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Technical Assessment Report

1.0 Notification and Authorization

A study on the existing analysis tools available to evaluate ceramic capacitor microstructure and
produce accurate and repeatable grain size measurements and distribution data was requested by
NASA Goddard Space Flight Center (GSFC) Safety and Mission Assurance Directorate, and the
Electrical, Electronic, Electromechanical (EEE) Parts, Photonics, and Assembly Associate
Branch Head. The results of this initial study were used to determine the necessity for a new tool
development to perform this analysis. The tool development enabled grain size distributions and
potential relation to capacitor reliability, which would benefit NASA and the overall space
community when investigating capacitor failure root causes.

The NESC Lead for this study was Dr. Robert Hodson, NASA Avionics Technical Fellow, with
support from the current Technical Lead, Susana Douglas, Acting NASA Electronic Parts
Manager. The key stakeholders for this study included NASA flight programs, NASA EEE Parts
Community of Practice, NASA Electronic Parts and Packaging Program (NEPP), and NASA
Center EEE Parts Branches and Analysis Laboratories.
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4.0 Executive Summary

Latent defects within multilayer ceramic capacitors (MLCCs) have resulted in multiple space
mission failures, and episodic failures during system integration and test. These failures have
been exhibited by increased leakage current in the capacitor, otherwise characterized as
significantly reduced insulation resistance (IR). Delaminations, which are separations of the
ceramic dielectric layer from the adjacent electrode plate, are intrinsic defects that can potentially
propagate into cracks in the ceramic with prolonged exposure to assembly and application
stresses, such as frequent cyclical variations in temperature over a wide range, and piezoelectric
stresses. Cracks that bridge between two or more electrodes provide a conduit in the ceramic
within which conductive films (e.g., silver dendrites) can form by electrochemical processes.
These conductive films result in reduced MLCC IR over time. There are multiple factors that
can lead to delamination within a capacitor, not all of which are known or fully understood.
While manufacturers have developed robust and controlled manufacturing and analysis methods
to remove most defective products before reaching the customer, there are physical inherent
MLCC defects that cannot be screened out effectively. MLCC usage in large quantities

(e.g., hundreds) on a single circuit card assembly (CCA) mandates these capacitors must be
reliable to assure mission success. As such, the development of new analysis methods for
assessing MLCCs is beneficial to the aerospace community.

It has been proposed by EEE subject matter experts (SMEs) that MLCC ceramic dielectric grain
size should be considered a significant factor in the part reliability, and is a major factor in the
ceramic mechanical fracture toughness [ref. 10]. However, most manufacturers do not directly
control or monitor product grain size on mass produced product. Rather, the effects of grain size
and morphology are analyzed at the initial product design phase, and the manufacturing process
is controlled to produce parts with a desired grain size distribution. Due to the multiple capacitor
failure occurrences in space programs, an interest existed in gathering microstructural data for
investigating possible correlation of failed lots to grain size or shape. However, current methods
of measuring grain size are manually intensive and can be subjective (see Appendix A).
Developing an automated method of analyzing and gathering grain size data for ceramic
capacitors is the primary goal of this assessment.

The use of a machine learning tool was first proposed as an automated and reproducible method
for achieving an accurate grain size distribution. However, during Phase I of this assessment, the
decision was made to evaluate an Electron Backscatter Diffraction (EBSD) method as an
alternative to machine learning. This report explains EBSD imaging and discusses data
interpretations captured from samples analyzed with this method. Five specimens were
evaluated, two of which contained samples from manufacturing lots associated with instrument
failures on two NASA missions, in-orbit and during ground test, on Solar Dynamics
Observatory (SDO) and Landsat-7. The assessment results show that no significant grain size
difference was observed in the evaluated specimens, and sufficient data were obtained to confirm
this tool as an effective and automated method for imaging grain size distributions.

Recommendations have been provided to maximize proper grain identification by the EBSD
tool, including upfront work to identify all secondary material phases in the sample grain
structures examined, and ensuring these phases are included in the EBSD library at the time of
imaging. In addition, optimization of the MLCC sample preparation techniques has been
proposed to minimize unindexed EBSD map regions, with methods that include focused ion
beam (FIB) milling, ion cross-section polishing, or use of other chemical agents during
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mechanical polishing than those applied in this assessment. Lastly, sample “charging” impacted
the image quality and grain capture rate for two samples evaluated in this study and therefore,
seeking alternative strategies to improve electrical grounding of the sample has been suggested
to improve data quality and the overall effectiveness of the EBSD tool.

Furthermore, while significant grain size differences were not observed among the various
specimens collected in this assessment, the literature establishes a clear relationship between
grain size and ceramic fracture toughness, and fracture toughness subsequently controls the
propensity for ceramic cracking [ref. 9]. The conclusion was made that the absence of grain size
difference between samples from the ‘problem’ lots and those with no evidence of subpar
performance is due to 1) the failure mechanisms associated with the propensity for cracking in
the select problem lots attributed to other factors in the manufacturing process completely
separate from grain size or structure, and/or 2) with a sample size of only one for each lot, there
is no statistical control to definitively capture problem units with propensity for cracking. A
recommendation has been provided that NASA utilize the EBSD tool when investigating future
lots of capacitors that show propensity for cracking, as an additional data point that can be
gathered to build a library of grain size distribution data for future reference.
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5.0 Assessment Plan

The original NESC assessment plan included Phases I and II as described in the following
paragraphs.

Phase I involved a deep dive into existing tools and software programs available for ceramic
capacitor microstructure analysis. The EBSD technique, an automated grain mapping method,
was preliminarily identified as an existing analysis method that warranted investigation.
Therefore, Phase I focused on examination of at least three distinct specimens using the EBSD
tool and software, and determine if it could achieve the goal of accurately/repeatably assessing
ceramic capacitor grain size distribution. NASA GSFC (Codes 562 and 300) obtained the MLCC
samples for evaluation at a minimum.

Manufacturer Part # Year Of Manufacture
X CDR35BX104BKUS 2005
X CDR35BX104BKUS 2015
X CDR35BX474AKSR 2010

This method was evaluated through completion of the following steps:
1) Cross-sectioned samples from each lot and prepared for EBSD inspection.
2) Performed EBSD inspection at nine sites for each capacitor, which consisted of:
a. Selected one cross-section plane for each capacitor.

b. Inspected three separate dielectric layers spanning from the top of capacitor to
bottom of capacitor.

c. For each dielectric layer, inspected three locations from left to right.
3) Applied statistical tools to model capacitor grain size distributions.

4) Analyzed grain size data and determined if the EBSD software tool returned sufficient
information to make assessments of grain size distributions.

5) Evaluate Phase I results, and determine if assessment should proceed to Phase II.

The NESC assessment team completed the Phase I tasks, analyzing five specimens, each from
manufacturing lots that included the three capacitor lots pre-selected for inspection as defined in
step 1.

If the existing EBSD-based image analysis software was deemed insufficient to reliably report
the grain size data output, then Phase II would continue. This phase was intended to develop a
custom software algorithm/tool to perform enhanced image analysis, potentially leveraging
machine learning. The software would analyze images (e.g., EBSD, atomic force microscopy,
etc.) and accurately and reliably identify grain size distribution data. Phase II was not pursued
due to the phase optimal results achieved for the capacitor grain size measurements and
distributions.

The overall scope of this study was to identify (or develop) a tool, methodology, or process that
can inspect a ceramic capacitor and consistently return repeatable grain size distribution results,
with the assessment plan as described in Section 5.0. It is important to note that the development
of a machine learning technique was considered as an option for this study, but only if an
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existing automated tool was not available. The report explains why the EBSD analysis method
for grain structure and size distribution was deemed a suitable candidate for this work.

6.0 Problem Description and Background

6.1 Basics of MLCC Materials, Processes, and Construction [ref. 11]

MLCCs are among the most-used electronic components in all electronics assemblies. A single
printed wiring assembly (PWA) can contain hundreds of capacitors, and one spacecraft payload
can contain tens to hundreds of thousands of capacitors. There are billions of MLCCs produced
globally every day [ref. 12]. MLCCs come in a range of sizes, from a few thousandths of an inch
per side up to more than an inch per side; capacitance values from picofarads to hundreds of
microfarads; and voltage ratings from a few to tens of thousands of volts [ref. 12]. These
apparently simple two-terminal devices belie a complex set of materials and processes that are
required to produce these components. Figure 1 shows cutaway and expanded views of a typical
MLCC.

Termination
Cu for BME, Ag for PME

\ Ceramic Dielectric

Plated Sn for
Solderability

Barrier Layer

Plated Ni

Electrode
Ni for BME, Ag/Pd for PME

Figure 1. MLCC Cutaway and Expanded Views
Source: Kemet, a Yageo company

In its most basic form, an MLCC is produced by alternately layering controlled thicknesses of
thin, electrically insulating ceramic tapes (i.e., the dielectric), or wet ceramic slurries that are
subsequently dried followed by screen printing of metallic inks (i.e., the electrode plates). Each
successive electrode layer is alternately offset so that it will only extend to one end of the
capacitor. The ceramic dielectric formulations are most often made from proprietary
formulations based on barium titanate (BaTiOs) or calcium zirconate (CaZrO3). There are
myriad ceramic formulations with dopants, including rare earth elements like niobium (Nb), that
affect the ceramic grain structure, primary and secondary material phases, and the resulting
electrical MLCC performance. The electrodes are made either from palladium silver (Pd/Ag) for
precious metal electrode (PME) capacitors or from nickel (Ni) for so-called base metal electrode
(BME) capacitors. Ceramic powder is mixed with electrode inks to promote ceramic dielectric
layer adhesion when the structure is sintered later in the process.

A dicing operation using a rotary diamond or a guillotine blade cuts the layered structure into
pliable, individual chips. The chip sharp edges are softened by media tumbling (e.g., crushed
walnut shells) to round the corners and edges. This multilayered structure then undergoes a
controlled binder burn-out process to evolve volatiles and organic binders used in the ceramic
tape, or slurry and electrode ink formulations. Next the structure is sintered using controlled
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thermal profiles typically reaching peak temperatures between 1000 and 1400°C during which
the structure may shrink more than 50% by volume resulting in a dense, monolithic structure.
After sintering, each end of the structure is dipped into an electrically conductive (i.e., Ag or
copper (Cu)) termination paste containing a frit. When fired at elevated temperatures (i.e., ~600
to 800°C), the termination frit mechanically bonds to the ceramic, and the metallic plates
extending to each side are electrically connected by the conductive metals in the termination
paste. Depending on the intended circuit assembly methods, the MLCC end terminations may be
electroplated with a barrier layer of Ni to prevent dissolution of the underlying termination in
solder, followed by a solderable final finish (e.g., tin-lead (SnPb) or Sn). For conductive epoxy
mounting (e.g. using Ag or gold (Au)-filled epoxies), final finishes of electroplated Au or Pd/Ag
are applied.

The outlined MLCC construction results in a single, two-terminal capacitor that comprises a
multitude of individual internal capacitors connected in parallel. Depending on the target
capacitance value and voltage rating, the ceramic dielectric thickness can be from sub-micron
(um) to tens of um, and the number of dielectric layers can be from single digits to many
thousands or more.

