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FOREWORD

This handbook provides a technological baseline
for parts used throughout NASA programs. The
information included will improve the utilization
of the NASA Standard Electrical, Electronic, and
Electromechanical (EEE) Parts List (MIL-STD-975)
and provide technical information to improve the
selection of parts and their application, and
failure analysis on all NASA projects. This
handbook consists of five volumes and includes
information on all parts presently included in
MIL-STD-975.

This handbook (Revision B) succeeds the initial
release. Revision A was not released. The con-
tent in Revision B has been extensively changed
from that in the initial release.
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1. INTRODUCTION
1.1 General.

1.1.1 Application handbook. The NASA Parts Application Handbook (MIL-STD-978)
has been prepared to provide a source of technical information for NASA centers
and NASA contractors and to maximize standard part usage.

This handbook summarizes current technical knowledge over a broad spectrum of
high reliability electrical and electronic component parts. The handbook will
not only assist in resolving frequent problems involving component parts but
will help avoid such problems by encouraging more knowledgeable part selection
and application. '

This handbook is an integral part of the NASA Standard Parts Program with
MIL-STD-975, the NASA Standard Electrical, Electronic, and Electromechanical
(EEE) Parts List. This handbook should not be used to select specific parts

since it may, for information purposes, describe technologies which aren't

listed in MIL-STD-975. Specific parts should be selected from those shown in
MIL-STD-975.

1.1.2 Objectives. The extensive information in this handbook and MIL-STD-975
should ma%e the following possible:

a. Improved product reliability and quality

b. Increased user knowledge for the selection and application of component
parts

c. Improved understanding of component trade-offs

d. Improved understanding of part design and construction for use when
conducting destructive physical analyses or failure analyses

e. Reduced product cost through increased standardization
f. Simplified parts‘procurement system

g. Simplified logistics and planning

h. Smaller parts inventory

i. Uniform incoming inspection routines

j. Improved understanding and use of the NASA Standard Parts Program.

1-1
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1.1.3 Handbook organization. This handbook is divided into five volumes. Each
volume details specific components as follows:

Introduction
Capacitors
Resistors and Thermistors

Volume 1

Diodes
Transistors
Microwave Devices

Volume 2

Volume 3 Microcircuits

Crystals

Filters

Transformers and Inductors
Delay Lines

Motors

Volume 4

Connectors, Power
Connectors, Radio Frequency
Protective Devices

Switches

Relays

Wire and Cable

Volume 5

1.1.4 Special features. This handbook discusses a full range of electrical,
electronic, and electromechanical component parts. It provides extensive
detailed technical information for each component part.. The following list
shows some of the subjects covered:

Cost factors Screening techniques

Conversion factors

- Definitions
Construction details
Operating characteristics
Derating
Failure mechanisms

Standard parts

Environmental considerations
Selection criteria

Circuit application

Failure rates

Radiation effects

The handbook is organized so that new part types and additional topics can be

easily added.

Consistent formats are used to ensure that specific types of

information are located in the same place within each section.

The standard format used for each general section

is:

a. Introduction

(e.g., Capacitor, general)

. b. Definitions, abbreviations, conversion factors

1-2
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c. NASA standard parts

d. General device characteristics

e. General parameter information

f. General guides and charts

g. Reliability considerations.
The standard format used for each subsection (e.g., Capacitors, ceramic) is:

a. Introduction

b. Usual applications

c. Physical construction

d. Military designation

e. Electrical characteristics

f. Environmental considerations

g. Reliability considerations.
1.1.5 Limitations. This handbook was generated to supplement MIL-STD-975 and
should not be used for individual part selection. The text often cites indi-
vidual parts for explanation purposes; in such cases, these parts should not be
selected unless they are listed in MIL-STD-975. Some technologies described in

this handbook are not included as standard parts in MIL-STD-975. They are in-
cluded here solely for information.

1,2 NASA Standard Parts Program.

1.2.1 Standard parts program. The NASA Standard Parts Program provides for the
selection of standard parts (MIL-STD-975, NASA Standard Electrical, Electronic,
and Electromechanical (EEE) Parts List), defines the guidelines for their use
(MIL-HDBK-978 NASA Parts Application Handbook), and establishes policies and
direction from the NASA Parts Project Office.

1.2.2 MIL-STD-975. MIL-STD-975 is the standard that is the foundation of the
NASA Standard Parts Program. It establishes a list of standard electrical,
electronic, and electromechanical parts for use in the selection, procurement,
and application for flight and mission-essential ground support equipment.
MIL-STD-975 serves the following purposes:

a. To provide the designer with a 1ist of acceptable parts and the speci-
fications for procuring them

1-3
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b. To reduce the quantityvof part numbers used in space flight missions
and mission-critical ground support applications in order to obtain
the benefits of standardization.

Two levels of quality are used in this standard. Grade 2 parts are high quality
government-specification-controlled parts for use in noncritical flight and
nonmission-essential ground support applications. Grade 1 parts are higher
quality government-specification-controlled parts intended for critical flight
and mission-essential ground support applications. Parts included in this
standard must have application need, technological maturity, and test or usage
histories. Such requirements contribute to improved quality and reliability
at lower cost with fewer delivery problems.

In addition, MIL-STD-975 includes derating criteria for the different part
types. Derating is the reduction of electrical, thermal, and mechanical
stresses applied to a part to decrease the degradation rate and prolong the
expected 1ife of the part. Derating increases the margin of safety between
the operating stress level and the actual failure level for the part and pro-
vides added protection from system anomalies unforeseen by the designer.
MIL-STD-975 Appendix A contains specific derating conditions. :

1.3 Cost.

1.3.1 Cost implication of nonstandard parts. In part selection for a given
application, the design engineer considers the suitability of the part for
the application. This includes electrical and mechanical characteristics,
environmental capability, reliability, availability, purchase cost, and other
evident factors. However, various intangibles, particularly in the area of
cost, are frequently overlooked or afforded only cursory attention,

1.3.2 Typical basic costs. Experience has shown that typical costs involved
in the specification of a new nonstandard part can range from very low for
simple devices to as high as $50,000 for complex integrated circuits. This in-
cludes only the basic costs of introducing a new part into inventory. The con-
tribution of activities involved in the total basic cost is shown in Figure 1.

The relative contribution of each of these activities will vary among the
various part types. For example, drawing preparation may be low for resistors
but may be 20 times as high for complex integrated circuits. Qualification
costs for an initial source can be $50,000 or more depending on the complexity
of the device. Qualification of additional sources, if required, will add
considerably to these costs.

1.3.3 Additional costs. Additional considerations for which costs are diffi-
cult to estimate, but are still very significant, include:

a. Stocking costs including handling, storage space, storage facilities,
and inventory control

1-4
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ACTIVITY

DRAWING PREPARATION

DRAWING DISTRIBUTION

DRAWING MAINTEMNANCE

NONSTANDARD PART APPROVAL

SOURCE QUALIFICATIOM

PROCUREMENT

INCOMING INSPECTION

ALTERMNATE SOURCING

e.

f.

10 20 30 40
PERCENT OF TOTAL COST

FIGURE 1. Typical new part activity costs.

Problems entailed by having only a single source which is typical with
special or nonstandard parts

Increased cost due to small procurement quantities; this cost is
estimated to average an additional 40 péercent over the purchase cost
of larger quantity standard parts

Problems of schedule slippage, expediting, and decreased vendor re-

sponse on problems with special or nonstandard parts

Additional failure analysis activity entailed by new, immature, or
unproven parts ‘

Cost of equipment repair and replacement of additional component
failures entailed by use of unproven parts

Costs of establishing inspection procedures and providing inspection
equipment for different part types; inspection costs are also in-
creased because of the larger number of smaller lots of material

Cost of writing and developing programs for inspection of devices on
automatic test equipment

Logistic support for maintaining supplies of the new part for field
maintenance.
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1.4 Reliability.

1.4.1 Reliability prediction. Reliability is a consideration at all levels of
electronics, from materials to operating systems, because materials make up
parts, parts compose assemblies, and assemblies are combined in systems of ever
increasing complexity and sophistication. Reliability engineering is concerned
with the time degradation of materials, physical and electronic measurements,
equipment design, processes and system analysis, and synthesis.

The primary information source for reliability prediction is MIL-HDBK-217,
"Reliability Prediction of Electronic Equipment." When performing an actual
reliability prediction, this handbook should be consulted. It includes for-
mulas and procedures for predicting failure rates of equipment and parts.
MIL-HDBK-217 emphasizes the effect of factors such as part count, part quality,
environmental stresses, derating, etc. on reliability and provides the basic
failure rates for different generic parts. Failure rate data has been compiled
from experience and is included as the most complete source of this information.
MIL-HDBK-217 includes two methods of reliability prediction, part count analysis
and part stress analysis.

1.4.2 Part count analysis. This prediction method is applicable during bid
proposal and early design phases. The factors impacting the reliabilty predic-
tion are part technology, complexity, part count, quality levels, packaging,
~and application environment. This method provides a basic indication of the
system potential to meet reliability goals. '

1.4.3 Part stress analysis. This method is applicable when most of the design
is completed and a detailed parts list including part stresses is available.
It can be used for reliability trade-offs versus part selection.

The quality of the part and the application environment have a direct effect
on the part failure rate. The quality levels identified in MIL-STD-975 for
standard parts should be used in calculations for part reliability. The
environment typically will be space flight or benign ground (for mission-
essential ground support equipment).

Other factors which impact reliability predictions are power and current
ratings, voltage stress, operating frequency, temperature, matching balance
with networks, construction, etc. Microcircuits are treated separately with
prediction models for six major classes: digital, linear, microprocessors,
memories, hybrids, and converters.

1.4.4 Limitations of reliabjlity predictions. Relfabih‘ty prediction has at
least two practical limitations:

a. The ability to accumulate data of known validity for new applications

b. The complexity of the prediction techniques.

