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1. Introduction.

Cracking in ceramic capacitors is an old problem; it appeared in the 1970s when the first surface
mount technology (SMT) chip capacitors were introduced to the market and began to be
employed in NASA applications [1, 2]. According to J. Maxwell [3], one of the most
experienced specialists in manufacturing of ceramic capacitors, this problem will continue to be
with us in the foreseeable future. Two main factors contribute to the problem: brittleness of the
ceramic materials, and thermal and mechanical stresses associated with the SMT assembly
process. Both factors are intrinsic to chip ceramic capacitors and explain the persistence of the
problem. Based on the analysis by the Center for Advanced Life Cycle Engineering (CALCE) of
over 150 electronic product failures over a 4-year period, capacitors are responsible for a larger
proportion of failures than any other component [4].

1.1. Factors affecting cracking.

Factors affecting the propensity of multilayer ceramic capacitors (MLCCs) to cracking can be
divided into two categories: internal and external. Internal factors are related to the property of
materials used, presence of internal defects, and the size of capacitors. Fracture toughness
characterized by the critical-stress intensity factor K1C, thermal diffusivity, and Young’s
modulus are among the most important characteristics of ceramic materials affecting the thermal
shock behavior of MLCCs [5]. Generally, the mechanical stability of capacitors and fracture
toughness increase in a row: NPO > X7R > Z5U, Y5V [4, 6]. Multiple studies and
manufacturers’ guidelines indicate that the larger the size of capacitor, the greater the probability
of cracking either due to soldering stresses or to handling after assembly [4, 5, 7-10].

External factors are related mostly to the thermal and mechanical stresses caused by the
soldering process and post-soldering handling of the board. However, cracking in ceramic
capacitors can occur at any step during the lifespan of the parts, starting from manufacturing and
continuing through assembly and applications [11-14]. Note that the compressive strength of
ceramic materials significantly exceeds their tensile strength, by five to 13 times according to the
data presented in [15]. Considering that coefficients of thermal expansion (CTEs) of printed
wiring boards (PWBs) are larger than those of ceramic capacitors, soldering of MLCCs onto
polymer boards results in development of compressive stresses. Typically, these stresses do not
cause fractures in the parts; however, bending of the board might cause tensile stresses sufficient
for cracking.

A brief description of different causes of cracking is given below. In some cases the appearance
of the crack can indicate its origin [11].

I Manufacturing.

.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 Oxidation of palladium electrodes in air is accompanied with volume expansion and
might cause cracks and delaminations [16]. It is assumed that thermal cracks might
initiate at internal flaws such as voids and delaminations, and the larger the
delamination the greater the probability of thermal shock failures.
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Il Assembly.

I1.1 Pick-and-place machines can damage parts by excessive stresses created by centering
jaws or vacuum picks.

I1.2  Thermal shock cracks are due to a sharp temperature increase during soldering; they
originate at the surface and propagate to the interior at angles of ~45°. Thermal shock
stresses might form large, visible U-shaped cracks on the surface of capacitors.

11.3 Thermal shock cracks might also occur when liquid cleaners are applied to a board that
has not sufficiently cooled after soldering reflow. 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.

I1.4 Tensile stresses and cracking might develop in MLCCs after soldering them onto
alumina boards. This is due to the differences in CTEs between the ceramic material
and substrate, with the latter having lower CTEs. These stresses are responsible for
many observed failures in ceramic chip capacitors mounted on alumina substrates [1].

111 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° (or 60° to 65° per [9]). Typical sources of the flex
cracking are de-paneling, test probing, screw or standoff attachments, handling during visual
examinations, insertion of connectors, board-to-board vertical connections, etc.

IV Application.

IV.1 Deformation of the board caused by temperature cycling, vibration, or mechanical
shocks that occur during applications 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 failure [3].

IV.2 Due to electrostriction in ceramic materials, voltage cycling might create mechanical
stresses that would further develop preexisting microcracks, resulting in failure. This
mechanism might be especially important for high-voltage ceramic capacitors [17, 18].

Board flexing and soldering-induced thermal shocks are considered major reasons of cracking in
MLCCs. A breakdown of about 40 different mechanical failures of capacitors that were
analyzed by CALCE shows that 25% were caused by flex cracking, 23% by thermal shock
cracking, and 34% were due to manufacturing defects [4, 14].

Various designs of MLCCs have been suggested by manufacturers to decrease the probability of
flex cracking [9, 19]. Most of these solutions simply involve removing the deleterious effects
caused by flex cracking even though the parts are still cracking:

e Flexible termination. The application of relatively soft and/or tear-away termination layers
made of conductive polymers reduces the stress in ceramic and restricts flex cracks within a
safe zone away from the body of the MLCC.

e Fail open design. In this design, the end margins are widened, so if a crack occurs, it does
not cross electrodes with opposite polarity, and thus prevents short-circuit failures.
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e Floating electrodes. This design creates two separate capacitors in series within an individual
case size, so the probability of shorting cracks is reduced substantially.

e Clip-on lead frame. Attachment of J-shaped leads mechanically decouples the MLCC from
the PWB and allows for stress relief. A layer of solder resist at the bottom of the MLCC
prevents solder from wicking and causing short circuits.

Because industry is now using lead-free solders, concerns regarding thermal shock cracking have
increased substantially. Also, the lead-free solders are stiffer and have a higher yield stress, so
changing eutectic solder to either Sn3.5Ag or Sn4.0Ag0.5Cu might lead to increased flex
cracking of the capacitors [20]. However, experiments showed that the probability of flex
cracking in capacitors assembled with high-temperature Pb-free solders is lesser compared to
those assembled with Sn/Pb eutectic solder [4]. Cooling of assemblies after high-temperature
soldering places capacitors under greater compressive stresses, and respectively more bending is
necessary to create tensile stresses and cracks in the part.

Standardized test methods have been developed to assess the susceptibility of MLCCs to
cracking due to board flexing and to thermal shocks. The first is performed using so-called flex-
testing that is typically performed per EIAJ Specification RC-3402, Multilayer Ceramic
Capacitors (Chip-type). According to these tests, the part is soldered onto a PWB made with
standard material and of a standard size, and is deflected with the component face-down to the
required level, while its capacitance is monitored. A decrease in capacitance below the
acceptable limit (typically 0.2% or 2% [9]) is used to characterize the robustness of a capacitor to
board flexing. By creating sufficiently large deflection of the board, cracking can be achieved in
most cases. This makes this testing convenient and effective for analysis of factors affecting
failures in capacitors related to board handling. Note that similar testing is also standardized by
the automotive industry (AEC Q-200, Stress Test Qualification for Passive Components) to
assure reliability of MLCCs after assembly, and it would be reasonable to include a similar
standard in MIL-PRF-123 also.

