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Abstract

Cracking remains the major reason of failures in multilayer ceramic capacitors (MLCCs) used in space
electronics. Due to a tight quality control of space-grade components, the probability that as manufactured
capacitors have cracks is relatively low, and cracking is often occurs during assembly, handling and the
following testing of the systems. Majority of capacitors with cracks are revealed during the integration and
testing period, but although extremely rarely, defective parts remain undetected and result in failures during
the mission. Manual soldering and rework that are often used during low volume production of circuit boards
for space aggravate this situation. Although failures of MLCCs are often attributed to the post-manufacturing
stresses, in many cases they are due to a combination of certain deviations in the manufacturing processes
that result in hidden defects in the parts and excessive stresses during assembly and use. This report gives
an overview of design, manufacturing and testing processes of MLCCs focusing on elements related to
cracking problems. The existing and new screening and qualification procedures and techniques are briefly
described and assessed by their effectiveness in revealing cracks. The capability of different test methods to
simulate stresses resulting in cracking, mechanisms of failures in capacitors with cracks, and possible
methods of selecting capacitors the most robust to manual soldering stresses are discussed.
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1. Introduction

Multilayer ceramic capacitors (MLCCs) constitute the majority of components used in electronic assemblies, mostly
as filtering, bypass or decoupling devices. Since 2010 more than a trillion of MLCCs is manufactured every year in
the world and consumed mostly by smart phones, PCs, TVs, and automotive industry [1, 2]. This makes MLCCs the
most widely used passive component. Early generations of mobile phones used several dozens of MLCCs but modern
smartphones have more than 600. A significant growth in consumption of electronics occurs within the automotive
sector. Many vehicles today use more than 300 MLCCs in both ‘under the hood” (engine management) applications
and in the “passenger compartment‘. However, the latest Tesla models of electric cars have over 10,000 MLCCs per
vehicle. Most commercial applications require cheaper and smaller size MLCCs. In 2018 almost 50% of the market
share were size 0402 devices, but their production is declining and size 0201 capacitors are growing much faster. It
is expected that in the near future the predominance of the 0201 case size will decline in favor of the size 01005, which
already has 10% market share. Further, the designers should consider the 008004, a device that is taking off rapidly
and is already outselling the 1206 size capacitors. Advancement of small size, high CV value, low-voltage MLCCs
in commercial systems raised concerns regarding insulation resistance, IR, degradation and parametric failures in
capacitors related to migration of oxygen vacancies [3, 4].

Compared to commercial, hi-rel and especially space systems are using a more conservative approach for selection of
components and a substantial proportion of MLCCs used in high-level space projects has size 1206 and larger.
However, the trend for using smaller size, high volumetric efficiency capacitors exists, and the use of advanced
technology capacitors in newly design space instruments and systems is increasing.

Considering the amount of MLCCs used, the overall probability of their failures is extremely low. Still, because they
are failing typically in a short circuit mode, failures might cause catastrophic consequences to the whole system, cease
some system functions, or result in intermittent failures that can be misgauged as a software problem. Capacitors are
typically responsible for up to 30% of the field failures in commercial systems, and until recently, approximately half
of these failures were due to cracking in the parts [5].

The proportion of MLCCs in space instruments is similar to commercial assemblies and varies from 10 to 20% of all
electronic components. According to Paumanok Publications [6] the cost of capacitors procured by aerospace industry
is 73% of the whole cost of passive components. The major vendors that produce 57% of all capacitors procured by
aerospace companies are AV X Corporation, Vishay Intertechnology, and Kemet Electronics (see Fig.1.1). Japanese
vendors who dominate commercial market (TDK Corporation, Murata Manufacturing, Matsushita, Rubycon) do not
sell directly to the global defense markets; however, capacitors produced in Japan find their way into defense
electronics through distribution.

WRIGHT OTHER
cpE GENERAL ATOMICS 3% 3%

4% 3%
PRESIDIO
5%
JOHANSON
6% |

KNOWLES
%
EXELLIA ;;:
10%
VISHAY
10%

Figure 1.1. Top manufacturers of capacitors for defense and aerospace electronics in 2017 [6]
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Cracks and delamination in MLCCs might originate from manufacturing processes or be introduced during assembly
or the following handling and testing of the boards (flex cracks or thermal shock cracks). Examples of different types
of cracks are shown in Fig. 1.2.

a) Manufacturing defect: CDR 0.1 pF 100 V capacitor ~ b) Manufacturing defect: voids and delaminations (knit
that failed due to delamination at ~1.5 kohm during line cracks).
board-level testing

d) Assembly-related defect: thermal shock cracking.

e) Cracking caused by manual soldering. f) Cracking caused by touch-up after reflow soldering.
Figure 1.2. Different types of cracks in MLCCs.

A brief description of different causes of cracking is given below.

1. Manufacturing defects.

Note that some defects might not result in formation of visual cracks, but rather weaken the part and make them more
susceptible to cracking during assembly and applications. For example, thermal cracks caused by soldering might
initiate at the internal flaws such as voids and delaminations.

1.1. Rapid cooling of the laminates can cause so-called firing cracks that typically propagate perpendicular to the
plane at the terminals.

1.2. Insufficient binding strength and/or the presence of foreign materials might result in knit-line cracks that
typically extend parallel to the electrodes.

1.3. Delaminations and knit line defects were a rather common defects in early ceramic capacitors, but are rare in
contemporary MLCCs, especially those manufactured to military specification. Formation of the electrode-
ceramic delaminations during manufacturing can be attributed to variety of reasons. C. Hodgkins [7] identified
nine principal causes for interlayer ceramic-metal separation that include outgassing of the solvent binder

To be published on nepp.nasa.gov. 6



(removal of the vaporized binder during pre-sintering processes that occurs along the ceramic/metal electrode
interfaces), trapped air during lamination, and surface contamination. Another possible reason for
delaminations of PME capacitors is oxidation of palladium electrodes in air that is accompanied with volume
expansion.

2. Assembly.

2.1. Pick-and-place machines can damage parts by excessive stresses created by centering jaws or vacuum picks.

2.2. Thermal shock cracks are due to a sharp temperature increase during soldering. These stresses might form
large, visible U-shaped cracks on the surface of capacitors.

2.3. Thermal shock cracks might also occur when liquid cleaners are applied to a board that has not sufficiently
cooled after soldering reflow. The effect is due to a much higher sensitivity of MLCCs to the cold (from hot
to cold) compared to hot (from hot to cold) thermal shocks [8]. To prevent this type of cracking the boards
should be cooled slowly, preferably by natural cooling, or at a rate not exceeding 2 °C to 3 °C/sec., to
temperatures below 60 °C.

2.4. Tensile stresses and cracking might develop in MLCCs after soldering them onto alumina boards, which is
due to the differences in CTEs between the ceramic material and substrate, with the latter having lower CTEs.
These stresses were responsible for many observed failures in the first ceramic chip capacitors mounted on
alumina substrates in hybrids [9].

3. Board-level handling.
Due to the lack of stress relief in mounted chip capacitors, deformation and flexing of the PWB might create
significant tensile stresses resulting in so-called flex cracking. These cracks mostly originate at the bottom
surface near the edge of the termination margin and propagate inside at angles close to 45° [10]. Typical sources
of the flex cracking are de-paneling, test probing, handling during visual examinations, attachment of standoff
elements and connectors, etc.

4 Application.

4.1. Deformation of the board caused by temperature cycling, vibration or mechanical shocks that occur during the
ground phase testing and integration or launch of the spacecraft might cause flexing of the board sufficient for
cracking of MLCCs. Multiple guidelines for design and board layout have been developed to reduce the
probability of this type of failures [11].

4.2. Due to electrostriction in ceramic materials, voltage cycling might create mechanical stresses that would
further develop preexisting microcracks, resulting in failures. This mechanism might be especially important
for high-voltage ceramic capacitors [12, 13].

4.3. Electro-mechanical resonances in class Il dielectric capacitors due to the reverse piezoelectric effect in
ceramics (see section 6.3).

Although soldering-induced damage might not lead to immediate failures and damaged capacitors may endure weeks
or months of service use, it can cause degradation of characteristics with time resulting eventually in field failures. In
this regard, microcracks in capacitors generated during assembly can be considered as a “time bomb” [14] that causes
increased leakage currents, shorts, opens, or intermittent contacts as degradation develops or cracks propagate with
time during application.

Cracking in ceramic capacitors is an old problem. It appeared in the 1970s when first surface mount technology
(SMT) chip capacitors were introduced to the market and their employment in NASA applications begun [9, 15].
According to J. Maxwell [11] this problem will continue to be with us in the foreseeable future. Two main factors
contribute to the problem: brittleness of ceramic materials and thermal and mechanical stresses associated with the
assembly process and/or post assembly handling and testing. Both factors are intrinsic to chip ceramic capacitors and
explain the persistence of the problem.

Due to a relatively large size of military and space-grade capacitors used in space systems and use of manual soldering,
a substantial proportion of MLCC cracking failures is attributed to the assembly process. Experience shows that the
propensity to cracking is lot-related, which means that cracking is often due to a combination of the weakness in the
part caused by flaws introduced during manufacturing and assembly-related stresses. A proper screening or
qualification testing could have revealed lots with defects and reduced the probability of failures.

To be published on nepp.nasa.gov. 7



Historically, majority of defects in MLCCs were due to the manufacturing processes, and the screening and
qualification (S&Q) system used in military specifications was focused on revealing and removing this type of defects.
Currently, the proportion of manufacturing defects have been reduced substantially, and most problems with MLCCs
are due to the post-manufacturing stresses. However, the requirements in military specifications remain mostly
unchanged and do not address sufficiently post-manufacturing stresses.

One of the most powerful means used by hi-rel OEMs to improve reliability of components is derating that limits the
level of stress (typically, voltage and temperature) compared to the operating conditions specified for the part.
However, due to the low-voltage failure phenomena in MLCCs (see section 5.1) derating might be not effective in
reducing risks associated with cracking in the parts.

In this report, we will first give an overview of manufacturing processes and types of MLCCs and consider to what
degree the existing S&Q system assures safe assembly and reliable operation of the part. Techniques used to reveal
capacitors with cracks, failure modes and mechanisms related to cracking will be reviewed and possible risk mitigating
measures to reduce failures associated with manual soldering discussed.

2. Manufacturing processes and types of MLCCs

All MLCCs are manufactured using a ceramic slurry (a mixture of ceramic powder, dispersant, solvent, and organic
binder) and a paste for metal electrodes (see Fig.2.1). The dielectric layers are formed by the casting process and then
electrodes are formed by applying the paste by screen printing. Dry or wet stacking processes are used depending on
conditions of the layers used for lamination. During the wet process, the next layer of the ceramic slurry and electrode
paste are laid down on the top of the previous layer and then the stack is dried out to remove the binder (at ~ 400 °C).
During the dry process the layers are casted on a Mylar or stainless steel belt, then dried out, removed from the belt,
stacked, and laminated at elevated temperature under pressure. It is considered that the wet process that is typically
used to manufacture precious metal electrode (PME) capacitors allows for a better interlayer bonding that results in
less delamination.

The dry process that is mostly used for the base metal electrode (BME) technology allows for thinner dielectric layers
and larger number of electrodes. Maximum number of layers for dry technology is ~1000 layers with the thickness
of the dielectric down to submicrometers, whereas for the wet technology the number of layers typically is less than
200 and the thickness is more than ~5 um. However, experience shows that the type of the process is not a significant
factor affecting the probability of cracking in MLCCs and both methods, when optimized, are capable of producing
high-quality, defect free microstructure of MLCCs.

After cutting and presintering, the parts go through the tumbling process (not shown in Fig.2.1) to smooth and round
the corners and help to obtain good coverage of the termination ink and subsequent barrier layer plating. The tumbling
occurs in rotating barrels filled with water and zirconium balls. Tumbling also minimizes mechanical stresses at the
corners of the part and reduces breakages during pick and place operations [16].

After tumbling and drying, the parts are sintered/fired in kilns at high (typically above 1000 °C) and tightly controlled
temperatures. The following processes include application of the base termination to make contacts to the internal
electrodes, electroplating and finishing.

To be published on nepp.nasa.gov. 8
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Figure 2.1. Schematic of the processes of MLCCs manufacturing [17].

Fig.2.2 shows a typical construction of a low-voltage (below 200 V) MLCC. The major elements of the part are
ceramic dielectric, metal electrodes, and terminations. Respectively, the type of capacitors depends on materials used
in these elements (see Table 2.1). Different types of ceramic materials can be used with different types of metal
electrodes and terminations resulting in a large variety of types of MLCCs. This variety further increases considering

different sizes and outlines of the parts.

Standard design low-voltage MLCCs have two terminals, but for some

applications, in particular, for decoupling in microcircuits (e.g. FPGA), a design is changed to reduce inductance of

the parts.

barrier

finishing

< polymer (for
~ flex term.)

Figure 2.2. Schematic of a low-voltage MLCC.

Table 2.1. Classification of low-voltage MLCCs

Ceramic dielectric Electrode

Design (size

BT REIL I and olutline)

e Class | (COG, NP0, BP, BG)
High stability, low loss

e Class Il (e.g. X7R, BX) High

volumetric efficiency with e Ag/Pd (PME)
variations of cap. #15% in temp. .
range from -55°C to +125°C. * Ni(BME)

e Class Il (e.g. Y5V) Higher
volumetric efficiency than class
11, but less stable.

e Base termination:
o silver glass frit (for PME)
o copper glass frit (for BME)
e Barrier layer:
o Ni
o Cu (non-magnetic)
o Polymer (flex term. only)
o Silver epoxy
e Finish plating
Sn/Pb
Ag-Pd (non-magnetic)
Au (wire bond attachment)
Sn (ROHS compliant)

e Standard, two
terminals.

e Low inductance.

O o0OO0O0
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2.1.Dielectric materials

Materials used in MLCCs have polycrystalline structure that is based on barium titanate (BaTiO3) ceramics with
different doping for different areas of application and a few percent of glass to interconnect crystal grains. Based on
temperature stability of the dielectric constant, K, capacitors are divided into three classes of materials (see Table 2.2).
Per EIA-198 [18] classification, the level of temperature stability is characterized by a three-character alphanumeric
code (see Table 2.3) indicating the minimal low temperature, maximum high temperature, and maximum capacitance
change over the temperature range.

Table 2.2. Characteristics of dielectric materials in MLCCs per EIA 198

Maximum
EIA class Dielectric Low Temp. | High Temp Maximum loss of C, %

dielectric* class rating, °C rating, °C Temp shift | per decade
hour **

COoG I -55 125 + 30 ppm/°C 0
X7R ] -55 125 +15% 2.5
Y5V ] -30 85 +22% -82% 7

Characteristics of class Il ceramic capacitors vary substantially with temperature, voltage and time under bias or
duration of storage. Due to a limited temperature range of class 11l capacitors, they cannot be tested and stressed to
the level that is typically used for high-reliability parts and are not recommended for space applications.

Class I ceramic capacitors are the most temperature stable, have minimal dielectric losses and are typically used in RF
systems. Thermal stability codes for this type of dielectrics are described in EIA-198, but the most commonly used
is COG type that is also known as NPO-type or BP/BG in MIL specifications. These materials are paraelectrics and
have a relatively low dielectric constant (K < 100) that does not vary with voltage. Class | ceramic capacitors have a
relatively small concentration of barium titanate, below 50%, and are composed of a mixture of finely ground materials
such as Titanium dioxide (rutile, TiO2) or CaTiO3 modified by different additives (Zn, Zr, Nb, Mg, Ta, at al.).
KEMET is using calcium zirconate (CaZrO3) ceramics with K ~ 32 for class | dielectrics that allows for expanding
capacitance values in U2J type BME capacitors into the range previously available only in Class |1 dielectric materials
such as X5R and X7R.

Table 2.3. Temperature characteristic codes for class Il and 111 dielectrics

Low Temp., Symbol ngho'E:emp., Symbol Max. capacitance change Symbol
_ _ over temp range, %
+10 z +45 2 *1 A
-30 Y +65 4 +1.5 B
-55 X +85 5 2.2 C
+105 6 +3.3 [B)
+125 7 +4.7 E
+150 8 +7.5 F
+200 9 +10 P
15 R
+22 S
+22 10 -33 T
+22 to -56 u
+22 to -82 V

Examples. X7R: X=>-55C, 7=> +125C, R=> £15%.
Z5U: Z=>+10C, 5=> +85C, U=> +22% to -56%

Class Il and 111 dielectrics are based on ceramics with barium titanate concentration exceeding 90% that is doped with
different elements (e.g. rare earth elements La, Nd, Sm, Gd, Dy, Ho, Er, Yt, Mg, Va) and behave as ferroelectrics at
temperatures below ~ 125 °C (Curie point) and as paraelectrics at higher temperatures. Their dielectric constant is
high, in the range from 200 to more than 10,000 for class Il and more than 10,000 for class 111 capacitors, but the value

To be published on nepp.nasa.gov. 10
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of K is temperature dependent and varies substantially with applied voltage. Comparative temperature dependencies
of dielectric constant for different types of dielectrics are shown in Fig. 2.3.

Polycrystals in barium titanate ceramics are comprised of micrometer size grains that have glassy grain boundaries
and a crystalline core-shell structure that determines performance and reliability of capacitors [19]. A high-resistive
shell doped with rare elements is formed around the grain of the barium titanate ceramic during sintering. At
temperatures below the Curie point, the grains are divided into randomly oriented domains that have the same
spontaneous polarization (see Fig. 2.4). AC electric field changes the direction of polarization resulting in high values
of the dielectric constants. Under DC bias the reversal of polarization caused by AC signal is limited that is reflected
in a reduction of the dielectric constant with DC voltage in class Il and 111 dielectrics.

—
*K* Magnitude

COG (NPO)

Temperature
—

‘Room’ Ambient : N AP 0.1pum
Figure 2.3. Comparative temperature dependencies of
dielectric constant in different types of materials J.
Prymak, KEMET tutorial [20].

Low-voltage PME MLCCs manufactured to military specifications have typically a relatively thick dielectric layers,
in the range from 20 to 30 um, and the number of layers below 100. Stacking of large size MLCCs is used to produce
large, microfarad range capacitors. Similar values of capacitance in BME MLCCs are reached in a smaller size parts
by reducing the thickness of the dielectric layers and increasing their number. Contemporary BME capacitors can
have dielectric thickness as low as 0.5 - 0.7 um and have up to 400 layers in case size 0402. Production of this type
of capacitors require a very small grain size that is getting closer to the dimensional limit [22]. Reduction of the grain
size below a certain optimum (~1 um) decreases room temperature dielectric constant and temperature stability of
capacitors. Until recently, maximum operation temperature of capacitors was 150 °C (X8R, X8S, and X8T types),
which is likely a limit for barium titanate ceramics. Development of new types of materials, e.g. tungsten-bronze type
ferroelectrics, allows increasing further operating temperatures and development of X9R BME capacitors that can
operate in the range from -55 °C to +200 °C.

Figure 2.4. TEM image of a BaTiO3 ceramic showing
core-sell structure of a grain [21].

2.2.Electrode materials

Historically, MLCCs used in space application had electrodes made of precious metals, typically silver/palladium
alloys (PME capacitors), but starting 2017 capacitors with nickel electrodes, or base metal electrode (BME) capacitors
manufactured per MIL-PRF-32535 are qualified for space applications. BME capacitors have been widely employed
in commercial and automotive industry applications since mid-90th mostly due to a lower price of materials. Table
2.4 shows characteristics of different types of metals used to form electrodes in MLCCs including the atmosphere for
the metal paste firing.

Table 2.4. Physical properties and price ratio of electrode materials [21]

Melting Resistivity, Firing

point, °C mohm atmosphere Frice ratio
Air
1080 1.72 Reducing 1
1453 6.9 Reducing 1
1552 10.4 Air 80
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The paste that is typically used for PME capacitors has relatively large particle sizes, from 900 to 1000 nm, whereas
BME technology uses pasts with smaller particles, from 300 to 500 nm. This allows formation of relatively thin nickel
electrode layers. Typically, a composition of 70% Ag and 30% Pd is used for PME capacitors; however, depending
on design, manufacturing process, and type of ceramic, the Ag/Pd ratio can vary substantially.

Silver/palladium alloys do not react with ceramic and do not oxidize significantly, which allows for sintering in air
atmosphere. Although PME technology has been used for decades, some challenges during firing of capacitors with
Ag/Pd electrodes still exist [2]. These challenges include catalyzation of the binder burn-out that might accelerate gas
generation and cause delaminations and volumetric changes in the electrodes that can also facilitate delaminations.
Volumetric changes are due to increasing Pd volume up to 68% when it is oxidized at ~500 °C and reduces back at
~800 °C. A low melting temperature glassy components should be used to limit the firing temperature for 70Ag/30Pd
alloy to ~1,100°C, which results in reduction of the dielectric constant of ceramics. Silver evaporation during firing
requires using special measures to increase Ag vapor pressure during sintering. Diffusion of silver into ceramic
(mostly along the grain boundaries) limits the minimal thickness of the dielectric layers resulting in decreasing of
volumetric efficiency of capacitors.

The major challenge for the BME technology is nickel oxidation in air during sintering that results in a substantial
increase of resistance of electrodes. To reduce oxidation, high temperature operations (at ~1200 °C) are carried out
in reduced atmospheres. This results in generation of positively charged oxygen vacancies in the ceramic, increases
conductivity of the dielectric and causes IR degradation in capacitors with time of operation. To avoid the effects of
reducing environments and stabilize ceramic, a special dopants e.g. rare earth oxides Y203, Dy203, Ho203, and
Er203, are used. The dopans reduce concentration of oxygen vacancies and improve stability of capacitors during
life testing [2]. In addition, stability of BME MLCCs is improved by re-oxidation at temperatures below sintering
(~1000 °C) after firing of the parts. It is assumed that reoxidation of BME MLCCs is controlled by oxygen diffusion
along the Ni inner electrodes [23].