1-6
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Gathering data to provide statistically valid reliability figures requires
effort and diligence. Casual data gathering accumulates data so slowly that
a valid level of data may never be reached. When a number of participants
gathers data, different methods and conditions are used which prevents exact
coordination and correlation of the results. Part reliability data from field
use of equipment is difficult to examine due to the lack of suitable data being
acquired. The derivation of failure rates is empirically difficult and obtain-
ing valid confidence values is practically precluded due to the lack of corre-
lation.

The failure rates and their associated adjustment factors presented in

MIL-HDBK-217 are based upon evaluation and analysis of the best available data
at the time of issue of that handbook.

1-7
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2.1 CAPACITORS, GENERAL

2. CAPACITORS

2.1 General,

2.1.1 Introduction. The following sections are intended to help the design
engineer select the proper capacitor to fill a particular need. In order to
select the proper capacitor, the designer requires not only a description of
the device and its specification 1imits, but also some insight as to its advan-
tages and disadvantages for a given application, peculiarities of construction,
mechanical or environmental limitations, reliability, and failure modes or
mechanisms.

2.1.1.1 Applicable military specifications. The applicable military specifi--
cations are given in Table I and in the appropriate subsection.

2.1.2 General definitions. This paragraph defines common terms used in the
rating and design application of capacitors.

Aging sensitivity. Aging sensitivity is the reduction of the useful life of
a device resulting from deterioration mechanisms such as oxidation and wear.

Ambient temperature. The average or mean temperature of the medium (air, gas,
11quid, etc.) surrounding a device.

Anode. The positive electrode of a capacitor.

Capacitance. The property of a capacitor which permits the storage of electri-
cai energy when a given voltage is applied. Capacitance is measured in farads,

microfarads, or picofarads.

Capacitance tolerance. The maximum deviation (expressed in percent) from the
specified nominal value at standard (or stated) environmental conditions.

Capacitive reactance. The resistance to the flow of an alternating or pulsat-
ing current by the capacitance, measured in ohms.

Capacitor. An electronic component consisting of two cohducting surfaces sepa-
ragéa by an insulating (dielectric) material. A capacitor stores electrical

energy, blocks the flow of direct current and permits the flow of alternating
or pulsating current to a degree dependent on the capacitance and the frequency.

Capacitor, liquid-filled. A capacitor in which a liquid impregnant occupies
substantially all of the case volume not required by the capacitor element and
its connections. (Space may be allowed for the expansion of the liquid with
temperature variations.)
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Capacitor, liquid-impregnated. A capacitor in which a liquid impregnant is
predominantly contained within the foil and paper winding, but does not occupy
all of the case volume.

Capacitor, temperature-compensating., A capacitor whose capacitance varies with
temperature 1n a Known and predictable manner.

Cathode. The negative electrode of a capacitor.

Derating. Derating is the intentional reduction of the stress-vs-strength
ratio in an application of the item, for the purpose of extending its operating

life.

Dielectric. The insulating material (air, paper, mica, oil, etc) between the
plates of a capacitor.

Dielectric absorption. The property of an imperfect dielectric whereby atl
electrical charges within the body of the material caused by an electric field
are not returned to the field.

Dielectric constant. The property of a dielectric material that determines
how much eTectrostatic energy can be stored per unit volume when a unit voltage
is applied. (The ratio of the capacitance of a capacitor filled with a given
dielectric to that of the same capacitor with a vacuum dielectric.)

Dielectric strength. The maximum voltage that a dielectric material can with-
stand without rupturing. {The dielectric strength will depend on the thickness
of the material and the test method and conditions).

Dissipation Factor (DF). The ratio of resistance to reactance, measured in
percent.

Electrolyte. A current-conducting solution (1iquid or solid) between two elec-
trodes or plates of a capacitor.

End-0f-1ife design 1limit. The end-of-life design limit for devices is the
expected vartation in the electrical parameters of devices for which allowance
must be made in circuit design. The parameter variations are expressed as a
percentage change from the specified minimum and maximum values.

Equivalent series resistance (ESR). All1 internal series resistances concen-
trated or "Tumped™ at one point i1n the circuit and treated as one resistance.

Flashpoint of impregnant. The temperature to which the impregnant (liquid or
solid) must be heated 1n order to give off sufficient vapor to form a flammable
mixture,
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Impedance (Z). The total resistance to the flow of an alternating or pulsating
current, measured in ohms. (Impedance is the vector sum of the resistance and
the capacitive reactance; i.e., the complex ratio of voltage to current.)

Imgregnant. A substance, usually liquid, used to saturate the paper dielectric
and to replace the air between its fibers. (Impregnation increases the dielec-

tric strength and the dielectric constant of the capacitor.)

Insulation resistance (IR). The direct current resistance between two conduc-
tors separated by an Tnsulating material. Capacitors are commonly subjected to
two insulation resistance tests. One test determines the insulation resistance
from terminal to terminal; the other test determines the insulation resistance
from one or more terminals to the exterior case or insulation sleeve.

Leakage, dc (DCL). A stray direct current of relatively small value which
fTows through the capacitor when voltage is impressed across it.

Power factor (PF). The ratio of resistance to impedance, measured in percent.

~Quality factor {(Q). The ratio of reactance to resistance.

Radio interference. Undesired conducted or radiated electrical disturbances,
including transients, which may interfere with the operation of electrical or

electronic equipment,

Ripple voltage (or current). The ac component of a unidirectional voltage or
current (the ac component is small in comparison with the dc component).

Stability. The ability of a part to resist changes in characteristic values
and/or coefficients.

Surge voltage/current. Transient variation in the voltage/current at a point
in the circuit. A voltage of large magnitude and short duration caused by a

discontinuity in the circuit,

Temperature Coefficient (TC). The change_ih capacitance per degree change in
temperature. It may be positive, negative, or zero and is usually expressed
in parts per million per degree centigrade (ppm/°C). ‘

2.1.3 NASA standard parts. See General Section 1.1 for a complete description
of the NASA Standard Parts Program. In addition to this handbook, the princi-
pal elements of this program include MIL-STD-975(NASA), a standard parts list
for NASA equipment.

2.1.4 General device characteristics. The relative size and cost characteris-
tics of the most popular capacitor types are described in Table I. Principal
applications are described in Table II.
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TABLE I. Relative size and cost
Dielectric Applicable Relative Size Relative Cost
Specification | For Equiva- 1/ | For Equiva- 1/
- lent CV Rating | lent CV Rating

Ceramic

Fixed, general MIL-C-123 Small High

purpose MIL-C-39014 Small Very Tow

Temperature com- MIL-C-20 Small Very low

pensating

Fixed, chip MIL-C-55681 Smail Low
Glass MIL-C-23269 Large Medium
Mica MIL-C-39001 Large Medium Tow
Paper and plastic

Metallized MIL-C-83421 Small Medium

plastic

Metallized paper MIL-C-39022 Small Medium
Tantalum electrolytic

Nonsolid MIL-C-39006 Very small Hi gh

Solid MIL-C-39003 Very small Medium

Solid chip MIL-C-55365 Very small Medium

1/ "C" = capacitance, "V" = voltage
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TABLE II. Principal applications
Application
Military Estab- Temper-

Specification|lished Capacitor Block-|Buff-|By- [Coupl-|Filter-{Tuning| ature |Trim-| Motor|Timing|Noise
reli- type ing ing fpass-| ing ing compen-| ming|start- suppres-
ability ing sating ing sion

MIL-C-20 X Ceramic X X X X X

MIL-C-123 Ceramic X X X

MIL-C-10950 X Mica X X X X

MIL-C-23269 X Glass X X X X

MIL-C-39001 X Mica X X X X X X X

MIL-C-39003 X Solid Tanta- X X X X X
lum '

MIL-C-39006 X Wet Tantalum X X X X X

MIL-C-39014 X Ceramic X X X

MIL-C-39022 X Met. Plastic X X X

MIL-C-55365 X Solid Tanta- X X X
lum, Chip

MIL-C-55681 X Ceramic, Chip X X X

MIL-C-83421 X Met. Plastic X X X X X X
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2.1.5 General parameter information.

2.1.5.1 Selection. Various factors must be considered when selecting a capa-
citor type for a particular application., These factors are discussed below,

and in the subsection dealing with specific capacitor types.
‘a. Electrical.

Capacitance

Tolerance

Voltage rating

AC current-carrying capacity

Insulation resistance or leakage

Dissipation factor or equivalent series resistance
Effects of frequency

Capacitance change with temperature

Voltage coefficient

Dielectric absorption.

b. Mechanical.
Size
Terminal configuration
Mounting.

c. Environmental.

Operating temperature range
Moisture resistance

Shock and vibration
Altitude

Radiation,

d. Reliability.

Derating
Failure rate
Failure modes
Stability
Operating life.

e. Economic.

Part cost

Cost of justifying nonstandard parts
Cost of samples
Cost of testing
Cost of negotiations with customer.
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2,1,5,1.1 Important selection factors. The most important factors are dis-
cussed below.

Temperature. Temperature can affect capacitance by causing variations 1in
aieiectric constant or conductor area and spacing. Temperature can also affect
leakage current (through changes in specific resistance), breakdown voltage,
current rating, and oil, gas, or electrolyte leakage through seals.

Humidity. Humidity can affect leakage current, breakdown voltage, power factor,
or qual%ty factor.

Barometric pressure. Barometric pressure can affect breakdown voltage and oil,
gas, or electrolyte leakage through seals,

Applied voltage. Applied voltage can affect leakage current, amount of heating;
a%e!ecfric breakdown, frequency, corona, and insulation.

Vibration. Vibration can affect capacitance and integrity of the elements,

terminals, or case.

Current. Current can affect internal temperature and operational life.
Life. Operating 1ife is affected by all environmental and circuit. conditions.

Stability, Stability is affected by all environmental and circuit conditions.

2.1.5,2 Capacitors types and their limitations.