6.2 Episodic Failures of MLCCs in NASA and other Missions

Normally, MLCCs are successfully installed onto CCAs by reflow soldering or less often by
hand soldering processes, or by conductive epoxy assembly methods when used inside of hybrid
microcircuits (e.g., direct current/direct current (DC/DC) converters). When derated for voltage
and temperature, MLCCs can perform reliably for tens of years without significant degradation.
However, occasionally, problems arise when MLCCs suffer from latent failure modes involving
significant IR reduction. A typical MLCC may have IR >10° ohms (Q) at room temperature.
However, if MLCC develops an internal ceramic dielectric layer crack that extends between two
or more adjacent electrode plates and/or from one electrode plate to the opposing termination of
the capacitor, then over time with voltage applied in the presence of a solvent capable of
dissolving electrode or termination metals, an electrically conductive film may form along the
crack surface due to electrochemical migration (e.g., Ag migration). As this metallic film extends
along the crack surface, the MLCC’s IR can drop by several orders of magnitude to resistances
less than a few Q (i.e., catastrophic short circuit).

In an KYOCERA AVX technical information bulletin titled “Cracks: The Hidden Defect”

[ref. 5], the author describes a multitude of MLCC dielectric layer cracking patterns and their
underlying sources including, but not limited to: thermal shock from soldering stresses; pick and
place and vacuum pick up tool damage; board depanelization; board flexure; and other user
handling and application stresses. Sometimes MLCC cracking failures are assigned the
proximate cause of ‘user abuse’ during handling or assembly, especially hand soldering and
‘touch up’. However, sometimes individual capacitors or significant portions of specific
capacitor lots may be manufactured having intrinsic weaknesses that leave them prone to internal
delaminations (i.e., the separation of a ceramic layer and an adjoining electrode plate) that can
propagate with time/stress developing into cracks in the ceramic. Some causes for internal
delaminations in MLCCs include high amounts of organic resins in the electrode, green-state
delaminations due to lack of adhesion of the dried electrode print to the ceramic, catalytic
reactions of the electrode precious metal powders with organics during binder burnout, and
mismatch of the densification characteristics of the electrode and ceramic during firing [ref. 13].
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One example of this latter concern has been described in GIDEP!Alert H6-A-19-01 [ref. 6]
where two NASA missions were significantly impacted in orbit and ground testing due to
MLCC:s from problematic lots developing reduced IR associated with service time dependent
internal delaminations and cracks. Notably, at least four other missions have been seriously
affected by the same manufacturing defect, from the same facility. Failure analyses (see Figure
2) using infrared thermography, acoustic microscopy, optical microscopy, and SEM with energy
dispersive x-ray spectroscopy (EDS) identified the failure site and correlation with dielectric
layer cracking.

et .12 00 2016
c) - S s — P Vowmcinch Cocie 562 [

Figure 2. 2010 Manufactured MLCC with Degraded IR during Ground-based Powered Testing

Figure 2 images show:

a. Infrared image showing hot spot during powered test.

b. Acoustic microscopy image showing an internal feature in the hot spot region.

c. Cross-section showing dielectric crack extending between adjacent electrodes. A ‘light’
(i.e., brighter) dielectric appearance is associated with the electrode plate delaminated
from the ceramic (see d).

d. SEM image showing delamination along the Pd/Ag electrode plate associated with the
crack. The crack and delamination correlate with region identified by infrared and
acoustic microscopy inspections (see a and b).

!https://www.gidep.org/
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A further evaluation was performed by NASA GSFC to assess whether reflow assembly, as
opposed to hand soldering, would preclude reduced IR failure modes for capacitors from one of
the GIDEP problematic lots;25 MLCCs from the problematic 2010 lot were pre-screened via
acoustic microscopy to document pre-existing internal features. These capacitors were then
provided to their manufacturer for reflow oven assembly using their published recommended
profile. As recommended by the MLCC manufacturer, an accelerated stress test was then
performed using 85°C/85% relative humidity with full rated voltage applied for ~1000 hours.
Room temperature IR was measured at discrete time intervals. Acoustic microscopy was
repeated after printed wire board (PWB) assembly. Immediately after reflow assembly, the IR of
1 of the 25 MLCCs decreased from >10 gigaohms (GQ2) to ~3 megaohms (MQ). During the
accelerated stress test, this capacitor and five others developed significantly reduced IR dropping
by 3 or more orders of magnitude (see Figure 3).

LE+12

LE+11

-
m
v

=
o

§

§

...
m
-]
]

v conclusion of test

Room Temp Insulation resistance (Ohms)

o 200 400 600 800 1000
Cumulative Time 85/85 50V (Hours)

Figure 3. IR Measurement During Biased Humidity Testing on Reflow Assembled MLCCs

The failure mechanism for these six MLCCs was determined to be internal delamination
propagation, cracking and electrochemical migration of Ag under bias with time. The results of
this evaluation show that reflow assembly was not an effective mitigation to preclude latent
failure for capacitors from this lot.

GIDEP Problem Advisory KP7-P-22-01 [ref. 7] describes similar MLCC reduced IR events with
hybrid microcircuits used in reaction wheel assemblies (RWAs). In this instance, the capacitors
were assembled into the hybrids using relatively benign conductive epoxy attachment processes,
which the end user assembly methods were not considered to be the failure proximate cause.
Rather, the subject MLCC lot had a relatively high fraction with intrinsic weaknesses making
them prone to internal delaminations.

NASA and other organizations continue to experience sporadic failures in integration and test,
and in the worst-case during fielded operation, despite the industry’s best efforts to screen
MLCC potential defects and failures through electrical and environmental testing (e.g., voltage
conditioning/burn-in and acoustic imaging) [refs. 6 and 7].
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6.3 Considerations of Ceramic Grain Size Distribution Effects on MLCC
Reliability and Mechanical Fracture Toughness

The ceramics used in MLCCs are brittle (i.e., minimal or no measurable ductility). Ceramic
material cracking propensity can be quantified using plain strain fracture toughness (Kic) under
predominately linear elastic loading conditions (see Appendix A). However, the ceramics used
in MLCCs are not of sufficient thickness and are constructed in a complex fashion that
dramatically complicate the macro stress-strain fields and the local crack tip strain fields. There
is no accepted method of measuring fracture toughness of the ceramic itself when configured as
a MLCC. So measuring Kic may never be achievable on MLCC production lots without specially
prepared specimens that may not represent the construction of the capacitor.

However, there is literature [refs. 1 and 2] asserting the ceramic mechanical fracture toughness or
‘robustness’ is related to their grain sizes (see Appendix A). The large grains in a ceramic
material play a dominant role in the strength of the material. Once the inclusions are eliminated,
grains from the large end of the grain size distribution become the strength-limiting flaws

[ref. 14].

It is proposed to use the MLCC ceramic grain size distribution, C(d), as a proxy for Kye. If
measuring C(d) were reliable, rapid, and cost effective, then the NESC assessment team could
imagine using this distribution as a MLCC lot production screen. However, proof that C(d) can
be correlated to MLCC ceramic fracture toughness has not been demonstrated.

The NESC assessment team incorrectly assumed the two anomalous MLCC lots had substantial
differences in ceramic mechanical fracture toughness. The two lots were substantially different,
but were related to Pd/Ag electrode swelling upon ingesting hydrogen. This hydrogen uptake
was due to the end cap plating bath run at a high-current, followed by electrode shrinking as the
hydrogen diffused out. As the electrode reduced in cross-section, it delaminated from the
ceramic dielectric. Subsequently, the delamination extended along the electrode and turned
sideways to form a crack that bridged to a neighboring electrode. Finally, Ag electromigrated
this crack to lower the MLCC IR [ref. 8].

To study a potential correlation between MLCC ceramic fracture toughness and C(d), specimens
must be obtained in which dielectric rupture is controlled by dielectric cracking, and not by
internal ceramic dielectric delamination from the metal electrode.

6.4 Methods to Acquire Ceramic Grain Size Distributions

Prior to Phase I, atomic force microscopy (AFM)? inspection was performed on samples from
MLCC lots C and E (Figure 4). Grain outlines and voids were apparent to the human eye in the
AFM images. However, automated analysis tools were not available to quantify the geometries
of the grains and voids. Also, internal structure within an individual grain presented challenges
that made image processing algorithms ineffective to capture grain size data in an automated
manner.

2 https://en.wikipedia.org/wiki/Atomic_force microscopy
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Figure 4. AFM Images of Samples from MLCC a) Lot C and b) Lot E

Subsequently, grain size data was captured both manually and by automated image processing
techniques, which could be subjective producing unreliable results. Initially, image processing
algorithms were applied to SEM images in an attempt to identify individual grains.
Unfortunately, these algorithms were not effective. As a result, using a touch screen laptop with
a stylus pen, the analyst manually traced the outline of an approximate range of 100 to 200
individual polygonal-shaped ceramic grains in each two-dimensional (2D) SEM or optical image
using the ImagelJ software. The software would compute the total area traced and other
parameters (e.g., dimensions of best-fit circle and best-fit ellipse, etc.), and store the data into a
text file for ease of export into statistical analysis tools (e.g., Microsoft Excel or SuperSmith
Weibull) for distribution analysis. The time needed to manually draw the grain structure outlines
yielded an estimated grain capture rate of from 0.5 to 2 grains per minute.

Figure 5 shows a comparison of the results obtained by two operators using the manual tracing of
grains technique on the same SEM image from capacitor lot C. In this exercise, there was no
attempt by the operators to trace all visible grains, but rather only to collect a representative
sampling (e.g., more than 30 grains). Operator #1 traced the outlines of 151 grains while
operator #2 traced 79 grains. Operator #1 also outlined many more grains in the range from 0.1
pm to 0.3 um as compared to operator #2 who opted not to outline these smaller grains due to
their uncertain ability to accurately identify and trace them.
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Figure 5. Manual Tracing of Grains on a SEM Image from Lot C by a) Operator #1, b) Operator
#2, and c¢) a Comparison Grain Size Distributions obtained by Operators #1 and #2

The EBSD method of capturing grain size data used in this study circumvented this manual
process. However, there is an increased imaging scan time with this method that was absent
during the traditional SEM image capture. The typical EBSD image scan time for each of the
nine scans on a cross-sectional sample was ~30 minutes. Using an average of 4,146 captured
grains per sample from the nine scans over the total scan time yields a grain capture rate of 15.4
grains per minute. Table 1 summarizes the total time that would be required with the traditional
manual method versus the EBSD technique. The sample preparation and SEM setup is assumed
to be comparable between the manual and EBSD techniques. An additional consideration is the
EBSD tool used has an older camera (i.e., approximately 10 years old) and a tungsten filament
SEM. The EBSD camera exposure time translated to approximately 18 diffraction patterns
indexed per second. With a newer technology camera and a field emission source, the EBSD
scan time could likely decrease by an order of magnitude.
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Table 1. Estimate of Time Required to Extract Grains in SEM Image of Ceramic Capacitor Cross-
Section for the 20,730 Total Grains Identified for all Specimens in this Study

Grain Capture Method Measurement Rate Total time Total time
(grains/min) # of grains (min) (hrs)
Manual Hand Trace 0.5 20730 41460 691.0
Method 1 20730 20730 345.5
2 20730 10365 172.8
EBSD 15.4 20730 1350 22.5

The EBSD technique is a surface mapping approach to quantify grain orientation in a point-by-
point grid. This technique is performed in a SEM equipped with an EBSD detector to capture the
diffraction patterns generated from the interaction of the electron beam and the crystal lattice.
EBSD requires a flat strain-free sample surface to generate patterns for analysis. The EBSD
camera automatically acquires these patterns as the electron beam is rastered across the sample
surface and indexes the patterns to determine the grain orientation. Post-processing of the grain
orientation information based on user-adjustable parameters that define a grain are applied to
provide grain maps enabling grain size measurement.