Diffusion and migration of Ag into dielectric layers from inner Ag or Ag/Pd electrodes might pose a problem for long-
term reliability. Silver is a material that is most susceptible to electromigration in the presence of moisture, and for
this reason, cracking of PME capacitors creates a higher risk of electrical failures compared to BME capacitors (see
section 5 of this report).

2.3. Termination materials

After sintering, the end of a capacitor with exposed electrodes is dipped in a metal glass frit (thick film ink) consisting
of metal particles or flakes and doped borosilicate glass. This ink is then dried and sintered/fired to the ceramic body
allowing glass particles to fuse along contacts creating a sponge like structure and diffusing into ceramic to assure
adhesion between ceramic body and terminal metallization [24]. If manufacturing process is not optimized, the
interface boundary amorphous layer might crack during capacitors’ manufacturing or assembly thus increasing the
risk of failure. If termination firing temperature is below the optimal, not all internal electrodes form good
metallurgical contacts with terminations. Under environmental stresses during application, this might cause
intermittent electrical contacts resulting in sporadic changes in the value of capacitance and malfunctions of the
electronic system. The type and optimal amount of glass frit used in termination depends on the type of ceramic and
design of the capacitor.

The thickness and material of the glass frit affect the probability of cracking caused by thermal stresses associated
with soldering and/or temperature cycling [25]. Insufficient thickness of the base termination might increase the
proportion of MLCCs’ failures during wave soldering by several times. Experience shows that optimization of the
base terminal materials and processes improves substantially the robustness of capacitors and reduces risks of failures
during high humidity operations. The type of paste used might also affect the probability of IR failures in COG BME
capacitors after storage at normal conditions [26].

A silver-based frit is used for PME and a copper-based (sometimes nickel-based) frit is used for BME technology.
The copper-based frit is fired in oxygen-free atmosphere to avoid oxidation. Fig. 2.5 shows typical cross-sections of
terminations in PME and BME capacitors.
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After the termination has been sintered it is electroplated with a nickel layer to form a barrier and minimize dissolution
of electrodes and base metallization during soldering. A final step in forming terminations is plating with a tin/lead

—= - a) B A4
Figure 2.5. Terminations in B

ME (a) and PME (b) 50 V capacitors.
The porosity of the base termination and the presence of pinholes allow penetration of moisture through the terminals
of the part [24]. This can cause corrosion of copper or degradation of insulation resistance of the capacitor in the
presence of cracks that might create a path for moisture to short opposite electrodes. This degradation process might
accelerate in the presence of defects in the termination such as terminal-ceramic delamination or pinholes shown in
Fig. 2.6. Note, that MIL-PRF-123 considers acceptable pinholes of less than 130 um and MIL-PRF-32535 reduces
these requirements to 80 um for capacitors with sizes smaller than 0805. These pinholes not only transparent for
moisture, but can also trap contaminations and moisture for a long time thus enhancing the risk of corrosion.

b)

Calculations have shown that the size of terminations affects the maximum principal stress in MLCCs [27].
Mechanical stresses in capacitors also depend on the thickness of nickel plating and process conditions [28].
Considering that CTE of nickel (13.4 ppm/K) is greater than that of ceramics (~9.6 ppm/K) and for both materials the
Young’s modulus is rather large, from ~ 100 GPa to 200 GPa, substantial tensile stresses might develop during
soldering conditions, thus enhancing metal/ceramic separation close to terminals. In some cases, failures of MLCCs
during temperature cycling have been attributed to increased stresses caused by nickel plating. The optimal thickness
of Ni barrier layers at the terminations is considered to be in the range from 2 to 6 um. Thicker layers might increase
risks of cracking and delaminations and seal moisture and contaminations that could have penetrated inside the part
during initial stages of the plating process. Termination materials and geometry are important elements of capacitors’
design that affects the probability of cracking and failures [29]. The susceptibility to thermal shock failures is greater
for terminations with Ni barrier compared to Pd/Ag terminated chips.
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Figure 2.6. Example of termination defects. a) delamination in a PME capacitor and pinholes in BME (b) and PME
(c) capacitors.

For non-magnetic capacitors that are often required by medical or special RF applications, nickel cannot be used as
the barrier layer and terminations are manufactured using Ag/Pd finishing. Capacitors with this type of terminations
are not recommended for soldering due to the leaching of silver into molten solder and should be attached by silver
epoxy. Also, a Cu barrier can be used instead of Ni on the top of Ag or Ag/Pd glass for the non-magnetic devices.

MLCCs with gold finishing are assembled using wire bonding at terminals. Gold electroplating might result in
excessive hydrogen generation, and reactions of hydrogen with palladium in PME MLCCs might cause delaminations
and cracking. The risk of hydrogen related delaminations is greater for PME compared to BME capacitors. A detailed
description of different types of terminations and acceptable methods of assembly can be found in manufacturers’
recommendations, e.g. [30, 31].

Commercial capacitors are typically compliant with the Restriction of Hazardous Substances (ROHS) regulations and
their terminations are manufactured using lead-free metals (typically pure tin) that are susceptible to growing whiskers.
For military and space applications, termination finishing with a Sn/Pb alloy having 3% lead minimum is required.
Replacement of pure tin with Sn/Pb finishing in commercial MLCCs can be achieved either by solder dipping into Pb
containing solder or by plating Sn/Pb layer on the top of the existing finishing and the following fusion (e.g., AEM
Inc. refinishing process). The latter process is less risky because avoids thermal shock stresses to the parts.

e Flexible terminations

Flexible terminations that are formed by addition of a conductive polymer layer between the base and Ni barrier (see
Fig.2.2) have been used for electronic boards’ assembly for more than a decade. What started as a commercial
technology to reduce failures related to flex cracking of MLCCs, is currently used for the advanced military and space
grade capacitors manufactured per MIL-PRF-55681 and MIL-PRF-32535. The major reason for popularity of this
technology is that flexible terminations reduce the stress that is transferred from the board to the ceramic body, and
possible cracks instead of propagating to the active area of capacitors are contained within the polymer [32].
Experience and testing show that introduction of flex terminations decreases substantially cracking of MLCCs during
soldering, handling, and field operations. Manufacturing experience shows that introduction of flexible terminations
practically eliminated field returns caused by flex cracking.

Temperature cycling tests of capacitors with flex terminations in comparison with regular termination parts soldered
onto PWBs showed a substantial improvement in reliability. Regular termination MLCCs started failing after 1000
cycles, whereas there was no failures detected in the flexterm capacitors after 3000 cycles.

Using conductive polymers in terminations improves substantially results of the drop testing. TDK data [33] show
that capacitors with soft terminations had no cracking failures after 10,000 drops (dropping from 1 m at a frequency
of 16 times per min), whereas a regular product had 30% failures after 2000 drops. In addition, after the drop testing
the parts passed humidity load test (1000 hours at 85 °C and 85% RH under rated voltage) thus indicating absence of
hidden cracks.

In BME capacitors with flex terminations operating in humid environments silver dendrites can grow along the surface
of ceramics (see Fig. 2.7). Although the risk of increased metal migration along the cracks and failures caused by the
growth of dendrites associated with silver-epoxy terminations exists, the benefits of reducing the probability of
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cracking apparently prevail. As a result, the overall quality and reliability of BME capacitors with soft terminations
is increased and field failures reduced.

Figure 2.7. Silver dendrites on the surface of a cross-sectioned BME flex-termination capacitor after low-voltage
humidity testing at 1.5 V (HSSLV).

2.4.Design

Most cracks in MLCCs caused by deformation of PWBs during assembly, handling or testing are initiated at the
surface close to the terminal areas of capacitors (see Fig.2.8). These cracks might affect reliability of the parts if they
are reaching active area of capacitors and cross opposite electrodes. For these reasons, parts with thicker cover plates
and larger end margins are more resilient to cracking-related failures [34].

Existing requirements for margins in military specifications are similar to EIA-469 DPA standard [35] that has
different margin and cover plate thickness limits for different groups of capacitors. The EIA-469 requirements for the
margins are designed to provide sufficient electrical insulation, address mostly quality of the as-manufactured parts
and do not consider cracking-related issues.

Thin dielectric MIL-PRF-32535 follows EIA-469 and specifies different limits for parts with VR above 50 V, below
6.3V, 16 V and 25 V. For example, the thickness of cover plates should exceed 0.003” (75 um) for capacitors rated
to more than 50 V and can be as low as 0.001” (25 um) for capacitors with VR < 6.3 V. However, for capacitors
intended for automotive industry, manufacturers have stricter requirements for the margins. A minimal size for
margins and cover plates for commercial MLCCs manufactured by AV X is 75 um, it is 100 to 125 um for automotive
grade capacitors and 110 to170 um for space application [36, 37].

To mitigate risks of cracking-related failures, special designs of MLCCs have been developed. For low capacitance
values, KEMET, similar to other manufacturers, offers the Floating Electrode (FE-CAP) capacitors (see Fig. 2.8.d).
This design is also known as a Serial Cap design [38]. For mid capacitance values, the Open Mode solution that has
enlarged end margins that create safe zones on both ends of the capacitor (see Fig.2.8.e). Other manufacturers, e.g.
TDK [33], are using similar design approaches to reduce failures caused by cracking (see Fig. 2.9).

Various designs of MLCCs that have been suggested by manufacturers to decrease the probability of flex cracking

can be summarize as following:

« Flexible termination.
Application of relatively soft and/or tear-away termination layers made of conductive polymers (see Fig. 2.2)
reduces the stress in ceramic and restricts flex cracks within a safe zone away from the body of the MLCC.

« Fail open design (Fig.2.8.e).
End margins are widened, so if a crack occurs, it does not cross electrodes with opposite polarity, and thus
prevents short-circuit failures.

« Floating electrodes (Fig. 2.8.d).
Two capacitors connected in series within an individual case size, so the probability of shorting cracks is reduced
substantially.

« Clip-on lead frame.
Attachment of J-shaped leads see Fig. 2.9) mechanically decouples the MLCC from the PWB and allows for some
stress relief.
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Figure 2.8. Soldering related cracks in MLCCs and schematics of a standard part (c), floating electrode capacitor
(d), and Open Mode design (e) [38]. Yellow and blue lines in (c-e) represent electrodes with different polarity.
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Figure 2.9. MLCC designs with flex crack countermeasures used by TDK [33].

A combination of floating electrode and flex termination design (e.g. a TDK Dual-Fail-Safe, Mega Cap design [39])
allows to reduce the risk of failures even further. This design has been proven highly reliable, and no cracks developed
in the parts after 3000 thermal shock cycles.

Obviously, the cost of improved reliability of MLCCs with increased margins or floating electrodes is a lesser
volumetric efficiency. For this reason, flex termination is likely the most efficient cracking mitigating measure.

Typically, capacitors having maximum capacitance values for a given case size and rated voltage have smaller margins
and hence, pose a higher risk of failures. For this reason, for a given rated voltage and case size, the use of parts with
maximum available value of capacitance is not recommended.

Since operating frequencies of contemporary microcircuits have increased substantially, new designs of MLCCs that
are used in a close proximity to the microcircuits to improve their performance, suppress noise, and stabilize operation,
have been developed. Fig. 2.10. shows an example of low-inductance capacitors used in a package of XILINX FPGA.
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Figure 2.10. Overall external (a) and internal, after lid removal, (b) views of a XILINX VIRTEX-4 FPCA showing

IDC-type ceramic capacitors mounted inside the package. Figure ¢) shows a cross-section of the termination area of
IDC capacitors with dielectric thickness of ~2 um.

The equivalent series inductance, ESL, is an important parameter of capacitors that determines their efficiency during
operation at high frequencies. Fig.2.11.a shows an equivalent circuit of MLCCs operating in the RF range. The idea
of low ESL designs of MLCCs is in reduction of the length of the effective AC current flow path (see. Fig. 2.11.b).

ESL values can be decreased several times simply by reversing the width and length of capacitors. This change in the
design might potentially increase the susceptibility of the parts to cracking, first, by creating of a more rigid solder
connections, and second, because ceramic areas close to terminals have a higher level of internal mechanical stresses
and the larger this area is, the greater the probability of having a crack.

A more drastic reduction of ESL, to the picohenry levels is achieved by IDC and ball grid array vertical electrode
designs. Figure 2.11.c shows examples of designs of low-ESL MLCCs. The effect of design changes on the
susceptibility to cracking requires additional analysis; however, some part types, and in particular, IDC capacitors,
have passed extensive testing by XILINX and has been successfully used for more than a decade in FPGAs.
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Figure 2.11. Equivalent circuit of a capacitor at high frequency(a) a schematic of the AC current flow in capacitors
(b), J.Marshall [37], and types of low inductance MLCCs, R.Demko (c), [20].

Stacked capacitors are manufactured by attaching leads to several MLCCs connected in parallel and arranged
vertically one on the top of other (see for example Fig. 2.12a). This design allows for a substantial increase of
capacitance at the same footprint and reduces the size of the circuit board. The lead-frame decouples mechanically
capacitors from the board thus reducing microphonic noise and destructive effects of board flexing. Although the
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lead-frame is attached using a high-temperature solder, the process is thoroughly controlled by the manufacturers that
reduces the risk of cracking. However, shallow cracks under the terminations that are typical for most MLCCs occur
also in stacked capacitors (Fig. 2.12b and c¢) and when the thickness of the cover plate is not sufficient, these cracks
can cause life test failures as shown in Fig. 2.12d. When moisture and contaminations penetrate inside the crack, the
electric field between the tip of the crack and top electrode is increased, and with time, this might cause failures
according to the time dependent dielectric breakdown (TDDB) mechanism (see Fig. 12.2¢).
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Figure 2.12. An overall view of a stacked capacitor (a), cross-sectioning showing a thin cover plate (b) and a

shallow crack under the termination (c). Fig. d shows cross-sectioning of a capacitor that failed during life testing
and (e) is a schematic of the TDDB mechanism of failure.

e Laser marking
Due to a small size, MLCCs are usually unmarked. However, some customers, prefer marked capacitors, so that they

can have assurance that the correct component has been used [40]. A laser marking that is often used for plastic parts
might cause damage to a ceramic capacitor in case the laser power level is above optimal (see Fig. 2.13.). Different
types of capacitors use different materials and have different thickness of the cover layers and require different levels

of the power setting to avoid cracking.

Figure 2.13. A capacitor damaged due to excessive power of laser marking machine.
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3. Testing and quality assurance

All MLCCs are manufactured using similar technological processes and materials and the difference between
commercial and military or space grade capacitors is mostly in the design rules, the level of consistency of used
materials and processes, and in the approach to quality assurance (QA) or amount of testing. For example, the
thickness of the dielectric layers is typically much greater for military capacitors, and types of materials that are fixed
for military can be changed for commercial capacitors. Stability of design and materials is important to assure
consistency of characteristics and reliability of the parts, but retards innovations and improvements of performance.

Approaches for quality assurance of commercial and military capacitors are substantially different. Quality assurance
of mass production commercial capacitors is based on the build-in-design approach and extensive use of the Statistical
Process Control (SPC) system [41, 42]. SPC is a data-driven methodology for quality analysis and improvement that
is essentially a preventive activity performed in real-time during the manufacturing process. Military specifications
also require SPC system to be used, but it is not considered a major element of QA, and inability to make in-process
improvements reduces substantially its efficiency. Instead, QA for military capacitors is based on extensive
inspections and testing of the parts. As stated by Dan Friedlander [42] “SPC targets failures prevention, burn-in
(testing) targets failures detection”.

The first military specifications had been developed before the mass production era that was driven by commercial
electronics market, and historically played an important role in improving quality of electronic components.
Obviously, statistics was not effective without automotive process control and for low production volumes, so QA in
military specifications relied heavily on testing and inspection.

Historically, majority of MLCCs used in space applications by NASA have been manufactured and tested according
to MIL-PRF-123 (CKS-style) and MIL-PRF-55681 (CDR-style). In 2017 a specification for thin dielectric ceramic
capacitors that includes BME-type capacitors, MIL-PRF-32535 (M32535-style) has been developed. In addition,
USA, EU, and Japan space agencies have developed their own specifications (source control drawing, SCD) that
extended the range of capacitors suitable for space applications: S-311-P-828, S-311-P-838 by NASA/GSFC [43, 44],
ESCC-3009 by ESA [45], and QTS-2040 by JAXA [46, 47].

Capacitors developed for automotive industry are used sometimes in low-level space projects because these parts are
manufactured to a higher quality standards compared to a general use commercial capacitors. Quality of these parts
should be in compliance with AEC-Q200 requirements [48]. However, this document describes only general
specifications for passive components, and the parts that are actually used by car manufacturers might have additional
requirements detailed in non-disclosed documents.

All mentioned above documents use a variety of tests and inspection procedures that generally can be divided into
three groups: (i) screening gr.A, (ii) screening gr.B and (iii) qualification. Screening gr.A inspections and testing is
carried out for 100% of samples in each lot and have a purpose of removing parts with manufacturing defects from
the population. Burning-in is considered a major element of the screening because it supposed to prevent early, defect
related (infant mortality) failures.

Screening gr.B is carried out using samples from each lot (sometimes called lot acceptance testing, LAT), and its
purpose is to ensure that the manufacturer continue production of parts that conform to the specification. Qualification
testing is carried out periodically using samples from some lots to confirm the required quality level for a given type
of production. Obviously, gr.A screening can reveal manufacturing defects only, and the robustness of the parts
towards assembly, and post-assembly stresses should be addressed by gr.B screening and qualification tests.

Note that the notion of the lot of parts for commercial components is not defined as strictly as for military components.
However, considering that MLCCs are produced by huge batches and the amount of a certain type of capacitors used
in a space project is relatively small, the probability of having parts from different batches is low.

3.1.Comparative analysis of specifications

Tables 3.1 and 3.2 give a comparison of screening and qualification tests used in different specifications. In all
documents, except for MIL-PRF-55681, there is a ban on use of pure tin for terminals’ finishing. MIL-PRF-55681
has an option with pure tin, but warns against the possibility of whiskers growth. Some specifications limit the
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thickness and dielectric constant of the ceramic layers and types of electrodes. For example, MIL-PRF-123 does not
allow nickel electrodes and flexible terminations, limits dielectric thickness (d) to 0.8 mil, and the dielectric constant
to 3000. In NASA/GSFC requirements, the values of d depend on the type of capacitors and can be as low as 0.28
mil (~7 um), whereas JAXA specification QTS-2040 limits d to 3 um. The latest military specification, MIL-PRF-
32535, does not have limits for the dielectric thickness at all. Destructive physical analysis (DPA) is required by all
specifications except for MIL-PRF-55681.

e Military specifications
Ultrasonic inspection when used for fully manufactured capacitors is limited to areas not covered by terminations, and
likely for this reason, MIL-PRF-123 requires this inspection before the terminations are formed. However, formation
of terminations might create a substantial stress to the capacitors and result in cracking, so the latest specification,
MIL-PRF-32535, requires acoustic examinations before and after formation of terminations. Note that MIL-PRF-
55681 (CDR-style capacitors) does not require ultrasonic inspection that might be the reason of several recent failures
in space projects that were attributed to the presence of delaminations and cracks.

Every lot manufactured per MIL-PRF-123 and MIL-PRF-32535 specifications requires voltage conditioning or
burning-in (BI) at two times rated voltage and 125 °C for 168 hours minimum. BI requirements in MIL-PRF-55681
are somewhat relaxed: (i) the duration of testing is 100 hr, and (ii) the temperature might be less than 125 °C and
depends on the maximum operation temperature specified for the part. MIL-PRF-55681 also does not require DPA
and thermal shock prior to Bl. Considering high temperature processes during formation of terminations, the
efficiency of temperature cycling before BI for unmounted capacitors is not clear.

Reliability of military grade capacitors is determined during accelerated life testing, typically at 2VR and 125°C. The
failure rate (FR) for MLCCs is usually expressed as percent failures per thousand hours of test and indicates a
maximum failure rate at operating conditions that is determined in the assumption of random failures (exponential
distribution) [49]. To verify reliability level of 0.001%/1000hr with 60% confidence 91.6x108 unit-hours of testing
at operating conditions (125 °C and rated voltage) should be accumulated without failures (e.g. 91,600 samples during
1000 hours). The same FR level at 90% confidence would require testing of 230x108 unit-hours. To accelerate the
testing, MIL-PRF-123 and MIL-PRF-55681 allow increasing test voltage two times that assumes 8X acceleration.
However, even with this acceleration the testing might last more than half a year.

Capacitors manufactured to M32535 specification are not established reliability parts. Instead, two product quality
levels are defined: standard reliability (M level) and high reliability (T level) that is intended for space applications.
Both types are manufactured and tested similarly and the quality level is determined by (i) duration of life testing, and
(if) most importantly, by carrying out life testing on each lot of capacitors. Test duration for the T-level products is
4,000 hours for qualification and 1000 hours during gr. B screening testing, whereas qualification test for M-level
capacitors requires 1,000 hours.