The thermal shock test or so-called solder-dip testing is described in MIL-STD-202. According
to this method that in MIL-PRF-123 is referred to as the resistance-to-soldering-heat test,
MLCCs are immersed two times into molten solder at a temperature of +230 °C for 5 seconds.
However, most capacitors are passing the standard solder-dip test without failures, and likely for
this reason many manufacturers are using more stringent test conditions by increasing the
temperature during this test to 260 °C. Even higher temperatures might be needed to
characterize the lead-free capacitors.

A simplified model of thermal-shock-induced stresses in MLCCs predicts that the stress
increases proportionally to the elastic modulus, the coefficient of thermal expansion of ceramic,
and the square of the thickness of the part [5]. Based on this model, thermal shock behavior of
capacitors can be dramatically improved by utilizing thinner geometries of capacitors. However,
experiments showed that the thermal shock resistance is inversely proportional to the total area
of the ceramic surface, rather than to its thickness [8]. This was explained by the effect of
preexisting flaws on the surface of ceramic capacitors that dominate the crack initiation process,
and are therefore primarily responsible for the thermal shock resistance of MLCCs.
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1.2. Effect of cracks on performance of capacitors.

The presence of cracks might not affect capacitance and dissipation factors of the part
substantially [9, 10], but can cause avalanche breakdown failures [21] or increase leakage
currents [10, 11, 22]. The majority of field failures of MLCCs are caused by low insulation
resistance that is often due to cracks. In low-impedance applications, a decrease in resistance
might cause catastrophic failures. Although cracks in ceramic capacitors might not lead to
immediate failures, they create defects that would cause degradation with time (hours to months)
resulting eventually in field failures. In this regard, microcracks generated during assembly can
be considered as a “time bomb” [11] that causes increased leakage currents, opens, or
intermittent contacts as cracks propagate with time during application.

Cracks in ceramic capacitors might cause life test failures. Acceleration testing of various lots of
commercial ceramic capacitors was performed in [23]. Some correlation between the life test
results and the presence of delaminations in MLCCs was observed.

Increased leakage currents in MLCCs having cracks might be due to various mechanisms. A
virgin surface of the crack might have increased electron conductivity due to the presence of a
high concentration of surface traps; however, this conductivity is not great enough to cause
failures and likely will not increase with time. A substantial increase in leakage current occurs
when a conductive media fills the crack. This is possible either by moisture condensation, when
the part is exposed to humid environments, and/or by formation of metal dendrites, when dry or
wet electromigration of electrode metal occurs in the crack. In both cases the presence of ionic
contaminations substantially enhances the degradation process.

Moisture can penetrate inside the capacitor along a crack if it is initiated from the surface, or
along the micropores. It is also possible that moisture can enter the part though the porous
termination and electrode interfaces [24]. Note that due to a capillary effect, as well as polarity
and affinity of ceramics to water molecules, the condensation can develop with time even at
relatively low-humidity environments.

Silver was initially used as a metal of choice for electrodes in MLCCs. However, this metal has
a high propensity for electromigration in humid and even in dry environments. In the absence of
moisture, silver can migrate through glasses at relatively high temperatures (more than 150 °C)
by a field-induced diffusion mechanism [25]. This behavior is likely unique for silver, but in the
presence of moisture a variety of metals, including gold, palladium, and nickel, are susceptible to
migration and might form shorting dendrites. It is assumed that the replacement of silver with
Pd/Ag alloys or nickel in contemporary capacitors somewhat inhibited electromigration.
However, electromigration in humid environments is still possible, and for this reason biased
high-humidity/high-temperature testing is still considered an effective technique to inspect
capacitors for dielectric cracks [21].

Excessive degradation of the parts with microcracks in humid environments might be related to
so-called low-voltage failures in ceramic capacitors [2, 26]. Although the occurrence of this type
of failure is substantially decreased, and most manufacturers believe that their parts are now
impervious to this effect [27], there are some indications that this effect is still present [21].
Recent results on biased MLCCs at 85 °C/85% RH reported by CALCE showed that intermittent
failures do happen, but they are more likely to occur at higher voltages [28]. More study is
necessary to assess the probability of failures of contemporary ceramic capacitors in humid
environments and to understand the effect of electrode materials and voltage acceleration factors.
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1.3. Techniques for revealing cracks.

According to Tarr [13], the cracks might be visible in less than 2% of affected parts, so only a
small minority can be identified as potential failures before use. This requires development of
more effective methods to reveal cracks in MLCCs. A variety of techniques have been
suggested for screening of capacitors during mass production, during post-soldering
examinations, or for investigation purposes. A brief description of these techniques is given
below.

Visual inspection. This is the most simple and inexpensive test, but unfortunately it is not
very effective due to the insidious character of most cracks in MLCCs. Nevertheless,
thorough optical examination is necessary as a screening procedure. The effectiveness of this
test can be increased substantially by application of the vicinal examination technique [29,
30].

X-ray radiography. Radiography has a low success rate in revealing cracks [13, 31]. X-ray
microcomputer tomography might be more effective, but it is not suitable for large-scale
screening [32]. Also, termination layers with high absorption (e.g., solder) may shield the
minor changes in X-ray intensity resulting from the crack.

Acoustic microscopy. This technique was proven to be effective in some cases, and scanning
laser acoustic microscopy (SLAM) testing was implemented as a screen for incoming
capacitors [12]. Acoustic microscopy can successfully reveal large voids and delaminations,
but it is much less successful on cracks, especially those propagating at 45° or more [31].
Also, ultrasonic systems have difficulties penetrating through the multiple layers of the
device under the curved surface of the termination. Most of the defects detected by acoustic
microscopy have been caused by delaminations or cracks that occur before attachment, and
in the center section of the capacitor.

Laser ultrasonic and interferometric measurement. According to this technique, a pulsed
infrared laser excites a specimen into vibration through laser-generated ultrasound, and the
vibration displacement is measured using an interferometer [31]. Although this method is
able to detect cracks, further testing and refinements are required to account for the process-
induced manufacturing variations in different part sizes.

Electrical measurements. Measurements of insulation resistance (IR) are considered more
sensitive to the presence of cracks compared to measurements of capacitance and the
dissipation factor. According to Tarr [13], IR measurements can reveal approximately 60%
of damaged capacitors, and this technique is considered as having a medium success rate
[31]. The effectiveness of capacitance measurements can be increased substantially if the
part is mechanically loaded during the test. This was achieved in [32] by exploiting the
thermal mismatch between the capacitor and the organic board. During these measurements,
the part was heated up so that the capacitor experienced a tensile force, thus causing opening
of the existing cracks. The crack openings manifested themselves as a capacitance decrease
in discrete steps over temperature. However, ceramic capacitors have pronounced
temperature dependence of capacitance that might mask the presence of cracks and overlay
the decay in capacitance caused by cracking.

