of an MLCC (25V47uF) under 8297 g impulse; (b) leakage current variation of
multilayer ceramic capacitors with different impacts.

3. Modeling of MLCC Parameter Fluctuation Failure

The capacity of the MLCC increases with the increase in the impact peak value, which is due to
the elastic deformation of the inner film-coated electrode of the MLCC during the impact, as shown in
Figure 5. In the elastic range, the capacitance changes due to the change of the facing area between
the electrodes.
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Electrode
Dielectric
Electrode

Figure 5. Diagram of the facing area increase during impact.

Figure 6 shows a schematic diagram of the leakage current increase during impact. Under the
mechanical pressure caused by the impact process, the electrical conductivity of the ceramic dielectric
layer increases. So, the number of electrons passing through the dielectric layer increases, causing a
larger leakage current.
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Figure 6. Schematic diagram of the leakage current increase during impact.

Based on the above physical mechanism, in this paper, a dynamic mechanical model is established
to analyze the influence of mechanical impact on capacity, and an equivalent circuit model is established
to analyze the influence of mechanical impact on the leakage current.

3.1. Modeling of Capacitance Fluctuation Based on Electrode Deformation

The basic unit of a multilayer ceramic capacitor is composed of two metal electrodes, which are
separated by dielectric layer ceramics and stacked up in layers. The positive and negative charges
are stored in the metal electrodes. Both ends of the electrode plate are coated in a ceramic dielectric.
Therefore, the equivalent two-dimensional elastic mechanics problem of a ceramic capacitor electrode
is shown in Figure 7. The coordinate system is length I along the X direction, width b along the Y
direction, and thickness / along the Z direction. When the plate is subjected to the inertial force F,
the upper surface is compressed and the lower surface is stretched. The bending moment M produced
by any single element under the inertial force is m, and the number of electrode layers is N.
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Figure 7. Equivalent diagram of the inner electrode: (a) schematic diagram of the electrode; (b) schematic
diagram of electrode equivalent mechanical model.

Under the impact acceleration 4, the uniformly distributed load g is as follows:

F ma  bhpa

T"NITNT N @
The deflection function of the electrode under the uniform load q is as follows [21]:
o ma 5., 2 P4 L 2
©() = ganen® 0 = ges =) @)

where the cross-sectional area of the inner electrode is given by A = b-h, the material density is p, and
the elastic modulus of the material is E.
When x = /2, the maximum deflection of the plate is as follows:

14

e @)
Wmax = ————
T 32NER?
The rotation function 0(x) of the inner electrode is as follows:
0(x) = w(x) 4
By deriving x, we obtain the following results:
0(x) = P2 _x(1-2x¢)(1—x) )

~ NER2

Then, the length I of the electrode after impact is bent to the arc length I":

, pa 2
z_fo \/1+[NEh2x(l—2x)(l—x)] dx ©)

Then, the arc length change Al is as follows:

!
Al:l’—l:f \/1+[N‘;lzx(l—zx)(z—x)]2dx—z @)
0
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The surface area change AS of the inner electrode is obtained as follows:

AS = Alb = {fol \/1 n [%x(l —ox)(l —x)]zdx - 1}.19 ®)

The capacity of the inner electrode unit of the ceramic capacitor is as follows:

@

&S
g "~ 2Nnkd ©)

Therefore, the capacitance change AC is as follows:

N eAS € l\/ pa 2
AC—g-m—élnkd-Al-b—{fo l—i—[NEhzx(l—Zx)(l—x)] dx—z}.b (10)

According to the numerical calculation of the above mechanical model, the results are shown in
Figure 8. The relationship between the capacity change and the impact acceleration presents two stages:
first, it changes gently, then rises rapidly. Further, as shown in Figure 9, the first stage has a slow capacity
change because the electrode and ceramic dielectric are closely connected when the impact acceleration
is lower than the deformation threshold of the ceramic dielectric and the deflection deformation is
small, and the facing area of the inner electrode changes only a little; therefore, the capacity change
is not obvious. In the second stage, the impact acceleration exceeds the threshold, the deflection of
the electrode is obvious, the facing area of the inner electrode increases, and the capacity and impact
acceleration almost increase with a linear relation. The comparison between Tables 2 and 3 shows
that the main conclusions of both the simulation and experiment are the same, indicating that the
mechanical model proposed above is credible. Specifically, the quantitative value of the absolute
capacity change of the simulation is slightly lower than that of the experiment. The reason for this is
that the simulation does not consider the mechanical two-dimensional equivalent model and simplifies
the influence of the transverse strain. The variation in the electrode thickness direction is not an ideal
factor, which leads to the deviation between the simulation results and the experimental results.
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Figure 8. Relationship between capacity change and impact acceleration.
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Figure 9. Deformation of the MLCC at different stages: (a) the first stage; (b) the second stage.