A sample size that is used for life testing varies from123 for MIL-PRF-123 and MIL-PRF-32535 to 25 for MIL-PRF-
5681. Also, some lots might not be tested at all (e.g. CDR capacitors manufactured to MIL-PRF-55681 specification)
and they are qualified by similarity with samples from other lots representing manufacturing process over a certain
period. Considering that only a small proportion of capacitors might have defects that pose reliability risks, the
efficiency of life testing to reveal lots with defects, and cracks in particular is limited. This efficiency is even lower
when parts are tested in fixtures or soldered onto boards at conditions that are different compared to the actual
assembly of flight cards.
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Table 3.1. Requirements for screening of low-voltage MLCCs

Type MIL- MIL- MIL- oo JAXA
of Test PRF- PRF- PRF- 829 QTS-
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oME PME 0| BME, X7R, Sn/Pb by
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Ultrasonic 0 after before or before or
. . before - . - 100%
inspection . termin. for after after
size 20805 | termination | termination
Z)'g:s' 100% sample 100% 100% 100% 100% 20 pcs
DPA v - v v v v v
100c, 100c,
TS and Life | 10051000 1000hr 1000hr 20(;,x1\§)é)0hr 525%)&’;'
test y ’ - 2xVR, 2xVR, y - -
125C 125C 1250 125C QTS-2040
THB/moistu AAUE [PET 120) S, 20c per 85C, 85% 12 pcs, 20c
M202 85C, 85%
re - M202 RH, 96hr, - per M202

m . TM106, 10c RH, 96hr,

= resistance at 50V VR TM106 VR TM106

(o))

= VBR 2 30(0) pcs,

=)}

g | Mot | - - 6xVR or - VER > - | vaitaton

GC.) 1200V 6xVR

) 6(0) pcs,

8 M202 4 pcs.
Resistance TM210, J, Solder dip:
to soldering - - - - Infared/con - +260°C,

heat vection but 10s. M202
1 cycle, TM210, B.
within gr.B
HSSLV** v - - v - v v
PRVT*** - - - - v - =

*PDA = percent defectives allowable

**HSSLV = humidity steady state low voltage test that is carried out at 1.3V for 240h at +85°C and 85%RH,
typically using 12 samples.

***PRVT = Process Reliability Verification Test.
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18 pcs on
-55C to +125C :
-55C to -55C to alumina or
+125C, 100 ¢, | +125C, 5¢, 18 mounted, 100 10 cycles Tmin FR4, -30 to 77(0) 1000c -
¢ (T) and 5¢ t0 Tmax s 55 to +125C
186 pcs pcs (M), 123 pcs +100°C x
1 1esp 1,000cy
(20 or 40) 123pcs.
Life testin 123(1) 1000hr | 25(1), 2000hr | 123(1) 4000hr | o8 00 1.5VR, 77(0), 1000hr
9 2xVR, 125C at Tmax, 2XVR 2xVR, 125C 125C ' | 4,000h@+125° 125C, VR
C
Within gr.B (10 v
TS cucles . (for PME
HSSLV v v - before the Within gr.B only)
testing)
THB/moistu
20c per M202 | 20c per M202 | 22(0). 85C, 77(0), ), 85C,
re TM106 TM106 85% RH, - - 85% RH,

_ 12(1) pes, | 9(1) pcs, M202 Mgg(zo)ﬂ&czsio 4(0), M202 30(0), M202,
Resistance M202 TM210, TM210, J, 3 ' TM210, TM210, D.
to soldering B, solder dip, Infared/convec Infared/,convec - cond.B Solder Wave solder,

heat 230C, 10sec, tion reflow but tion reflow but dip: +260°C, 260C, no

gr.C 1 cycle, gr.C 1 cycle, gr.C 10s. preheat
12 pcs.
. 12 pcs, 2mm 1 mm 2mm
Flex testing - deﬁrencrgon deflection - deflection deflection

MIL-PRF-
123, T

Table 3.2. Requirements for qualification testing

MIL-PRF-
55681

MIL-PRF-
32535, T

ESA ESCC
#3009

JAXA QTS-
2040/M

AEC-Q200

*The combination of the mounting process and 1 heat cycle is considered to be equivalent to 2 heat cycles.

Life testing of small size thin dielectric IDC style X7S BME capacitors manufactured to MIL-PRF-32535 showed that
these parts couldn’t pass testing and fail after 4000 hr at 125 °C, 2VR. This was attributed to a higher acceleration
factors compared to X7R capacitors with thicker dielectrics. For these parts, the exponent n in the Prokopowicz and
Vaskas equation is in the range from 4.4 to 4.9 and E is between 1.2 and 1.6 eV, which is greater than what is usually
assumed for PME capacitors (n ~ 3). For this reason, life testing for IDC capacitors is carried out at 1.5VR [37],
which is consistent with conditions used for thin dielectric capacitors by JAXA [47].

Some X7S thin dielectric small size capacitors had failures when tested at 85 °C 85% RH for 1000hr at rated voltages.
This might be due to cracks formed during manufacturing or developed during assembly or testing. For these parts,
requirements in MIL-PRF-32535 were also reduced, and instead of THB conditions (85 °C and 85% RH), capacitors
are tested at 40 °C and 95% RH that are apparently less stressful. This relaxation of requirements would be reasonable
if failures occur when test conditions exceed a certain threshold. In this case, no failures would be expected at normal
operating conditions. Unfortunately, there is no proven predictive models for electrical failures of MLCCs with cracks
in humid environments, and additional analysis is necessary to understand the reason of parts failures at 85 °C and
85% RH.

e NASA/GSFC specifications
NASA/GSFC S-311-P-829 and -838 specifications (see Table 3.3.) describe requirements for extended range
capacitors for space applications.  Specification P-829 is related to precious metal and rigid terminal capacitors,
whereas P-839 to the BME MLCCs manufactured with flex terminations only.

For some reasons, in both specifications DPA is required before terminations are formed. Considering that most
cracks are associated with terminations, this excludes an important, reliability related area of MLCCs and allows
inspections to be carried out by manufacturers only.

In spite of different materials and technologies used for PME and BME capacitors and differences in their
performance, both specifications have the same requirements for AC and DC characteristics. Requirements for gr.A
are also similar, but requirements for gr.B screening differ substantially. In particular, HSSLV testing in P-829 is
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replaced by TBH as in MIL-PRF-32535. In addition, similar to MIL-PRF-32535, P-838 has requirements for flex
testing and resistance to soldering heat that are absent in P-829.

Table 3.3. NASA/GSFC specification
S-311-P-829 rev.J (2017)

Requirement

S-311-P-838 rev A (2017)

Electrode PME only BME only
Voltage range 5V to 100V 16 to 100
Dielectric type NPO and X7R X7R

100% prior to termination (as in M123) or
after, at the Mfr. option
a) Ag/Pd alloy (type M in M123)
Termination b)  Ni barrier with Sn/Pb plating (type Z)
c) Ni barrier with Au plating (type G)
0402 to 2225
1 mil for 100V, 0.8 mil for 50V, down to 0.25
mil at lower voltages
4000 for X7R and 100 for NPO -
A special procedure that evaluates

Ultrasonic examination Same as P-829

Flexible, Ni barrier and Sn/Pb plating

Size 0402 to 1812

Dielectric thickness 0.28 mil minimum for VR<50V

Max. dielectric constant

Process Reliability
Verification Test (PRVT)

Dielectric microstructure Not required
10
Insulation resistance 10'° ohm or 100 ohm_F at 125C

Not required

10! ohm or 1000 ohm_F at 25C

Dielectric Withstanding
2.5xVR per MIL-STD-202, TM 301
Voltage (DWV). SXVR per MIL-STD-20 30

X7R: £7.5% for VR < 10V; < 5% at VR=16V,
< 4% at 25V, < 3.5% at 50V, and < 2.5% at
100V

NPO: < 0.15% for all VR

Dissipation factor

Percent Defective

5 N
Allowable (PDA). < 5% after voltage conditioning
DPA (pre-termination)
Gr.A inspection includes:
-Thermal shock (20 ¢ -55C to +125C)
-Voltage conditioning (= 168hr at 125C, 2VR;
the number of failures detected during the
last 48 hours of test < 0.1%, or one piece.)
Gr.B inspection includes:
B1: TS (100c -55C to +125C) and Life test
B2: HSSLV per M123
B3: Voltage Temperature Limits and
Moisture resistance test per M123 (for
parts larger 0805)
No resistance to soldering heat!

In-process inspection

acceptance (reliability) of the parts based
on the number of grains in a dielectric
layer

SEM examinations and average grain size
measurements (as a part of PRVT)

Same as P-829

Same as P-829

< 5% at VR=16V and 25V, < 2.5% at 50V
and 100V

< 5% after voltage conditioning and IR
measurements at 125C

DPA (pre-termination)
Gr. A is similar to P-829
Gr.B. 45 pcs for d =2 0.8 mil and 125 pcs
for d < 0.8 mil.
B1: — same as P-829
B2: HSSLV testing is replaced with TBH
(96hr at VR, 85C, 85% RH)
B4: Resistance to soldering heat
B5: Shear stress
B6: Breakdown voltage test
B7: Board flex test

A major element of gr.B inspection in P-838 that makes it different from all other military and space specifications is
the Process Reliability Verification Test (PRVT). A theory behind this test is that the ratio of dielectric thickness to
the grain size is the most important parameter of BME capacitors that defines their reliability [50]. High reliability
capacitors are recommended to be selected based on an empirical criterion:

.
Ft=1—[1—(3) l < 0.00001

where F; is the probability of failure, r is the measured average grain size, d is the average dielectric thickness, N is
the total number of dielectric layers, « is a constant that is assumed to be 5 for capacitors with rated voltage exceeding
100 V and 6 for capacitors with rated voltage below or equal 100 V.

Multiple studies have shown that the grain size of ceramic materials affects characteristics and reliability of MLCCs.
However, other factors, e.g. type and level of doping, the thickness of the shell, homogeneity of grain distribution,
and built-in mechanical stresses are a few other factors that have a strong effect on quality and performance of
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capacitors. For this reason, selecting MLCCs, and especially calculating their reliability based on the grain size might
be misleading. In any case, this criterion is not relevant to the cracking related failures in MLCCs that constitute the
majority of the observed failures.

e ESA and JAXA specifications

ESA Generic Specification ESCC-3009 (2017) [45] defines general requirements for qualification, procurement, and
delivery of types | and Il MLCCs for space applications. Specific requirements for the parts are in the detailed
specifications available at the ESC web site: https://escies.org/specfamily/view. In general, these requirements are
close to those used by NASA, but a substantial deviation exists in the use of ultrasonic inspection and burn-in
conditions. ESCC-3009 does not require ultrasonic inspection and requirements for burning-in are limited to 96 hours
at 2VR and maximum operation temperature (similar to MIL-PRF-55681) that is determined in the detailed
specifications. Somewhat more flexibility compared to the military specifications exists for the operating life test
temperature and the range of temperatures during thermal shock testing. Both tests are carried out at temperatures
defined in detailed specifications instead of the standard conditions per military specifications: 125 °C for life testing
and from-55 °C to +125 °C for thermal shock.

ESA employs different quality assurance systems for ESCC qualified and non-qualified parts. Periodic testing (every
2 years, that is similar to gr.C or qualification testing) is required for qualified components only. The lot validation
testing (corresponds to screening gr.B) for these components is not required, but can be requested in the purchase
order.

The Japanese system for selection and QA of MLCCs for space applications benefits substantially from the extensive
market for automotive components. Giants of MLCC manufacturing (Murata, TDK, et al.) have produced billions of
capacitors for automotive industry for more than two decades and have great reputation for high quality and reliability
of their products. Automotive grade BME capacitors are used as the base for MLCCs selected for space systems [51].
The selected capacitors are processed by solder dipping to replace pure tin finishing with Sn/Pb solder, ultrasonic
inspection, and are up-screened by burn-in within gr.A inspections [52]. Periodically, the parts are verified by the
quality conformance inspection (QCI) that in some aspects is more stringent than NASA requirements. Considering
that capacitors per QTS-2040 can have dielectric thickness down to 3 um, life testing is carried out at 1.5VR instead
of 2VR that is typical for military standards.

Additional information necessary for better understanding of the test requirements, parts selection, equipment design,
assembly and handling is detailed in JAXA-ADS-2040/M105 [47]. Life testing of 123 samples at 125 °C and 1.5VR
for 4000 hours can assure S-level FR (0.001%/1000HR) at room temperature. Voltage acceleration of this testing is
assumed to follow 4.5 power law (n = 4.5), and temperature accelerates testing by the 10°C rule. To further reduce
the risk of degradation and failures during applications, the parts are deratad to 50% of the rated voltage specified by
manufacturers, and maximum operation temperature for some part types is limited to the range from -55 °C to +75
°C.

Additional testing to assure reliability of capacitors includes a combination of the thermal shock with the Pressure
Cooker Bias Testing (PCBT) [47]. The parts (23 pcs) are mounted onto an FR-4 printed wiring board (PWB) with
the thickness of 1.6 mm and subjected to 2000 TS cycles from -55 °C to +125 °C (temperature transition time is less
than 5 min.). Following TS, the parts are tested by PCBT at +125 °C, 95%RH, 2 atm pressure, and rated voltage for
144 hours. This test is sensitive to the presence of cracks, but in the presented example, small cracks that were found
during visual inspection in one capacitor after TS did not reach internal electrodes and the insulation resistance during
PCBT stabilized at more than 1MQ. This confirms that the reliability of the capacitor was not affected by small
cracks.

In addition to a regular TS and humidity testing, an immersion cycling is carried out for special cases. During this
testing 18 pcs are subjected to a combination of TS and immersion cycling. Capacitors soldered onto an alumina
substrate are stressed by 250 cycles between -55 °C and +125 °C, and then tested per MIL-STD-202 TM104, cond.
B: two immersion cycles between a hot (65 °C) and cold (25 °C) baths with salty water (saturated with NaCl). Passing
this test gives assurance that the parts soldered onto ceramic substrates will not form cracks and can operated reliably
even under severe environmental stresses.
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e Automotive industry specifications
Automotive Industry Council, AEC-Q200, specification defines qualification requirements for passive components
including MLCCs. It does not call for ultrasonic inspection and HSSLV testing and does not require burning-in and
life testing for each lot of capacitors. AEC-Q200 does not describe screening procedures at all, but does not relieve
the supplier of any additional requirements needed by the customers. In many cases, parts used in cars are built and
tested to SCDs that have detailed specifications for S&Q. For some applications, IR measurements are required at
180 °C and life testing for the under the hood parts is carried out at 2VR and 150 °C for 2000 hours.

AEC-Q200 describes only the minimum required stress tests and additional testing and analysis working in
cooperation with capacitors manufacturers is often used to assure adequate quality parts for cars by using an
appropriate mixture of qualification methodologies including step-stress testing, application-specific tests, physics-
of-failure approaches, sequential stress tests, etc.

An example showing the difference of Murata requirements for auto (GCM series) and standard (GRM series) MLCCs
is shown in Table 3.4 (https://www.murata.com/en-us/support/fags/products/capacitor/mlcc/char/0004). Note, that
MLCCs manufacturers are often trying to demonstrate that their product can exceed the AEC-Q200 requirements (e.g.
thermal shock is not required per AEC-Q200), and different manufacturers might demonstrate their compliance to
AEC-Q200 in different ways. In addition, AEC-Q200 does not specify acceptable variations of characteristics of the
parts after environmental stresses and these requirements are presented in the SCDs.

Table 3.4. Quality requirements for automotive industry and general purpose Murata MLCCs

Temperature cycle 1000 cycles 5 cycles

THB 85 C, 85% RH, VR, 1000hr 40 C, 90% RH, VR, 500 hr
High temperature load (life) 1000 hr 1000 hr
temperature (storage)

Automotive parts are built using more aggressive design rules compared to military MLCCs. Also, automotive
industry requirements are more flexible in selecting test conditions compared to the military specifications and allow
for some process and materials’ changes. For example, IR can be measured at voltages much greater than VR, and
the test voltage during the dielectric withstanding voltage (DWV) test can be increased to (6-10)xVR compared to
2.5XVR in military specifications. In some cases, humidity testing is carried out on mounted onto PCBs parts at 85
°C and 85% RH and voltages greater than VR (up to 2 times).

3.2. Qualification procedures and cracking problems in MLCCs

Soldering and post-soldering stresses might generate cracks in MLCCs, and for this reason, reliability of capacitors
soldered onto PWBs and loose parts might differ substantially. Majority of MLCCs are used after soldering, so
simulation of the assembly conditions should precede any environmental tests, and it is imperative that the QA system
for MLCCs would address properly issues related to soldering.

The probability of cracking after soldering depends on the substrate material. For example, due to the differences in
CTEs between the ceramic material and substrate, tensile stresses develop in MLCCs (CTE ~ 10 ppm/°C) after
soldering onto alumina boards (CTE ~ 7 ppm/°C). These stresses were responsible for many observed failures in
ceramic chip capacitors mounted on alumina substrates back in 80" [9]. Temperature cycling testing between -55 °C
and +125 °C showed that proportion of failures is substantially greater for capacitors mounted onto alumina compared
to FR4 boards [25]. Contrary to alumina substrates, FR4 or polyimide PWBs have a greater CTE (~17 ppm/ °C) that
should result in increasing compressive stresses in the parts. Considering that the compressive strength of ceramics
is more than ten times greater than the tensile strength, the probability of cracking after soldering onto polymer boards
should be substantially less compared to ceramic boards.
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Although soldering related stresses cannot be ignored in the quality assurance of MLCCs, most military specifications
do not address mounting conditions properly. For example, MIL-PRF-123 does not specify mounting before
qualification testing and MIL-PRF-55681 allows mounting the parts on a suitable substrate (e.g., 96 percent alumina
or FR4 glass epoxy) when specified in the test procedures, but does not have mounting requirements for life or HSSLV
testing. MIL-PRF-32535 requires mounting onto an FR4 board before TS and life testing, whereas mounting for
humidity testing is optional. GSFC specifications S-311-P-829 and P-838 do not have mounting requirements at all.

Even when mounting conditions are specified, there is typically a warning that “the substrate and mounting process
shall be such that it will not be the cause of, nor contribute to, failure of any test for which it may be used.” The
interpretation of this warning might be that only tests that did not result in failures are valid. Otherwise, the parts
might have been abused during soldering. However, it is reasonable to assume that high quality MLCCs should sustain
possible deviations from an ideal soldering process and some variations in materials and design of PWBs from those
used by MLCCs’” manufacturers should not pose reliability risks.

e Thermal shock
Most specifications require TS cycling between -55 °C and +125 °C, and some between max and min temperatures
specified for the part. However, the number of cycles and sample size varies substantially, from 1000 cycles and 77
samples in AEC-Q200 to 5 cycles and 18 pcs in MIL-PRF-55681. This variation might be partially due to the
uncertainty in the efficiency of TS testing to reveal lots with excessive proportion of defects.

Although maximum temperature for MLCCs is typically limited to 125 °C (apparently, to the Curie point), some
applications involve higher temperatures. For example, qualification of military hybrid microcircuits require
temperature cycling (100 cycles) between -65 °C and +150 °C. This means that military grade MLCCs cannot be used
in military grade hybrid microcircuits without additional testing.

Changes in environmental temperature cause thermo-mechanical stresses in MLCCs for two reasons. The first is
related to the presence of materials with different CTE within the capacitor and between the capacitor and PWB in
case of mounted parts. In this case, the effect of temperature cycling depends mostly on the difference between
minimal and maximal temperatures (temperature swing). The second reason comes to play when the temperature of
the part changes drastically, so there is a substantial temperature gradient across the body of a capacitor. These
conditions are defined as thermal shock that per ASTM C-1525 [53] is “a large and rapid temperature change, resulting
in large temperature differences within or across a body”. If temperature on the surface is greater than in the bulk,
expansion of the surface areas of the part will be contained by the colder bulk areas thus resulting in compressive
stresses at the surface and tensile stresses in the bulk. These stresses can develop even in homogeneous materials and
depend strongly on both, the temperature swing and the rate of temperature variations.

Comparison of three different test conditions that create thermal shock in MLCCs: (i) terminal solder dip test, (ii) ice
water test, and (iii) liquid nitrogen drop test showed that the heat conduction and direction of temperature changes
(heating or cooling) are critical factors of thermal shock testing of MLCCs [8]. The probability of fracturing depends
also on the level of residual mechanical stresses, mostly in terminal areas of ceramic capacitors.

The ice water test (IWT) when preheated to a certain temperature MLCCs are immersed into icy water is a reproducible
and effective technique for evaluation of the susceptibility of MLCCs to fracturing during cold thermal shock
conditions. Majority of the parts can withstand IWT at 150 °C and the average critical temperature varied from 170
°C to 222°C. In spite of a significant temperature difference that capacitors experienced during the liquid nitrogen
drop test (capacitors at room temperature are dropped into liquid nitrogen that has temperature -196 °C), this testing
resulted in much less severe cracking compared to the ice-water testing performed at conditions with similar
temperature difference. The result is due to a rapid formation of a gaseous N2 film that shields the surface of the
capacitors and significantly reduces the heat transfer from the part. This confirms that the heat transfer conditions are
of critical importance for TS testing and for the assessment of the thermo-mechanical reliability of ceramic capacitors.
Due to compressive stresses developed by the hot thermal shock conditions during manual soldering or terminal solder
dip testing, the probability of cracking is much less compared to cold TS. For this reason, normal quality lots of large-
size MLCCs (2220) can sustain terminal solder-dip testing at 350 °C (see section 8.2).
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Thermal shock testing that is required per military and space specifications for MLCCs is carried out according to
MIL-STD-202, TM107. During this testing the parts are transferred between cold and hot air chambers during up to
5 minutes. Apparently this testing cannot create thermal shock conditions, and a better name for the test would be
temperature cycling.