EBSD and optical microscopy are 2D surface imaging/mapping techniques. Inherently, grains
are three-dimensional (3D) objects and most materials have a grain size variation. Sufficiently
random 2D imaging will produce an acceptable representation of the materials 3D grain size
distribution. Since this effect is common to manual and automated techniques as they are based
on 2D images, the effective error is equal.

7.0  Analysis

The following sections summarize the experimental tools, materials, and procedures, and the
corresponding captured grain size analysis results.

7.1 Description of MLCC Lots Selected for this Study

Microstructure characterization was performed on five MLCC lots. The specific lot numbers are
referenced in Table 2, and have been given letter designations A through E from 2005 to 2015
date codes, and manufacturer sources X and Y. The five lots were available from GSFC project
inventory and were expected to be identical or similar in parts construction. Capacitor lots C and
E were associated with in-service failures and have been highlighted in gray.

All capacitors were supplied to the MIL-PRF-55681 PME performance specification, and were
constructed of two or more alternating layers of BaTi0O3 based ceramic with proprietary additives
and a metal layer acting as the electrodes.

Table 2. Capacitor Lot Information and Designation

Designation | Manufacturer Part # Manufacture Year
A X CDR35BX104BKUS 2009
B Y CDR35BX104BKUS 2007
© X CDR35BX104BKUS 2005
D X CDR35BX104BKUS 2015
E X CDR35BX474AKSR 2010
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7.2  Experimental Procedure

EBSD was employed to characterize grain size and morphology. Cross-sectional samples were
prepared for EBSD by potting the capacitors and then mechanically polishing using an
automated micropolisher® with sample rotation, time, and load control. Each sample was
successively polished starting with 600, 800, and 1200 grit silicon (SiC) papers, followed by a
final polish with 50 nanometer (nm) colloidal silica suspension. The individual steps and details
are provided in Table3. After polishing, cross-sectional samples were etched for 30 seconds with
a solution of 14 mL of 35% concentration hydrochloric (HCI) acid, 4 drops of 48% concentration
hydrofluoric (HF) acid, and diluted with 86 mL of deionized water applied with a cotton swab.
At the conclusion of etching, samples were rinsed with acetone and dried with pressurized air.

Table 3. Mechanical Polishing Procedure for Capacitor Samples for EBSD

Step Polishing Media Platen Rotation Time (min.) Weight (gram)
1 600 grit SiC Counter-clockwise 1.5 5
2 800 grit SiC Counter-clockwise 1 5
3 1200 grit SiC Counter-clockwise 1 2
4 1200 grit SiC Clockwise 2 2
5 >0 nm cpllmdal Clockwise 5 <2
silica
6 >0 m qollo1dal Counter-clockwise 5 <2
silica

Nine EBSD scans were collected for each of five samples, comprised of one capacitor from each
of the five lots described in Table 2 above. These five samples were labeled as Samples A
through E for those samples pulled from capacitor lots A through E, respectively. The nine
EBSD scans were arranged in the 3 x 3 grid across the sample surface. The columns were
denoted as left (L), center (C), and right (R) locations, whereas rows were numbered 1 through 3.
A visual representation of the scan locations and notations are shown in Figure 6.

Figure 6. Example Image Depicting Approximate Location of 3 x 3 EBSD Scan Grid across the
Polished MLCC Surface

3 Allied High Tech Products, Inc. MultiPrep™ System
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Each EBSD scan was collected at 5,000x magnification in a SEM (Hitachi S-3700N) at 20kV
accelerating voltage and sample tilt angle of 70°. EBSD patterns were collected with an Oxford
Instruments NordlysNano EBSD detector. Scans covered an area of ~18 x 18 um? with a step
size (pixel-to-pixel resolution) of ~0.1 um. This scan area was selected to yield >500 grains for
sufficient statistical grain size analyses [ref. 3]. Grain boundaries in the EBSD software (i.e.,
EDAX OIM Analysis™ v7) were defined as any pixel-to-pixel misorientation >15°.

The step size of ~0.1 pm was chosen to provide >5 points per grain and due to the anticipated
resolution limit of the tungsten filament SEM. A grain must be fully enclosed by points with
<15° misorientation and contain at least two pixels. The latter requirement in combination with
the step size limit of ~0.1 um sets a minimum resolvable/detectable grain size of ~0.2 pm.

Some areas within each scan were unindexed, which may be attributed to various factors (e.g.,
inconsistent sample preparation and etching, unrecognized phases, grain boundaries, or porosity).
A neighbor orientation correlation filter was applied to ‘cleanup’ some of the unindexed regions
to improve the data quality and minimize data ‘noise’,. The neighbor orientation correlation filter
looks for points that do not match neighboring points that share a common orientation and
assigns that common orientation to the unindexed point. Cleanup typically altered ~5% or less of
the total scan points so as not to greatly influence or ‘over-correct’ the data.

Several grain size metrics have been applied to the data based on available metrics in the EBSD
analysis software. These include grain area, grain diameter, and grain major and minor axes
lengths. Grain area (4;) is the number of pixels (P7) within a grain multiplied by the step size (S)
squared (see Eq. 1) [ref. 3].

Ai= PiSZ qu

Grain diameter (d;) is computed from grain area assuming a circular shape (Eq. 2).

Grains show range of sizes and shapes. Most are nearly equiaxed polygons. It is common
practice to assume a circular disc to approximate the shape of grains. Later, the team used
elliptical shapes to fit the grains, but did not find a significant difference as compared to use of
circles.

7.3 Results

7.3.1 EBSD Imaging

The EBSD results for samples A through E are presented in the following paragraphs. Grain
maps are provided in the form of inverse pole figures (IPFs). The IPF maps plot the crystal
direction that is aligned parallel to the surface normal of the EBSD scan area, and are color-
coded to the stereographic triangle shown for each set of images [ref. 4]. The three principal
crystal directions of <001>, <011>, and <111> are represented at the stereographic triangle
corners by the red, green, and blue colors, respectively. Away from the corner regions, the colors
are mixed corresponding to their relative distance from the three principal directions. The
primary purpose of this map is to provide semi-quantitative visual information regarding grain
orientation and size/morphology. A data table providing the average grain diameter, assuming a
circular grain shape, is also presented for comparison between the nine different scan locations
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for each specimen. As observed in the maps, the grain morphology is generally equiaxed,
indicating that the software-applied assumption of a circular grain shape and reporting of grain
sizes based on average diameter is acceptable for analysis.

IPF maps from samples A through E for the nine scan locations are presented in Figure 7, and
average grain diameters for each location are provided in Table 4. Note, due to an error in data
collection, the maps for sample A location R3, and sample E location L3 are smaller than the
other maps. In addition, several individual EBSD scans have elongated grains which appear to be
‘sheared’ or ‘stretched’ (e.g., sample B). This is an artifact of electrical charge build up (also
called beam charging) during the ~30-minute EBSD scan, resulting in the distorted appearance
of the grains roughly diagonal to the rectangular scan boundaries. Since the average grain
diameter is based on the grain area, there appears to be an influence of the surface charging on
grain diameter measurements. A repeated scan on sample E was completed from an area that
originally exhibited charging. The IPF map for this scan is provided in Figure 9 and did not
exhibit charging. Figure 8 shows a comparison of the grain size distributions for the original and
repeat EBSD scans for capacitor sample E region L1, and the distributions for all regions of
sample E combined. The median grain size for region L1 changed from 0.727 to 0.626 um, and
the overall median grain size changed from 0.585 to 0.578 um. While there was a change in the
grain size for the re-imaged region (L1), there was little impact to the overall median grain size
for sample E.

Across the five examined MLCC samples, the nine locations qualitatively appear similar in
crystal orientation (i.e., color distribution based on the stereographic triangle) and grain
size/morphology. The grain sizes in Table 4 quantitatively demonstrate the consistency across
the nine sample locations based on average grain diameter measurements. The average grain
diameter measurements ranged from 0.55 pm minimum to 0.78 pm maximum. Capacitor sample
A has the smallest average grain diameter (i.e., 0.58 um) of the five samples examined. The
average grain diameter of the other four samples was approximately 0.65 pm.

The IPF maps provided in Figure 7 provide quantification of texture (i.e., preferred grain
orientation) with the scanned regions. Generally, there appears to be a lower fraction of <001>
oriented grains aligned with the surface normal, and a slight preference for <111> and <011>
oriented grains. Overall, the texture for each MLCC sample examined qualitatively looks similar
based on the IPF maps provided with subtle variations.

As texture was not part of the initial assessment scope and initial results suggest this feature 1s
similar across all samples, texture will not be examined.

All maps display some regions that are black, which indicate areas that were not successfully
indexed with the EBSD software. The area percentages of unindexed points per sample are
provided in Table 6. On average, roughly 44% of the scan area was unindexed with the highest
percentage occurring in sample B. Incidentally, sample B was the only sample set that originated
from a different manufacturer than all other samples examined.

Figure 10 shows an example of the area fraction of unindexed regions in an EBSD image from
sample A.
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Figure 7. Inverse Pole Maps for Capacitor Samples A-E

Page #: 22 of 54



Table 4. Average Grain Diameter (um) for Each EBSD Scan for Capacitor Samples A-E

Location Sample A Sample B Sample C Sample D Sample E
L1 0.59 0.62 0.62 0.63 0.78
L2 0.57 0.70 0.65 0.65 0.71
L3 0.58 0.70 0.70 0.67 0.59
C1 0.55 0.62 0.65 0.67 0.62
2 0.59 0.75 0.68 0.69 0.59
C3 0.58 0.67 0.70 0.67 0.65
R1 0.61 0.64 0.70 0.68 0.61
R2 0.60 0.64 0.64 0.69 0.62
R3 0.58 0.63 0.63 0.70 0.60
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Figure 8. Effect on the Grain Size Distribution Resulting from Remeasurement of Grain Size for
Sample E Region L1
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Figure 10. a) EBSD Image from Sample A Showing Indexed Regions in Color and Unindexed
Regions in Black, b) ImageJ Software Conversion of EBSD Image to Binary (white and black)
format, and c) ImageJ Computation of Area Fraction of Unindexed Regions during EBSD
Acquisition

There are several potential explanations for the unindexed regions, which include, but are not
limited to:

1) Sample preparation artifacts including grain ‘pull out’ during polishing and surface
topographical differences that interfere with the electron beam.

2) The etchant that creates significant grain boundary relief.

3) Voids from the manufacturing process.

4) Secondary phases that were not accounted for in the indexing software.

5) EBSD software that cannot find a solution (i.e., assign a spot to a particular grain) when
the beam, with spot size ~0.1 pm, overlaps two or more grains along the grain
boundaries®.

