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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 



NESC Document #: NESC-RP-19-01418 Page #:  11 of 54 

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.   

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 (BaTiO3) 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 
(μm) to tens of μm, 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 >109 ohms (Ω) 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 Ω (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 GIDEP1Alert H6-A-19-01 [ref. 6] 
where two NASA missions were significantly impacted in orbit and ground testing due to 
MLCCs 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. 
 

a)                   b)  

c)                  d)  
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). 

 
1 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 (GΩ) to ~3 megaohms (MΩ). 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).  
 

 
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 KIc.  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)2 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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a) 

 
b) 

 
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 ImageJ 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 
μm to 0.3 μm 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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a) 

 

b) 

 
c) 

 
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  
(grains/min) # of grains 

Total time  
 (min) 

Total time  
(hrs) 

Manual Hand Trace 
Method 

0.5 20730 41460 691.0 
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 BaTiO3 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 
C 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 micropolisher3 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 (HCl) 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 50 nm colloidal 
silica Clockwise 5 < 2 

6 50 nm colloidal 
silica Counter-clockwise 5 < 2 

 
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 μm2 with a step 
size (pixel-to-pixel resolution) of ~0.1 μm. 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 μm 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 μm sets a minimum resolvable/detectable grain size of ~0.2 μm. 

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 (Ai) is the number of pixels (Pi) within a grain multiplied by the step size (S) 
squared (see Eq. 1) [ref. 3].   
 

  Eq. 1 

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

  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 μm, and 
the overall median grain size changed from 0.585 to 0.578 μm.  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 μm minimum to 0.78 μm maximum. Capacitor sample 
A has the smallest average grain diameter (i.e., 0.58 μm) of the five samples examined. The 
average grain diameter of the other four samples was approximately 0.65 μm.  

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 is 
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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Sample D 

Sample B 

Sample C 

Sample A 

Sample E 

Figure 7. Inverse Pole Maps for Capacitor Samples A-E  
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Table 4. Average Grain Diameter (μm) 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 
C2 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 

 

 
Figure 8. Effect on the Grain Size Distribution Resulting from Remeasurement of Grain Size for 

Sample E Region L1 
 

 
Figure 9. Repeat EBSD Scan for Capacitor Sample E 
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a)

 

b) 

 

c) 

 
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 μm, overlaps two or more grains along the grain 
boundaries4.  

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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Figure 11. SEM Image with Combined Nb EDS Map and IPF and Band Contrast Maps from EBSD 

Corresponding to the Box Region on the Image to Assess Void-like Regions 
(Courtesy of the NASA GSFC Parts Analysis Laboratory) 

a)  b)  
Figure 12.  a) SEM Image and b) EDS Dot Map for Nb for Capacitor Sample E  

(Courtesy of the NASA GSFC Parts Analysis Laboratory) 
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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 ImageJ 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 

 

 
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 μm 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 μm (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 μm.  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 

Sample 
ID 

Region of 
Interest 

Grain  
ID 

Grain 
Perimeter 

(μm) 

Grain 
Area 
(μm2) 

Grain 
Size 
(μm) 

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 C1 1 0.96 0.032 0.202 
B C1 2 0.96 0.032 0.202 
B C1 3 1.76 0.096 0.350 
B C1 4 0.96 0.032 0.202 
B C1 5 1.6 0.096 0.350 
B C1 6 0.96 0.0384 0.221 

Table 6. Statistical Summary of Ceramic Grain Size Measured via EBSD 

Sample  
ID 

StdDev 
Grain 
Size 
(μm) 

Avg  
Grain 
Size 
(μm) 

Max  
Grain 
Size 
(μm) # of Grains 

% Unindexed 

A 0.25 0.59 1.89 5293 40.3 

B 0.28 0.65 2.21 3268 54.8 

C 0.30 0.65 2.47 4278 41.3 

D 0.29 0.67 2.37 3896 42.2 

E 0.27 0.64 1.86 3995 44.2 

Total 0.28 0.64 2.47 20730 44.6 

 
Figure 15. Statistical Summary of Ceramic Grain Size Measured via EBSD 

 



 
NESC Document #: NESC-RP-19-01418 Page #:  29 of 54 

Table 7. Grain Size Statistics versus Region of Interest for Samples A-E 
Sample Location StdDev Avg Max Count 

A 

L1 0.26 0.59 1.89 584 

L2 0.24 0.57 1.86 616 

L3 0.25 0.60 1.59 554 

C1 0.24 0.57 1.68 629 

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 

B 

L1 0.27 0.62 1.62 403 

L2 0.28 0.68 1.56 333 

L3 0.28 0.68 2.21 339 

C1 0.28 0.60 1.49 390 

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 

C 

L1 0.28 0.62 1.87 439 

L2 0.31 0.66 1.76 460 

L3 0.31 0.67 2.47 473 

C1 0.29 0.66 1.73 402 

C2 0.31 0.68 2.06 460 

C3 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 

D 

L1 0.28 0.65 2 467 

L2 0.29 0.66 2.1 456 

L3 0.32 0.67 2.35 446 

C1 0.30 0.67 2.37 428 

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 

E 

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 

C3 0.25 0.65 1.72 463 

R1 0.27 0.61 1.46 462 

R2 0.27 0.62 1.76 510 

R3 0.26 0.60 1.86 518 

 

  

  

 
Figure 16.  Grain Size versus Region of Interest for Samples A through E 
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Figure 17.  Lognormal Distribution Analysis of Ceramic Grain Size for Samples A through E 

 
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 Findings, Observations, and NESC Recommendations 
8.1 Findings 
The following findings were identified during this assessment. 

