TECHNICAL LIBRARY

NOT MEASUREMENT
SENSITIVE

MIL-HDBK-755 (AR)
16 SEPTEMBER 1991

MILITARY HANDBOOK

PLASTIC MATERIAL PROPERTIES

e TYYY SIS T YR 'S V.9 U

FOR ENGINEERING DESIGN

AMSC N/A FSC 9330

DISTRIBUTION STATEMENT A. Approved for public release; distribution is unlimited.




TECHNHCALLJBQAQY

\ER

FOREWORD

I. This military handbook is approved for use by all Activities and Agencies of the Department of the Army and is
~ = M S

P < L B B W I By N ey NS NN B Y ey ey ~C Mafanmen
available for use by ail Departments and Agencies of the ucpm‘uuc it Ol Leiense
2. Beneficial comments (recommendations, additions, deletions) and any pertinent data that may be of use in

improving this document should be addressed to: Commander, US Army Armament Research, Development, and
Engineering Center, ATTN: SMCAR-BAC-S, Picatinny Arsenal, NJ 07806-5000, by using the seclf-addressed
Standardization Document Improvement Proposal (DD Form 1426) appearing at the end of this document or by
letter.

3. This handbook was developed under the auspices of the US Army Materiei Command’s Engineering Design

Handbook Program, which is under the direction of the US Army

-




TECHNICAL LIBQAQY

TAER

MIL-MUDR-/J2{AR)

CONTENTS
Paragraph Page
FOREWORD ..o e et i
LIST OF I LUS T R AT ION S e e e, vil
S T O T A B L E S e e e et 1X
LIST OF ABBREVIATIONS AN AC R ONY M S e e et X
CHAPTER 1
INTRODUCTION
Lol PU R PO SE e e e I-1
1-2 HANDBOOK OVE R VI EW e 1-1
L-3 P ASTIC MA T E R A LS e e et e e e bae e e e s attra et e e sebeaeeeeennaeaeees 1-1
1-3.1 CLASSIFICATION OF PLASTICS ........ -1
1-3.2  POLYMER STRUCTURE ... e 122
1-4  MATERIAL PROPE R TIES e et e et e e et et e e e et aaa e easaanees 1-3
1-4.1 CLASSIFICATION oottt e e e e ettt e e e e et e e e e nneaeeaeaenes 1-3
1-4.2  MILITARY RELEVANCE e 1-4
1-5 ENVIRONMENT AL FACTORS e i-5
R E R E N E S e et -6
CHAPTER 2
DESIGNING FOR PLASTICS
Z-1 INTRODUTCTION ettt ettt e et e e e e et e e et e e e e e e e eteeeeeiaaens 2-i
2-2 INTEGRATED PLASTIC PRODUCT DESIGN e e 2-1
22l D E R INT T ION e et 2-1
2-2.2 DESIGNING FOR FUNCTION Lottt s s ee e s e ssnee e e s ennsnneeeen e 272
2-2.2.1  Design REQUITEIMEITS ..oooiiiiiiiiiiiieiiiit et e e e e ettt e e e e e e e e e e e e ettt e eeeeeeeeeeeeeeaeeeeeenesaenneees 2-2
2-2.2.2  Initial Product DESIZI ...oooiiiiiiiiiii et 2-3
2-2.2.3  Material SEIECHION ....oiiiiiiiiiiiiiii ettt e et e e e e e et e e e e e s 2-3
2-2.2.3.1 INIHAL SCIEENMINE ©oiivviiieiie e, 2-3
2-2.2.3.2  Candidate SeleCtion ...ocooiiiiiiiiiiii e 2-3
2-2.2.4  Prototype EvalUuation ... 24
2-2.2.5 Demgn Flndllzatlon ............. U UUUUURRRRUN. s |
2-3  PROCESS TECHNOLOGY ..ottt 2-5
2-3.1 PROCESS CONSIDERATIONS IN DESIGN ... i 2-5
2-3.1.1  Plastic Process Methods .........occiiiiiiiiiiiiiiii e 2-5
2-3.1.2 0 Process VArIabIes .....ocoooviiiiiiiii e 2-7
2-3.1.3  Secondary Process OPErations ............o.oooiiiii it 2-7
2-301301 FINISRINE oo ettt e ettt ea it et e e 2-7
2-3.1.3.2 0 JOMMINE oottt e e e e e e e e e s e e e e s s e e et e e e e e e e et e s 2-7
2-3.1.3.3 DECOTALIME ..ottt ettt e e e ee e e e e e 2-8
2-3.1.4  Design INErface .......ooeiiiiiiiiiiiiii e 2-8
2-3.2 PRODUCT ASSURANCE CONSIDERATIONS ..o i, 2-8
2-3.2.1 Military Specifications and Standards ...............ccccoooiiiiiiiiii e 2-8
2-3.2.2  Quality COntIol ..oueeeiiiiiiii e 2-8
2-3.2.3  Performance SpecifiCatiOns .......ooioiiiiiiiiii 2-9

i



TECHNICAL LIBRAQY

ABEDTTAER
2-4  TESTING TECOHN O L O G ettt 2-9
2-4.1 TESTING FOR MATERIAL PROPERTIES L. 229
2-4.2 PROTOTYPE TESTING oot 2-9
2-4.3 PRODUCTION TESTING ..ottt e e e e eee s 2-10
REF E R EN G E S e et et ettt e e oottt e e e e e bt e e e e et e e e e e e e e nenreeaeeenans 2-11
CHAPTER3
MECHANICAL PROPERTIES

320 LIST OF SY MBS oot e e et e e e e e ettt e e e e e ettt e e e ettt a e e e e e nibbanaeeeeeana 3-1
3-1 INTRODUGCTION oottt ettt e e oottt e e e e ettt e e e et e e e e e e enaeaeeaeee s 3-1
3-2.1 CONSTANT LOAD oottt e e e ettt e e e e ettt e e e e e ettt e e e e st et e e s e easseneeens 34
3-2.1.1 Creep, Creep Recovery, and Creep RUPIUTE .......oooiiiiiiiiiiiiiiiiiiice e 3-5

T B B B O ¢ + OO O TSRO TP PO SO PRV RO RRROTUPROPPPPPPRt 3-5

3-2.1.12  €Creep RECOVETY ..ooiiiiiiiii e 3-6

3-2.1. 1.3 Creep RUPLUIE i e 3-6

.—2.1.2 SErESS REIAXAUIOMN ..ottt ettt e e e e e e e e e e e e e e e e e e et e e s e s e e e naerreee 37

3-2.2 LOW-RATE LOADING oottt e ettt e e e ettt e 2 et e e e e et ee e e s eabrees 3-8
3-2.3 HIGH-RATE LOADING ..ottt ettt ee e e st aeeee e ensnnes 3-8

K 55 2 B 1513 o 4 - WU USSP SO P PUPUURRPPPP 3-8

3-3

3—3.1 CREEP DEFORMATION ..ottt et e e e et e e e 3-10
3-3.1.1 Tensile and Compressive CTEEP .......oeeiriieiiiriiiiiiiiiee it e e 3-10

3-3.1.2  FIEXUTAL CTEED oeeiiiiiiee ettt ettt e ettt e e ettt e e e e sttt e e e e st e e e e sttt beeeeeenaes 3-12

3-3.1.3  Creep Lateral CONTrACHION ....oioiiviiieiiiitiiice ettt s 3-i2

3-3.1.4  Derivative CTEEP DDA .uuvvveriieieiiiiiiii et ie et et et e et e et et n e e e e et e e e e e e e e e e e e e e e e e e e e e 3-12

3-32 CREEP RECOVERY e ettt 3= 1 3
3-3.3  CREEP MODULUS oottt ettt ettt e et e e e e e e e s saneeee e 3-13
3-3.4 CRFEP RUPTURE .ottt et e e ettt e e ettt e e e e s 3-14

3-4 STRESS STRAIN PROPERTIES

34.1
34.2
343
344
3.5 IMPACT RESISTANCE .

36 FATIGUE PROPERTIES ....ooooooooooooo oo 3-25
REFERENCES ... oooovvvveeoeee oo eeoeeoee oo oo oo 3-27
CHAPTER 4
THERMAL PROPERTIES
40 LIST OF SYMBOLS ......ccoiiiiiimiioroororoiiesnisiesesssises s e 4-1
4-1 INTRODUCTION 4-1
42 THERMOPHYSICAL PROPERTIES ....ooocccee oo oo 4-1
4-2.1 THERMAL EXPANSION COEFFICIENT ..ot ssssssssscsesssnessssess 4-2
4-2.2 THERMAL CONDUCGTIVITY ittt e e s eeaa s 4-3
823 SPECIFIC HEAT covvveoooooooeoeoeeeeeoooooeoe oo e 4-3
424 MELTING POINT Lo 4-4



TECHNICAL LIBRAQY

4-3 THERMAL DECOMPOSITION ittt et ettt as 4-6
4-3. 1 F L AMM A BILI Y o et e 4-7
-3 2 SMOKE D EN S T Y et e r e e e e e e e e e e e e e e 4-8
4-3.3  THERMAL GAS EMISSION oottt e e e e e e, 4-10
R EF E R EN C E S et ettt e e e e et e e e s e e e e s e e e e e e e aaanns 4-10
CHAPTER 5
ELECTRICAL PROPERTIES
5-2 DlELECTRlC STRENGTH ......................................................................................................................... 5-2
5-3  PERMITTIVITY (DIELECTRIC CONSTANT) oottt 5-3
5-4 DIELECTRIC LOSS CHARACTERISTICS ..ottt 5-6
5-4.1 DISSIPATION FACTOR oottt e 5-6
542 POWER FACUTOR oottt e e et 5-9
S-4.3 LOSS INDEX {LOSS FACTOR ) oot et e e e e e et vttt aan 5-9
5-5 ELECTRICAL RESISTANCE ittt e e ettt a e e e e e e e e eeeeverssass e 99
5-5.1  VOLUME RESIST VT Y et 5-9
5-5.2  SURFACE RESISTIVITY oo e e e e e e e e e e e aae s 5-10
5-5.3 AR C RESIST ANCE ..o ettt 5-11
5-6 CORONA RESIS T ANCE oottt 5-12
R E R ENCE S e e ettt ettt e e e e e e e ettt aaans 5-13
CHAPTER 6
OPTICAL PROPERTIES
6-0  LIST OF SYMBOLS oottt ee e ettt s e e e e e e e e e e saesaeneaaans 6-1
6-1 INTRODUCGTION Lottt e e e e e e e e e et e e e e e e e e e e eeaees 6-1
O-1. 1 AP P LIC AT IONS e ettt 6-1
6-1.2 ELECTROMAGNETIC SPECT R UM ettt 6-2
0-2  REF R AT ION ettt 6-2
6-2.1 REFRACTIVE INDEX L ettt 6-2
6-2.2 DISPERSION oottt et e e e e e e e e ———— 6-4
6-2.3 CRITICAL ANGLE . ettt e e e et 6-5
6-3 LIGHT TRANSMISSION .ottt n e e e e e e e e 6-5
6-3.1 REFLECTANCE oo ettt et e e e e e e e e e e e ettt 6-5
6-3.2 T RANSMIT T AN CE et 6-6
0-3.3  HAZE oo e e — et e e e e e e e e e arrrrrrararaaaaaeans 6-8
6-4 ENVIRONMENTAL FACTORS oot 6-8
6-4.1 SURFACE ABRASTON L. e e e e 6-8
6-4.2 YELLOWNESS INDEX L.ttt e e e e e e e e e e e e e eeee e e s saanaas 6-9
R E R EN G E S e e ettt et e e ee e e et e et e et e e et e et e e e ereran 6-9
CHAPTER 7
PHYSICAL AND SURFACE PROPERTIES
T-0  LIST OF SYMBO LS oo ettt e e e e e e e e e e ettt e e 7-1
T-1 INTRODUGTION oot e et e e e et e e e e ettt ettt e eaeeaaaaaeaeeseasssassanstnnnnnssnnns 7-1
7-2  PHY SIC AL PROPE R TIES oo et 7-1
7-2.1 DENSITY (SPECIFIC GRAVITY ) oo e, 7-1
T2 H AR DN E S S e, 7-1




TECHNICAL LIBRARY

vepofkErOSP

7-3  SURFACE PROPERTIES o et reaaeaes 7-3
7-3.1 COEFFICIENT OF FRICTION et 7-3
7-3.2 ABRASION RESISTANCE e 7-4
7-3.3 SCRATCH RESIST ANCE et 7-5
7-3.4 WEAR RESIST ANCE o et 7-6
REFE R EN CE S e e 7-6
CHAPTER 8
PERMANENCE PROPERTIES
8-1 INT RODUCTION Lo e e ettt et et et e 8-1
8-1.1 CHEMICAL PROPERTIES ... .ottt ettt e e e et eeen e 8-1
B-1.2  AGING i e et e e e 8-2
8-2 CHEMICAL RESISTANCE ........ccccooiiiiiiiieee e, 8-2
8-3 WATER ABSORPTION Lottt ettt e e e e e e e e e e e e e e e ee s s e st e e sbasnsarebenes 8-4
8-4 WATER VAPOR TRANSMISSION oottt e e e e et raanrnaes 8-5
85 NATURAL AGING ..ot 8-5
B-6 HEAT AGING et 8200
8-7 WEATHERING ... o ittt e et et e e e e e e s e e e s e eeeeseeeeassesee e snssasssssensasnsenes 8-7
REFERENCES .o oo e et 8-8
GLOS S A R Y oo e e e ————————_ G-1
FN D E X i e e e e i-i

vi



Figure No.

3-1
32
33
34
3-5
3-6
3-7
3-8
3-9
3-10
3-11
3-12
3-13
3-14
3-15
3-16
3-17
3-18
3-19
3-20
321
3-22
4-1
4-2
4-3
4-4
4-5
5-1
5-2
5-3
5-4
5-5
5-6
5-7
5-8
5-9
5-10
5-11
5-12
5-13
5-14
5-15
5-16
5-17
6-1

6-3
6-4
6-5
6-6

6-8

TECHNICAL LIBRARY

ABOFTAEROSRACKE. . LOM

LIST OF ILLUSTRATIONS

Title Page
Tensile Stress vs Strain for Typical Metals .........cooccciiiiiiii e 3-2
Tensile Stress vs Strain for Typical PIASUCS ..ot 3-3
Strain Rate LOAAING ....oooiiiiiiiiii e e e 3-4
ViISCOCIASTIC MOAEIS ..ottt ettt et ettt e e e e s 3D
Tensile Creep and Creep RECOVETY ..ottt 3-5
Deformation VS TIIME .....ooiiiiiiiiiiiirei ettt e ettt e e e e et e e ettt e e e e e e e e e e e aneenanea e 3-6
Tensile Stress Relaxation MOAE]l ........ccooooiiiiiiiiiiieeic e 37
Tensile Stress vs Strain as a Function of Strain Rate ...........ccoovviiiiiiiiiiniie e, 379
Tensile Stress vs Cycles to Fallure .......oocoeiiiiiiioieiieiesceeecee e 310
Tensile Strain vs Time as a Function of Stress .....co.cooiiiiiiiiiioiieiie e eneee . 3= 1
Tensile Strain vs Time as a Function of TeMPerature .............coccceeeeiiiieeeeieiieeeeeiieeeeeeeieeeeeeseee 3= 1
Creep and Creep ModUlUS .....oooiiiiii e e 3-13
Tensile Creep Modulus vs TIME ....ccooiiiiiiiiiiiie e 3= 14
Tensile Creep Rupture ENvelOpe .....ooociiiiiiiiiiiiiiiiiiiec e 32 1S
Tensile Stress RelaXatiOn ..oooooiiiiiiiiiii it e e e e eree e e e nnnieneessinneeeennennee . 32 1O
Stress vs Strain as a Function of Strain RAte ........ccccooviiiiiiiieiiee et 3 1 8
Stress vs Strain as a Function of Temperature ............occcooceiiiiiiiniieiieiiceen s eiee e 3-19

Stress vs Strain
Types of Shear

Shear Stress vs Thickness and Strain Rate as a Function of Temperature ..o 3-24
CYClIC LOAAINE oo 3-26
Fatigue Failure ENVEIOPE ...cooooiiiiiiii it 3220
Thermal Expansion vs TEMPETatUre ..........ooiiiiiiiiiiiiiiiiii e 4-3
Enthalpy vs TEMPErature .........ccccoiiiiiiiiiiiii e e 4-5
Specific Volume vs TeMPETALUTE .....oiiiiiiiiiii ettt 4-6
Specific Optical Density vs TIME .....oooiiiiiiiiiiiiiiiit et 4-9
Maximum Specific Optical Density vs ThiCKNESS ......cccoiiiiiiiiiiiiiiiiiii i 4-10
Dielectric Strength SCHEMALIC .......oooiiiiiiiiiiii et 5-2
Diclectric Strength vs THhICKNESS ....vviiiiiiii ittt e e e e e e e 5-3
Dielectric Strength vs TEMPETAtULE .......oooiiiiiiiiiiiie et ee s 5-3
Permittivity (Dielectric Constant) SChEMAtIC ......c..oooiiiiiiiiiiii e 5-3
Permittivity vs FreQUENCY ...ooouiiii et 5-4
Permittivity vS TE@MPETAtUIE ..........oiiiiiiiii it e et e e e e e e e 5-4
Permittivity vs Frequency and TemPerature ...........oo.ooiiiiiiiiiiiiiiiee et eeee e 5-5
DISSIPAtION FACLOT L..oiiiiiiiiiiiiii et e e et e e ettt et aaae s e s et taeaaeeeeeeneaa e 5-6
Dissipation Factor vs FIEQUENCY ......ccoooiiiiiiiiiiiii e 5-7
Dissipation Factor vs Frequency and Temperature ..........ccccooiiiiiiniiiiiieiiiiiicniiiee e 5-7
Loss Tangent vs Frequency and TEemMPEerature ............cccccooiiiiiiiiiiiiiiieoniiieee e eieee e 5-8
Volume ResiStIVILY SCREMALIC ...ocuvviiiiiiiiiiiiiiiii ittt et e et e e taeesiaee e saaaae e 5-9
Volume Resistivity vs Time of Electrification ..............cccccciiiiiiiiiiiii e, 5-10
Volume Resistivity vs Applied VOILAZE .......ooooiiiiiiiiiiiiiiiiieee et 5-10
Volume Resistivity vS TEMPETALUTE .coviiiiiiiiiiiiieiiiiii it e e e et e et e ettt e e e et e e e e e 5-11
Surface Resistivity SChEMALIC .....o.iiiiiiiiiiiiii et e et ee e et e e et ae e e e e enineeees 5-11
ATC ReSIStANCE SChEMALIC ...eeiiiiiiiiiieeiiii ittt ettt e e eb e e et e e et e e erteeesataeensaeaenes 5-12
Visible Electromagnetic SPECIUM ....o.uiiiiiiiiiii ittt e e e e e st ae e e eae 6-2
Refraction of LIBRt ... ettt e et e et e e et e e e e e 6-3
Refractive Index vs Wavelength ... 6-4
Refractive IndeX vS TEMPETALUIE .......oooiiiiiiiiiiiiiiee ettt e e ettt e et e et eseee e e eaniaeeeaeeaes 6-5
CritiCal ANGLE ..ot 6-5
Reflection of Light (n1 = 1.5at 23°C(73°%F)) .oiiiiiiiiiiiiiii e 6-6
Transmittance vs Angle of INCIAENCE .........ooiiiiiiiiiiiiiiie e 6-7
Transmittance vs Wavelength ..o e 6-7

vii



TECHNICAL LIBRARY

ARBDYTAEROSPACE,

cCOM




1 1 1 ] 1 [ 1
(SIS - WV I N R

[ I SR O R S N R el

_——

o

TECHNICAL LIBRARY

ABBOITACRDEPAGE.COM

Considerations in Establishing Design Requirements ..ot 2-

Methods Used to Process PLASTICS ......oooiiiiiiiiiiii e e 2-6

Injection Molding Process Variables .......ccooiiiiiiiiiiiiiii o 2-7

Common Test PATAmeTETS .....oooiiiiiiiiiiiii et e e e e ae e e 2-10

Classification of Conductive Materials ... 5-1

Spectral Wavelengths o e 6-3
1X



Iag ey

AMCP
AMMRC

ANSI
ASTM

1K
| &)

DARCOM

R o
[ RwNe]
C

mom
mm v =
mTA>NT

z I
)
=

’
"
N
>

2
>
w

TECHNICAL LIBQAQY

AROLYTAER

LIST OF ABBREVIATIONS AND ACRONYMS

i!ri!e—b'ltadiene-styrene

ateriel Command Pamphlet
Army Materials and Mechanics Research
Center

American National Standards Institute

American Society for Testing and
lVla(Crldlb

International Commission of IHumina-
tion

US Army Materiel Development and
Readiness Command

Department of Defense

degree of polymerization

differential scanning calorimetry

differential thermal analysis
environmental stress cracking
fluorinated ethylenepropylene

Institute of Electrical and Electronics
Engineers, Inc.

National Institute of Standards and
Technology

National Materials Advisory Board

OSU = Ohio State University
PCTFE = polychlorotrifluoroethylene
PF = power factor
PTFE = polytetrafluoroethylene

PV =

a”]
<

3

)
>

Zz N
T
om0

il

i

pressurc times velocxty

Matendl and
Process anmeers

specific inductive capacity

Society of Plastics Engineers

Society of Photo-Optical Instrumenta-
tion Engineers

ansition temperature

aliSiuonl WRiiperail

thermogravimetric analysis
thermomechanical analysis
thermal stress cracking
Underwriters Laboratories
ultravnolet



TEEIHNIEIAI_ LIBRAQY

sesimm rrmr mresn s ww s ey

CHAPTER 1

INTRODUCTION

An overview of plastic materials, including their classification and an insight into their polymer structure,
and a review of material properties and American Society for Testing and Materials standards for testing are
presented. A brief discussion of environmental factors and their influence on properties is included.

1-1 PURPOSE

This handbook provides a review of the material
properties of plastics and their applicability to Army
engineering design activities. The coverage is intended for
those not familiar with plastics technology so they may
learn more about the behavior of plastic material.

1-2 HANDBOOK OVERVIEW

Thig
1 111S

material properties as they pertain to the desngn of
components. The first chapter contains an introduction
to plastic material properties and a brief review of plastic
materials, their classification, and general behavior.

The second chapter contains a synopsized description
of the design process for plastics. This information was

included for those nnnanpd in nlastic desion to emnhasize
ortnose enga n piast sign (o empnasize

handhook nrovideg a

review of h
nanadoo0Kk provi Ol O

ULS a 1uvitw

their relationship w1th plastics technologists and how
integrated product design will lead to maximizing
materials use.

The remaining chapters discuss the material properties
useful in design These presentations are included to

,.,J‘ | B sotagte and matosia

'Y P PO I At
ta neé numerous teses auu Hiatci ldl

pl UVIUC ullUClbld 1l
characteristics so w1dely used in the plastics industry and
their significance in application development.

The properties discussed in this handbook are directed
at moldable plastics. Although the concepts are related to
films, composites, cellular, and other forms of plastics,
the characterlzatlon of properties for these other forms is

. otl-\

a

bo methods, : 3 ] > a
propertv characlenzatlon di ffe pending on the form of
the plastic.

A glossary has also been incorporated.

st

It contains

terms pertinent to plastics, material properties, and
engineering design.
The nicere af thic handhanl will hanafit hy gaining a
I LIU UdDLID Ul LD 114U UUURN Wil ULVl v sauuus a

better understanding of plastics, their diversity, ad-
vantages, limitations, and most of all, those properties
pertinent to engineering design. The handbook will
provide a broad insight into considerations that must be
given to plastics properties in the development of appli-
cations.

—

1-3 PLASTIC MATERIALS

Plastics are a class of materials having a broad range of
characteristics that makes them competitive with the
traditional metal, ceramic, and wood products. The
advantages of plastics result from their unique, non-
metallic features and the fac that lhey can be inexpensively

1a ffer the product designera

nrm‘e\unu methods that

Like elastomers (rubbers) and fleI‘S plastics are
broadly defined as polymers (Ref. 1). They are high
molecular weight compounds formed by the linking of
many (poly ) individual organic units calied monomers

g 10t o of

Th nin
1 UIS JULIIE Ul

o) Ang chaing An nalumarg

( IIICIS ) “ll.U lUllB cnains Ld}‘lCU PULYILLITLS.

varied organic molecules into long chains produces the
many plastics available. Plastics are distinctive because
they lack the extensibility of efastomers and the higher
strength of fibers. Because their mechanical properties
generally are between those of elastomers and fibers,
plastics form a third group.

thermosets Each group has ccrtam structural char—
acteristics that result in unique performance character-
istics. This classification of plastics is further discussed in
par. 1-3.1 and is followed by a brief discussion of the

lmpOl’IdnCC of the ponymer structure.

1-3.1 CLASSIFICATION OF PLASTICS
As stated, plastics are broadly classified as either
thermoplastic or thermosetting materials (Ref. 2). A list

of typical plastics classified by type is contamed in Table
1-1. Although this list is not all-inclusive, it is obvious that
there are generally more thermoplastic than thermosetting
types. Each type is distinctiy different in its inherent
behavior, as is each plastic listed under its respective type.
Both types are polymers, however, which like most
materials are solid at room temperature.

Upon heating all thermoplastics begin to soften,
eventually reach a melting point, and become viscous
liquids. Allowing a thermoplastic to cool below its
melting point causes it to return to the solid state.
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TABLE 1-1. LIST OF PLASTICS

THERMOPLASTICS THERMOSETS
Acrylonitrile butadiene styrene | Diallyl phthalate
Cellulose acetate Epoxy

Cellulose acetate butyrate Melamine formaldehyde

Chlorinated trifluoroethylene | Phenol formaldehyde

(phenolic)
Polyacetal Polyester
Polyamide (nylon) Urea formaldehyde
Polybutylene terephthalate
Polycarbonate

Polyethylene

olypropylenc

Poiysuifone
Polytetrafluoroethylene
Polyvinyl chloride

Thermoplastics therefore undergo a physical change
during the hea‘ling and cooling cycies, which theoretically

Ann ko ad Aafinitaly
Caii 0C 1cpnau,u lllublll Y-
€

;

Thermosets are polymers that
permanent shape when heated. When thc thermoset, in
either an original liquid or solid form, is heated to a curing
temperature, a chemical reaction occurs that causes the
molecules to join or “cross-link” to form an infusible
matenal Alter thls Cross- lml(mg or curlng process, the

B
al staie; it

ita
nes

rent physical difference between thermo-
plastlcs and thermosets, coupled with the basic chemical
structure, has resulted in the broad variation in the
properties of plastics. Continued research in molecular
structures has enabled polymer scientists to design and

synthesize new poiymers. Also the technologies availabie

£ cmmnnccimes mlocting tnflivamnan arin
for processing plastics influence material development,
ie. various fgrrr}s e.o. film and foam, of each material

i, O ¢a Idalellal

are possible. These technologies are continually expanding
and lead to greater capabilities for plastic materials in
design applications.

Current material technology includes the use of
additives to 1mpr0ve processmg orend use characteristics.

increase the number of m tenals avallable for design.
Composite materials are an excellent example of this
technology. The use of liquid thermosetting plastics

—

[\

A\EROSPAC

(primariiy poxy resins}) in conju ncuo with continuous,

mgu-sire igtn fibers results in materials that are supci iof
to metals on a strenoth-to-weiocht bhasis. Comnaosite
to metals on a ength-to-weight basis, (omposite
technology has become a major part o f the plastics

The term “plastics” embraces many materials, and each
material has a unique set of properties. Plastics should
not be viewed as replacements lor metals but rathe

_process technology, test methods, and condmons from
which properties are derived.

The term “resin”, which is used synonymously with
“plastic™ or “polymer”, refers to any thermoplastic- or
thermoseiting-iype piastic exisiing in either the soiid or

sevrae Araa

lll.luld state before plUbLDDlng
anm_dl terminology for moldable-type materials such
“engineering plastics” and * structural foam”, has been
used to distinguish certain plastics. Such terms
probably originated to characterize materials substituted
for metals in certain structural applications. Although

these terms lmply excepuonal cnaracterlsucs there are

D T U P ~ PG DR - Ly ~ PSP NN
iher maierials not classified as such that also have
ngineering apphcanons Thus materials should not be

s of these terms.

As olymer process technology progresses, the applica-
tion of thermoplastics and thermosets has become less
distinct—e.g., the injection molding process once used
solely for thcrmoplastlcs is now used also for thermosets.

hermopiastic resi € C UTing of
after the manufacturing process. Althcugh the distinction
between these classes of materials is still valid, a lack of
understanding of new materials technology may limit

their usefulness in development of military applications.

1-3.2 POLYMER STRUCTURE

Polymers, unlike metals, are not orderly crystal
structures that extend in all directions. Polymers are long
chain molecules entangled into random shapes and
having discrete iengths. The resuitant moiecuiar configura-

o alkacaiaal An Agitinn and haur th
11T ClICIivail \,Uull.lualuuu aliu 11U il
ng

- €D

+
13
o their manufacture and/

manlacrulac ara arranaed dur
molecules are arranged during their manufacture an 0
processing. Although this area is mainly addressed by

polymer chemlsts, the polymer structure is commonly
used by plastics specialists to understand behavior better
and to predict response.
For the designer not having a ba ckgroun
: - L P
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:
[¢]
B
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the mere recognition thai these ci :
differences exist should aid in development of plastxr‘
applications; however, a greater working knowledge of

molecular parameters would be a major asset. The
paragraphs that follow describe a few fundamental terms
that will provide a better understanding of material
property response as described in the subsequent chapters.

" ——— - —
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functional groups of hydrogen, oxygen, nitrogen, and
sulfur are attached—just to mention a few. The polymer
chains, which are in intimate contact, are bonded together
hy intermolecular forces. The drrangement of either the

a

melting point, chemical stability, strength, and stiffness

are directly related to structural configuration.
Polymers may be produced with a single (homo-) kind

of monomeric unit or with two (co-) kinds and are

thercfore referred to as homopolymers or copolvmers

wh
l 0 S wh!ch de,,ends
and proportio fmoleculdr units. How
Lopolymers are blended, either randomly or with a
regular pattern, also influences their performance. Co-
polymers have resulted in many unique commercial

e types of monomeric

el

]
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-
=0
o
—
<

'U

and are defmed in terms of molecular weight -~ a measure

of chain lengths. The chain lengths will vary and are

measured in terms of the “number” or “weight average”

molecular weight. Molecular weighl and its distribution

have a direct bearing
z 1 s o

particularly on its strength and toughness
Polymer chains generally conform to molecular shapes

because of their relatlvely long, narrow configuration
may be extended readily to enable chains to align
themselves. Branched polymers, however, because they
contain short chains attached tothe main chain may vary
in 1engm and hin

a.
4]
-

linear structures

For thermoplastic-type materials, the alignment and
packing of polymer chains lead to a molecular char-
acteristic referred to as crysta]linity Highly crystalline
poiymcr

lmltv is a function of the polvmer structure and its
thermal history and at times is influenced by the processing
method.

The 1erminology discussed inthe preceding paragraphs

materials. This
1

2]
d
)
l
l
l
3
3
l"

association is the result of their inherent polymer structure
and its capability for modification and variation compared

to thermosets. When a polymer is cross-linked_ as are the
thermosetting plastics, thc resultant structure is a three-
dimensional network of interlocked chains. The char-
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Cross lmked plastlcs are msoluble
materials havmg high rigidity and low extensibility.

The plastics specialist is tasked to relate performance
properties to the molecular structure in order to under-

rd

stand the behavior of materials better. The designer
always benefits from working with these specialists.

i-4 MATERIAL PROPERTIES
The material properties discussed in this handbook

include those considered useful in engineering design,
particularly for the material selection process. Typicalily,

ek o o dota ganeratad ot mracant i in the famoe ~F
nuch of the data generatea at present is in the form of
(X7 M ” M

single point” values, which do not adequately char-

acterize material performance (Ref. 3) for design. The
intent of this handbook is to describe each property, to
suggest how the data should be presented, and to
emphasize its engineering significance.

This handbook will n discuss desrg roperties, Le.,

envrronments such outer space.

This handbook is not intended to suggest new test
methods but to discuss data formats developed within the
existing framework of the American Society for Testing

and Materials (ASTM). The handbook provides en-
~caNnragama ta nradiiect davalamare ¢t -~ L
L\Julﬂsblllblll v PIUU i U\/VCIUPC[D W

standardization, uniformity, and com 1

property data.

The handbook is intended to provide the most basic
viewpoint on material properties and their use, which is
necessary for those designers not skilled in plastics. This

purpose necessitates that data be basw practical under-
f apolications

ctandahla and odacsalls +o T oo
standable, and adaptable to a wide range of applications.
Inpars. [-4.] and 1-4.2 the military relevancy of plastic

y the ASTM, is dis-
cussed. The current trend w1thm the Government is
toward greater use of commercial specifications and
standards. This view has been considered in this hand-
book.

1-4.1 CLASSIFICATION
For the evaluation of materials ASTM provides
standards that are published yearly in a number of

r
volumes. The ASTM standards for polymers are contained
in four volumes. Each standard for testing has been
developed for specific purposes and is described in detail.
The test method standards contain the procedures for

both testing and recording of test data.
The plastic test methods of interest in this handbook
are listed in Part 35 of the Annual Book of ASTM

Standards (Ref. 4). This list addresses testing those
properties generally reported in trade journals and
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material suppliers’ literature for moldable-type plastics.
Test methods contained in other ASTM books or parts
that have been developed for film, cellular structures, and
reinforced plastics are not discussed
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cancelled and have been superseded by their A@TM

equivalents. The ASTM test methods are periodically

revised to reflect current industrial practice: therefore, the

test methods discussed in this handbook may vary

subsequent to the publication date rererence
I

scope gmﬁcance as described n each test method.