Built-in or residual stresses in MLCCs might affect their reliability [54, 55]. However, these stresses are mostly
developed during cooling from high-temperature processes such as sintering (>1000 °C) or termination firing (~400
°C), and the range of temperatures during temperature cycling of unmounted parts has a relatively minor effect on the
level of these stresses. However, temperature cycling might cause fractures and failures in MLCCs if they are mounted
on the board. The probability of these failures depends on the size of capacitors. For example, some types of large
size capacitors (size 2220) can pass up to 1000 cycles, but fail after 3000 cycles, whereas smaller size parts have a
better stability under this testing. To assure adequate reliability of MLCCs, temperature cycling during qualification
tests should be carried out after soldering, the number of cycles should be increased substantially (at least to 300
cycles), and electrical characteristics (at least DWV and IR) should be verified after the testing.

e Life testing

No electrical measurements are currently required after TS testing, and the effect of TS is assumed to be revealed by
the life testing that follows TS and is carried out on the same parts. However, the sequential testing does not allow
for revealing the origin of defects because they might have been preexisted even before TS. A similar sequence of
test is required during screening when TS precedes voltage conditioning. The difference in the screening and
qualification procedures is in the number of cycles, duration of biased testing, and most importantly, in the conditions
of mounting. Obviously, testing during screening cannot reveal cracks that could have been caused by soldering and
temperature cycling of the parts in the mounted conditions.

Requirements to combine TS and life test or voltage conditioning exists in most specifications except MIL-PRF-55681
and ESCC-3009 (however, ESA specification requires also mounting of the parts and 10 TS cycles before HSSLV
testing). This, as well as neglecting mounting before qualification testing might be one of the drawbacks in
manufacturing of the popular CDR- style capacitors.

As will be discussed in section 5.2, life testing of PME capacitors might reveal capacitors with cracks. However,
because only short circuit failures are determined during life testing and BME capacitors with cracks can increase
leakage currents but not fail short circuit, the effectiveness of this test to reveal BME MLCCs with cracks is relatively
low. Inthe latter case, variations of leakage currents or IR after life testing might be better indicators of quality of the
parts.

e Humidity testing
Moisture sorption in the cracks that cross opposite electrodes in ceramic capacitors reduces insulation resistance and
facilitates dendrite growth that might cause short circuit failures. For this reason, humidity testing might be more
sensitive to the presence of cracks compared to life test that occurs in dry conditions. Humidity testing in combination
with soldering and TS stresses would be more efficient compared to life test. However, not all specifications require
mounting, and none, except for ESCC-3009 requires temperature cycling.

Three types of humidity testing are used in different specifications:

0 Moisture resistance test per MIL-STD-202, TM106 with exceptions described in MIL-PRF-123. The purpose
of this test is evaluation of the resistance of components to the deteriorative effects of high humidity and heat
conditions typical of tropical environments. During this test, mounted parts are subjected to 20 cycles between
25 °C and 65 °C at 80% to 100% RH (120 hr total at 65 °C and 100% RH). A 50 V bias is applied during the
first 10 cycles only.

0 Temperature humidity bias (THB) testing per MIL-PRF-32535 (or AEC-Q200). The parts are tested for 1000
hours at rated voltages, 85 °C and 85% RH.

0 Humidity steady state low voltage (HSSLV) testing. Per MIL-PRF-123 this test is carried out using 12 samples
at 85 °C, 85% RH for 240 hours at a voltage 1.3 +0.25 V applied through 100 kohm resistors. The post stress
measurements of IR should be carried out also at 1.3 £0.25 V.

Studies of moisture-related failures of first MLCCs (back in late 70™) have shown that the conductive paths that are
formed in cracks can be destroyed by application of rated voltages, and for this reason, HSSLV testing had been
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developed and even now is often considered as the most effective testing to reveal cracks in capacitors. However,
NASA Engineering and Safety Center (NESC) studies in 2009 [56] have demonstrated that this test is not effective
for the contemporary MLCCs for the following reasons:

o Historically, low voltage failures (LVF) were attributed to lots with a large proportion of manufacturing defects;
however, currently, these failures are more likely to be caused by cracking caused by soldering, handling, and
post-soldering environmental stresses. Technological advances in manufacturing processes and controls have
produced much more uniform dielectric structure, thickness, and low porosity MLCCs that reduced
substantially the probability of cracking during manufacturing.

0 No LVFs were identified using HSSLV testing in NASA flight systems for at least the past 15 years and per
manufacturers’ information the HSSLV testing on military grade MLCCs has generated zero failures during
last eight years. The hybrid manufacturers were unaware of any MLCC LVF problems in their products.

0 Statistical analysis shows that at the confidence level of 60%, zero failures out of 12 samples that are currently
required for testing can assure that the proportion of defective parts in the lot is less than ~ 10% only.

Comparative analysis of cracking related failures in PME and BME capacitors has shown that HSSLV testing can
reveal PME capacitors with introduced cracks, but is not effective for BME technology [34]. For this reason, HSSLV
testing has been replaced in MIL-PRF-32535 with THB that had been shown to be more effective for BME capacitors.

It is important to note, that reduced IR or short circuit failures during humidity testing of mounted capacitors might
be caused by external conductive paths (e.g., metal dendrite formation) resulting from surface contaminations and
formed either on the surface of capacitors [57] or on the surface of PWB as shown in Fig.3.1. A thorough failure
analysis is required to confirm that the observed failures are actually caused by cracking in capacitors.

Figure 3.1. External Metal Dendrite on PWB beneath the MLCC that resulted in false short circuit failure.

e Resistance to soldering heat

A qualification test that supposed to verify the robustness of MLCCs against soldering stresses and simulate the worst
case soldering thermal shock conditions is the Resistance to Soldering Heat (RSH) testing that in all specifications is
carried out per MIL-STD-202, TM210. Recommended test conditions per this method are displayed in Table 3.4 and
show that for most conditions the test temperatures are relatively benign and close to soldering temperatures that are
described in manufacturers’ and users’ guidelines for soldering of MLCCs. Note also that extensive experience of
using lead-free solder by commercial industry showed that chip ceramic capacitors are capable to withstand high-
temperature solder reflow processes up to 260 °C, that exceeds test conditions that are currently used in military
specifications.

It is generally acknowledged [58, 59] that wave soldering causes the most severe thermal shock stress for ceramic
capacitors. The effect is due to a high heat transfer rate when liquid metal comes into contact with MLCCs. These
stresses might create visible cracks on the surface and sides of capacitors that start at or near the termination. Vapor
phase reflow soldering uses the latent heat of vaporization of the condensing vapor as the heat transfer method and
have a lesser effect compare to wave soldering. Infrared reflow soldering is also less stressful because of a low heat
transfer by air convection and radiation, and normally does not result in thermal shock failures.

Manufacturers are often using wave soldering test without preheating to assess quality of their production. The
maximum temperature during this test is 280° C for automotive industry capacitors and 235° C for military capacitors.
However, the wave soldering test is not required in military specifications for MLCCs.
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Table 3.4. Test conditions for the “Resistance to soldering heat” test per MIL-STD-202, TM210.

Solder Time Typical
technique (s) Temp. ramp soldering Comments
simulation . conditions
4-5

Solder iron A 350 +10 - - 1 270C - 300C/ 5s Not used for MLCCs

RESHEEITE o Used for leaded parts

Solder Dip B 260 £5 10 £1 25 £6 mm/s 1 replfg!:mg%t - and for caps per M123
T = 260C (at T=230C) and JAXA
UGS C 26045 20+l 1 260C D LU
Topside specifications
Preheat 1-
. 4°C/s to within
Wave: D 260 5 10+1  100°C of solder 1 260C e
Bottomside temp. 25 mm/s preheating.
+ 6 mm/s
Vapor phase e Not used in the
reflow A (t‘éi?;c)))r 605 L AEC specifications.
215 5 1-4°C/s; 90- .
| (compone 30 5 120s above 3 ot U.Sf‘.ad L
nt temp) 183°C specifications
e o 220-230C/10s
IR/convectio ZED 35 el 2o for Sn/Pb solder. = Relaxed cond. J is used
n reflow I NCEROICH BRSO 120s above 3 250-260C/10s  for chip cap per M55681
) M for Pb-free.
250 5 1-4°C/s; 90- .
K (compone 30 +5 120s above 3 ot U.Sf‘.ad in the
nt temp) 183°C specifications

Solder dip test for the same reason as soldering wave test creates severe TS conditions for chip capacitors and is the
test that simulates manual soldering conditions more closely. According to Rawal and co-authors [60] different lots
of MLCCs manufactured in 1980™ had different resistance to this type of thermal shock testing (solder dip at 260 °C)
resulting in up to 74% of failures in some lots and no failures in others. However, the test temperature is reduced
substantially in MIL-PRF-123 (to 230 °C). Also, the test have a risk of damaging parts by tweezers that create
unknown pressure and additional temperature gradients across the capacitor.

During solder dip, a ceramic capacitor experiences a hot thermal shock with an instant temperature increase that results
in large transient compressive stresses at the surface and relatively small tensile stresses in the bulk of the specimen.
Although this test provides good heat transfer conditions and results in formation of significant thermo-mechanical
stresses, the probability of fracture and crack formation is relatively low. This is mostly due to a high compressive
strength of ceramic materials that is typically in the range from 1 GPa to 4 GPa and is approximately an order of
magnitude greater than the tensile strength [19]. This explains a substantial increase of the critical temperature during
TSD testing over the data reported in literature [61, 62]. In the referred studies the critical temperatures were measured
during cold thermal shock testing that creates tensile stresses at the surface, and hence requires much smaller
temperature gradients to cause fracture. The critical temperature for the hot TS (AT ~350 °C) is approximately two
times greater than for the cold TS (=150 °C) and is not proportional to the difference in compressive and tensile
strength of ceramics. This can be explained considering that the probability of fracturing depends not only on the
level of the temperature gradient and TS stresses, but also on the level of the built-in mechanical stresses that can vary
from lot to lot due to variations in manufacturing processes.

Resistance to soldering heat test using soldering iron is described in MIL-STD-202 TM 210, condition A. The testing
should be performed at a temperature of the soldering iron of 350 °C £10 °C by contacting a solder pad with installed
component for 4 to 5 seconds. Although this test simulated rather closely actual manual soldering conditions, for
some reasons it is not used in specifications for space level MLCCs or by manufacturers of the parts.

To be published on nepp.nasa.gov. 29



Analysis of requirements to RSH testing described in military and space specifications allows for the following
conclusions.

o In all specifications except AEC-Q200 the requirements for RSH testing are relaxed even compared to the
conditions described in MIL-STD-202 TM210. For example, MIL-PRF-55681 and 32535 require only one
reflow simulation cycle instead of 3 cycles per MIL-STD-202; solder temperature for dip testing in MIL-PRF-
123 is reduced from 260 °C to 230 °C, whereas majority of commercial components are reflow soldered at
temperatures exceeding 245 °C. Considering that the requirements of MIL-STD-202 are close to the conditions
recommended for soldering, the level of stress provided by RSH testing is not sufficient to reveal potentially
weak lots.

0 NASA/GSFC specification P-829 does not require RSH, but P-838 calls for 6(0) samples to be tested using
solder dip testing (similar to MIL-PRF-32535) as a part of gr.B screening. Considering that PME capacitors
might be more susceptible to cracking failures compared to BME parts, RSH testing should be included in the
S-311-P-829 specification.

o From 9 to 22 samples are used for RSH testing (AEC-Q200 requires 30 samples). In some cases, one sample
can fail and the lot will be still considered acceptable for high-reliability applications. Considering that the
parts are tested at typical soldering conditions, the reason for allowing from 5% to 15% of capacitors fail the
test is difficult to comprehend.

o0 None of the specifications requires the soldering iron test (cond. A per MIL-STD-202, TM210). Taking into
account a wide use of manual soldering during assembly of space units and boards, this is a substantial
drawback of the existing qualification system. Large size chip capacitors that are to be manually soldered
should be first tested for the robustness against soldering stress conditions. A modified solder dip test that can
be used for this purpose is described in section 8.2.

e Flex testing

One of the major causes of MLCCs’ cracking is deformations of the board that transmits stress to the chip through
soldered terminals. This deformation can be caused by variety of reasons including:

0 Thermo-mechanical stresses in the populated board during post-soldering cooling.
Depenalization of the individual cards from the master panel.
Attachment of components (e.g. insertion or removal of connectors, outlets, pins, etc.)
Attachment of the board to the case.
Vibration or mechanical shock. Note that vibration induced deformations and the risk of cracking increase
substantially at the resonance frequencies.
o CTE mismatch between board material and soldered components during temperature cycling.

O o0O0O0

KEMET studies [63] have shown that increasing deflection of the board almost exponentially increases the probability
of cracking. For example, bending of 1206 size capacitors on an FR4 board with 1.6 mm thickness at a span of 90
mm to 1.84 mm deflection has generated ~ 0.01% of failures, but increasing deflection raised the probability of failures
to 0.1%, 1%, and 10% respectively at 2.2 mm, 2.25 mm and 2.56 mm of deflection.

Typically, flex cracks originate from the terminal ends at the bottom of the capacitor and have a diagonal direction
inside the part usually at an angle of approximately 45° (see Fig. 2.8.b). In case of excessive amount of solder, the K-
shaped cracks can also develop due to formation of tensile stresses at the top of capacitors [64].

The flex testing first had been developed to reduce cracking during de-panelization in commercial applications.
Currently, this test is required for MLCCs by military and space specifications except for MIL-PRF-123, ESCC-3009,
and S-311-P-829. Note, that NASA/GSFC P-838 specification requires flex testing within gr.B of the screening tests.

According to AEC-Q200-005 and MIL-PRF-32535, this test is carried out using a specified size FR4 board with a
capacitor soldered in the middle of the board. The board is bent as shown in Fig. 3.2a to a certain deflection (typically
2 mm). AEC-Q200-005 defines failure as a condition when a part cracks that can be determined, for example, by
acoustic emission, or by changes in the parameters being monitored. The MIL-PRF-32535 requirement is more
specific and determines failure as capacitance change by more than 10% at a deflection > 2 mm. However, KEMET
studies have shown that 2% of capacitance variations might provide a better resolution for revealing the initiation of
the cracks [10].
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Figures 3.2.c, d show capacitance variations during flex testing of small size (0603) PME and BME MLCCs. Note,
that variations of capacitance developing cracks during loading are reversible and electrodes separated during the
bending rejoin when the strain is removed. This means that capacitance in parts with cracks can remain within the
specified limits, and in general, capacitance measurements are not effective for revealing cracks. Degradation of
capacitance by steps (Fig. 3.2c and d) indicates partial separation of electrodes during bending that is consistent with
the results of cross-sectioning (Fig.3.2b).
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Figure 3.2. Schematic of the flex testing (a), cross-sectioning of a capacitor failed flex testing (b), and variations of
capacitance and deflection with time for a PME (c) and BME (d) capacitors.

Multiple studies of the flex cracking showed that in addition to the quality of MLCC itself, variety of other factors
might affect test results [32, 63, 65-68]. These factors include:

o Orientation of the component on the board.

o Type of attachment, e.g. mounting with Ag-epoxy or soft terminations in the parts absorbs stress and reduces
cracking.

0 The height and thickness of the solder fillet, and presence of solder under the chip.

0 The type of solder. According to some research [66] less cracking was observed when Pb-free alloys are
used because high-temperature soldering process creates a higher compressive stresses in MLCCs after
cooling. However, Adam [69] reported that because Pb-free solders are quite rigid, cracks are generally more
likely during bending of the boards when Pb-free solders are used.

o Ceramic material (X7R capacitors are weaker compared to COG capacitors).

0 The size of the chip (larger chips experience greater stress and have greater susceptibility to cracking).

All researches indicate the effect of the chip size on results of flex cracking, so some application engineers utilize a
rule of thumb that prohibits using MLCCs with a size of 1210 or larger. A strong size dependence of the probability
of cracking failures means that commercial BME capacitors that have a smaller size compared to similar value military
grade PME parts are less vulnerable to flex cracking. Application of parts with flex terminations manufactured by
BME technology might reduce failures related to flex cracking substantially.

e Sample size
Qualification tests in military and space specifications are carried out using a relatively small sample size, typically
from 6 to 22 pcs, and often require zero failures for the test to pass. However, statistical analysis (e.g. using a Fisher
exact test) shows that when such a small number of samples is used, there is no significant difference between groups
with zero and a few failed samples.
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If we want to assure that the proportion of defective samples in a lot (e.g. samples with cracks that can be revealed by
humidity testing) is below a certain value, P, the number of samples that has to be tested with a zero failure result (N)
can be calculated as:

In(1-cl) = In(l-cl)
N(p) = In(-pp)  Pp '
where c.l. is the confidence level.

At Pr = 0.1% and c.l. = 60% calculations yield N = 1000, which exceeds substantially a typical sample size for
qualification testing. However, when multiple lots of components manufactured to military specifications passed the
testing, then, considering consistency in manufacturing conditions and materials used, the significance of the testing
is different. For example, if a dozen of lots passed HSSLV testing with 12(0) results, but one lot had one failure,
12(1), the latter can be considered as different at the confidence level of 90%.

This means that using a relatively small sample size for qualification testing might be sufficient for mature
technologies with known consistent and successful results of testing. However, positive results of qualification testing
per military specifications for a new technology or a commercial device does not give the required confidence and
might be misleading.

4. Characteristics of MLCCs

Specifications for low-voltage MLCCs have only three electrical characteristics: capacitance (C), dissipation factor
(DF) and insulation resistance (IR). Measurements of breakdown voltages (VBR) and mechanical characteristics are
not required. However, VBR might be sensitive to the presence of cracks and mechanical characteristics might be
used to assess the robustness of the parts to cracking. For these reasons, these tests are also described below.

e Rated voltage

The rated voltage (VR) is an important parameter of MLCCs that determines conditions of measurements and affects
AC and DC characteristics of the parts and their reliability. It is often assumed that VR is limited by breakdown
voltages in capacitors. However, it is not true for low-voltage ceramic capacitors because VBR exceeds rated voltages
by dozens and hundreds times. Contrary to tantalum capacitors, this allows for highly accelerated testing of MLCCs
at voltages exceeding VR many times and allowing for a substantial reduction of times to failure (orders of magnitude)
compared to application conditions. However, high acceleration might increase risks of introducing new failure
mechanisms and cause errors in the reliability prediction.

The rated voltage is selected from a set of standardized values that are changing with increasing increments. This is
one of the reasons why VR is not directly related to physical properties of low-voltage MLCCs, cannot be measured,
and might be skewed by the marketing trends.

Class Il dielectrics have a strong dependence of the dielectric constant on the electric field that results in substantial
variations of capacitance with applied voltage. This dependence, rather than VBR, is one of the most important factors
limiting VR. Another important factor is that the probability of failures in MLCCs increases sharply with operating
voltage. This factor is more important for military or space grade parts that should withstand life testing at 2VR and
125 °C for 4,000 and even 10,000 hours, whereas commercial parts are typically life tested for not more than 1000
hours.

The rated voltage is a technical parameter chosen by manufacturers based on their experience and internal rules so
that voltage dependent characteristics and reliability of the part remained within the specified limits.

4.1.Capacitance and dissipation factor

According to specifications, measurements of dissipation factors and capacitance for majority of MLCCs (capacitors
in the range from 100 pF to 10 uF) should be made at room temperature, 1 kHz and 1Vrms of the AC signal. However,
the values of C and DF for class |1 dielectrics are changing substantially with temperature, DC voltage, frequency and
the amplitude of the AC signal. Note, that voltage and temperature stability of capacitance is required only for military
BR or BX type capacitors, whereas military X7R and X7S capacitors are tested to temperature stability only.
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The limit for DF might be several times greater than the actual values, whereas capacitance should remain within the
specified tolerance. Considering that application conditions might vary substantially from conditions used for AC
measurements, the specified parameters for MLCCs are rarely sufficient for electronic designers to make an informed
choice.

Typical variations of DF for 10 uF 10 V capacitors manufactured by Murata with the level of stress during
measurements are shown in Fig.4.1 [70]. Note that DF decreases with bias and temperature, but increases with
frequency and AC signal. Values of DF are also increasing for thin dielectric capacitors, for example, capacitors with
d ~ 2 to 4 um typically have DF ~ 4%, whereas for d ~ 15 to 25 um DF is in the range from 1 to 2%. AC characteristics
of class Il dielectric MLCCs might be affected by the prehistory of the parts, e.g. duration of the shelf life or exposure
to high voltages (e.g., DWV testing). For this reason, deaging (e.g. 2 to 5 hours at 150 °C) is recommended before
measurements.
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Figure 4.1. Variations of dissipation factor in 10 pF 10 V X7R and Y5V MLCCs with frequency (a), DC bias (b),
temperature (c), and AC voltage (d) [70].

Dissipation factor determines the level of power dissipated in the part, P = 2rfCV;%,,DF, that results in self-heating.
In pulse application the self-heating can cause temperature cycling that might eventually result in cracking and failures.
For example, a 1 uF 0402 size capacitor operating at 1 MHz at DF ~ 5% and Vims =0.1 V would dissipate ~0.0031 W
that might cause overheating by approximately 20 °C.