Table 3. Simulation capacity change of the MLCC under different impacts.

Capacitance Variation/uF
5026 g 5608g 6305g 8297g

“]7CT41G-1210-X5R-16V-22puF  0.011 0.028 0.082 0.129
“]”CT41G-1210-X5R-25V-22uF  0.017 0.033 0.091 0.141
“]”CT41G-1210-X5R-16V-47uF  0.029 0.054 0.112 0.164
“]7CT41G-1210-X5R-25V-47uF  0.038 0.059 0.123 0.175

Capacitor Model

3.2. Modeling of Leakage Current Fluctuation Based on the Piezoresistive Effect

In this study, the leakage current of the ceramic capacitor returned to its original state after the
impact. According to the theoretical model of the equivalent circuit, the main factor affecting the leakage
current is the ceramic dielectric insulation resistance [22]. Therefore, the key to solving the leakage
current is to study the relationship between the pressure and ceramic dielectric insulation resistance.

3.2.1. Piezoresistive Model of Ceramics

As shown in Figure 10, a static load is applied to the ceramic dielectric and the constant voltage
(10V) of the electrochemical workstation (CHI600E Series) is used to monitor the real-time current
change in order to obtain the resistance values of the ceramics under different pressures. The static
pressure test showed that, with the increase in pressure, the insulation impedance of the ceramic
dielectric decreased. In Figure 11 we see that the resistance of the ceramic dielectric began to decrease
when the threshold pressure was 2.7 MPa, and the resistance dropped gradually when the pressure
reached 18.1 MPa. In Figure 12, the relationship between ceramic conductivity and pressure is shown.

CHIGO00E

Figure 10. System diagram of the ceramic static pressure test: (a) hydrostatic machine; (b) ceramic static
pressure diagram; (c) ceramic static pressure experiment.
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Figure 11. Relationship between pressure and ceramic conductivity: (a) the change of ceramic current

in static pressure experiment; (b) the relationship between ceramic dielectric pressure and resistance.
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Figure 12. Relationship between pressure and ceramic resistance.

According to Newton’s second law, the relationship between acceleration and pressure is as

follows:

p(t) = ma(t)/A

where m—mass; A—cross-sectional area.
According to the experimental results, the relationship between pressure P and resistance R

(P-R equation) is as follows:

R(p) = { Ro + Ap-(1—e=(p=T0)

256,p < 2.34;

The parameters in the P-R equation are shown in Table 4.

Table 4. P-R model parameters.

/Ml))+ Ar-(1- e(—(P—Tz)/Mz)), p>2.34;

Ry

Aq T; M; Az

T,

M,

457 MQ)

-248 -189 119 -204

2.34

2.33

(11)

(12)

3.2.2. Theoretical Model of Equivalent Circuit for Multilayer Ceramic Capacitor

The characteristics of an MLCC are not ideal due to the parasitic effects. Many scholars use the
following equivalent circuit model to describe the capacitance [23], as shown in Figure 13a. This paper
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focuses on the influence of the mechanical impact on the MLCC (mainly determined by the ceramic
dielectric resistance, Rp), which is not significantly related to the parasitic effects. So, the equivalent
circuit model is simplified as Figure 13b:

Ro 7
7
_____ @ _ _ __L___®_____

Figure 13. MLCC equivalent circuit model: (a) general equivalent circuit model of the MLCC;
(b) simplified equivalent circuit model of the MLCC.

Where C is MLCC capacity, Cy is the storage capacity of one pair of positive and negative electrodes,
ESR(R;) is the equivalent series resistance, and R, is the equivalent resistance of the ceramic dielectric:
According to the equivalent circuit, the mathematical model can be established as follows:

IoRs + Vi = Uy (13)
(CkVAi:( + %)R = Up-Vyy (14)

Vi = %Jéﬁﬁ%*éw[ f e_%kkél(1¢7+%s)&dt] (15)
L = UOI_{—SVM (16)

where Uy is the constant voltage applied to the MLCC, V), are the voltages of the ceramic dielectric
between the kth pair of positive and negative electrodes, and the conductivity of R, varies with
the impact.