Environmental testing. The presence of microcracks can be detected if a conductive liquid
fills the crack, thus substantially increasing leakage current in the capacitor. Water is
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obviously a suitable liquid, and direct quenching of preheated capacitors in ice water has
been successfully used to reveal cracks in MLCCs [8]. A standard 85 °C/85% RH test has
been widely used to evaluate reliability of ceramic capacitors. However, conductivity of
water might be not sufficiently high, and likely for this reason no failures in parts after
solder-dip test were revealed by this technique in [5], whereas 1 hour of boiling the parts in
1.3 N NaCl solution resulted in IR failures.

Methanol test. Methanol is a conductive, low-viscosity liquid with a perfect capillary action
for allowing penetration into tiny cracks in ceramics. This test has been extensively used for
revealing cracks in MLCCs. However, several other 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 [13].

1.4. Manual soldering.

Volumes of literature have been written over the years about cracks in ceramic capacitors,
mechanisms of their formation, and factors affecting the probability of their occurrence. Based

on the studies performed, substantial progress in the quality of materials and manufacturing
processes has been made. This, together with development of detailed application guidelines,
resulted in a significant decrease in cracking-related failures, and allowed for application of

MLCCs in high-reliability systems including space instruments. Still, failures related to cracking

in capacitors after assembly onto PWBs do occur, and further analysis is necessary. Several
cases of crack-related failures in large ceramic capacitors were observed recently by the
aerospace community [29]. In some cases, cracking was observed after manual soldering of
MLCCs that is often used during assembly of cards for space projects.

Manual soldering of ceramic capacitors is known to have a high risk of causing cracks in the

parts. The major reason for this is that hand-soldering does not allow for proper control over the
process, and is subject to variability of individual operators and mistakes. Of particular concern
are the variability of temperature, the possibility of overheating, touching the part with the
soldering iron tip, and an excessive amount of applied solder [7, 33, 34]. The risk of cracking
during hand-soldering is increasing with the size of capacitors, so J. Maxwell [3] plainly stated to
“never use soldering irons” for parts with a case size of more than 1210.

All manufacturers are warning against manual soldering of MLCCs and provide detailed
guidelines to reduce the risk of cracking in case rework or hand-soldering has to be used. These
guidelines can be summarized as follows:

1.
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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
(Vishay), and apply the transmission of heat through the soldering material so as not to allow
the tip to make contact.

Preheat the chip capacitor to + 150 °C minimum. Use a hot plate or hot air flow for
preheating.

Use the lowest tip temperature setting possible and a maximum soldering time of 5 seconds.
The tip temperature should be less than 300 °C (280 °C maximum per Vishay guidelines, and
285 °C per ATC [33]). Note that according to MIL-STD-202 TM 210, condition A regarding
use of a soldering iron, the testing should be performed at a much higher temperature of the
soldering iron, 350 °C £10 °C.



The wattage of the soldering iron should not exceed 30 W.

If lands are different, solder the smaller land first, and remove the tip quickly when the fillet
is formed [33]. The fillet should have a concave profile and be at least 25% of the chip
height.

6. Excess solder might cause mechanical stresses on components, thereby diminishing
reliability. All thermal shock studies supported a moderate amount of solder, with excessive
solder leading to a greater susceptibility to fault [7].

When removal of a chip capacitor is necessary, a hot air pencil is the preferred tool.

8. 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.

SRR

~

1.5. Purpose of work.

Unfortunately, manual soldering has to be used sometimes for unique space assemblies or during
rework. To estimate the risk associated with manual soldering, it is important to obtain a better
understanding of the mechanism of soldering-induced cracking and factors affecting the
probability of its occurrence. An obvious reason for the risk associated with manual soldering is
poor reproducibility of the process and the possibility of operator mistakes. Still, it is not clear
whether there are any intrinsic deficiencies in this process that would increase the probability of
failures compared to solder reflow processes even when all the necessary precautions are used,
and assembly is carried out according to the most stringent guidelines for manual soldering.

Possible factors causing increased cracking of MLCCs during manual soldering include the
following:

1. Insufficient preheating resulting in thermal shock. Contrary to the chamber soldering that
stresses the whole surface of the capacitor, during manual soldering the shock might be
experienced mostly by the terminals.

2. Excessive solder resulting in increased stresses caused by the mismatch of CTE between
solder and ceramic.

3. Specifics of the PWB deformation caused by local heating might result in local deflection of
the board that would cause flex-like cracking upon cooling.

4. Heating of the ceramic to a higher temperature than the board that might cause formation of
tensile stresses and cracking upon cooling.

Note that in the two last cases, the rate of cooling is likely a decisive factor affecting the
probability of cracking because solder creeping allows for stress relaxation when the system
slowly cools down from the melting temperature. These factors will be analyzed in next year’s
(2009) part of the work conducted on soldering-induced stresses in ceramic capacitors. In the
2008 part of the work reported below, effects of thermal shocks and thermomechanical stresses
caused by excessive solder were studied using seven types of large-size MLCCs. The capacitors
have been characterized mechanically by measurements of CTE, hardness, and fracture
toughness. External visual examination, electrical characteristics, and methanol tests were used
to evaluate the susceptibility of the parts to cracking under multiple thermal shock and thermal
cycling conditions.
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2. Experiment.

Seven types of large-size ceramic capacitors with sizes varying from 2220 to 2225 were used for
this study. Table 1 displays vendors and characteristics of the part types used; W, L, and H
indicate the width, length, and thickness of the parts. Six out of seven parts had high CV values
and were made using X7R or X5R dielectrics (EIA class 1) and one part, 22 nF 50 V, was made
using a stable, temperature-compensating COG (or NPO) dielectric (EIA class I).

Table 1. Characteristics of MLCCs used.

Wl Ll H!
mm mm mm

Part CandV Vendor Mater. Size

GRM55RR71H105KA01L 1.0 uF, 50V Murata Electronics X7R 2220 479 578 185
GRM55FR60J107KAO1L 100 pF, 6.3V  Murata Electronics X5R 2220 482 579 3.21

C2225C225K5RACTU 22 uF,50V Kemet X7R 2225 6.22 549 127
C5750X7R1H106M 10 yF, 50V  TDK Corp. X7R 2220 495 561 221
C5750X5R1C476M 47 uyF, 16 V. TDK Corp. X5R 2220 5.36 5.9 2.37
N2223H223K5GAC 22nF,50V  Kemet NPO 2223 6.11  5.71 1.05
C5750X7R1E226M 22 yF, 25V  TDK Corp. X7R 2220 528 589 247

Energy dispersive spectroscopy (EDS) analysis showed that the major component in the 22 nF
capacitors was neodymium titanium oxide (Nd,Ti,O7), while most EIA class Il capacitors were
made of barium titanate ceramics (see Figure 1).