2.1.5.2.1 Ceramic capacitors. There are two major types, NPO and BX., The NPO
(negative-positive-zero) has a temperature coefficient that is effectively
zero, whereas the BX type may have a capacitance change of +15 percent to -25
percent over temperature range of -55 °C to +125 °C with applied rated dc
voltage. In general, the NPO has better characteristics but is larger (because

of the low dielectric constant) and more expensive.

Ceramic chip capacitors are brittle and sensitive to thermal shock.  Precau-
tions must be taken during mounting to avoid ceramic cracking., The substrate
material should have a thermal expansion coefficient that closely matches that
of the capacitors. This will help to avoid mechanical stresses that may result
from changes in temperature.

The order of this listing does not necessarily imply an order of preference of
an individual group,

2.1.5.2.2 Plastic film capacitors. These capacitors offer extremely tight
tolerances, very low leakage currents (high insulation resistance), and minimal
capacitance changes with temperature (low temperature coefficient). They are
especially suited for ac applications since their extremely low dissipation
factor limits the IZ2R heating loss.
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Plastic film capacitors are limited by their relatively large size and weight
and narrow range of available capacitances. Due to the nature of the dielec-
tric, under certain conditions these capacitors may generate voltage transients.
The voltage transients occur as a result of clearing action of pin holes in the
plastic film, and electrochemical effects which cause spurious, random conduc-
tion. '

2.1,5.2.3 Tantalum capacitors. The solid tantalum capacitors (both leaded
and chips) offer better stability over 1ife and lower capacitance-temperature
characteristics than other electrolytic capacitors. The tantalum chips are
the smallest of the electrolytic styles.

Solid tantalum capacitors have limited surge-current handling capabilities and
high leakage current. In addition, tantalum chips have a relatively narrow
range of capacitance values and voltage ratings.

Wet tantalum capacitors are substantially smaller than comparably rated capa-
citors, except for chips. The wet tantalum devices also have higher surge
current ratings, higher ripple current ratings, and lTower leakage current than
other types of electrolytic capacitors.

Wet tantalum capacitors have limited ability to withstand reverse voltages,
and they cost more.

Nonsolid tantalum (tantalum foil) capacitors offer the widest range and high-
est capacitance values and voltage ratings and also the best ripple current
handling capability. The nonpolarized tantalum foil capacitors are the only
electrolytic capacitors which can operate continuously on unbiased ac voltages.
However, the nonsolid tantalum capacitors cannot be used at frequencies greater
than 10 kHz.

Nonsolid tantalum capacitors are limited by their very wide capacitance toler-
ance and their large size compared to other electrolytic capacitors.

2.1.5.3 Electrical considerations. Specific electrical characteristics may
require consideration from a design engineer's standpoint.

Capacitance and Tolerance. The required capacitance value usually limits the
capacitor seTection. Tow capacitance values (up to about 10,000 pF) are pro-
vided by glass, mica, and ceramic types. The medium capacitance range (approx-
imately 0.005 to 22.0uF) includes paper, plastic, and some ceramic types. The
high capacitance range (luF and up) usually is provided by the electrolytic
capacitors. These are very general classifications with considerable overlap
within the types.
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Within broad 1limits, the availability of various capacitance tolerances is
directly proportional to the absolute capacitance value, -Glass and mica types
are readily available in tolerances down to %1% or less; tubular paper or
plastic capacitors are normally available in the #0,5% to #20% range, while
electrolytic capacitors are usually supplied in the range of 5% and up,
depending on the type.

Figure 1 indicates the approximate ranges of the commonly used capacitor types.

TANTALUM-FOIL AND SLUG

|__(S - 91,000 pF) !
I

TC - CERAMIC
.10 /0.1 p.} [_(0.5 - 68,000 p.)
|

-15,475/+45 | ELECTROLYTICS 1 .1 - 1200 uF)
- to +20 |
o
z TANTALUM-SOL 10
S #20/s5 (,0023 - 3300 uf) |
2 ] |
Y PAPER, PLASTIC
we +20/+.25 | (.001 - 22 uF)
=< {
o o=
Sd
cE +20/+.5 pF GP - CERAMIC (0.5 - 1,000,000) .
&=
33
=z GLASS
rfs 5 /.25 pF { |___ (0.5 - 1,000,000 pF) ;
<= t
ey
g 410 /.5 pF MICA
=]
=
£
=
(2]

| ] i i 1 i | N L 1 i |
0.1 1.0 10 102 103 o001 0.1 1.0 10 102 103 j04 105

pF CAPACITANCE (uF)

FIGURE 1. Capacitance and tolerance vs dielectric.
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Voltage rating. Figure 2 depicts typical ranges of dc voltage ratings avail-
able ;or different dielectrics. It is important that the voltage rating of the
capacitor selected be sufficiently high to allow for reliability derating, and
for voltage surges or transients which may occur in the application.

TANTALIM-FOIL AND SLUG (6-450V)

| ELECTROLYTICS
TANTALUM-SOLID (6-100V)

[
I
|
I

PAPER - PLASTIC

I (30 - 1000v) |

GLASS
{100 - 500 V)

[GP-CERAMIC (50 - 1600 V}|
I |

TC - CERAMIC

(50 - 500 ¥
| | !
1 10 100 1000

HMAXTMUM WORKING VOLTAGE, ¥

FIGURE 2. Maximum working voltage vs dielectric.

High voltage capacitors (1000 volts and up) must be selected with special care.
Corona effects must be considered, In addition to generating spurious electri-
cal signals which may impair equipment performance, corona breakdown results
-in deterioration of the capacitor dielectric, and can cause eventual capacitor
breakdown., Corona results from voids in the dielectric/conductor layers. It
is believed to cause dielectric deterioration by generating localized hot spots
(depending on the type of dielectric and the corona level generated). Complete
dielectric breakdown may occur in a few seconds or after several thousand hours
of operation. Corona 1is 1likely to occur under ac or pulse conditions.

The first step in selecting a capacitor for a given ac application is to deter-
mine the voltage/current wave shape, and the ambient temperature requirements.
It is especially important to know the peak voltage, the peak-to-peak voltage,
and rms current, and the peak current. In the case of a pure sine wave, the
information is generally straightforward. In the case of nonsinusoidal wave

shapes, it is sometimes necessary to take an oscilloscope photograph. A scope
trace of the capacitor wave shape is very helpful and in some cases absolutely

essential to determine the required information.

B
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AC rating. Operation of capacitors under ac conditions involves three important

considerations: the dc voitage rating of the device, the internal heat rise due
to I2R losses, and the corona start level,

Unless the capacitor is rated specifically for ac operation, the ac limitations
of the device should be investigated. The peak value of the applied ac voltage
must not exceed the dc rating of the device. The temperature rise due to inter-
nal heat losses must not exceed the maximum temperature rating of the device.
The current-carrying capability of different capacitor types varies widely. The
general rule of thumb used by many manufacturers requires that case temperature
rise be limited to 10°C.

Corona can be generated at fairly low ac voltage levels. As an example, tests
on unimpregnated Mylar capacitors indicate a corona start level of 250 volts

peak.

Insulation resistance. Insulation resistance (IR) is expressed in megohms or

megohm-microfarads for capacitors with conventional dielectrics, and in terms of
leakage current (usually microamperes) for electrolytic capacitors. The effects
of this parameter may be significant in timing and coupling applications, or
where the capacitor is used as a voltage divider. Leakage current increases
with temperature., Figure 3 shows typical values for various dielectric mater-
jals.,
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FIGURE 3, Typical values of insulation resistance vs temperature.
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Dissipation factor (DF) or equivalent series resistance (ESR). The dissipation
factor is a function of capacitance, ESR, and frequency. Unless otherwise
specified, DF is measured at the following frequencies:

1 MHz for C < 100 pF
1 kHz for 100pF < C
120 Hz for electrolytic capacitors

DF may vary widely with temperature and to a great extent for ceramic and elec-
trolytic capacitors. :

Frequency effects. Most basic capacitor parameter formulas include a frequency
term. Capacitor characteristics are to some extent affected by frequency. All
capacitors have some inductance associated with their conductors and therefore

will resonate at some frequency.

Figure 4 illustrates simplified equivalent circuit of a capacitor wherein all
distributed parameters are shown as "lumped" values.

Rp
r—AAN—

OmmmeA AN pmsant "N
T oy N —-Icl—-<;

FIGURE 4. Equivalent circuit of a capacitor.

Under dc or low frequency conditions, Rs and L are negligible compared to the C
and Rp combination. As the frequency increases, particularly to the megahertz
range, both Rg and L increase., Rg increases due to a "skin effect" (where the
current tends to travel only through the outer surface metal of a conductor
under high frequency conditions). This appears as an increase in the resistance
of the conductor. L increases due to the action of the ac current flowing in
the leads, electrodes, and terminals, thus generating a magnetic field around
them proportional to the frequency.

Since the dielectric constant of most materials will vary with frequency,
capacitance is also affected by frequency.

Further examination of the impedance equation shows that as the frequency
increases, X¢ tends to decrease while X increases in value. This means that
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the (Xp=X )2 term decreases until at some frequency, the term ()(C-XL)2 will
equal zero and disappear. Then Z = Rg and the capacitor will resonate, This
is the point where the capacitor appears as a pure resistor in the circuit.

It also follows that if a capacitor is operated at a frequency higher than its
resonant frequency, it will no longer function as a capacitor in the circuit,
but will appear as an inductor.

As there are so many variables affected by frequency, no attempt will be made
here to present comparative values. As a guide for general frequency applica-
tions for different types of capacitors, Figure 5 can be used for an initial
approximation, Specific computations or measurements should be implemented to
finalize any particular application. Figure 5 reflects frequency ranges for
the most efficient application based on normal design values and criteria..
Both the upper and lower limits of the frequency range can be extended by
special design and construction techniques, as shown by the dashed areas.