F-1. 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.  

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

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

 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. 

F-2. 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). 

F-3. 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. 

F-4. 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). 

F-5. 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. 

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

Observation 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. 

Problem 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 
Ω  ohm  
2D  Two-Dimensional 
3D  Three-Dimensional 
AFM  Atomic Force Microscopy  
Ag  Silver 
Au  Gold 
BaTiO3 Barium Titanate  
BME  Base Metal Electrode 
CaZrO3 Calcium Zirconate 
C(d)  Grain Size Distribution 
Cu  Copper 
DC  Direct Current 
EBSD  Electron BackScatter Diffraction (Microscopy) 
EDS  Energy Dispersive (X-ray) Spectroscopy 
EEE  Electrical, Electronic, Electromechanical 
FIB  Focused Ion Beam 
GSFC  Goddard Space Flight Center  
IPF  Inverse Pole Figure 
IR  Insulation Resistance 
HCl  Hydrochloric (acid) 
HF  Hydrofluoric (acid) 
LaRC  Langley Research Center  
MLCC  Multilayer Ceramic Capacitor 
NEPP  NASA Electronic Parts and Packaging Program 
NESC  NASA Engineering and Safety Center 
Ni  Nickel 
Pd/Ag  Palladium Silver 
PME  Precious Metal Electrode 
PWA  Printed Wiring Assembly 
RWA  Reaction Wheel Assembly 
SDO  Solar Dynamics Observatory 
SEM  Scanning Electron Microscope  
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SiC  Silicon 
SME  Subject Matter Expert 
SnPb  Tin-Lead 

15.0 References 
1. Liu, D., “A General Reliability Model for Ni-BaTiO3-Based Multilayer Ceramic 

Capacitors”, CARTS International, April 2014. 
https://nepp.nasa.gov/files/25994/2014-562-Liu-Final-web-CARTS2014-paper-
TiO3BME-TN14691.pdf. 

2. NASA GSFC S-311-P-838, “Capacitor, Ceramic, Multilayer Chip, Base-Metal 
Electrodes, Space Applications,” https://nepp.nasa.gov/files/30348/S-311-P-838B.pdf. 

3. ASTM E2627 - 10. Standard Practice for Determining Average Grain Size Using 
Electron Backscatter Diffraction (EBSD) in Fully Recrystallized Polycrystalline 
Materials. ASTM International, West Conshohocken, PA. 2010. 

4. Schwartz, Adam J., et al., eds. Electron backscatter diffraction in materials science. Vol. 
2. New York: Springer, 2009. 

5. Maxwell, J., "Cracks: The Hidden Defect," 38th Electronics Components Conference 
1988., Proceedings., 1988, pp. 376-384, doi: 10.1109/ECC.1988.12620. 

6. H6-A-19-01, Multilayer Ceramic Chip Capacitors (MLCCs) with Internal Delaminations 
and Cracks Leading to Reduced Insulation Resistance Failure Modes in Service, October 
22, 2018, AVX Corporation. 

7. KP7-P-22-01A,  Multilayer Ceramic Capacitors with External Cracks Resulting in Non-
Compliant Hybrid Microelectronic Devices, April 15, 2022, Kyocera AVX Components 
Corporation. 

8. Alexander T.’s “Cracking of MLCCs” NEPP report as reference:  
https://nepp.nasa.gov/files/29931/NEPP-BOK-2018-Teverovsky-Paper-NEPPWeb-BOK-
Cracking-MLCC-TN65668.pdf. 

9. Rice, Roy W., “Mechanical Properties of Ceramics and Composites, Grain and Particle 
Effects, 696 pp. 

10. Liu, D., How to Characterize the Reliability of Ceramic Capacitors with Base-Metal 
Electrodes (BMEs), 3/1/2015. URL https://nepp.nasa.gov/files/26548/2015-562-Liu-
Final-Pres-NEPPweb-CMSE2015-TN22757.pdf. 

11. “Multilayer Ceramic Capacitors Materials and Manufacture”, Manfred Khan, Kyocera 
AVX components (circa 1981)  https://www.kyocera-
avx.com/docs/techinfo/CeramicCapacitors/mlcmat.pdf. 

12. “Ceramic Products Update”, Wilson Hayworth, Yageo Kemet, July 27, 2022. 
13. Pepin, J.G., Borland, W., O'Callaghan, P. and Young, R.J.S. (1989), Electrode-Based 

Causes of Delaminations in Multilayer Ceramic Capacitors. Journal of the American 
Ceramic Society, 72: 2287-2291. https://doi.org/10.1111/j.1151-2916.1989.tb06076.x. 

14. George Quinn has published the third edition of his freely-downloadable “NIST 
Recommended Practice Guide:  Fractography of Ceramics and Glasses”, page 6-84: 
https://nvlpubs.nist.gov/nistpubs/specialpublications/NIST.SP.960-16e3.pdf 

Appendices 
A. Fracture Toughness of Ceramics and the Role of Grain Size  



 
NESC Document #: NESC-RP-19-01418 Page #:  36 of 54 

Appendix A.  Fracture Toughness of Ceramics and the Role of 
Grain Size 
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