To estimate post-soldering thermomechanical stresses in capacitors, coefficients of thermal
expansion were measured using a thermal mechanical analyzer, TMA2940, manufactured by TA
Instruments. The measurements were carried out at a rate of 3 °C/min. during several cycles of
heating and cooling from room temperature to 350 °C. The CTE values were calculated after the
first cycle was completed to anneal the samples and eliminate possible errors related to the built-
in mechanical stresses. Measurements of deformation were carried out in three directions, along
(X and Y) and across (Z) the plates. These directions corresponded to the length, width, and
thickness of the part. Prior to the measurements, metal terminals were ground off and polished
to avoid errors related to the presence of metal layers and solder.
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Figure 1. Results of X-ray microanalysis of 22 nF 50 V (a) and 22 pF 25 V (b) capacitors.

Hardness and fracture toughness of the ceramic materials were measured using Vickers
microindention tests. Prior to the testing, the parts were molded in epoxy low-stress room-
temperature cure compound, ground using sand papers up to #2400 grit, and polished using a 0.5
pm diamond paste. The indenter was attached to a Metek AccuForce 111 gauge, and the testing
was carried out on three samples of each type of capacitor at four load levels: P =2 N, 4 N, 6 N,
and 10 N. From five to 12 indentions were made on the cover layers at each force, and the size
of the impressions (indent prints) and the length of cracks were measured in each of the
capacitors using a scanning electron microscope (SEM). Figure 2 shows molded capacitors after
Vickers testing, and Figure 3 shows typical optical and SEM views of the indents and radial
cracks emanating from the corners of the imprints. The sizes of each imprint and crack were
measured using Photoshop software, and the respective average values were used for
calculations of the hardness and fracture toughness of the parts.
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Figure 2. 22 uF 25 V capacitors after Vickers hardness testing. Dots indicate marks after
indention testing made at different levels of the load.

The Vickers hardness (VH) and fracture toughness (K1C) were calculated based on the average
diagonal size of the imprints, D:

1.854x P
VH ZT, (1)

St

where E is the Young’s modulus (~200 GPa [1, 35, 36]), c is the radial crack length measured
from the center of the indent, and £ is an empirically determined *“calibration’” constant usually
taken equal to 0.0167 for Vickers indents.

(a) (b)
Figure 3. Typical optical (a) and SEM (b) views of imprints after Vickers indention testing.

It should be noted that measurements of the fracture toughness based on the Vickers indention
testing have been criticized recently by Quinn and Bradt [37] because the results are not reliable
and differ significantly compared to the standard fracture toughness tests. However, the Vickers
indention fracture test allows in-situ evaluation of mechanical parameters directly on small
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components, and ceramic capacitors in particular, and it is still widely used for analysis of
mechanical behavior of MLCCs [35, 38] and of various high-brittleness materials [39-41].

To assess the probability of cracking, the parts were subjected to multiple thermal shocks and
temperature cycles, and their characteristics, including capacitance (C), dissipation factor (DF),
equivalent series resistance (ESR), and leakage current (DCL) were measured periodically
through the testing. Although not specified for ceramic capacitors, ESR values were measured at
100 kHz to assess possible variations in the contact resistances of the parts.

To increase the sensitivity to cracking, DCL measurements were carried out at twice-rated
voltages. Considering that per MIL-PRF-123 the minimum specified insulation resistance is
determined as IR = 1E9*C, where C is in uF and IR is in Ohms, the maximum leakage current
that is supposed to be measured after 2 minutes after voltage application can be calculated as
DCLmax = 0.002*VR/C, where DCL is in pA, rated voltage (VR) is in volts, C is in pF.

Figure 4 shows typical examples of current relaxation with time for 20 samples in each part type.
The results indicate that leakage currents decrease with time by one to two orders of magnitude,
and they continue decreasing even after 1,000 seconds of electrification. To evaluate possible
effect of cracking, the leakage currents were monitored for 1,000 seconds after voltage
application to assure that no interruptions occurred, and the DCL reading for further analysis was
taken after 1,000 seconds.

2.2uF 50V init at 100V 100uF 6.3V init at 12V 47UF 16V init. at 32V
1.E-05 1.E-05 1.E-05
.06 | 06 L 106 | \
< 1-E08 - 1.E-06 < .
3 1.E-07 | \\\ 5 1.E07 © 1E07 ¢ g 0
= = 5 5 w
1.E-08 | ety 1608 | 1E-08 |
1.E-09 Y 1.E-09 ‘ 1.E-09 TR
10 100 1000 10 100 1000 10 100 1000
time, s time, s time, s

Figure 4. Current relaxation in three types of capacitors at twice-rated voltages.

Typical distributions of DCL and ESR values for six types of capacitors are shown in Figure 5.
Note that for both parameters, DCL and ESR, the best fit was obtained using log-normal
functions. Distributions of DCL values had relatively low standard deviations, varying from
0.05 to 0.18, indicating good reproducibility of the measurements. The leakage currents were
five to 20 times below the specified limits, and the lots had no outliers. This increases the
probability of revealing defects during testing of the parts by using DCL measurements.

ESR distributions in some lots had a relatively large spread, and one to three samples can be
considered as ESR outliers in 10 uF 50 V, 2.2 pF 50 V, and 1 pF 50 V capacitors (see Figure
5.b).
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Figure 5. Log-normal distributions of leakage currents (a) and ESR (b) for different types of
capacitors.

A methanol test was used to further increase the sensitivity of leakage current measurements to
cracking [26]. During this testing, the parts were 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.

3. Mechanical characteristics of capacitors.
Results of measurements of CTE, hardness, and fracture toughness of the capacitors used in this

study are described below.

3.1. Thermomechanical characteristics.
Figure 6 shows variations of deformation and calculated CTE values with temperature for six

types of ceramic capacitors. Analysis of these data indicates a significant variation of the rate of
deformation below and above the Curie temperature (Tc). These variations result in extreme
temperature dependencies of CTE that for barium titanate, class Il, ceramics has a minimum in
the range from 120 °C to 130 °C, which correspond to Tc values for these capacitors.

Anomalous deformation of ceramic capacitors at temperatures close to Tc were also reported by

He [42]. Similar behavior is known for perovskite oxides, and is due to changes of the
crystalline lattice over the ferroelectric transition. Careful examination of the thermal expansion

curves revealed that within the narrow temperature range of the ferroelectric transition, the

thermal expansion becomes negative [42].

Results in Figure 6 show that at temperatures above Tc, T ~140 °C, CTE values calculated for
the three directions are close and vary in the range from 10 to 12 ppm/K for different part types.

As temperature increases from ~130 °C to 350 °C, CTE values are slightly increasing at a rate

varying from 0.008 ppm/K? to 0.017 ppm/K>.
Due to relatively minor variations with temperature, CTE values below (CTE1) and above

(CTE2) Curie temperature were calculated as average values for these two regions. Results of
these calculations based on measurements of deformations across (Z), along the length (X), and
along the width () of the parts are presented in Table 2. Average high-temperature CTE values

14
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(in the range from 140 °C to 350 °C) are close, and for different types of capacitors vary from
12.1 ppm/°C to 14.4 ppm/°C. These data are similar to those typically reported for BaTiO3
ceramics [1, 43]. AtT < Tc CTE varies with temperature significantly, but on average remains
much lower (from 3.1 ppm/°C to 9.6 ppm/°C) than for the high-temperature region. Based on
He’s data, low-temperature CTE values for different manufacturers of X7R capacitors vary for
5.5 ppm/°C to 7 ppm/°C, and the high-temperature data are in the range from 12 ppm/°C to 14
ppm/°C, which is in agreement with our results.