The category of research and development includes
methods that evaluate material response for use in
product applications and those that characterize inherent

standa mcludes eva!uating changes in structu
function of polymer modification processing or environ-

mental factors. '

Test methods for quality control include those useful
for material identification, material flow, shrinkage deter-
mination in-process evaluation, and product acceptance
ortunately, many 01 these quamy-contro l-oriented
LA P

efu ahty control but the
reverse is not generally true. Also processing and quality
control data are not useful in the design process, a
statement reiterated in a number of ASTM specifications.
The prol iferation of quality~control type data is not only

misieading users bui also is diverting energy and funds
that could otherwise be applied to the generation of more
effective material characterization data. User knowledge

and understanding o

can aid in redirecting

design community.
Material properties are based primarily on “coupon”

of properties and their significance
efforts to the benefit of the entire

F I

SpCClanS and thus are iimited in usefuiness because most
applications involve complex shapes and combined load-
ing. Unless the test mode and the environment are

identical to end use conditions, the resulting data cannot
be used directly in design. Nevertheless, basic property
data are essential for (1) predicting design performance
based on elemental analysis (2) comparing materials, and

(3) evaluatmg the of env1ronmems The basic

mercial sector because the plastics industry is responsible
for most data generation. Because plastics vary broadly in

AROYTIAER

composition, data must be described in terms of the
specific material under test. This description is best
accomplished by associating data with a “trade designa-
tlon the 1dentmer umquely appilied to a composition.

u_y are cata

conﬁauralion and its fabrication method
inﬂuence properties therefore they require detailed
descriptions. Table 1-2 contains the parameters that
should accompany each set of material property data

properties that are pertmem to material characterization
investigations conducted durmg research and develop-
mcnt i.e., those relevant to the evaluation of material

behavior. These properties have been divided into groups
b_y subject area: mechamcal, thermal, electrical, optical,
physical, and permanence. These categories conform to

those developed by ASTM as listed in Ref. 4.

- 5
=
o
3
~

conditions, (2) the more severe environmental conditions
that prevail for military hardware, and (3) the longer
useful life for military hardware required in many systems.
These differences dictate that more careful scrutiny is

necessary in the application of all materials. The da
requirements for materials in military applications are

obviously related to their military end use, which
necessitates that material testing be directed at military
interest as well as industry. Unfortunately, most testing
performed by industry may satisfy its own requirements
but not those of the military. As a resuit, the design

i mmee Fmne A cnss b s desirento bhamdinnsema Y ala~l ~
process for Army hardware is handicapped by the lack of
adequate property data. Proper material selection de-

mands comprehensive technical data to enable response
prediction throughout the life of the hardware. Because of
this lack of data, the response must be predicted by a “best
guess” and/or costly, time-consuming testing and then
verification by trial and error.

marketplace becomes overwhelming. Therefore, the
material selection process demands an effective means of
comparison. Unfortunately, inadequate data remain a

major probiem and inhibit effective product development.

One of the purposes of this handbook is the elucidation
of basic nronerties of nlastics significant in Armyv design

properties of plastics significar Army design;

consequently, the handbook suggests
the concepts presented to enhance the use of plastics.
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TABLE 1-2. SPECIMEN IDENTIFICATION FOR TESTING

Trade Designation

Matenal Supplier

The oeneric name oiven to the
he genericr the

a
1Q1C gr¥ 18] 1

plastic as dc
(Examples: polyamide, polysty rene, and ep

The specific designation given to a material b_v the supplier that uniquely identifies the
grade and composition of material and usually includes a trade name and an
alphanumeric designation. This designation should be directly associated with the test
data.

The company that manufactures and; or markets a specific material uniquely
identified by an associated trade designation.

Tha thad hy whicrh tha tact cnacimae
1€ metnoa Uy wiiitil the test DpLLl j${3
l

machmed and specrflc processmg parameters when pertment to the performance data.

Specimens for test should be fabricated using the primary process for which the

material was developed.
Date of Fabrication

Timae ~F C

T'ype of Specimen

C prLllllCll l)y ll pI

The month and year the material was formed into the specimen configuration for test

- .,..'AAI chnn | ~
1ySitdl Siapc [Ulbl\ Udl, lClellguldl, tc. } or

intended use (tcnsﬂc, flexure, etc.). The associated ASTM designation shall be used
where appropriate (Example: Tensile bar, Type 1, ASTM D638).

Dimensions of Specimen

The dimensions (length, width, diameter, and thickness) that define the specimen size

according to that suggested in appropriate test methods.

Conditioning of Specimen

The treatment of the specimen preceding exposure in the intended test environment.

Conditioning should conform to ASTM D618, Procedure A (23C/50RH/40H),
where appropriate. Also refers to pretest treatment such as annealing moisture

conditioning. or other snecial conditioning nrocedures norma
g, Special condiioning procegures norma

.......... (818 81w

U oioa

production environment for the material being evaluated.

If any one design factor could be regarded as most
critical to the performance of a product, it would have to

be its environment. The influence of the env

s Ll i Hol 91010l $ UL 0 ) SR 8 § Lol o)

”‘nn ment an

QIHICHT L

plastic materials represents an extremely important aspect
of design because the useful life of such materials may be
seriously affected. Deterioration or failure of a component
can be very detrimental to military operations. Environ-

mental considerations also resuit in higher costs for
dacion and nraduction contral and gcenerally crante an
Ubblsll aliu yl\luubll\)ll CUHIlL VUL aliu sbllblall_y vivaite ati
additional maintenance burden.

The major environmental factors pertaining to Army
materiel are divided into two groups, natural and induced,
as outlined in Tables 1-3 and 1-4. These factors are
thoroughiy described in the Army Engineering Design
Handbooks entitled “Environmental Series™ {Refs. 5-8).
This four-part series provides the most comprehensive
review of worldwide environmental conditions as applied
to Army materiel. The series describes the environment
that would be encountered during the life of an item in the
geographical area of interest.

The deterloratlon of matenal is

sometimes accepted as

be avoided, however, through the proper selecnon of
materials or by providing appropriate protection. There-

Terrain

Temperature

Humidity

Solar radiation

Rain

Solid precipitation

Fog and whiteout

Wind

Salt, salt fog, and salt water
QOzone

Macrobiological organisms
Microbiological organisms

TABLE i-4
INDUCED ENVIRONMENTAL FACTORS

Atompsheric poliutants
nd dust

Sand
Sandg and gu

Vibration
Acceleration
Accoustlcs
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fore, the design engineer must first define the en-
vironmental conditions and then carefully scrutinize the
materials available for use. Next the environmental

factors must be cvaluated in conjunction with the
functional or operational requirements in order (o assure
desired product performance.

st

Temperature, humidity, solar radiation, salt, micro-
organisms, atmospheric pollutants, and shock, etc.. exert
enormous influence on plastic materials. Combined
effects—e.g., temperature and shock and/ or temperature
and humidity—are even more severe, especially when

coupled with the operational requirements. Therefore,
matertal property data as m.!- enced by these factors are
essential in all military developments.

Realistically, testing of plastics that considers all the
environmental factors and the multiplicity of combined
effects is not practical. The factors that are the most
critical are temperature, humldlty, shock, and solar
radiation. Mlmmauy thes u

1soutd00rexposure commonlv referredt 0 as w eathermg
It evaluates the influence of many environmental factors
on a diurnal basis. Artificial indoor weathering tests,
termed accelerated tests, are also used to evaluate environ-
memdl effects; nowever these resuiis do not always
g.
described in this handbook do
nvironments listed in Tables 1-3 and
1-4. Temperature and humidity, the most significant
environmental factors, have been included throughout.
Where appropriate, other specific environmental factors

The material
terial

ABBOYTAER

have been considered. tach chapter also contains a
discussion of the environmental effects for cach category
of material property.
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CHAPTER 2
DESIGNING FOR PLASTICS

Because they differ in behavior from conventional materials of construction, plastics require greater
scrutiny during the design process. An integrated plastic product design process is defined and its elements
discussed in detail. Also included is a review of process technology for plastics. The product assurance
considerations and testing technology necessary to achieve effective designs are also discussed.

2-1 INTRODUCTION

Conventional structural materials- -metals, concrete,
wood, and glass—-are used successfully because of their
well-known advantages and disadvantages (Ref. 1). Rarely
are they used in inappropriate applications. Although
service failures of these materials do occur, they are
usually caused by (1) manufacturing errors or defects, (2)
exposure to unforeseen conditions, or (3) inadequate
maintenance.

The situation for plastics, however, is somewhat
different. Plastics are relatively new; therefore, many
designers are not generally familiar with the subtle
differences among plastics a fact that may lead to
improper design. Plastics represent a broader spectrum of
materials (And more variations are being produced each
vear.) and are very complex in their behavior. Also,
because plastics are not as well defined in an engineering
sense, they must be selected very systematically, i.e.,
adherence to a formal design process is important.

The design process discussed in this chapter considers
the basic, or traditional, approach to product develop-
ment, i.e., design, manufacture, and test. A review of each
of these broad areas 1s provided, with emphasis on the
interrelationships among the technologies for these three
areas. This emphasis, which considers the procedural
elements that experience has demonstrated to be necessary
foreffective plastic use, has been described as an integrated
plastic product design process.

In the past, the design of all products was less
sophisticated because it was based on the use of elementary
analytical techniques that used basic mechanical and
physical properties. Today, however, engineering require-
ments are more complex (Refs. 2 and 3) and require more
comprehensive analysis and materials property data
previously considered unnecessary. Unfortunately for
plastics, the testing and reporting of properties have
followed the traditional practices followed for metals.
Although basic properties can still be used effectively for
metals, they pose serious shortcomings in their use for
plastics. Plastics technology today demands credible
design procedures and data for all engineering materials.

INTEGRATED PLASTIC PRODUCT
DESIGN

2-2.1 DEFINITION

The term “integrated plastic product design” empha-
sizes the need to integrate the areas of product design,
process technology, and testing for plastics. Integration
includes consultation with various specialists to assure
that (1) the most effective materials and processes are
incorporated in the design (2) processing limitations and
variables have been identified, and (3) a testing procedure
for assuring product quality has been developed.

Within the Army the concept of integrated design is not
new. Regulations have required participation by special-
ists in production, product assurance, maintenance,
packaging, materials, and human factors engineering.
This concept is applied on a system basis—missile system,
vehicle, telephone handset, or artillery projectile—to
assure compliance with the overall requirements. The
concept of integrated plastic product design also applies
more fundamentally to the design of basic components
and specifically to the material and its role in meeting
product requirements. Material engineering specialists
are the focal point of effective material use.

Basically, the design of a product originates with
delineation of the overall requirements, the development
of a concept, and a product description in the form of a
sketch or drawing. Product design finalization is the
demonstration of acceptability and the result of consider-
ing the many factors that lead to manufacture.

Design, in another sense, considers the elements of
function, cost, and aesthetics. The priority, or order of
consideration, depends on the product and its intended
use. Engineering design, as practiced within the Army,
considers function to be primary and cost, secondary;
aesthetics is rarely emphasized.

Function can be broadly defined as what the product
must do, considering all operational and environmental
conditions. Designing for function implies that the perfor-
mance goals can be achieved. Although cost is considered
to be secondary to function, design tradeoffs are made to
maximize the operational aspects within cost restraints.

2-2
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The functional requirements for much of the Army
hardware are unique because hardware may remain in
stockpile storage for 10 or more years, and it must
perform reliably when committed to use. Functional
performance becomes paramount because a military
objective is involved and the lives of personnel arc at
stake.

The cost of hardware and; or components generally
consists of the basic material cost and the cost to produce
the item. Costs may vary widely, depending on which
material and/or process is selected; therefore a basic
understanding of both material and process technology is
necessary. Army considerations also include the need to
minimize operation and supports costs because operation,
maintenance, and; or retrofit can be extremely expensive.

Aesthetics, or user appeal, plays a minor role in Army
applications compared to its role in the industrial sector.
Within the military aesthetics takes on the role of
functional requirements. Aesthetic features such as color,
surface finish, and decoration—which are widely used in
industry for “sale appeal”--are functional requirements
within the military. For example, color is used for
camouflage, for coding purposes, and/or to provide a
dull surface finish that will prevent reflection. Decorating
methods usually are employed only to denote system
parameters or identification.

Product appearance in military applications conforms
to the design philosophy of “form follows function”.
Form is governed by factors, such as ballistic shape (an
aerodynamic requirement) or configuration to minimize
bulk or to meet human factor requirements.

Thus design within the Army primarily focuses on
achieving the functional objectives at minimal cost, and
this approach is inherent in the integrated plastic product
design concept.

2-2.2 DESIGNING FOR FUNCTION

The complexity of plastic materials and their broad
use, as discussed in Chapter 1, “Introduction”, necessitate
a systematic approach to design. Five basic steps have
developed:

1. Establish design requirements.
2. Develop initial product design.
3. Select candidate materials.

4. Test production prototype.

S. Establish final design.

Following these key steps in sequence is very important.
The design procedure may be described differently by
others (Refs. 4 and 5), but all descriptions have the same
end result. Plastic material and process technologies must
be continuously considered in each step. The design
process can be relatively simple when a design precedent
has been established, or it can be complex when a new or
unique development is begun.

2-2
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The steps in design are also iterative; after test and
evaluation, the initial design or material may require a
change. This process is repeated until a successful product
1s achieved.

Each step in the functional design process 1s described
in the subsequent paragraphs. Because behavioral dif-
ferences between plastics and metals are not self-evident
and cach requires a different perspective on performance
properties, greater emphasis is placed on the material
selection phase. As previously indicated, properties and
performance relationships require greater scrutiny for
plastics than they do for metals.

2-2.2.1

The requirements for a product depend upon its end
use. They define what the item must do and what
environmental conditions it must tolerate and must
include economic factors, production requirements, and
special features.

Within the Army an initial description of performance
or system requirement is prepared. This document con-
tains the overall requirements that the projectile, heli-
copter, rifle, communication equipment, or vehicle must
meet. Also the system requirement generally will detail
the operational and atmospheric environments. Aithough
general in nature, the requirements form the basis upon
which overall performance will be evaluated.

Generally, the requirements for a component or part
are developed during the design concept stage from
system requirements. The intent is to specify quantita-
tively, and as completely as is practical, the essential part
functions and the environments to be encountered. To
distinguish between mandatory requirements and those
that are only desirable is also important because the
resulting part design and material usually are arrived at
through many design tradeoffs.

To derive these requirements, a series of factors, as
shown in Table 2-1, normally are considered. The design
considerations are described in the form of qualitative or
quantitative statements, which begin to categorize the
design approach and material selection. Key considera-
tions for plastics are strength requirements, environ-
mental factors, and production requirements.

The factors listed in Table 2-1 are by no means all-
inclusive. Presumably all parameters can be specified for
each part, but this listing is not always possible (Ref. 4).
At this early stage of design, the product configuration
may not have been determined. It is important that the
designer consult with material specialists early in the
initial product design and until all requirements are
specified and documented. The final list of design require-
ments must be expressed in terms of material properties
to facilitate a suitable selection.

Design Requirements
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TABLE 2-1. CONSIDERATIONS
IN ESTABLISHING DESIGN
REQUIREMENTS

e
)
3
>
:

£

a. Basic use
b. Size and shape
c. Weight

2. Structural:
a. Static, dynamic, or cyclic forces
b. Load magnitudes and durations

¢. Strength and stiffness

- T

3. Nonstructural:
a Thermal electrical ontical and nhvsical nraonertieg
4. 1 nfrmai, CieCirica:, Uptildi, dilu priysitar priopeiuls

b. Color, surface finish, and identification
c. Fire resistance and materials compatibility

4. Environment:
a. Temperature and humidity ranges in storage and
use
Weathering and water resistance

Chemical and biological resistance
C 11cal ang caires

H1v3 $4 (025021054} Stanlc

.
b
c.
d. Service life and degradation characteristics
P

R

1
a. Total quantities dnd production rate

b. Secondary operations and special features
c¢. Cost restrictions

d. Standardization

2-2.2.2

After the concept for the item has been developed,
design details must be generated. Initially, product design
“design for conﬁguration"

Initial Product Design

involves which includes

thSC dlso mcludes prelimi ary dnalytical dc%ign toler—
ances, space restrictions, weight requirements, and
assembly with other plastic or metal components.

As the design evolves, additional requirements are
generated that include allowablc slress levels, deformation

wirCiiciit S,

clecmcal requxrememﬂ and others.

The design under consideration definitely benefits if the
designer has detailed knowledge of material properties
and how materials are used When this is not the case,
specndlists prov1des the

Consultalion with materi

2-2.2.3 Material Selection
The material selection process for plastics is thought of
as a laborious and nearly impossible task (Ref. 5), and for

\ER

the uninitiated, it is. There are hundreds of distinctly
dllercnt matcndls that are the result of combining

orcements, and manufacturing

s knowledve of behaviors

The use of plastics deman dge
factors of specific materials which include creep, tempera-
ture sensitivity, water dbsorption, dimensional stability,
fatigue, toughness, chemical resistance, and stress crack
resistance. It is for this reason that the selection process
for piasuc reqmres expertise in material tecnnology 1 his

b
desxzn stage and continues until the design is finalized.
Material selection is basically a two-step process. The
first step is an initial screening (See par. 2-2.2.3.1.), and
the second is the selection of candidate materials (See par.
2.2 ? 2). Both steps require a review of the part

nitiai [‘)drl aesign which shouid

ﬁ-
.G..

2-2.2.3.1

The initial screening of materials is performed to
categorize the types of plastics to be examined as possible
candidates. This choice is based on inherent material
properties 1

Initial Screening

oN- Or n

£0- Or
trans spar

tance -im ediatciv limit the types of mdlerlals to be
considered. The list of matenals may also be shortened by
considering part shape and general strength requirements.

The initial screening should also consider producibility.
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factors such as parting ) 1
undercuts, inserts, and subsequent joining techmque%

Such producibility factors are widely published and must
be considered in the initial product design stage.

[ T e o Ba ) ral A L 4 [l ] at
2-2.2.3.2 (Candidaie Selection

Choosing the right material is probably the most
important decision to be made in an application (Ref. 6).

1f a2 matorial ciihecaniia v nravac a srmadaiiiiata
il a liiawvliial DUUDL\.‘ULIII.I) JIUVYLD [49) uC lldUC\.{udlC,
reevaluation may be time-consuming and c.,stlv The
selection of candidate materials can range fro mplified

substitution based on well-established precedents to
complex assessment of the full range of available plastics.
A key element in the selection process is the analyeis of

part design requirements and the transiation of these into
moaninafitl matarial mrnsarts ra~irammanéc A} V2 TOPS T
fivaliingiul llldlclldl PIUPLII l(»qllllc LTI Yy [IC LT
simple or complex, the requirements must be described in

terms of properties and the combined effects of environ-
ments—e.g., strength and impact as affected by tempera-
tures, humidity, time, and, or chemical exposure. Candi-
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date materialis are seiecied by comparin
with the material property requiremen
the part.

Some product designs are easily modified, c.g.. strength
and stiffness can be altered by a change in wall thickness.
A change of this type can qualify a material that would
otherwise be considered inappropriate. In the material
selection stage it is important that consideration of design
options be conducted to select the most effective material.

A
A problem faced in the selection of materials is the

difficulty encountered by the uninitiated designer in
assimilating the vast amount of available material property
data without an understanding of the behavior of plastic
materials.

This problem is made more difficult by the lack of fully
characterized engineering property data for commercial
plastics (Refs. 7 and 8). Most data are single-point data of
questionable reliability rather than validated properties
to include the interplay of multiple variables in graphical
form. This lack of credible data often results in the
requirement to perform additional material testing or
trial-and-error product evaluation.

Structural data use lacks a good method to adapt the
true performance properties of piastics to the design
technology that has evolved around the theory of elasticity
(Refs. 9 and 10). A fundamental understanding is required
of the viscoelastic nature of plastics and what properties
are useful in design.

If there are no material property data that relate
directly to a part requirement, a qualitative judgment
must be made and followed by testing to evaluate
performance An example of this approach 1s the pre-
diction of the resistance to m‘lpdCt of a field lcrcpuune i.e. .
a requirement that it withstand a 1.5-m (5-ft) drop at a
specified low temperature. The analysis for the handset
drop is extremely complex, if possible at all; therefore, an
empirical, trial-and-error approach is the only approach
available.

The result of this initial screening and selection process
should be a list of candidate materials that includes the
associated cost factors and that is worth pursuing in the

mratntuna avaliiatian gtooe
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requirements, additional review of the materials may be
conducted to narrow further the list of plastics in an order
of priority.

2-2.2.4 Prototype Evaluation

The prototype stage of a project provides the first
opportunity to evaluate product performance. Prototype
evaluation presupposes the fabrication of a part or
pr oduct by ihe iniended maﬁmaclurmg proCess. Imuauy,
the inclination is to prepare a prototype by machining or
by another simplified model-making technique. This
practice should, however, be avoided for detailed engineer-

ing tests. Parts manufactured by other than the intended
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process camn prOvrux: Very m:Sn‘:aumg resuilts because
material properties are greatly influenced by the manu-
facturing process. If such an approach is used, allowance
should be made in evaluating test results; the prototype
part may be distinctly different from the production item.

Although it may be more costly to manufacture parts
with production-type tooling, testing of these parts
provides the most beneficial means of evaluation. Proto-
types should also be representative of the final design with

rocnact ta the cnecific material need
respeCt 10 1NC SPECHIC maeria: uscq,

chosen, and the use of special requirements, such as
ultrasonic welding. It is essential, for instance, when
testing colored parts for impact, to have the color
incorporated because the presence of color additive may
have a significant effect on impact resistance.

Testing of parts under actual conditions of use is the
most effective form of evaluation. Although this form
may not be practical because of cost or induced hazards in
the event of failure, all performance requirements are
encountered and a fairly complete assessment can be
made. When end use testing is not practical, simulated
service conditions should be employed. Tests may include
temperature cycling, load cycling, electrical performance,
environmentai exposure, static and impact sirengih iesis,
and others—all performed under conditions subject to
measurement and recording. To reiterate, it is extremely
important at this point, i.e., prior to the production
phase, to assure that the part and/or product performs as
desired under all operational and environmental condi-
tions.

" Because testing for the service life of the item is
generally impractical, accelerated testing can be used to

tn rmnefnrmenman o tagting can rarth ila of

CleUdLL })bllUl Hialive., Suuu Loty vall bb WGOT ulwhuv i
conducted by experienced, qualified personnel. It is
advantageous to initiate long-term testing as early as
possible and concurrently with accelerated tests and to
continue it for an extended period of time.

Other valuable approaches to plastic part evaluation
are “overtesting” and testing to failure. These approaches
may include temperature cycling beyond the required
limits, drop tests from greater heights and at lower
and

fhp r‘nnﬁn“rnhnn
Lon wiauChl

induced stresses until part failure,

temperatures,
other tests considered to be very severe. These tests
establish the performance limits of the product and instill
confidence in those using it.

In the final design stage, consideration normally is
given to specifications for production. These specifications
generally include raw material identification, part dimen-
sions, tolerances, color, finish, and other pertinent
appearance features. What is often needed, however, is an
engineering test to assure product performance. Product
assurance testing entails defining critical product require-
ments and the means of measurement, which may be the
measurement of material properties or practical tests that
will enable assessment of product quality. Generally,
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these product performance procedures should be
developed from the prototype testing stage.

A simple example is that of an equipment case requiring
impact resistance. Following product acceptance from
actual drop tests, a laboratory test (weight dropped onto
the case) can be developed to establish acceptable limits
that would be used as a production method of assuring
product performance. The testing limits, however, must
be closely coupled with actual drop test results.

Also the prototype provides the opportunity to assess
the influence of manufacturing process variables on
product performance. Plastic processes subject the
material to rather severe physical conditions involving
elevated temperature, high pressure, and high shear-flow
rates. These conditions, coupled with variable cycle times,
other machine vanables, and postmolding procedures,
can result in internal stresses that can lead to product
failure. Knowledge of these variables and their influence
on the product provides greater understanding of material
and product performance. The evaluation of process
variables can also be used to determine the effectiveness
of the product assurance procedures intended to measure
product integrity.

Although treated routinely, overall prototype testing
can play a major role in characterizing material and
product limits. The integration of both material and
process technologies into the design process leads to
greater product assurance of the final design.

2-2.2.5 Design Finalization

The completion of a design inevitably manifests itself in
engineering drawings. They primarily detail dimensions
and tolerance limits; materials; surface finish, color, and
marking; and special requirements and features as needed
for production control.

Design finalization should also include documentation
of the entire integrated product design process, i.e., it
should describe the requirements, the design, material
selection, and product evaluation. An important part of
the documentation is the detailing of requirements as they
relate to product performance testing, i.e., the product
and; or material requirements as they relate to actual part
function. The engineering details described in a design
finalization report can become the basis for specifications
developed for product assurance and will provide tech-
nical details for future reference.

2-3 PROCESS TECHNOLOGY

A factor contributing to the growth of plastics use is the
innovations made in process technology. Coupled with
material developments, they have promoted many new
uses of materials. For example, injection molding of
thermosetting materials and the use of structural foams

TAERGSPACE. GOM
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formed from existing injection molding equipment have
become commonplace. Technological changes demand
that designers keep abreast of developments and extend
traditional plastics thinking to the new techniques in
order to capitalize on their potential for improved
product performance and/ or reduced costs.

The paragraphs that follow provide a brief synopsis of
plastic processes and the interdependence of product
design and material properties. They also present product
assurance considerations as they apply to production
hardware.

2-3.1 PROCESS CONSIDERATIONS IN
DESIGN

The converting of plastic resins into end products is a
highly specialized field encompassing a number of primary
processes. Each process is virtually unique in its operation,
its tooling, and product shape—all of which are pertinent
to product design efforts (Ref. 10). The selection of any
process must be done carefully on the basis of part
geometry, the intended material, and cost.

Process technology also includes secondary operations
that, in themselves, represent significant achievements to
complement the basic processes. These secondary
processes too are unique and must be carefully applied.
Both the primary and secondary processes are described
in the subparagraphs that follow to provide the reader
with additional insight into plastic process technology,
which is an important aspect of designing for plastics.

2-3.1.1 Plastic Process Methods

Of the many processes currently employed to manu-
facture plastics, the most important are listed in Table
2-2, and these account for most of the processing of
plastics. Many of the low-volume processes—vacuum
bag molding, filament winding, and vacuum forming—of
Army interest have not been discussed in this handbook
because property presentations differ because of their
inherent structure and process techniques.

Reviewing Table 2-2 reveals that some plastic parts can
be manufactured by more than one process, whereas
others are limited to one process. Also certain materials
and part design configurations dictate the process to be
used, and certain processes dictate the materials. To
ascertain the most amenable process, a thorough
knowledge of all processes including their advantages,
disadvantages, and limitations is highly desirable. Thus
consultation with specialists in the field is essential to
those lacking this familiarity.

The variables associated with each process play a major
role in performance, as described in the paragraphs that
follow.
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TABLE 2-2. METHODS USED TO PROCESS PLASTICS

PROCESS METHOD

DESCRIPTION

REMARKS

Blow Molding

Casting

Compression Molding

Extrusion

Injection Molding

Reaction Injection
Molding

Rotational Molding

Thermoforming

Transfer Molding

Shaping a thermoplastic material into a hollow
form by forcing material into a closed mold by
internal air pressure. Normally initiated with a
form made by extrusion; it is now possible to
injection mold the initial form.

Forming a solid part by pouring a liquid resin
into a mold and removing the part following
curing or solidification

Principally used for thermoset parts formed by
placing material into an open mold and curing
the part by use of heat and pressure after the
material is confined with a plunger

A process for making continuous forms by
forcing a thermoplastic material in the plastic
state through an orifice or die. Thermosets are
now somewhat adaptable to extrusion.

A basic molding process wherein a heat-
softened thermoplastic material is forced under
pressure into a closed mold. Upon cooling and
solidification, the part is ejected. Now widely
used as a process method for thermosets and
for thermoplastic forms

A process that involves the mixing of two
liquid components, injecting the liquid stream
into a closed mold at relatively low pressure,
and removing the part following cure

The forming of a hollow part from
thermoplastic resin within a closed mold by
heating, rotating, and cooling the material for
subsequent removal

The forming of thermoplastic sheet material
into a three-dimensional shape by heat-
softening the sheet and forcing it to conform to
the shape of the mold by pressure or vacuum;
followed by cooling

A basic molding process for thermosets; part is
formed by transferring the molding compound,
which has been heated in a loading well, under
pressure into a closed mold where curing takes
place.

High production rate process for
manufacturer of hollow items such as
bottles, tanks, and drums; uses relatively
inexpensive molds

Practical for small production where
inexpensive tooling is employed;
primarily used for encapsulation of
components or for parts having thick
sections

Principally for thermosetting materials
of simple shapes having heavy cross
sections, high impact fillers, or large
deep-draw areas. Cycles are relatively
slow, and finishing of parts is required.

Limited to the continuous, low-cost
production of rods, tubes, sheets, or
other profile shapes; capable of
extruding solid, foamed shapes

A major, high production rate process
used for manufacture of intricate
shapes. Process maintains good
dimensional accuracy. Mold costs are
relatively high.

A recently developed injection-molding-
type process used for the manufacture
of large, solid, or cellular parts. Low
pressure and ambient temperature
materials eliminate the need for
expensive machinery.

Useful for manufacture of hollow forms
with practically no limit to size and
shape. Either rigid or flexible parts can
be made with inexpensive tooling.

Limited to simple, three-dimensional
shapes for signs, trays, cups, domes, and
packaging. Tooling is relatively
inexpensive.

A process used exclusively for thermoset
materials in the manufacture of intricate
shapes and parts with fragile inserts.
Process maintains good dimensional
accuracy.

2-6
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2-3.1.2 Process Variables

The manufacture of a plastic part usually subjects the
material to varied conditions of temperature, pressure,
and time durmg the basi lorming process. These three

primary process variables are important because they
affart the noarfarmanca af nlactic narte If nracsgged
alivioet LI l‘}\“ iviiliaiive uvi Plabllb }}(ll LN i1 pluuuon\.u
improperly, plastics suffer dimensional i .sta_bilitv tend
to warp, or possibly fail prematurely by s cracking.

Given these possibilities, designers may desire either to
divorce themselves from plastic entirely or to institute
excessively strict controls of the process conditions or
variables. Neither of these choices, however, is the correct
onc.

Inherently, each process has a number of controllable
variables. For example, the injection molding process
contains approximately two dozen variables, which are
presented in Table 2-3. Some of these have a very
significant effect on material propcrties whereas others

Laoue litdla e on offat Doca-dlace 56 o G oael o] oo
fave HLUC O HO CIHICCL RCEATUICSS, it Ib impracticdal 1o
nrescribe a ¢necification of each hecance enecific citnationg
proschiol aspoechiCation 01 Cadn 0CCaust SpeCiill situations
may vary widely with molding presses, with the tooling

design, and even the local molding environment.

Also any attempt by the buyer to define the process
conditions in the manufacture of a part results in the
buyer’s having to accept all production quantities whether
or bad. In essence, the buyer is teliing tne

mannfartuirar Ayt malba tha mart o tharafara 1o
iliaijiiuiasviuivi LIV VY LU l111anu Liiv lJCllI. qall LilIvivIulI L i)
asslming all .r-sp nsibility for nonperfo.rm.anve This

applications ‘and has resulted in the Army’s assuming
responsibility for inferior production quantities.

The answer to this dilemma lies in understanding how
process variables influence performance, evaluating their

3 stituting quality assurance procedures. For
instance, common practice in the trade is to minimize
injection molding cycle times and thus increase the profit
TABLE 2-3
INJECTION MOLDING
PROCESS VARIABLES
MACHINE VARIABLES RELATIVE VARIABLES
Barrel temperatures (three) Material drying

Nozzle temperature
Injection pressure
Injection speed

'n;on';r\
11jeClo

Injection hold time

Dwell time (mold cooling)
Mold open time

Shot size

Fll&hlnn

S uSnUn

n ha nressure
1 IH}IU pios sure
Cooling channel design

Postmold part treatment

Screw revolutions per minute
Back pressure
Mold temperature

[\
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margin so that appearance and dimensional requirements
are met. The resultant part, however, may be under severe

nnnnnn ctrace amd ciinl st asen ez .MA.‘,‘<A.<..
llllcl lld 5[]5\5 daliyJ >ulil pdl t.) a1l plrulric t U lllCllblUllal
change or failure at a later time. Therefore. durine
change or lanure at a later time. lherelore, guring

rototype evaluation, parts should be molded by using
short cycle times and tested to determine the influence of
such short times on performance. Such tests can show
how variables will affect performance. When an in-
process evaluation procedure can provide an adequate

ality, it can become part

el

procurement ofplastic parts manufacture is accomplished
according to an engineering drawing. Unless supplied by
the buyer, the tooling design and associated manufacture
are the responsibility of the producer. Because the tooling
design has a SIgnmcam effect on prod tuct performance, it

type of
tooling and the parameters of size and shdpe places the
onus of performance on the buyer. The most the buyer
should do is to provide guidance as “suggested only™.
Again, it is important to understand and identify the

effects of tooling on design performance and to establish

appropriate product assurance parameters.

nder the categories of finishi ,
and decoratmg (Ref. 10). Many are quite useful in
achieving design features not readily possible with other
materials The adaptability of these operations to design

Orlcl OI lanC Upcrduons l ' HOWS.
2-3.1.3.1 Finishing
Finishineg operations include degatine. deflashing. and
Finishing operations include degating, deflashing, and
machining; some or all of which are required after the part

has been fabricated. Although degating and deflashing
are very simple procedures, machining plastics warrants
greater attention. Techniques used to machine metals are
generally applicable to plastics but must be modified for

effective performa h modifications are necessary
hPr",}ncp n")c';r‘c I'\QVP lnuzpr C'l fnp:cpc ]l'\\l;Pr thprmal
because plastics have lower stiffnesses, lower thermal
conductivities, higher coefficients of thermal expansion

and lower softenmg points. Also each type of_plastic has
unique properties, and as a result, it can be assumed that
each has different machining characteristics, which should
be well-known before use of any plastic.

‘2-3.1.3.2 Joining

Generally, the joining of plastics is accom shed by
mechanical methods adhesrve bonding,orweldi ng. Each
method requires unique design configurations, shape,

and size; all of which must be considered early in product
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development to assure effectiveness of the joint in proto-
type testing.

Mechanical means of joining plastics include screw
fasteners, inserts, snap fits, hinge mechanisms, and
stdking; these methods may include thejoining ofplastics
io pidsuca or pldbllbb to metals. Because of the pUI.ClILlal
for thermally induced stress, joint design cannot be
treated routinely.