Although military and space documents do not require limiting the maximum dissipated power, this factor might be
critical for signal filtering applications in contemporary low voltage microcircuits operating at high frequencies.
Typical values of the power rating determined by Johansen Dielectrics, JDI, [71] for various size commercial MLCCs
are shown in Table 4.1. The rating is based on 25 °C temperature rise for standard mounting conditions. For military
and space specifications, it would be reasonable to set the maximum dissipated power and describe procedure for its
measurements. During applications, the power should be derated to 75% of the maximum specified value.
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Table 4.1 Typical power ratings for MLCCs

JDI Size ElIA Size Rated Power, Watts
RO7 0402 .005W
R14 0603 02w
R15 0805 04W
R18 1206 08W
S41 1210 02W
5843 1812 04W
H42 1515 04W
H47 2520 09w
H51 3530 1.5W
H62 4540 21W
HE6 5550 28W
H70 6560 3.8W

To assess the effect of cracking on AC characteristics, several types of PME and BME capacitors have been damaged
either by cutting off corners of the parts (fractured capacitors) or by pressing the surface with a Vickers indenter
(damaged capacitors). Figure 4.2 displays correlation of characteristics measured before and after the cracking.

Results show that cracking does not affect capacitance, which is consistent with the results of flex testing when in
many cases capacitance recovers when the stress is removed. Dissipation factor shows some sensitivity and increases
after cracking by 10 to 50%, but remains within the specified limits. Apparently, capacitance is not a useful
characteristic to reveal the presence of cracks, and in some cases, increasing DF might be related to cracking.
However, DF variations might be not related to the crack formation, but rather to mechanical stresses or acoustic
waves associated with the cracking process [72]. Hitting the capacitors without introducing cracks increased DF by
20% to 30% initially, but DF gradually decreased with time and stabilized at the initial level after dozens and hundreds
hours of storage.
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Figure 4.2. Effect of cracking on capacitance (a, b) and dissipation factors (c-e) of different types of MLCCs.

4.2.Insulation resistance and leakage currents

Leakage currents in MLCCs similar to other types of capacitors depend on the applied voltage and are decreasing with
time under bias. For this reason, IR measurements are specified after 2 min of electrification at the rated voltage.
However, if IR meets the specified limit, and is steady or increasing with time, the test may be terminated before the
end of the specified period. Typically, manufacturers are testing IR within a few seconds using a go/no go test, so
actual values of IR are rarely measured.
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Manufacturers of commercial MLCCs or capacitors for automotive industry often use so-called flash IR measurements
instead of regular measurements that require testing at VR. Voltage during flash testing might be up to 10 times
greater than the rated voltage. Although these measurements formally deviate from the military specifications, it
might be an effective means for quality assurance because IR at high voltages should be less than at VR, and passing
the limit at higher voltages gives more confidence in quality of the parts.

Cracks in MLCCs increase leakage currents and might reduce IR, which makes it a characteristic potentially sensitive
to the presence of cracks. To understand factors that affect the sensitivity of IR measurements to cracking, we need
to understand the nature of leakage currents in MLCCs and their relation to the existing requirements for IR.

e Specified IR values
Although in many cases, and in particular when capacitors are used for filtering or decoupling in high frequency
applications, circuit designers would be satisfied with IR values in the megohm range, the specifications typically
require gigaohm values of IR (see Table 4.2). This means that the existing requirements for IR are driven by the
quality assurance reasons, rather than by the needs of applications, so the requirements for high IR during screening
are likely used to confirm that capacitors are defect-free.

IR requirements in all specifications except for JAXA QTS-2040M are similar to MIL-PRF-123: 100,000 megohms
or 1,000 megohm-microfarads, whichever is less at 25 °C. In most applications, the same IR requirements are applied
to PME and BME capacitors. However, JAXA specifications for the thin dielectric BME MLCCs allows for 10 times
lesser IR values.

Experience shows that high volumetric efficiency BME capacitors might have relatively low IR at high temperatures
but excellent long-term reliability. Relatively high leakage currents in BME compared to PME capacitors reflect a
different nature of materials used and are not directly related to the quality and reliability of the parts. Due to a higher
intrinsic conductivity of BME compared to PME capacitors, IR requirements for commercial BME parts are typically
ten times less stringent than for PME capacitors. Requirements of MIL-PRF-55325 to have the same IR values for
BME and PME MLCCs, forces manufacturers of BME capacitors to have increased thickness of the dielectric and
produce capacitors of a larger size that are more vulnerable to cracking.

Table 4.2. Requirements for IR in different specifications

PR pRr.  pRe. SO sau SO i
123, T 55681 32535 #3009 2040/M
25C 225V 11%%06 gx(::r 11%%(? gonr 11%%(? gonr 100 GQor | 100 GQ or Typical NA
1000 QxF
25C <25V NA 1508060(1? 1508060(1? 1000 QxF 1000 QxF 100 OxF
125C 225V 11(())(? gx?:r 1100(§5 (())onr 1100(§5 (())onr 10 GQ or 10 GQor Typical NA
100 QxF
125C <25V NA 1:0GQ(3<IC:>r 1:0GQ(3<IC:>r 100 QxF 100 QxF 10 OxF

Increasing temperatures to 125 °C reduces the specified IR values by 10 times, which corresponds to an effective
activation energy of 0.23 eV. This value is substantially less that the activation energy for intrinsic leakage currents
in MLCCs. The discrepancy is due to absorption currents that are typically prevailing in capacitors within minutes
after voltage application.

Unfortunately, users have a limited information about actual IR values and their distributions, so the margin between
the real values and the limit are rarely known. Without this information, it is difficult to assess the effectiveness of
IR limits for quality assurance, and selection of the criteria in military and space specifications are often based on the
“engineering practice”, “historic data”, and similar specifications rather than on statistical analysis of the test results.
For the same reason, the necessity of two times relaxation of IR requirements for capacitors with VR <25 V in MIL-
PRF-55681 and MIL-PRF-32535 that might or might not have thinner dielectrics compared to 50 V capacitors is
difficult to assess.
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Experiments show that military requirements for IR at 125 °C provide sufficient margin between actual values and the
limit for PME (1 to 2 orders of magnitude) but might be not adequate for BME capacitors. To meet IR requirements,
manufacturers have to increase the thickness of the dielectric for BME capacitors thus increasing the size of the parts
and increasing risks of cracking.

e Absorption and intrinsic leakage currents

Dielectric absorption processes that result in transient leakage currents include dipole orientation, redistribution of
ionic charges, or charge injection from electrodes into the traps in the dielectric. Currents caused by absorption, laps,
decrease with time after a step voltage application and follow the empirical Curie - von Schweidler law, according to
which the currents decrease with time as a power function, las(t) = loxt™, where lo and n are constants, and n is close
to 1. Similar absolute values, but different polarity transient currents flow through capacitors under applied voltage
(polarization process) and under short circuit conditions (depolarization process). Intrinsic leakage currents, Ij, in
MLCCs are attributed to electron injection from metal electrodes ito conduction band of the dielectric and can be
described by the modified Schottky model [73].

In a general case, leakage currents in a capacitor can be presented as a sum of charging, absorption, intrinsic, and
defect-related leakage currents:

I(t,T,V)=1,0V)+1,&T,V)+1,(T,V)+1,(T,V,RH)

Charging currents, Ich, correspond to currents in an ideal capacitor without losses, depend on the applied voltage, are
limited mostly by the external circuit (power supply or limiting resistance), and might prevail at times below ~ 1 sec
(see Fig. 4.3). Absorption currents depend strongly on time under bias and applied voltage. Intrinsic currents, li(T,V),
do not vary with time, increase exponentially with temperature and super-linearly with voltage. Defect- or crack-
related leakage currents, Iq(T, V, RH), depend also on the relative humidity of the environment.

Figure 4.3 illustrates typical time variations of leakage currents in MLCCs at different voltages and temperatures.
Absorption currents prevail at room temperatures, have a poor temperature dependence, and vary mostly with the
value of capacitance. In high-capacitance MLCCs laps are large, and can mask the presence of cracks. Intrinsic leakage
currents prevail at high temperatures and/or high voltages that are typically exceed VR.
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Figure 4.3. Relaxation of leakage currents in MLCCs.

A linear increase of absorption currents with voltage at voltages close or below VR, allows for characterization of
capacitors by a resistance that does not change substantially with voltage. However, at increasing voltages, above 2
to 3 times VR, absorption currents are saturating but intrinsic currents are rising exponentially thus resulting in a
substantial decreasing of IR. Voltage dependence of leakage currents associated with cracks is likely less significant
compared to the intrinsic leakage currents, so increasing voltages might not increase the sensitivity of IR
measurements to the presence of cracks. Fig. 4.4.a presents an example of the current relaxation in a normal and in a
capacitor with cracks. The difference can be observed only after ~ 100 seconds of polarization. This makes the
presence of the defect undetectable by regular IR measurements.

An equivalent circuit of a capacitor that accounts for dielectric absorption, intrinsic, and defect-related leakage currents
is presented in Fig. 4.4.b. The capacitor has a nominal value, Co. Resistor Rj represents intrinsic leakage currents,
and Ry is related to cracking.

Dow [74] has proposed a model for absorption polarization processes that presents a capacitor by a circuit with five
r-C: relaxators connected in parallel to Co. The relaxation process can be simulated by a proper selection of the
relaxation times, 7 = rixCy, and absorption capacitances, Ci. In this model, variations of the absorption currents with
time after application of a step voltage, Vo, can be described by a simple equation:

I(t' V)abs = Zil;_(z exp(_t/Ti)

Calculations based on modeling of absorption processes show that the IR values measured after ~ 100 sec corresponds
to an effective absorption resistance that can be estimated as [73]:

100x10°  4x10°
025xC, C,

where, Cois in uF and r is in Q. This corresponds to the absorption resistance: Raps*<Co > 400 QxF, which is 4 times
greater than the typical requirements for IR (IRxCy > 100 QxF) and provide ~ 40 times margin to the actual IR values.

IR=r>
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Figure 4.4. Effect of cracking on relaxation of leakage currents (a), and an equivalent circuit of a capacitor with
cracks (b).

The intrinsic current density through a dielectric layer is controlled by electron injection over a metal/dielectric barrier
and can be described using the Schottky/Simmons model:

10V = AT 5B exp (S) exn (BE0)

where A is a constant, x is the mobility of electrons in the dielectric, E is the electric field in the dielectric, @sis the
barrier height at the metal/ceramic interface, 3, = 2.7x102* Cx (mxV)°5 is the Schottky constant, k is the Boltzmann
constant, T is the absolute temperature.

Experiments show that activation energy of the intrinsic leakage currents, E, =@s — bsE®®, at rated voltages is 1.19
+0.14 eV for PME and somewhat less, 0.83 +0.13 eV, for BME capacitors, which explains a higher leakage currents
in BME parts [75].

Manufacturers’ data on temperature dependence of IR, in the range from room temperature to 125°C and the
requirements in military specifications, indicate much lower values of the activation energies, from 0.23 eV to 0.32
eV. This is due to the different nature of currents measured at room temperature and 125 °C. Absorption currents
that have weak temperature dependence prevail at relatively low temperatures close to room temperature, whereas
intrinsic leakage currents that have high activation energy prevail in the high temperature range.

e Effect of cracking on IR

Close correlation between IR values in 15 different types of virgin and fractured capacitors at room temperature (Fig.
4.5a) shows that that IR measurements during screening at room temperature might not detect fractured capacitors.
Apparently, absorption currents that control IR are much greater than currents associated with tiny cracks. It is often
assumed that IR measurements at high temperatures (125 °C) are more sensitive to the presence of defects, and thus
are more effective in evaluating quality of capacitors. However, results of high-temperature measurements for 9 types
of fractured and virgin MLCCs (Fig. 4.5b) also failed in revealing cracks. Obviously, this is due to a high level of
intrinsic leakage currents that apparently exceeds the currents associated with the presence of cracks.

Considering a relatively large margin between the specified and actual IR values, the sensitivity of IR testing for
revealing cracks is further reduced when actual IR values are not recorded and instead the compliance with the
specifications is verified by the go-no go method.
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Fig. 4.5. Effect of cracking on insulation resistance in different types of ceramic capacitors. The IR measurements
were carried out using a standard technique: 120 seconds of electrification at rated voltages. The dashed line
corresponds to no-change values. (a) Room temperature measurements. (b) Measurements at 85 °C, 125 °C, and
165 °C.

4.3.Breakdown voltage

Breakdown voltage (VBR) is an important characteristic of ceramic capacitors that is sensitive to the presence of
structural defects. Distributions of VBR can be used to assess the proportion of defective parts in a lot and evaluate
quality of the product [76]. In many cases, distributions of VBR values for BME capacitors are bimodal (see Fig.4.6).
For such distributions the intercept point indicates the proportion of parts with defects, and the spread of VBR towards
low voltages indicates the significance of defects (more significant defects result in a more substantial reduction of
VBR).
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Figure 4.6. Examples of distributions of VBR for different types of BME MLCCs rated to 25 and 50 V.

Breakdown fields (Egr) in ceramic capacitors increase substantially with decreasing of the thickness of the dielectric
(Fig. 4.7a). Considering that the breakdown has a thermal nature, decreasing Egr With increasing d is likely related to
better thermal conditions for thinner dielectric layers. It is also possible that thin dielectrics have a reduced number
of flaws that are responsible for breakdown.

Breakdown voltages in low-voltage MLCCs are several to more than a hundred times greater than the rated voltage,
and there is a trend of decreasing the safety margin (defined as a ratio of Vgr to VR) with the rated voltage (Fig.4.7b).
However, safety margins for capacitors with the same VR can vary up to two orders of magnitude, which is mostly
due to a wide spread of the dielectric thicknesses for capacitors rated to the same voltage (see Fig. 4.7c).
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Figure 4.7. Relationship between breakdown field and thickness of the dielectric (a), normalized breakdown voltage
vs. rated voltage (b), and variations of the thickness of the dielectric with VR (c) in different types of MLCCs.

Measurements and analysis of VBR distributions are not required by the military and space specifications. However,
per MIL-PRF-32535 capacitors during qualification testing should demonstrate VBR exceeding VR by 30 times.
Selection of this criterion for all types of capacitors is not justified, and based on results shown in Fig. 4.7b, a
substantial proportion of parts, including military PME capacitors, would fail this criterion. JAXA employs
measurements of VBR to demonstrate the level of the safety margin in MLCCs for space applications [47].

Most specifications require screening of the parts by the dielectric withstanding voltage (DWV) test that is typically
carried out by exposure of the parts to 2.5VR. However, experiments show that low-voltage capacitors with cracks
can pass this testing but cause failures during long-term operations at lower voltages. Note, that high-quality
commercial MLCCs are often screened by DWYV at voltages up to 10 times greater than VR [77].

Figure 4.8 shows an example of VBR distributions for virgin capacitors and capacitors with cracks. The cracks were
introduced by mechanical fracture (MF) at the corner of the part, by cross-sectioning (X-sect), and by a thermal shock
(TS). Similar testing with different types of capacitors showed that on average only ~ 20% of the mechanically
fractured parts have VBR below 2.5VR. Cross-sectioned capacitors and capacitors with TS-introduced cracks had
VBR exceeding DWV by several times. A large percentage of capacitors with tiny cracks created by thermal shock

testing did not decrease substantially VBR compared to virgin parts.
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Figure 4.8. Distributions of VBR for case size 1812 1 uF 50V capacitors in a virgin condition (virg), and with
cracks introduced by mechanical fracture (MF), cross-sectioning (X-sect), and thermal shock (TS). The insert
shows fractured capacitor, and the error indicates voltage during DWYV testing.

Results show that the probability of failure during DWV testing per the existing requirements is low even for
capacitors with rough mechanical fractures. Increasing voltage during DWV test up to 50% VBR as suggested in [78]

would increase the efficiency of the testing substantially.

4.4. Mechanical characteristics

Cracking of MLCCs occurs when the sum of external and internal mechanical stresses exceeds the strength of the

part. It is reasonable to assume that selection of the most mechanically robust capacitors can reduce the risk of
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cracking related failures. Mechanical characteristics that can be measured in-situ on MLCCs include flexural strength,
Vickers hardness, and indentation fracture toughness. Below is the summary of mechanical tests that have been
reviewed and detailed in the previous NEPP reports [79, 80].

e Flexural strength

Ceramic is a brittle material and its mechanical strength is typically measured using the three point or four point
bending tests. AEC-Q200-003 describes a version of the test for the in-situ measurements of the break strength for
MLCCs. Figure 4.9 gives a schematic and an example of the test set-up. A sample in a special holder is pressed with
a metal rod in the middle until it breaks, thus indicating the fracture load. The specification requires that the minimum
acceptable force to be set by the detailed specifications for the part. However, no methodology for selecting the
minimal force is suggested, and no data for the acceptable limits were found in literature or in the manufacturers’
specifications for automotive industry MLCCs. One of the drawback of the test is that it is limited to relatively large
size (> 0805) capacitors. However, using a special fixture or parts soldered onto PWB, the tensile strength can be
measured even for case size 0402 capacitors [81].

Assuming that the test conditions correspond to a three-point bending of a rectangular sample with the thickness d and
width b, the flexural strength, or modulus of rupture, MOR, can be calculated as:

3FL
2bd?

where F is the load during fracture, and L is the span of the fixture.

MOR =

Distributions of MOR values, rather than the fracture loads F are used in technical literature to normalize the strength
and compare results for different part types. Due to small sizes of MLCCs, the stress distribution in a capacitor under
stress deviates from pure bending conditions, and strictly speaking, the above equation is not applicable. However,
the purpose of the testing is mechanical characterization of capacitors rather than ceramic materials and the calculated
MOR values should be considered as an effective flexure strength that characterizes a specific size of capacitors. In
this case, the effective MOR values might allow for comparison of the mechanical robustness of different types of
MLCCs.

fmm
ima oy l 254025 mmisec

Figure 4.9. An overall view of the set-up for the flexural strength testing (a) and a close -up view of the fixture (b).
Insert shows a schematic of the test per AEC-Q200-003

Samples of MLCCs made of the same materials but having different sizes might have a substantially different flexural
strength. For this reason, this technique does not allow an accurate comparison of MOR values for different EIA size
capacitors. However, for the same size capacitors, but with different thickness, normalization allows for a more
accurate comparative analysis. Still, two times difference in the thickness can cause ~ 12% MOR variations, and
thicker samples tend to have smaller strength.

Figure 4.10 shows the effect of surface treatment and the presence of cracks on distributions of MOR in CDR35 style
capacitors. Polishing, immersion into solder flux (Kester 1544 Rosin) and exposure to humid conditions did not affect
the distributions. The latter is somewhat surprising because it is known that cracks can propagate with time of moisture
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exposure. A thermal shock caused by a solder dip testing at 350 °C (TSD350) also did not reduce mechanical strength
of the capacitors. No cracking was detected on the parts after TSD350, which is consistent with the measurements of
the flexural strength.

Results indicate that microcracks with a size of a few micrometers or less as well as the presence of water molecules
or contaminations on the surface do not affect significantly the strength of MLCCs. However, cracking caused by a
Vickers indenter applied in the center of the part at forces 2.5 N, 5 N, and 10 N reduced the strength substantially,
from 2 to 5 times. Considering that the size of the cracks increases with the applied force from ~20 um to ~ 100 pum,
this means that only relatively large cracks, above a few micrometers, reduce the strength of MLCCs.
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Figure 4.10. Weibull distributions of MOR for CDR35 capacitors after different treatment before testing (a) and
different lot date codes and vendors (b).

MOR distributions for five different lots of CDR35 capacitors (see Fig.4.10b) indicate that both factors, lot date code
and vendor are significant and the flexural strength technique is capable of revealing lots with reduced strength. The
results show that the mechanical strength is a lot-related characteristic of MLCCs and variations of MOR values from
lot to lot might exceed 50%. However, a substantial amount of statistical data should be obtained to develop
acceptance criteria and use the flexural strength testing for quality assurance.

Measurements of mechanical characteristics of MLCCs from a lot of CDR35 capacitors that had flight failures in
comparison with a reference lot of similar parts that did not have failures (see Fig. 4.11a) showed a statistically
significant difference in the MOR values [28]. Similar results indicating that that 1825 CDR-05 capacitors that were
susceptible to cracking and also caused flight failures had substantially lower MOR values compared to the reference
capacitors have been reported by the Indian Space Research Organization, ISRO, [82]. This confirms the effectiveness
of MOR testing for selecting capacitors resilient to soldering stresses.
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Figure 4.11. Distributions of the flexural strength (MOR) for Mfr.A capacitors that caused flight failures and
reference, Mfr.C, capacitors (a) and characteristic MOR values of the relevant Weibull distributions for different lots
of MLCCs (b). Red lines in (a) indicate 90% confidence bounds; error bars in (b) correspond to the standard
deviations and numbers indicate quantity of the tested lots.
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Results of MOR measurements for different size capacitors are shown in Fig. 4.11.b and indicate a trend of increasing
the strength for the smaller size parts. Case size 1206 MLCCs have MOR values approximately twice the value for
2225 capacitors. This trend is similar to what is observed during the board flex testing and indicates that smaller size
MLCCs are more resilient to bending stresses. Considering that there is no substantial difference in the strength
between BME and PME capacitors, and the first have typically smaller size for the same CV values compared to PME
capacitors, a wider use of BME capacitors in space applications would likely reduce the probability of cracking related
failures.

e Vickers hardness

Hardness of materials can be defined as a resistance to indentation. A square-based diamond pyramid indenter is used
during the Vickers hardness testing that is specified in ASTM C1327-15 (2015). Vickers hardness is calculated as a
ratio of the applied force P to the surface area of the footprint:

1.854x P
VH = —DZ
where D is the diagonal of the footprint, see Fig. 4.12.