Table 2. CTE values (in ppm/°C) calculated based on measurements along three directions for
ceramic capacitors.

Capacitor | CTE.Z1 CTE Z2 |CTE X1 CTE X 2 |CTELY.1 CTEY.2
1.0 yF, 50 V 8.1 12.1 8.4 12.5 8.8 12.2
100 pF, 6.3 V 3.1 13.6 11.3 13 12.3 13.1
2.2 uF, 50 V 8.7 13.8 8.9 12.2 - -

10 pF, 50 V 7.6 12.65 9 12.3 - -

47 F, 16 V 45 12.9 - - - -

22 nF, 50 V 8.9 13.3 10.3 12.2 - -

0.1 uF, 50 V 9.6 14.4 - - - -

Average 8.6* 13.2 9.6 12.4 10.6 12.7

*Calculated without data for high-C capacitors (47 pF and 100 pF).

Figure 6 shows that in most cases the CTE values measured across the capacitors (Z direction)
are slightly higher than CTE measured along the plates. This difference is more significant for
10 uF and 100 pF capacitors compared to 1 pF parts and might be related to the built-in
mechanical stresses in MLCCs. It has been shown that due to the difference between CTE of
ceramics and metal electrodes (Ni or Pd/Ag have greater CTE), there is a compressive in-plane
stress in the active layers of the MLCC [44]. The residual stress increases with the number of
dielectric layers, and changes electrical characteristics of capacitors depending on the direction
of applied force [45]. It is possible that these stresses result also in anisotropy of deformation
with temperature that is more pronounced for parts with high capacitance value. The effect is
more obvious for large-value capacitors comprised of many layers of ceramic and electrode
materials, and for this reason likely the anisotropy of CTE was not observed in other studies [1,
42].
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Figure 6. Temperature dependencies of deformation (a-f) and CTE (g-1) for six different types of
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3.2. Vickers indention test.

Average values of the size of imprints and crack lengths for different types of capacitors were
measured using a SEM, and variations of these parameters with load are plotted in Figure 7. The
imprint size increases with load sublinearly, and the spread of data obtained for three samples is
relatively small, below 9%, indicating a high reproducibility of hardness measurements. As
expected, the spread of the crack lengths was greater, but it still remained within 20%, indicating
a reasonable level of reproducibility of the measurements. Note that cracks radiating from the
corners of the imprints were observed in all samples and at all levels of the load, except for 22 nF
capacitors at a load of 2 N. This is due to a higher fracture toughness of COG dielectrics
compared to X7R materials.

imprint size, 22 uF imprint size, 2.2 uF imprint size, 47 uF
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Figure 7. Variations of the size of imprints (D) and the length of radial cracks (C) in different
types of capacitors. Each mark corresponds to an average value calculated for five to 12
impressions.

Based on results presented in Figure 7 and using Eq. (1), Vickers hardness was calculated for
different load levels. Results of these calculations are presented in Figure 8 and indicate a
relatively minor increase of VH with the load. This allowed for characterization of each part
type with an average value of hardness. The average values together with the respective standard
deviations are displayed in Table 3. Indentation fracture toughness was calculated using Eq. (1)
and (2) and is shown in Figure 9. The values of K1C were virtually independent of the load for
all part types, thus also allowing characterization of the capacitors with an average fracture
toughness and standard deviation (see Table 3).
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Figure 9. Variations of fracture toughness with load for six different types of capacitors.
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Hardness of different capacitors varied in the range from 6.5 GPa to 10.6 GPa and did not
depend on the type of materials used. According to Wereszczak et al. [35], the hardness of X7R
materials was in a narrow range of 11 GPa to 12 GPa, which is close to our data. The reason for
relatively low values obtained for 2.2 uF 50 V and 47 pF 16 V capacitors is not clear. Although
VH does not indicate the potential mechanical robustness of MLCCs directly, its value can
provide some insight into the effects of porosity and grain size because hardness is typically an
inverse function of the amount of porosity [35].

Table 3. Hardness and fracture toughness of ceramic capacitors.

K1C,

Capacitor HV, GPa STD MPa-m°® STD
1.0 yF, 50V 9.49 1.66 0.91 0.07
100 yF, 6.3V 10.57 1.57 1.55 0.09
2.2 uF, 50V 6.45 0.30 1.52 0.14
10 uF, 50 V 10.37 1.03 1.06 0.13
47 uF, 16 V 6.62 1.22 1.37 0.08
22 nF, 50V 8.78 0.19 2.81 0.32
22 uF, 25V 8.24 0.97 1.47 0.07

Analysis of results presented in Table 3 shows that for X7R dielectrics the fracture toughness
varies from 0.9 to 1.55 MPa-m®?, and it is much higher for the NPO dielectric, 2.8 MPa-m®>,
These results are in agreement with the data reported by other authors [5, 35, 38]. Based on
statistically significant variations of K1C, capacitors can be arranged in a row with increased
fracture toughness: 1 uF 50 V ~ 10 uF 50V <47 uF 16 V <22 uF 25V = 2.2 uF 50 V ~ 100 pF
6V << 22 nF 50 V. The mechanical stability of the parts was expected to increase in the same
sequence.

4. Effect of thermal shock.

When temperature at the surface of a ceramic capacitor that is stabilized at temperature T,
suddenly changes to temperature T, the surface areas experience deformation compared to the
internal areas of the part that remain at T,. This causes development of mechanical stresses that
depend on the thermal and mechanical characteristics of the ceramic and vary with time due to
changes in temperature distribution through the part. The value of temperature difference AT =
T - T,, at which cracking is observed, can be used to characterize the thermal shock resistance of
the part, ATx.

Experiments for assessment of the robustness of MLCCs to thermal shocks were carried out by
preheating the parts to a certain temperature and then quenching them into water at room
temperature [38] or at 0 °C (ice water) [8, 46]. The value of the thermal shock resistance
temperature, ATy, was estimated using measurements of leakage currents of the capacitors after
water quenching. Depending on the part type and size of capacitors, experimental values of AT
for X7R materials varied in the range from 120 °C to 440 °C.