After combining the equivalent circuit model (Equations (13)-(16)) and the P-R model (Equations (11)
and (12)), perform the process calculation in Figure 14 to obtain the relationship between acceleration
and leakage current:

|Acce1eration:lnput a () |

| Pressure : p(t)=m*a(t)/A |

W

Dielectric resistance : Rp=256M 2 | | Dielectric resistance : P-R equation

|Equivalent circuit equations : Equation 13-16|

|Leakage current : Output Ilmkl

Figure 14. Flow chart of the leakage current calculation.
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The piezoresistive effect of the ceramic dielectric is the main factor that causes the change in leakage
current. The impact acceleration has the characteristics of a pulse signal. Therefore, the corresponding
impact stress waves at different moments of the impact have different pressures on the ceramic
dielectric, which in turn causes pulsed changes in the leakage current.

According to the static pressure data model of the ceramic dielectric and the mathematical model
of an equivalent circuit, the relationship between the conductivity of the ceramic dielectric and the
leakage current is presented, as shown in Figure 15. As the conductivity increases, the leakage
current increases.

1.2 Ceramic dielectric

1.0

0.6

04r

Leakage current / mA

4,000g 8,000g
0.0} : A

0.00 0.05 0.0 015 020 025 030
Conductivity / (Sx10°%/m)

Figure 15. Relationship between leakage current and ceramic conductivity.

In addition, the leakage current variation of a multilayer ceramic capacitor under different impacts
is simulated, as shown in Figure 16.

1.4
,
1.2 —-— 16V-22pF ,
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g 7 -
2 . .
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— 7 /'/ /'/./'/
7 - - .-
02+ s -~ =l
sl—i=iz=i T
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Impact/ g

Figure 16. Relationship between leakage current and impact acceleration of the MLCC.

The results show that the leakage current increases approximately exponentially with the increasing
impact acceleration, which is in good agreement with the experimental results (Figure 4). The sudden
increase in leakage current of the ceramic capacitors causes the loss of energy storage, which makes
the detonator energy insufficient. Therefore, the design of the fuze’s energy-storage capacitor must
consider the leakage current during the impact and increase the design margin to ensure the reliability
of the fuze effect.
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4. Conclusions

In this paper, the transient change (and its mechanism) of the electronical parameters of multilayer
ceramic capacitors during high-¢ impacts was analyzed via Machete hammer experiments. Further,
by establishing a mechanical model and equivalent circuit model, the capacity and leakage current
changes were studied, and a numerical simulation was carried out to verify the experimental results.
To sum up, the experimental and simulation results indicate the following issues:

(1) Under high-g impact acceleration, in the MLCC occurs the phenomenon of parameter drift, in
which the capacitance value becomes larger and the leakage current increases. Besides, the larger
the rated capacitance and withstand voltage of the MLCC, the greater the capacitance change
and leakage current drift. With impact acceleration of no more than 9000 g, the influence on the
capacity and leakage current are reversible.

(2) The facing area deformation is the dominant factor in the transient change of the capacity value.
A mechanical model based on the facing area is established to calculate the capacity change.
The numerical calculation results are consistent with the experimental results, and the relationship
between the impact and capacity changes can be described semi-quantitatively.

(3) The piezoresistive effect of the ceramic dielectric is the dominant factor in leakage current variation.
The insulation resistance begins to decrease when the threshold pressure exceeds 2.7 MPa.
With increasing pressure, the insulation impedance of the ceramic dielectric decreases continuously,
and when the pressure reaches 18.1 MPa, the resistance drops gradually. By combining the P-R
model and the equivalent circuit model, the relationship between the leakage current and impact
acceleration can be simulated, which is an approximately exponentially increasing relationship.

(4) The sudden increase in the leakage current of the ceramic capacitor causes the energy storage loss
of the MLCC, which makes the detonator energy of the fuze insulfficient. The design of the fuze’s
energy-storage capacitor must consider the leakage current during the impact and increase the
design margin to ensure the reliability of the fuze.

By analyzing the relationship between the different impact accelerations and parameter drift,
and by calculating the failure threshold of the different specification parameters of the MLCC according
to the mechanical model and equivalent circuit model, effectively provides guidance for the design of
a penetration fuze’s MLCC, to ensure the reliability of the fuze.
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