If P is measured in kgf and D in mm, VH number is in kgf/mm2. If P is in newtons and D is in meters, then VH is
measured in GPa.

Analysis shows that in-situ measurements of Vickers hardness are possible for capacitors with relatively thick cover
plates. The effect of metal electrodes can be neglected if P is low enough so the depth of the indentation is more than
~2 times less that the thickness of the cover plate.

Vickers hardness testing of 30 lots of PME and 8 lots BME X7R capacitors (see Fig 4.12b) did not reveal any
substantial difference between PME and BME MLCCs. The observed average VH values varied from 8.5 GPa to
10.2 GPa at a typical standard deviations in the range from 0.5 to 0.6 GPa.
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Figure 4.12. An example of the footprint during Vickers hardness testing (a) and distributions of average VH values
for different lots of PME and BME capacitors. Dashed lines in (b) indicate 90% confidence range.

Contrary to plastic materials, where the hardness is approximately three times greater than the strength, there is no
correlation between the hardness and strength for brittle ceramics. Although this testing is used sometimes to
characterize ceramic in MLCCs and during failure investigations, it is most likely not effective for prediction of the
susceptibility of capacitors to cracking.

e Indentation fracture toughness
Microcracks existing at the surface of a capacitor might not affect its performance if they do not cross opposite
electrodes. However, stresses created during or after soldering might result in enlargement and propagation of small
preexisting cracks resulting in electrical failures with time of operation. Obviously, capacitors using materials with
higher fracture toughness can better resist cracks’ extension and would be more reliable. The ability of a material to
resist fracture and withstand stresses in the presence of cracks is determined by its fracture toughness, Kc.
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Fracture toughness for ceramics in general is one of the controversial issues in materials testing, with more than 30
different tests and many variations for each test available [83]. In-situ measurements of Kc using indentation fracture
technique (IFT) is the most controversial, and has not been standardized so far. Nevertheless, this method has been
used by many researchers because of its simplicity and the applicability to small size samples. This technique is
considered an unrivalled quick, convenient and economical means for comparative, site-specific evaluations of the
toughness of ceramics [84].

This method consists of using a Vickers indenter in order to generate cracks at the corners of the indent (see Fig.
4.12a) and calculating K. based on the length of cracks, c. A commonly used equation for the radial-median cracks
relates K. with the load P, Vickers hardness H, and Young’s modulus E:

E 05 p
Kc(R_M)z‘fR_M(ﬁ) [C]._Sj

where & m = 0.015 is constant.

Results of IFT measurements on samples from different lots of PME capacitors having the same part number are
shown in Fig. 4.13b. No significant difference between lots with different date codes was observed. However, it
appears that the fracture toughness for M123BX474 capacitors is ~ 30% less than for CDR35BX334 capacitors. It is
possible that in spite of the controversy, IFT in-situ measurements of the fracture toughness can provide useful
information regarding robustness of capacitors to the cracking failures. However, improvements in the accuracy of
measurement to better than +20% are required.
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Figure 4.13. An example of the footprint during indentation fracture toughness testing (a) and Fracture toughness
for different lots (L1, 12, and L3) for three types of military grade capacitors.

Experiments show that K. values for MLCCs are in the range from 0.8 to 1.4 MPaxm®5 for PME BX, from 1.3 to 1.6
MPaxm?* for PME BP, and from 0.7 to 1.3 MPaxm®® for BME class Il dielectric capacitors. Considering the accuracy
of measurements, there is no statistical difference between fracture toughness of PME and BME capacitors.

5. Failure mechanisms in MLCCs with cracks

Failures of MLCCs with cracks are commonly explained by moisture sorption that increases conductivity along the
surface of the crack or causes electrochemical migration (ECM) of electrode materials and formation of shorting metal
dendrites. Silver that is used in PME capacitors is a metal most susceptible to ECM. Migration of silver can be
observed at voltages as low as 0.4 V [85] and relative humidity down to ~ 40% RH [86], which is the reason of so-
called low-voltage failure phenomena in capacitors. Fig.5 shows an example of a capacitor failed due to silver
electromigration along an internal crack shorting opposite electrodes. Note, that this part passed screening testing per
MIL-PRF-55681.

Much less is known about ECM in BME capacitors with internal electrodes made of nickel, which is often considered
as a non-migrating metal. In the absence of moisture in environments, e.g. during life testing at 125 °C or at low
temperatures in vacuum, degradation and failures in capacitors with cracks might also happen, but the mechanism of
the process is less obvious compared to humid environments.
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g crack in 0.1 uF 16 V PME capacitor. The part was
tested at 6 V and started showing increased and unstable leakage currents after 110 hr at room temperature and then
failed eventually short circuit due to silver electromigration after 50 hr at 60 °C. (Pictures courtesy of Ron
Weachok, Jacobs Technology Inc.)

5.1. Degradation of PME and BME capacitors in the presence of moisture

Capillary condensation can fill tiny cracks with water even at relatively low level of humidity in environments and
remain trapped in the crack even after several days in dry conditions [87]. To simulate electrochemical processes in
capacitors with cracks filled with condensed water, a water layer testing (WLT) at low voltages, from0.5Vto 1.5V,
was used in [88]. The parts were cross-sectioned perpendicular to the internal electrodes and a quarts slide pressed
against the surface with exposed electrodes formed a few micrometers’ gap filled with deionized water. Formation of
dendrites was observed using an inverted metallurgical microscope (Fig.5.1).
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Figure 5.1. Schematic of the water layer test set-up (a) and an example of dendrites formed between the termination
and the tip of the negatively biased electrode on the surface of 1825 0.1 uF 100 V PME capacitor that was shorted
after 3.6 min at 1.3 V and blown after shorting (b).

Results show that the presence of condensed water in relatively wide cracks can result in formation of shorting
dendrites within a few minutes even at voltages below 1.5 V. Formation of dendrites bridging electrodes and their
blowing after short circuit (Fig. 5.1b) might explain intermittent behavior of failures in MLCCs in humid
environments. When electrodes are bridged by a tiny dendrite, this blowing might clear the short, after which the
process repeats. However, when a relatively large dendrite is formed, the resistance of the short is less and the
dissipated power is larger. This might result in a micro explosion creating a more severe damage to the structure of
capacitors and cause melting of ceramic and catastrophic failures (see an example in Figure 5.2.). It is also possible
that during such an event the melted metal will be forced to fill out other areas of the crack that during cross-sectioning
might be misjudged as metal migration.
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Map data
MAG: 392 x HV: 14.7 kV_WD: 10.7 mm

Figure 5.2. An example of a catastrophic failure caused by copper dendrites growth on a surface of a BME, 1 uF 50
V, case size 1812, capacitor. These dendrites grew for 5 min at 3 V, 95% RH, but the short circuit failure occurred
when a rated voltage was applied after the testing. An overall SEM image is overlapped with EDS mapping and the
top insert shows the area of a blown dendrite resulted in damage of ceramic, and the bottom shows a clos-up of a
copper dendrite.

Surprisingly, dendrites in PME capacitors in many cases were formed not by silver, that was expected initially, but by
lead (Fig. 5.1b) or tin (Fig. 5.3a). Similar tin dendrites were also observed on the surface of BME capacitors (Fig.
5.3b). Apparently, anodic dissolution, diffusion, and migration of Pb and Sn ions in water occurs faster than
dissolution of silver in the Ag/Pd alloy used in internal electrodes. This is likely due to the impeding role of palladium
oxide that is formed on the surface of electrodes in PME capacitors and is likely the major protection against
development of Ag dendrites [89, 90]. Alloying of silver with palladium reduces the probability of dendrite growth,
but it still might happen due to Ag diffusion along the grain boundaries of ceramics during sintering.
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Figure 5.3. Growth of tin dendrites at the edge cathode electrodes in a BME 1825 0.47uF 50V capacitor that failed
at 0.8 V after 23 minutes of testing (a) and in a PME capacitor that failed short circuit after 18 min at 0.8V (b).
Errors indicate location of anodic dissolution of tin in the termination. Inserts show EDS mapping of the dendrites.

3]

Figure 5.4.a shows silver dendrites formed on the surface of a PME capacitor at the tips of negatively biased electrodes
and along the portion of the electrodes near terminations. Location of the dendrites indicates that the silver base frit,
rather than the positively biased internal electrodes was the source of silver. Copper dendrites on the surface of BME
capacitors (Fig. 5.4b) were also formed at the tips of electrodes and pitting corrosion of the copper frit termination
indicates the source of the metal used to form dendrites. Results show that in both types of capacitors, BME and PME,
shorting dendrites can be formed by materials used in terminations and/or solder used for attachment to the board.
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Figure 5.3. Dendrite growth during WLT at 1.3V in PME (a) and BME (b) 0.47 uF 50 V MLCCs. Silver dendrites
were formed after 2.5 min in PME (a) and copper dendrites were formed after 8 min in the BME capacitor (b). Note
pitting corrosion in the Ag (a) and Cu (b) base metal terminations for PME and BME capacitors respectively.

Contrary to WLT, only a few (from 2 to 4) monolayers of water are absorbed during humidity testing at 85% RH and
85 °C. This retards significantly processes of the anodic dissolution and ion migration. At these conditions, formation
of silver and/or Ag/Pd dendrites and failures due to short circuit or intermittent contacts in PME capacitors was
detected after hours of testing (Fig. 5.4.a). Also, silver precipitates between the electrodes were formed by a colloidal
silver oxide [85, 91]. Considering that silver oxides have relatively high conductivity [92], these deposits can cause
increased leakage currents and parametric failures even without development of shorting dendrites.

Testing of the damaged by cross-sectioning BME and PME 0.47 uF 50 V capacitors having the same thickness of the
dielectric (~1 mil) in humidity chamber at 1.3 V (HSSLV testing) showed that failures occurred in ~85% of PME
capacitors, whereas BME capacitors had no failures. Typical variations of leakage currents in the parts are displayed
in Fig. 5.4, and Fig.5.5 shows typical formations observed on the surface of the parts after the testing.
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Figure 5.4. Variations of leakage currents with time during HSSLV testing of PME (a) and BME (b) 0.47uF 50V
cross-sectioned MLCCs. Note that the currents were limited to ~ 10 A by external resistors.

BME capacitors after HSSLV had IR typically exceeding 10 MOhm, whereas PME capacitors had IR in the kilo-ohm
range. Although BME capacitors did not fail electrically, SEM examinations revealed nickel carbonate compositions
formed around anode electrodes. These compositions had high resistivity and did not short the capacitors. Note that
similar formations were detected on the surface of fractured BME capacitors after humidity testing, whereas silver
deposits were present on the surface of PME capacitors (Fig. 5.5 c, d).
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a) Ag/Pd dendrites on the surface of a PME
capacitor failed after HSSLV testing. Note erosion
of the anode electrode indicating the source of

metal ions used to form dendrites.
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¢) PME, case size 1825, 0.1 uF, 100 V capacitor,
after testing at 22 °C, 85% RH, and 5 V. Although
Ag dendrites were not found, EDS mapping
indicates the presence of silver deposits between
electrodes.

b) surface of a BME 1 uF 50 V capacitor after
44 hr of HSSLV testing. Note copper formations
at the tips of anode electrodes.

d) BME, case size 1825, 1 uF, 50 V, capacitor,
after testing at 22 °C, 85% RH, and 15 V for 300
hours. High-resistivity Ni/C/O formations at
anode electrodes are similar to Fig.b.

Figure 5.5. SEM and EDS images of formations on the surface of PME (a, c) and BME (b, d) cross-sectioned (a, b)
and fractured (c, d) capacitors after humidity testing.

In a simplified form, processes of ECM on the surface of BME and PME capacitors that result in dendrite growth at
cathode electrodes, formation of precipitations between the opposite electrodes, or formation of deposits at anode
electrodes are shown in Fig. 5.6. The process of dendrite growth (Fig.5.6a) occurs in three-steps: (i) anodic dissolution
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of metal ions, (ii) migration of ions along the surface, and (iii) deposition at the cathode. Anodic dissolution is an
essential part of all ECM processes.

Depending on the type of materials and test conditions, the precipitates might be conductive (typical for PME
capacitors) or isolative (typical for BME capacitors). Silver oxides are conductive and the resistivity of Ag20/Ag203
varies from 10° to 103 Q-cm. At this resistivity, even tiny areas of the crack can cause substantial IR degradation
and failures. For example, in a 100 um wide crack with a 10 um spacing between electrodes, a thin, 10 nm thick crack
filled with Ag-oxide would have resistance from 1 Q to 100 Q.
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Figure 5.6. Simplified schematic of electrochemical processes in MLCCs: cathode dendrites growth (a), formation
of precipitations (b), formation of anode deposits (c).
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ECM of silver in test structures consisting of conductive elastomer land grid array sockets did not result in formation
of dendrites. Instead, leakage current degradation and failures occurred when surface insulation resistance dropped
substantially due to silver ion accumulation prior to the dendritic formation [93]. In this case, the time necessary for
the ion accumulation to reach a certain critical concentration determines the time-to-failure.

Analysis of the surface of fractured BME capacitors after humidity testing revealed evidence of the electrochemical
migration of nickel at voltages as low as 1.3 V. However, similar to cross-sectioned samples, nickel formed
amorphous, bulbous deposits on the anode electrodes (Fig.5.5 b, d). These deposits covered large areas of capacitors
and were mostly comprised of nickel oxide, with the addition of carbon. Formation of these deposits can be explained
by the anodic dissolution of Ni* ions from the internal electrodes that form complex cations through reactions with
water and CO- in air. This subsequently leads to reduction of the complex cations at the anode (Fig.5.6¢) and
formation of agglomerates of nickel oxides (NiO) and nickel carbonates (NiCOs) around anode electrodes of the
capacitor.

The following reactions might explain ECM processes in BME capacitors:
Ni%* + 2H,0 = HNiO; + 3H*
or Ni-OH + CO; = NiOCO; + H*.

At the anode nickel carbonates and oxides are formed:

3HNIO, + H* >Ni304 + 2H,0 + 2¢e

or NiOCO;, +4H,0 —e 9NiCO3(HQO)4

Pure stoichiometric NiO crystals are perfect insulators (~10% Q-cm) [94], but even doped, non-stoichiometric oxides
still have high resistivity (10 to 10 Q-cm). Formation of highly resistive composites does not degrade substantially
IR and does not cause electrical failures in BME capacitors.

Due to a high susceptibility of metals used in terminations (Cu, Sn, Pb, Ag) to electromigration, generation of ions by
the anodic dissolution and their diffusion from terminations along the moisture absorbed layer on the surface of
MLCCs (see Fig. 5.7) can cause failures in both types, PME and BME capacitors. This mechanism might prevail over
ECM of internal electrodes in BME capacitors, whereas silver migration originated either from terminations or internal
electrodes and formation of conductive oxides deposits is prevailing in PME capacitors.

An example of behavior of leakage currents with time of operation in capacitors with cracks is shown in Fig. 5.8.
Leakage currents at 22 °C and 85% RH were monitored for 1000 hours in CDR35 capacitors after simulation of
stresses associated with manual soldering by the terminal solder dip (TSD350) testing (see section 8.2). Seven out 20
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samples after TSD350 failed the testing. In spite of the presence of cracks, electrical failures even at a relatively high
humidity were observed only after long periods of testing ranging from 100 to 860 hours (Fig. 5.8b). The failures
were intermittent and the parts exhibited unstable currents even before reaching the level of the formal failure.
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Figure 5.8. Leakage currents in CDR35 0.47 puF 50 V

capacitors during 1000 hour testing at 22 °C, 85% RH,

and 50 V. An insert shows example of cracks formed
by TSD350.

Moisture adsorption on the surface of cracks reduces the surface energy of ceramics, thereby decreasing the critical
stress needed for the crack growth [95]. Delayed cracking under operating electric fields is one of the major reliability
issues for ferroelectric devices [96] and the effect has a strong dependence on humidity and voltage. Results for
potassium sodium niobate ferroelectric ceramics show that crack growth occurs in humid air of 70% and 90% RH but
was not observed at RH < 30%. It is assumed that the critical humidity for crack growth without an electric field is
~50% RH. Crack growth can also occur in dry air when the electric field is larger than a certain threshold value, and
the incubation time decreases for larger fields.

Figure 5.7. Schematic of failures in MLCCs with
cracks caused by migration of ions that are anodically
dissolved from terminations.

Considering that cracks might grow with time in the presence of moisture in environments, it might take months and
even years of operation at normal conditions to form a short. Incresed humidity, temperature and voltage would
accelerate the degradation process substantially. However, due to the difficulties in predicting behavior of cracks and
complexity of the ECM processes involved, there is no reliable models to assess acceleration facors for cracking
related failures.

Derating, that is one of the major means to increase reliability of components during operation, might be not effective
to mitigate cracking related failures. For example, decreasing temperature of operation might have an adverse effect
due to the associated increase of relative humidity. Because ECM can occur at very low voltages (below 1.5 V),
reduction of voltage does not eliminates the risk of electrical failures.

Operation in dry environments after the parts with cracks have been exposed to humid conditions might not eliminate
the risks of failures. For space electronic modules stored or operating at the ground, a gradual diffusion of water
molecules inside a capacitor is possible, and the presence of moisture on the surface of cracks and associated
degradation of IR can be observed with time of operation at normal conditions. It is also possible that a certain amount
of moisture remains trapped in the cracks in flight modules operating in space. Water molecules in cracks are bonded
to the surface by strong physical and chemical forces (in the form of —-OH groups), which makes their removal without
high-temperature baking extremely difficult even in vacuum. This allows for ECM processes in cracks to continue
after launch, but it might take much more time for the failure to occur compared to the ground operations (unless the
crack developed further, for example due to vibration during the launch).

A specific trait of silver is that it can migrate even in dry conditions through the ceramic grain boundaries and
eventually cause shorts [97]. The activation energy of silver migration through the glass is relatively large, 1 to 1.3
eV [98], so the process at room temperatures might take thousands of hours. At a low rate of the ECM process,
formation of dendrites is unlikely due to the effect of poisoning by contaminations, and the failures are most likely
due to formation of silver oxide deposits.
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Results of testing of BME and PME MLCCs with cracks in humid environments can be summarized as follows [34,
88]:

1. In the presence of condensed water, dendrite growth on the surface of cracks in PME and BME ceramic
capacitors can occur at voltages in the range from 0.5 V to 1.3 V and metals the most susceptible to dendrite growth
are Pb > Sn > Ag for PME capacitors and Pb > Sn > Cu for BME capacitors.

2. The specific of ECM in fractured MLCCs is the presence of different metals forming galvanic cells in the
termination that enhance substantially anodic elution of metal ions such as Pb, Sn, and Cu at low voltages. PME
capacitors, due to the presence of Sn/Pb — Ag galvanic cells, are more susceptible to Pb and Sn dendrite growth
compared to BME capacitors that have Sn/Pb — (Ni or Cu) cells with more compatible anodic indexes.

3. At a similar level of cracking, BME capacitors have lower probability of failures compared to PME
capacitors. Leakage currents in BME capacitors typically degrade relatively slowly, and require higher voltages than
in PME capacitors. This is due to different electro-chemical behavior of the nickel and silver/palladium electrodes.
In PME capacitors, formation of conductive silver dendrites or silver oxide deposits results in short-circuits between
the electrodes, whereas in BME capacitors, highly resistive nickel/carbon/oxygen compositions are formed.

4. In humid environments, the rate of degradation of leakage currents in BME capacitors with cracks increases
with the applied voltage. For this reason, HSSLV testing that is used for PME capacitors, is not effective for BME
capacitors, and instead, THB testing at 85 °C, 85% RH, and rated voltages for 240 hours is recommended.

5.2.Degradation in dry environments

Due to a reducing atmosphere during sintering of BME capacitors, the concentration of charged oxygen vacancies
(Vo™) in the ceramic is increased, and the mechanism of degradation during life testing is attributed to migration and
accumulation of Vo** at the grain boundaries and metal/ceramic interfaces. This causes decreasing of the energy
barriers and increasing of leakage currents by enhanced electron injection according to the Schottky mechanism. For
this reason, BME capacitors are much more susceptible to wear-out failures compared to PME capacitors.

Improvements in materials and process control reduced degradation in BME MLCCs substantially, and currently, the
inception of the intrinsic wear-out failures became much greater than the mission duration in most high-reliability
applications. However, in capacitors with defects degradation processes might accelerate substantially and cause
infant mortality (IM) failures. Studies have shown that roughness and presence of voids in metal electrodes result in
local field enhancement causing reduction of insulation resistance [52, 99, 100]. This might affect performance of
capacitors with thin dielectrics.

A thermal runaway model that relates the presence of defects resulting in thinning of the dielectric to reduction of
breakdown voltages and decreasing times to failure has been suggested in [101]. According to this model, the same
degradation process that is responsible for the intrinsic wear-out failures might result in IM failures for capacitors
having defects. In this case, voltage and temperature reliability acceleration factors that are determined for wear-out
failures might be used to predict IM failures. The model can also explain degradation of leakage currents in BME
capacitors with cracks during operation at high temperatures in dry conditions by enhanced migration of oxygen
vacancies along the surface of cracks.

Compared to BME, PME capacitors have much lower leakage currents and lower probability of thermal breakdown.
Failures in these parts are likely due to the time dependent dielectric breakdown (TDDB) caused by generation of
traps in the dielectric. According to the percolation model, breakdown occurs when concentration of defects reaches
the critical level [102]. During breakdown, the energy stored in the part is released instantaneously resulting in
adiabatic overheating and melting of a local area of the dielectric and metal electrodes. Contrary to PME, degradation
in BME capacitors occurs gradually and the energy generated at the defect can be balanced by heat dissipation. This
explains why “leaky” BME capacitors often degrade, but do not fail catastrophically, whereas PME capacitors with
prevailing avalanche-like breakdown [103] might not degrade, but fail short circuit instantly (see Fig. 5.9.d).