Adhesives bonding is highly specialized. Adhesives fall
into five basic groups: solvent cement, bodied adhesive,
monomeric cement, elastomeric adhesives, and reactive
adhesives. No one universal adhesive or cement exists
that will bond all types of plastic materials. Also certain
plastic materials preclude the use of adhesives because of

theirchemical makeun Althouch |f 1c avery nncf-pfrpr\fnfp
Cir infmifa: Mmaxeup. Angug ryc

means of joining plastics, adhesive bonding requires
much skill and know-how for effective use.

Welding processes for plastics are unique and include
ultrasonic assembly, hot-gas welding, hot-wire welding,
induction heating, spin welding, vibration welding, and
heat sealing. Each process is an art in itself and employs
specific design configurations for effective use.

These technologies for joining plastics are very exten-
sive. They provide the designer with great latitude in
product development to facilitate assembly, to incorporate
unique features, and to reduce cost. Each process,
however, demands the technical knowledge of specialists
for its effective use.

2-3.1.3.3 Decorating

Whether applied for functional or aesthetic reasons,
decorating is frequently required in the manufacture of

anv nlastic nart. The methods include naintino nrinting
ny p:astic pa ¢ meineas € pamnun g, prinun g,

coloring, metallizing, and hot stamping. Many of the
basic molding processes are also adaptable to practical
decorating with raised or lowered letters, two-color
molding, and in-mold decorating. To meet product
requirements, these secondary processes and their varia-
tions must be compatible with the material and the design
and, therefore, require consultation with specialists in
each area.

2-3.1.4 Design Interface

It is inherent in the design process to consider the
primary and secondary methods to be used in the
manufacture of the product. Because there are a number
of processes and variables, knowledge of these skills
would be beneficial. Also to assure producibility, i.e., to
optimize manufacture along with appropriate quality
control and product performance speciﬁcations, consulta-

hnr\ with the Qr\nrnnrlafp arolng is essential
I Vil il QPP UPNnalv srUups 15 Lostiniias.

All participating groups should be advised early in the
design process of the product requirements and the design
concepts. Discussions should be continued throughout
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the design process to identify the possible manufacturing
methods, their variables, and their influence on the
product. Design participation should also be continued
through selection, prototype evaluation, and final design.
This early involvement leads to more effective product
Aaua

lan nt
development.

The extent of design participation is dependent on the
product requirements. Critical components, those whose
failure would affect safety and reliability, must be studied
more carefully than others.

2-3.2 PRODUCT ASSURANCE
CONSIDERATIONS

Production of Government hardware is based mainly
on a technical data package (TDP). The TDP contains
drawings and specifications that detail the acceptance
criteria for each part and assembly. In essence, the TDP
contains all product assurance considerations including
material acceptance, quality control, and performance
specifications. Emphasis 1s placed on the integrated
design concept to develop more effective performance
specifications.

2-3.2.1

Quality provisions are frequently cited by reference to
military specifications and standards, particularly for
material acceptance and standard components. Applica-
tion of these documents must be examined to assure that
conformance to a specification(s) aiso results in com-
pliance with performance requirements.

The Department of Defense (DoD) has directed that,
whenever possible, military specifications be replaced by
industry standards, i.e., voluntary consensus standards.
These industry standards include ASTM, the Society of
Automotive Engineers (SAE), and the American National
Standards Institute (ANSI).

Military Specifications and Standards

104 _a_ 1

2-3.2.2 Quaiity Conirol

The term *“quality control” is a general term used to
imply the control of product quality through either
product measurement or the control of a manufacturing
process. As discussed in subpar. 2-3.1.2, control of the
manufacturing process is not desired for military pro-
ducts. Within the Army product quality is maintained by
use of the TDP. The TDP sets the general standards by
which the product is accepted, and these standards
inciude dimensions, toierances, surface finish, coior, and
general workmanship. Such requirements, however,
although a measure of acceptability, may not completely
reflect the true quality of the item. For example,
dimensional stability is not reflected unless the item is
exposed to an elevated temperature as anticipated in use.
Therefore, development of performance specifications—
as described in the next paragraph-—is required.
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2-3.2.3 Performance Specifications

Performance specifications are procedures developed
to evaluate part performance, and they may be developed
from the methods of testing used in prototype evaluation.

avtramoaluy imnartan

Far nlactice thace nracediires are ntin

For plastics these procedures are extremely importa
order to assure that the production techniques employed
do not hinder performance. Testing can be either de-
structive or nondestructive, may employ existing
methods, or may incorporate methods uniquely suited to
the product. Tests may be applied to individual com-
ponents, subassemblies, or assemblies, as appropnate
Overall, performance spe
t

-
I
ful form of product

ificat:
i1

2-4 TESTING TECHNOLOGY

The technology of testing plastics encompasses a wide
range of procedures from those used in sophisticated
polymer research activities to simplified bench tests
uniquely developed for a specific product type. Tests are
performed to measure material characteristics or product

Thp 'hrpp rpleva‘n‘{ areas ().(
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performance.

testing of materials for properties, prototype testing, and

production testing, as described in the paragraphs that
follow.

2-4.1 TESTING FOR MATERIAL
PROPERTIERQ
L AN\UL ALUAN R AR ND
Material properties for plastics are derived primarily

from test procedures developed by the American Society
for Testing and Materials (ASTM). ASTM’s only purpose
is to provide a standardized method for property deter-
mination; therefore, the measurement of properties is
performed independently by using ASTM methods. The
ASTM methods (Ref. 11) are used to gcnerate basic
erial property data by using simple, atory
applicable to typical desi
be used with caution.
For engineering design purposes most property data
are produced by material suppliers and are reported in
marKetmg brochures or engmeermg data handbooks.

camman inds mranting o am e Ao

Because it is CoOMmmon in uuauial pracice 1o |Cpuu aata
that do not completely follow the prescribed ASTM
reporting procedures, the available data are inadequate.

Data used to evaluate materials for design purposes
must reflect the consideration of many variables, a feature
that is lacking in published data (Ref. 8). Comprehensive
testing is costly, but the lack of comprehensive data
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Recance it

hinders the design process. This problem causes designers
toresort to redundant and costly testing in order to select

a suitable material.

ASTM methods allow the use of varied test specimen
configurations and conditions of test. The resulting data,
however, make 1t difficult to compare materials. To
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improve the quality of data used for uesign, further
standardization is necessary, 1.e., certain test parameters

should be further standardized. Table 2-4 lists those
general parameters from which all test data should be
developed.

The limitations of material property data for com-
mercial plastics reflect current industry practices. To
prevent misapplication, users must fully understand
plastic property data and their limitations, as outlined in
this handbook.

If data are inappropriate or lacking, the user is
responsible for requesting engineering-type data in the
form described in this handbook prior to the selection of
the specific material for use. This practice aids in pro-
moting the generation and standardization of appropriate

e nroductio o o data an mataniol soooito £
The production of data on material properties for
complex or unusual environmental conditions mav be
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beyond the capabilities of the material suppliers. In such
cases, special, product-oriented tests must be performed
by the users, and the reporting of such tests should
conform to the concepts described in this handbook and
shouid be documented accordingiy

The ASTM test procedur
modating the International System of Units (SI) for data.
The use of SI is required in the military to promote

standardization of hardware.
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he prototype part, product, or system
he evaluation of performance. lhe effort
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each test. The prototype test stage also prov1des the
designer the opportunity to consider design alternatives,
e.g., materials and manufacturing processes.

Prototype testing of end-items should assess each
component and its role in product performance. Those
parts considered critical, i.e., whose failure would
jeopardize overall performance, should be identified.
Critical plastic parts require review to determine which
characteristics and/or properties are important, how
material and process variables will influence performance,
and which test procedures should be incorporated to
assure the oeslrea quamy This assessmem necessitates

assurance.

Prototype parts should be subjected to accelerated-
type tests, including elevated temperature (beyond design
umu5), temperature cyciing, and temperature and
rength and special impact tests that
are beyond design limits but are directly related to desired
properties are also useful. Chemical exposure tests also

should be done to assess characteristics, such as molded-



Test Method

Temperature

Relative Humidity
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TABLE 2-4. COMMON TEST PARAMETERS

The method used to define the preparation, conditioning, and testing of laboratory
specimens. Testing should conform to ASTM methods whenever possible.

The temperature of the specimen environment during the period of evaluation. All tests
shouid be performed ai the standard laboratory temperature of 23°C {73°F); therealter, at
the ASTM D618 standard low temperatures of —55%, —40°, —25°, and 0°C (—67°, —40°,
—13°, and 32°F); and at the high temperatures of 50° and 70°C (122° and 158°F). Testing
at lower or higher temperatures according to the limitations of the material or the test
environment should be performed on an as-needed basis.

The relative humidity of the specimen environment during the period of test. Tests
performed at the standard laboratory temperature of 23°C (73°) should contain the ASTM
D618 standard relative humidity of 50%. Other relative humidity test conditions should be

10%, and 90%,. Testing done at higher to lower temperatures with no humidity control
should be stated in the test conditions.

Test Conditions

Date of Test

Applies to unique test parameters or conditions not covered by the test standard

The month and year the test of the material was completed. This parameter assumes the

property evaluated is determined immediately following the termination of the exposure

period.

Number Tested
technical data described.

Standard Deviation

i 1 c U T
1 € nUMOCT Ol specimens tesieyg of

[, ,\f“ < i tbhn cmaaifia

) I
numoct v

The amount of variability or dispersion encountered in the measurement of properties as

determined by the numerical expression contained in ASTM D 1898

Comments

Any appropriate remarks pertaining to the test procedure or test data. Commentis may

include type of test equipment used, whether the data are corrected or uncorrected, and

how the data were prepared.

Test Apparatus

model number, as applicable.

The equipment used to perform the test. Data should include equipment manufactured and

in stresses, which are not evident from general appearance.
In fact, any test that provides information about product
quality should be performed because detected deficiencies
can be more easily corrected at this stage of development.

2-4.3 PRODUCTION TESTING

Tesiing during production normally implies evaluation
of the part or assembly throughout manufacture.
Empbhasis is on the control of part quality by meeting
drawing requirements and performance specifications.
Product assurance personnel are responsible for these
written requirements and determine the method of

2-10

measurement, acceptable standards or limits, and the
statistical basis of acceptance.

The quality of the part is a primary consideration from
receipt of material to its assembly into the final configura-
tion. Acceptance specifications and in-process storage
requirements are of concern during this period. For
plastics, consultations with material specialists identify
areas of importance. The assessment of performance
during prototype testing assists product assurance per-
sonnel in establishing acceptance requirements for pro-
duction.



ro

(98]

TEBHNIE}AL LIBRAQY

TAEROSP

REFERENCES

. National Materials Advisory Board (NMAB) Com-

mittee on Organic Polymer Characterization, Organic
n I et} ; . P ARTR 4 A TY A ar i 1
Polymer Characterization, NMAB-332, National

Materials Advisory Board, Washmgton DC 1977.

ineering Handbook of the

Souet\ ofthe Plasn( S Imlustrv Van Nostrand Rein-
hold Co., New York, NY, 1976.

P. F. Kusy, Plastic Materials Selection Guide, Report
No. 760663, Society of Automotive Engineers,
Warrendale, PA, September 1976.

F.J. Heger, R. Chambers, and A. G. Dietz, Structural

Plastics Design Manual, Phase 1, Chapters 1-4,
FHWA TQ 70903 S mpson. Gumpertz. and eagpr
WA /5-405, SIMPSoN, LUMmMperiz, andg ricger,

Inc., San Francisco, CA, July 1978,

,,,,,,, Y

oo

W. L. Erley, “Avoiding Pitfalls in Material Selection”,
Plastics Engineering, 40-2 (April 1977).

. A. Buehler, “Designing with Plastics-——Choosing the

Best Material™, Canadian Plastics, 20-7 (November

I ern Plastics Encyvclopedia, McGraw-
ook Co New York, NY, 1978-1979, pp. 480-92.

. S. Levy and J. H. DuBois, Plastics Product Design

Engineering Handbook ., Van Nostrand Reinhold Co.,
New York, NY, 1977.

. R. D. Beck, Plastic Product Design, Van Nostrand

Reinhold Co., New York, NY, 1970.

“Part 335, Plastics— General Test Methods, Nomen-

s N 1070 A 7 L OACTAL Ca T T
ciature |, 1¥/Y Annual Book o] AL M u)lanaaraA,
Amnrur‘)n Carciety far Tecting and Aateriale
American SOCCLYy 10T 1&sUng anG mailriais,

Philadelphia, PA, 1979

— -y

—_—— =i o aa



BBOT

" TECHNICAL LIBRARY

ABBOTTAEROSPACE.COM

- d MANe AN ITAY SMYI1DINe=I1L - P e d A W o ——— - - —meY — o=V e



TEEIHNIEIAI_ LIBRAQY

MECHANICAL PRUPERTIES
The mechanical properties are introduced by a discussion of their time dependence, which describes the
dependence of properties on the rate of loading and their relationship to design analysis. The constant load
response and creep properties are reviewed in depth along with the associated stress relaxation characteristics.
Plastic response to varied rates of loading is described in terms of stress-strain properties for tensile,
compressive, and shear modes of loading. Also discussed are the impact and fatigue modes of loading and their

relationship to stress-strain behavior.

B = bulk compressive modulus, Pa (psi)

E = elastic modulus of elasticity in tension, Pa (psi)
G = modulus of elastlcny in shear, Pa (psi)
u— Poisson’s ratio, dimensionless
3-1 INTRODUCTION
The term “mechanical nronerties™ senerally refere to
The term "mechanical properties™ generglly refers to
the strength and rigidity characteristics of a material

subjected to mechanical torces Virtually all applications
require some degree of mechanical or physical integrity;
therefore, the mechanical properties are used as an initial
measure of acceptability. However, they are needed
prlmaruy io prema periormance, i.¢., to assure that ioad-

+ £oil 1ira ~ethn
1dii U_y lu!)l.ulc ul l.llal.

L
he am_jpnrpd limits.
For DlaSthS response to external loading is complex
and requires a basic understanding of inherent behavior
and the influence of environmental factors. This under-
standmg provides the capability to make an intelligent
materiai. Mechanicai properues as defined in
dldLLCl lLL lllC bdb

nlacticc to tencile
piasty tenstie,

sive, and shear forces as influenced prim
rate of loading and temperature.

The mechanical properties discussed in this chapter
vary from those that are useful in design calculations to
those that ailow material comparlsons Each property is

n
pPUaStS v

marily by the

mianaiaAd Foaon o o b i iiioalin e 4 S
TEVIEWEQ 1T0IM 4il €na use VICWPUI li dna l“ COIdUNnAICe
with test methods and data availability. As annronriate
WILD test melneds and gata avanasnuily., As appropriate,

polvmer-related terms are introduced.

Most evaluations of materials are performed using
simple test procedures because testing to conform to end
use conditions is difficult and expensive. Also for engineer-
ing property data for plastics, tensile response has gained

3-1

more attention than comp ession and shear and remaing

............................. ressior remam

the most widely reported result. Tensile response is
reported in terms of deformation versus time and stress
versus strain—quite familiar in engineering.

Prior to discussing plastic response, it is desirable to
review the well-known stress-strain behavior of metals. In

the design of metal siructures, product analysis considers
marhaniral nranertiac haced An icatranie o~ructallina
11ivvilialiiival }lluy\/l\«l\rd vaosvu il IDULIUPIL, i oLaliiliv
materials having very predictable and reproducible

behavior. The typical stress-strain behavior for three
metals is illustrated in Fig. 3-1. Typically, structural steels
exhibit a linear stress-strain behavior to the proportional
limit and a nonlinear response thereafter. The pro-
poriionai iimit, eiastic limit, yxela pomt and uitimate

1 £a
aii uuuy plcuxu.aunc
tPPI

Eenerallv based on app ga factor of safety to the yield
point strength (Ref. 1). R sponse to working stresses well
within the proportional limit enables good prediction of
strain deformation because of the predictable elastic
moaulus of tne materxal These caiculations are pertormea

wnrlnng stresges are
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mplified metals design procedure is possible for a
number of reasons. The proportional and elastic limits,
within which the working stresses lie, are relatively high in
comparison to the yield stress. The sensitivity of strength
and modulus to various rates ot loadmg 1s negllgxble with
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encountered in normal use.
llmued, it has not beena problem because metal structures
are usually overdesigned so that their bulk conceals any
existing nonlinear relationships.
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Figure 3-1. Tensile Stress vs Strain for Typical Metals
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There are similarities between metal and plastic stress-
strain behavior, but there are more differences that
warrant attention. Typical stress-strain behavior for a
variety of plastics is illustrated in Fig. 3-2. The ductile
plastic behavior of polyethylene (Fig. 3-2) resembles that
of a high-purity aluminum (Fig. 3-1), and certain plastic
materials have curves similar to those of steel. Plastics,
however, are inherently of lower strength and stiffness
than metals. Because plastics are time and temperature
dependent, the standard stress-strain curve alone is not
suitable for comparing performance.

Metals are rate sensitive and temperature dependent,
but plastics are more significantly affected by time rate of
loading and temperature. Furthermore, as shown in Fig.
3-2, plastics do not have definable elastic and yield points
as exhibited for steel. Plastics are viscoelastic materials
that exhibit both a quasi-elastic response and a time-
dependent viscous flow or creep. In spite of these
differences, much of the simplified analysis performed for
plastics uses the classical theory of elasticity.

The aspects of time-dependent behavior may not be
familiar to all readers; therefore, discussion of both

LIBR

ARY

constant load and rate loading is appropriate. This
discussion is followed by a review of the engineering
significance of load application in terms of creep, stress-
strain, shear, impact, and fatigue properties.

3-2 TIME DEPENDENCE

The time-dependent behavior of plastics normally is
characterized by the term viscoelasticity. It is determined
in a creep experiment in which a weight or constant load is
applied to a specimen. The initial response is an elastic
deformation, which is secondary to the viscous deforma-
tion or flow (creep) with time. The level of load applied is
well below that necessary to cause rupture and the time
element is relatively long (months to years). Viscoelastic
behavior generally is depicted by a strain deformation
versus time curve.

This viscoelastic or creep behavior of plastics has been
the subject of extensive investigations. Numerous texts
(Refs. 3-7) are available to describe the theory, its
limitations, and correlation with the experimental data.

The other type of time-dependent behavior is that in
which a load or force is applied in a short, finite time

83 12,000
Break Point
ot
70 + . 4 10000
Nylon, Glass Filled
60 + /Break Point
4 8000

50
© —_
[0 @
= =
2 4 6000 é
£ 40 H Z

30 Polyethylene, High Density 4 4000

20

4 2,000
10
0 1
0 20 40 60 80 100 120 140 160
Strain, %

Figure 3-2.
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Tensile Stress vs Strain for Typical Plastics
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ng_rlod_ (minutes to seconds) and involves a measurable
load rate or rate of straining. Material behavior, particu-
larly the magnitude of load necessary to produce failure,
is highly dependent on whether the rate of loading is low
or high. Of particular interest is that rate of loading
termed as high strain-rate loading. The response to
various rates of loading, in these noncreep conditions, is
best depicted by the stress-strain curve.

Unfortunately there is no industry standard that com-
pletely describes the high strain rate phenomenon. Itis an
area where researchers have not generated adequate
approaches for design analysis or developed test methods
and equipment to measure behavior adequately. Response
to high-rate loading is complicated by the form of load
induced, which inciudes behavior dealing with drop-iype
impact and cyclic loading.

To clarify time dependence in terms of strain rate
loading, a schematic has been prepared and is shown in
Fig. 3-3. It relates the strain rate to a qualitative
categorization of load rate with an associated equipment
type (Refs. 8§ and 9).

In testing technology the rate of loading is described in
machine terms of crosshead speed in terms of the strain
rate, or in reciprocal seconds (s "). The strain rate term
has been used because it better describes the full range of
load rates.

The low and high load rates have been categorized to
reflect finite motion, whereas the very low rate has been
categorized more appropriately as constant loading. As
noted in Fig. 3-3, the high rate of loading has been
extended to include very high and ultra high to accom-
modate the extremely fast levels of loading and methods

3-2.1 CONSTANT LOAD

Response to a very low rate in the form of a constant
load or weight is characterized by deformation at very
small strain rates as shown in Fig. 3-3. The strain rate
values are provided only as an indication of load rate in
comparison to the other categories.

ANBRTIAERO

The response to a constant load is dependent on the
inherent structure of the plastic. The polymeric chain-like
molecules undergo a combined stretching and inter-
molecular slippage, which results in elastic and viscous
behavior, respectively. This behavior can be illustrated as
a two-element or two-parameter model (Fig. 3-4(A) and
(B)). The two elements are a spring (a mechanical analog
of elastic strain) and a dashpot (a mechanical analog of
viscous strain). The initial application of load or stress
results in an instantaneous, ideal elastic- or Hookean-
type extension of the spring. With time, additional linear
deformation will occur that is manifested by the relatively
slow movement of the dashpot. This behavior contrasts
with metals, which are crystalline materials exhibiting
primarily elastic, spring extension.

The theory of plastic behavior, however, is illustrated
better by a four-parameter model (Fig. 3-4(C)) (Ref. 3).
Aninitial constant load or stress results in an elastic strain
deformation from the response of only the spring. The
second response is a nonideal strain deformation in which
the stress is no longer linearly proportional to the strain.
This response is the result of deformation of the single
dashpot and the parallel spring and dashpot combination.

Thainitinlalactin recnnncaic
1 1 iNitds \Auodv responseis lu"" rpr‘“‘“’rqble, the viscous

behavior is nonrecoverable, and the combined elastic-
viscous response is somewhat recoverable.

The theory developed for the four-parameter model
assumes that the material is linearly viscoelastic. This
assumption implies that the strains induced by the applied
stress are linearly proportional to the stress as manifested
in the short-term stress versus strain test for metals. For
plastics the theory is applicable only at very small strains
hecause plastic response is, for the most part, nonlinear.
Thus the theory is not valid for most practical material
assessments and has limited use in predicting plastic
response.

The four-parameter model is useful to illustrate creep
behavior when the constant stress is removed, a condition
called creep recovery. The model is also used to evaluate a
response called stress relaxation, a situation wherein a

Qualitative Very Low Low High Very High Ultra High
Load Rate / 1 Y 1 _X I )( 1 )( ] \
Strain -« A } } 4 1 } 1 } } } ! ! 1 LA~
Rate, s ' | 1 | 1 1 | 1 T 1 1 1 1 |
107 1% 105 10* 103 2 40" 10 10" 102 10> 1w0* 10° 108

\\ ] AN AN JX T J/

Zest 1 Weight or Hydraulic or Pneumatic or Explosive or
pparalus Constant Load Mechanical Hydraulic Ram Drive Ballistic Device
Screw Drive

Figure 3-3.

Strain Rate Loading
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fixed deformation induces a stress that dissipates, or

relaxes, with time. Another important viscoelastic
response is stress rupture, which characterizes the short-
time rupture of plastics subjected to relatively high
stresses. All of these characteristics are discussed from a
practical engineering point of view in the paragraphs that

fallau
i01I0W.

3-2.1.1 Creep, Creep Recovery, and Creep
Rupture

In addition to providing data for correlation with
theoretical, constituted equations, the creep test provides
very basic and useful engineering data. The test is
performed by applying a load to a specimen and observing
the deformation over time. The ioad is applied rapidiy

— Primary Creep .ertiaj“ Creep
/ e Secondary Creep L !/ .
! i |
I | :
5 R
© | ! ‘\;
3 ! v/
3 : ]
| ___—c |
/(' Rupture Pointl
N
Elastic Deformation

Time

Figure 3-5.

\ERQS

Spn",g B % rll._-ll DaS.h.,DOt B
|_L| Dashpot A
\]
Stress
Model (C) Four-Element Modei
iscoelastic Models
and smoothly to avoid vibratory motion

1 €
-0

3-2.1.1.1

Creep measurements may be performed in tension,
compression, pure shear, or torsion. For materials that
are relatively stiff and brittle, creep measurements have
been made milexure The flexure test, however, contains

and is not SUggCS[CG for use.

C.n
tig.

Creep

tyrrm

3-S5 .J\r\), Lypi

&

, shown in
is initially characterized
elastxc deformatlon (Fig. 3-5(A), point A) or stram at
essentially zero time. A rapid rate of primary creep (Fig.
3-5(A), points A to B) then occurs and is followed by
secondary creep at a slow and constant rate (Fig. 3-5(A),

pOlﬂIﬂ Bto L) if the ioad on the spec1men is maintained

1'1('16{1?11{613" terti ary crecp will occur and resultin rupture
(Fig. 3—5(A) point D) anarv and cPr‘m"‘ﬂry creep are

tertiary stage encounters crazmg orcracking. The observed
responses from time zero conform to the four-parameter,
viscoelastic model previously described.

A rroon =1
c Y _~"" %] |FElastic Recovery
LT
5 | A _
‘g A Qreep Recovery
Elastic Deformation \i}_

Tensile Creep and Creep Recovery
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3-2.1.1.2 Creep Recovery

greater the creep, whereas for very low stresses the creep

deformation is very small or nonexistent.

If the applied load is removed at any point during the
secondary creep period, the initial elastic deformation is
immediately recovered (Fig. 3- -5(B), point C). T hereafier,
a decrease in deformation occurs, which is commonly
referred to as creep recovery. Although the recovery 1s not
complete (Fig. 3-5(B), point D), it is substantial. The

nortion of creep that is not recoverable results from the
_purely VisCous response.

For very high stresses, i.e.,

env Plnnf

prevent Dremdture product failure.

those approaching the
short-time tensile strength, failure will occur within a
relatively short period of time. T his failure mode 1s Knowi
as creep rupture. Several creep rupture points (}
points A, B, and C) arc used to plot a creep rupturc
which indicates the stress levels to avoid to

3-2.1.1.3 Creep Rupture

The creep behavior of plastics is highiy depcnmm on

Theoretically, if the typical creep deformation (Fig.
3-6, points D and E) experiment were continued in-

definitely, a point would be reached at which fracture

might occur. {The time involved few years to many

1 g
iS a iCW

L.
in

the stress level (Fig. 3-6), i.e., the higher the stress,
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The prediction of creep response for plastics relies
heavily on experimental data coupled with reasonable
extrapolation and other experience factors. It should be
noted that Figs. 3-5 and 3-6 represent idealized creep
curves and that in reality they differ somewhat due to the
ductiie or brittle nature of each materiai.

only in creep at constant stress but also in creep under
constant strain. The creep is in the form of a relaxation of
induced stress. Both the creep and stress relaxation
responses are based on internal molecular movements,
and a theoretical correlation exists between them.
Alihough the stress reiaxation phenomenon is im-

Y799 94

Specimen

L‘_l
"N~
4

Y

Constant Force

has not been as

certain design ith 3
popular as creep in experimental analysis. Stress relaxa-
tion occurs when a specimen is instantaneously stretched
or compressed to a fixed length that is held constant (Fig.
3-7(A)). This action results in an induced mechanical

stress, which lmmedldtely beglns to aecrease or relax,

portant in applications, it

The initial deformation

Wllll I.llllC

Stress relaxauon experimentation, as wnth that
is performed primarily in tension. The other 1mp0rtam
mode of loading is compression, but little interest exists in
this mode.

The typical stress relaxation response (hg 3-7(B)) 1s

characterized by an initial induced tensile siress at
essentially zero time. This stress {Fig. 3-7(B), point A)
begins to relax with time and theoretically decays to zero
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stress (Fig. 3-7(B), points A to B). if the
were removed at an interim time, there would be an
\I"t1 f"

ma
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intial deformalmn

ate elactie
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3-2.2 LOW-RATE LOADING

The low rate of loading is characterized by what has
been termed conventional stress-strain curves (Fig. 3-2).
The practice, which has also been termed static testing
and follows that developed for metals, is performed at
constant rates of elongation with conventional testing
machines.

Although categorized by strain rates (Fig. 3-3) between
107 _and ts' mo the region of
107 and 10" s '. At these rates of loading, the initial
response to the four-parameter model (Fig. 3-4)
essentially elastic and is followed by viscous flow as the
load increases. For loads at which the elastic spring is
completely stretched, all the remaining load is directed at
viscous flow until rupture occurs.

Test data for the low rates of loading have been
seriously challenged by some as having little use in design.

Whara annlicat ar the rata adi y 1
Where applicat nter the rate of loading used 1n

the test, there is relevancy in design use.

Low-rate loading is typified by stress-strain curves
(Fig. 3-2). Ductile thermoplastics generally exhibit a
small initial linear region, which yields to continuous
viscous deformation as the stress is increased. For
thermosets and nonductile reinforced thermoplastics,
however, the response is more eiastic, and there is iitiie
yielding. Characteristically, plastics do not exhibit a

+ al 1
pTGpGTLIOu 1 and the

ct tactino ic narfarmed 1 in reoinn of

nost WO LR 15 PUIiUiintu i

1iNnNnc ancnomt
IV VLU u

ield naint

mit alactis limit Aar v
C i Lo 186 pOInG,

imit, elastic limit, or y
elastic modulus determination is sometimes questionable.
There are exceptions; some plastics do inherently exhibit
the “metallike” response, particularly when reinforce-
ments are incorporated.

3-2.3 HIGH-RATE LOADING
Although high-rate ioading is considered to be as
important as creep in military applications, the high-rate

tarhnalaoy well {‘p\rnlnna,l n
WLCNANCI1GEY Wl GC

iJpia "..d Gddid
limited. This lack of dat prmcnpally due to the
complexity of aeve]nnmgn f design theory, of experi-
mentguon, and of correlation of test data with theory.
When a plastic is subjected to a force at a high rate of
loading, the response is quite different from the response
experienced in the very low rate or creep environment.
The chain-like molecules undergo a response pre-
dominantly manifested by molecular stretching or highly
elastic behavior due to the short time of load appli
Viscous behavior is almost nonexistent.
High-rate response is significantly affected by the strain
rate (Refs. 4 and 5) and mode of loading. The strain rate
values can be used to divide qualitatively the rate of

loading into high, very high, or ultrahigh (Fig. 3-3),

ic nbn nen o
L aic v

Ty

sands
\,auu

I g *hanism used to induce the force.
The division is quite arbitrary and highly machine

ndont Fvnlaciva nrhallictic davicrac indiisa nltraohich
COOVICES HIGUTC Unianign

HULHIL LApPIUSIVY Ul UAllSuC U

-1

depen
strain rates greater than 10° s', whereas pneumatic,
hyvdraulic, or mechanical devices can produce strain rates
greater than 10

The method of loading implies the manner in which the
force is applied, i.e., cither induced when in intimate
contact with the material or impacted onto the material,
as typicaily encountered in a drop environment. Both
methods involve transmittance of shock waves, the

intensity of which is quite different. Another form of rate
loading is the cyclic mode whereby a force is repeatedly

A discussion of high-rate loading in terms of inertia,
impact, and cyclic effects is appropriate and is given in the
paragraphs that follow.

U-)

Many high rate-of-loading dppllCdllonS are the result

Olr d fOl"(,C U]dl 15 ”l lIlllHlalC contact Wllll ll'lC Hldlcrldl

being applied rapidly to a body. Similar to the firing of a
projectile or rotating machine mechanisms, internal com-
ponents are subjected to the inertial effects due to
acceleration. Loading can be in the form of tension,
compression, shear, or torsion, and the result is a material
having to withstand a mechanical load at the high strain
rate.

The most common representation of this response is
the stress-sirain curve. The behavioral change generally
results in higher ultimate strengths, an increase in the

apparent stiffness or modulus of the mate

corresponding decrease in ultimate elongation (Fig. 3-8).
This change is much more pronounced for plastics than
for metals.

Another major material characteristic of interest is the
energy required to break or the energy-absorbing cap-
abilities of the material; this characteristic is defined as
the area under the stress-versus-strain curve. Units are
expressed in joules (foot-pounds) of energy per umt

and a
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high rates of loading is excellent data for comparing
materials and for elementary design analysis.

As illustrated in Fig. 3-3, the strain rate values are
arbitrary and reflect only a relative ranking commensurate
with available testing equipment. Testing at the high rate
(between 10" and 10's™') is prescribed in standard ASTM
test procedures. For the very high and uitra high strain
rates, there are no ASTM or other standard test methods.

actiaated with the Qnlit
CSUgatvla witil uiv Spuc

nbo aviar hae ha

rug,u rate behavior has been i
Hopkinson bar apparatus, but this device has not been
formalized into a standard. It is the basis for data
generation at strain rates between 10’ and 10*s ', and the
test is performed primarily in compression.

inua
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The lack of attention to high-rate loading is quite requirement, the correlation of impact strain rates,
evident in the almost complete absence of material material response, part geometry, temperature, and
property data. Until greater interest is generated, this lack orientation of the part relative to the impact remains a

of data will remain a hindrance to effective design
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-2.3.2 impaci

impact 1s a high-rate loading in which a mechanical
not initiaily in contact with the material,

v Dlactin racmance ¢ oogain Lislhlo
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forc 1s

impact
lastic i
waves generated

In the absence of both a sound theoretical approach
and valid data, attempts are made to correlate the energy
to break a material to that induced in the impact. The
induced 1mpact energy can be generally expressed in

nuailakla
avanaoie

n
a
is influenced by the type of shock or im
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terms o1 p(‘l.cuu Cnergy (arop llﬁigu‘t) e
kineticenergy (vel cnv at !mpac!) and can be ¢ J'Pgorized
as being within the hig very high rates of strain (Fig

3-3).
Impact data, as generally published in the trade, have
not been completely useful in design because the

3 .nr-rx.

standardized ASTM test methods have littie resembiance
to real-life .mpact conditions
Although impact resistance is a key performance
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most troublesome area. The development of high-rate
impact test equipment may lead to a better understanding
of material behavior and how to predict response.

3-2.3.3 Cvelic
3-2.3.3 Cyclic

Cyclic loading is a form of rate loading in which a stress
1s applied repeatedly to a material. Generally, the induced
load is in direct contact with the material during the

repeated motions. The frequency of the alternating load
determines the rate of loading, which may be sufficiently
rapid to induce inertial and vibratory effects. This form of
ioading is unique and 1s not generally characterized by the

epic n Fig. 3-3 but, rather, by an induced cyclic
(Refs. 6 and 7).