FREQUENCY APPLICATION RANGE
{STANDARD DESIGNS)

POLYSTYRENE, TEFLON, POLYCARBONATE

. LAS:
ORI SNONNSNNNNSONN R
L--—-- ----J
LOW-LOSS CERAMIC

[:: m____,,,
S NN S
r-- MYEAR -
| S - |
R K CERAMIC

IR .o _.___3
PAPER

- ---.‘

-— e o --—---q

TA ELECT

; 101‘ 1012 1;3 1(1:‘ 1;5 ul:s wl" 1:35 sc:9 1oj‘°

FREQUENCY (Hz}

FIGURE 5. Frequency application range (standard designs).
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Temperature effects. Temperature variations (which affect the dielectric con-
stant of capacitor material) result in capacitance changes (AC) that can vary
from minor to major.

Figures 6 and 7 compare typical temperature coefficient curves of commonly used
dielectric types. It should be noted that the curves shown in Figure 7 are for
nonimpregnated capacitors. Plastic film capacitors cannot be impregnated and
the impregnant {or filler) serves mainly to replace part of the air film.” The
resultant dielectric constant will vary slightly, thus altering the temperature
coefficient curve proportionately.

Voltage coefficient. Capacitance variation with applied voltage is insignifi-
cant except with Class II (general purpose) ceramics. High K dielectrics are
ferroelectric in nature, and their molecular orientation varies with dielectric
stress. See the ceramic subsection for further details.

Dielectric absorption. This phenomenon is due to the tendency of the dielec-
tric to retain electrons it has stored when the capacitor is discharged. When
the shorting mechanism is removed, the electrons that remained in the dielec-
tric will eventually accumulate on an electrode and cause a "recovery voltage"
gradient to appear across the capacitor terminals. This recovery voltage,
divided by the charging voltage and expressed as a percent figure, is called
the “percent dielectric absorption."”

The magnitude of this percent dielectric absorption figure will vary consider-
ably for different dielectric materials and their impregnants. It is important
ta note that the measured value of dielectric absorption is a function of the
amplitude of the charging voltage, the charging time, the discharge time, the
time after discharge that measurements are made, and the temperature.

This tendency of the dielectric to retain its electrons is primarily due to
the polarization that takes place at the dielectric dipoles whenever the capa-
citor is energized. These electrons, in effect, become "bound" or trapped in
the dielectric during the discharge period. When the shorting mechanism is
removed, these electrons become free again and move to the electrode surface.
This resg]ts in a potential difference between the electrodes {the "“recovery
voltage").

A second factor in the magnitude of recovery voltage values is the random move-
ment of "free" electrons in the dielectric. These free electrons take a finite
time to move from the dielectric to the electrode, and therefore contribute to
the recovery voltage. The magnitude of their contribution is closely related to
the discharge time duration.
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FIGURE 7. Capacitance vs temperature (typical).
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Table III shows approximate percent value of dielectric absorption (DA) for some
typical dielectrics. These values are for a given set of conditions. A change
in any of the conditions will cause a variation in the percent dielectric
absorption.

TABLE'III. Dielectric absorption

Conditions: Charging voltage: 200 Vdc
Charging time: 1 minute
Discharge time: 2 seconds
Time after discharge: 1 minute
Temperature: 25°C
Dielectric % DA
Air 0
*Polystyrene 0.02
*Teflon | 0.02
*Polycarbonate 0.08
*Mylar 0.20
Mica (ruby) 0.70
Paper (oil-impregnated) 2.0

*The addition of an oil impregnant will cause the percent
DA figure to become essentially that of the impreg-
nant (approximately 2.0 for most oils).

Dielectric absorption is a critical factor in circuitry that is highly depen-
dent upon the speed of response or time delays in the charge and discharge
cycles of a pulse circuit.

2.1.5.4 Mechanical considerations, Specific capacitor design characteristics
may require special consideration from a product design standpoint.

Mounting by leads. While specifications require that components weighing
more than one-half ounce may not be mounted only by their leads, it does not
follow that lead-only mounting is satisfactory for all components weighing
less than one-half ounce. Nearly all capacitor specifications require rigid
mounting of the body during vibration tests.
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Encapsulation. Potting with a hard epoxy can cause capacitor failure by shorting
the dielectric as a result of differential pressures exerted after hardening,
Solid tantalum capacitors are subject to failure by shorting when potted, and
require a buffer coating to prevent internal shorting.

2.1.5.5 Environmental considerations. The behavior and service Tife of all
capacitors are highly dependent upon the environments to which they are exposed.
The following is a summary of the environmental factors that are most critical
in their effect on capacitors. The design engineer should take into account
individual environmental factors as well as combinations of these factors.

Ambient temperature. The temperature of the immediate space surrounding the
capacitor is of critical importance since this is one of the factors that
determines the temperature at which the dielectric operates.

Service life. The service life of a capac1tor will decrease with increased
temperature.. Another factor affecting service life is dtelectrlc degradation
resulting from chemical activity with time.

Capacitance. Capacitance will vary with temperature depending on the dielec-
tric and construction. Both the dielectric ‘constant of the material and the

spacing between the electrodes may be affected. These effects may reinforce or
cancel each other,

Insulation resistance., The insulation resistance decreases with increased
temperature due to i1ncreased electron mobility.

Dissipation factor. The dissipation factor is a complex function of tempera-
ture and may vary up or down with increased temperature depending on the di-

electric material,

Dielectric strength., The dielectric strength (breakdown voltage stress level)
decreases with increased temperature. As temperature increases, the chemical
activity increases; this will cause a change in the physical or electrical
properties of the dielectric.

Sealing. For sealed capacitors, increased temperature results in 1ncﬁeasgd
internal pressure that can rupture the seal and result in impregnant leakage
and moisture susceptibility.

Humidity (moisture). Moisture absorption by a capacitor can cause parametric
changes, reduced service life, and in some cases, early life failures if mois-
ture penetration is sufficient. The most noticeable effect is a decrease in
insulation resistance.

The ability of various nonhermetically sealed capacitors types to withstand
moist environments is of considerable interest to component or design engineers
faced with miniaturization requirements. Generally the nonhermetic unit is con-
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siderably smaller than an equivalent hermetically sealed unit, Most military
capacitor specifications require exposure to the moisture tests listed below.
Details of test conditions and post-test limits are called out in the individual
capacitor specifications,

a. Immersion cycling., This is a test in which the capacitors are immersed
for two or more cycles in fresh or salt water for a period of 15 to 60
minutes per cycle.

b, Moisture resistance. This test uses a combination of temperature
cycling and humidity exposure for 10 cycles, each cycle lasting 24
hours, Subzero temperature exposure and vibration are also included
-in the cycling phase.

In any nonhermetic unit such as the plastic case or the plastic wrap-epoxy end-
filled type of capacitor, moisture can penetrate through the epoxy and plastic
casing., The amount of moisture that penetrates will depend on the time, the
integrity of the bonding junction between the epoxy and the lead, the density
of the plastic material, and the thickness of the epoxy/plastic material.

A distinction should be made between paper and plastic film dielectric designs.
Nonhermetic capacitor designs that use paper for all or part of the dielectric
are much more vulnerable to moisture than designs using plastic film as a di-
electric. Once moisture vapor has penetrated into the dielectric, the paper
will absorb the moisture, trapping it and eventually destroying the insulating
properties of the paper. For this reason, military equipment specifications
disallow the use of paper or paper-plastic dielectrics in other than hermetical-
ly sealed metallic cases. In the case of the film dielectric, there is practi-
cally no absorption of the vapor by the film and it will either be cycled back
out of the capacitor or remain in the air space next to the film surface. While
the vapor is in the capacitor, it causes a degradation in the insulation resis-
tance properties of the capacitor. Usually, however, the insulation resistance
value of the film dielectric capacitor with moisture vapor present is still
superior to that of the paper dielectric capacitor with absorbed moisture.

Vibration, shock, and acceleration. A capacitor can be mechanically destroyed
or damaged or may malfunction if it is not designed and manufactured to with-
stand vibration, shock, or acceleration conditions present in the application.
Movement of the internal assembly inside the container can cause capacitance
changes, dielectric or insulation failures due to physical movement of the elec-
trode foils or internal roll connections, and fatigue failures of the terminal
connections, In addition, external terminals, the case, and mounting brackets,
are subject to mechanical stress distortion. Some ceramic capacitors also
exhibit a piezoelectric effect which may be a problem in critical circuitry.

Barometric pressure, The altitude at which hermetically sealed capacitors
are to operate will affect the voltage rating of the capacitor terminals. As
barometric pressure decreases, the ability of the terminal to withstand voltage
arc-over also decreases.
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For liquid-impregnated capacitors, the differential between the internal and
external pressure becomes greater when the external pressure is reduced. This
puts added stress on the seams and terminal seals and can result in rupture of
the hermetic seal and impregnant leakage.

Capacitance can be affected by internal dimensional changes due to pressure
differentials, and internal arc-overs can result when a partial vacuum condi-
tion exists in.the capacitor.

Heat transfer by convection is decreased as altitude is increased. This con-
dition must be evaluated in cases where the application results in heat gener-
ation within the capacitor,

2.1.6 General guides and charts.

2.1.6,1 Capacitor formulas.

Capacitance. Capacitance is a measure of the quantity of electrical charge per
unit of voltage differential that can be stored between electrodes (Figure 8).

—eeee  AREA (A}

d w \ DIELECTRIC MATERIAL
T WI.H_I_____.t_ _ONS..N. (K}

FIGURE . Capacitor formulas.