To interrogate these regions, SEM images and EDS maps were collected from the same region as
an EBSD scan as shown in Figure 11. EBSD and EDS data were obtained from the boxed region
in the SEM image. The band contrast map provides indication of the EBSD pattern quality with
lighter shaded regions indicating ‘high’ quality and dark regions ‘poor’ quality. Correlations
were drawn between the SEM image and EDS and EBSD maps to help provide understanding of
the EBSD map dark regions. Below the SEM image, EBSD and EDS maps are shown: a EDS
(Nb) element map, an EBSD IPF map, and an EBSD band contrast map. Note, that the sample
surface was coated with gold/palladium to negate charging effects. The sample was lightly
scratched to have a fiducial marker.

The majority of the EBSD map black regions appear to be voids based on correlations with
‘holes’ in the SEM image. The voids that appear in the SEM image and EBSD map are: 1) small,
recessed areas where a grain has pulled out during polishing, or 2) manufacturing defects. The
existing microscopy data are inconclusive as to which of these two sources is the dominant
factor. However, the majority of the voids are consistent in size and shape with the typical grains
within the capacitor material. Also, a minority of EBSD map black regions appear to correlate
with Nb-rich phases based on EDS maps that are not indexed. The specific secondary phase is

4 https://www.sciencedirect.com/science/article/pii/S0304399115001035
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unknown and therefore not indexed by the software. However, the number of these grains is
small compared to the overall number of EBSD map black regions and does not account for a
significant number of the black spots observed. Figures 11 and 12 provide an SEM and
corresponding EDS dot map showing evidence of voids and Nb-rich secondary phases.

Figure 13 provides SEM images that were captured prior to the beginning of this NESC
assessment during which manual tracing of grains was practiced. These images highlight
examples of voids in the ceramic dielectric for samples from capacitor lots C and E. Using
similar SEM images, an analysis of the void size distributions have been made by manually
tracing the outlines of the voids using ImagelJ software and computing the void area and
associated void diameter. Figure 14 provides a comparison of the void size distributions for
samples from capacitor lots C and E. Discussion of these plots is for a future study.

Voids in Sample from Capacitor Lot C Voids in Sample from Capacitor Lot E

Figure 13. SEM Images used for Measurements of Void Sizes in Ceramic Dielectric for Samples
from Capacitor Lots C and E
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Figure 14. Void Size Distributions in Ceramic Dielectric for Samples from Capacitor Lots C and E
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In summary, the five MLCC samples appear similar with respect to grain size and texture. There
are subtle differences in grain size across the various samples, but are considered relatively
small. To expand on the analysis with a higher level of fidelity than the average grain size
measurements, additional grain size statistical analyses were performed to interrogate potential
differences in the samples.

It should be noted that only one MLCC specimen per production lot was examined in this study
which may not be sufficient sampling to draw conclusions about each lot.

7.3.2 Ceramic Grain Size Distribution Analysis

The ceramic grain size data was exported for analysis using Microsoft Excel and SuperSmith
Weibull software tools. Table 5 provides an example of the data that was acquired for more than
20,000 grains from all five specimens combined.

Table 6 and Figure 15 provide a basic summary of the number of grains measured and the
average, maximum, and standard deviation of grain size for all five specimens. As noted, there
were no significant differences observed among these particular samples.

Table 7 and Figure 16 provide a comparison of grain size versus cross-section region of interest
(i.e., the 3 x 3 grid locations that were measured). There was no significant difference for the
distributions of grain sizes based on region of interest. Figure 17 provides a comparison of the
overall grain size distributions for each of the five samples A through E, which shows no
significant difference.

Grain size distributions were assessed using SuperSmith Weibull software. Figure 17 provides a
comparison of samples A through E assuming a lognormal distribution and best-fit circle for
grain size parameter. In this particular study there are no distinguishing features in the grain size
distributions for samples C and E, pulled from the ‘problematic’ lots, that would separate them
from the other samples analyzed. The low tail of these distributions has been clipped in the
range of ~0.20 to 0.25 um grain size threshold due to the resolution limitations described in
Section 7.2.

Figure 18 provides a comparison of the grain size distributions for a sample from lot C, obtained
by the manual tracing of grains on an SEM image method (operators #1 and #2) versus the
EBSD method. The EBSD method acquired grain size data for ~3000 grains as compared to 151
grains and 79 grains traced manually by operators #1 and #2, respectively. The ESBD technique
set a minimum grain size threshold of 0.25 um (similar to operator #2). Accounting for the
boundaries established by the three independent measurements, the three distributions appear to
be more similar than distinct from one another especially with respect to grains larger than
roughly 0.3 pm. One of the benefits of the EBSD technique over the manual tracing method is
its orders of magnitude faster acquisition rate that enables measuring grain size for a much larger
number of grains thus establishing a more detailed distribution. The EBSD technique uses
crystallographic orientation to identify individual grains whereas the manual tracing technique
relies heavily on human biases to interpret grain boundaries from an SEM image.
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Table 5. Example of Grain Size Data Captured via EBSD

Grain Grain Grain
Sample Region of | Grain Perimeter Area Size
ID Interest ID (um) (um?) (um)
A R3 587 2.61 0.273 0.589
A R3 588 2.81 0.263 0.578
A R3 589 2.01 0.182 0.481
A R3 590 3.01 0.414 0.726
A R3 591 3.42 0.525 0.818
A R3 592 3.82 0.576 0.856
B Cl 1 0.96 0.032 0.202
B Cl 2 0.96 0.032 0.202
B Cl 3 1.76 0.096 0.350
B Cl 4 0.96 0.032 0.202
B Cl 5 1.6 0.096 0.350
B Cl 6 0.96 0.0384 0.221
Table 6. Statistical Summary of Ceramic Grain Size Measured via EBSD
StdDev | Avg Max % Unindexed
Grain Grain Grain
Sample Size Size Size
ID (um) (um) (um) # of Grains
A 0.25 0.59 1.89 5293 40.3
B 028 | 065 | 221 3268 34.8
C 030 | 065 | 247 4278 41.3
D 029 | 067 | 237 3896 42.2
E 027 | 064 | 186 3995 4.2
Total 028 | 064 | 247 20730 D
Cearmic Chip Capacitor Grain Size Analysis
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Figure 15. Statistical Summary of Ceramic Grain Size Measured via EBSD
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Table 7. Grain Size Statistics versus Region of Interest for Samples A-E

Sample Location StdDev Avg Max Count
L1 0.26 0.59 1.89 584
L2 0.24 0.57 1.86 616
L3 0.25 0.60 1.59 554
Cl 0.24 0.57 1.68 629
A C2 0.25 0.59 1.47 604
C3 0.25 0.59 1.53 591
R1 0.26 0.61 1.79 559
R2 0.25 0.60 1.58 564
R3 0.25 0.60 1.66 592
L1 0.27 0.62 1.62 403
L2 0.28 0.68 1.56 333
L3 0.28 0.68 2.21 339
Cl 0.28 0.60 1.49 390
B C2 0.30 0.75 1.67 272
C3 0.26 0.66 1.85 334
R1 0.30 0.63 1.94 388
R2 0.27 0.62 1.53 412
R3 0.29 0.64 1.51 397
L1 0.28 0.62 1.87 439
L2 0.31 0.66 1.76 460
L3 0.31 0.67 2.47 473
Cl 0.29 0.66 1.73 402
c C2 0.31 0.68 2.06 460
Cc3 0.31 0.69 2.15 458
R1 0.29 0.61 1.86 475
R2 0.29 0.64 1.78 525
R3 0.28 0.63 1.56 586
L1 0.28 0.65 2 467
L2 0.29 0.66 2.1 456
L3 0.32 0.67 2.35 446
Cl 0.30 0.67 2.37 428
D C2 0.28 0.67 1.64 449
C3 0.30 0.67 1.91 435
R1 0.29 0.68 1.97 415
R2 0.30 0.69 1.69 404
R3 0.30 0.70 2.01 396
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Sample

Location

StdDev

Avg

Max

Count

L1

0.29

0.78

1.5

297

L2

0.26

0.72

1.45

400

L3

0.26

0.59

1.56

287

C1

0.26

0.62

1.76

539

C2

0.25

0.59

1.59

519

Cc3

0.25

0.65

1.72

463

R1

0.27

0.61

1.46
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R2

0.27

0.62

1.76
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0.26

0.60
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Figure 16. Grain Size versus Region of Interest for Samples A through £
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Grain Size Analysis
Measured Using EBSD at LaRC
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Figure 17. Lognormal Distribution Analysis of Ceramic Grain Size for Samples A through E
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Ceramic Grain Size in MLCC Sample from Lot C

Manual Tracing vs. EBSD
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Figure 18. A Comparison of Grain Size Distributions obtained for Samples from Lot C using Both
the Manual Grain Tracing Technique (2 operators) versus the Automated EBSD Technique
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8.0
8.1

Findings, Observations, and NESC Recommendations

Findings

The following findings were identified during this assessment.

F-1.

F-2.

F-4.

F-5.

8.2

A method has been developed for the sample preparation of a MLCC that is suitable for
subsequent analysis of ceramic dielectric grain size using EBSD techniques. However,

the sample preparation techniques used in this assessment have room for improvement,

per below.

e First, the current mechanical polishing procedure may have resulted in grain pull out,
leading to unindexed regions.

e Second, the etchant used tended to create significant relief at grain boundaries, which
may have decreased the indexing success rate in these areas.

e Lastly, the preparation routine may have to be tailored differently to allow for better
indexing of secondary phases, like the unindexed Nb-containing grains referenced in
the report.

EBSD is an effective tool to quantitatively acquire detailed grain structure data for
ceramic capacitor dielectrics. With its built-in automation for data acquisition, the EBSD
technique acquires grain size data for many hundreds to thousands of grains at a rate that
is over an order of magnitude faster than prior techniques (e.g., SEM combined with
manual grain size measurements).

C(d) was not a discriminating characteristic in the five MLCC production lots examined
and their corresponding propensity for dielectric layer cracking or delamination.
However, in this work, the team assessed one MLCC specimen per production lot which
may not be sufficient sampling to draw conclusions about each lot. There is no guarantee
that the specimen examined from the lots associated with on-orbit and ground-test
failures was representative of the observed insulation resistance degradation failures in
those lots.

Grain size distributions acquired over nine distinct regions within the five MLCC lots and
associated specimens were found to be statistically homogenous (i.e., no effect of
location within the sample).

Unindexed EBSD map regions caused by sample preparation method, manufacturing
defects, microstructure secondary phases, and EBSD software difficulties indexing
regions that overlay grain boundaries, do not account for a major portion of the
microstructural region of interest.

Observation

The following observation was identified during this assessment.

O-1.

Literature shows grain size and fracture toughness are related for some ceramics.
However, there are no known methods of measuring fracture toughness of the ceramic
material when configured as an MLCC.
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8.3 NESC Recommendations

The following NESC recommendations are directed to NASA EEE Parts Community of Practice,
NASA Electronic Parts and Packaging Program (NEPP), and NASA Center EEE Parts Branches
and Analysis Laboratories.