At relatively low AT: temperatures, the probability of cracking is extremely small. The effect of
preheating of ceramic capacitors having sizes 1206 and 0805 at temperatures ranging from 155
°C to 100 °C on results of wave reflow soldering at 235 °C did not reveal any thermal cracking or
leakage current failures [22].
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To simulate the effect of thermal shock conditions that a capacitor might experience during
manual soldering, the parts were installed in a fixture as is shown in Figure 10, and their
terminals were brought into thermal contact for 5 seconds with molten solder maintained at 300
°C. After that, the parts were cooled at room temperature for 5 minutes, and the procedure was
repeated. Twenty samples of each part type were subjected to this terminal-thermal-shock
testing. Considering that in our experiments the temperature during thermal shock increased
rapidly by 280 °C, and the capacitors experienced 100 shocks, it was expected that cracking
would appear at least in some lots. However, none of the parts manifested cracking or failures
during this testing.

Figure 10. Overall (a) and close-up (b) views of the parts during terminal-thermal-shock testing.

Electrical measurements and visual control using an optical microscope were carried out after 10,
30, and 100 thermal shocks. Results of DCL measurements are presented in Figure 11. Note
that the DCL levels for 22 nF 50 V NPO capacitors were below 1 nA, which is the sensitivity
level for the measurement system used in this study. For this reason, data for the NPO parts are
not presented.

No anomalies during I-t measurements or any substantial increase in the leakage currents were
detected during the post-cycling current monitoring. No defects were found during multiple
optical examinations at 10X magnification. Measurements of AC characteristics (see Figure 12)
also did not reveal any anomaly. The vicinal illumination technique [30] used to examine
surface areas of the capacitors near terminals at 200X magnification upon test completion failed
to reveal any cracks.

The results indicate that manual-soldering-induced thermal shocks do not cause damage to
normal-quality large ceramic capacitors. If parts are not susceptible to thermal-shock cracking,
multiple-shock stresses likely will not cause formation of defects after up to 100 thermal shocks.
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Figure 11. Variations of leakage currents during terminal-thermal-shock cycling for six types of

MLCCs. Each chart shows data for 20 samples.

Figure 12.a. Variations of capacitance, dissipation factors, and equivalent series resistances

22nF 50V 22nF 50V 22nF 50V
0.0234 0.05 0.1
o 0.0233 R X 0.04 0.08
.0232
[} 0.023 — o 0.03 /K\ E 0.06
= — & A 2 M " o ©
o 0002 | @ Sos o 0.04 | =53 ; =
§ 0.023 v/v ~ 2 \‘\"‘z‘?j"u“,i_;?l
S 0.0229 0.01 | 0.02 |
0.0228 T T 0 0
init 10c 30c 100c init 10c 30c 100c init 10c 30c 100c
cycle cycle cycle
a)
1uF 50V 1uF 50V 1uF 50V
1.1 1 0.1
vl 0.09
L oS P 08 |
Sis| A 0 P os8 |
@ /‘%«Z" 06 W g E o006 | RN
S //b%;" = © 05| T ot
S & o o ———
S = &4l Lo | e e——=
@© -
8095 003 ¢
o 0.2 | 0.02
0.01
0.9 T 0 0
init 10c 30c 100c init 10c 30c 100c init 10c 30c 100c
cycle cycle cycle

during terminal-thermal-shock cycling for two types of capacitors. Each chart shows data for 20

NEPP report 2008

samples.

21



100uF 6.3V 100uF 6.3V 100uF 6.3V
100 4 0.04
L 95
=]
s 90 3.5 g 0.03
e R S ‘\\
85 | - .
g S W 4 =
T 80| e 3 3t @ 002 N
[
© 75t
70 T T T 25 : . . 0.01 . . .
init 10c 30c 100c init 10c 30c 100c init 10c 30c 100c
cycle cycle cycle
c)
2.2uF 50V 2.2uF 50V 2.2uF 50V
2.4 1.4 0.06
L 23 F 13 | 4 Va
S22 12 5 % 005 1
o &L ———— e L < r /\ /// g
o =~ »— = S 7
~ ° N
o1l : S} ///\\\// © 004 | & _ P
S o 4 N7 (n/:] - —p———— ;z??/‘:
s 2+ D 1t // g hl —— ==
@© 0.03 |
© 19 1 09 t+
1.8 T T T 0.8 . . . 0.02 . . .
init 10c 30c 100c init 10c 30c 100c init 10c 30c 100c
cycle cycle cycle
22uF 25V 22uF 25V 22uF 25V
24 1.6 0.06
0.05 |
503t 14 |
s £ 0.04 |
<
2 R S— E e
S 22 e w12 ~ 0.03 |
8 - ° 2 002
@002 |
g 21 1+
3] 0.01 |
20 T T 0.8 . . . 0 . . .
init 10c 30c 100c init 10c 30c 100c init 10c 30c 100c
cycle cycle cycle

Figure 12.b. Variations of capacitance, dissipation factors, and equivalent series resistances

during terminal-thermal-shock cycling for three more types of capacitors. Each chart shows data
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Figure 12.c. Variations of capacitance, dissipation factors, and equivalent series resistances
during terminal-thermal-shock cycling for two types of capacitors. Each chart shows data for 20
samples.

5. Effect of excessive solder.

Due to the difference between CTE of solder (~24 ppm/K) and ceramic materials (10 to 14
ppm/K), an excessive amount of solder might create significant compressive stresses at the
terminals of capacitors upon cooling to room temperature. As ceramic materials have a very
high compressive strength, these stresses likely will not cause cracking. However, relaxation of
stresses with time due to solder creeping might result in formation of tensile stresses when the
part is heated after some time of being stored at normal conditions. It is also possible that solder-
induced compression at the terminals would cause a moment of force and form tensile stresses at
the surface of the ceramic near the terminals.

To evaluate the effect of solder-induced stresses, large solder blocks were attached to one of the
terminals of each capacitor tested. To form these blocks uniformly, a eutectic solder was molten
in a cylindrical depression made in a Teflon plate. One terminal of each of the capacitors was
immersed into the solder that was then solidified forming blocks shown in Figure 13. Five
samples of each part type were prepared using this technique.
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Figure 13. Examples of solder blocks attached to terminals of different types of capacitors to
simulate the effect of stresses caused by excessive solder.

Capacitance, dissipation factor, and leakage currents of the parts were measured after various
tests shown in Table 4. Methanol testing was used after each of the stress tests to better reveal
possible cracks. For this reason DCL measurements were made twice, first right after
completion of the stress testing, and second after methanol application.

Table 4. Test flow for capacitors with solder blocks.

Temperature - Number
Test Type Index Range, °C Condition of Cycles
Temp. Cycle TC1 +25 to +165 Dwell 10 min., ramp 10 min. 20
Temp. Cycle TC2 +25 to -65 Dwell 10 min., ramp 10 min. 20
Temp. Cycle TC3 -65 to +150 Dwell 10 min., ramp 10 min. 20
Thermal Shock TS -65 to +150 Dwell 10 min., ramp 0.1 min. 20
Immersion into LN +25t0-196  Dwell 1 min., ramp 0.1 min. 1

Liguid Nitrogen

The parts were subjected to different types of temperature cycles and thermal shocks according
to a test flow shown in Table 4. During TC1 test, the parts were subjected to 20 cycles between
room temperature and +165 °C to create tensile stresses at high temperatures. During the next
test, TC2, the parts were stressed at negative temperatures (to -65 °C) to squeeze the terminals by
compressive stresses induced by solder, and possibly create local tensile stresses in ceramic
along the edges of the solder chunk. Test TC3 combined the effects of both previous tests.