(N-1) A x 10-12

C = 0.224K y farads
where
A = area of one side of ene plate in square inches
N = number of plates
d = distance between plates in inches
K = dielectric constant
C ~ KA/d

Table IV is a chart of various dielectric materials and their dielectric con-
stants. The approximate (=) sign is used rather than an equal sign because
these dielectric constants vary somewhat with purity, temperature, frequency,
voltage, treatment during manufacture, and various other factors.
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TABLE IV, Dielectric constants at +25°C

Dielectric Material (K) Dielectric Constant
Vacuum 1.0
Air 1.0001
Teflon = 2,0
Polystyrene s 2.5
Polycarbonate =~ 2.7
Mylar = 3,0
Polyethylene = 3.3
Kraft paper = 2,0 to 6,0
Mica «~ 6,8
Aluminum oxide = 7,0
Tantalum oxide = 11.0
Ceramics = 35.0 to 6,000 +

Dissipation factor, power factor, and Q. Each of these terms can be used to
express ?ow far a capacitor deviates from being a pure circuit element (see
Figure 9).

(XL) - R

(Xg)

[

/
o " AP 1

Capacitor equivalent
circui’

Vector relationships

FIGURE 9. Capacitor equivalent and vector relationship.
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It

effective series resistance in ohms.

2rf L = wL = inductive reactance in ohms.

1 = 1 = capacitive reactance in ohms

21l'i C

RZ + (X¢ - XL)2 = impedance in ohms.

phase angle between current and voltage.

shunt leakage resistance (negligible for these calculations).

frequency in Hertz.

2nf = frequency in radians per second.

gives the following: Ez = Iz7Z; Ec = IcXc; ER = IRR

equations give: Total volt-amperes = I,E7 = IZZZ = 127
Reactive volt-amperes = IEp = ICZXC = szc
Resistive VA (watts) = IgEp = Ip2R = I%R
PF = P(in)-P(out) = IR = R = cos ©
P(in) 127 A
defined as the ratio of resistance to reactance,

OF = R_=cot (o)
XC

for "good" capacitors

R and X are << Xg such that

22 = R2 4 (XC'XL)2 = XCZ and since Z = X
PF=R =z R =DF
V4 Xc

of merit) is defined as the ratio of reactance to resistance:

1
PF

~
= =

FIGURE 9, (Continued).
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2.1.7 General reliability considerations.

2.1.7.1 Established reliability parts. A large percentage of military type
capacitors are available as "established reliability" (ER) parts. Capacitors
procured to these specifications have been subjected to special process con-
trols and lot acceptance testing, along with 100% screening and extended life
test, This includes an operating voltage conditioning for level "S" parts or
better. Level "S" corresponds to a guaranteed failure rate of no more than
0.001%/1000 hrs at 60% or better confidence level under maximum rated operat-
ing conditions, The actual failure rate under normal use conditions will be
considerably less.

2.1.7.2 Use of accelerated testing techniques on capacitors (Weibull). There
are several reasons for using accelerated testing 1n establishing useful reasons
for operating life characteristics (beyond 10,000 hours) and verifying product
life characteristics. The Weibull technique shows that by accelerating the
stress ratio, it is possible to infer factors such as length of life, optimal
sampling techniques, access failure rate level, effectiveness of manufacturing
processes and quality control. It is also believed to establish more realistic
failure rate computations, which represent critical information for design
engineers. Level "B" corresponds to 0.1%/1000 hrs, “C" to 0.01%/1000 hrs, "D"
to 0.001%/ 1000 hrs, and "E" to 0,0001%/1000 hrs, A Weibull sample can be taken
at incoming inspection and the actual "real" failure rate can be compared to
that claimed by a vendor,

2.1.7.3 Capacitor failure modes. Capacitors usually fail in one of the follow-
ing modes: '

a. open
b. short

¢c. intermittent

d. low Insulation resistance

e. capacitance drift

f. high leakage current (for electrolytic capacitors).

Probable failure modes vary with the type of capacitor. Consult the subsection
on individual types for more detailed discussion of failure modes.

2.1.7.4 Failure mechanisms. The classic capacitor failure mechanism is dielec-
tric breakdown., Assuming operation at or beneath maximum rated conditions, most
dielectric materials gradually deteriorate with time and temperature to the
point of eventual failure. This presumes the early elimination by inspection
and screening techniques of infant mortality due to manufacturing defects or
mistreatment.

In actual practice the failure mechanisms depend on the construction and type
of dielectric and other materials used. More detailed discussions of failure
mechanisms are listed under the applicable subsections.
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2,1.7.5 Derating. With the exception of failures due to “random" occurrences
resulting from manufacturing defects or overstress, capacitor failure rate is
a function of time, temperature, and voltage. Operational life can be signifi-
cantly lengthened by voltage derating and by limiting the operating amhient
temperature.

The extent to which electrical stress (e.g., voltage, current, power) is derated
depends upon temperature. The general interrelationship between electrical
stress and temperature is shown in Figure 10, The approved operating conditions
lie within the area below the derated limitation line (£Sdr). Operation at con-
ditions between the derated limitation line and the maximum specification curves
results in lower reliability (see Handbook 217). Operation in this reduced
reliability area requires specific approval. -

The derated voltage 1is the sum of the peak ac voltage and the dc polarizing
voltage,

Numerical values are applied to the curves for each part type, based on a per-.
centage of the device manufacturer's maximum rated values. The applicable
derating curve or derating percentages are specified in MIL-STD-975.

100%
PROHIBITED
Y USE
w
& ESdr
w
|
<
(4]
= APPROVED
5 USE
Lt
|
bt
| i

TCI Tdr TC2
where CASE TEMPERATURE
1C1 = case temperature above which electrical stress must be reduced
62 = maximum allowable case temperature
Tdr = maximum case temperature for derated operation
ESqr = maximum etectrical stress (e.g.,voltage, power, current)
for derated operation
100% = maximum rated value per the detail specification.

FIGURE 10, Stress-temperature derating scheme.
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End-of-life limits. Circuits shall be designed such that required functional
performance 1s maintained within the identified end-of-life design limits. The
end-of-1ife limit may be assumed to be a 10-year period when the parts are in
the approved application region (see Figure 10). The end-of-life values given
in the detailed requirements section for each part type are percentage changes
from initial values.

Voltage acceleration factor. In essence, if a capacitor is operated for a
certain time period at some voltage stress level 1, the voltage acceleration
factor can be used to equate this time of operation at voltage (Ej) to an
equivalent time at some other voltage (Ez). The formula for this "Voltage
Power Law" is shown below.

Voltage Power Law
(constant temperature)

(L1/L2) = (E2/E;)" where: Ey = voltage at Condition 1

L] = 1ife at Ey
E2 = voltage at Condition 2
L2 = life at Ep

proper exponent for the dielectric material and
voltage stress area under consideration,

n

The expression (EZ/EI)” is the acceleration factor, and its accuracy depends
upon the proper determination of the exponent n. This value of n will vary
for different dielectric materials. It is also affected by design, processing,
and test conditions. With all other considerations being equal, operating
1life or reliability will follow this voltage power law quite closely.

The main problem is to determine the proper value of n for specific dielectrics
over specific voltage stress values. Values of n have been empirically deter-
mined for various capacitor types, and that these values generally range from
about 2 to 6, depending upon the type of unit and the range of stress level,.

Typical values which show the variation of the exponent with the stress ratio
are listed below: .

n =05 for application of 140% to 100% of rated voltage
n = 3 for application of 100% to 50% of rated voltage
n =2 for application of 50% to 25% of rated voltage.

Thus, operation at 50% of rated voltage improves the failure rate by a factor
of the voltage ratio when compared with operation at maximum rated voltage (n =
2 and 3, respectively).
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Temperature acceleration factor. The temperature acceleration factor is some-
what similar in concept to the voltage factor. It is based on a chemical activ-
ity rule that states, “For every 10°C increase in temperature, capacitor life
expectancy will be cut in half."

This statement, if accepted literally, would mean that the life expectancy of
the capacitor would double for a 10°C reduction in temperature, whether from
125°C to 115°C or 35° to 25°C. Again, this is a variable exponent depending
on the stress area concerned.

Temperature Rule
(constant voltage)

(Ly/Lp) = 2M where Ly = life at T,
Lz = life at T2
m- = (T2-T1)/n
T1 = temp at condition 1
T2 = temp at condition 2 .
n = °C rule applicable for the temperature stress

area under consideration

Note: The expression on the right of the equation is the acceleration factor
for the temperature, where n varies according to the dielectric and the tem-
perature stress areas concerned.

2.1.7.6 Capacitor failure rate model. Various types of capacitors require
different failure rate models that vary to some degree. To perform an actual
reliability prediction, MIL-HDBK-217 should be used.

2.1.7.7 Radiation effects. The principal radiation effects in insulating
materials (both organic and inorganic) are relatéd to the ionization dose pro-
duced by the particle or photon. The major changes in the macroscopic proper-
ties (thermal, mechanical, electrical, and optical) of insulating materials
resulting from ionizing radiation are: increase of ionic conductivity and di-
electric loss, resulting in decrease of the dielectric Q; changes in dimensions;
modification of tensile strength, yield point, and plastic and elastic proper-
ties; gas evolution; small changes in the dielectric constant and dielectric
strength; and increased optical absorption. Usually the predominant radiation
degradation of inorganic materials results from increased conductivity of the
material, whereas for organic materials, mechanical changes are usually the
major effects. Mechanical changes in organic material occur because of modi-
;ication of the organic polymer structure caused by radical interaction and
ormation.

Table V summarizes the radiation resistance properties of various dielectric
materials used in making capacitors. It is based on the physical changes
taking place and should be used as a guide only. Data based on electrical
degradation levels may or may not support the conclusions shown,
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TABLE V., Dielectric radiation resistance chart

Material Absorbed Energy Level for
Approx. 25% Degradation
Ceramics Highly resistant (no levels given)
Glass Highly resistant (no levels given)
Mica Highly resiatant (no levels given)
Polystyrene Over 1 x 10 rgds
Polycarbonate Approx. 2 x 10 rads
Mylar Approx. 1 x 108 rads
Polyethylene 9.3 x 107 rads
Cellulose acetate 1.9 x 107 rads
Teflon 1 x 10% rads
Electrolytic* Very susceptible (no values given)
0i1-filled capa- Very susceptible (no values given)
citors

*Not including solid slug tantalum

The neutron-radiation sensitivity of various types of capacitors is shown in
rigure 11. Analysis of this figure shows that permanent change in capacitance
value, dissipation factor, and leakage current is not considered severe at a
fission neutron-fluence spectrum less thi? about, 1014 n/cmz. For most capaci-
tor applications this limit is about 10 n/cmé, with the exception of paper
and paper-plastic capacitors.