> L INviES. U ar

At the start of cyclic loading, the chain-like molecules
respond elastically but are soon mﬂuenced by mternal
frictional heating, whereupon the viscous response of the
material may become evident. The temperature increase
1$ very 1mp0rtant in the resulting material behavior.

N
Stress

Greater interest 1s attached to the number of cycles
required to produce failure, commonly referred to as
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fatigue. As shown in Fig. 3-9, a plot of induced stress
versus cycles to failure is the common method of describing
response.

Fatigue testing is another area for which the test
variables are numerous. Of the many modes of cyclic
loading, i.e., tensile, compressive, flexure, and torsion,
the only standard developed evaiuates maierials in ilexure
at a constant amplitude of force. The existence of only
one standard indicates the limited attention paid to cyclic
joading for plastics, although the variety of modes is
recognized as pertinent to material characterization.

3-3 CREEP PROPERTIES

The most significant consequence of the inherent
structure of plastics is the dependence of their flow

behavior on time. The implications for the design life of

the product are apparent because product failure can
result as either stress rupture or excessive deformation
(Refs. 10 and 11). The most basic property consideration
in creep is deformational behavior. Also important are
the properties of stress rupture and stress relaxation.
Each of these properties is discussed in subsequent
paragraphs.

For the most part, creep properties are based on
simpiified uniaxiai tests that use standard specimen
configurations because complex evaluation under com-
bined static loading is costly. Combined testing is
encouraged wherever possible to supplement the standard
testing. Creep testing is performed principally in tension,

AENOTTARBROSP

which is the area of greatest practical interest to designers,
followed by compressive creep.

Creep testing assumes that the matcrials are relatively
isotropic, i.e., that they have comparable properties in all
directions. The assumption is reasonable in spite of the
oricntation effects that may exist for some materials. It
should be remembered ihat anisoiropic behavior, 1.e.,
having unidirectional properties, is more complex and
cannot be indiscriminately treated in a simplified manner.

Test data must be relied on to predict creep response
until a suitable theoretical treatment is developed for
nonlinear viscoelasticity. Until this treatment is available,
experimental data will have to be adapted to the existing
classical theory for elementary problem solving. The
main d\fhculty designers tace is the dddpldll()n of uniaxial

evabionnd T ACn nrahkl
i i H 1

______ 1. - —~ “
lUl l\l COMoInca 10aai lg 1Y

| NN
creep ocinayv

CREEP DEFORMATION
Tensile and Compressive Creep

3-3.1
3-3.1.1

Creep deformation testing, performed in accordance
with ASTM D2990 (Ref. 12), provides basic data reflecting
the time-dependent deformation in terms of creep strain.
Generally, creep response is provided in tensile loading.
Although the tensile mode of loading is most important in
design, compressive creep is aiso imporiant and must be
evaluated accordingly. Compressive creep behavior varies
somewhat from tensile behavior, particularly in rupture,
but the data parameters and presentations are nearly
identical.

=
\

0

@

o

»

Cycles to Failure

Figure 3-9.

Tensile Stress vs Cycles to Failure
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The test data should be provided nominally at ambient
temperature and at several stress levels in order to depict
the broad range ofr esponses. When .esemed ing phica!

versus time (Flg. 3—10) as a function of induced stress.
The significance of the deformation data is that the
designer can obtain a representation of the strain that
resuits Irom induced stresses in the ume Iramc of 1merest
The qnql Vsis

creep environment.

Creep is significantly affected by environmental factors,
principally temperature. Fig. 3-11 illustrates the variation
in strain deformation as a function of temperature at
constant stress. Materials affected by humidity or other
environments also exhibit a modified response. Although

it is impractical to conduct tests in all possible environ-
ments, materials known to be affected by a specific
environment, e.g., moisture, should be evaluated in that

environment.

Creep data are needed early in the design stage for
specific design analysis or for general comparison with
t

O

P T A 1€ mmmm cal by mnne doao o 1oL i O,
OUICT mdleridls. 1l Compicie Crecp aata are 1aCKINg 10r a
material assessment, designers should not consider using

the material until either data are provided or creep
performance is evaluated through material or prototype
testing.
To facilitate the design process, creep data should
include the basic materiai identification parameters (Tabie
1-2), the test conditions (Table 2-4), and those modified
parameters described as follows:

l. Type of Loading. A verbal description of the
method of loading. Creep testing should be performed in
both tension and compression.

2. Type of Specimen. Intension, specimens should be

STM D638 13),

Type 1 or Type ii as specified in ASTM D638 (Ref.

4

14 MPa

n
T

Strain. %o

01 1 10
Time, h

1000 10,000

Figure 3-10. Tensile Strain vs Time as a
Function of Stress
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Figure 3-11. Tensile Strain vs Time as a
Function of Temperature

a nommal thlckness of 1 18 mm (0 125 in. ) and compres-

sion specimens should have a principal width or diameter
of 12.7 mm (0.5 in.).

3. Temperature. A test condition at which each
cimen should be evaluated. For creep the ambient and

ch ld kha 720 £NOC N0 L.~ d QNO
SNouUId ot £o , JV L, /U, alld YU C

evated temperatures s
122°, 158°, and 194°F), and as appropriate to the
upper limit of the material.

4. Stress Level. The stress imposed on the specimen
determined by dividing the load by the original cross-
sectional area. At least three to five stress levels for each
temperature shall be used, as suggested in ASTM D2990

(Ref. 12). These levels should include an upper stress level
that is less than the one that produces failure in under

1000 h and a lower stress level that results in a nearly
constant strain deformation for an extended time.
5. Strain Deformation. The creep deformation at

each time interval, reported as the average total strain for
the stress level. Reported in percent, it is the strain
deformation multiplied by 100.

6. Time. The times at which the strain deformation is
measured for the applied load. Conformance to the
ASTM procedure is suggested-—i.e., 6, 12, and 30 min and
1, 2,5, 20,50, 100, 200, 500, 700, and 1000 h. Creep tests
for a minimum of I yr are desired; time frames beyond I
yr should be performed if practical.

7. Standard Deviation. The varia

1
Sl G LAOVIGEiU . Ll ia

at the time intervals at which measurements are made.
Creep data are conventionally plotted as total strain

1000
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n in F'

grdphlcdlly, the data should be .supplnmcnud in tahuldlcd
form for independent analysis or computerization.
Creep curves at various stress levels show a consistent

trend. and it is often possible to interpolate between
curves. Interpolation may he more difficult, however,
irregular patterns are exhibited, as may happen at high

stresses and high tcmpcratures.

If creep data are extrapolated to longer times, the
extrapolation is normally indicated by dotted lines.
Fxtrdpoldted ddld should be ]uxtmtd by the supplier to
s extrapolated datashould

Ilmf‘

me-consuming and

lcrm creep ddtd into long-term data. The prmcxpdl
methods used have been the Boltzmann superposition
principle and the Williams, Landel, and Ferry (WLF)

principle, among others. Most data generated by these
methods are based on lnear viscoelastic theory. These
methods, normally applied by polymeric theoreticians

and experimentalists, are limited in accuracy a and should
be used in design with extreme care. Thus creep data
developed in this manner should be identified as such in
the documentation.

3-3.1.2 Flexural Creep
Although fiexurai creep testing is performed, the data
M £
1

ABRGTTAER
3-3.1.3 Creep Lateral Contraction
The creep lateral contraction, or Poisson’s effect, is the
ratio of lateral strain to longitudinal strain. It occurs in

both tension and compression and is a fundamental
parameter used to describe deformational behavior. The
lateral contraction cocfficicm of specimens from the

Thc creep lateral contraction would help to solve
design problems. In its absence, the Poisson’s ratio, as
determined in conventional tensile or compression
strength tests, will suffice because this ratio should not

appreciably affect results. Values of Poisson’s ratio for
plastics generally range between 0.3 and 0.5. Additional
efforts are needed to establish test procedures to determine
the lateral ontracuon effect.

3-3.1.4 Derivative Creep Data

From the basic creep deformation data (Fig. 3-11),
other forms of data can be generated- -isochronous stress
versus strain, isometric stress versus time, and creep

[

modulus (Fig. 3-12). Of the three, creep modulus is of
greatest practical use in design.
Isochronous stress-strain curves (Fig. 3-12(D) result

from a cross-plot at constant time (Fig. 3 12(B) of the
creep strain for each stress level. At very short times
(approximately 100 s) these curves approximate the
convcnlxondl constant rate of elongatlon stress- stram

section.

2. The three- or four-point loading represents a
special load configuration that cannot be generalized to
other structures.

3. Many materials do not rupture
Flexural creep testing should only be used as supplemental
data f “ppllcations lt should not be used to

3-12

the apphcatxon

Isometric stress versus time (Fig. 3-12(A) results from a
cross-plot of the data at a constant strain (Fig. 3-12(B)
deformation. This plot is rarely reported because it has
limited use in design

rppp mnrlnlns VCFSUQ

- 2(B) by its stram and then plomng the value for the
corresponding point in time. Such a plot provides the
designer with the means to predict deformation, as
described in a subsequent paragraph.
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3-3.2

The concept
typical response in plastlcs. When a material experiences
deformation as a result of a constant load, a portion of
that deformation is recovered if the load is removed, and
the induced elastic strain reached at the time the load was
decrease occurs with time (a

CREEP RECOVERY

p recovery was introduced

of creey as a

S A P | e S
€d gecredses. ruriner

rcmoy &
creen curve in reveree) until moct of the defarmatian ig
Créep CUrve In reverse) unii most o1 tne aciormauoen is

recovered. This behavior has practical application when
plastic components are subjected to intermittent, long-
term stresses.

However, because there is no procedure to reflect the
need, creep recovery data have not been generated to any
extent. Testing could be an extension of basic creep tests,
re., ASTM D2990 (Ref. 12),
measured with time following the removal of the load.
There is a definite need to promote the requirements for
data generation through ASTM procedures.

with deformation being
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Creep and Creep Modulus

3-3.3 CREEP MODULUS
Creep modul us, sometimes referred to as “apparent
modulus”, is defined as the ratio of the initial, applied

stress to the creep strain. It is a calculated value of the
basic measurements made for creep strain or deformation
and is the parameter used in the simplified analysis tor

dependent

Theoreticians have defined an associated term, “creep
compliance™. Itis the reciprocal of creep modulus, i.e., the
ratio of the time-dependent strain to stress, and it has
limited use in the simplified design procedures discussed
in this handbook.

Creep modulus computed fromcreep
ep modulus compute creep

is normally plotted, as illustrated in Fig.
time. The slope of the line reflects the relatlve loss of
stiffness as a plastic undergoes creep. Creep modulus
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versus time is also plotted on log-log scales and provides
convenient linear presentations.

Because creep modulus is a calculable function of creep
deformation, the test parameters that are derived for the
basic creep data apply. This fact also implies that the
interpolation and extrapolation of creep data also apply.

The applicability of creep modulus to design is compar-

akla that in tha r“qcclr‘ I‘IPCIOT‘I
ﬂUlL lU l]lal IUI 1L LLIV L Sig i

equations, except that the time-dependent modulus must
be used. Thus the interaction of stress and strain is
dependent on a variable modulus. This dependency
implies that a stress imposed on a product will induce a
strain of variable magnitude that is dependent on the time
frame being considered.

atale ac ngad
ul\.t(uo ad uovu

3-3.4 CREEP RUPTURE

The phenomenon of creep rupture (Fig. 3-6) occurs at

thncp nnnrnnnhlno the ultimate
those appreachingtne uiimate

rolativaly hioh ctreccac 1 o
rCiativary nigin Siréssss, 1.8,

strength of the material as measured by conventxonal,
short-term tensile tests (ASTM D638 (Ref. 13)). As the
level of stress is reduced, the time to rupture increases. A
point is reached at which the stress will not produce
rupture even if the stress is applied for a very long time.

3-14

10,000

Creep rupture is a necessary adjunct to normal creep
behavior. It is important in design because it indicates the
short life that can be expected when relatively high loads
or stresses are applied to a material on a continual basis.
Thus creep rupture is used to establish the limit at which
working stresses may be induced.

Prior to extended creep tests, common practice in
ASTM D2990 {Ref. 12) is to evaluate creep rupture by
determining the stress versus time to failure to establish
the point at which creep strain versus time is to be
evaluated. Testing is performed at several stress levels to
produce rupture within 3000 h. From the point data a
creep rupture envelope is defined that reflects the load-
bearing capability at the test temperature as shown in Fig.
3-14. Elevated temperature and environmental factors,
especially in tension, have a significant influence on
performance. In fact, many product failures identified as
stress cracking can be attributed to stress rupture resulting
from exposure to a hostile environment.

The decrease in the value of the rupture stress with time
has also been referred to as static fatigue (Ref. 1 1) because
the curve shape (Fig. 3-14) is analogous to the phenomenon
of dynamic fatigue under cyclic loading, in which siress at
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Figure 3-14. Tensile Creep Rupture Envelope

failure decreases with the number of cycles. However, the
terminology “static fatigue™is incongruous and should be

disregarded.
Tha ¢ nan riimtinira anuvalanma’ o mAaraan MNe, mlattnd e
I 11C pr lu})lulc CllVCl\lpC l) 1ol lllally }7[\)llcu Ul
eitherlog-log or semilog coordinates. This usually results

in a nearly linear relationship of stress versus time to
failure, which can easily be used to abstract data for use in
design analysis. Generally the creep rupture envelope
reflects catastrophic failure for relatively brittle materials
or the onset of failure characterized by excessive yielding,

flowine or drawine for duetile materiale
ll\lWllIE, i \Jluwllls AU UL LIV Hirawviian
Testing for creep rupture is primarily performed in

tension because ductile plastics do not, in essence. rupture
in compression or in flexure. Flexure creep testing is
undesirable, as discussed previously, but creep rupture-
type testing shouid be perlormed in compression because

C nportant i pii

ant in ap

1Ca

se to essive loading is im

espo a-
n
reep rupture data should include the basic material
identlllcatlon parameters given in Table 1-2, the test
conditions given in Table 2-4, and those parameters in
ASTM D2990 (Ref. 12) unique to the test described as
follows:
. Tyvpe of Specimen. In tension, specimens should be
Type I or Type 11 as snpmf‘md in ASTM D638 (Ref. 13),
and in compression the unconfined specimen should be as
specified in ASTM D695 (Ref. 14). Tensile specimens

should have a nominal thickness of 3.18 mm (0.125 in.)
and compression specimens %hould have a principal width
or diameter of i2.7 m )

(73°, 122°, 158°, and 194°
upper limit of the material.

3. Stress Level. The stress levels—determined by
dividing the applied load by the initial cross-sectional
area-—selected to produce rupture for the specified time
periods

4. Time. The time at which rupture occurs for each of
the applied stress levels. Conformance to ASTM pro-
cedure is suggested-—li.e., 1, 10, 30, 100, 300, 1000, and
3000 h.

F), and as appropriate to the

1ould b

e

stified by
not been

a

3-3.,5 STRESS RELAXATION

Stress relaxation tests, performed in accordance with

ASTM D2991 (Ref. 15), provide data used to predict the
reduction of stress in materials subjected to constant
deformation. Tensile or cgmnrmsive loading is en-

countered in applications in which materials are joined

with mechanical fasteners or screw thread closures, which

must remain tight throughout the life of the product.
Stress relaxation is defined as the stress decay, which is

equal to the amerence ne[ween the applied stress and the

f anced tima W aiagnificanca

i n }JD\,U wiIv. i lelllllLdllbL

in design are the stress that remains at long times and the
ability of the product to perform its function.

Typical stress relaxation data normally will reflect the

decay at a number of stress levels and at ambient

temperature (Fig. 3-15). The data are most useful when

plotted in the form of stress relaxation versus time on
log-log coordinates. The result is nearly straight-line
diagrams, which facilitate interpolation and extrapola-
tion.

Stress relaxation datadeveloped in tension and compres-
sion should include the basic material identification
parameters {Table 1-2), the test conditions { lame 2-4),

matare fAQTANA 2001 (D af }

and thage nara
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and those para
the stress relaxation described as follows:

1. Tvpe of Loading. A verbal description of the
method of loading. Creep testing should be performed in
both tension and compression.

2. Type of Specimen. In tension, specimens should be
ype T or Type 11, as specified in ASTM D638 (Ref. 13),
d incompression the unconfined specimen should be as
specified in ASTM D695 (Ref. 14). Tensile specimens
should have a nominal thickness of 3.18 mm (0.125 in.),
and compression specimens should have a principal width
or diameter of 12.7 mm (0.5 in.).

3. Iempcmlure A test condition at which each

—3

n
i1

M)

|

specimen should valuated. For creep the ambient and
elevated temperatures should be 23°,50° 70°, and 90°C
(73°,122°, 158°, and 194°F), and as appropriate to the
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Figure 3-15.

upper limit of the material.

4. Stress Level. The stress imposed on the specimen
determined by the ratio of load measurement to the
original cross-sectional area and recorded at the initial
strain and at the elapsed time periods.

S. Time. The times at which stress is measured during
the constant strain extension. Conformance to the pro-
cedure in ASTM D2991 (Ref. 15) is suggested, i.e.,
immediate and as prescribed up to 1000 h.

6. Strain Deformation. The initial extension of the
specimen in terms of total initial strain in percent.

The theory of linear viscoelasticity can conveniently
link the stress relaxation response to creep deformation
so that data for each are used to calculate the other.
However, data generated are limited to the linear visco-
elastic region, and this limitation should be stated in
reported results. Stress relaxation data are useful in

vl
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in materials used in plastic fasteners or seals.
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Tensile Stress Relaxation

3-4 STRESS-STRAIN PROPERTIES

The stress-strain properties of plastics discussed in this
paragraph are intended to clarify their use in engineering.
This review, however, does not contain all the require-
ments necessary to satisfy end use needs because engineer-
ing for plastics in dynamic environments requires further
development.

Although the relationship of the applied stress-to-
strain deformation is an important form of mechanical
property data for plastics, it has limited use in engineering
design due to the practice in the trade to report data only
for limited test speeds-—usually those between 5.1 mm/min
(0.2 in./min) and 308 mm/min (20 in./min). Because
plastics are sensitive to rate of loading, they must be tested
over a broad range of conditions. Furthermore, common
practice is to report only point data—ultimate strength,
modulus, and elongation-—which cannot be used to
describe adequately material behavior to mechanical
loading (Ref. 12).

- w~weey
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Also the design process is hindered by other factors:
i. The probiem of defining the rate of loading and
Taad Adictrilhaitian in 2 nradnet
ivau UlﬁlllUUll 11 111 a }}lUUu\.L
2. The lack of experimental data to substantiate

theoretical predictions
3. The limitation of existing data because they are
developed from simple coupon specimens rather than
from combined loading.
Thus the designer must stiii rely, for the most part, on
app
A

\nother factor leadi

roximations.

loading data is the general lack of user demand for data,
which possibly results from the designer’s difficulty in
defining needs for dynamic end use conditions. This
difficulty, coupled with the complexity and cost of testing
over a full range of rates, resuits in a iack of mcennve for
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What is required for plastics is greater emphasis on
technology development at rates of loading greater than
10" s”' (Fig. 3-3) complemented by basic user education
in how to adapt high rate data to applications. Stress-
strain data are required to compiete the rigidity an

Q.

strengt

Siren é
environment. The testing technology for
is continually being developed (Refs. 16 a
existing ASTM procedures do provrde for a range of
loading rates, additional standard test methods are
necessary for the very high rates of loading.

With regard to creep properties, materiais are assumed

quuilClllClll\ as a counter i‘ai‘l cre
or
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to atively isotropic. Experience has shown, however,
that plastic materials do exhibit anisotropic behavior due
to orientation effects. Such effects must be considered in

the generation of all mechanical stress-strain data.

The paragraphs that follow describe the procedures
available to generate stress-strain data. In this chapter
emphasis is placed on tension, compression, and shear

properties. Although flexure pr operties are widely re-
ported in the trade literature, they have not been included
in this handbook because th_cy are considered to have

value only in engineering design applications involving
flexure. This limitation is implied in ASTM Test Method
D790 (Ref. 18), which does mention the usefulness of
flexural properties in design but only for quality control

and specification purposes. ASTM Test Method D790
(Ref. 18) also indicates other limitations of the test
,.rru-:edue Toencourage the costly generation ofﬂ.exura!

when greater efforts should be directed to
badl_v needed tensile and compression data appears
incongruous. Furthermore, it is questionable whether the
data derived are valid due to anisotropy, stress distribu-
tion, and the mode of ioading. Again, generated fiexure

Aatn nen 11onfsl e ~ o -
data are useful only for the type of beam test from which
measurement was made. For design using the tensile and

C

operues to calculate the flexural behavior

ompressive
f a plastic see
ones
for tension and compression loading. Although the tests
are based on simplified uniaxial loading, they provide the
most fundamental properties adaptable to the classical
thecry of elasticity. Related interest exists for the shear

properties and Poisson’s effect.

3.41 TENSILE STRESS-ST 1
3-4.1 TENSILE STRESS-SIKAIN
Tloafiil ctoncc cternicm Aato far alacting nnem ha ganarata
Useful stress-strain data for plastics can be generated
using the procedures outlined in ASTMs D638 and

D2289 (Refs. 13 and 19). These two test methods do not
include all rates of loading but do provide the basis for
many of the desired dynamic conditions. ASTM D2289
(Ref. 19) provides useful data for plastics engineering
design, encompassing the load-time range described in

P AP g | ACTARLA TMLIO (DL 1IN =5 | MR S, |
the standard. AS1M D636 (Rel. 13) is the conventionai
method and is useful as the datum for all rigidity and

Initially, tensile stress-strain data should be provided at
ambient temperature for a range of loading rates. When
provided in graphical form, the results will pictorially
reflect the relative sensitivity of the material to the rate of
loading (rrg 3-i6).

range of temperatures (Frg 3 ]7), from well below
freezing to well above the boiling point of water. This
broad range is essential in engineering design.
Stress-strain data should include the basic material
identification parameters (Table 1-2), the test conditions

lq'li

1USC pdl dlllCLCl) un
v..bed as follows:
Type of Loading. A verbal description of the
method of loading, e.g., tensile

2. Type of Specimen. The primary types of specimens
ension should be Type lor 1V, as specrfred in ASTM

se of the

3. Temperature A test condition at which each
specimen should be evaluated. H\gh—rate testing at low

0°.23°,50°, 70°, and 90°C (—67°, —i3°, 32°, 73°,uz“,
158°, and 194°F)., and as appropriate to the upper
limitation of the material.

4. Rate of Straining. The initial rate of straining

(m;m-s (in./in.'s)) of the specimen, which is equivalent to
the associated ASTM speeds of testing—i.e., S mm/min,
500 mm; min, 2.5 m/min, 25 m/ min, and 250 m/min (0.20

in./min, 19.69 in./min, 8.20 ftymin, 82.02 ft/m and
820.21 ft/min)—specified in the test method
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Stress vs Strain as a Function of Temperature
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5. Stress. The nominal stress induced in the specimen
at each level of strain and determined by dividing the load
by the original cross-sectional area

6. Strain. The ratio of the deformation to the original
length of the specimen

7. Standard Deviation. The variability of the stress at
the strain intervals at which measurements are made.

The stress determined, based on the original cross-
sectional area, is termed “engineering stress”. This 15 a
more practical determination compared to “true stress”,

which is based on the cross-sectional area at the point of

measurement.

The stress-strain data for plastics, when represented by
acurve, provide an assortment of characteristics useful to
the designer (Fig. 3-18). They are as follows:

1. Ultimate Strength. The maximum stress sustained
by the material prior to rupture. This stress typically
occurs near the point of rupture.

"HBEDITAEROS

2. Ultimate Elongation. The maximum strain en-
countered or the strain at the point of rupture. The value
of strain at rupture is a measure of the ability of the
specimen to undergo large deformation before fracture.

3. Yield Point Range. Conventionally defined as the
point at which excessive deformation will occur without
further increase in stress. Not easily determined for most
plastics, the yield point expressed as a value of stress is in
most cases ambiguous and requires graphical representa-
tion to be completely understood.

4. Tangent Modulus. Conventionally known as the
elastic, or Young’s, modulus and defined as the slope of
the initial portion of the stress-versus-strain curve below
the proportional limit. Tangent modulus is a measure of
the stiffness of the material or its resistance to deforma-
tion. Because the linearity of the initial portion of the
stress-strain curve is limited, determination is difficult;
hence the value for the modulus of elasticity is ambiguous.

Ultimate Rupture Point
Strength N Strong ;
” | Area Represents
e |
Yield Point |
Range I
Hard Brittle <_—_:|,'T“_> Ductile
Soft :
| Ultimate
| Elongation
\——— Elastic Modulus
Strain

Figure 3-18. Stress vs Strain
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A graphical representation is required to apply the
concept of modulus properly.

5. Area Under Stress-Strain Curve. A measure of the
energy-absorbing capabilitics of the material (Fig. 3-18)
in terms of the energy required to break a anit volume of

material. Ductile or tough materials are characterized by
large areas, which indicate high ultimate clongation.
Brittle materials, although they may exhibit high strength
and modulus, have small areas duc to low ultimate
clongation.

As outlined in the Annex to ASTM D638 (Ret. 13),

ated d \uth Stress-stre Im CLUTVES dre nmnor-

o
P

tional llnnt clastlc limit, and associated vield strength.
These terms have not been described in this handbook
because their determination for most plastics s ditficult
and for the most part nonexistent. Also attempts (o

specify values for these terms could be misicading.

choiild ha e arant o
Lo

Ts N P o rro p; P
1t snouia d¢ dapparen he for

ssment of stress-strain propf_*_rl_ies should be lett to the
user. Comprehensive test data provided in prescribed
formats are of greatest benefit to designers.

Conventionally stress-strain curves are provided in
graphic form by material suppliers and experimcmalists
An even more convenieni method is to represent the
engineering data as equations.

G

A third mcthod 1s to
provide the datain tabular form. In general, it may not be
possible to read graphs accurately. equations may be
difficult to adapt to plastic data, and tabular stress-strain
data do not visually depict material responsc However,

for moqt dfectwe use, tensile data shoul be provided in

a ug

require both average \alues and the <tanddrd dewduon of
stress for the intervals of strain. The rupture point should
be defined by the nominal stress and strain and by the
standard deviation. Also tabular data are valuable because
they are more readily adaptable to computerized form,
ing very useful in analytical assessments.
Engineering design problems caused by high rates of
loading involve two principal clements. The first.
discussed in the foregoing paragraphs. is to know how the
rate of load application influences properties: the second
is to know how to analyze the dynamics problem. This
process can be addressed in either a highly theoretical or

S TS VP N4
WIHICTE IS DCCOILTT

ds

an extremely simple manner. In the analysis for creep the
simple approachis preferred h('(,‘_a_u\(_‘ of the complexity of
the theoretical analysis and the difficulty in obtaining

accurate experimental data.
The tensile properties as suggested herein will provide
sufficient data t"or use with the classical Lqu‘mons

S
1s the time-dependen
I time-depenger

primary material chara ¢ the tim pendent
modulus, which must be dcnved from data at the

comparable rate of load application for the product.
When this derivation is done,
prediction should be possible.

more accurate response

(S )
1
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Another common method used to analyze material
behavior at high rates o{ loading is the strain-energy

concept. Slram energ) is the work done by the externai
e

ol-mn aa

A hy
U vy v aita

ve, as pre\'iouslv described.
Thls strain-energy concept can be applied in the elastic
range in which all the induced energy is recoverable.
Plasi.cs at high rates of loading exhibit more elastic
behavior; therefore, the strain-energy concept should be
appliicabie. Experimentation is required to validate this
premise.

Although the strain-energy concept is usually applied
to elastic deformatlon characteristics, it may be applied
up to the rupture point of a material. The total area under
the stress-strain curve represents the energy required to

deform and rupture a unit volume of material. This

theory is extremely important in the comparison of
material resistance to high-rate loading and is potentially

€
Ifor designing for impact. The strain-energy concept,
howm er, oversimplifies the problem. Other factors such
as shape, load distribution, and mode of loading also
influence performance.

d
0st iImporta

remains a me

-
>
—
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t part of applications develop-
ment. Compressive stress-strain data are currently
developed using ASTM D695 (Ref. 14), which is the only
generalized, standardized test procedure for plastics.
Because it re ommends ing at only one speed, its use is

(‘a

nhibits the generation

Compressive properties of plastics require an assess-
ment comparable to that of tensile properties, i.e., initial
testing at ambient temperature at a range of loading rates
followed by testing at a broad range of temperatures.

Testing plastics in compression is essential because in
most cases their rigidity and strength behavior differ from
Specifically,
and the mode of failure are significantly different.

The test data for compression should be developed ina
manner comparable to that used for tension (par. 3-4.1).
The same strain rates and temperatures should be used.

Testing should use a 5pt.mmen conngurduon of the type

the modulus of elzctlmtv

those in tension.

tnose 1n ension

described in ASTM D695 (Ref. 14, 1. ie.,a ngh{ cy‘.mdcr
12.7mm X 12.7mm X25.4mm(0.5in XOSin_X!.Om,L

with a slenderness ratio in the range from 11 to 15:1.
The derived results should be stress-versus-strain data

in tabulated form supplemented with a graphical repre-

sentation. Both rcprcscntatlons require the average values

of stress and strain and their respective standard
deviations.
The engincering properties derived from the data are

compamble in terms of indicating rigidity, yielding,
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sirengih, and sirain energy. All of ihese daia are usefui 1

imnlhifiad analucic and in matarial foamnaricane Haoaw
1ML prILING auul_yola QAilu 1l iiqawviiai LUlllPal 1WDUILD LLU VY™

ever, the most serious hindra_n(:P to rk‘rzvmg t__hc foregoing

mformation is the lack o
the various rates of loadmg. None exists olhcr than the
one for the single, conventional speed listed in ASTM
D695 (Ref. 14). Perhaps application of higher spccds of

testing could be employed, but the compiexity of the
2.-\‘-0.-...“,-.«\01-.03,\... et ha nddracond Tharafisra o dafinita
THDLEUIIICHILAalIULL HIUDdDL UL AUUILODLU., T HVILVIUVIL, a UL LiTLilv
need exists to df:vc!on test proccdues frv.r high-rate

compression testing I
at high-rate data has f()cused on the split Hopkmson
pressure bar apparatus (Refs. 17, 20, 21, and 22). This
apparatus has been used to a limited extent to evaluate
high-rate el"fects

a small, cylindrical specimen. Other equi
has been used (Refs. 14, 20 and 22) to evaluate the
medium strain rate —between 0.5 s to 50 s ' —effects in
compression with similar type specimens.

High-rate material property data in compression are
virtuaiiy nonexistent Umu a stanoardizcd procedure 1s

na
<

far thnce
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o
he military.
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3-4.3 POISSON’S RATIO
The Poisson’s effect for plastics, described in par. 3-2.1
as the creep lateral contractlon coefficient, has been

g | P
i bll

e ﬂ)
o

for structural malenals and 1S used readlly in thee atxons

developed for the classical theory of elasticity.
Conventionally, the test method determines the change

in transverse, cross-sectional area when the material is

UD]CC{C(] to a OngIIUOIHal lCﬂSllC GCIOFmdllO o

thls ratlo for plastlcs 18 depcndem on matcrlal structure,
temperature, rate of strain, strain level, and time. Although
Poisson's effect for metals under normal use has been
considered to be relatlvgly constant, these given variabies

luCllLC runauu 5

should significanti y in
from th

Thus gncranon for Poisson’s effect 1S hmdered by
the lack of an effective test procedure for measurement.
The only available procedure (ASTM E132 (Ref. 23)),
developed for metals, is unsuitable because it is mainly

related to metallic mdtenal response to tensiie loading.

v ironm

(024441

ant 1o ]nnr‘hno
Cht 10 :0alilng

d

For mosi materials Poisson’s ratio in tension varics
between 0 20 and 0.50. The value o Sicanarticularcase
UCIWCCITI V. LU aliQ U.JVU. T 1LV YyQIUL Ul V.o a0 & pliiav et Y80y
in which the volume of the material remains constant. In

reality. the volume of a material increases when it is

<
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vere derived at very low rates ofloadmg
and at ambient test conditions. leucs for Poisson’s ratio
under other conditions of test are generally not available.

Because the rcsponsc of plastics becomes more elastic
at high rates of loading, Poisson’s ratio may be used 0

aduvantace in tha hacis alactis ralatinnchine whinh ralata
uuvuul.ué\. 111 LIV vaAadiv viaotiv lblﬂll\lllblllk}o, YW IIIVEE T vldly
the shear and bulk moduli to the elastic modulus. These
relationships are defined as follows:
G = . Pa (psi) (3-1)
2(1 + w)
R — E Pa (nei) (DN
B , pa{pst) (3-2)
3(1 — 2p)
where
(G = shear modulus of eiasticity, Pa (psi)
r alactin madnliie ~AF alactinitey im tamcinea Do
) 53 CladLic 1HUduIud Ul viadtivit 1 winiviy,, 1 .a
(nci)
\pry
B = bulk compressive modulus, Pa (psi)
u = Poisson’s ratio, dimensionless.

Available
these equations.

The lateral contraction of viscoelastic materials is a
complex phenomenon that is complicated by the many
variables including high-rate testing. Poisson’s ratio must

be evaluated to determine the influence of strain rate and

temperdlurc lCSIlﬂg tech nonogy and daia B neration
chanld canfarm tAwwhat o Antlinad fAar tha tancila ctrecco_
DIIVUIU LUIILIULIIL LU YAl 10 U LEIMLILWU 1V LIIG LCLIOHIL JtI VOO
strain curves

3-4.4 SHEAR PROPERTIES

Although shear properties of plastics are important in
engineering design, shear data are almost nonexistent.
Shear is a main consideration in the classical theory of
elasticity, yet the deveiopmems n experimentation and
data production have been primarily direcied at iension.

nartad hau ocenarally rancict af a

I choar data ara ra t
i1 Srildl Udta ait 1LpUncy, ity glualidiy Lunsist Ui a
single nnin_l,‘ punch shear value. Shear nrnnertles of

interest include strength, modulus, and toughness char-
acteristics typically deduced from shear stress-strain
curves.

pun !
g. 3-19(B)) lsmduced shear stress which is the resul
torsion, combined tensile and compressive loading, the
bending of beams, or the direct application of a force in
the parallel plane mode. The response of viscoelastic
maierials to shear in these modes of ioading is funda-
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tensile strength; others may not show a definite limit. Also of loading. However, it forms the basis from which
there is a question as to whether such a limit exists for material comparisons can be made. Other test conditions
plasncs because there is a gemeral lack of data to may p ju ce results that reverse relatlve rankings. This

substantiate the fact.