Variations of leakage currents in BME and PME capacitors with introduced cracks (Fig.5.9) show that cracking did
not affect leakage currents in capacitors measured after a few minutes of testing. This confirms that IR measurements
at 125 °C might be not sensitive to the presence of cracks. However, currents started increasing after ~ 1 hour and
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raised more than two orders of magnitude after 10 to 100 hours (Fig. 5.9.a, b). After that, the currents stabilized or
decreased with time, so no catastrophic failures happen.

Degradation of leakage currents in BME capacitors can be explained assuming that migration of Vo** along the surface
of cracks occurs faster than in the bulk of the dielectric. This facilitates accumulation of VVo** at local areas of metal
electrodes near the crack, and accelerates degradation of leakage currents. After reaching the ceramic/electrode
interface, oxygen vacancies can diffuse along the interface thus charging areas close to the crack and reducing the
barrier height at metal/ceramic interface (see Fig. 5.9.c). According to this mechanism, relatively minor cracks with
a size of a few micrometers might increase leakage currents during HALT, but not cause catastrophic failures.
However, a short circuit failure due to a thermal runaway might happen in a case of extensive cracking.
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Figure 5.9. Variations of currents through HALT testing in BME (a, b) and PME (d) capacitors with cracks. BME
capacitors, 0.33 uF 50 V (a) and 1 uF 50 V (b) were tested at 125 °C, 100 V and PME capacitors, 0.47 uF 50V, at
125°C and 200 V. Dashed lines correspond to virgin and solid lines to capacitors with cracks introduced by Vickers
indenter. Fig.c shows a schematic of degradation processes in BME capacitors with cracks.

Due to the thermal nature of breakdown in BME capacitors, degradation caused by migration of Vo™ after HALT not
only increases leakage currents, but also reduces breakdown voltages. Capacitors with defects reduce VBR after
HALT to a much greater degree compared to the defect-free capacitors. This makes high-voltage DWV testing after
burning-in or life test a useful instrument to reveal capacitors with cracks.

Analysis shows that low-voltage BME capacitors with defects during life testing in dry conditions are more likely to
fail parametrically, whereas catastrophic failures are more probable for PME capacitors, which is attributed to different
mechanisms of breakdown for PME (electronic) and BME (thermal) capacitors. This situation is reversed compared
to humid environments when PME capacitors with cracks are more likely to fail compared to BME capacitors.

6. Special cases of MLCC cracking during manufacturing, assembly, and
testing

Common reasons for cracking are associated with:
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0 stresses during manual soldering, rework, or touch-up to improve appearance of the fillets;
o flex bending of the boards during depanelization, handling, mounting, or vibration testing;
o temperature cycling of MLCCs soldered onto PWBS;

0 Excessive power during ultrasonic cleaning of the assembled boards.

To reduce the risk of failures during ultrasonic cleaning some manufacturers [104] and JAXA [47] recommend using
cleaners with power not exceeding 20 Watts per liter at a frequency of 40 kHz for not more than 5 minutes. The
cleaning process might cause substantial damage to MLCCs in case of resonance of PWB, so Murata recommends
testing the cleaning equipment before starting the process to ensure it does not degrade capacitors [31].

Several less often discussed reasons of cracking are described below.

6.1. Hydrogen-related cracking

Anomalies in a module operating in space have been detected after months of work and were attributed to excessive
leakage currents in CDR35 0.47 pF 50 V capacitors, These parts have been soldered manually and were suspected of
having cracks [28]. Testing of a spare unit on the ground also showed increasing leakage currents after several weeks
of operation. Failure analysis investigation confirmed that increased leakage currents were due to delaminations and
cracking in the part. No external cracks on the failed lot were observed; however, acoustic microscopy showed that a
substantial proportion of parts had delaminations at the termination areas.

Simulation of manual soldering stresses by TSD350 testing using virgin capacitors from the failed lot showed that
cracks initiated at the surface continued as metal/ceramic delamination and facilitated formation of internal cracks
crossing electrodes (see Fig. 6.1). Most likely, delaminations or weakening of the metal-ceramic adhesion occurred
during manufacturing and grew further due to manual soldering stresses. Delaminations facilitated formation of crack
crossing electrodes and resulted in electrical failures with time during biased testing. Corner location of delaminations
indicates that they developed during formation of terminals.

Figure 6.1. Crack reveled in MLCCs after TSD350 cross-sectioning across (a, b) and along (c, d) terminals.

One of the reasons for corner delaminations is evolution of hydrogen during electroplating of nickel and solder
finishing. Several publications have discussed effect of hydrogen on ceramic materials and capacitors. Severe
degradation of physical properties of ceramics has been reported by H.Zhang et.al. [96]. Hydrogen generation and its
diffusion through ceramics during electroless nickel plating was attributed to failures of MLCCs by W. Chen and co-
workers [105].
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J. Piper [7] reported on failures of capacitors operating in the battery hydrogen atmosphere. The failures were
attributed to the splitting of the side margins caused by hydrogen absorbed by the palladium electrodes. H.Zhang
at.al. studied the effect of hydrogen on the fracture properties of the lead-free ferroelectric ceramics [96, 106].
Hydrogenation decreased the fracture toughness measured by IFT linearly with increasing concentration of hydrogen
and delayed propagation of unloaded indentation cracks.

Y.Saito at al., studied degradation and failures of BME capacitors during biased testing at 120 °C and 85% RH [107].
Leakage currents during the testing started increasing after dozens to hundreds of hours of testing and were unstable.
Experiments with terminals having different thicknesses showed that moisture can penetrate to the active areas of
MLCCs by permeation through relatively thin terminals and produce hydrogen by electrolysis of water molecules.
The hydrogen reduced nickel oxide at the cathode electrodes and caused cracking due to release of internal stresses in
the capacitors.

Using impedance spectroscopy and diffusion analysis Heidary and Randall [108] have demonstrated that increased
leakage currents in MLCC after hydrogen diffusion are mostly due to decreasing Schottky barriers at the
electrode/ceramic interface. It has been shown that the fastest path for diffusion in BME X7R capacitors is along the
Ni/ceramic interface and somewhat slower along the grain boundaries. The pre-exponential factors Do, and activation
energies, E,, for diffusion along electrodes, along the grain boundaries and through the grains respectively are 0.88,
0.28, and 0.002 cm?/sec and E, = 0.73, 0.76, and 0.52 eV. At these conditions, the effective diffusion coefficient of
hydrogen is ~1.1x107 cm?/sec at 250 °C and the diffusion length is ~ 0.2 mm after 1 hour of exposure to the forming
gas (5% H2 and 95% N2).

In PME capacitors, palladium in Ag/Pd electrodes forms a layer of PdO, which is considered the major protection
against silver migration and development of silver dendrites [89, 90, 97]. Reduction of PdO in the presence of
hydrogen removes the barrier and facilitates electrochemical migration of silver. This process occurs also with a
substantial volumetric changes because palladium volume increases during oxidation by 68% [97]. According to
R.Newnham [7], the lattice parameter of PdO decreases from 3.902 A to 3.891 A during the reduction. Volume
expansion due to the oxidation of Pd and contraction during reduction of PdO can have a detrimental impact on the
microstructure of not only the metal, but also of surrounding ceramic [97].

Based on the effect of hydrogen, failures of MLCCs that have caused flight anomalies can be described as follows
(see Fig. 6.2). Initially, due to some anomalies in the Ni plating process, a relatively thick Ni layer was formed and
an excessive amount of hydrogen was generated at the terminals. The hydrogen diffused inside the ceramic and due
to a high solubility of hydrogen in palladium (up to several percent [7]) accumulated mostly in the first electrode
layers in areas close to terminals. Because the solubility of hydrogen in palladium decreases with temperature, heating
of the parts during manufacturing, e.g. burning-in, can release some hydrogen that caused volumetric changes by oxide
reduction, decreased adhesion and fracture toughness, and caused some relatively minor delaminations at the corner
areas of the capacitors. A more severe heating during manual soldering or TSD350 simulation increased further
delaminations by the same mechanism and also because of a relatively large tensile stresses created by expansion of
thick Ni layers. Increased delaminations might facilitate formation of corner cracks caused by thermo-mechanical
stresses during the soldering induced thermal shock. In the presence of moisture, electrochemical migration in cracks
crossing opposite electrodes resulted in increased and unstable leakage currents. Reduction of PdO by hydrogen also
facilitated electromigration of silver and electrical failures during biased testing.

Experience gained during MLCC manufacturing shows that cracking and delaminations caused by Ni plating occur
more often with PME than with BME capacitors, which is due to a much higher level of hydrogen absorption in Ag/Pd
electrodes compared to Ni electrodes. Absorbed hydrogen can also create a pop-corn-like effect during fast heating
of capacitors that occurs during manual soldering of the parts.
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a) Electroplating of Nickel results in
hydrogen generation at the surface and its
diffusion inside the capacitor at the
terminals.

_-Ag-glass frit

b) In the formed capacitors, hydrogen
is mostly absorbed in electrodes close to
the surface and terminations. Hydrogen
absorption goes along with reduction of the
protective PdO layer and decrease in
metal-ceramic adhesion.

c) Manual soldering creates a thermal
shock and together with mechanical
stresses caused by the difference in CTE
between Ni and ceramic, results in
delaminations and cracking.

Figure 6.2. Schematic of the delaminations and cracking in MLCCs caused by hydrogen evolved during nickel
electroplating.

6.2. Effect of pick and place machine

During automatic assembly processes, MLCCs are picked up by a vacuum tool or tweezers and either placed on bond
pads with solder paste for reflow, or glued to the board in preparation for wave soldering. In either case, damage and
crack formation in the parts are possible. A trend of rising the probability of damaging by the pick-and-place machine
for small size (0402) ceramic components (capacitors and resistors) and possible techniques to assess the susceptibility
to this kind of damage was discussed by S.Meyer at al. [81]. Stresses created by the pick-and-place machines might
be not revealed by initial optical inspections and electrical testing, but cause failures during operations. In some cases,
partially cracked components had electrical parameters within the specification, but their mechanical stability was
compromised.

Testing techniques that can assess the tensile strength of SMD components have been suggested and used to
differentiate damaged and faultless components. One of the techniques used was measurements of the impact strength
to evaluate the critical energy of cracking for ceramic components. Another technique included measurements of the
tensile strength that is similar to the flexural strength method (section 3.2), but uses a special fixture for small-size
capacitors. A version of this test employs capacitors soldered onto PWB instead of loose parts in fixtures.

Results show that variations of the parameters of the pick-and-place tools (placement force and energy absorption in
the spring systems) affected the tensile strength of 0402 SMD components. It was found that adjustments in the spring
system of the pick-and-place equipment had the most significant effect on the probability of cracking and failures.

6.3. Electro-mechanical resonance

Class Il and 111 dielectrics in MLCCs are ferroelectric materials that exhibit piezoelectric (generation of charges under
stress) and reverse piezoelectric (formation of mechanical strain under applied electric field) effects. The reverse
piezoelectric effect results in small, but measurable deformations in the capacitors. For example, ~ 0.75 um
displacement was detected in a 300 V, 9 pF capacitor at the rated voltage [109].
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Rapid deformation under bias results in generation of acoustic waives when an AC signal is applied to polarized
(biased) ceramic capacitors. At these conditions, a capacitor operates as a resonator and can be characterized by a
series of resonance frequencies (see Fig. 6.3). The electro-mechanical resonance (EMR) effect is observed in all types
of MLCC except for class | dielectrics and has a strong dependence on the DC bias.

The major resonance that corresponds to a maximum amplitude spike corresponds to the standing wave spread along
the width of the capacitor. Independent on the part type and/or manufacturer, the major resonance frequency is
determined by the width, W, of the capacitor and can be predicted using a simple relationship fres = v/(2W), where v is
the sound velocity (longitudinal waves) in the ceramics. Experimental data illustrating the relationship between fes
and W are shown for X7R capacitors in Fig. 6.3. The results correspond to v ~4.1x10% m/sec, which is close to typical
values for the sound velocity reported in literature [110].

Impedance spikes on the frequency dependence of biased MLCCs might not only result in excessive noise in the
system, but cause a mechanical damage to the part and catastrophic failures. Such a failure has happened with stacked
9 uF 300 V capacitors used in a beam power supply system in the NEXT PPU project [109]. The part operated
normally at ripple currents of 20 A p-p, frequency 200 kHz, and 80 to 160 V DC bias for many hours during multiple
air and vacuum testing, but failed short circuit eventually after 345 hours of operation. Fig. 6.3.f shows the failed
capacitor with a crack caused by the EMR effect in the part. Note, that the width of the capacitor corresponded to a
resonance frequency of approximately 200 kHz that coincided with the operational frequency of the system.

Electro-mechanical resonances might be especially detrimental when capacitors are used in power applications and
operate under large DC and ripple voltages. NASA/GSFC guidelines for selection of MLCCs [111] is warning about
the EMR effect and suggests using impedance spectroscopy to make sure that the major resonance frequency is outside
the range of operating conditions.
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Figure 6.3. ESR spectrums for different types of X7R capacitor with and without DC bias (a-d), variation of the
major resonance frequency with the width of capacitors (e), and a 9 uF 300 V stacked ceramic capacitor that has
been damaged when operating frequency was close to fres (f).

7. Revealing cracks

Commonly used techniques to detect cracks include external visual examination, ultrasonic inspection, electrical
measurements of capacitance, dissipation factors and IR. These techniques have been used for screening and
qualification in military and space specifications and have been discussed in previous sections. It has been shown that
they have a limited capability in detecting small cracks in MLCCs, are used mostly to reveal defects created during
manufacturing and cannot be relied on to reliably detect damage caused by soldering and post-soldering stresses.

The most common technique to reveal cracks and delaminations is by ultrasonic microscopy that can reveal gaps even
as small as ~ 0.1 um. Until recently, this technique could be applied to horizontal cracks only, but Sonoscan has
developed a method that images cracks and delaminations in unmounted MLCCs, regardless of their direction [69].

Although the latest development in X-ray imaging, especially using computer tomography 3D or CT-scan imaging
system, have been used successfully in revealing flex cracking in assembled large size (1812) capacitors [112], more
work has to be done to assess its sensitivity for smaller size capacitors with cracks caused by soldering.

A brief description of new or less frequently used methods that have been suggested for detecting cracks in MLCCs
is given below. Although these methods have been successfully used in lab environments, none has been widely
adopted for inspection by manufacturers and require further work and improvements. Nevertheless, they might be
beneficial for end users during failure investigations or evaluation of new board designs, assembly processes or new
technology components.

7.1.Optical examinations

e Vicinal illumination

Fine cracks are difficult or impossible to detect using standard visual inspection even using high-power microscopes
due to the lack of contrast. Using dye penetrants and examinations under the black light illumination might be more
effective, but contaminates the part. The effectiveness of optical inspection can be increased substantially by
application of the vicinal illumination technique [113]. Examples of revealing cracks using vicinal illumination are
shown in Fig. 7.1. This technique employs a high power bright field microscope with a small aperture. Light from a
small bright spot on the ceramic is scattered by near-by cracks thus creating a sufficient contrast for easy detection.
This technique is widely used for failure analysis of ceramic components, but it is time consuming because requires
scanning of relatively large areas using small light spots (~200 um) and high-power microscopes. For this reason, its
application for screening purposes is limited. A restricted access to the parts soldered onto PWBs for the close
proximity inspection using high-power microscopes limits application of this technique for soldered MLCCs.
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Figure 7.1. Examples of cracks exposed in MLCCs by the vicinal illumination technique. Top images show regular
dark field high-power (X200 magnification) images of the cracks indicated by errors, and bottom images were
obtained using vicinal illumination.

e Revealing delamination by discoloration of ceramic layers.

Optical examination of cross-sectioned samples during DPA might sometimes reveal discoloration of ceramic layers
similar to those shown in Fig. 7.2. These discolorations were attributed to internal mechanical stresses formed during
sintering and caused by the CTE mismatch between ceramic and metal electrodes. Cracks and delamination are
formed with time when the stress is released. Formation of these defects might cause failures when terminal electrodes
are not compact enough and do not block electroplating solutions from penetrating inside the capacitor. This
phenomena affected mostly BME COG capacitors [26]. It was noted that the dielectric discoloration can be more
easy found after terminal firing than after tumbling.

a) & . o : ’ b)
Figure 7.2. Discoloration in a dielectric layer of MLCCs revealed by a dark field inspection during DPA a)
attributed to stresses [26], b) attributed to delamination [114].

7.2.Electrical measurements

Insulation resistance (IR) is a parameter sensitive to the presence of cracks, and in some cases up to 60% of damaged
parts exhibit a detectable change in IR [115]. However, only a minority of MLCCs can be actually identified as
potential failures before use. In addition, in-circuit tests can rarely apply sufficient voltage and/or time for realistic
IR measurement. For capacitors soldered onto circuit cards, leakage through the circuit might be greater than through
the capacitor, and the electrical problem may be intermittent [40]. Most functional tests of the assembled electronic
cards are not sensitive to IR values, and many decoupling or EMC suppression capacitors may be damaged and
defective without affecting circuit function in normal conditions initially.

The reason by which IR measurements might be not sensitive enough to the presence of fine cracks are discussed in
section 4.2. A procedures that might improve the sensitivity of IR measurements for the cracks’ detection and
techniques that do not require measurements of leakage currents are described below.

To be published on nepp.nasa.gov. 58



e Methanol test

Methanol is a conductive, low-viscosity liquid with a perfect capillary action that allows penetration into tiny cracks
in ceramics. A methanol test was used to further increase the sensitivity of leakage current (or IR) measurements to
cracking [116]. During this test, the parts are preheated to 85 °C for 15 minutes and then immersed into methanol at
room temperature for 3 minutes. DCL measurements were repeated after methanol removal and drying the part for
~1 minute. This test has been used successfully for revealing cracks in MLCCs; however, several factors may also
lower the insulation resistance, thus obscuring the effect of cracks. These factors include contaminated cleaning
solvents or large amounts of dissolved flux residue [115]. In several cases, application of methanol for parts with
excessive DCL values decreased leakage currents, thus casting doubt on the effectiveness of this test [79]. Itis possible
that this was due to preheating at 85 °C that was used before immersing capacitors into methanol. Overall, the success
of using methanol testing to reveal cracks was less than expected.

e Temperature dependence of capacitance
Exploiting thermal mismatch between the capacitor and the organic board to create tensile stresses and expand the
crack in the part was used in [117] to reveal cracks by monitoring variations in capacitance with temperature. The
idea of this technique is similar to flex testing, but instead of bending, the tensile force is created by the CTE mismatch
between the capacitor and the board. However, class Il and 111 dielectrics have a strong temperature dependence of
capacitance that might obscure capacitance decay caused by damage.

e Time Domain Reflectometry (TDR)
Using TDR technique was suggested by M. Azarian to detect cracks in assembled MLCCs [118]. A short high-
frequency pulse is applied by probes close to a capacitor, and a reflection of the signal that is detected at the input
terminal can indicate the presence of cracks. A reliable detection of cracks was possible for large, case size 1812,
capacitors with severe cracking. However, the testing was much less successful for smaller size capacitors (0805).

e Absorption voltage
A relatively poor sensitivity of traditional IR measurements to the presence of cracks is due to high level of absorption
currents that prevail in MLCCs during first minutes after voltage application and mask currents related to cracks.
However, time dependence of absorption voltages, Vans, can be used to assess IR values related to the intrinsic currents
in capacitors that are much lower than absorption currents.

The absorption voltage is due to releasing charges absorbed in the dielectric back to electrodes after a brief short
circuit of a pre-polarized capacitor. When polarized at VR and then short-circuited for a few seconds, absorption
voltages in X5R and X7R MLCCs typically increase within a few hours and can reach several volts. Subsequently,
Vaps decreases slowly and can remain above one volt even after hundreds of hours (Fig. 7.3). The time to Vays roll-off
and the rate of voltage decrease are related to the leakage currents in the capacitor. A simple model that is based on
the Dow equivalent circuit for capacitors with absorption allows for estimations of the insulation resistances in MLCCs
that are not skewed by absorption currents [119]. The method is based on monitoring long-term variations of Vaps and
allows for estimations of the insulation resistances up to 10 Q.

In the presence of cracks, the roll-off occurs earlier and maximum values of Vays are substantially less than for virgin
capacitors (see Fig.7.3a). Estimations of IR values for capacitors with cracks showed a substantial reduction compared
to the values for virgin capacitors (see Fig 7.3.b). Note, that all damaged capacitors, except one, had IR exceeding 1
GQ, which is acceptable per the existing requirements. Measurements of insulation resistance in MLCCs using a
standard technique fail to reveal capacitors with cracks (see section 4.2), whereas the voltage absorption technique
was effective in more than 70% of cases. However, the technique is time consuming and cannot be used for assembled
capacitors.
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Figure 7.3. Absorption voltages in normal and damaged case size 1825, 0.1 uF 100 V capacitors (a) and effect of
fracturing on IR, calculated based on absorption voltage model for 20 different types of capacitors (b). Dashed lines
in (a) are calculations at the indicated values of IR and in (b) the dashed line corresponds to no-change values.