N/CH2 1011 1012 1013 101% 1015 1016 1017

1 GLASS : ll ; i ;,,,,,r“
W CERAMIC l l | flllll.ll_l.Ll
(=)
g MICA l I I Illrrllllrlrl
o S TANTALUM ! : 7
<
& PAPER Zz
o I |

§ PLASTIC : T 1117[7111T1111

LEGEND: [ _____] SLIGHT-TO-MODERATE PARAMETER DAMAGE
U7777) MODERATE-TO-SEVERE PARAMETER DAMAGE

BEE SEVERE PARAMETER DAMAGE

FIGURE 11. Neutron-radiation sensitivity of various types of components.
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The principal cause of radiation-induced capacitance changes 1is dimensional
change in the interelectrode spacing due to gas evolution and swelling. This
change is more pronounced in organic-dielectric capacitor construction. Gamma
heating and changes in dielectric constants of capacitor dielectrics have been
rare and can be considered a second-order effect especially for inorganic
materials. Normally, capacitors using organic materials such as polystyrene,
polyethylene terephthalate (Mylar), and polyethylene are less satisfactory in
a radiation environment by a factor of about 10 than those using inorganic
dielectrics. However, it should be noted that even for these types, experimen-
tal data_indicate no significant permanent changes occurred for exposures up to
about 1012/cm?, On the other hand, usage of tantalum and aluminum electrolytic
capacitors indicates that both types show capability of surviving extended
radiation exposure, with the tantalum being more radiation-resistant. Roth
decreases and increases in capacitance value have been observed. For example,
changes from -10 to +25 percent for tantalum have been observed for exposure
up to 1017 n/cmz. These changes were observed during radiation exposure, with
some recovery in the electrical characteristics noted within several days after
the end of the radiation exposure. This recovery in some cases was rather slow,
and in many instances complete recovery was never attained.

The use of wet-electrolyte capacitors is not normally permitted in high-
reliability equipment. Permanent changes in electrical characteristics of
these capacitors begin at about 5 x 1013 n/em2,  The principal mechanism is gas
evolution caused by the interaction of the ionizing radiation with the electro-
lyte, which tends to rupture the capacitor.

Radiation-hardening techniques. In selecting capacitors for a radiation-
environment application, a survey of availabhle component part radiation data
should be performed to determine whether radiation data exist on that particular
part or a similar part. If no data exist, a radiation analysis should be made
of the materials that make up the capacitor to try to reduce the number of
candidate parts. A radiation exposure is then performed on a few samples of
the remaining candidate parts to reduce their population to one or two. These
remaining candidate parts then receive extensive investigation in terms of
radiation characterization. However, after a capacitor becomes qualified to a
nuclear environment, there is always the problem of maintaining this nuclear
qualification in any future ‘procurement (i.e., lot-to-lot radiation-quality
assurance). In reality, manufacturing processes do change and the vendor does
not always inform the procuring agency. Depending on the criticality of the
application, some type of screening for usage in radiation environment may have
to be performed. This can vary from confirming that there was no change in
manufacturing techniques to electrical screening to Tot-to-lot sample radiation
or to 100 percent radiation screening.

Hardening for fast neutrons. For neutron fluence less than about 1014 n/cm2
(generally the maximum level most semiconductors devices can survive), changes
in capacitance value, dissipation factor, and leakage resistance are considered
to be minimum if at all detectable. For some capacitors, a fast-neutron fluence
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of about 1017 n/em2 is necessary before the radiation damage becomes severe.
Glass, ceramic, mica, and tantalum are quite radiation-resistant, and they are
preferred in that order. Normally, the radiation deterioration of organic
dielectric materials is more severe than that of inorganic.

Ceramic, glass or tantalum dielectric material improves the capacitor radiation
‘resistance over paper-dielectric capacitors. In order to minimize radiation
effects, the capacitor voltage change, dc voltage and capacitor working voltage
should be kept low. Where possible, Zener diodes should be substituted for
capacitors in voltage-blocking applications. The utilization of transistor
constant-current generators to supply emitter bias rather than emitter bypass
capacitors is recommended.

In Tow-voltage tantalum-capacitor applications (i.e., when the maximum applied
voltage is much less than the contact potential), it is possible to cancel out
a large portion of fonizing-radiation-induced voltage in the external circuit
by using two tantalum capacitors in series or parallel. These two techniques
are shown in Figure 12, In the parallel configuration the net radiation-
induced charge is the difference between the radiation-induced charges of each
capacitor. In the series or back-to-back configuration, the external circuit
is subjected to only the difference between the radiation-induced voltage of
each capacitor, since the induced voltages are of opposite polarity. However,
it should be noted that in either configuration the cancellation effectiveness
depends on how well the capacitors are matched and how equally they are irrad-
jated. The cancellation will not apply when the applied voltage is large
compared with the contact potential.
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B. Series or back-to-back configurations.

FIGURE 12. Electrical configuration of sintered-anode solid-electrolyte
tantalum capacitor for ionizing-radiation hardening.
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Tantalum capacitors are frequently used in the back-to-back configuration where
large capacitor values in a nonpolar type of application are required.

Although long-term exposure to neutron or gamma radiation can eventually cause
permanent degradation of component part parameters, the design engineer should
also be aware of the effects of short pulses of high-level gamma (or x-ray)
radiation,

The voltage across a biased or unbiased tantalum capacitor tends to approach a
value of approximately -1.1 V when the capacitor is exposed to a pulse of high-
level gamma radiation. The actual voltage change for a given capacitor is a
function of both gamma level and initial charge, and varies from unit to unit
for a given set of gamma and initial-charge conditions., These facts are not
changed by connecting capacitors back to back, but the effects experienced by
the circuit are changed. The greatest benefit from back-to-back operation is
obtained for the unbiased state, when there is a net charge of zero across the
capacitor pair. As noted previously, this does not necessarily imply zero
voltage across each capacitor, but rather that their voltages are equal and
opposite. Whenever this condition exists, the net result of a gamma burst is a
voltage across the pair equal to the difference in the change in voltage across
each capacitor. This net resulting voltage may be of either polarity or may
even be initially of one polarity and then change to the opposite polarity.

The preceding theoretical considerations, substantiated by considerable data,
yield the following guidelines for analysis and design of circuits using back-
to-back tantalum pairs:

a, Because of cancellation effects, induced voltage across a pair of
zero-biased capacitors is roughly an order of magnitude less in ampli-
tude than for a single tantalum capacitor, but the decay time is of
the same order of magnitude.

b. Inasmich as the induced voltage represents the difference between two
induced voltages, it may be of either polarity. .

c. The voltage induced in large capacitors is no greater than that in-
duced in small ones. In circuits involving operational amplifiers,
therefore, it usually is advisable to use large capacitors and small
resistors instead of the opposite to obtain a given time constant,
since this tends to minimize the effect of operationai-amplifier
(op-amp) offset current. This consideration can become quite import-
ant in circuits exposed to neutron radiation, since high neutron
dosage causes op-amp offset currents to increase rather drastically.
For example, the zero-bias 3-sigma response for a group of back-to-
back 22-uF, 20 V tantalum capacitors from the same manufacturer was
only 2.7 mV/ krad. The time constant of the circuit was the same in
both cases.
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d.

Back-to-back tantalum capacitors with a net charge (bias) across the
pair will generally lose charge at a rate of approximately 1.0 to
1.5 percent per krad (25°C). Of course, for very small biases {a few
millivolts), the voltage loss may be masked by the random voltage
which is normally induced on zero-bias capacitors., If it is impera-
tive that the initial charge be retained in spite of high gamma dosage,
tantalum capacitors should not be used. Tests on a Timited number
of high-k ceramic capacitors indicate that these devices yield about
the same level of induced charge as a pair of back-to-back tantalum
capacitors, while losing an order of magnitude less initial charge.
There is a considerable penalty in both size and cost when using
ceramic capacitors 1in lieu of tantalum capacitors; solid-tantalum
capacitors are also generally more stable with age and temperature.

Where the gamma radiation to which the capacitor pair is exposed is
of short duration {(a few microseconds or less), the response is almost
purely gamma-dose instead of gamma-dose-rate-dependent. That is, the
response to a pulse of 1 x 107 rads/s for 10 us would have essentially
the same effect as a 100-ns pulse of 1 x 101l rads/s amplitude.

- Virgin (previously nonirradiated) parts usually respond more than pre-

viously irradiated parts. - This seems to be true of ceramic as well
as tantalum capacitors and occurs even when several hours or even days
elapse between exposures, although it is much more pronounced in the
case where the second burst follows the first by only a few seconds.
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2.2 Ceramic.

2.2.1. Introduction. Ceramic capacitors can be defined as capacitive devices
in which the dielectric material 1is a high-temperature, sintered, inorganic
compound. These dielectric materials generally contain mixtures of complex
titanate compounds such as barium titanate, calcium titanate, strontium titanate
and lead niobate.

Ceramic capacitors are available in a variety of physical forms, ranging from
discs to monolithic multilayered types. Tubular types, feed-through styles and
variations of these are also manufactured. Ceramic dielectric capacitors are
used more than any other single dielectric family, because of their low cost,
wide range of characteristics, good volumetric efficiency, and excellent high-
frequency capabilities. However, not all desirable characteristics are avail-
able in any given style. )

2.2.1,1 Classes. The characteristics are determined by the dielectric class.
There are two classes, Class II and Class I dielectrics.