The thermal shock test, TS, was performed at the same temperature conditions as temperature
cycling test TC3, but with the temperature ramp increased by more than 100 times. It is possible
that at slow temperature variations the stress relaxation is significant, so the TS test was carried
out to reveal the effect of temperature rate on test results. During the last test, LN, the parts were
immersed directly into liquid nitrogen at -196 °C to create extreme thermal shock conditions and
further increase the level of compressive stresses.

Fractures were observed only in samples of 22 nF 50 VV NPO capacitors. One sample, SN 23,
fractured after TC2 testing (see Figure 14). Another sample from this lot, SN 22, was found
shorting at ~70 kOhm during post-TC2 methanol testing. However, low-power optical
microscope examinations did not reveal any anomalies. After testing, all parts were examined
using the vicinal illumination technique [30] and cracks originating from the solder edge, similar
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to those shown in Figure 15, were revealed in all 22 nF 50 V capacitors. No cracks were found
in X7R capacitors even after exposure to the liquid nitrogen temperature.

Figure 14. Side (a) and top (b) views of a 22 nF 50 V sample that fractured after TC2. Note that
the crack originated from the surface of the capacitor at the edge of solder chunk.

a)
Figure 15. A typical crack exposed in 22 nF 50 V capacitors by the vicinal illumination
technique (a). Figure b) shows a crack observed at X100 magnification.

Results of electrical testing of the parts are shown in Figures 16 and 17 and can be summarized
as follows:

1. Temperature cycling affected the value of capacitance in all parts with X7R dielectrics.
Exposure to high temperatures increased C by ~4% to 5%, and exposure to low temperatures
decreased capacitance by ~5% to 7%.

2. Dissipation factors increased in X7R parts through the testing by 30% to 50%. The most
significant variations happened after TC1, when the parts were exposed to high temperatures
only.

3. Leakage currents were stable through the testing in three out of seven of the tested lots: 47
MF 16 V, 100 pF 6 V, and 22 pF 25 V capacitors.
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4. Three lots had instances of increased DCL:

4.1. One sample in the 1 pF 50 V lot of capacitors increased DCL by an order of magnitude
after TC3; however, further testing did not confirm the presence of cracking.

4.2. An increase in DCL of more than an order of magnitude was detected in one of the
samples from the 10 uF 50 V lot. However, this increase occurred during the first DCL
measurements and was not confirmed by the methanol test.

4.3. Three out of five samples increased in DCL values by up to two orders of magnitude
through the testing after TC2 in a lot of 2.2 pF 50 V capacitors.

5. Inalotof 22 nF 50 V NPO capacitors, one sample fractured and two more showed
anomalously high leakages after TC2 cycling. These parts also manifested anomalies during
C and DF measurements.

An increase of capacitance upon exposure to high temperatures is a known phenomenon and is
related to the aging of MLCCs that results in changes of the domain structure and causes a linear
capacitance decrease with the logarithm of time. Annealing of the parts at temperatures
exceeding the Curie temperature (de-aging) restores the value of capacitance and explains
increase in C after high-temperature cycling, TC1. Most likely the observed increase in
dissipation factors after TC1 is also due to the de-aging effect that reverses decrease of dielectric
losses with time of aging. Note that the last temperature the parts experienced during TC3
cycling was 150 °C. For this reason similar values of C were measured after TC1 and TC3.

NPO dielectrics do not exhibit this phenomenon. This explains stability of capacitance after TC1
for 22 nF 50 V capacitors.

Possible reasons of decrease of capacitance are less obvious. Most likely this effect is due to
stress-induced variations of the dielectric constant in barium titanate ceramics. It is known that
mechanical stresses lead to development of 90° domains in BaTiOz materials that might decrease
polarization [47]. Experiments with MLCCs showed that compressive stresses applied
perpendicular to electrode plates might significantly decrease dielectric constant of ceramic
materials [44, 45, 48]. The decrease of C by 5% to 7% that was observed during experiments
might be due to relatively minor stresses in the range from 20 MPa to 40 MPa. It is possible to
assume that substantial tensile stresses developed in solder at low temperatures due to CTE
mismatch between solder and ceramic cause formation of additional compressive stresses in
ceramic when the part is brought back to room temperature. Note that for all part types the
values of C after exposure to -65 °C and to -196 °C remain the same, thus indicating that the
effect does not increase significantly with the temperature swing.

Although temperature conditions for TC3 and TS were similar, capacitance of the parts after TS
was lower than after TC1 or TC3. This might be due to more substantial residual compressive
stresses created by fast changes of temperature when creeping of the solder does not have time to
develop.

Optical examinations revealed cracks on all 22 nF 50 V capacitors; however, two parts did not
have any significant degradation of leakage currents. It is possible that cracks in these two parts
were shallow and did not cross opposite electrodes.

Five samples in three lots of X7R capacitors had DCL anomalies, but optical examinations
revealed no cracks. A failure analysis might be necessary to confirm the presence of cracks in
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these parts. However, in the absence of hard shorts, the probability of revealing possible
microcracks is not high.

Analysis shows some correlation between the thickness of capacitors and the probability of
cracking and/or having a DCL anomaly. The thinnest parts, 22 nF 50 V capacitors with H = 1.05

mm, had the largest proportion of fractures and DCL failures. Multiple DCL anomalies were

observed in 2.2 pF 50 V capacitors with H = 1.27 mm. Two part types, 1 pF 50 V and 10 u /50

V capacitors, had one sample each with increased DCL values; these parts had thicknesses of

1.85 mm and 2.2 mm, respectively. The thickness in the rest of parts that had no anomalies
exceeded 2.3 mm.

Interestingly, in several cases application of methanol for parts with excessive DCL values
decreased leakage currents, thus casting some doubt on the effectiveness of this test. It is
possible that these results are due to preheating at 85 °C that was used before immersing

capacitors into methanol. The purpose of this preheating was to expand the crack and enhance

penetration of methanol. However, preheating results also in moisture removal that might have
an adverse effect on the leakage currents.
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Figure 16. Effect of temperature cycling and thermal shocks for 10 pF 50 V (a), 100 pF 6 V (b),
and 22 uF 50 V (c) ceramic capacitors with solder blocks.
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Figure 17. Effect of temperature cycling and thermal shocks for 1 puF 50 V (a), 47 uF 16 V (b),
22 UF 25V (c), and 22 nF 50 V (d) ceramic capacitors with solder blocks.
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6. Effect of TC after soldering onto an FR4 board.