7.3.Electro-mechanical effects

Methods employing electro-mechanical effects are based on excitation and registration of mechanical waves in
MLCCs by different techniques. Changes in the spectrum of the observed signals or in deformation of the part in the
presence of cracks allow for revealing defective capacitors. These techniques include electromechanical resonance
spectroscopy, resonance ultrasound spectroscopy, acoustic emission, and scanning laser interferometry.

e Variations of the electro-mechanical resonance spectrum
The spectrum of electro-mechanical resonances, similar to those shown in Fig. 6.3, is formed by the standing acoustic
waves reflected from different interfaces. Cracks and delamination are additional sources for reflection and dissipation
of acoustic energy and affect the spectrum. This effect was used by O. Boser at al. [110] to develop a non-destructive
testing to reveal delaminations and cracks in capacitors. An automatic equipment for testing that can test a capacitor
in 25 ms with 95% accept accuracy has been suggested.

Our experiments have confirmed that impedance spectroscopy might be sensitive to the presence of rough defects and
cracks in capacitors. An example of variations in the spectrum shown in Fig. 7.4.a indicates that cracks introduced
by the Vickers indenter on the surface of the part shift the resonance frequencies and substantially reduce the
amplitudes of spikes. However, the changes in the amplitude and position of the spikes were much less noticeable for
tiny cracks caused by thermal shock. Another problem with this method is that the spectrum depends on the prehistory
of the part. In particular, long-term polarization can shift resonance frequencies with time even in defect-free
capacitors (see Fig. 7.4.b).
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Figure 7.4. Electromechanical resonance spectrums. a) virgin (dashed lines) and capacitors with introduced cracks
(solid lines). b) Spectrums in a virgin capacitor measured with time under 40 V bias.
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e Resonant ultrasound spectroscopy (RUS)
Generation and detection of vibrational resonances in solids by resonant ultrasound spectroscopy (RUS) technique
have been used to determine elastic properties of materials [120]. A version of the RUS method has been also
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developped to detect cracks in MLCCs [121]. According to this technique, a driving transducer at a corner of a
capacitor generates a range of vibrational frequencies that are detected by another piezoelectric transducer/receiver at
the opposite corner of the part. To minimize damping effects due to transducer contacts, the two transducers hold the
specimen with small contact areas at the diagonal opposing corners. The receiving spectrum is similar to those shown
in Fig. 7.4 and indicate vibrational resonances in the capacitor that change their position and amplitude if cracks are
present.

The benefit of this technique is that it does not require biasing of the capacitor and can be used for the parts soldered
onto PWBs. RUS measurements made over the frequency range from 500 kHz to 3 MHz for virgin capacitors and
capacitors subjected to thermal shock by the IWT (from 150 °C to ice water) showed some changes in the spectrum.
However, variations in the amplitude, contrary to the shift in frequency, might be also due to some changes in the
position of the transducers. No significant changes in spectrums was detected after the flaws have been introduced
by FIB milling and microindentation. It was assumed that the size of these flaws is too small to cause substantial
changes in the resonant frequency. Apparently, more studies are necessary to increase the reproducibility of test
results and sensitivity of this technique to tiny cracks.

e Tone-burst excitation

Phase analysis of electromechanical resonance with tone-burst excitation was used by Johnson at al. [122] to reveal
cracks in X7R MLCCs. A ferroelectric transducer that generated radio-frequency tone bursts with durations of 0.2
ms in a 50 V capacitors biased at ~ 30 V formed mechanical waves in the part. The nonlinearity was quantified by
shifts in resonant frequencies as a function of ferroelectric excitation level. Special algorithms of data analysis have
been developed to characterize the non-linear effects in MLCCs. Acoustic non-linear measurements can provide data
that are less sensitive to variations of frequencies but change significantly in the presence of defects. However, only
89 % of the MLCCs with visible cracks formed by the IWT (quenching preheated to189 °C capacitors in ice water)
have been detected. It is recognized that although the observed correlations indicate that nonlinear acoustic
measurements offer a promising approach for nondestructive detection of cracks in MLCCs, further work to improve
the level of detection should be pursued.

The technique was later upgraded by analysis of the dependence of phases and resonant frequencies on vibrational
amplitude during ring down following the tone-burst excitation [123]. This improvement increased the proportion of
detected MLCCs with visible cracks to 93%.

e Acoustic emission
Acoustic emission is a well known effect during breakdown events in capacitors. Measurements of acoustic signal
caused by partial breakdown in capacitors with defects was used in [124] to screen out high voltage Z5U and X7R/BX
capacitors with voids and delaminations. An AC-voltage-induced acoustic emission testing showed that the severity
of delaminations correlates with the corresponding level of the acoustic signal.

Acoustic emission test for low-voltage MLCCs has been developed in [125]. Electrical pulses with amplitude of +-
10V and duty cycle 80% applied to the parts soldered onto a PWB created vibration and resonances in capacitors. The
pulses had frequency sweeps from 100 Hz to 2 MHz. The acoustic emission (in the megahertz range) induced by the
electrical signal was measured directly from the component using a piezoelectric point contact sensor. Mechanical
damage, such as flex cracks and delamination, changed acoustic behavior and was used to reveal MLCCs with defects.
Acoustic signals were characterized with a numerical algorithm, and analysis has demonstrated that defects caused by
the board bending affected the acoustic response. However, the precision and sensitivity of the acoustic measurements
leave some room for improvement and more work is necessary to reduce errors and develop a technique that would
detect capacitors with defects more reliably.

e Laser interferometry
A different technique to generate mechanical waives and detect the effect of cracks in MLCCs was suggested by
Erdahl and Ume [126, 127]. A structural vibration was stimulated by a short, ~6 nsec, pulse of an infrared laser and
the out-of-planer displacement of the surface was measured by a fiber-coupled laser interferometer (see Fig. 7.5a).
Comparison of the waveforms between a reference, defect-free capacitor and device under test (see Fig. 7.5b) allows
for revealing capacitors with defects. Because vibration of a capacitor depends on the attachment conditions, both,
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the reference and the tested device should be attached to the same board in the same soldering process. A special
signal processing technique improves the sensitivity of this method that had been successfully used for small size
(0805 and 0603) capacitors.

The method can be automated and used for online quality assurance of MLCCs after soldering in mass production
environments. The lack of reference capacitors on the board and insufficient statistics might limit application of this
test for low-volume production of circuit assemblies. Although this method was able to detect flex cracks intentionally
introduced in MLCCs, further testing and analysis are required to account for possible process-induced manufacturing
variations.
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Figure 7.5. Set-up of the laser ultrasonic quality inspection system (a) and a time-domain vibration response (b).
The insert shows a capacitor with laser excitation and measurement spots.

8. Cracking caused by manual soldering

Due to the process variations and dependence on operator skills, possible formation of significant temperature
gradients, and deviations in the amount of solder, all manufacturers strongly discourage the use of hand soldering for
MLCCs. However, due to the low volume production manual soldering is a common process for space electronic
assemblies and hybrid microcircuits. In some cases, large size capacitors cannot be positioned using pick-and-place
tools, and have to be soldered manually. In addition, high cost of the boards makes rework necessary in case of
failures.

Experiments show that manual soldering have a detrimental effect on MLCCs with preexisting cracks [34]. A much
greater proportion of case size 1825 capacitors failed environmental stress testing after manual soldering compared to
the parts tested in fixtures. For different part types, the times to failure (TTF) during humidity testing of manually
soldered capacitors decreased by one to three orders of magnitude in comparison with similar capacitors that have
been tested in mechanical fixtures.

The risk of cracking during hand-soldering is increasing with the size of capacitors. J.Maxwell [11] suggested to
“never use soldering irons” for parts with a case size of more than 1210. However, even small size capacitors (0603)
might have a high probability of fracturing after hand soldering [128].

Volume of publications discuss the susceptibility of MLCCs to cracking caused by manual soldering. However, there
is a lack of technical literature that analyses stresses during the attachment with soldering iron and describes physical
mechanisms of cracking and failures.

In general terms, cracking in MLCCs occurs when the sum of internal stresses built during manufacturing and external
stresses caused by soldering exceeds the strength of the part. Assuring that the level of soldering stresses is at the
acceptable level is a workmanship issue and requires compliance with the existing guidelines. Assuring that MLCCs
can withstand soldering stresses (have low built-in stresses and a high strength) is a part’s issue and should be achieved
by adequate selection and qualification tests. Commonly used workmanship requirements and suggestions for
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qualification tests to assess the robustness of MLCCs are described below. The workmanship requirements are based
on decades of industry practice and studies, are well-developed and documented. However, procedures that would
allow selection of the most robust to manual soldering capacitors has not been sufficiently developed yet.

8.1. Workmanship recommendations for manual soldering

The international standards for rework, modification and repair of electronic assemblies, IPC-7711C/7721C and IPC
J-STD-001G [129, 130] warn against touching components by the soldering iron and recommend preheating and
limiting temperature heating rate to below 2 - 4 °C/sec to avoid thermal shock conditions. However, it does not
provide any specifics related to the hand soldering procedures for MLCCs and refers to manufacturers’ data sheets for
additional information.

NASA and ESA guidelines for manual soldering [131-133] are mostly applicable to connectors and also lack
information related to MLCCs. JAXA [47] has a more specific guidelines for manual soldering that mostly follow
recommendations by Murata and TDK.

Most manufacturers of MLCCs (see for example, [5, 31, 134, 135]) have similar guidelines to reduce the risk of
cracking in case of rework or hand-soldering. These recommendations can be summarized as follows:

1. Direct contact by a soldering iron tip often causes thermal cracks, so the tip should be applied to the contact
pad only. Use a soldering tip no greater than 0.120" [3.0 mm] in diameter, and transmit the heat through the
soldering material to prevent contact with MLCC. The power of the soldering iron should be limited to 30 W
(some manufacturers allow up to 60 W), and the duration of the process should not exceed 5 sec (preferably,
a few seconds).

2. If lands are different, solder the smaller land first, and remove the tip quickly when the fillet is formed. The
fillet should have a concave profile and be at least 25% of the chip height. Excess solder might cause
mechanical stresses on components, increase the probability of flex cracking and thereby diminishing
reliability. All thermal shock studies supported a moderate amount of solder, with excessive solder leading
to a greater susceptibility to fault.

3. Compared to local heating with a soldering iron, air heaters result in a more uniform temperature distribution
and a lesser thermal shock, so the hot air approach provides a more benign hand solder technique compared
to soldering iron. Murata suggests setting a hot air outlet at a temperature 400 °C, application of the tool at a
distance more than 5 mm and at the angle of 45° for less than 10 sec. When removal of a chip capacitor is
necessary, a hot air pencil is the preferred tool.

4. After soldering, allow the chip to cool at room ambient conditions. Using forced cool air or refrigerated air
for expediting the cooling process is not recommended and can create thermal shock cracks.

5. Some manufacturers specify different tip temperatures for different size capacitors. For example, ESA limits
the maximum tip temperature, Tmax, to 340 °C [133], Murata allows Tmax 350 °C for capacitors of size 1206
and less and 280 °C for larger parts, whereas ATC limits tip temperature to 285 °C for all parts. Panasonic
requires 270 °C for size 0805 capacitors and smaller and below 250 °C for size 1206 to 1812. It is unlikely
that this difference is due to different thermal resistance and quality of the product from different
manufacturers. Most probable, it reflects different experience with field failures and possibly different
techniques used for testing. In any case, it would be reasonable to use the lowest tip temperature setting
possible.

6. Preheating of the board and capacitor is likely the most important condition for safe soldering. Most
recommendations suggest preheating by a hot plate or hot air flow to 150 °C minimum. Some manufacturers
call for different preheating temperatures for different size capacitors. Panasonic requires preheating to a
temperature that is 150 °C below the soldering temperature (the delta temperature, AT = 150 °C) for case size
1206 and smaller and 130°C for 1210 to 1812. Novocap suggests AT = 100 °C for case size 1812 and smaller
and 50 °C for larger than 1812. According to Johanson Dielectrics AT should be approximately 100 °C. Some
internal OEM guidelines suggest AT as low as 40 °C. Apparently, low AT values would improve safety of the
process but might be harmful to other components on the board. During rework, the populated and tested
boards cannot be exposed to high temperatures, so in practice the preheating temperature and possible level
of AT should be determined in each case separately.

To be published on nepp.nasa.gov. 63



To illustrate the effect of preheating, several groups of case size 0603 BME 0.01 uF, 25 V capacitors have been
soldered onto similar FR4 boards using manual and reflow soldering. Manual soldering was carried out with different
tip sizes (0.03” and 0.08”) and different preheating temperatures of the board: cold (22°C) and hot (150 °C). After
soldering, the parts were inspected visually and tested for breakdown voltages. Results of the inspection and
measurements are displayed on Fig. 8.1. Visual examinations and cross-sectioning confirmed formation of cracks in
capacitors manually soldered onto a cold PWB, whereas no defects were observed in MLCCs after solder reflow and
after manual soldering onto a board preheated to 150 °C. Soldering iron tips of larger size increased the probability
of failures during manual soldering from ~20% for 0.03” to ~70% for 0.08”.
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Figure 8.1. Distributions of breakdown voltages in 25 V, size 0603 capacitors (a) and examples of failed parts (b).
MLCCs have been soldered onto FR4 boards using four methods: (i) standard reflow, (ii) assembly onto a PWB

preheated to 150 °C using a soldering iron with 0.08” tip at 350 °C, (iii) manual soldering onto a cold PWB using a
0.08” tip at 350 °C, and (iiii) manual soldering onto a cold PWB using a 0.03” tip at 350 °C.

e Effect of touch-up
A touch-up with a soldering iron is often used after reflow soldering to improve appearance of the solder fillets and
make them look nice and in compliance with the workmanship requirements. One of the reasons of cracking during
the touch-up is thermal shock. Similar to manual soldering, hot air pencil creates lesser temperature gradients and is
preferable for touch-up to soldering iron.

Another reason of cracking caused by the manual touch-up with a soldering iron is related to CTE mismatch between
the board and ceramic capacitor. During the touch-up on a cold board, the capacitor heats up instantly and slightly
expands (4L in Fig. 8.2a). After solidification of the solder, the capacitor tries to shrink back, but its deformation is
limited by the board, so tensile stresses develop. An example of a touch-up induced cracking in a case size 0402
capacitor is shown in Fig. 8.2.b.

Because CTE of the board is greater than of a ceramic capacitor, compressive stresses in the part develop after reflow
soldering. Ceramic materials can tolerate compressive stresses that are approximately an order of magnitude greater
than tensile stresses and normally, no failures occurs after reflow soldering. However, formation of tensile stresses
after touch-up might increase the probability of cracking substantially. If improvements in soldering and touch-up are
necessary, preheating might be still useful because it expands the board and thus reduces the stress that can be relaxed
during the following slow cooling because of creeping and stress relaxation in solder.
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Figure 8.2. Formation of cracks caused by touch-up with a soldering iron (a) and an example of cracks formed by
touch-up in X7R case size 0402 1000 pF 50 V capacitors (b).

8.2. Selecting capacitors robust to manual soldering

Data presented in this report show that no single inspection or testing provides reliable information regarding the
susceptibility of a lot of capacitors to cracking. However, some tests have been shown to have a greater sensitivity
than the others. These tests include monitoring of leakage currents during humidity testing after temperature cycling
for capacitors soldered onto PWBSs, acoustic microscopy, analysis of distributions of MOR, DF and IR. Another
useful test that is described below is the terminal solder dip testing (TSD). A combination of these tests can be used
to select the most robust to manual soldering capacitors and mitigate risks of failure.

e Terminal solder dip testing
Solder dip testing that is used in military and space applications requires immersing into molten solder at a relatively
low temperature (230 °C) that is typically less than the temperature of the soldering iron and simulates wave soldering
conditions rather than thermal stresses specific to manual soldering.

The terminal solder dip test is a modification of the standard solder dip testing that can be used to simulate conditions
of manual soldering more adequately [136]. During this test, one terminal of a capacitor is clamped in a fixture while
the other is touching molten solder (see Fig.8.3). This eliminates local pressure to ceramic and unpredictable changes
in the temperature distribution caused by application of tweezers, stabilizes temperature at the clamped terminal, and
creates a significant temperature gradient at another terminal. Experiments with the solder pot temperatures varying
from 300 °C to 350 °C showed that practically no failures of large size capacitors occur at 300 °C, some cracks appear
at 325 °C, and a much better discrimination of the lots regarding their robustness to soldering stresses can be achieved
at 350 °C, TSD350 test. The latter condition also corresponds to the maximum soldering iron temperature
recommended by manufacturers and is still less than the temperatures used sometimes during assembly of hybrid
microcircuits (up to 400 °C).

During TSD350 testing, one terminal of each capacitor is dipped for 3-5 seconds into a pot of molten solder heated to
350 °C and then the parts are left to cool at room temperature for ~2-3 minutes. Typically, the dipping and cooling
procedures are repeated three times for each part, after which all capacitors are examined visually and electrically.

Experiments using different lots of X7R MLCCs from five vendors using large size, (from 1210 to 2220) with 10 to
20 samples in a group showed that approximately half of the 26 tested lots can pass TSD350 without cracking (Fig
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8.3.b). Approximately 60% of lots had less than 10% of cracks but ~ 20% had more than half of capacitors with
cracks. Note that post TSD350 environmental tests in humidity chamber showed that not all capacitors with cracks
have electrical failures. Obviously, shallow cracks that are not affecting active areas of capacitors do not cause
failures.
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Figure 8.3. A set-up for terminal solder dip testing with a simple fixture that can be used to test 5 samples at a time
(a) and distribution of the percentage of lots of capacitors having a certain proportion of cracks after TSD350 based
on testing of 26 lots (b). The insert in (b) shows a typical crack caused by TSD350 testing.

A relatively high robustness of MLCCs toward solder dip testing is mostly due to a high compressive strength of
ceramic materials. Also, an increased thermal conductivity of capacitor along the metal plates mitigates the effect of
high temperature gradients developed when the heat from molten solder is transferred to MLCC.

Two groups of tested capacitors were from two case studies when a large proportion of capacitors that have been
soldered manually onto the flight cards had cracks. These cards had been reworked and MLCCs had been replaced
with similar CDR-style capacitors from other batches. No cracking was observed on the cards after rework. Twenty
virgin capacitors from the failed lots, as well as samples from the replacement lots have been tested by TSD350. In
the first case, capacitors from the failed lot had 55% of failures whereas reference parts had zero failures. In the
second case, all 20 samples from the failed lot had severe cracking, whereas only one shallow crack out of 20 samples
had been detected in parts from the replacement lot.

Results show that different lots of military grade MLCCs might have different susceptibility to fracturing during
manual soldering and TSD350 testing can reveal this difference.

e Assessment of the susceptibility to cracking

Tests and inspections that can be used for revealing MLCCs with cracks include temperature cycling after soldering
onto test boards followed by monitored humidity testing, TSD350, and ultrasonic inspections (C-SAM). A
combination of these tests is likely the most effective means to assess the robustness of MLCCs toward manual
soldering stresses. Several types of tests that might be used for different level projects are presented in Fig. 8.4. Here,
L1, L2, and L3 correspond to different levels of projects as they are defined in [137]. Note, that the criticality of
MLCCs’ applications should be also considered, and in cases when short circuit of a capacitor would result in a single
point failure and/or significant loss of the system’s functions, the level of scrupulosity during testing should be
increased. Also, large size PME capacitors are especially sensitive to cracking under manual soldering and require
extra precautions.

Groups of 20 samples minimum are suggested for test flows described below. For level 1 projects, a test flow in Fig.
8.4.a that includes manual soldering onto a test PWB that simulates actual soldering conditions is preferable.
However, when details of soldering conditions are not known, the parts might be stressed by TSD350 as described in
the flow in Fig. 8.4.b. One of the benefits of the second option is that it does not require soldering onto a board and
thus eliminates problems with faulty leakage currents along the board during humidity testing.

For level 2 projects (Fig. 8.4.c), TSD350 can be also optional, and can be replaced by actual manual soldering onto a
test board. A simple visual examination and electrical measurements after TSD350 are suggested to mitigate risks of
failures for level 3 projects (Fig. 8.4.d).
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Figure 8.4. Test flows for the resistance to manual soldering testing for different level projects: L1 (a) —preferred,
(b)-optional, L2 (c), and L3 (d) projects.

9. Conclusion

High-temperature manufacturing processes and materials with different CTEs that are used in MLCCs result in
significant built-in mechanical stresses. Deviations from the optimal conditions and some anomalies in the
manufacturing process might form hidden defects and reduce the strength of the parts. Additional thermo-mechanical
stresses associated with soldering and post-soldering handling of the assemblies can increase stresses to the level
sufficient for cracking. These cracks might not affect performance of the system initially, but result in failures with
time of operation.

The existing military and space specifications are focused mostly on the quality of as build capacitors and do not
address properly effects of soldering and post soldering stresses. Improvements in the existing qualification
procedures and using tests that would reflect adequately environmental stresses experienced by capacitors after
assembly is necessary to reduce risks of failures during applications.

In spite of substantial efforts that have been made to develop methods for revealing cracks in MLCCs after soldering,
none is universal and can detect defective parts reliably.

Replacement of large size PME capacitors with a smaller size, thin dielectric BME capacitors with flexible
terminations might reduce risks of cracking and failures in space systems.
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The probability of cracking caused by manual soldering depends on the level of external stresses that is controlled by
the workmanship and the robustness of MLCCs that depends on the level of built-in stresses, presence of defects and
mechanical strength, and is lot-related. To mitigate risks of manual soldering and reduce the probability of cracking-
related failures both, a tighter workmanship control and selection of parts robust against manual soldering stresses is
necessary. Procedures to select MLCCs most resilient to manual soldering are suggested.
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