2.2.1.2 General purpose (Class II dielectrics). This term embraces a broad
family of capacitors manufactured with high K dielectric formulations., These
types are characterized by relatively large changes in capacitance with tempera-
ture, voltage, frequency, and time. Their main advantage is high volumetric
efficiency. They include type BX.

2.2.1.3 Temperature compensating (Class I dielectrics). As the term implies,
capacitance varies in a fairly precise and predictable manner over the operating
range. These capacitors are made with low K ceramic dielectric., They inciude
NPO (Nominal Zero Temperature Coefficient) type, as well as both positive and
negative temperature coefficient styles. They are stable with time and voltage.

2.2.2 Usual applications.

2.2.2.1 General purpose types (Class II). These devices are not intended
for precision applications, but are suitable for use as bypass, filter, and
noncritical coupling elements in circuits where appreciable changes in capaci-
tance can be tolerated. Consideration must be given to changes in dielectric
constant caused by temperature,. electric field intensity, applied frequency,
and shelf aging. The piezoelectric effect of barium titanate may also be a
limiting factor in low-level circuitry. See Table VI.

2.2.2.2. Temperature compensating types (Class I). These can be used wherever
high capacitance stability with temperature i1s required, or where a specific

characteristic is required to compensate for temperature variations of other

circuit components, These styles are stable with time, temperature, voltage

gnd frequency, although variations with frequency extremes may require consi-
eration.
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TABLE VI. Usual applications

Circuit Application Ceramic

NPO BX
Blocking No Yes
Coupling No Yes
Bypassing No Yes
Frequency discrimination Yes Yes
Transient voltage No Yes
ARC suppression No Yes
Timing Yes No

2.2.2.3 Application notes. Consideration must be given to the following
application requirements:

a. Capacitance values above 0.33 pF are not recommended for use in criti-
cal applications because the devices are more susceptible to delamina-
tions due to the thinness of the dielectric material.

b. For low voltage applications it is recommended that the rated voltage
be a minimum of 100 volts dc.

c. If potting in a hard material is required for some styles of capaci-
tors, then a resilient materials shall be applied to the capacitor as
a buffer.

d. For space flight use, wax impregnates or other volatile materials must
not be applied to the capacitor.

2,2.3 Physical construction. Class I dielectrics use calcium titanate or
titanium dioxide to which other titanates may be added in varying proportions
to obtain the desired characteristics. The temperature coefficients in ppm/°C
of these materials are typically NPO, N750, N2200, and so on. The primary
consideration here is the essentially non-ferroelectric nature of the material.
This is the factor responsible for the temperature, voltage and time stability
characteristics of the finished capacitor.
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The Class II dielectrics are based on barium titanate. Modifiers may be added
in the form of bismuth stannate, niobium or tantalum pentoxides, or various
combinations of other materials. These dielectric materials are ferroelectric
and exhibit those characteristics for which the so-called "high-K" general
application ceramic " capacitors are known. These include high capacitance,
nonlinear temperature coefficients, ac and dc voltage sensitivity, and capaci-
tance hysteresis. The principal advantage offered by these materials is a
high dielectric constant, which ranges from 200 to as high as 16,000.

Table VII shows the typical range of dielectric constants and the variations in
electrical characteristics that may be expected with different formulations.
Since stability normally varies inversely with dielectric constant, a device
with a K15 dielectric may have a 0.1 percent capacitance change with temperature
over a given range, whereas a device with a K10,000 dielectric may have a 90
percent change over the same range and a device with a K1800 dielectric may
have a 15 percent change.

TABLE VII. Parameter variation with material change

Parameter Dielectric Constant Range
Dissipation factor 0.01% to 4%
Capacitance change with 0.1 to 90%
temperature
Capacitance drift 0.05%. to 15%

Voltage coefficient Negligible to 60%
Aging Negligible to 15%
Frequency effects Negligible to 50%

Four styles of constructions are used in ceramic capacitors. They are the
disc style, the feed-through or standoff style, the monolithic style and
the tubular style.

2.2.3.1 Disc style. This style consists of a metallized electrode on each

face of a flat ceramic disc. Silver bonded with a glass frit is the most
common electrode material, although other metals may be used.
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The disc devices are basically commercial types, but have been adapted to mili-
tary specification requirements to a limited extent. They are not recommended
for normal NASA applications.

2.2,3.2 Feed-through or standoff style. Feed-through styles are made with both
tubular and discoidal ceramic elements. Figure 13 illustrates the difference
between electrode configurations,

. et

CERAMIC TUBE

OUTER ELECTRODE
-

INMER ELECTRODE

TUBULAR FEED THROUGH

FIGURE 13, Electrode configuration of tubular and feed-through capacitors.

The discoidal version is made with a donut type disc. One electrode connects
to the inner hole to permit attachment to the terminal. The other electrode
connects to the outer edge of the disc for attachment to the flange or housing.
This style is more expensive and is designed with frequency characteristics for
UHF application,

2.2.3.3 Monolithic style. This style offers significant size reductions as
well as much improved environmental capability.

Monolithic ceramic chip capacitors are brittle and sensitive to thermal shock.
Precautions must be taken during mounting to avoid ceramic cracking. To avoid
mechanical stresses that may result from temperature changes, the substrate
material should have a thermal expansion coefficient that closely matches the
thermal expansion coefficient of the capacitor.

Although process details vary among manufacturers, a typical process is as
follows: green ceramic- sheet is screened with electrode patterns, stacked so
that alternating electrodes terminate on opposite ends, and pressed. This
laminated material may consist of 30 or more sheets and contain up to 100 indi-
vidual capacitors. The laminated sheet is then diced to separate each capacitor.

The individual chips are fired at temperatures upwards of 2000 °F to fuse the
assembly into a monolithic block., Where the electrodes are exposed on the ends

a silver paste combined with glass frit is painted on and fired. This connects
all the alternate plates together and provides a pad to which the leads may be
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soldered. The chips are now functional capacitors which are essentially imper-
vious to most environmental conditions (Figure 14). Final operations consist of
lead attachment and encapsulation (Figure 15).

CERAMIC ELECTRODE END TERMINATIONS

LAYER —
' \ . ELECTRODES

TERM-
INATE ~aiid
EDGE .

TERMINATE

\
EOGE MARGIN

FIGURE 14, Typical construction of a monolithic capacitor chip.

FIGURE 15. Qutline drawing of a radial leaded ceramic capacitor (CKRO5 Style).

2.2.3.4 Tubular style, The tubular configuration is still used (particularly
in the temperature compensating devices), but is rapidly becoming obsolete for
military use. The tubular capacitor is fabricated from a tube of ceramic with
one electrode painted on the inner surface and terminated at one end of the
tube, and the other electrode painted on the outer surface and terminated at
the opposite end. Silver bonded with glass frit is the most common electrode
material, although others are also used. Its capacitance is limited to low
values because of the configuration, and cannot approach the volumetric effi-
ciency of monolithic styles.
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The term "tubular" used here applies specifically to the type of construction
described above, and not to the general category of axial-leaded styles in a
cylindrical configuration such as the CKRiZ and similar styles. These have
mono;ithic capacitor elements and only the external configuration is tubutlar
in shape.

2.2.4 Military designation.

2.2.4.1 Applicable military specifications. Ceramic capacitors are covered by
the following specifications:

MIL-C-20 Capacitors, Fixed, Ceramic Dielectric (Temperature
Compensating) Covers CC and CCR Styles.

MIL-C-123 Capacitors, Fixed, Ceramic Dielectric, (Temperature
Stable-BP and General Purpose - BX) High Reliability
- covers CKS Style, This is designed for space
programs and 1is an upgrade of MIL-C-55681 and
MIL-C-39014. However, it does not cover all values
and styles called out in MIL-C-55681.

MIL-C-39014 Capacitors, Fixed, Ceramic Dielectric (General Pur-
pose) - Established Reliability - covers CKR styles.

MIL-C-55681 Capacitors, Fixed, Ceramic Dielectric, Established
Reliability - covers CDR Style.

2.2.4.2 Part designation. Parts are currently selected by specifying part
numbers detailed 1n the appropriate Military Specification slash sheet, For
example, the part numbers listed herein describe failure rate level, voltage
rating, capacitive value, tolerance, characteristic, style, and other features.

MIL-C-20
CCR75 CH 1RO C S
[ T T
__ : 1
Style Characteristic Capacitance Capacitance Failure rate
tolerance
MIL-C-123
Military Modifi- Slash Charac- Voltage Capaci-  Capaci- Termina-
specifi- cation sheet teristic tance tance tion
cation number value tolerance
number
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MIL-C-39014/05-2237

The numbers following the slash describe failure rate, level, voltage rating,
capacitance value, and tolerance.

MIL-C-55681
CDRO1 BX 100 A K S S
T T T T T
| 1 I |

Style Rated temper- Capacitance Rated Capaci- Termination Failure
ature and voltage tance finish rate-
voltage- tolerance level
temperature
limits

Many styles are available in the specifications listed, each with separate capa-
citance ranges and voltage ratings. For selection, consult MIL-STD-975

(NASA).

2.2,4.3 Space application. MIL-C-123 was developed for space applications
in order to meet the severe environmental conditions encountered in space.
MIL-C-123 is a replacement for MIL-C-55681 and MIL-C-39014, MIL-C-123 is
designed to include stringent testing requirements such as:

a. One quality level

b. Pretermination Destructive Physical Analysis (DPA)

¢c. Pre-encapsulation terminal strength

d. Humidity, steady state lTow voltage criteria

e. Tighter moisture resistance requirements

f. DPA inspection (finished product)

g. 100% inspection for thermal shock, voltage conditioning dielectric

withstanding voltage and other electrical parameters.