The S-N curve produced from ASTM D671 (Ref. 34)
has very limited use in design; it represents only one mode

beyond the limitation of the single ASTM procedure.
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u’zeu 10] r’ryut u:'[ roperties includ 1/' ermal expansion, conductivity, and iransiiion iemperatures. The data
parameters and their engineering significance are discussed for each thermal property.

4-0 LIST OF SYMBOLS
A oo 2 A Cf (C
7, = glass transition point, “C(°F)
= 5 maint 0 0L
Tm = meltms poi it, °C { {‘)
eenndary tranitinm tamima s 047 00
B = secondary transition ter iperature, °C (°F)
-~ conmmAnees tenmcitinee $ o s g O 70X
Y sedonaary llallblllUll u:ulpt:ldlult v i'r)
Thermal properties for plastics incorporate a wide

range of material characteristics that center on the
behavior caused by exposure to thermal environments.
Properties discussed in this chapter focus on the changes
in the physical or chemical structure of a plastic and do
not include the temperature effects on other propertics
iscu his ‘nanuooon e.g., mechanical or

dlvrdcd mto tw groups. Thc ftrst 1s thum phvsrcal, and
the second relates to thermal decomposition.

When heat is applied to a plastic, the plastic absorbs the
heat, transfers it throughout the mass of material, and
concurrenuy undergoes physicai change. These thermai

o

e
quantrt of heat is le’)llCd toa mdterldl dccomnosr—

(7"

tion occurs; when subjected to a flame, the material
undergoes another form of thermal decomposition. This
behavior broadlv termed flammability represents a

exposure. For instance, when heat is gradually applied to
a material, the volume of the material increases due to
increased molecular activity. When additional heat is
applrcd any plastics undergo transitional changes, th
4 Iy
L

n f which ransitior

-

")‘
:
'!3 o

—

1na € N11T0Mm a

1

('U [
Cr‘

(‘D
('D -

—

., meltin hese responses are

a3

solely the result of increased thermal ac
are called thermophysical properties.
The second group of thermal properties relates to high-
heat environments, in which irreversible changes result.
The decomposition may affect product performance or,

E=N

TN esalamniTiac

I crtv Although some materials do not
burn, their decomposmon products, smoke and gases, are
more hazardous than flame itself.

The measurement of thermal properties has been

conducted for many years by test methods referred to in
this chapter as “traditional™. There was a need, however,
to evﬂ!ua!e qu:cklv material characteristics for both

tion resulted i m test equrpment developments categorlzed
under the term “thermal analysis”, i.e., the measurement
of properties as a function of temperature. Four specific
techniques have evolved:

; N

i. Differential scanning calorimetry (DSC)
2. Thermogravimetric analysis {TGA)
3. Thermomechanical analysis (TMA)

1

4. Differential thermal analysis (DTA).
These methods typically measure weight gains and
losses, dimensional changes, and heat flow and are

preferred over the traditional test methods

oy ramitiraalalhAarata aviiinmeant Amtact mmmand . TL .
ffiay reyuiic Liavuratc cqulp LHCTIIL UL LOHL }HULCUUICD. 101s
factis not obviousin the discussion that follows because it

1
is assumed that those performing the tests attend to all
test details. Therefore, the requirements, as stated in this
chapter, represent an oversimplification of the test
methods involved. The emphasis of the discussion is on
the engmeermg significance and the output form for

4-2 THERMOPHYSICAL PROPERTIES
Of the thermal properties d

physical, a few interest designers. They are therma

expansion coefficient, thermal conductivity, specific heat,

diffusivity, the crystalline melting point, and glass transi-

tion temperature. Principally these properties describe

the aosorpnon m' thermai energv and the chdnges that

melting points.
Attempts are made to include within this category of
thermal properties those that reflect the heat stability of a

1T.€¢ nNn
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plastic. Properties such as heat aging and continuous use
temperature are typical, but they are more properly
classified as permanence properties because they consider
long-term behavior and, more importantly, are associated
with the retention of other properties. Accordingly, heat
aging and continuous use temperature are discussed in
Chapter 8, “Permanence Properties”.

The properties discussed in the paragraphs that follow
are not strict material constants because they depend to
some degree on temperature (Refs. | and 2). Also the
properties relate only to the solid state of plastics. The
thermodynamic characteristics in the liquid or melt state
are of little interest in design and therefore are not
considered.

The crystalline melting point and the glass transition
temperature, discussed later in this chapter, are two
unique transition temperatures described for plastics.
Basically, the transition temperature is the point at which
the material undergoes a physical change. The melting
point is a major transition point and represents the well-
known change from the solid to the liquid state. However,
not so well known is the glass transition temperature,
which is one of many transitions that occur in the solid
state and is of utmost importance in design. It represents
the point at which a polymer wiii undergo a moiecuiar
change from a hard, brittle state to a softer, rubbery state.
4-2.1 THERMAL EXPANSION
COEFFICIENT

When materials are heated, they generally expand, and
when cooled, they contract. This change occurs in all
directions and can be seen in the volume expansion of a
specimen. For plastics, this thermal expansion and contrac-
tion characteristic is very important because the rate of
change for plastics is approximately ten times greater
than it is for metallic materials. In designing with
nonmetals, both dimensional interface and induced stress
(Ref. 3) must be considered across the entire end use
temperature range.

A degree of control of the thermal expansion coefficient
for plastics is achieved with the use of inorganic fillers.
Added to the basic plastic, the fillers reduce the thermal
coefficient in proportion to the amount used and, for

srtain nlactic caomnaocitione ta the noint at urhu h the
Ceriain prasuic COmMpositions, 10 i point at Wwniln ing

coefficient is comparable to that of metals. This reduction
is achieved by the filler reducing the molecular mobility of
the polymer (Ref. 4). Although the coefficient can be
altered to suit the particular application, fillers may alter
other desired characteristics of the base material, particu-
larly mechanical properties.

Testing for the coefficient of linear thermal expansion
has been traditionally conducted and reported in ac-
cordance with American Society of Testing and Materials

(ASTM) Test Method D696 (Ref. 5). ASTM Test Method
D3386 (Ref. 6) is another test procedure available to

measure the iinear coefficient. An ASTM method used to
measure the volumetric coefficient, ASTM Test Method
D864 (Ref. 7), was available but has been discontinued.
Of the two available test methods, ASTM D3386 (Ref. 6)
provides a more thorough and simplified means of
meeting design needs.

ASTM D3386 (Ref. 6) provides for the determination
of the linear coefficient by use of the thermomechanical
analyzer. This device enables determination of a wider
temperature ranget than is available in ASTM D696 \Rcf
5). Also it is capable of recognizing other thermal
observations, such as phase changes or transition tempera-
tures, that tend to obscure expansion coefficient deter-
minations. Due to these capabilities and to its simplicity,
the thermochemical analyzer described in ASTM D3386
(Ref. 6) is suggested for testing of the linear coefficient of
thermal expansion.

ASTM D864, which has been discontinued, was
developed to determine the reversible cubical thermal
expansion of plastics. The test used the dilatometer
apparatus, as does ASTM D696, but provided for testing
over a broader temperature range. For engineering use,
however, in the determination of the volume expansion, it
can be assumed that for homogeneous materials the
cubical coefiicient is linear in each of the principai
directions (Ref. 8). This assumption is practical for
engineering applications.

The coefficient of linear thermal expansion represents
the unit change in dimension per degree of temperature
change and assumes that the physical change is due to
inherent molecular motion. Testing is directed at minimiz-
ing the effects of moisture, loss of plasticizer, molded-in
strain, and anisotropic orientation (Ref. 9). In design
these factors are evaluated ii‘luEpGi‘iucuuy and are usuauy
superimposed on the thermal expansion determination.

Testing for the linear coefficient of thermal expansion
should be performed in accordance with ASTM D3386
(Ref. 6). Testing should include

1. Specimen identification, as shown in Table 1-2

2. Common test parameters, as shown in Table 2-4

3. Those parameters unique to the test.

Parameters unique to the test are

I. Thermal Linear FExpansion Coefficient. The
average value of the coefficient of linear thermal expansion
per degree Celsius

2. Temperature. Testing shall be performed over a
temperature range from —20° to 80°C (—4° to 176 °F) and
at lower or higher temperatures, depending on the material.

The thermai linear expansion coefficient is used in the
determination of dimensional change that would occur
when a material is subjected to a temperature change. The
coefficient has been expressed as centimeter per centimeter
per degree Celsius but is conventionally expressed simply
as per degree Celsius because it is derived on a per unit
basis.
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Most values of the thermal expansion coefficient
reported in the literature for plastics at 20°C (68°F) vary
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]n F (Generally  cnefficient valuee rennrted far
10 °/®F). Generally, coefficient values reported for
mdtenals are single point values and do not reflect the

Iy

influence of temperature. A typical variation of the
thermal expansion coefficient with temperature for a
thermoplastic is illustrated in Fig. 4-1. The change with
tcmperature is significant for many engineering products,
and data are necessary to andlyze properly lne enects of

1 t 3l o
dimencion: ang

dimenstonal change for plastics in the design configuration

4-2.2 THERMAL CONDUCTIVITY

Plastics are considered to be thermal insulators, i.e.,
their heat conductivity is low. This characteristic is
beneficial in applications in which heat transfer is not
desired, as in insulation, but is detrimental in applications
in which low transfer woum resun in excessive ouuaup of

hoat
ncat,

Chdl’dCleHSlle in terms of the time rate of flow per unit
thickness per degree Celsius. The value is useful in simple
geometric heat transfer calculations.

Insulative characteristics are of interest for solid plastics
but more so for celiular-type plastics. The ASTM has

provided appropriate test methods for evaluating plastic
materials. For homogeneous materials ASTM Test
100
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Figure 4-1. Thermal Expansion vs Temperature
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Method C177 (Ref. 10) and ASTM Test Method C518
(Ref ll) have been developed. These two methods use

farme and camnacitiong ot Mothad (C2285 (R af
LOUEBLILLD allu \—UlllPUBlllUllD 3% 1 IVE LU0 IVAILLIIUU D0V \l\\vl.
12) and ASTM Test Method C236 (Ref. 13) have been

ASTM Test Method
C177 has tradmonally been used to determme the thermal
conductivity of plastics. It provides the basic elementary
data needed for material comparisons and elementary
design caiculations.

h‘-nﬁ.\“ﬁ’\’\--: o il At e e lncting rntlanand
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by using ASTM Test Method C177. testing for thermal
by using ASTM lest Methoa CI177, testing for thermal

conductivity should be continued with this method.
Testing should include
1. Specimen identification, as shown in Table 1-2
2. Common test parameters, as shown in Table 2-4

3. Those parameters unique to the test.

U Thermal Condictivity The averase value of
1 K FeC I Irices \‘U'(ul‘\.ll‘ll.‘. 11w u\\.laé\/ vaiuwu vl
thermal ¢ on(_iuctivit) for the Qpecimc nn_der test

specimen tested as recommended in the test mcthod
3. Temperature. The mean temperature of the test as
computed from the temperature gradient of the hot and

coid surfaces. Testing shaii be performed over a iempera-
ture ranae from SO° >R0CC{122° 1o 176°FY and at lower
Lul e lallé\, 11U Jyu l\J(U ot 189 At ]dllU (lk 10WC
or higher temperatures depending on the need.

4. Relative Humidiry. The relative humidity shall be
maintained at 500z where appropriate.

5. Heat Flux. The amount of heat applied per unit
area through the specimcn
The vaiues of thermal ¢
dure rer esent th
ne

e
hickne

S

ITOC
h S S
to enable comparison of conductivity ddtd for 1fferent
plastic materials. The data are directly useful in engineer-
ing applications in which plastics are used as electrical
and thermal barriers (Ref. 14).

— (',

—
“

s of a specimen, The

3 aagure o o tharmal comanity of o ntorial Tt 1o tha
a llrvasuic v HU vt ilial Lapavity Ul a liaicilal. 1t 15 uic
quantity of heat required to change the temperature of a
unit mass one degree and is expressed in terms of calories

per gram per degree Celsius (cal/g-° C). The specific heat
for the solid state of materials is the one of interest in this
handbook. Values for the liquid state are important in
poiymer processing but do not concern the product

ULblsllLl
Twuwo ACSTM mracadinirac are niced tay determine cnecifio
1 U Ad VL ToCeaures are useq to aeter uuuc pr\.ulL
heat: ASTM Test Method F35| Ref. I5)and ASTM Test

Method ID2766 (Ref. 16). Of these two ASTM C351 is the
traditional test procedure and is used basically for
thermal insulating materials. Specific heat also is deter-
mined by thermal analysis, i.e., by DSC (Ref. 17).
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Although it is not used for specific heat determinations,
ASTM Test Methods D3417 (Ref. 18) and D3418 (Ref.
19) do use the DSC apparatus in thermal assessments.
DSC does not give data as accurate as ASTM C351 (Ref.
20), but DSC is a preferred method of obtaining specific
heat data because of the simplicity of the test. Appropriate
ASTM test methods that use DSC equipment should be
modified to incorporate the determination of specific heat
for general engineering use. |

Testing for specific heat should be performed using
differential scanning calorimetry appropriately adapted
to an ASTM test method. Also testing should include
specimen identification, the common test parameters,
and those parameters unique to the test. The data should
provide the mean value of the specific heat expressed in
cal/g-°C(Btu/Ibm-°F); 20°C (68°F) is used as the
reference temperature.

The heat capacity or specific heat of most plastics is
about 0.3 to 0.4 cal/g-°C, which is numerically identical
to Btu/Ibm-°F. The specific heat can be used to compare
the thermal capacities of different materials. It is also used
for the determination of enthalpy, which is the change in
heat content per unit mass from one temperature to
ancther. Enthalpy is used to determine the total heat
requirement for the change in temperature for the mass of
material.

For ideal materials the values of specific heat in both
solid and liquid phases are constants, as shown in Fig.
4-2(A). For plastics the specific heat is a function of
temperature, as shown in Fig. 4-2(B). Its value varies little
at normal use temperatures, however, but more drastically
at and above the glass transition temperature.

Thermal diffusivity is closely related to thermal con-
ductivity and specific heat. By definition it is the ratio of
the thermal conductivity to the product of density and
specific heat. Diffusivity, expressed in units of centimetres
squared per second, is used for heat transfer problems.
For plastics, vaiues of thermal diffusivity are on the order
of 1.0X10 "em®/s (3.87X10 *ft*/h).

4-2.4 MELTING POINT

Melting point is a well recognized and understood
property of materials that reflects the transition of a
material from the solid to the liquid state. It is also a
temperature at which both the liquid and solid states
coexist. To a designer, melting point has little direct use:
however, it does indicate the ultimate use level for a
material. Itis important to note that the melting points of
those plastics that exhibit a change in state are significantly
lower than those of most traditional construction
materials.

The melting point is also referred to as the first-order
transition; it represents a major change in state. The
first-order transition is characterized by the latent heat
effect shown in Fig. 4-2(A) or by that point at which the
heat content increases at constant temperature.

Melting point for plastics, however, is a misnomer
because there is no specific temperature or point for those
plastics that have a definable melting condition. Instead the
melting occurs over a range and varies significantly with the
type of plastic. For highly crystalline thermoplastics the
melting point occurs over a very narrow temperature range,
e, 3 to 5 deg C (5.4 to 9 deg F). For less crystalline
thermoplastics the melting occurs over a wider temperature
range, i.e., 10 to 20 deg C (18 to 36 deg F).

The behavior of crystalline polymers is contrary to that
of amorphous thermoplastics and thermosets. Truly
amorphous plastics do not exhibit a melting point or
range; they exhibit a transition from a soft, rubbery state
to a flowable form. On the other hand, thermosets do not
melt; they decompose as the temperature is raised.
Because of the behavior of amorphous thermoplastics
and thermosets, common practice is to report melting
points only for crystalline thermoplastics.

................................................

plastic has been determined by means of a Fischer-Johns
melting point apparatus, as listed in ASTM test methods
such as D789 (Ref. 21) or by use of a hot stage unit
mounted under a microscope, as detailed in ASTM Test
Method D2117 (Ref. 22). However, the evolution of
thermal analysis has resulted in additional ways to assess
the melting point. ASTM Test Methods D3417 (Ref. 18)
and D3418 (Ref. 19) provide thermal analysis techniques
for determining the first-order transition, and these
methods are preferred.

Testing for the melting point should be performed in
accordance with ASTM Test Method D3418 (Ref. 19).
This method is used to determine other thermal pro-
perties, and its use consolidaies properiy deierminations.
Testing should include

1. Specimen identification, as shown in Table 1-2

2. The common test parameters, as shown in Table
2-4

3. The parameter unique to the test, which is melting
point, i.e., the range of temperatures (in degrees Celsius)
that indicates the first-order transition for the material. If
none can be explicitly determined or decomposition
occurs instead, notation should be made.

The melting point range or an indication of the
decomposition temperature is a relative measure of the
ultimate temperature for use and provides a relative
ranking for plastic materials.

o . A TR S
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4-2.5 GLASS TRANSITION TEMPERATURE

Materials undergo molecular changes with changes in
temperature. These changes are known as secondary
transitions and are characterized by molecular motion
within the
exhibited with the melting point (Refs. 23 and 24). The
glass transition is one of the important secondary transi-
tions in design because behavior response can be attributed
to change at this temperature. Typically, polymers make a
transition, or undergo a change, from giass-like behavior
to rubber-like behavior.

This glass transition has traditionally been characterized
by a plot of the specific volume of the material as a
function of temperature, as shown in Fig. 4-3. When a
polymer is heated from below the glass transition point,
the volume wil! increase with temperature at a constant
rate. As heating continues, a point is reached at which the
rate of volume increase will abruptly change due to a
change in molecular mobility. This point is defined as the
giass transition iemperature 7.
that a polymer loses its rigidity, or glassy behavior, and
takes on a rubbery or leathery behavior due to large
molecular motions. Most materials, both amorphous and
crystalline, exhibit second-order transitions; the values of
which vary widely with the type of plastic. T, values,
which may range from below —100° C (—148° F) to above
100°C (212°F), are used to explain the changes in
mechanical, elcclrical and thermal behavior encountered

nlactin
prasti

Experimental techniques have determined the existence
of other secondary transition temperatures referred to as
f and + transitions. These transitions are generally
investigated by polymer scientists in order to explain
fundamental material characteristics, but the role of these
transitions in behavioral response is not as important as
the glass transition 7.

The glass transition temperature for materials has been
analyzed by using a number of mechanical and thermal
techniques; thermal analysis 1s a more rapid means of
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Figure 4-3. Specific Yolume vs Temperature
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. The equipment
specified to measure 7, in accordance with ASTM Test
Method D3418 (Ref. 19). The ASTM test procedure also
enables determination of other detectable second-order
transitions and the melting temperature.
Testing for T must be performed in accordance with

ASTM D2418 and should include

1. Specimen identification

2. Common test parameters

ametare inianue to the
ailiCiors uingul O e

Parameters unique to the test are
1. Glass Transition Temperature. The temperature
of the glass transition 7, in degrees Celsius
2. Rate of Heating. The average rate of linear
temperature change in degrees Celsius per minute.
The glass transition temperature, which is indicative of
a change from a brittle-like response to a rubber-like
response, is useful in anticipating end use behavior, e.g.,
impact behavior. A comparison of the 7, with the
functional use temperature range will provide insight into
anticipated problems or will indicate a need for additional
performance testing. Also the T, has been quite useful in
failure analysis to explain cause and effect.
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4-3 THERMAIL DECOMPOSITI
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When plastic materials are subjected to ever-increasing
temperatures, thermal decomposition will occur and will
culminate for many materials in burning or pyrolysis.
This decomposition process begins prior to burningin the
form of emitted vapors caused by chemical breakdown
and/ or vaporization of constituent compounds. Decom-
position is rapidly accelerated in the burning process,
which generates heat and smoke and results in emissions
of toxic gases and vapors.

Costly industrial fires have caused increased interest in
thermal decomposition initiated by the fire environment.
Similar concerns exist in armed conflicts because destruc-
tive fires can result from the use of incendiaries and highly
combustible fuels (Ref. 25).

Because plastics are organic compounds, they will
deteriorate under high heat and may combine with other
compounds to produce harmful effects. In a high-heat
environment, however, they represent primarily a fire risk

when not prnnprlu used. The dnur,\dahnn process will

vary with the plastic structure. In beneral, most thermo-
plastics will melt and eventually be destroyed by burning,
whereas thermosets decompose by charring. Some plastics
are difficult to ignite, and some will stop burning when an
impinging flame is removed, whereas others will not (Ref.
26). In other words, the response is quite varied for the
many available plastics.

Continuing materials research is concentrated on the
fact that the burning characteristics of plastics are
commonly altered by the use of flame-retardant treat-
ments or additives. Although necessary for fire suppres-
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sion, the use of fire retardants should raise questions
about their influence on plastic behavior including
whether the additives contribute to toxicity (Ref. 27).
Additives may affect chemical and ultraviolet resistance,

mechanical properties, cost, and even processing {Ref.
28). Thus in desiening wit nlastics flame retardants
28). Thus 1n designing with plastics flame retardants
should not be used without considering how they may

influence material performance.

Thermal decomposition as defined in this handbook
encompasses a group of properties that are the principal
resuit of burning. The terms normaily associated with

v nke generatinn and
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thermal gas, or vapor, emission. Flammability has tradi-
tionally described the ignition and burning characteristics
of materials. Smoke generation and gas, or vapor,
emissions are direct results of the burning process. These
properties have been controversial. In particular, compari-

nof laboratory test data to real fire situations has raised

anectinne ahnnt the meathadce 1niged to obt mn and the
\{uboll\lll’ auvuuvulL Tl 1HIviiIvuo usvu (S v Juilaill aliug il
Ir lC[p]’Cldl f he laboratory data, These questions are

Ablation is another form of thermal decomposilion of
interest for military use of plastics. It has application in
missile nose cones, rocket nozzles, and other very high-
l(‘.‘ wnerc Ine exireme

eracion of mat
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temperature technology areas,
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tempera
Ablative materials are thermally protective and are
generally composed of thermosetting plastics with in-
organic reinforcements. Because the ablative response is
considered a special use property that should not be
evaluated in general testing, it is not discussed in this
handbook.
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4-3.1 FLAMMABILITY

Flammability
sometimes used to describe the process of burnmg and the
emission of smoke and toxic gases. As defined by the
American Society of Testing and Materials in Ref. 29,
flammability refers to the ease of ignition and reiative

shing

that

is an all- encnmnaulnp term that 18

ability to sustain burning and includes self
and smoldering characteristics.

One of the most controversial aspects of flammability is
measurement because small-scale laboratory testing does
not reflect the response that occurs in real, large-fire
environments. Many industrial, governmental, building
code, and testing orgdm?dtlons are actively assessing test

extin

mathade and matariale tanhnalagy sbka maccihla tha
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predlctinn and evaluation of the effects of bL_n:ng on
plastic materials and the development of standards for

consumer use.

The effort directed at flammability is manifested in the
14 test methods (Refs. 30 through 43) promulgated by
"M over many years. Each method addresses ceterml—
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materials. Of the 14 test methods, seven 0

various m
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through 36) are devoted to plastic materials in various
forms and/or conditions of test. The other seven (Refs. 37
through 43) are associated with building codes, aerospace
applxcatlons or electrlca] msulatmg materials. These

most testing for flammability, a flame is applied to
the material and the burning characteristics are observed.
Although other means, such as radiant energy, hot air,
and electrical discharges are available to initiate com-
bustion, flame initiation 1s of the greatest interest.

Testing for the flammability of plastics {ocuses on the
burning rate of the material. Associated with this property
are ease of ignition, flame spread or extinction, dripping,
and smoldering. All of these secondary characteristics are
of interest in any burning rate test.

Most laboratory test procedures are not useful as fire-
halard tests because they are small scale tests (small

i do not dup 1(,‘8{6 uC i Si y generaiea lll
real fire environments. On the other hand, large-scale
tests that might duplicate real fire environments are not

practical to evaluate burning rates for the many plastic
materials. This dilemma is best addressed by determining
the general burning characteristics in small-scale tests and
evaluating large fire situations on an as-needed basis. The
laboratory be used only as a ¢ ning
mechanism in the material selection process.

In all testing for material properties, the ASTM
procedures are generally preferred. Although industry-
type tests (Ref. 44) are used, they offer no significant
advantage over the ASTM procedures. Of the ASTM test
methods for plastics, D(ﬂi (Rcf 30) is the prmc1pal

tact ghanld
1Lt dlHivuiy
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tandard U[94 (Ref 4) as a basns for classm,
the flammability of p]astlc materials. These two test
methods, ASTM D635 and U194, are the source of most
reported flammability data.

ASTM D635 is a small-sc

comnare the flammabi h(}

1pa flammabili )
ing, solid-type plastics. It was dcveloped for plastics that
support their own weight in the specified thickness range.
The method, which involves testing the specimen in the
horizontal position, is used to determine the average
burning rate, average time of burning, and average extent
of burning. Those materials not considered self-supporting
are evaluated by test methods that position the specimen
vertically.

UL Standard UL94 is commonly used in industry to
assess the flammability of plastics. Like ASTM D635, it is
a small scale laboratory test intended to be a preliminary

th ﬂammam xty of the parucu r plastic.
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The UL94 classification is designated by symbols that
denote a maximum burning time, maximum glow time,
and dripping characteristics.

The UL94 standard is preferred by industry because it
employs a vertical position for burning, a condition not
used in ASTM D635. It also provides a semiquantitative
classification system; it does not specify burning rates.

One disadvantage, however, is that unless an individual is
qmtp familiar with the test prnppdnrp the classification

designation has little direct meaning. Of the two laboratory
test procedures, ASTM D635 is considered to be better
suited for indicating the relative flammability of plastics.
If all supporting data are provided, a specific burning rate
or time of burning has more practical value for comparing
materials. The main disadvantage of ASTM D635 is that
a vertical position for burning is not specified. To
overcome this limitation, ASTM has developed a test
method, D3801 (Ref. 31}, that incorporates the vertical
test procedure as performed in UL94. When ASTMs
D635 and D3801 are both used to evaluate materials, they
provide an effective assessment of flammability.

In addition to ASTMs D635 and D3801, five other
ASTM test methods have been developed. Of these five,
only Method D568 (Refl. 32) is a rate-of-burning test
comparable to ASTM D635 and is useful in assessing
flammability. It was developed specifically for thin sheet-
ing or film and differs from ASTM D635 in that the
position for burning is vertical.

The remaining four ASTM test methods (Refs. 33
through 36) are useful for special purposes but should not
be imposed on all solid-type plastic materials as covered
in this handbook. ASTM D3713{Ref. 33) is a burn-type
test for solid plastics during which a flame 1s applied and
removed incrementally, and measurement of response is
made accordingly. This is a special type of flame ignition
test, and it has no significant advantage over ASTM
D635.

ASTMs D3014 (Ref. 34) and D3894 (Ref. 35) apply to
the burning of cellular plastics, which are not covered in
this handbook Onc test method, D2863 (Ref. 36),

meoacnreg tho oxyoen congcentre nvnn rtnnur; r‘l to
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support combustion and is useful in materials rescarch.
Flammability testing should be conducted in accor-

dance with ASTMs D635 (Ref. 30) and D3801 (Ref. 31).
The burning characteristics of plastics are thickness
dependent; therefore, it may be necessary to use ASTM
D568 (Ref. 32) to supplement D635 and D380 1. Both test
procedures should include specimen identification and
the common test parameters in addition to those para-
meters unigue to the test, which are

1. Burning Rate. The average burning rate, in
cm; min (in./ min), for all specimens that have burned to a
100-mm (3.94-1n.) mark on the specimens

2. Time of Burning. The average time of burning. in

4-8
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scconds, for those SpecCimmens that did not burn to a 100-

mm (3. 4 in.) mark on the specimens

3. Extent of Burning. The average distance the
specimens burned, in mm (in.), for those specimens that did
not burn to a 100-mm (3.94-in.) mark on the specimens

4. Thickness. The thickness of the specimen, in mm
(in.). which should be 3.2, 6.4, and 12.7mm (0.126, 0.25
and 0.5 in.). Testing is desired at 1.6 mm (0.06 in.) and
lower, as appropriate for the material under test.

5. Test
horizontal or vertical, for the test conducted. Both test
positions are preferred for all testing.

6. Visual Observation. Any qualitative observation
made during the test to indicate dripping, flowing, or
falling burned particles.

For the various plastics measured in accordance with
ASTMs D635 and D3801, the test results indicate the
relative flammability characteristics in quantitative terms.
The tests reflect whether the material will propagate a
flame when ignited and the flame source is subsequently
removed. The time and extent of burning indicate the
relative degrees of propagation and extinction. In essence,
the tests indicate those materials that will burn readily
and those that will not.

ASTMs D635 and D3801 differ in that they are
horizontal and vertical tests, respectively. They also differ
in that in the D635 test the burner is applied for 30 s and is
removed, whereas in the D3801 test the burner is applied
for 10 s, removed, and placed under the specimen for
another 10 s if flaming ceases. These two ASTM tests
complement each other.

The laboratory test procedures do not indicate de-

Position. The pnclhnn of the cnpmmpn
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composition in any other
oxygen, no draft, and ambient temperature. Therefore,
actual fire tests under anticipated conditions should be

performed as appropriate.
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4- 1OKE DENSITY

Experience with fires involving plastics has indicated
that smoke generation from burning or smoldering
materials directly affects human lives (Ref. 45). The
particulate matter produc ed is a tacky, oily aggregate of
carbon particles with absorbed combustion products.
Smoke particles are hazardous because they produce
toxic effects by inhalation, they inhibit occupant escape
from a burning structure, and they impede rescue and fire
control. Smoke hazards have attracted enough attention
that material research efforts are being directed at
minimizing smoke generation. Therefore, the designer
should consider the relative amount of smoke generated
by burning plastics when the potential of fire exists.

In testing for the amount of smoke produced, the result
is generally expressed as a numerical value. Unfortunate-
ly. such laboratory data have not been correlated with
data from actual fires and validated. Until this gap in
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technology has been filled, laboratory methods must be 3. Exposure Type. Tests should be performed under
nepnrtain a ralotive valiia far mlactin matoriale hath tha rminag and nanflaminaflcmaldoarinalranditinne
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A number of laboratory test methods have been 4. Thickness of Specimen. Testing should be per-
developed to measure the smoke generated by materials formed at thicknesses of 3.2, 6.4, 12.7, and 25.4 mm

(Ref. 45). Tests, performed in confined chambers with
appropriate ventilation, use either an optical or gravi-
metric means of measurement for smoke. The optical

method measures the degree of obscuration produced by
crmnloa whoaraace the aravimetric meathnad meac sureg the
REFSANS I'\b yviivivao LI EluVllll\-Ll AR S SAVAS S AV ) LIV AT UL v (5§ 8

percent of material burned (by the collection of smoke
particles). Of the two types, the optical method is believed
to provide a more practical means of assessing relative
material performance for design use. Also for plastics that
exhibit melting and smoldering characteristics, the calcula-
tion of smoke based on weight loss may be invalid in

ma ial camnaricone (Ref A(\\
ma 1ai CoOmMparisons (s<h.

Four smoke tests were developed over the years. and
some controversy remains as to which is the most suitable
for use with all materials. Two of the test methods are
ASTMs E84 (Ref. 38) and D2843 (Ref. 47). The other two

are the National Institute of Standards and Technoiogy

SNTTC T [ QR JN T o — Coitn T lamitnrmnacs
LiNID 1 )T DI l() C 10>l anua lll(, U“lU DdiI€ U IVETrSity
(OS] l\ Release Rate Test. The NIST Smoke Test has heen
(O51)) Release Kate e ¥e lest hagbee

promulgated as ASTM E662 (Ref. 48).

Of the four laboratory test methods, the former NIST
Smoke Test (now ASTM E662) appears to be the most
suitable for plastic materials. It overcomes the criticism of
ASTM D2843 (developed for piastics) that stratification
of smoke in the horizontal chamber could occur (Ref. 46).
Correlation of data between ASTMs E662 and D2R843 15
reasonably good in some cases and relatively poor in
others (Ref. 49). ASTM E662 is believed to be the more
useful method, and modification has been suggested to
improve the test procedure (Ref. 50).

Of the other test methods previousiy noted, ASTM E&4
(Ref 18 icin lv\r\r'(\r\'q: ta far InhAaratary 'n(';r\lv haran
{Ref. 38) is inappropriate for laboratory testing becaus

of the size and expense of the test chamber. The OSU
Release Rate Test has the advantage of greater flexibility
in testing (Ref. 46) and has been developed into ASTM
Method E906 (Ref. 51).

Of the available iaboratory test methods, AS
ll’\Cl ‘!0) 15 lIl&/ prucncu I[lLlﬂUU ]Ul XIlCdbUrle
generation of solid plastics. Testing should include the
specimen identification. the common test parameters.
and those parameters unique to the test such as

M E662

SIM
e - | P
ine smoke

1. Specific Optical Density. The dimensionless

optical density of smoke evolved; this value is calculated

from the light transmittance. The maximum value is to be

nolea dccoramglv i.e.. the point at which light trans-
Ldll\.(- D> a llllllllllulll

2 Time. The value. in

Yyaius, 11

of light transmittance. Testing s
minimum of 20 min.

"*F()rmerly the National Bureau of Standards

(0.126,0.25,0.5. and 1 in.).

The specific optical density calculated from this test
prowdcs a relative measure of smoke generated by
b - el

crmrmismcr mm st Ao salnadiae Tho anlaiilaéina to lancad
ui lll 12 UL JSITUIUCTIHIE pPIAdLILY 1 1€ caiCulation lb vasdcu
on a measurement of “ght obsr‘ura!iov, in terms of light

not associate the physnologlcal reactions ofhuman bemgs
to eye irritants and toxicity. Also the results represent
only the smoke emitted under the specific test condition
and have not been correiated with other test methods or
actual fire situations. The results may be used to screen

materials if hth nrlnnt\: 1S mw:-n to fire sitnations ar to

heighten the awareness of the need to cope with emitted
smoke in the event of fire.