To evaluate the effect of thermomechanical stresses developed in capacitors mounted onto a
PWB during temperature excursions on the probability of cracking, 10 samples from four
different lots (100 pF 6 V, 22 pF 25V, 47 uF 16 V, and 10 pF 50 V) were soldered onto a 3.1
mm thick FR4 board and subjected to temperature cycling between -65 °C and +150 °C. An
overall view of the board is shown in Figure 18. Leakage currents at the twice rated voltages
were monitored during 1,000 seconds of electrification. These measurements were carried out
on loose capacitors, after soldering, and after 200 and 1,000 thermal cycles. It was expected that
by using a relatively thick FR4 board and a wide range of temperature variations, cycling would
eventually result in cracking and increase of leakage currents in the parts.

Figure 18. A test board with soldered capacitors.

Results of temperature cycling tests are presented in Figure 19. The leakage currents were stable
through the testing in three out of four lots. After 1,000 cycles, one out of 20 samples from a 10
WF 50 V lot had unstable currents indicating intermittency, likely inside the part. This
intermittency could be related to microcracking; however, external examinations did not reveal
any anomaly. Additional analysis is required to verify this failure.

A high mechanical stability of large MLCCs subjected to temperature cycling is likely due to the
fact that ceramic capacitors soldered onto an FR4 board remain under compressive stresses even
at temperature extremes. For space projects, temperature extremes during box-level thermal
cycling are typically within the range from -40 °C and +85 °C. Assuming the exponent in the
Coffin-Manson equation for the acceleration factor of temperature cycling test is equal to 3, the
1,000 cycles between -65 °C and +150 °C would be equivalent to more than 5,000 box-level
cycles. Our results show that at these conditions no wear-out failures in ceramic capacitors
would be likely to occur.

These experiments, as well as solder-dip cycling tests, showed that cracking does not occur even
after multiple cycles of exposure to extreme temperatures. It is possible that cracking is related
to the preexisting flaws. Additional analysis of conditions that possibly might cause cracking
during manual soldering of large MLCC is planned for next year’s NASA Electronic Parts and
Packaging (NEPP) Program task.
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Figure 19. Leakage currents in four part types after soldering them onto an FR4 board and
temperature cycling between -65 °C and +150 °C (a-d). Figure e) shows relaxation of leakage
currents in 10 yuF 50 V capacitors after 1,000 thermal cycles.

7. Summary.

1. Based on literature data, major sources, mechanisms of formation, and techniques for
revealing cracking in MLCCs have been analyzed and classified. Possible reasons of

manual-soldering-induced cracking have been discussed and areas of investigation have
been determined.

2.  Coefficients of thermal expansion were measured on six types of capacitors in the range of
temperatures from room to 350 °C. All X7R capacitors had extreme temperature
dependencies of CTE with the minimal values at Curie temperature. Average CTE values
at T > Tc were in the range from 12.1 ppm/K to 14.4 ppm/K for all part types. At T <Tc
CTE values were lower, and for different lots varied from 3.1 ppm/K to 9.6 ppm/K. CTE
values in X7R capacitors measured perpendicular to the plates were ~10% greater than
those measured along the plates. This anisotropy is likely due to built-in compressive
stresses that are caused by CTE mismatch between ceramic materials and metal electrode
plates, and were formed during sintering of capacitors.

3. Mechanical behavior of the parts was characterized by measurements of Vickers hardness
and fracture indention toughness, K1C. Hardness of different types of capacitors varied in
the range from 6.5 GPa to 10.6 GPa and did not depend significantly on the type of
materials used. Estimations of the fracture toughness showed that X7R dielectrics had
K1C values in the range from 0.9 to 1.55 MPa-m®°, whereas capacitors with COG
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dielectric had a much larger value, 2.8 MPa-m®>. According to these measurements, the
mechanical stability of the parts was expected to increase in the sequence 1 pF 50 V = 10
MF50V <47 puF16 V<22uF 25V =22 uF 50V = 100 pF 6 V << 22 nF 50 V.

4.  To simulate thermal shock conditions that are specific to manual soldering, 20 samples of
each of the seven lots of MLCCs were subjected to the molten solder (300 °C) terminal dip
test. Characteristics of the parts were measured after 10, 30, and 100 solder pot cycles. No
cracking or significant parametric variations were observed during this testing. This
indicates that for normal-quality parts, thermal shock associated with manual soldering is
likely not the major reason for cracking.

5. The effect of mechanical stresses created by excessive solder was investigated using
ceramic capacitors with large solder chunks attached to the terminals. The parts were
subjected to various temperature cycling and thermal shock tests while their characteristics
were measured periodically.

a.  Contrary to what was expected, the worst mechanical stability was observed in 22 nF
50 V NPO capacitors. Note that these parts were relatively thin, H=1 mm, and it is
possible that for solder-induced damage the thickness of the part plays a more
important role than the fracture toughness. Cracks at the edges of terminals were
revealed using the vicinal illumination technique in all 22 nF 50 V samples, while
only three out of five parts had increased leakage currents.

b.  Three lots of X7R capacitors had no anomalies, two lots had one sample each with a
one-time instance of DCL increase, and one lot had three out of five samples
manifesting unstable leakage currents through the testing. All anomalies were
observed after exposure of the parts to low temperatures (-65 °C), whereas no failures
occurred after cycling between room temperature and +165 °C. Optical examinations
revealed no cracks in X7R parts. Analysis showed that all failures occurred in
relatively thin capacitors, and that the probability of solder-induced damage increases
as the thickness of capacitors diminishes.

c. TCand TS tests revealed a memory effect in all X7R capacitors with attached solder
chunks. The value of C measured at room temperature changed systematically on 4%
to 7% depending on the last temperature during the cycling. Capacitance increased
after exposure to high temperatures (150 °C to 165 °C), and decreased after exposure
to negative temperatures (-65 °C to -196 °C). The first effect is due to de-aging of
MLCCs at T > Tc, and the second is likely related to formation of solder-induced
compressive stresses. These stresses are known to decrease dielectric constant in
ferroelectric materials. No significant variations of capacitance were observed in 22
nF 50 V parts employing NPO dielectric.

6.  To estimate the effect of mechanical stresses related to CTE mismatch between the
capacitors and the FR4 board, 40 X7R capacitors from four different lots were subjected to
1,000 temperature cycles between -65 °C and +150 °C. All parts passed 200 cycles, and
only one part showed erratic leakage currents after 1,000 cycles. These data show that no
wear-out failures would likely occur in PWB cards with soldered MLCCs during box-level
temperature cycling tests in the range of temperatures from -40 °C to +85 °C.

7. The most effective methods for revealing cracks are monitoring of leakage currents at twice
rated voltages and vicinal illumination optical microscopy technique. The success of using
the methanol test was less than expected.
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