2.2.5 Electrical characteristics. Because of the wide difference in charac-
teristics, capacitance ranges, and applications of Class I and Class II dielec-
trics, refer to MIL-STD-975 (NASA) and the individual military specification
for the requirements. See Table VIII,
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TABLE VIII. Electrical

characteristics of ceramic capacitors

Characteristic

Ceramic Capacitor

NPO

BX

Capacitance range (pf)
Tolerances

Voltage rating (Vdc)
Aging (percent/decade)

Curie point (°C)

Temperature coefficient

Insulation resistance
(Megohm-u f)

Operating temperature (°C)

10 to 68,000
0.1 pf to £10%
50

None

Outside the range
of interest

30 ppm/°C

1,000 minimum

-55 to +125

12,0 to 1,000,000
0,5 pf to *20%
50 to 1600

1to?2

115

+15 to -25 percent

1,000 minimum

-55 to +125

NOTE:

Deaging: The aging process can normally be reversed by exposure to 125°C.
plete deaging will occur at 150°C.

2.2.5.1 Derating.

ditions is a function of time, temperature, and voltage.

Both the capacitance and dissipation factor
will revert to the former 10-hour levels and then the aging process will resume.

(NASA) for specific derating conditions.

2.2.5.2 End-of-life design limits.

percent.
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compensated ceramics

The failure rate of ceramic capacitors under operating con-
Refer to MIL-STD-975

For general purpose ceramics, the capaci-
tance change is $30 percent and insulation resistance change is -50 percent.
Capacitance change for temperature
0.45 pF (whichever is greater), and the insulation resistance change is

is *0.5 percent
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2.2.5.3 Design precautions. BX and BR dielectric ceramic capacitors are rated
for dc use and may be used with ac if the sum of the dc voltage and ac peak-to-
peak voltage does not exceed the dc rating, and the heat generated does not
cause a temperature rise in excess of 35°C. Power can be caiculated with the
following formula: Watts = EZ (2nfc) (Dissipation Factor). Nominal ratings
are 1/8 watt,

Dielectric absorption occurs in all solid-dielectric capacitors and is a
significant parameter in pulse and other circuits where rapid charge-and-
discharge characteristics are important., In such applications, time delays
caused by dielectric absorption may be detrimental to circuit performance.
The ratio of the recovery voltage of a capacitor to the initial-charge voltage,
expressed as a percentage, is called the percent dielectric absorption. The
percent dielectric absorption for a BX dielectric is 2.5 and for BR dielectric

is 4.5, and for an NPO is 0.75.

BX and BR dielectric ceramic capacitors exhibit a piezoelectric response when
subjected to vibration. Values up to several millivolts can be expected,
therefore circuits with a high gain following a capacitor may be sensitive to
this effect.

Capacitors, fixed, ceramic, (CCR, CKR, and CDR). Fixed ceramic capacitors
(i.e., CCR, CKR, and CDR styles) should meet the destructive physical analysis
criteria defined in Table IX, Group A Inspection, of MIL-C-123, and the humid-
ity, steady-state, low voltage criteria (+85°C/ 85% RH) defined in Table X,
Group B Inspection of MIL-C-123 (100% in order to minimize the risk of low IR
failures).

2.2.5.4 Measurement conditions. The capacitance of Class II dielectrics is
affected by variations in voltage and frequency, particularly as the dielectric
becomes thinner as in the case of monolithi¢c styles. Therefore, measurement
voltage must be specified; e.g. MIL-C-123 specifies 1.0 Vrms @ 1,000 Hz as a
measurement potential. This is used as a standard for all measurements on parts
having a 50 Vdc rating or greater.

Class [ dielectric capacitance is largely independent of voltage and frequency
within the ratings of the device. However, standard measurement conditions
similar to those of Class Il dielectrics are normally specified.

2.2.5.5 Dissipation factor or "Q". For Class Il dielectrics, the dissipation
factor will seldomly affect circuit operation except in specific applications
requiring the high Q of the Class I dielectrics. €lass II dissipation factors
range between 1.0 and 4.0 percent, although military grades are normally no
higher than 2.5 percent. The primary purpose for checking this parameter is
that for a given dielectric, variation in dissipation factor may provide the
manufacturer with information on formulation and firing variations. An excep-
tionally high dissipation factor indicates poor termination (cold solder joint,
lifted electrode, separated lead, etc.).
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Often differences in dissipation factor as slight as 1.5 percent vs 2.0 percent
are exploited as sales gimmicks. Figure 16 shows the effects of temperature-vs-
dissipation factor. The dissipation factor at -55°C increases by 5 to 10
percent depending on formulation. In this case, the dissipation factor of the
bismth-free body, although slightly higher at room temperature, is signifi-
cantly lower at -55°C,

10.0

8.0
y BISMUTH BODY
\ K 1200
6.0

40 N
>‘~\:§ NON BISMUTH

K 1800
20 “Q; 20

-55 -25 0 25 &80 75 100 125
TEMPERATURE DEGREES CENTIGRADE

DISSIPATION FACTOR PERCENT

FIGURE 16, Dissipation factor vs temperature.

The dissipation factor is affected by measurement vo]tagé and frequency; since
this measurement is normally made at the same time as capacitance, the same
comments apply.

The Class [ dielectric dissipation factor for these devices is less than 0,1%,
This parameter is sometimes expressed as Q, which for capacitors is the recipro-
cal of the dissipation factor expressed as a pure number, A dissipation factor
of 0.1% corresponds to a Q of 1000.

2.2.,5.6 DC voltage coefficient. Class II ceramic ‘capacitors have a voltage
coefficient that normally becomes greater as dielectric constant increases.
This effect is dependent on the formulation as well as dielectric thickness.
Figure 17 illustrates the effect of dc voltage on K1800 material. Note that
this effect is not 1inear; although there is a change of 10 percent at rated
voltage, the change at 50 percent of rated value is only about three percent,
while below 30 percent of rated voltage the change is either negligible or
slightly positive.
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FIGURE 17. Capaci'tance change vs dc voltage.

The curves in Figure 18 show the combined effect of voltage and tefnperature.
Voltage coefficient is greater at low temperatures than at high temperatures
and therefore -55°C 1is usually the point of greatest change for a given

characteristic.

Class I dielectric curves are not shown for voltage coefficient, since these
dielectrics are not particularly sensitive to voltage. Depending on the formu-
lation, the voltage coefficient varies from negligible to a maximum of about 2%.
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FIGURE 18, Typical combined effect of voltage and temperature.
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2.2.5.7 AC voltage effects. For Class II dielectrics, the effects of ac
voltage on capacitance and dissipation factor are also dependent on material
and volts per mil stress. It is this latter effect that makes measurement
voltage more critical as the dielectric decreases in thickness. A capacitor
with a 1 mil dielectric thickness is much more sensitive to 2.0 Vrms than a

20-mil-thick disc.

Figure 19 shows the effects of ac voltage on the capacitance of typical capaci-
tors. Note that, an increase in ac voltage causes an increase in capacitance,

opposite to the effects of dc voltage.

Dissipation factor also increases with ac voltage. For example, dissipation
factor measured at 1.0 Vrms for K1800 dielectric is about 3% and increases
to about 8% at a measurement voltage of 3.0 Vrms, 1 kHz, :
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© 125 25 3758 50
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FIGURE 19, Capacitance vs ac voltage,

Class I dielectrics maintain their capacitance and dissipation factor charac-
teristics when used within their voltage ratings.

2.2.5.8 Temperature characteristics. Figure 20 shows typical temperature
characteristics of Class [l ceramic dielectrics. It can be seen that the
temperature stability of the capacitor decreases with increasing dielectric

constant,
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FIGURE 20. Capacitance change vs temperature,

Higher dielectric constant materials are available, but with decreasing
stability and a narrower operating range of -55°C to +85°C. For example a
K5600 dielectric would give 4 times the capacitance of K1800 dielectric at
25°C, but could lose 60 percent of its capacity over the temperature range,
~ A K8000 dielectric would give 6 times the capacitance but lose 80 percent of

its capacity. These dielectrics are effective only in controlled ambient con-
ditions where full use may be made of the increased capacitance at 25°C without
concern for the falloff at temperature extremes.

The most distinguishing feature of the Class I ceramics is their relatively
linear change in capacitance with temperature. This change will vary depending
on formulation from P100 {positive 100 ppm/°C) to N5600 (negative 5600 ppm/°C).
The Class I dielectrics are identified by their nominal temperature coefficient
(TC). It is important to remember that this TC is determined from a two point
measurement of capacitance at 25°C and at 85°C. These materials have a more
negative TC as the temperature approaches -55°C., This is covered by specific TC
limits over the temperature range. Additionally, there is a tolerance on the
nominal TC which varies from *30 ppm for NPO to #1,000 ppm for N5600., Effec-
tively, an NPO 230 ppm will have a temperature coefficient faliing between a
+30 ppm and a -30 ppm limit. Figure 21 shows the temperature characteristic for
a N330 60 ppm envelope (note that it is more negative on the cold side). Also
important is the fact that the tolerance is necessarily greater for low capaci-
tance values (less than 10 pF), because stray capacitance becomes a factor and
the temperature coefficient of the stray capacitance has an effect,
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FIGURE 21, Temperature vs capacitance.

2.2.5.9 Effects of frequency. Figures 22 and 23 show comparative effects of
frequency for three typical formulations. Actual plots vary, depending on
capacitance value, configuration, and lead length. However, these illustra-
tions provide general information in selecting the capacitor type for a

particular application,

It can be seen that Class I (NPQ) dielectrics are least affected by frequency,
and that the Q of the NPQ dielectric is several times better than that of the

high-K material.

w NPO
Q
r4
§ 0 4—
o W
w <1800 1 N
Qg -10 NS
zc K 25C
=a
Q -
g -2
z CAPACITANCE VS FREQUENCY
© a0 ] i | | |
1 KHZ 100 KHZ 10 MHZ 1GHZ
10 KHZ 1 MHZ  100MHZ
FREQUENCY

FIGURE 22. Capacitance vs frequency.
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