R-1. Repeat C(d) measurements utilizing modern EBSD tools, ensuring the EBSD library
includes all identified secondary phases, to assess higher data acquisition rates and finer
resolution for sub-um grain size MLCC ceramic dielectrics. (F-1, F-2, F-5)

R-2. Optimize MLCC ceramic dielectric sample preparation techniques to minimize
unindexed EBSD map regions (e.g., focused ion beam milling, ion cross-section
polishing, or the use of other chemical agents during mechanical polishing). Alternative
strategies to improve electrical grounding of the sample would also serve to improve data
quality. (F-1, F-5)

R-3. The NASA Electronic Parts and Packaging Program (NEPP) should investigate future
lots of capacitors that show propensity for cracking via EBSD and grain size distribution.
The literature [ref. 9] contains many references to the relationship between grain sizes
and fracture toughness, and fracture toughness controls propensity for cracking.
(F-2, F-3, F-4, 0-1)

9.0 Alternate Technical Opinion(s)

No alternate technical opinions were identified during the course of this assessment by the NESC

assessment team or the NESC Review Board (NRB).

10.0 Other Deliverables

No unique hardware, software, or data packages, other than those contained in this report, were

disseminated to other parties outside this assessment.

11.0 Recommendations for the NASA Lessons Learned Database

No recommendations for NASA lessons learned were identified as a result of this assessment.

12.0 Recommendations for NASA Standards, Specifications, Handbooks,
and Procedures

No recommendations for NASA standards, specifications, or procedures were identified as a
result of this assessment.
13.0 Definition of Terms

Finding A relevant factual conclusion and/or issue that is within the assessment
scope and that the team has rigorously based on data from their
independent analyses, tests, inspections, and/or reviews of technical
documentation.

Lesson Learned Knowledge, understanding, or conclusive insight gained by experience
that may benefit other current or future NASA programs and projects.
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Observation

Problem

The experience may be positive, such as a successful test or mission, or
negative, as in a mishap or failure.

A noteworthy fact, issue, and/or risk, which is not directly within the
assessment scope, but could generate a separate issue or concern if not
addressed. Alternatively, an observation can be a positive
acknowledgement of a Center/Program/Project/Organization’s operational
structure, tools, and/or support.

The subject of the independent technical assessment.

Recommendation A proposed measurable stakeholder action directly supported by specific

Finding(s) and/or Observation(s) that will correct or mitigate an identified
issue or risk.

14.0 Acronyms and Nomenclature List

Q

2D
3D
AFM
Ag
Au
BaTiO3
BME
CazrO3
C(d)
Cu
DC
EBSD
EDS
EEE
FIB
GSFC
IPF
IR
HCl
HF
LaRC
MLCC
NEPP
NESC
Ni
Pd/Ag
PME
PWA
RWA
SDO
SEM

ohm

Two-Dimensional

Three-Dimensional

Atomic Force Microscopy

Silver

Gold

Barium Titanate

Base Metal Electrode

Calcium Zirconate

Grain Size Distribution

Copper

Direct Current

Electron BackScatter Diffraction (Microscopy)
Energy Dispersive (X-ray) Spectroscopy
Electrical, Electronic, Electromechanical
Focused Ion Beam

Goddard Space Flight Center

Inverse Pole Figure

Insulation Resistance

Hydrochloric (acid)

Hydrofluoric (acid)

Langley Research Center

Multilayer Ceramic Capacitor

NASA Electronic Parts and Packaging Program
NASA Engineering and Safety Center
Nickel

Palladium Silver

Precious Metal Electrode

Printed Wiring Assembly

Reaction Wheel Assembly

Solar Dynamics Observatory

Scanning Electron Microscope

Page #: 34 of 54



SiC Silicon

SME Subject Matter Expert
SnPb Tin-Lead
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1 Introduction

Multi-Layer Ceramic Capacitors (MLCC) are widely used in electrical circuits. There are
presently about a trillion (10'2) produced each year. A typical NASA spacecraft uses thou-
sands, and some use hundreds of thousands. Hence, their reliability is important. The
ceramic dielectric is brittle, and so a common failure mechanism is for the ceramic to crack
under stress, which can result in a change in capacitance, or even an electrical short or open.

The resistance of multilayer ceramic capacitors to cracking varies with the choice of ceramic
used for the dielectric. Experience has shown that COG dielectric does not crack as readily
as XTR, dielectric under the same applied stresses, and that X7R does not crack as readily
as do ZbU & Y5V dielectrics.

One study of this is the doctoral dissertation by M. Keimasi.! Dr. Keimasi describes testing
that was carried out on size 1812 MLCC capacitors incorporating COG and XTR, dielectrics
— 96 with each dielectric — that were mounted on boards which were increasingly flexed up
to a level of about 13,000 micro strains (a strain of 1.3%). None of the capacitors with
CO0G dielectric showed evidence of cracking even at the maximum strain level;
however, 94 out of 96 capacitors with X7R dielectric cracked, and failed. One
way to understand this is in terms of fracture toughness, which is a material constant that
measures the resistance a material offers to the extension of a crack.

1FLEX CRACKING AND TEMPERATURE-HUMIDITY-BIAS EFFECTS ON RELIA-
BILITY OF MULTILAYER CERAMIC CAPACITORS by Mohammadreza Keimasi, 2007
https://drum.1ib.und. edu/bitstream/handle/1903/4257/umi-und-4115. pdf ?sequence=1&ishlloved=y
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1 INTRODUCTION 2

C. R. Koripella? has reported measurements of the fracture toughness for COG, X7R, and
7Z5U: see Table 1. Also, S. W. Freiman, et al. reports® that the fracture toughness of BaTiO4
is 1.05 MPa-y/m.

Table 1: Values of the fracture toughness K. of three ceramics used as dielectrics in MLCC.

Ceramic: | K. (MPa-/m ) | K. (MPa-/m )

without electrodes | with electrodes

CoG 1.07£0.15 1.50£0.13
X7R 0.81+0.09 1.03£0.15
75U 0.81+0.10 1.01 £0.17

Another study is by B. Rawal, et al., who report thermal shock results for size 1206 MLCC
using two examples of X7R dielectic with distinct fracture toughness.* Fifty examples of
each were exposed to thermal shock. For X7R with a fracture toughness of 1.3 MPa-/m,
there were 0 failures out of the 50 units for a failure rate of 0%. For X7R with a fracture
toughness of 0.9 MPa-\/m, there were 37 failures out of the 50 units for a failure rate of 74%.

Both results are consistent, and suggests that increasing the fracture toughness Ky, of the
ceramic by 20% to 50% might dramatically lower the frequency of cracking under bending
stresses!

MLCCs with COG dielectric (EIA class 1) are substantially more expensive than MLCCs
using XTR, and have substantially lower available values for maximum capacitance. So we
will not switch entirely to the use of C0G-based MLCCs.

But this demonstrated dramatically large difference in cracking propensity between COG
and X7R does suggest that we attend to the fracture toughness of X7R. It suggests that we
should be aware of any variations in the fracture toughness of X7R, from lot to lot during
production, or perhaps even within a lot. If there are variations, then we might prefer to
purchase lots, or even individual units, with higher values of fracture toughness, and avoid
those with lower values, unless other factors intrude.

After decades of work, we can now reliably measure the fracture toughness of specimens
of many ceramic materials when prepared as homogeneous beams with flat polished sides;
however, no one has demonstrated the ability to easily measure the fracture toughness of
the ceramic component of MLCCs. Indeed, their small size and their complicated structure
(which contain many metal electrodes and also multi-layer wraparound end terminations)

2”Mechanical Properties of Ceramic Capacitors”, Kemet TechTopics, September 1991. Vol 1, No.5.
https://citeseerx. ist. psu. edu/document 7repid=repl&type=pdf&doi=b2e77191575094218660be77d69611b33985a79

3%Qlow Crack Growth in Polycrystalline Ceramics”, Fracture Mechanics of Ceramics, Vol. 2, pages 659 to
676. (1974).

4PARAMETERS IMPORTANT FOR SURFACE MOUNT APPLICATIONS OF MULTILAYER CE-
RAMIC CAPACITORS by Bharat S. Rawal, Jumar Krishnamani, and John Maxwell, Technical Informa-
tion, AVX Corporation.
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2 CERAMICS: DEFINITIONS, AND SOME HISTORY 3

make such measurements on these objects highly difficult. (We see evidence of this in
Koripella’s values in Table 1: the fracture toughness K. is a material constant of the ceramic,
and cannot depend upon whether there are electrodes present. Clearly, the method he used
to extract the fracture toughness from the data did not correctly account for the constraints
imposed by the electrodes.)

There is a well-established correspondence between fracture toughness and grain size for
homogeneous ceramics, and this suggests measurement, of grain size of the ceramic component,
of a production lot of MLCCs as a proxy for fracture toughness.

The ceramics used in MLCCs show a wide range of grain sizes and shapes; however, most
grains have shapes that are roughly equiaxial, and so, for simplicity, we approximate the
shapes as disks and approximate the size of a grain as the diameter d of a disk having the
same area A as the grain: d = y/4A/m. Many studies of grains find that the distribution of
sizes (diameters) is log-normal, and we confirm that this is a useful model in this work.

Actually, grains form a 3D structure, while conveniently available images are 2D cross-
sections. The word stereology was defined in 1961 ag ‘the spatial interpretation of sections’,
and presents methods for inferring 3D statistics from 2D cross-sections. In this Appendix,
we will work with 2D images, and comment on their relation to 3D structures in a separate
appendix.

2 Ceramics: definitions, and some history

A ceramic is any of the various hard, brittle, heat-resistant and corrosion-resistant materials
made by shaping and then firing at a high temperature; a ceramic is an inorganic, nonmetallic
material. The earliest ceramics were figurines and pots made from clay, either by itself, or
mixed with other materials like silica, and then hardened and sintered in fire. Archeclogists
have found a ceramic statuette of a woman (the Venus of Doln{ Véstonice) dating to about
28,000 BC from a settlement near Brno in the Czech Republic. Ceramic pottery becomes
common since roughly ten thousand years ago. The word ceramic comes from the Greek
word repapirds, “of pottery” or “for pottery”, from képaprog, potter’s clay, tile, pottery. The
earliest known mention of the root “ceram-” is the Mycenaean Greek ke-ra-me-we, workers
of ceramic, written about 1,400 BC to about 1,200 BC in the Linear B syllabic script that
was used for writing Mycenaean Greek, which is the earliest known form of Greek.

Modern ceramics include a wide range of materials, ancient ones as well as ones recently
developed by advanced ceramic engineering. Nearly all of the elements, with nearly all types
of atomic-level bonding, have now been made into ceramics, and these have been formed
with all levels of crystallinity from single crystal to completely amorphous such as glasses.
Some ceramics experts do not regard amorphous materials, such as glasses, to be ceramics,
while other ceramics experts do. Heat treatments can convert some glasses into a semi-
crystalline material that everyone calls glass-ceramics. With such a large range of possible
options for the composition and structure, the category of ceramic materials is vast, and
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3 CERAMICS: MECHANICAL PROPERTIES 4

there are no precise values for the attributes of ceramics materials as a whole. Still, the
norm is for high melting temperatures (ranging from 1,000°C to 1,600°C), low electrical
conductivity, high modulus of elasticity, high strength in compression but low strength in
shear, low ductility (i.e., high brittleness), high hardness, low fracture toughness, and high
chemical resistance to both acidic and caustic environments. There are exceptions to each
of these attributes. Many composites, such as matrices reinforced with fiberglass or carbon
fibers, are not considered to be part of the ceramic family, even though containing ceramic
materials.