The specific optical density will vary with time as the
smoke builds up from its initial point of generation as
shown in Fig. 4-4. 1‘[ wiil reach a maximum, which is

idantifiad nc tha smavisiie cman: i€ n Amtinn 1 Aa i4vr Alon
TUC LIy ad Lo llld}\llllulll V}J\ablll\. \J})ll\.«ﬂl ucllally Ia Yl
the test resu[f_c prnvxr‘lP an indication of the rdt' of smoke

the thlckncss of lhe specimen increases, the maximum
specific optical density also increases, as shown in Fig.
4-5, but not linearly. This nonlinearity is due to a
decreasing burning rate as the burning layer progresses
into the specimen and to other smoke generation
phenomena.
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Figure 4-4. Specific Optical Density vs Time
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As is the case with smoke, the gaseous emissions from a
fire situation present a serious hazard to life. Harmful
physiological responses arc due to either vapor inhalation
or skin contact. Gas emissions from plastics occur not
only in a fire environment but also during the heating of a
plastic because degradation occurs without ignition. In
general, however, more attention has been given to the
fire environment.

Although piastics emi
materials of construction, and these are not considered to
be safer than plastics (Refs. 5 and 6). This observation is
based on the limited available knowledge concerning the
time element of gas generation within a fire.

Although serious, the hazard caused by the evolution
of toxic gases during the early stages of a fire is not as
great as it is in later stages. As a fire develops, toxicity
hazards occur that are common to all fires regardless of
the materials being consumed Le., excess carbon
monoxide and of
oxygen. The lOXlCIty of plasllc combustmn products 1sa
hazard within the fire environment and in the surrounding
area in the form of atmospheric contaminants and
COITOSIVE Vapors.

The principal toxic combustion product is carbon
monoxide. However, lesser concentrations of the more

L l()XlL £ases, SO dot

) T, MUY

e ‘aumunal

~ Lo minad tha gacag
1o minea tne gases

emitted from most plasllcs (Refs. 52 dnd 53), but their
results may have little relation to real fire environments.

A standard test method must be developed that will
determine the products of combustion of plastic materials.
Although a laboratory test does not reflect all possible fire
environments, it does provide some basic information
with which to assess cause and effect. Testing should also
consider the evolution of gases that takes place during the

thermal degradation process for plastics but prior to

initiation of combustion. This evaluation would provide
valuable information regarding the use of plastic materials
in confined, high-temperature areas.

Much of the plastic materials research has concentrated
on the use of additives to improve processing, weather-
ability, thermal stability, and flammability. These addi-
tives constitute a wide variety of chemical compounds
that, by themselves, may present a toxic emission problem
that previously did not exist. This possibility necessitates
that testing of plastics be directed at the specific material
identified by a trade designation and not the generic form.

The promulgation of a laboratory test procedure
should include the specimen identification, the common
test parameters, and those parameters unique o the test
such as

1. Products of Combustion. The chemical com-
pounds emitted under the conditions of test. Data for
emissions prior to and after the generation of a flame are
desirable.

2. Concentration. The concentration of the gases
emitted in parts per million per unit weight of the
material.

The availability of data for gases emitted due to

thermal degradation will enable designers to assess the

CHial CopiataliOnl Wil LHAURL CLIEALIS 10 4ddbas I

impact on personnel. Also evolved gases such as chlorine
may react with moisture or other compounds to cause
deterioration of materials or unexpected personnel
responses.
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CHAPTER 5
ELECTRICAL PROPERTIES

Electrical properties are introduced by discussing the nonconductive nature of plastics, their industrial

importance, and the infiuence of end use environments.

dielectric properties and electrical resistance.

5-1 INTRODUCTION

Plastic materials are well recognized for their excelient
rlannteianl teaniilatiems ne dialanteia seenaane VPO 0 1V S I N |
clecirnicdi ldulalilg, Oor aiciccl lL, Properulcs (RNCl. 1) and
thus are widely used in industry. Although theirelectrical

characteristics are based on chemical composition and
structure, not all plastic materials are totally inert electri-
cally because plastic materials have been developed with
alteration to their nonconductive nature. Conductivity is
accomphshed with carbon black, metalllc addmvcs and

lhc nonconducme nature of ldSllCS was an early

impetus in the development of pldstlc materials for both
electrical power and electronic applications. The prime
function of plastics for power applications was as an
insulator (or mcnccmc) used to separale high-voitage,

vol . W
dlclcctric of a capacitor.

One way to differentiate insulative and conductive
materials is in terms of the volume resistivity, as noted in
Table 5-1.

TABLE 5-1
CLASSIFICATION OF CONDUCTIVE
MATERIALS (Ref. 2)

VOLUME RESISTIVITY,
(Q)'m) CLASSIFICATION
0—-10 Conductor
10—10° Partial (Semi-) Conductor
il")f' 10 insuiator )

Thus an insulator is a material having high resistivity,
i.e., a value of greater than 10° Q-m. The classes listed in
Table 5-1 are arbitrary and may overlap depending on the
cnvimnmcntal condition of the material
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The electrical properties discussed inciude the

alaptrical and slactranis anmnlicatinnge ara g3 firantly
vicLLiival ailiu uviLuviLiuiniv ayyu\,auuua alc D>l uul\,auu_y
affected by the environment, which includes electrical

stress and atmospheric conditions. The most significant
stress factors are the voltage, amperage, and the associated
frequency. The most significant environmental factors
are temperature and humidity. These factors form the
prime variables in all bas lemng Other factors such as

be consi

saou LOLS

n testin

ta
o
=y
=
O

accordingly i
this chapter.

The variety of industrial applications results in a wide
range of electrical conditions. Voltage may vary from a
fraction of a volt to millions of volts in power generating

systems Lurrem oramperage range
n

(power frcq ucnucs) and
of frequencies to 10" H Z.
For dielectric applications an insulator is also required
to provide mechanical support for the current—carrving
nductor. lnerelore materlal selecnon 1s normally

mechani-

factors
Becausc many materials may be used to meet specific

application requirements, the material selection process is
compiicated and places great emphasis on material

The plprtrmnl nronerties of nrimarv interect and thoce
1 he electrica: propertics of primary interest ana those
most widely reported in the literature are dielectric

strength, ac loss characteristics, and resistivities. Less
attention is given to arc resistance and the phenomenon of
corona.

effects Also not c0n31dered are the dmsotromc behavnor
of materials and the test methods themselves, which may
influence the results. Electrical properties may vary due to
the anisotropy of the material, i.e., directional properties.

1y

When a materiai exhibits dielectric amsotropy, the fact is
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normally stated in the specimen identification, as shown
in Table 1-2. All of these factors complicate the generation
of effective engineering data.

5-2 DIELECTRIC STRENGTH

This electrical property represents the ability, or
strength, of a dielectric material to withstand a voltage on
it. In other words, it is a measure of the voitage necessary

IO cause dielectric DI'Cd. cdown

SCii o
side th.P m ral and is raised un
punctured by a spark dischar
descnbed as dielectric strength.
Dielectric strength is associated primarily with power
frequencies and is measured, in accordance with ASTM
L)l49(Ke1 3), interms of a voitage gradient. The vaiue is
ctermined Uy dlvxuxus the breakdown by th

erally expressed 1

unltaoo
vultagy

(4]

1 v
icknecs of the ¢necimen and is gen

nicKn Ji owaav CLAiatil Qi 2 1
55 L S o~

kilovolts per millimetre (volts per mil) of thickness.
Values of dielectric strength may vary from a high of 39.4
kV/mm (1000 V/mil) to alow 0f0.039kV/mm (1V/mil).
The higher the value, the better the insulator. Those
mdtendls that conduct eleclrrcrty do not have a vaiue

1 pm'ymeric films

£
i
Ref 4 however refersto ASTM D149 (

T, UYL YOL, atati S U S

e~ cL
.T‘ 5

specified.
or the actual testing procedure.
Even though in actual application the frequency of the
applied voltage may vary, most tests are done with a
source of 60 Hz. This represents the irequency used 1n
commercial power generat\on ana msmoumm
dieiectric strcngm may v (

fraananciec i
Irequenciics is H

L
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Although testing is erformed dt other
frequencres the test at 60 Hz is more severe and usually
yields more conservative values.

The significant variables in this test to determine

dielectric strength are the applied voitage. specimen

configuration temperature, and the preconditioning
rocedures Because of the many v riables '.hc data

H
nnnt he AnnllP({ directly to field us

NNUL OC appatl Uit

e same. Because dielectric strength varies consider-
ably with insulation thickness, specimen thickness is
important.

The dielectric strength testing—conventionaily

AR A TN AN /T O

formed in accordance with ASTM D149 (Ref. 3j—allows
o t

~

La

o
H
are t

for three meihods of applying the voltage: {1} short time,
(2) slow rate of rise, and (3) step-by-step
/\ —‘l
- \ l .v
Conducting - ° Applied
Plates | Dielectric I Voltage
NPT IIIOT IV IO IIA
\\ /.( I -
o ™ e a_* a - —al P P TN
Figure 5-i. Dieleciric Sirengih Schematic

The short-time test should be used to evaluate the
influence of thickness and temperature on the dielectric
strength, whereas the step-by-step method should be used
to evaluate the time to failure at different voitages. This
evaluation 1s dccompnsnm by aj

ENNr 6 o

JuYg Ol in . Simila !

i short- s nilar
rate-of-rise test is performed at an mmal voltdge
of 509, of the short-time test value to give the test
specimen approximately the same voltage-time exposure

as provrded in the step -by-step test but at a uniform rate.

the slow-

Inall testing the akdown voitage is quite sensiiive io
materiai lnnon’og rrity. These irrcgularities include
cracks, fissures, voids, impurities, and laminar defects,
and all testing assumes materials are free of these

imperfections. The short-time test, however, may not
detect their influence, and even the step-by-step test may
not reveal their full detrimental effects on the dielectric
strength. Thus end use testing is aiways recommended to
assure performance.

Testing for dielectric streng
identification parameters described in Tdble 1-2, the

param
common test parameters described in Table 24, and
those parameters unique to the test. These unique para-
meters are

rengt'n

d!\UUWll

....... mm (V/mil).

iiaiaj.

’ hicknesses at
standard temoerature and humrdrty condltrom and for
various temperatures at constant thickness.

2. Applied Voltage. The short-time test should use a
voltage rate of rise of 500 V/s. The source should be 50-60
Hz with a sinusoidal waveform. For the test at constant

O
-
<
)
=3
O
.n
'-‘ IS

voltage the breakdown voliage should be at four incre-
ments from the maximum down to a value that is 50% of
the breakdown voltage

IV

Surrounding Medium. All testing should be
performed in air. Testing with other gases is considered a
special condition.

4. Ternperature Testing shouid be performed at the

standard and the high iemperatures, as indicated in Tavle

the nnminn! c¢necimen thickness of

2-4, and should use the nominal specimen thickness ol
218 mm (0.125 in.) and the nominal relative humidity of
50%.

5. Specimen Thickness. The nominal specrmen thick-
ness for all tests is 3.18 mm (0.125 in.). For tests to
determine the influence of thickness 1.6, 0.8,0.4, and 0.2
mm (0.063,0.031,0.016,and 0.008 in.) should also be used.

6. Electrodes. The preferred electrodes are the oppos-
ing cylinders of S mm (2.0 in.) in diameter with 6.4-mm
(0.25-in.) radius edges, Electrode, Type i, as iisted in
ASTM D149 (Ref. 3).

7. Relative Humidity. The testing environment should
be the standard 509 relative humidity.

8. Time. The time to failure is measured in hours f
th apphed constant voitage from the maximun c‘uc.cc Ti

to a value of 509% of the maximum,

(')

U)

iTeEngt h
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The dielartric ctronath ~ran heticad ac a relative meacnire The inflnence af hiimidity an dielectric ctrenat ag
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of material performance and to determine whether a been limited to testing of a material in a surrounding

material merits further consideration. Generally, further
testing is necessary for the specific end use conditions
either in the laboratory test configuration or in final
product configuration.

With respect to specimen co

r-

nfiguration, thickness is

shn N srontao temtaract MNMNatn Far Aialan~trin
the variable of greatest interest. Data 107 aigiectric
crrpnmh as a function of thickness are illustrated in Fig
...... n function ot thickness are il ated 1n kg,

5-2. ThlS relationship is typical of many materials and
indicates the generally higher values in thin sections, as
found in films. Other geometric and material variables
include shape, area, homogeneity, directionality, and
imperfections. All of these factors influence dielectric

JUSSIURSIPE TS RN TR BN I RIS DS IS (NG TP S
SUICniginl 4nd 5nouid oc COnsiacred 11 €ndad usc evaiudtions
Dielectric strenoth of most nlactice decreaces wit an
HGICCATIC StIenghal O MOST PrastiCs GCECreascs Wil an
increase in temperature; this relationship is illustrated for

a typical plastic in Fig. 5-3. The mﬂucnce of temperature
is the result of a combination of a change in material
structure with increased temperature along with the
heating effect that results from the applied voltage.

%r

Dielectric Strength, kv/mm

\

0 1 — -l J
0 1 2 3 4
Thickness, mm
Figure 5-2. Dielectric Strength
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Figure 5-3. Dielectric Strength vs
Temperature

medium of air at a relative humidity of 50%. Although
high humidity has an effect on some plastics, the effect is
due primarily to water vapor absorption by that material.
Thus those materials known to absorb water should be
evaluated after conditioning at high and iow humidity.

5-3 PERMITTIVITY (DIELECTRIC
CONSTANT)
The permittivity, or di onstant, of a material is

electrical charge. Fundamentally, capacitance is defmed
as the ratio of the quantity of charge that can be stored at
its surface divided by the voltage potential. Generally, the
measurement for dielectric constant is made in terms of
capacrtdn e and is relatlve toa vacuum by removmg the
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o
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vacuum.

Although the term “dielectric constant™ is widely used,
the preferred term is “permittivity“ (Refs. 5 and 6), or
more so the “reiative permittivity”, which conforms to

mtormatiamal caos Tha tarms Sdialantein anmctant?

Hcriativiiai ubdsc. 1 1c tCliil UICICLLIIC CulpdLdlit Ih)

!‘ru!\} amisnomer because for any material it is aconstant
Yy amisnomer becausc lor an 1aterial 1t 1s a constant

inductive capacity” (SIC) has also been used to describe
this property but is not widely used.
In an altcrnating current electrostatic field, the per-

mittivity 1s greatly influenced by the broad range of
frequencies. This influence is due to the polymer structure
and itc electranic nalarizahility If an alternatinog valtaoe
AU LD vivv Ll v l}\Jl(—ll lcauvilic 1t aAll aiivi llullll5 vul\.usu
1s applied, it is necessary for the polarization to reverse

each time the polarity of the field changes. This frequency
dependence is also related to material composition, e.g.,
fillers or impurities, and other external environments,
particularly temperature.

Ny
ZZZIITIZITT) 777777777777
. . . Appiied
Air Dielectric Voltage
QZZIIIIZITN |12 amsosessnvas
Figure 5-4. Permittivity (Dielectric

Constant) Schematic
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Testing for permittivity should include specimen identi-
fication parameters (Table 1-2), the common test para-
meters (Table 2-4), and those parameters unique to the
test. These unique parameters are

1. Permirtivity. The average value of permittivity for
itian of tect
. Frequency. The frequency range should include all
frequency decades from 10°° Hz to 10" Hz.

3. Temperature. The test temperature should range,
as suggested in Table 2-4, from —55° to 70°C (—67° to
158°F) or to higher temperatures as appropriate for the
material.
formed at a relative humidity of 50%.

S. Measurement Method. The method of measure-
ment is dictated by the appropriate frequency range of the
test.

6. Electrode. The preferred electrode system is the
guarded type, i.e., three-terminal, as specified in ASTM
D150 (Ref. 5).

7. Appiied Voitage. The voitage applied to the

corona, gradient stresses at conductor edges, and to
attenuate high-frequency power.

The permittivity varies as a function of frequency, as
shown on Fig. 5-5. Although common practice is to
rcport permittivity at specific frequencies such as 60 Hz,
the full range be provrded. Generally, the variation in
permittivity with frequency is the result of molecular
polarization, which, in essence, is an effect that varies
with each polymeric material.

Temperature also has a pronounced effect on per-
mittivity, as shown in Fig. 5-6. This effect is due to the
smaller or greater molecular activity, or mobility, which
results at the lower or higher temperatures, respectively.
Generally, the high temperatures will have a more
pronounced effect, particularly with polar materials.
Testing over a broad range of temperatures and
frequencies can result in a graphical presentation in the
form of contour maps, as shown in Fig. 5-7.

(S8 Ee10

42r
specimen is a function of the test conditions.
The range of permittivities for plastics is generally from -
2 to 10; some matenals exceed the upper limit. These £
values are based on a comparison with air, which has a 5381
value of 1. 5
The low values are best for high-frequency or power s T
applications to limit electric power loss. These applica- Z 24
tions are primarily insulative. The high value of per- E, i
mittivity is desired for capacitance applications to allow a F
capacitor of small physical size. Materials with inter-
. . N ~ P .. . 30 1 1 A1 1 -
mediate ranges of permittivity are of value to minimize o0 0 P a0 00 20
35 Temperature, °C
Figure 5-6. Permittivity vs Temperature
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Figure 5-5.
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5-4 DIELECTRIC LOSS
MNITADA QT
CHARACTERISTICS
As a dlClCCtl‘lC is subjecte d to the buiidup and coiiapse
o1 d 4 Ameanrimtarr rocictanso
ICiU ll CHLUUHLLI IUd1dLainvy

which is in g_h_c form of heat. Thns th[ 1s the reeult
frictional resistance caused by the change in polarlty
within the polymer structure. This loss is measured
primarily in terms of the dissipation factor. Other terms
indicative of an electrical loss are the power factor and
joss index, which are discussed in the paragraphs

)
-
3
]
s
>

lUllUW.

5-4.1 DISSIPATION FACTOR

The dissipation factor, also known as the loss tangent
(Refs. 5 and 7). is defined as the tangent of the dielectric
loss angle or the cotangent of the phase angle. Although

[=%

Cp = Capacitance

Rp = Resistance
11l

Csl| Rs

= Capacitance
= Resistance

o0
n u
[

the parallel circuit is a more proper representation of a
dielectric material, the dissipation factor of the capacitor
is the same for both the series and parallel representations
shown in Fig. 5-8.

not recoverable.
Regarding permittivity, the dissipation factor is greatly
influenced by frequency. The loss is due to the polar

Py TN

nature ()1 the matenal Other infiueniial {aciors are ihe

nnnnnnn Tomuiranman

osition and external environments, particu-
The test data for the dissipation factor are usually
obtained during the test for permittivity, as detailed in
ASTM D150 (Ref. 5). The testing should include specimen
identification parameters (Table 1-2), common test para-

A 4
A
[
i
]
l 1
17 el )
VU)LJp /"\\
A
| N
A Y
V/R "
[o]
V = Voitage 6 = Phase Angie
[ = Current 6 = Loss Angle

>
\

y
V = Voltage 6 = Phase Angle
[ = Current 6 = Loss Angle
w = Frequency
ies Circuit
Dissipation Factor

“JIas 4
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meters (Table 2-4), and those parameters unique to the
test, which are

-
.
>
¥
5
1
)
]
1
3

ue
ondition of test

2 Frequencv The applled frequency from 107
10" Hz with the frequency increment at each decade

3. Temperature. The test temperatures should range,
as suggested in Table 2-4, from —55° to 70°C (—67° to
i58°F).

4. Relative Humidity. Basic testing should be per-
formed at a relative humidity of 509,

5. Measurement Method. The method of measure-
ment is dictated by the appropriate frequency range of the
test.

6. Electrode. The preferred electrode system is the

A CTRAA

guarded type, i.€., three-terminal, as specified in ASTM
D150 (Ref. ).

0 (Ref.
7. Applied Voltage. The voltage applied to the
specimen for the test condition.

The range of dissipation factors for plastics can be from
0.0001 to 0.3; some materials will exceed the range of
values. The iow and high vaiues refiect a iow or high
dielectric loss, respectively. Generally, it is important to
minimize the amount of power dissipated into dielectric
materials, and minimizing this power requires low dis-
sipation factors.

The dissipation factor value varies as a function of
frequency, as shown in Fig. 5-9. Although common
practice is to report the dissipation factor at spccific

frniviianning AN LT 1 LIT, aed 1 RALT
ll\-\.{ubll\.lcﬁ UV 114, 1 R11Z,AQliu 1 iVIilZ

c
11Ul CllblllCLl lllb
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Dissipation Factor, dimensionless
=)
n
7

o
i

(@]
%
b

TAEROSF ct

flcantly w1th materlal.

Temperature also has a pronounced effect on the
dissipation factor, as shown in Fig. 5-10. This effect is due
to the smaller or greater molecular activity that accom-
panies higher temperatures, particularly wiih polar
materials. Testing over a broad range of temperatures and
frequencies can result in graphical presentation in the
form of contour maps, as shown in Fig. 5-11.
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Figure 5-10. Dissipation Factor vs
Frequency and Temperature
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5-4.2 POWER FACTOR

famm il e e s ATl S T _a VA 5% oaY

Ollll]ld lU lllC bblpdllu“ 1acCLorg, e pUWc[ 1d4CLOT (l’l“)

is ameasure of the relative dielectric losg for an ingulatine
sameasure ol the aigiectriciess ioraninsuiating

material. It is a dimensionless term that reflects the
insulation quality, and it is defined as the ratio of the
power dissipated in the form of heat to the energy
required to charge the dielectric. The PF is expressed as
ihe product of t'ne sinusoidai voitage and amperes

Nirrmaria
rvugpct u.a

the
phase angle cr the sine of the loss angle and, therefore, is
mathematically related to the dissipation factor.

5-4.3 LOSS INDEX (LOSS FACTOR)

Similar to the dissipation and power factors, the loss
index is a measure of the dielectric loss for an insulating

materiai, rormdlly known as the loss factor, the loss
~Anw s Aiennsmcimnloace $nmme Te £ d el N
inuc 1> adulll lalU O LTI HHICU ad

loss angles tor which the power fdctor 1s numerlcally
equal to the dissipation factor, the loss index may be
considered as the product of the permittivity and the
power factor. This case, however, is special and the
terminoiogy shouid be discouraged.

5-5 ELECTRICAL RESISTANCE

Since insulating materials are used to isolate com-
ponents of an electrical system from each other and from
ground, it is desirable to have high resistance to the
passage of current. The term “insulation resistance™ has

A
Qeseri

L ' A
OCCIT USEa

ol lU gerct dll)

ectrodes, It

aipplied to the

+ -
[4¢)

is
dehned as the ratio of the derLl Voltagc
electrodes to the total current between thcm.
Insulation resistance is a vague term that actually
embodies a combined effect of resistance to leakage of
current through the body, i.e., the voiume of ihe maierial,

1 Tha valnia ¢ f

ite enrfacs 5
AN 11IC vyaluo v

nd alana thrangh 12)
and ul\lllb s suriace nrougn

gt 13
insulation resistance in ohms is a measure of an electrode
system and does not suggest a relationship to the size or
shape of the specimen. The volume resistance effect
depends largely on the nature of the materials. whereas
the surface resistance is mostly a function of surface finish
and cleanhness. Insulation resistance is significantly
affected by the many combined variables such as material
(_omposmon, moisture content, temperature, relative
humidity, surface cleanliness, and insulation design con-
figuration.

To compare materials, common practice in the trade
has Deen to express the volume and surface effects of a

otc
i,

in terms of volume Sisuvu) and surfac
s t

o o

ty. Althnnoh use of in u_‘a_t!no materialg ig qu_
extensive, the nommal environment for evaluation of
resistivity 1s ambient air in which temperature and/or
humidity vary. This implies that data collected when
specimens are exposed to oil immersion, other gases,

simulated space environments, or other natural con-
taminants are considered special conditions of test. The
resistivities are independently discussed in this paragraph
along with the related terms of resistance and con-
ductance.

Resistance in terms of preventing the burning of a

conductive nath_ across the surface of a material when a

high voltage is applied between two electrodes has been
termed arc resistance (Refs. 14 through 19).

5-5.1 VOLUME RESISTIVITY

In standard laboratory procedure (Ref. 8) volume
resistivity is determined by applying a voltage across the
specimen and measuring the resulting current in some
convenient manner, as shown in Fig. 5-12. The result is a
measure of the resistance between the two electrodes that

AAAAAAAAAAAAA fonmnc ~Afelan comnniomnnm YWAaliion caninéie iens 1a
LuUvLl UPPUDILC 1acvid Ul LIIv bpculucu Y UIUILLIC lelblelly n
not a measure of registance per unit volume, which ig

sometimes erroneously used: it is calculated from the
volume resistance readings and the effective dimensions
of the specimen. The units of volume resistivity are
ohm'm (ohm-ft).

The test procedure for generation of volume resistivity

An Antnilad ACTAA MIKT (D AF
ual.a. is uulau\.u i ASLIVI LT ll\Cl

8). Testing should
include specimen identification parameters (Table [-2),
the common test parameters (Table 2-4), and those
parameters unique to the test. These parameters are

1. Volume Resistivity. The average value of resistivity

in ohm'm (ohm-ft) for each condition of test

2. Specimen. A disk 3.18 mm (0.125 in.) in thickness
and 109 mm (AN 11 ) i Ainmatar chanld ha vicad ae o
aliy VU4 L \r.vL 1L ) L Ulalll\-l\rl DllUulU UL udLvu ad a
standard

3. Temperature. The test temperature should range,
as suggested in Table 2-4, from —55° to 70°C (—67° to
158°F) or to higher temperatures, as appropriate for the

material.
A D1 r et 1 r 1,
4. Relaiive H llml(lll\ 1E5UNE Snould bDe periormeda dat
a relative humidity of SO0
a reialive numigit y Ui oG

5. Applied Voltage. 100, 500, 1000, 2500, and 5000 V
should be applied.

6. Time of Electrification. The length of time in
minutes that voltage is applied to the specimen. Re-

sistivities should be determined at intervals of 1, 10, 10°,
3 . i . . .
and 10" min or when equilibrium is established.
7. Electrode. Circular, flat metal plates of the
guarded type to conform to the specimen size
Electrode 1
Electrode 2 l
y +
777777777771 77] ,
e Applied
Dieieciric Voltage
,’,Iglllll’llll " I' ,I’I’I’IIIII’I
Electrode 3

Figure 5-12. Volume Resistivity Schematic
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8. Method of Measurement. The method used to
determine resistivity.

Volume resistivity is a calculated value and has been
used to differentiate between conductors and noncon-
ductors. The nonconductors, or insulators, are materials
that have resisiivities of from approximately 10° 15 10"
ohm'm (ohm-ft), whereas conductors range between 0
and 10 ohm-m (ohm-ft), and a class called semiconductors
range between 10 and 10° ohm*'m (ohm-ft). Most plastics
fall within the nonconductor range, but a few exceed these
limits. Since volume resistivity reflects resistance to
current flow through a material, high values would be
desired in applications for which greater resistance is

needed. o o
The volume resistivity of a material is dependent on

material composition and, naturally, the many environ-
mental factors. If it is assumed that material homogeneity
is maintained during manufacture, reproducing resistivity
values should be easy. The main factors affecting per-
formance are moisture and iwo factors-—voitage siress
and temperature —which alter the molecular structure.
Although absorbed moisture will significantly affect
resistivity, testing should be performed at low and high
moisture contents only on a special basis for those
materials considered to be moisture sensitive.

Although most data are reported at a standard electrifi-
cation time of 1 min, it is well known that the volume
resistivity varies with time and voltage stress. Testing at
less than and beyond the 1-min perio
resistivity varies with the time of electrification, as shown
in Fig. 5-13. The intent of extended times is to establish an

A ravaalc that vnhime
réveéaisinat voiume
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Figure 5-13. Volume Resistivity vs Time of
Electrification
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equilibrium condition. Coupling resistivity time measure-
ment at the various temperatures can be combined to give
an overall effect. Applied voltage has an effect on volume
resistivity, as shown in Fig. 5-14, and requires considera-
tion in the data presentation.

Volumer L,nnu'v'i{y values arerel
temperature and are reduced significantly with increases
in temperature, as shown in Fig. 5-15. This effect is due to
the change in molecular activity of the plastic, especially
at elevated temperatures.

atively
ativel

5-5.2 SURFACE RESISTIVITY

To determine surface resistivity, as shown schemati-

cally in Fig. 5-16, the test configuration used to determine
TN n2<7 {an Q\ e narmally

Ia VoI A 4 O 04 15 HiULiliaary
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iy
employed. By alternating the position of the guard
electrode, the resulting resistance is measured as the ratio
of the direct voltage applied to the electrodes to that
portion of the current between them, which is the result of
a semiconducting medium in or at the surface. The
material resistivity is the calculated value that represents
the ratio of potential gradient to current per unit width of
surface. The units of surface resistivity, unlike volume
resistivity, are expressed in ohms and are independent of
the unit of length.

The surface resistance measurement is only an approxi-
mation because volume resistance is nearly always in-
volved in the measurement (Ref. 8). The measurement is
largely a surface effect involving the material structure at

22—

21

20

~10

Volume Resistivity. 2+m x 10

s

1000
Applied Voltage, V

Figure 5-14. Volume Resistivity vs Applied
Voltage
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and contaminants (dust, oil etc)) on the surface. Surface
resistivity is primarily a response at the surface of a
material. It does not involve the bulk of material;

therefore, it is not a material property in the usual sense. It
is however a measure of how a material wi]l collect and

Testing should include specimen identification parameters

(Table 1-2), the common test pdrdmeterﬁ (Table 2-4), and
those parameters unique to the test. These unique para-

meters are
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standard.
3. Electrode. Circular, flat metal plates of the
guarded type to conform to the specimen size

wh

4. /’Viezhod of /'Vieasuremem. The method used to

100 and 500 V.

6. Time of Electrification. The length of time in
minutes that the voltage is applied to the specimen.
Re%istivities should be determined at intervals of 1, 10,
10°, and 10 min or when equilibrium is estabn

G.

o Ble 2P, PUES PR U T P B M tad b nemlaliaas

/ lerrperutuu’ 1 €81 1E SnouLd o 1iiTiil€a 10 aiiivicrit
and elevated temneraturec acg enngoected in Tahle 2.4
ang C.ovalea Iemperatures, as suggesiced 1l 1adic &-5.

8. Relative Humidirv. Testing should be
at relative humidities of 500 and 95%.

In summary, surface resistivity is not a material
property in a true sense; it is a characteristic of the
material surtace ds influenced principally bv temperdture
and humidity. 1t 1s useful in suppor
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laboratory specimens.

Surface resistivity is a calculated value and is used to
ascertain the relative current ledkdge on the suridce of a
mdlerldl ror ll’lC mosi pdr > .

surfdce resistivities exeeed l() ohms (Rer
presence of 950 relative humidity, the \‘d]ULS are signi-
ficantly reduced by several decades and, in certain
environments, to values of 10° ohms.

Generally. surface resistivity varies with temperature,
Lot sln 2ofleimnnn ~F conmictisma e Lan crsole sbans olan
DUt € ininuence 1 InHoORLUIC I1iay DU Sulll tiat g
temperature effect 1s likely to be obscured. Testing at high

relative humidity reflects the influence of moisture on
performance, particularly for moisture-sensitive
materials. Upon exposure to high humidity, 1.e.,95%, at a
fixed temperature, surface resistivity decreases with
electrification time due to the absorptive effects at the

surfau’: of the maierial. For nonmoisiure-sensitive
ateriale thic effect mav he n\;n mal
materials this effect may be minimal.
5-5.3 ARC RESISTANCE
Are rocigtansa ic o moacuire nf an elantrical hreaalkdawn
TRLL ILDIDLAIVG 1D G LHLAaduIL UL All VvILL L iIvAal vivanuwv iyl
condition along an insulating surface when subjected to
high voltage. A schematic is shown in Fig. 5-17. The

arcing, similar to corona, ionizes the air but then breaks
down the surface of the material. The test has been used as
a preliminary way to differentiate between thermosetting

tivamath anthaciierfans Tn ganaral tharmanlactic matarinl
L V\/p LIl Ul v suliave, IllELllbl(Al. LHIVEALIUPJ1AdVILV H1Idlvl 1Al
resnonse is different and tends to resist the formation of

conductive paths and to exhibit
tion. This difference in failure makes the Comparmon of
material very difficult.

The arc resistance of a material is determined by
measuring the total eiapsed time in seconds of voitage
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Figure 5-17. Arc Resistance Schematic

mamrmlimndinee sseasil Failiven A~z | lissrn svven hn 1:m tha
dpp“bdll JIT Wulitil ralijuic vLLuld 1 allulc Ila._y UL 11 uig
form of athin, wirelike line between electrodes (tracking),

carbonization of the surface, cracking, ignition of the
material, melting, or change in appearance. Thermosetting
materials tend to carbonize, whereas thermoplastic
materials do not and are more likely to soften and burn.

The arc resistance test performed in accordance with

ACTRAA T __ 2 WA _41L. - 1TINANE 7Y L 1 AN 1o Vobmn ~lanm ool o
AD ) IVE TESL VICUITIOU D4Y0 (IRCL. 14) SHITIUIALED alllinatin

~nrrant f‘;l‘l‘lllf& 2Ny I{'h 7(\ taop at vsrwvy I(\\I/ I‘III‘I“DI’I'C
current circuits having high voltage at very low currents
(milliamperes). ASTM Test Method D495 (Ref. 14) has

limited use because other high voltage and high current
conditions may produce different results. Also the
response is a surface phenomenon; therefore, the surface
conditions significantly affect the resuits. More meaning-
ful tests, as suggested 1n
NMa Gd‘ M1 (R af

Methods D2132 {(Ref.

Of the three service . clined plane
test, ASTM D2303, may prowde more meamngtul results
relative to the ranking of materials (Refs. 17 and 18). The
dust and fog test, ASTM D2132, may be limited because
it is better suited to assessing service life.