3 Ceramics: mechanical properties

The physical properties of any ceramic object are a direct result of its hierarchy of structures,
ranging from atomic arrangements to grain structures to its all-over shape. Solid-state
chemistry and solid-state physics reveal the fundamental relations between properties such
as localized density variations, grain size distribution, and types of porosity, to ceramic
properties including mechanical strength, dielectric parameters, and optical properties. The
microstructure includes the distribution of sizes of grains of the primary phase (and of any
secondary phases and tertiary phases, etc., if present), pores, boundaries of the grains of all
the types of phases including pores, structural defects, and micro-cracks. The microstructure
includes any micro-indentations made during machining and handling and hardness testing,.
Most bulk mechanical, optical, thermal, electrical, and magnetic properties are significantly
affected by the cbserved microstructure. The microstructure is controlled by the fabrication
method, and subsequent processing conditions. The root cause of many ceramic ruptures
becomes evident upon inspection of the fractured surfaces, as explored by Fractography.®

4 Linear Elastic Behaviors and Plastic Behaviors

[t can happen that the strain is a function of the applied stress; that is, whenever the applied
stress returns to a given value, then the strain also immediately returns to the corresponding
value, again and again: this is the defining condition of elastic behavior, and it is a useful
description of the relationship between small applied stresses and small deformations for
many materials. When the strain is not a function of applied stress, but depends on the
history of that stress, so that there is permanent deformation of the specimen, then the
behavior is plastic: this is a common behavior for many materials when subjected to large
applied stresses.

5Two excellent books are:
George D. Quinn, Fractography of Ceramics and Glasses by George D. Quinn: NIST Recommended
Practice Guide, Special Publication 960-16e2; Third Edition, September 2020.
V. D. Fréchette, Failure Analysis of Brittle Materials, Advances in Ceramics, Vol. 28, American Ceramic
Society, Westerville, OH, 1990.
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4 LINEAR BLASTIC BEHAVIORS AND PLASTIC BRHAVIORS L1

It con happan that the strain iz o linesr funetion of the applisd stress: this is the defining
condition of s alesfie bafuedor. Epbert Hooke noted this behesior for metals sheped
43 springs in 1678 (but clsims he knew it in 1660%, saying of fomsio, e wis | e enfonsion
is pooporgonal fo fhe forez. Linear elastic behavior iz an accurate model for small
deformations of many materialz,

i
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Figura 1: A typical stress-stmin plot for 2 metal specimen. There is fneor alagtic behawior for
displacements up to the point H: the limit of applicability of Hooke's law. There is alzstic
bahavior up 1o the point E (the Elastic limit): unloading the specimen would return along the
line from H to zero. Loading further induces plastic behawior unloading the specimen from the
point F to zero stress retums the specimen toa non-mero strain. Loeding further eventually brings
the specimen to the Fracture Paoint, and it breaks into parts: this is the Litimate Stress

The stress € and the strain & are each messired nsing three-dirmensicnal tansors, and the
linesr ralstions botwaan them are messured wzing fonrth-ordar tanaoes:
€ = B.0; B&isthe linear-elastio stiffnass fonrth-order tansor; 1)
a = Che; s the linesr-alastic coraplissce fourth-ceder fanao )

Using cortasian cornponents, this is axpressed as:

& = Ehme e Ton ) %))

When the ralafion is non-linesr alastic, then the stiffness and complisnes tensors becoime
nen-linesr functions: in sotne ossas, o powarsarics axpension has beon usaful. Whan the
ralstion is plastic, then the stiffness and complisnos bactne functicns of the antire pravious
history of the strain, or stress, raspectivaly.

The stiffness and eomplisnce tansors sre rmathamatios] invarsss of esch othar, and they
nanally ara fields whose values depand on the locstion within the materisl. This iz tresfed
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4 LINEAR ELASTIC BEHAVIORS AND PLASTIC BEHAVIORS 6

in many texts on Strength of Materials.®

When the material’s mechanical properties are uniform (i. e., homogeneous = independent of
location within the material) and isotropic (i. e., independent of orientation of the material),
then the structure of the stiffness and compliance tensors simplifies dramatically, to contain
only two parameters, which are often chosen to be the bulk modulus B and the shear modulus
(+, or alternately, the Young’s modulus £ and the Poisson’s ratio v :

e The bulk modulus B = —dp/dIn(V) of a material is a measure of its resistance to
compression, where p is the pressure applied to a specimen of the material, and V' is
the volume of the specimen.

e The shear modulus G = shear stress / shear strain = (F/A)/(AL/L) of a material
is the measure of its resistance to an imposed shearing stress of a specimen of the
material, where F' is the transverse force applied to an area A at the top of a block of
the material of height L, and AL is the transverse displacement of this area.

e The Young’s modulus FE = tensile stress / tensile strain = (F/A) /{AL/L) of a material
is the measure of its resistance to an imposed tensile stress of a specimen of the material,
where I is the tengsile force applied to the top of a rod of the material of uniform cross
sectional area A and length L, and AL is the extension of this rod. (Note the change
in meaning of the quantities ', A, AL, and L in this definition, relative to the previous
one.)

e The Poisson’s ratio v = — transverse strain / tensile strain of a material is a measure
of the sideways contraction to the extension of a rod made of the material.

These parameters are inter-related such that any pair can be computed from a pair of the
other parameters:

2G(1+ v) = 3B(1 — 2v) (5
(1/2)E/(1+v) = (3B/2)(1 —2v)/(1 +v) (6
(/3 E/(1 - 2v) = (2G/3)(1 + 1) /(1 — 2v) (7
= 1/2-(1/6)(E/B) = (1/2)(E/G) — L (8

Many materials can usefully be modeled as linear elastic, and so the above substantial
simplification of the full tensor equations is in wide use.

T W Q&
Il

The crystal grains in the materials used in multi-layer ceramic capacitors do NOT have
isotropic behaviors, either for their mechanical behaviors or for their electrical behaviors.
One must be prepared to use the full tensor equations for both mechanical relations and
for electrical relations. Also, there are substantial differences in properties between the
materials of the primary grains and of the secondary (and tertiary, etc.) grains, and certainly

50ne wehsite discussing this is
https://serc.carleton.edu/NAGTWorkshops/mineralogy/mineral physics/tensors.html
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& FRACTURE ki

batwaan the greing snd poras; hanoo, the matarials aro NOT heromoneons o tha lowal of the
microstmeture, and & one must be prepsred to use the full tansor agquations ss position-
depandent fialds whese walues depand on Iocedion, snd not use elsstio moduli as constants
thet apply uniferraly to the entive disloctric of coremio copeacitors.

5  Fracture

Finpefrrg is the sapsration of en object ints two or more parts undar the aotion of an spplied
strazz. The fractura of the object uzuslly happens when thare iz o creds” which the applied
strass then axtends thromghout the object until the gowing cradk finslly divides it. Dwcfile
Jopofeeos happen aftar parceptible plastic deformetion, while bedffle fopefzmes happen with
little or no appracisble defremation, baing chersotarized by repid ereck propagstion with
Ievar emareyr rolossa and withemt siguificent plastic daformation. The sppliad strass nooded to
oresta o fracture iz colled the frecfere sfranotfoor the beoalser stranmh and is the object of
Jopofepe nooohenios

Ares
umls =
e

Mfrsurbed
Y

Figura 2: Two stressstrain plots, both showing linear elastic behavior for small strains, followed
by dramatically different fracture behavior for larger strains. The beittle material fractures while
still in the elastic region (but has excesded the linear part of the elastic region), by the sudden
growth of 3 crack traversing a cross section; the ductile material develops a plastic deformation
including neackdown, until finally fracturing

A plot of the stress as strain inoresses differs dremeticslly for meterisls thet are brittle
ralative to mebarisls thet ere ductile, oz do the appesrances of dog-bene tast spacimeans aftar
fractura. Fioura 2 shesrs the bahesdor of o brittle matorial, showing o linesr alastic bohesicr
for small strains, o non-linest alastic behesdor for lermar strains, and finslly rupturing inta
tans parts; it also shows the behsyior of o ductile mebarial, showing o long plastic axtansion

"The crach often sharhs ah 3 ;rface of the object, bt sorretitres sharts within the irderior of the objech.

This crack is usully preserd before the application of the stress. A fractographic exarniretion to iderbify
the crack that iritistes the fractane iz well worthwhilsl
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6 HARDNESS 8

before finally breaking. Also shown are typical examples of fractured dog-bone specimens,
with the brittle fractured example showing negligible deformations, and the ductile fractured
example showing substantial plastic deformations.

We are most concerned in this study with fracture; however, there can be confusion between
fracture toughness and hardness, and the best way to deal with this is to be clear about the
definition and measurement of each behavior. So | include discussion of both hardness and
toughness.

6 Hardness

Hardness is the ability of a material to resist permanent deformation. (The deformation is
not supposed to extend to fracture during testing.) It is measured by a test that examines
the resistance to an indentation that is forced into the surface of a specimen of the material.

The most commonly used hardness tests are defined by the size and the shape and the
material of the indenting tool used to induce the deformation, the size of the permanent
deformation that results, and the amount of load applied to the tool.

The hardness numbers found by these tests are reported on an arbitrary scale, with increasing
values representing harder surfaces. Many hardness tests have been studied, each one having
a dedicated test machine producing its own unique hardness scale.

The Brinell hardness test was proposed by Swedish engineer Johan August Brinell in 1900.
[t was the first widely used, and standardized, hardness test in engineering and metallurgy.
The typical test uses a 10 mm diameter steel ball as an indenter with a 29.42 kN (= 3,000 kgf)
force pressed into the material for between 30 and 60 seconds. For softer materials, a smaller
force is used; for harder materials, a tungsten carbide ball is substituted for the steel ball.
When a steel ball is used, the Brinell hardness number is:

2P 2P
7DD —vD® — &  aD1 /1 (D/d)?’

where P is the applied load in kilo-grams_force, D is the diameter of the indenter, and d is
the diameter of indentation. (Note: When a tungsten carbide ball is used, replace “2” in
the numerator by “0.102x2” and replace BHN by BHW.) The large size of indentation and
possible damage to test-piece limits its usefulness. However, it also had the useful feature
that the hardness value divided by two is roughly the approximate ultimate tensile strength
(UTS) in ksi for steels. This feature contributed to its early adoption over others.

BHN = (9)

The Rockwell hardness test uses the permanent increase in the depth of indentation as a
metric to measure hardness. The indenter is pressed on the surface, first with a minor load
(98.1 N) and then with an additional load of increased magnitude within 2 to 8 seconds.
The difference in the depth of penetration upon removal of the additional load is a measure
of the hardness.
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6 HARDNESS 9

The Knoop hardness test is a micro-hardness test, used particularly for very brittle materials
or thin sheets, where only a small indentation may be made. [t was developed by Frederick
Knoop and colleagues at the National Bureau of Standards (now NIST) of the United States
in 1939, and is defined by the ASTM E384 standard. A pyramidal diamond point is pressed
into the polished surface of the test material with a known load (often 100gf) for a specified
dwell time, and the resulting indentation is measured using a microscope. The Knoop
hardness HK or KHN is then given by the formula:

HK =load (kgf) / [ impression {area in sq-mm) ]. (10)

The Vickers hardness test was developed in 1921 by Robert L. Smith and George E. Sandland
at Vickers Ltd as an alternative to the Brinell method to measure the hardness of materials.
The Vickers test is often easier to use than other hardness tests since the required calculations
are independent of the size of the indenter, and the indenter can be used for all materials
irrespective of hardness. The hardness number is determined by the load over the surface
area of the indentation and not the area normal to the force, and is therefore not a pressure.
The Vickers test has one of the widest scales among hardness tests. The unit of hardness
given by the test is known as the Vickers Pyramid Number (HV) or Diamond Pyramid
Hardness (DPH). The hardness number can be converted into units of pascals, but should
not be confused with pressure, which uses the same units.

The Shore hardness test, the measurement device (called a durometer), and its use, were all
developed by Albert Ferdinand Shore in the 1920s. The American Society for Testing and
Material specification ASTM D2240 Standard Test Method for Rubber Property
— Durometer Hardness (as of 2021) defines twelve different Shore durometer scales. The
Shore durcmeter scales in most common use are Shore OO (for gels and for extremely
soft rubbers), Shore A (harder materials such as rubbers and soft plastics), and Shore D
(hardest plastics). Each of the Shore scales is nominal — numerical values provide a linear
ranking in order of “least hard” (low Shore value} to “most hard” (large Shore value), but
there is no absolute meaning to the values. A Shore durometer hardness test is carried
out by forcing an indenter applied perpendicularly to the flat surface of the material into
that surface, and measuring the depth of indentation: typically, this is 0.00 to 0.10 inches.
Generally, a specimen should be at least 0.25 inches thick so that its back surface does not
affect the penetration depth, and a specimen should extend sideways for 0.25 inches in each
direction so the sides do not affect the penetration depth. Viscoelastic materials will show
a steadily increasing penetration after initial loading, and so the elapsed interval between
initial loading and final measurement of indentation must be recorded. The shape of the
indenter and the applied force depend on the Shore scale. The Shore durometer hardness
test usefully characterizes the indentation hardness of soft materials such as aerogels, gels,
soft and medium-soft and hard plastics, various rubbers including vulcanized (thermoset)
rubbers, leather, cellular materials (including corks and woods), and multi-element greases
and waxes, among other materials.

Comment: The above hardness tests all involve poking a specimen made of the material-
of-interest with a probe having a standardized shape, and measuring the extent of the de-
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7 FRACTURE TOUGHNESS 10

formation of the material. The specimen is supposed to deform, but not fracture.

The Mohs scale of hardness is an alternate, popular approach to the measurement of hard-
ness, introduced in 1812 by the German geologist and mineralogist Friedrich Mohs. It is a
qualitative ordinal scale, from 1 to 10, characterizing relative scratch resistance of various
materials. Comparing the hardness of minerals by observing which can scratch others was
mentioned by Theophrastus in his treatise On Stones, written about 300 BC, and by Pliny
the Elder in his Naturalis History, written about AD 77. The Mohs scale is based on two
observations:

1. Materials can be arranged into sets such that all the members of a given set can scratch
each other: these have the same Mohs hardness.

2. These sets can be arranged in a line such that any member of a set can scratch any
member of a set to the left, but no member from a set to the right: these sets are ordered
from left to right in increasing Mohs hardness. (This is the meaning of ordinal.)

There is no accepted way to establish “distances” between these sets, and so it. makes no sense
to speak of one set as being “z times” as hard as another set. Rather, specific materials are
chosen as landmarks on the scale: tale is assigned Mohs-1, and diamoend is assigned Mohs-10.
The Mohs scale hag proven useful in milling operations such as used in the preparation of
the powers used in ceramic capacitors; it allows an assessment of which kind of mill will best
reduce a given product whose hardness is known. The Mohs hardness of the balls used in
ball-mills, such as are used to mill the ceramics used in MLCC, is in the range from Mohs-6
to Mohs-0. (https://www.powderprocess.net/Grinding Milling.html) The Mohs scale
is used by electronic manufacturers for testing the resilience of flat panel display components
(such as cover glass for LCDs or encapsulation for OLEDs), as well as to evaluate the hardness
of touch screens in consumer electronics.

7 Fracture Toughness

Fracture toughness describes the resistance that a material offers to the lengthening of a crack
under an applied stress, including cracks that grow enough to separate the specimens into
distinct pieces: the fracture toughness is the critical stress intensity factor (defined below)
for which propagation of the crack suddenly becomes rapid and unlimited; it is a property
of the material, and of the mode of loading (also defined below). Tt is a central concept in
linear elastic fracture mechanics (LEFM), whose roots date to about a century ago.

In 1911, Sir Charles Edward Inglis noted while studying the fracturing of the hulls of ships,
that rivet holes often deformed from a circular shape into an elliptical one. He published in
1913 an exact stress-strain analysis in the context of linear elastic solid mechanics for a small
elliptical hole in a large flat plate, showing that there is a magnification (intensification) of
stress at and around the tip of an ellipse, and that this magnification grows without limit
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7 FRACTURE TOUGHNESS 11

as the crack thins: his work is the first serious mathematical analysis of the fracturing of
materials.®

The first successful physical analysis of a fracture dominated problem was due to Alan Arnold
Griffith in 1920, who considered the growth of cracks in a brittle material. Griffith formulated
the now well-accepted concept that an existing crack will grow longer when the reduction
in potential energy caused by the crack growth is greater than or equal to the increase in
surface energy due to the creation of the new surface.” His theory allows the estimation of
the theorstical strength (i. e., the strength when there are no cracks) of brittle materials and
also gives the correct relationship between parameters controlling crack extension in brittle

materials:
ova >/ 2Ey/x (11)

where ¢ is the uniform stress applied to the specimen (fashioned as a plate) far from the
crack and perpendicular to the long axis of the crack, 2¢ is the length of the crack, F is
Young’s modulus, and v is the surface tension. Because the Young’s modulus £ and the
surface tension -y are material properties, then the right hand side of this equation has a value
that is characteristic of the particular material, provided that it is brittle. Crack extension
happens when o+/a exceeds this material constant.

Measuring the surface tension -y is difficult for most solids, but Griffith noted that -y could be
measured for molten glass, and that the value for solid glass could be obtained by extrapola-
tion, since there is no phase change in cooling to below the glass-transition temperature. He
provided data that confirmed the relation between the parameters. Griffith used continuum
linear elastic theory to relate stresses and strains near the tip of a crack, but noted that it is
the microstructures, and their responses to stresses, that determines the critical conditions
for fracture.

Generalizing his study to a large range of cracking geometries was the beginning of linear
elastic fracture mechanics (LEFM).

An irony: Griffith ingeniously studied glass because it allowed him to obtain reasonable experimental
values for the surface tension of a solid. As part of his studies, he learned that the very low strength of glass
specimens was caused by surface scratches, some down to atomic sizes: if these were prevented, then glass
specimens became extremely strong. And he learned that cracking could be prevented by using a plastic
to coat glass fibers immediately as they were drawn from the glass furnace: these coated glass fibers were
immensely strong — this was the invention of fiberglass. However, his bosses were employing him to study
how to make materials strong, and were outraged when they found that he was working on glass since they
believed that it was well-known even to pre-schoolers that “glass was weak”, so they transferred him to other
work.

8C.E.Inglis, Stresses in a Plate Due to the Presence of Cracks and Sharp Corners, Read at the Spring
Meetings of the Fifty-fourth Session of the Institution of Naval Architects, March 14, 1913. The discussion
following this paper is also remarkable.

C. E. Inglis, Stresses in a Plate Due to the Presence of Cracks and Sharp Corners, Transactions of the
Institution of Naval Architects, Vol. 55, London, 1913, pages 219 to 230.

9A. A, Griffith, The phenomena of rupture and flow in solids, Philosophical Transactions of the Royal
Society of London A 221, 163 to 198 (1921); Read before the Society in 1920.
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7 FRACTURE TOUGHNEES 12

Whet 3 sivgle parareeter uriqaely descobes the erack tip conditicrs, then the fractme tonghress, which
iz & criticel value of this pamrosten, is ivdeperderd of specireen sive, and depends only on tle roeterisl
and the exvvircerrerd. When the singleparatreter asmnoption breaks dowr, fachare tonaghness beasorres sive
dependert, ahd & srnell-scale fracture toughness besh oy nok be indicative of the soactural beharior. The
load cn s crach cah Spah ah evorroons ratge of applied shress gectretries b, in 1957, 3. Irwin found angr
loaditeg cordition cen be redured to & cornbimation of three fordsrerts] modes of loading for exctendivg 3
crachk, giving three approaches o the rressurerrerh of fracture toughress:

+ Mode I — Opening rode: 2 tereile shress acds norrnel to the plare of the crack,

+ Mlode IT - Bliding roode: 3 shear stpess acts parallel to the plane of the crack and perperdicnlar to
thee crack fmnd, avd,

+ Miode OI - Tearityg roode 3 shear shress achs parallel fo the plane of the crack and parallel to the
crack foovd.

Fior each of thess thres roodes of loading, the forrn of the stress distriboation aroand 3 erack tip, and closs to

it, iz always the sere. Coropubetions of this shess distribubion are awilable to relate tle precise strass st
the crachk tip to the globally-applied loadiveg for each roode for roery geornshries.

X

Made 1 Made 11 Wl 10T:

(pening I plare: shiear Chut-of plans shear

Figura 3: The three modes of opening, While there are three distinct modes of loading and also
combinations of these three, it is Mode | lbading that is most commonby studied.

Crack

Fignra 4: The @, y-coordinate system used for describing the stress field .., 0., and 7o, T
around the elliptically-shaped crack, shown touching the origin, and for a Mode | opening
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7 FRACTURE TOUGHNESS 13

For example, for Mode I, for an elliptical crack of length 2a at the middle of a flat plate:
Oun = [KJ /\/Qm} cos(8/2)[1 — sin(8/2) sin(30,/2)] (12)
Ty [KJ /\/Qm} cos(8/2)[1 + sin(8/2) sin(30/2)] (13)
oy = Tys = [KJ /\/zm} cos(8/2) sin(8/2) cos(30/2)] (14)

where K7 = 0+/ma is the stress intensity factor for Mode I and where ¢ is the far-field stress (entirely parallel
to the y-axis) and 2 is the length of the crack.

A different example: for Mode I and for an elliptical crack entering the edge of the flat plate for a distance
of o, K1 = 1.12 0+/7a ; the 12% increase in the stress intensity factor relative to the first example is caused
by different boundary conditions at the free edge of the flat plate, at the location of the entering crack.

Another example: a penny-shaped crack within a large block of material has K7 = (2/7)o+/ma where a is
the radius of the crack.

In order for this approach to be useful, one must be able to determine the stress intensity factor K from
loads applied far from the crack, and from the geometry. Closed-form solutions for K have been derived for a
number of simple configurations; three of these have been displayed above. For more complex situations, the
stress intensity factor can be estimated by experiment or by numerical analysis. Several handbooks devoted
solely to stress intensity solutions have been published:

e Tada,H., Paris,P.C., and Irwin, G.R., The Stress Analysis of Cracks Handbook, (2nd ed.). Paris
Productions, Inc., St. Louis, 1985.

¢ Murakami, Y., Stress Intensity Factors Handbook, Pergamon Press, New York, 1987.

¢ Rooke, D.P. and Cartwright, D. J., Compendium of Stress Intensity Factors, Her Majesty’s Stationary
Office, London, 1976.