Testing for arc resistance shouid be performed in
nnnnn Anman with ACTRAM: MNAQL and TN tA nravide
ﬂ\./\zUluﬂll\z\, WILHL MO 1 ivIDd L7770 allu 1740V J WU pluviue
data for both dry and wet conditions. Testing should

include specimen identification p
the common test parameters (Tab]e 2-4), and those
parameters unique to the test. These unique parameters
are

i. Arc Resistance Time. The time in seconds required
Yo TR SRS R [P slen cofnnn ~E tlan nemniemn e
101 UICdKUUWll dlUlls tri€ surrace o1 DpCLllllCll

2. Temperature. The test temperature should be

S8t

limited to the nominal of 23°C (73°F).
3. Voltage. The applied voltage in volts
4. Contaminant. The contaminant should be am-
monium chloride, as specified in ASTM D2303 (Ref. 16).
5 Electrode. The stainless strip and the tungsten rod

_ FI .

irodes shouid be us Cd
S (Raf 14N

5 (Ref. 14},
6. Relative Humidity. The relative humidity should
be limited to the nominal of 50%.

1 ae rarmiismmedad T AQTAA
€l 4ad 1cComiIncnaca Iimn ADI vl
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Arc resistance is important for applications in which
momentary flashover may occur. This possibility neces-
sitates a material that resists the formation of a conductive
pdlh lnC arc r(.bl\la.ﬂ(.c iest erUl[S m d(.(.Ol"(ld.n(.C wun

M NAOS (D af 14) ranrecont dru amhiant conditiane
ASTM D495 (Ref. 14), represent dry, ambient conditions
of lest_ rmd can hc used as a nr,limma_ry measure of

D2303 (Ref. 16) provnde arc resxstance values with the use
of a basic contaminant. High values of arc resistance
indicate greater resistance to breakdown along the surface
of ihe materiai.

5-6 CORONA RESISTANCE

The nthnmPnnn termed ¢ g

........................ corona
high voltdge applications that cause small, locahzcd
electrical discharges in the surrounding gaseous medium
when the applied voltage exceeds the gas breakdown
potential. The discharge is characterized by detectable

lummosny caused Dy ionization of the medium (usually

PR Y A ATY IR S T PR PR PSR RN SRR
ail) lll LIIC Pal.ll Ul UIcC lllgll VUILc EC UlbUlldlg'
Thic alactriral Adiccharaa whinh mav hava a Aalatarisne
I 111D VvILL Ll IvAal uioviiatr 5\-, YViiluik lllu) Hmave a uviviviivud
effect on the perf nrmam‘f‘ fp!astu: r.natf:.rla!s is applicd

degrddatxon may be in the form of msulatlon erosion,
cracking or embrittlement, change in physical dimensions,
or change in surface conductivity.

Resistance to corona may be evaluated in accor
th AQT?\A D’)’)

|9 S e YO I Y 4

e.

w1
1

V‘V 1
materialsin terms of

voltage stress above the corona mceptlon voltage is
applied until material degradation occurs.

The effect of corona is a complicated phenomenon, is
greatly influenced by the electrode and specimen
geometry, and shouid eventually be evaluated in desig

L&JIIIIEUI dllUl

lmnnrnmc 1

and electncal test Dardmeters
Testing for corona resistance should be performed in
accordance with ASTM D2275. Testing should include
specimen identification parameters (Table 1-2),
common test parameters (Table 2-4), and those para-
1

mete Al s Cem =
MELETS Ulllun i0 in€ ie 1€S¢€ P
n

. Specimen. Ther
be 3.18 mm (0.125 in.).

2. Temperature. The nominal temperature of 23°C
(70° F) should be used.

3. Relative Humidity. The nominal relative humidity

arameiers are
ecimen thickness should

of 509% shouid be used.
A O Al MM dieinne Tactioms chasild o mas
4. duirrouna g viediurrn OSUNE Stivuila vl plr-
armed in air. and the rate of air flow should be noted
formed 1n air, and the rate of air flow should b€ notecd

&
o
g ¢
[

frequency of 60 Hz.

6. Electrode. The preferred upper electrode is 6.4 mm
(0.25 in.) in diameter, and the larger electrode should be
sized according to the test method.
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moﬁdc that cor}sttltutcs falg”te' ed g i 10. G. D. Johnston, “Direct Current Insulation Resist-
orona resistz ord: . .
“&r” riaﬂe_,scnslince if f ?_ir_'}ffeullr_]_ ?‘fc_ rd?ccwx ance Measurements of Plastics—Part 11", SPE
{\Oll 1Vlt L4270 {INCi. 17}, l; UbCl[Ul‘UIKll_\/f dad d [:]Cltl.”l]llldl)‘ JOurna] 25’ 54_8 (May 1969).
evaluation or screening of materials for potential use. .. .
Datacannot be extrapolated to end use conditions unless il l;rmsh Stgndard}SS46.18,DRef omgunda;)ton;ﬂg;he
the conditions of test and use are similar in geometry and resentation of Plastics Design Data. Part e
. trical Properties. Section 2.3, Volume Resistivity,
environment. . . British Standards Institution, London, England
The data generated in this test procedure have been 1975 ’ ’ ’
limited to nominal conditions of temperature, relative
nnnnnnnnnnnnnnn e Fon 1 12. British Standard RS4618. Reconmmendations for the
uuuuuuv, 3pcuu|cu uuu\ucn, andg ireguce lLy 4l wiil M b J
enable relative ranking of materials and a plot of the Presentation of Plastics Design Data. Part 2. Elec-
voltage versus time to failure for each material trical Properties. Section 2.4, Surface Resistivity,
- British Standards Institution, London, England,
REFERENCES 1975
[. DARCOM-P 706-315, Engineering Design Hand- 13. K. Mathcs “Electrical Properties of Insulating
book, Dielectric Embedding of Electrical or Elec- " aterials™, Proceedings of ihe Seventh Eiectrical
P S, . A O 1nAn Inciddationm o fnr nee II:I:E Dithlirati~nes NA 23070
iroric LU”I[}U"I(‘”IS f\pl‘ll l‘i/‘i ATROLEIE6 /TR L LIT l_[ rcr 1.3 1 uviliivatil } l WYUL DL T,
2. Eric Baer, Ed., Engineering Design for P/astus SPE Chicago, IL. 15-19 October 1967, pp. 244-7.
Palymer Science and Frnainaaring Qaring 11 14. ASTM D495-84_ Srandard Test Method f/)r Hg(rh-
I Viyinv: GJUIviive aulu AHELHIVULLILE ;) 1 C), l\Clllll\ u
Publishing Corp., New YO.rk. NY. 1964 Voltage, Low-Current, Dry Arc Re.wsmme of Solid
3. ASTM D149-81, Standard Test Method for Dielectric FElectrical Insulation, American Society for Testing
Breakdown Vu[tage and Dielectric Strength of and Materials, Philadelphia, PA. September 1984.
FElectrical Insulating Materials at Commercial Power I5. ASTM DEI32.-85, Slai_u{ard T"S{ Method for Dust
Frequencies, American Society for Testing and and Fog Tracking and Erosion Resistance of Elec-
Materials. Philadelphia, PA. 30 January 1981, trical Insulating Maierials, American Society for
- H P T Yhil. 1.
4. ASTM D2305-87, Standard Test Method for Poly- |T§§t5mg and Materials, Philadelphia. PA, 26 July
ieric Filinis Used for Elecirical Insulaiion, American ’
Society for Testing and Materials, Philadelphia. PA 16. ASTM D2303-85, Standard Test Method for Liguid
27 February 1987. Contaminant, Inclined Plane Tracking and Erosion
5. ASTM DI50-81, Standard Test Method for AC Loss of Insulating Materials, American Society for Testing
Characteristics and Permittivity (Dielectric Constant) and Materials, Philadelphia, PA, 26 July 1985.
of Solid Electrical Insulating Materials, American I7. Edward S. Wheeler, “Polymer High Voltage In-
Souety for Testing and Materials, Philadelphia, PA, sufators lor Uutdoor Use™,
27 February 1981, Annual Technical Conferer
6. British Standard BS4618, Recommendations for the . Engineers, New York, NY. May 1968, pp. 716-20.
Dypcpmtationm i Dlacsing i s Do 4 IR, I. L. Douslas and R. M. Scarishrick “Recent
CIESERIAHON O dsiics  psesign ta. rdri =, ‘ ety mEe T TR nmmAAeRE TR EYE AR
Electrical Properties. Section 2.1, Permittivity, British Research on Tracking of Electrical Insulation™, Pro-
Standards Institution. London. England. 1970. ceedings of the Seventh Electrical Insulation Con-
7. British Standard BS4618, Recommendations for the /l(,';n’l'(l)(,g IEE'E Pllcj)bglcatlor]llfg(;232(‘79, Chicago, IL,
Presentation of Plastics Design Data. Part 2, Elec- ] ” ctober, 1967, pp. e
19. ASTM D2275-80, Standard Test Method for Voltage

trical Properties. Section 2.2, Loss Tangent, British
Standards institution London England, 1970.

Resmtame or C()ndu( tance of Insulating Mazenals.

5

)

Endurance of Solid Elecirical insuiating Materiais
Ciihinptod ta
Subjecied to

Surface, American Society for Testing and Materials,
Philadelphia, PA, 30 May 1980.

I Nicohavrane £ Arnmn ~ +L
i LAiscnarges (\uruuu/ O trie




THIS DOCUMENT PROVIDED B8Y THE ABBOTT

TECHNICAL LIBRARY

ABBOTTAEROSPACE.COM




TECHNICAL

LIBR

TTAERODSP

ARY

C

MIL-MUDR-733(AN)

CHAPTER 6
OPTICAL PROPERTIES

This chapter provides an overview of optical properties by focusing on light passage through transparent
materials that are of interest for military applications. A discussion of optical properties is followed by a brief
discussion of environmental factors that inhibit transparency.

6-0 LIST OF SYMBOLS

¢ = speed of light in free space, m/s (ft/s)

¢m = speed of light in material, m/s (ft/s)
I, = intensity of incident light, Im/m" (ft-candle)
Ix = intensity of reflected light, Im/m’ (ft-candle)

i = angle between direction of light beam in Material
a and vector normal to surface, 1.e., angle of inci-
dence, deg.

i. = critical angle, deg

n = refractive index of material, dimensionless
n, = refractive index of Material a, dimensionless
ny, = refractive index of Material b, dimensionless

r = angle between direction of light beam in Material
b and vector normal to surface, i.e., angle of
refraction, deg

T = transmittance,

V"= reciprocal dispersion of Abbe constant,
dimensionless

6-1 INTRODUCTION

When the term “optical properties™is used, the associa-
tion is with materials that are transparent or translucent.
Generally. primary interest is in transparency, or the vis-
ual “see through™ characteristics, and the ability of the
material to transmit light. In optical applications trans-
lucency and opaqueness are of minimal interest, as are the
reflective surface properties. Transparent materials re-
quire a final product form free of inclusions, stress gra-
dients, or any other influence on the light reflective and
refractive characteristics of the material. Imperfections
may be introduced in the manufacture of the material
itself or in the final product.

“Transparency™ is a general term and refers to the
optical homogeneity of the material. Although surface
characteristics such as smoothness affect transparency,
the bulk characteristics are of more interest. The quality
of a transparent material is determined primarily by the
amount of light scattered within it. Clarity, an associated
term, is the degree to which a material permits details in
an object to be resolved in the image.

The property known as refractive index is valuable in
assessing both transparency and clarity. Variation in
refractive index leads to scattering of light and, or aberra-
tion of the image. The refractive index and the resultant

6-1

light transmission characteristics are the principal prop-
erties needed for optical purposes.

The use of transparent materials in the military is also
dependent on the field of application, and this depen-
dency varies significantly in the undersea, land, and out-
erspace environments (Ref. 1). The choice of materials,
such as glass or plastic, is veiy dependent on the overall
characteristics of the material, not just on its optical
properties. Thus the suitability of a material to a particu-
lar application is dependent on the system, which estab-
lishes the optical and durability requirements.

In this chapter the use of materials is discussed initially
to introduce the considerations related to optical applica-
tions that should be addressed in development. This
introduction is followed by discussion of pertinent optical
properties. This chapter does not discuss optical design: it
discusses only the properties useful in design.

6-1.1 APPLICATIONS

Plastic materials have gained significant use in optical
applications not only for their transparency but for their
many complementary features (Refs. 2 and 3). These
include light weight, low cost, processibility, impact
resistance, and freedom from design restrictions. One
exception may be in the manufacture of very large plastic
lenses, which tend to be costly. No adequate substitute,
however, has been found for glass when chemical. ultra-
violet light, and thermal resistance are considered (Refs. 4
and 5). Overall, the use of plastics for optical applications
requires an understanding of these properties and the
influence of the many other environmental factors.

Typical military uses of plastics in optical applications
include aircraft windshields (Ref. 6), sighting devices,
goggles. solar energy components, ballistic shields, and
fiber optics. In most applications, transparency must be
maintained throughout the service life of the equipment,
and the effects of sun, wind, moisture, and dust—the
elements that comprise the weathering environment -
must be considered. Abrasion resistance is a material
characteristic of high interest. Also most applications
require structural (mechanical) integrity and resistance to
the broad operating temperature requirements. Tempera-
ture is particularly important because the thermal expan-
ston coefficient for optical plastics is relatively high. Fail-
ure by discoloration, distortion, or cracking is unaccept-
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able and therefore requires effective assessment in design.

Of the many transpareni maierials available, only a few
have been identified for optical applications. These are
polymethylmethacrylate (acrylic), polystyrene (styrene),
polycarbonate, and a styrene/acrylic copolymer. Others
that have generated some interest because of their special
features are polymethylpentene and allyl diglycol carbo-
nate. The remaining plastics are used over a wide range of
areas, particularly packaging, novelties, displays, house-
wares, and other specialty applications

lllC lllalcl ICU })lU}lCl\.le Uf llllblcbl in dbblsll aire Con-
centrated on the ability of a material to transmit light and
on the manner in which the light and images are trans-
ferred. The American Society for Testing and Materials
(ASTM) test procedures list index of refraction, transmit-
tance, and haze as basic optical properties.

6-1.2 ELECTROMAGNETIC SPECTRUM

The transparency characteristic of plastics for military
use is noi limited to visibie light transmission aspects; it
encompasses the full range of radiation emitted by the
sun, i.e., wavelengths between 200 and 2700 nm. This
radiant energy includes both the ultraviolet and infrared
wavelengths. The discussion within this chapter, how-
ever, is limited to consideration of only the visible band.

The most fundamental parameter pertaining to optics
is the electromagnetic spectrum. It defines the wave-
lengths of the various forms of energy, i.e., from cosmic

rovetn Y rauvcta radin wause and kn\rnnfl A cmall hand nf
rays 16 A Taystioragio waves ana otyond. A smain cangd

the electromagnetic spectrum contains wavelengths sensi-
tive to the human eye and is called the visible band, as
shown in Fig. 6-1. It is bordered at the lower wavelength
by ultraviolet light and at the higher end by infrared. The
visible band ranges from 380 to 780 nm. The wavelength
of approximately 550 nm is that wavelength at which the
sensitivity of the human eye to visible light is at the
maximum.

The visible band contains wavelengths that discrimi-
nate color from violet, blue, green, yellow, orange to red
(Refs. 7 and 8). Within this band are many spectral lines.

TAERDSPACE.COM

The principal spectral lines are

{. Hydrogen red, 656.3 nm

2. Sodium yellow, 589.3 n

3. Mercury green, 546.1 nm

4. Hydrogen blue, 486.1 nm.
Although other principal spectral lines have been defined,
those listed are the most important.

6-2 REFRACTION

Refraction is the bending of light as it passes from one
Lramparem medium to another.
a change in the velocity of the light as it passes from one

medium to another.

Thalandi;~io ~rnsiond ke,
11T UCHIULLILE 1D Laudtu vy

6-2.1 REFRACTIVE INDEX

The speed of light traveling through a material is
always less than that of light traveling through free space.
The ratio of the speed of light through free space to the
speed of hight through a material is called the refractive
index, or the index of refraction, of that material. Stated
mathematically, this relationship is

n , dimensionless

o (6-1)
where

refractive index of material, dimensionless
¢ =3X10°m/s (9.8 X 10° ft/s) = speed of light
in free space

speed of light in material, m/s (ft/s).

1l

Cm

The speed of a plane wave of light changes when pass-
ing from one material to another material with a different
refractive index; therefore the direction of the light will
o smnadifiad chn A D if tha tmaidant Liahe
uC 1llUulllbu ab BllUWll lll l 15 V=4, ll Lll\a HivIuvilie llslll
beam is not perpendicular to the interface. The relation-
ship between the incident wave direction and the refracted,
or exiting, wave direction is given by Snell’s Law as

nysin i = npsin r, dimensionless  (6-2)

( Ultraviolet

| I
| Visible | Infrared
| i
| N o 3 & |
| & & & S & » i
X Q@ [} B\ o) log
A AN ( 4 |
'r—-‘—ﬂ, — = ‘
! || l L l |
300 400 500 600 700 800
Wavelength, nm
Figure 6-1. Visible Electromagnetic Spectrum

6-2
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Figure 6-2. Refraction of Light
where
a — wafrantiva rmAdayv ~F Maotaciol o Aicsnmoi~e AL ¥ TS TSN LU SIS ISP JENPU. R PUN B
fig — 1Ciialiive 11HIUcCA Ul jvialwclilial a, UllllCllblUH' YYIICIH LT [HCUIUIIl IS 4 VvaCUUulll, UIC ICIidacive 1HIIUCA 1>
less termed absolute, This assumes the measurement is made
ny, = refractive index of Material b, dimension- at a certain temperature and measured with a specific
less wavelength of light. Because the index of refraction for a
i = angle between direction of light beam in vacuum is 1.000 and for air it is 1.000292, the measured
Material a and vector normal to surface, indices are often used interchangeably, and the indices of
1.e., angle of incidence, deg refraction are quoted against air as a standard. The differ-
r = angle between direction of light beam in ence is significant, however, in certain engineering appii-
aterial h and vertar narmal ta enirface cations. namely. lenses used in vacuum or in near-vacuum
iviaiviial U aiiuy vyuuLiluvl v iual Lty oduliavy, LAtiviln, 1alliviy, ICIIDLS UdLU 1 valtuulll Vi 111 nval~vasuuliii
Le., angle of refraction, deg environments.
When Material a is air. 71, = 1 and Eq. 6-2 becomes The index of refraction for any material is dependent
e o a- on the wavelength of light for which the measurement is
np = ——, made. Several spectral lines and their respective wave-
sin r lengths are listed in Table 6-1.
T A TANY T s % UMY I A Y 1Y/ A XY T ATAATITO
ITABLE 0-1. SPEUIKAL WAVELENG1IHD
—
WAVELENGTH (nm) SOURCE REFRACTIVE INDEX SUBSCRIPT COLOR
TOMN N ..l e AT LN D, ﬂ
/0U. U RUDIJIUIIlI {ND) NCU
768.0 Potassium (K) A’ Red
656.3 Hvdrogen (H) C Red
643.8 Cadmium (Cd) C’ Red
589.3 Sodium (Na) D Yellow
587.6 Helium (He) d Yellow
546.1 Mercury (Hg) e Green
486.1 Hydrogen {(H) F Blue
AN N Cadminnm (A | 4 Rlne
TOV.VU \auuuuul t~uy 1 iruv
4358 Mercury (Hg) g Blue
404.7 Mercury (Hg) h Violet
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Within this group, the sodium (Na) fight source, or the
yellow D line at 589.3 nm, is the most commonly listed
single-source measurement. Its designation would be np.
Of the remaining light sources, the blue end n,(486.1 nm)
and red end n¢(565.3 nm) are typically reported for use in
determining light dispersion.

The index of refraction can be determined by various
methods, but the standard is ASTM D542 (Ref. 9) which
uses an Abbe refractometer. The indices are determined
by using a monochromatic light source such as a sodium
or mercury lamp. The refractive index is primarily infiu-
enced by wavelength and temperature; therefore, testing
should be conducted for a number of spectral lines and
temperatures. ASTM E308 (Ref. 10) provides a listing of
light sources for the wavelengths within the visible spec-

trum (380 to 780 nm).
Testing for the refractive index should include the spec-

imen identification parameters (Table 1-2), the common
test parameters (Table 2-4), and those parameters that are
unique or modified. The unique parameters are

1. Refractive Index. The average value of refractive
index for the number of specimens measured

2. Temperature. The test temperatures desired are
—25°,0°, 23°, and 50°C (—13°, 32°, 73°, and 122°F).
3. Wavelengih. Specimens should be evaluated
throughout the visible spectrum (380 to 780 nm) at each of
the temperature conditions. Measurements should be

Hg (436
1504 o g (436)

1502

T

1.500

T

1498

T

1.496

1494

1.492

1.490

Refractive Index n, dimensionless

1.488

T

made for at least six wavelengihs from 405 to 768 nm and
should include measurements at 405, 486, 589, and 657
nm.

Tabulated data for refractive index can be plotted as
illustrated in Figs. 6-3 and 6-4. The variation of refractive
index as a function of wavelength at 23°C(73°F), as
shown in Fig. 6-3, is typical of most plastics; the variation
of refractive index with temperature at constant wave-
length is generally linear, as illustrated in Fig. 6-4.

The refractive indices of various plastics range from
approximately 1.47 to 1.59. Some plastics that are trans-
parent in thin films do have indices below 1.40, and other
experimental materials have measured indices above
1.60. The refractive indices are useful in engineering
applications dealing with light dispersion and in fiber
optics.

6-2.2 DISPERSION

Dispersion is a measure of chromatic aberration, or the

Aagraa il Tt ht 1l
acgree 16 Wiicn wnite uglu Win separa{e into its con-

stituent colors. By convention, it is the numeric difference
between the index of refraction for the F (486.1 nm) and C
(656.3 nm) light sources.

(63)

The phenomenon has also been conventionally ex-

Dispersion = nr — nc, dimensionless.

Hg (546)

H (657)

1 1 J

400

700

Wavelength, nm
From “Acrylic Polymers for Optical Applications” by Robert W. Jans, published in SPIE Volume 204, Physical Properties of Optical
Materials. Published by the Society of Photo-Optical Instrumentation Engineers, Bellingham, WA, August 1979.

Figure 6-3.

6-4

Refractive Index vs Wavelength (Ref. 11)



TEEIHNIEIAI_ LIBRAQY

MIL-HDBK-755(AR)

b

o 1495F

IS

o ~

n

o

£

= 1490+

5 1490

< \

5 \

2

o 1485

2

3

@

@

o 1480 L L L L— y :
0 10 20 30 40 50 60 70

Temperature, °C
Figure 6-4. Refractive Index vs Temperature

pressed as the reciprocal dispersion or Abbe constant V
given the expression (Ref. 12)

np 1

y=—

nNrF — Nc¢

where the refractive index for the sodium Source D (589.3

, dimensionless

are calculable functions

These dispersion parameters
that indicate the dependence of the indices of refraction,
which are dependent on wavelength and temperature. Use
of standardized data is important because dispersion
terms are used in the design of lenses.

6-2.3 CRITICAL ANGLE
When a light ray passes {rom a more dense to a less
dense medlum the refracted angle is dlways oreater than

mterfdcewusually a transparent material and air—is
increased so that all the light is refracted along the inter-
face (path AOB, Fig. 6-5), it is calied the critical angle i,.

/—— Perpendicular

Critical #
Angle \ Material a
s \ |
\ | Material b
A —]
\ e
( o \ n )
() \\ \ ’U )
\ - ' -
—_ -
~ //
| N
> —"
U Materiai a
. /
90°
/
Figure 6-5. Critical Angle
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This occurs when the angle of refraction r is 90 deg.
When the critical angle 1s exceeded, the light is totaily
reflected back {(path COD, Fig. 6-5) into
medium. This reflection occurs with any transparent
material having an index of refraction greater than unity.
The phenomenon of total internal reflection is useful in
plastics applications because it is the basis for transmis-
sion of light through transparent rods and fibers known

as “llght plpmg

tha
o tne UCllel

P na O <
i Sin = = , deg (6-5)
Ny
whara
(el A
ny, = refractive index of denser material, dimension-
less
n, = refractive index of less dense material, dimen-
sionless
When air is the less dense material, i.e., n, = 1, the

critical angle is

The index of refraction varies with wavelength and
temperature; thus the critical angle will vary with the light
source and the temperature.

6-3 LIGHT TRANSMISSION

actenstlcs, or properties, that prmcxpa]ly indicate the
degree of visible light transmission are transmittance and
haze. Iransmmance is a measure of the radiant flux

1

transm lllt,(l whereas haze is the amount of radiant IlUX
lost due to light scattering.

The reflective surface and absorptive effects are related
to transmittance. Reflection of the incident beam accounts
for alarge loss of incident radiant flux, whereas the losses
due to absorption are generally small. Other factors
affecting light transmission are specimen homogeneity,

geometry, and quality of manufdcture
Althaonoh lioht tr ran

SanlUugn g u

estin optical design, reflectivity is dir 1 u
light transmission and does warrant consxderatlon Ac-
cordingly, the relationship between reflectivity and trans-
mittance is discussed in the paragraphs that follow.

6-3.1 REFLECTANCE
Reflectance is generally described as a ratio of the

reflected luminous flux to the incident flux. The mathe-
matical relationship that deqcnheq this phenomenon is
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known as Fresnel’s equation (Ref. 12):

C 2. a2 e
1| sin” (i r)+tdn (i—r Io

Ir= =~ = 2 .. 2 .
2 sin“(i+r) tan (i +r) (6-6)
Im/ m’(ft-candle)
where
Iy = intensity of incident light, Im/m*(ft-candle)
Ir = intensity of reflected light, Im/ mz(ft—candle)

I

i = angle of incidence, deg
r = angle of refraction, deg.

For transparent materials the reflected light is directly
related to the angle of incidence and angle of refraction
and to geometric factors and surface finish. As discussed
in par. 6-2.1, the angle of refraction is related to the
refractive index, as shown in Eq. 6-2.

The amount of light reflected is highly dependent on

the angle of incidence. As shown in Fig. 6-6, the percent of

reflected light is very low when the incident beam is
parallel to the surface and increases exponentially at large
angles. For an angle of incidence of zero and a transpar-
ent acrylic material in air with a refractive index of 1.5, the
percentage of reflected light at the surface is approxi-
mately 4% (Refs. 11 and 12). As the angle of incidence is
increased, the percentage of reflected light increases
gradually until the angle exceeds 40 deg, from which the
exponential increase reaches 100% as the angle of inci-
dence approaches 90 deg.

If at the zero angle of incidence the reflected light is 4%,
the light reflected internally would be approximately 4%.
The amount of internally reflected light becomes impor-
tant when the light transmission characteristics are con-
sidered.

100 r
9o|-
80}
70+
60 |-
50 |-
40 +
30
20 |
10

Incident Light Reflected, %

1

90

1 1 i 1 i S A 4 1
0O 10 20 30 40 50 60 70 80
Angle of Incidence, deg

Figure 6-6. Reflection of Light (n = 1.5 at
23°C(73°F))
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The reflective losses for acrylic-type plastics are the
lowest of the optical plastics because the index of refrac-
tion of acrylics is the lowest for the plastic materials. The
other plastic materials have slightly higher values of
refractive index and thus higher losses.

Test methods (Ref. 8) have been developed to measure
the reflecting property of ashiny, or lustrous, surface with
respect to glass. This property, however, is generally asso-
ciated with mirrorlike surfaces and does not warrant test-
ing on a broad scale. Because most military applications
demand nonreflective surfaces, molded products, unless
otherwise specified, are made with shiny surfaces that
duplicate the polished mold surface.

6-3.2 TRANSMITTANCE

Transmittance is the fraction of incident light that
passes through a material. Theoretically, the amount of
light that can be transmitted is always less than 100%
because there are losses in the form of reflected and
scattered light. The maximum transmittance is calculable
and is derived from Fresnel’s equation, which is described
in par. 6-3.1.

Maximum transmittance occurs when the band of light
is perpendicular to the surface. This perpendicularity
minimizes reflection at the incident surface. Transmit-
tance is a function of the angle of incidence and will vary
from a maximum at 0 deg to a minimum at 90 deg, as
shown in Fig. 6-7. As illustrated in Fig. 6-7, the transmit-
tance represents that portion of the light transmitted at
the first, or incident, surface. At 0 deg the transmittance is
approximately 96%. This value indicates a reflective loss
at the first surface of approximately 4%.

When the angle of incidence is 0 deg, Fresnel’s equation
can be modified in terms of total transmittance 7(Ref. 12)

as
-

When a refractive index value of 1.5 is used—an aver-
age value for acrylic plastics—the transmittance percen-
tage is approximately 929%. This implies that approxi-
mately 8% is reflected back on the incident beam (Ref.
12). As noted in par. 6-3.1, approximately 4% is lost at the
incident reflecting surface; therefore, the remaining 4% is
lost internally. Of this 4% most is lost by reflection at an
inner surface and a small portion through light scattering.

The transmittance values provided in Fig. 6-7 are based
on Fresnel’s equation and represent the maximum value
that can be obtained for an acrylic material. Plastics of
higher refractive indices have higher losses and thus lower
inherent transmittance values. From an end use, ie.,
practical, point of view, transmittance varies with the
wavelength of the light source, specimen thickness (Ref.

T

2
i”z—_—')—] 100, %.  (6-7)
n + 1
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7)., and material additives. These variations necessitate
that tesiing be performed to deiermine iransmiitance
valniee far anach matarial Af intaract
values for each matenal of interest.

Testing of pldsgic for light transmission normally 18

performed in accordance with ASTM D1003 (Ref. ]3)
Another test procedure used is ASTM D1746 (Ref. 14),
which was developed for plastic sheeting. It, however, is,
limited to determination of transmittance between a
wavelength of 540 to 560 nm, 1.e., the waveiength range n

Y1 PN oL.n eontact viortial oasaiee oy
WILILILI LHIC Zlealtdl Vl\udl a\,uu_y, or uu 1ia

oceours, A_ETM D1746 lppf IA\ 1S the e no
priate for use. ASTM DI1003 (Ref. l ) is the preferred
method for testing transparent plastics. The procedures in
ASTM D1003 are consistent with ASTM E308 (Ref. 10),
which addresses the spectral characteristics, or that com-

puted quantity that is a function of wavelengtn ASTM

taot ra

yc< 5S¢ llbllIVllV,

CINO /DA TNY 14 lhncad siom non mmmmmd semoam O A
LCOUO {NCL. 1V} 1D vadlu UpUll SPCLUUP llClly 101 LhC
visible spectrum (380 to 780 nm) and recommends use of
International Commission of [llumination (CIE) Source

C unless another light source is justified. For purposes of
general materials characterization, the recommended
Source C is preferred

priate speciimen ruentrfrcairﬁ parameters {Table i-2), the
comman tect narametere {Tahla 2.4 and thnhee mara.
LULNHIIVIL WOl paldaiitivis { 1avit LTy, aniu tiuse paila
meters that are unique or modified. These unigue para-
meters are

1. Transmirtance. The diffuse transmittance, or dif-
fuse luminous transmittance, is the ratio of transmitted-
to-incident light reported in percent. The incident light is

(.Onverlllondlly medsureﬂ ln terms Ofl()tai [rdnsmlltance
o] '/'/n\)z)ln oth Tha wavalanath Af tha vicihla hamd
ya aveiengion. s O WavaCiigul 1 i VisionC 6ana

[«
~

._..,
-
Lh
=)

should be made for at least six wavelengths rom 40
768 nm and should include measurements at 486, 589, and
657 nm.

3. Procedure. The procedure should be B, which
specifies use of a recording spectrophotometer. This
proceaure shouid inciude use of CiE Source C as approp-

S. Temperature All tests should be conducted at
23°C(73°F).

Generally, transmittance values are provided in per-

centages and are termed diffuse transmmance or jumi-

nous ll dllblllllldl

values reflect !hﬂ
higher the transmmance, the better the transparency.
When transmittance measurements are made at spe-
cific wavelengths—in essence, monochromatic radiation—
the resuits generally are termed spectral transmittance. It

is comparable to luminous iransmittance and measures
the enearav trancmittad at earh wavelanaoth
LtiIV Ull\rlE LiAlIolIItivVG Al vawil WuV\,lLllElll,

A tvpical plot of transmittance versus waveleng gth for

an acrylic material is shown in Fig. 6-8. It mdlcates that
transmittance in the visible spectrum is constant, and
therefore it indicates the transmission of all wavelengths
to the same extent. Testing for transmittance in the visible

region 1s essentiaily unaffected by thickness (Ref. ii).
Cutside the visible ranges, however, particularly at ultra-
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Figure 6-8.
(Ref. 6)

Transmittance vs Wavelength
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violet wavelengih, thickness does have an effect on
transmittance.

As described in this paragraph, testing has been re-
stricted to the visible spectrum. Interest in wavelengths
outside this range does exist and eventually should be
included in an engineering property base.

Another variable not considered in this chapter is the
influence of color (Refs. 12 and 15) on the transmittance
of transparent plastics. This is a specialiled area and

~rnncidara - tacting an

chanld ha A €~ o 9| hn
snGuG o CONSIGErea 161 l\,buui5 Uil a pr\,lal Us< vasis.

6-3.3 HAZE

Haze is defined as the percentage of transmitted light
that deviates from the incident beam. In general, it 1s light
scattered forward at high angles, and i1t does not include
light scattered at very low angles, i.e., less than 0.5 deg.
This fact may lead to some lack of correlation between
laboratory measurements and visual effects (Ref. 12). The
haze measurement, however, does indicate the degree of

tahaavnonrtod: Thahichartha haora uan liaa

nonnteo 1
1 OC Hgsaer tue naze vaiucg,

173 1 gt

loss in contrast to beexpected:
the greater the loss in contrast. Materials with haze values
greater than 309 are considered translucent (Ref. 13).
(Incidentally, this percentage defines the distinction
between translucent and transparent materials.)

The haze measurement is also an indication of the
clarity of a material, i.e., the capacity to permit details of
an object to be observed through it. Clarity is perfect
when no light is scattered. Clarity is indicated by the
degree of transmittance because transmittance and haze
are so closely associated. Although clarity would be mea-
sured fundamentally by determining the change in angu-
lar separation of points on the object resolved through a
specimen, haze is a suitable indicator.