Thus, tests on a suitably shaped and loaded specimen (mode I, or mode II, or mode III), each with a
pre-existing crack of a known length a, can be carried out to determine K. A number of organizations pub-
lish standards related to fracture toughness measurements, including ASTM (ASTM International, formerly
known as American Society for Testing and Materials), BSI (British Standards Institution), ISO (Interna-
tional Organization for Standardization), and the Japan Society of Mechanical Engineers (JSME). See for
example:

e ASTM C1161: Test Method for Flexural Strength of Advanced Ceramics at Ambient Temperature

e ASTM C1421: Standard Test Methods for Determination of Fracture Toughness of Advanced Ceram-
ics at. Ambient Temperature

e ASTM E399: Test Method for Plane-strain Fracture Toughness of Metallic Materials
e ASTM E740: Practice for Fracture Testing with Surface-Crack Tension Specimens

¢ ASTM E1820: Standard Test Method for Measurement of Fracture Toughness

¢ ASTM E1823: Terminology Relating to Fatigue and Fracture Testing

e ISO 12135: Metallic materials — Unified method of test for the determination of quasi-static fracture
toughness

e [SO 28079:2009 — The Palmgvist method, used to determine the fracture toughness for cemented
carbides
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& GRAIN BOUNDARTRS AND TOUZHNESS 14

A keyr papear: J A Salewn, D Quire, and DI Jerdons!® disoiss the resulte of three rethods of
reasmitg fracture toughness in conrection with establishing the A2TH test rethod 142, Theyr focused
on specivnetes of hot-pressed slicon vitride, fashicred ivdo bearns & rovn by 4 rovn by 45 roen. Theyr reasmed
fracture toughress vsing “omrface crack in flevnme”, “dOrgle-edge pre-cracked beard', and “chevron notch
berding'. They dercowstratad that the roesn fractmre tonghress for savaples of fore specitiens corenrrad to
wibhit sereral percert regardless of which of the thres tesh rrethods wers wsed
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Figura &: Histogram of values of Fracture Toughness of the MIST "Standard Reference Material'!
(SRM 2100), 2 version of Silicon Mitride. The cross-hatched bars are for 46 specimens with hand
polished surfaces; the plain bars include @ "Surface Crack in Flexure' (SCF) specimens with
machined surfaces. (Mote that the scale & expanded.) The varigtion of these data is £2.4% for
the hand polished specimens and £35.2% for the ones with machined surfaces. That is, specimens
with machined surfaces have a greater ranee of surface flaws than the hand palished ones.

# (Grain boundaries and toughness

The presatca of graire in 3 metanal can affect ife toughmess by affecting the war cracks popagste In
fromd of 3 crack, the inbensified stress can indues 3 plastic zore. Beyond that region, the rnsterial reroaine
elastic. The corditicys for fracture are the roost faworable ot the bourdary bebsaen this plastic and elastic
zome, atd thois cracks often ivitiate by the ckavage of & ersin ahb that location At low ternperatimes, where
the raterial can becore covoplatelr brittle, such as in 2 body-centered cubic (B OO metal, the plastic zome
shrinks away, and crdy the elashic rove exdste. In this shate, the crack will propagate by successmive clesvrags of
the grains. At the= low ternperatires, the vield stoergth & high, but the fracture strain and crack tip radive
of carvatire are low, kading to a low foughness. A higher fernperatures, the yild strergth decreams, and

0 Does abgrots frow ke verd fpobure bovageness P SR 8100, The worlds fird somaimie fouginss wefonhas

meterial, pages TE to 92 in Fracture Resistance Testing of IMonolithic and Composite Brittle
Tlaterials, AT STE 1406 (2002
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9 THREESTUDIES DEMONSTRATING A RELATIONSHIP BETWEEN FRACTURE TOUGHNESS

leads to the formation of the plastic zone. Cleavage is likely to initiate at the elastic-plastic zone boundary,
and then link back to the main crack tip. This is usually a mixture of cleavages of grains, and ductile fracture
of grains known as fibrous linkages. The percentage of fibrous linkages increase as temperature increases
until the linkup is entirely fibrous linkages. In this state, even though yield strength is lower, the presence
of ductile fracture and a higher crack tip radius of curvature results in a higher toughness.

Grain-boundary strengthening, also called Hall-Petch strengthening, is a method of strengthening materials
by changing their average crystallite (grain) size. It is based on the observation that grain boundaries are
insurmountable borders for dislocations and that the number of dislocations within a grain has an effect
on how siress builds up in the adjacent grain, which will eventually activate dislocation sources and thus
enabling deformation in the neighbouring grain, too. So, by changing grain size one can influence the number
of dislocations piled up at the grain boundary and yield strength.

The relation between yield siress and grain size is described mathematically by the Hall-Petch equation:

ko
Oyield = 00 + yield (15)

Vd

where oyield is the yield stress, og is a constant depending upon the material that relates to the stress needed
to start movement of dislocations, kyelq i the material-dependent strengthening coefficient, and d is the

average grain diameter. The Hall-Petch equation is often found to describe data over a wide range of grain
diameters. It has been observed experimentally that the microstructure with the highest yield strength
is a grain size of about 10 nm (3.9 x 1077 in), because grains smaller than this undergo another yielding
mechanism, grain boundary sliding.

However, the Hall-Petch equation does not always apply: there are complications in real materials that cause
other relations than 1/+/d. One must make the measurements on the materials of interest to learn what is
really true for that material.

9 Three studies demonstrating a relationship between
fracture toughness Kj. and grain size

K. M. Liang, G. Orange, and G. Fantozzi studied zirconia-toughened alumina composites with different com-
positions (0 to 100% ZrOg), which gave materials with a wide range of elastic and fracture properties.!t
Specimens 4 mm by 3 mm by 20 mm were machined from sintered materials. The surfaces were polished
successively with 6, 1 and finally 0.1 pem diamond pastes. After surface preparation, specimens were annealed
(1,200°C for 15 minutes) to remove surface compressive stresses. Fracture toughness K1, was measured us-
ing the Standard Single Edge Notched Beam (SENB) technique, and also by the Direct Crack Measurement
(DCM) based on the lengths of the cracks induced by a Vicker’s indenter. The specimens were indented
on the polished surface with a Vickers microhardness tester using loads ranging from 1 to 50 N, and with
a Vickers hardness tester using loads from 100 to 500 N. Figure 6 shows the consistency of their measured
values of fracture toughness K, with various conditions of measurement, over a range of concentrations of
Zirconia, and Figure 7 shows that values of fracture toughness Kj, are a function of grain size & over the
range 2 to 12 pm.

F. Buresch measured the fracture toughness of two specimens of alumina, and found a direct relationship to
grain sizes between about 1 and 4 ym.'? See Figure 8.

W Bvaluation by sndentation of fracture toughness of ceramic materials, Journal of Materials Science,
25 (1990) pages 207 to 214.

12¢A Structure Sensitive Kis-value and its Dependence on Grain Size Distribution, Density and Microcrack
Interaction”, by Friedrich El Buresch. From Fracture Mechanies of Ceramics: Volume 4: Crack Growth and
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Figwre & Comparison of fracture toughness values of AlO, =,
using Bquation 20 with that messured by SENB. (2] ALG,,
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Fignra & From the publicstion of Lang, et al. showing two things: (1) the fracture toughness
values Ky, obtained by the Direct Crack Mezsurement (DM method do not change with the
loed I over the range 1 M to 800 M, and (2) thess values are essentially the same whether
determined using DCM or by using the Standard Singe Edee MNotched Beam (SEME) technique.
(The SEME measurements are crowded aginst the right-hand side of this plot.)

M, Trmes stadied the deperdenics of rechenical properties of ida-stebilived tetragonal rivcords cerarnds
polyeryshals with & rool® Yoz (2¥-TEF) on grain sizes ranging froen 019 pro bo 218 pro ¥ For corparison,
2 ranoonrstallive Froonis powder B 381 was also reeasured. Vickers irdenbation teshs ware 1eed to deterrodne
hamdress and fracture toughress, The handness decressed with ivcressivg grain size, whik the fractums
toughress incressed  Both 23-TEF and B21 showed essentislly the saroe velues of fmotare tougheess
Tern1s grait dre over the teshad range Bee Figure 9.

10 Inclusions

Inehstons in a meterial (Fuch sz particles of & second phass) can ach simdlsr to brittle grains, snd thues
cat aftech crach propagetion. Fracdure or de-cobedon ab the itchision can either be cansed by the erternal
applied stress or by the dishbeatiore geremtad by the requirerrent of the irclhrion to rmeirtein cordigmtyr
with the rostrie aroomd it Sivedlsr to graive, the fractupe iz roosh Hhelr to ooor 2t the plastic-elashic zome
bomdsry, Then tle cmch can lndmp beck to the roein crack. O the plashic rove is stnell or the density of

TFeersbmndine, edited tor B C Bradh, I FP. H. Hasseltnan, and F.F. Lange. PEroarn Press, 1973,
& ey o T iy 52 (2) pages 168 to 171 (2002).
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Fgnre [0 Comparison of fracture tonghness values of pure alumina
of different grain sizes calculated by () DEM wsing Equation 21
with that determined by [yYy) SEMB

Fignre . From the publication of Lang, et al. showing two things: (1) the fracture toughness
walues Ky, of pure sluminia messured using DCM are substantially the same as thoss messured
using SEME, forgverage grain sizes f rangingfrom 2 g to 12 grn and (2 the fracture toughness
values K. are 5 well-defined function of the average erain size o from 2 pm o 12 g,

the inclusicns is soell, the facture is roore likely to directly livk wp wibh the rosin craech tip. If the plashic
ot is large, or the dersityr of irclisions is high, addibionel inchision fractres ooy ocoar within the plashic
ome, and lnlmp occrs by progressing oo the creek to the closest facturing inchision within the zore

11 Conclusions

ClaTarnics are brithle they are prove to crach mder snall stresses, ard show o pre-cuarsing deforrosticne
the cracking of ML Cs has hamved a rober of MASA projects. Their strength against fractime can be
characterizad by & roatenial pararneher, the swikion! fegedee doeapess B, which depends on the craching
roode, Ior IT or I0; howeser, roode I craching, and theredom Ay, is roosth descriptive for WML cracldrg,

The best policy wold be to mahe divecd rressuretnerd of Ay on WLCE howerer, no one has desreloped
reliatle wethods for doing this. One problem i that the mite are physically srell. Arcther is that the
elactrodes and wrapenonnd end terrnmations, which are duactile etk and are 3 subshardial frackion of the
W23, cotop licabe the steesing of the cerarnic lagers: urravelling thess irderactions has rob yeb baen done,
avd o vever be dore.

Girain sive distribbiore afiech the wlueof fy, ard thersfore can be & prooy for it ore cah irnagine coroparing
differetth produstion lote of capacibors by cornpering the distritnbions of their grain sives
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11 CONCLUSIONS
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Figure 8: From the publication of F. Buresch, showing the fracture toughness values K, for two

specimens of alumina as a function of grain size from about 1 gm to about 4 um.
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Figure 9: From the publication of M. Trunec, showing that the fracture toughness values K,
for both TZ-3YB and B261 depended on their grain size, from about 0.1 um to 1.7 um, in the

same way.
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