Testing for haze is performed in accordance with
ASTM D1003 (Ref. 13), the same test method used for
transmittance. Testing for haze, however, does not de-
mand the extent of testing required for transmittance, but
because haze is calculated from the parameters used to
calculate transmittance, the data should also be provided.
Therefore, haze should be reported in a similar manner,
i.e., as a function of wavelength and thickness.

The haze values reported for plastics are in percent and
reflect the degree of light that is not transmitted because

af conttering Tunu‘u‘ valueg will vary from 1 to <07 for
i )\ful‘\'l lll6

materials used in applications requiring transparency.
When plotted as a function of thickness and wavelength,
haze values will indicate the relative ability of a material
to transmit an image clearly. These values do not substi-
tute for actual experimentation in the design con-
figuration; they are to be more of a screening mechanism
during the selection of materials.

6-4 ENVIRONMENTAL FACTORS

The optical properties of plastics degrade through dis-
coloration, distortion or loss of surface quality. These are

duc l\} uau.ua} ﬂlld uluuucd CllVllUlll
such as sunshine, rain, wind, and dust--may severely
degrade the surface properties of a material, but also
influential are the induced factors that result from the
handling and maintenance of optical devices. Other
environmental effects such as heat, aging, and chemical
attack also lead to optical degradation. In all, testing
should be performed to assess material response in the
end use configuration.

To aid the designer, ASTM test methods ASTM D1044

(Ref. 16) and ASTM D1925 (Ref. 17) are dvmlable to
assess a material for use in an abrasive environment and
for change in material color with age, respectively. These
two methods are end use oriented and provide basic data
for use in material selection and each is described in detail
in the paragraphs that follow.

6-4.1 SURFACE ABRASION

The abrasion of transparent material surfaces can

Trancparpnf piacnr\g uced 1n

rasulsS uSLU G

rgcn“ frr\m many Pﬂl‘CPQ

S LaUSTS.

goggles (Ref. 18), aircraft windshields, and other see-
through devices are more susceptible to surface defects
than their glass counterparts. Plastics are softer and more
easily abraded or scratched in normal use. One way to
characterize resistance to abrasion is to measure optical
effects in the laboratory for abraded specimens.

ASTM D1044 (Ref. 16) is the procedure used to mea-
sure the percentage of transmitted light that is scattered
due to the abraded surface. The test procedure provides a
standard means of abrading the surface by using a Taber
abraser. The measurement of scattered light or haze for
abraded specimens is performed in accordance with
ASTM D1003 (Ref. 14), as described 1n par. 6-3.3. The
data are suliabie for comparing maieriais subjecied to this
type of abrasion.

Testing for surface abrasion should inciude the specimen
identification parameters (Table 1-2), the test parameters
(Table 2-4), and those parameters that are unique or
modified. These unique parameters are

1. Haze. The average value of the scattered light in
percent when tested in accordance with light Source C in
ASTM D1003

2. Abrader Wheel. A calibrated wheel designated
CS-10F should be used,

3. Abrader Load. An abrader load of 500 g should be
used as a standard.

4. Number of Cycles. The number of cycles should be
0, 10, 25, 50, 100, and 500.

5. Temperature. All tests should be conducted at
23°C(73°F).

The results of the ASTM D1003 test provide a relative
measure of transparent material resistance to surface
abrasion. The test procedure is meant to be unique to
windows or enclosures requiring continued transparency.
Other surface abrasion tests are available to assess severe
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surface abrasion and mar resistance; both of which are
covered in Chapter 7.

The test for haze done in accordance with ASTM
D1003 provides the degree of light scattered due to the
surface aberrations. Testing for haze at various cycles of
abrasion permits a plot that indicates the increase of haze
with an increase in the number of cycles. When compared
to plots of other materials, this plot indicates the level of
resistance (percent haze) and the severity with time
(cycles).

6-4.2 YELLOWNESS INDEX

Some clear plastics tend to be yellowish or to become
yvellow with time, particularly in thicker sections. This
yellow hue may be somewhat inherent or may be the
result of unavoidable impurities formed during the manu-
facturing process (Ref. 19). More important, however, is
the yellowing that can develop due to extended periods of
exposure to sunlight. Yellowness is significant because it
reduces light transmission.

ASTM D1925 (Ref. 17) describes a test for this change
in color and provides data in terms of a yellowness index
(Y1), which is the magnitude of yellowness relative to
magnesium oxide for CI1E Source C. The index provides
data on basic, inherent yellowness and enables assessment
of degradation due to exposure to heat, light, or other
environmental elements, particularly sunlight. This test
procedure is performed with a spectrophotometer, as
recommended in ASTM D308 (Ref. 10).

Testing for this change in color should be performed in
accordance with ASTM D1925. The test report for Y1
should include the appropriate specimen identification
parameters (Table 1-2), the common test parameters
(Table 2-4), and those parameters that are unique or
modified. These unique parameters are

I. Yellowness Index. The magnitude and direction
(sign) are the YI of the material prior to and after
environmental exposure.

2. Specimen Thickness. The nominal specimen thick-
ness should be 3.18 mm (0.125in.). Testing should also be
performed at 6.40 and 12.7 mm (0.252 and 0.5 in.).

3. FEnvironment. The principal environment for
exposure should be an artificial light source, and measure-
ments of change should be made at monthly increments
up to one year.

The artificial light source mentioned in No. 3 should
duplicate the spectral energy distribution of sunlight. An
apparatus useful for this purpose is described in Chapter 8
and is detailed in ASTM D2565.

The YI provides a numeric value that compares the
yellow color against magnesium oxide as a standard.
Along with the index value, a plus (+) or minus (—) sign is
provided; the plus sign indicates the presence of yellow-
ness, and the minus sign, a bluish color. More important
for use, however, is the change in the YI subsequent to

6-9

environmental exposure. This change, expressed in per-
cent, will reflect the anticipated change in the material
over time,

The index change due to exposure to an artificial light
source is the result of direct, continuous exposure,
principally ultraviolet degradation. The index reflects a
change in color but is not directly correlated with actual
exposure conditions due to other combined conditions or
tests such as temperature, variation, and surface de-
gradation effects.
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CHAPTER 7

HYS!C[ IL 4 AL N

D SURFACE P

PROPERTIES

This chapter contains a number of material characteristics that have been arbitrarily combined into two
groups, physical properties and surface properties. Each characteristic is discussed and its impact on

engineering applicaiions is emphasized.

7.0 TIQT NE SVMRNT
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Fr = force of siiding friction, N (ib)
17— il Fmcnn mmnccics i fonnn bimeadban N £l
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P — roantact nrecenre Pa (nei)
! contact pressure, Pa (psi)
V' = surface velocity, m/s (ft/s)
u = coefficient of fnctlon, dlmension]ess
7-1 INTRODUCTION

This chapter discusses two groups of properties; those
categorized as physical properties and those dealing with
surface characteristics Physical propertles are those

inherent in the buik of ihe maierial and not caiegorized in
..... Athar orantn o o morhaniral tharmal Ar Antical
ally L El Uup. \«.5., 1HIvLvHidllivarl, tuiviiiiar, vl U})tl\.ul.
The surface properties included pertain to surface char-
acteristics and relate to the relative motion between
materials
72 PHVSI(C A PROPEFRTIES
I-2 PHYSICAL PROFPEKIIEDS
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material charactarictice nf dencityu and hardnace (anarally
material charactenistics of density and hardness. Generally,
these nrnnertiesa ti _,a_rg(;l,eri;/ed }et they serve

an important function d
materials.
7-2.1 DENSITY (SPECIFIC GRAVITY)

Density and specific gravity are two terms used to
describe the inherent physicai property oi mass per unit

——rvl\:\v\ 1o,

T 7S N T YN ad inin seablv there
VOILUITIE. AIlNOUEN the terms arc used interchan £eaoy, incie
ic a <licht difference in their meaninoes, npncn\ IS ex nrf‘(\‘mi
1$ a sught giierence Sty is expressed

in grams per cubic centimeter (pounds per cubic inch),
whereas specific gravity is dimensionless and is the ratio of
the mass of a unit volume of material in air to the mass in air
of an equal volume of distilled water at the same tempera-

ture, usuallyzﬁuuli"k) The dissimiiarity is in the fact that

1 o.e ’1’70(‘1"7')0]:‘
[lSll) Ul water l\ Sllblllly ICS\ l[ldll 1 dl LI L /a1 [\lll

0.9975 g/em'(0.0360 lbm/in.")). For practical
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1€ de
oses the density of water is considered to be unity.
Two American Society for Testing and Materials
(ASTM) test methods are used to determine density.
ASTM D792 (Ref. 1) is used to measure specific gravity
and to calculate density. Specific gravity 1s calculated by
dispiacement of iiquid and determination of the change in

weight, ASTM D1505 (Ref, 2} determines density directly
by use of a liquid density gradient column. This method
quickly assesses density of small samples.

For reporting values, density may be determined in
accordance with ASTM D792 (Ref. 1) or ASTM DI1505

(Ref. 2). Test data should inciude specimen identification

e e ma o AT LYt A P A
parameiers (laple I-Z), the common iest parameters
(Tahle 24 and thace narametarc that fallaw:-
(Table 2-4), and those parameters that {ollow

I. Density. The average mass ner unit volume in units

of grams per cubic centimeter (pounds per cubic inch)

2. Test Procedure. For testing in accordance with
ASTM D792 (Ref. 1), the procedure used is Al, A2, A3,
or B.

Temperature. The test temperature shouid be

~ ‘3')0{“{’1‘)0 T

1 Q;Pg r‘lvnmrv is the parameter of
interest. Density is primarily used for volume-versus-
weight relationships and for part cost determination.
Density is also useful in material comparisons such as
strength-to-weight and cost-to-weight ratios.
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associated with mechanical nronerties hecause the hard-
associated with meenanica: properties pecause (ne hard

ness measurement correlates with strength. In this hand-

book hardness is classified as a physical property because

its use in predicting plastic response to a mechanical force

is not accepted in the plastics field. In this chapter

hardness is viewed as a property dependent on the
£

mlasoo e Ll ~ ~ o~ Y ST Uy [ o ~
IHNCICHL plly l\.dl struciure o1 ineé maierial ana lb usca
onlv far relative comnariean of materiale
VY 1O ftiauvl LUMpanisUn U awiiais.

Hardness tests for plastics are derived from metals, i.e.,
hardness is expressed as a measure of the resistance ofthe
material to indentation and there is a direct relationship
with material strength (Ref. 3). Many test methods have
en devised to measure hardness of metals, either by

1‘1d€niai1‘)n resistance to a rigid body or by the ability of a
matarial ta corateh anv matarial Af a lawer hardnece
maifria: 10 s¢rain any mailria: Ol 1IOWEr nargness
(Mohs’ Test).

Because of the nature of polymeric materials, hardness
tests performed are of the indentation type and have been
adapted from metals technology. The hardness value is a
number that indicates either the relative depth to which a
metai bail or indenter wiii penetrate or the rebound
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efficiency upon load removal. Generally, the higher the
number, the harder the material. Although an analytical
approach has been developed to estimate the material
modulus determined from indentation tests (Ref. 4), this
use is not considered practical for development applica-
tions. The hardness test is time dependent, i.e., influenced
by material creep and creep recovery characteristics, and
this influence limits its usefulness for property determina-
tion. Also hardness is not suitable for use as an index of
abrasion, scratch, or wear resistance as it is in metals
technology.

Generally, hardness tests for rigid plastics are performed
in accordance with ASTM D785 (Ref. 5). Results are
usually reported in terms of R scale or M scale readings,
although full hardness scale (R, 1., M, and E) capability
may be emploved as appropriate. For softer plastics that
require a scale iess than R, testing is performed by using
ASTM D2240 (Ref. 6). Within ASTM Method D2240

Cral A AT
Scales A and D are used to determine the indentation

hardness of softer and harder materials, respectively.

Other ASTM hardness test methods are available but
are recommended for production use. For reinforced and
unreinforced rigid plastics, ASTM D2583 (Ref. 7) is used.
This test method is based on a portable impressor and is
used for production control. ASTMs D530 (Ref. 8) and
D1415 (Ref. 9) are alternate methods recommended for
testing rubber compounds.

Testing for hardness in nlmt cs design should be

................... 1astits p134

conducted solely in accordance with ASTMs D785 (Ref.

5) and D2240 (Ref. 6). These test methods provide
procedures for the full range of hard to soft plastic
materials. Testing should include the specimen identifica-
tion parameters (Table 1-2), test parameters (Table 2-4),
and those parameters unique to the method. which are

1. Hardness. The average value determined by the
Rockwell and/ or durometer methods

2. Hardness Scale. The letter designation that indi-
cates the Rockwell or durometer scale used for the
hardness value

3. Procedure. For Rockwell hardness, the test pro-
cedure (A or B) should be used.

4. Temperature. Testing should be limited to
23°C(73°F).

5. Specimen Thickness. The test specimens should be
at least 6.1 mm (0.24 in.) thick as a standard.

6. Indentation Hardness Time. The time in seconds
associated with the load test procedure, as defined in each
test method.

The value of hardness is used as a relative quantitative
measure to compare materials (Ref. 10). As shownin Fig.
7-1, the scales overlap, and some materials may be
measured on more than one scale. Testing a group of
materials on the different scales may also result in plastics
being ranked in different orders (Ref. 4). This possibility
is one limitation of hardness testing. Also to equate the
hardness scales based on hardness data is difficult due to
this inconsistency. Thus Fig. 7-1 contains a relative

indication without numeric association.

Metals mmem———

Elastomers Plastics

Rockwell E

Rockwell M

Rockweii R

Durometer D

Figure 7-1. Relative Hardness Schematic

7-2
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7-3 SURFACE PROPERTIES

The recictance of

12‘.5!!‘3 materials to wearis a rnmnh-
cated phenomenon reldted to the surface charactensllcs
and inherent mechanical properties of the material. The
coefficient of friction and hardness values are indicators
of the wear properties, but in no way can they be used to
predict wear.

Wear is defined as a progressive loss of material due to
the ploughing grooves created as a hard material is passed
across a softer material (Ref. 11). On a microscopic scale
it is the tearing away of material to form ridges or
grooves. Normally wear is associated with bearings,
gears, and thrust washers where a contact force is applied
Continuously to these items.

Wear resist:
abrasion and s
form of load apphcauon. Abrdslon Isa wedrm;: away of
material as occurs on flooring, whereas scratching is
associated with scuffing the surface of transparent or
high-gloss opaque materials.

For plastics the most widely used laboratory test
methods pertain to abrasion, scratch, and wear resist-
ance. These methods are discussed in pars. 7-3.2, 7-3.3,

and 7-3.4.

7-3.1 COEFFICIENT OF FRICTION

Friction is the resistance that occurs when one surface
slides over an adjoining surface. The coefficient of friction
1s defined as the ratio of force of sliding friction to the
normal force pressing the surfaces together.

Froo . o
u = , dimensionless (/-1)
'n
where

o oo of oliding Frintionn N (1h)

[y = 10rces o1 siiaing iriction, N (16j

F, = normal force pressing surfaces together, N

! normal force pre 1€ surfaces togethe

2. Although some
high

These forces are shown in Fig. 7-
plastic applications require high resistance, i.e..

coefficient, to movement, most applications require
minimal recictance 1 e low coefficient ta movement An
IHTTHIAanreditalive, LU, TUW CULLLIVIVIIL LU HHTu VLVt M
|
L
External Force |
\ Y Fy
Movable |e————
Fixed
7SS S S S S S S S S T
Figure 7.2 FEriction Coefficiont
1 lg 1C I~ 4&. L'1IICUIULL L UCILHLIVECIL

example of applications requiring minimal resistance is
bearings. For bearings consideration of the frictional
behavior is exiended to the phenomenon of wear resisi-
ance, which measures a time-dependent loss of material.
The friction coefficient is a measure of the slip property of
one material over another.

There are three types of frictional coefficients, namely,
static, kinetic (dynamic), and rolling. The static friction
coefficient is determined from the frictional force that
resms motlon betwecn two surfaces at the point of

wns{ant sliding motion is

nt is defined as dyvnamic.

ln most cases the
motion (static) is higher than the sliding resistance; this
relationship results in higher values for the static frictional
coefficient.

frlctmnal resistance to impending

Roiling {riciion, as applied to rolling balls or cylinders
is a special form of resistance to motion and is the result of
the inelastic deformation of the plastic material during
the rolling process (Ref. 12). This phenomenon is treated
theoretically but is not generally evaluated in a practical
test. No existing ASTM test method evaluates rolling

friction.

Tl gy a6 gt ~f o tiine t it a2 rmatarial Aaotamt Te
1 1C COCITICICHIU O TTiICUHIOIL IS [TOU a [TIAwCiidl Coltntate. 1t
1s h gh!,r dependent on the surface roughness and the

load and is influenced by environmental factors
such as temperature, humidity, and the presence of fluids
or foreign particles. These factors complicate determina-
tion of the friction coefficient.

Although theoretically independent of the area, the real
area of contact may be a factor. Also elastic deformation,
To
obtain practical data, every attempt must be made to
reduce the influence of these factors in the test procedure
because elaborate tacilities would be required to evaluate
their influence.

A O r“

ASTM leu methods

and m_nm;nn formation are concerns.

plastic flow,

fnctmndl resistance.

ASTM DI1894 (Ref. 13) is a simplified method that
employs a means of relative motion between a sled and a
pldne A driving mechanism 1s started, and the mmal
reaaing of frictional <
occurs is obtained to derive the static coefficient of
friction. The frictional force after motion starts is obtained
to derive the kinetic coefficient of friction; thus, both

frictional values, static and kinetic, are determined in this

forron

101CC

raadineg al

ASTM D3028 (Ref. 14) was developed to determine the
Linetic cnefficient nf frictinn hu ncino o large ratating
kinetic coefficient of friction by using a large, rotating
wheel against a small, fixed wheel. This test method

allows measurement of the friction coefficient at con-
tinuously varving velocities (Procedure A) or between
0.10 to 3.00 m;s (0.33 to 9.84 ft/s). It also cnables
measurement at a constant velocity (Procedure B) of 1.00

A mmntarin

[N NEE 1Y
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m/s (3.28 ft/s) to determine the influence of time.

Of the two test methods, ASTM D3028 (Ref. 14)
should be used to determine the coefficient of friction.
Although this test method is used to determine the kinetic
coefficient, it can also be used to measure the static
coefficient (Ref. 12).

ASTM D3028 (Ref. 14) should be employed to deter-
mine the kinetic coefficient of friction for similar and
dissimilar materials. The rotating wheel employs the
plastic under evaluation, and the fixed specimen the same
material or dissimilar materials. Stainless steel, brass, and
aluminum should be used for dissimilar metallic materials.
All testing should be performed without lubrication of
any type. Testing should include specimen identification
parameters (Table [-2), the common test parameters
(Tables 2-4), and those parameters unique to the test,
which are

1. Kinetic Friction Coefficient. The average value of
the coefficient of friction for each velocity increment or
for the respective time increment, as required in Procedure
A or Procedure B, respectively

2. Velocity. The increments of distance with respect
to time for use in Procedure A should be 0.25, 0.50, 1.00,
2.00. and 3.00 m/s (0.82, 1.64, 3.28, 6.56, and 9.84 {t/s);
for Procedure B the velocities of 1.00 and 3.00 m/s (3.28
and 9.84 ft/s) should be used. For procedure A the
ascending and descending values should be noted accord-
ingly.

3. Time. The elapsed time from the test start to the

stabilization of the frictionometer readings at a constant
value, as required in Procedure B

4. Normal Force. The value of the force equal and
opposite to the weight of the load employed for the
material under evaluation

5. Temperature. The test temperature should be
limited to 23°C(73°F).

Data generated for the coefficient of friction as a
function of velocity-—shown in Fig. 7-3—fulfill a void in
many engineering applications, e.g., bearings, cams, and
gears. Graphical presentations permit the comparison of
materials.

7-3.2 ABRASION RESISTANCE

The resistance of a material to abrasion is a form of
wear resistance that results from mechanical forces acting
at the surface. Tests for abrasion resistance are severe—
they employ a hard, inorganic material (sandpaper) as the
abrasive. Generally, the relative resistance of materials is
measured by the resulting weight or volume loss of
material.

Although abrasion resistance is principally associated
with flooring, tires, and other rubber products, the data
are useful in military applications. They may be used as a
relative measure of resistance to handling, cleaning, and
other abrasive environments.

A number of abrasion testing machines for polymers
have been developed over the years, but the two abraders
described in ASTM D 1242 (Ref. 15) are used most often.

o o o
» o o
1

o
w

Coefficient of Friction u, dimensionless

| 1 l

0 L I
0 10

20 30

Velocity, m/s

Figure 7-3.

Friction Coefficient vs Velocity
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One abrader employs a loose abrasive, and the other, a
bonded abrasive.

The bonded abrasive unit described in ASTM D242 1s
alon Lanssice oo tha A conctos o (D Af 141 T+
aAdldU RKIIUWII ad lIlC /“\llll\llUllB f\l,l dUCl {NCl 10U} 1

abrades the material surface by constantly applving clean

sandpaper to the surface of the specimen. This means of

evaluation is preferable because of the absence of loose

plastic particles to clog the abradant and the fact that

there is no abradant wear. Also this method minimizes the

effect of temperature.
A

b b ArriAn sion PUPREE IS TN Sy (R
ATIOLIICT JdCVILC udCUu LU avlrau Plubll\- SUrracced 1y
described in ASTM D1044 (Ref. 17). The device is called
aescribed (Kel. 1/). Thedevice s calied

a Taber Abraser, or Abrader, and its purpose is to abrade
transparent surfaces to obtain a relative indication of the
effect on optical properties. The Taber Abraser was not
designed to determine weight loss, but because of its ease

of use, it could be used for this purpose (Ref. 18).
Abra%um rCSlStdnCE (.ldld are ln[t[l(l(,(l io pr( dC a
relative meacure of nlactic reqictance tg an abragive
Lvialivue mivasui v vl PlﬂﬂLl\« Iuvaidwalive v aiil auviasive
Correlating these laboratory data with actual use data is
difficult. The difficulty is due to the many variables, the

various test techniques, and ihe intricacy in matching the
mode of abrasion found in practice. The materials
themselves vary in that their surface texture and use of
fillers (reinforcements) influence the abrasive char-
acteristics.

Te &hnu for abrasion resistance should be per rformed in

accordance with ASTM D1242 (Ref. 15) b\/ using the
Armstrong Abrader {Method B). Testing should include
specimen identification parameters (Table I-2), the com-
mon test parameters (Table 2-4), and those parameters
unique to the test, which are

1
1. l’(llll"l(’ IU\\

loss, divided by the density material bei braded
2. Number of Cycles. The nominal number ofcycles
should include 100, 250, 500, and 1000.
3. Temperature The test temperature should be
limited to 23°C 7?”[*)
4. Carriage Load. The ¢
(30 1b).

iy v

The type of abrasive tape (coarse
or fine) and its associated brand name and grade. Testing
with both coarse and fine tape is preferred.

The test results provide a plot of the volume loss versus
the number of cycles at ambient temperature, as shown in
Fig. 7-4. This piot, in turn, provides an indication of the
resistance of abrasion Uuaa; with use (C}'CiES) It al

S. Abrasive Tape.

a relative measure of resistance when comp
with the plot of other materials. The test. however, has
little design value in predicting wear. Wear resistance can
be determined only with a simulated test procedure that

approximates end use conditions (Ref. 19). Although

provides
provides

other properties, such as tensile strength, tear strength
e d bkoodoaana ara ralatad tA marfAare anon Py P = ==
dng naraness, are reiaiea to periormandcc, tnere lb no
direct correlation with the ahracion data

direct correlation with the abrasion data.
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Figure 7-4. Abrasion Resistance

7-3.3 SCRATCH RESISTANCE

Measurement of the resistance of plastics to scratching
is not formally covered by an ASTM test method.
However, ASTM D1044 (Ref. 17) covers the surface
abrasion of transparent materials, as discussed in par.

7-3.2. and is an appropriate method. This method is,
haowever limitad tatrancnarant matarialc harangcathao tact
THUWULVLOL, LTIV U LUt all‘yalblll 1iatvliiald veieaudu Liiv Lol
measures the change in haze as a function of exposure to
the Taber Abraser.

Another standardized test method that indicates resist-
ance to scratches at the surface is ASTM D673 (Ref. 20),
which was cetablished to tvpifv mild airborne abrasive

tha nhanga 1: aglag alhraciusigc Adrarnna Afenen o fivad
wic i l “5 lllé O8s asS an aoft B \ A% lbUlUpP UllU 11 11IACU
hei gh'. The gloss measurement is made in accordance

The gl
ith ASTM D523 (Ref. 21).
ASTM D673 (Ref. 20) is an all-encompassing test

method because it is applicable to opaque materials;

therefore, it is a more useful indication of scratch
resismnc i and should be
¢ the specimen

parameter% (Tabl -4),

the test, which are

1. Gloss. The initial specular luster and the luster
after exposure to the various amounts of abrasive
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2. Geometry.
should be 60 deg

The angle of measurement of gloss

B

{hrasive Weleht Thc amount of abrasive in
grams (pounds) used for each test point
5. Temperature. The test temperature should be
limited to 23°C(73°F).
The mar resistance test ls only an md

The fact that the scrdtch resistance for a plastic may be
poor does not necessarily imply poor abrasion resistance
or volume loss of a material. Some low-hardness plastics
are easily scratched yet may have a small abrasion loss by
volume.

7-3.4 WEAR RESISTANCE

In the sty r, or tribology, an attempt is made to
predict the progressive loss of material attributable to the
relative motion between two surfaces. Although there are
theoretical developments for wear of plastics, none has
been sufficiently developed to assist in making this

i 23). The prediction of wear is

dy of wear

prediction (Refs. 22 and 23).

MY & S, Anasion a e
difficult becausc of the complexity of load, contact area,
speed, and temperatur effects. Other material variables

spLtU, alit ol

are friction coeffxuent hardness, and strength. The net
result of these problems is reliance on tests to duplicate
end use conditions.

Wear behavior of plastics on plastics 1s defined as
characterized by removai of

l lllb U

"\

havic
is ch“

', which i
by occurrence of melting or gouging of t
materlal Information for both types of wear is needed by
design engineers.

The characteristics of adhesive wear for the various
material combinations have been derived empiricaily.

Experimentation is perlormeo principaily with a thrust
washer design configuration and apparatus to determine
the wear factor (Refs. 24 and 25). Generally, however, the

results of this type of test are not applicable to other
design configurations.

Although wear data are being developed by using the
thrust washer device, no standard test procedure has been

established by ASTM. This fact indicates the area is still

in need of further development.

The pmgresswe volumetric loss of material as ex-
perienced in adhesive wear can be aggravated by excessive
loads or velocities; thlb occurrence results in severe loss of

materlal through gouging. One of the methods used to
screen materials involves the use of P}V values. The PV
value, or factor, is the product of the contact pressure P

~J
(=)}

\ER

55(AR)

e §

and the surface used to assess reiative

_ e o ~ tlan Hiaaition wa
SUlllelll) whnen cor lpd.lcd 1o tne uuuuug, PV value.
The PV limit is a critical point at which a recognizable

_____ performance occurs. When the PV limit
is exceeded, the material will change from mild to severe
wear, undergo plastic flow, encounter unstable friction,
or result in abrasive-type wear, i.e., melting or gouging.
Lubrication, dmblem temperaturc clearances, and surface
mugnness aIICCI ¢

change in bearing |

PV exnerlmentatlon has been performed by using
either journal-bearing or thrust-bearing configurations.
Although this practice appears to be a well-accepted
method for material evaluations (Refs. 26, 27, and 28), no
standardizing document has been promulgated.
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CHAPTER 8

PE

NENCE PROPERTIES

ANMIVALIRL NRJL NN L4

A AN\J1 R/AN 1 1

The permanence characteristics discussed in this chapter are addressed in general terms and represent the
common environmental factors most important for use in materials characterization. Each permanence

property is discussed in detail,
significance are indicated.
8-1 INTRODUCTION
The term “permanence prop ” although somewhat

atm;.mﬂuence Thc classnhcatlon 15
addressed in thc Amcrlc‘m Society for Testing and
Materials (ASTM) Annual Book of Standards (Ref. 1),
which lists a number of test methods used to determine

the infiuence of specific environments on piastic
properties. These environments typically involve exp ¢

to chemicals, water, heat, and weather, and when exposure
is over extended periods of time, thesc environments
become permanence factors. Thus when addressed from
the perspective of long-term exposure, temperature be-
comes a permanence factor.

Testing for permanence characteristics or degradation
should be included in all material assessments as a
smndard p_roceu,l_rc !'his amount of testing generates

essential to lhc material
selection process. Muny matcrlal suppllcrs evaluate and
record a variety of permanence data; however, more
uniform tes lml, and reporting are necessary for this mass

method contains criteria that should be spec1ficd. The
comprehensive data indicate the ability of a material to
perform its intended function in the environment and
time irame evaiuated. Although this testing wiil not

indicate suitability in the product configuration, it will
significantly imnrove the screening nrocess during the
significantly imp the screening process during the

selection of materials.

The permanence characteristics described in this
chapter emphasize the environmental variables and
associated test criteria. The deteriorative effects are
usually determined in reiation to mechanical properties.
~ e | P

dimen

uuu\.u‘» occduse illesf
charac t1 1 erial integrity. Flectrical
and optlcal propcrtles should be evaluated only for those

materials for which environmental effects are suspected
to cause degradation.
The permanence properties described in this chapter

A ~Va

have been classified 0(‘(,¢1510ndll\ dccoramz, to how me)

and the approprzat(' test "7(’1/1()(1?

8-1

data parameters, and engineering

change during environmental exposure. When chemical
interactions that occur during exposure result in
permanent change of chemical interactions (Ref. 2), the
interactions should be addressed as chemical properties.

Allenvironmental factors involve exposure for extended
perlod of time; therefore, they may also be classmed as

I
e

8-1.1 CHEMICAL PROPERTIES

Because they are organic compounds, plastic materials
are generally affected by exposure to chemical com-
pounds. The severity of the effect, however, is dependent
on the chemical and the environmental condmons present
tion h at results
they may b tempord
absorbed chemical mdy restore the plastlc to its orlgmal
physical condition.

Although the term “chemical properties” has some-
times been used to indicate any effect that results in a
chemical change within a plastic structure, it is more

appropriate to classify chemical properties as those
responses by material to exposure to chemicals. In many
chemical-plastic interactions, an actual chemical change
in material structure does not result. In this chapter the
term “chemical resistance™ (par. 8-2) describes chemical
response, and it is the accepted term throughout the
industry,

In assessments of chemical resistance, exposing plastics
to various chemical reagents, e.g., acids, alcohols, and
other organic compounds, is common practice (Ref. 3).
Testing includes‘ disti]led water as an isolated reagent
prlmamy to isolate the lnlluenc f water when tests are

on pldSllC properm,s

Traditionally, water has been tested separately in terms
of water absorption and water vapor transmission, which
are discussed in pars. 8-3 and 8-4, respectively. These
properties do not invoive degradation but are considered
essential to all plastic assessments.
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Gas permeability is another property that may be
associated with the term “chemical properties™. lts
importance is quite apparent in thin-film technology.
ASTM Tesi Method 1434 (Ref. 4) provides {or determi-
nation of the steady state rate of transmission of a gas
through plastic, film, shecting, or laminates. The emphasis
of this handbook is on molded forms of plastics, so gas
transmission or permeability of films has not been
included.

8-1.2 AGING

The term “aging” refers to the effect on materials of
exposure to atmospheric conditions experienced on a
daily basis for an interval of time. In this context three
specific aging conditions have been defined: (1) natural
aging, (2) heat aging, and (3) weathering. These three
conditions are described in pars. 8-5 through 8-7. Aging
properties provide fundamental information of material
behavior that is needed for most applications.

Exposure to elevated temperatures— heat aging -is of
concern for plastics because many materials readily
degrade 1n ithis environment.
structure do not occur at low temperatures; therefore,
low-temperature aging is not addressed. At fow tempera-
tures molecular motions are minimal; it must be remem-
bered, however, that material response does change at
low temperatures, i.e., limited molecular motion causes
differing material properties.

Accelerated testing for aging is a form of material
exposure conducted within the laboratory and is intended

.
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exposc plastic specimens to combinations of ultraviolet
light, water, and heat. The results obtained from many
test methods are not intended to correlate with actual
weathering conditions because of the variability of test
parameters with geographic location (Refs. 5-8). Because
the accelerated data do not correlate satisfactorily, the
test methods are not recommended for testing of all
plastic materials.

8-2 CHEMICAL RESISTANCE

Plastic materials are noted for their markedly different
responses to chemicals. Although many are recommended
for their superior chemical resistance, all plastics are
susceptible to some form of time-dependent change or
degradation, which depends on the chemical and the
environment.

For the product designer the principal question is how

the material will behave in the end use environment. Once
the technical requirements are established, a review of
technical data enables the designer to select the materials
that are potentially suitable for use. Of course, the final
assessment can be made only following an evaluation of

the product itself because chemical resistance data

8-2

developed within the laboratory provide only an indication
of performance.
Traditionally, chemical resistance testing has been

£oab o

viewed as determination of the response of a \pcumcu
when immersed in a solution. There is very little data on
the effects of vapors emanating from either the solid or
liquid chemical contaminants. This environment, how-
ever, is important because plastic components are some-
times confined in closed areas in the presence of chemical
vapors or are exposed to outdoor industrial contaminants.

Testing of plastics to attack by chemicals must include
complete descriptions of both the plastic and the chemical.
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designation because composition, fillers, and plasticizers
vary widely among suppliers and grades of a single plastic
type. The chemical compounds should be identified as
standard reagent grade or by common designation.

The severity of chemical attack on plastics ranges from
no effect, an appearance change (discoloration, loss of
gloss, etc.), a dimensional change, a loss of mechanical
strength, a fracture, to dissolution. These responses are
greatly influenced by temperature, stress, and time (Ref.
9). Thus it is imperative that these three parameters be
considered in chemical resistance testing.

The chemical resistance of plastic is reported in the
manufacturer’s literature or test reports in a number of
ways. Many materiai suppiiers publish literature contain-
ing data specifying resistance in qualitative terms, 1.e..

“excellent”, “good™, “fair™, “poor”, “not recommended”,
or “unacceptable™. Another approach is recommending
use up to a specific temperature by means of a bar graph
or by indicating an upper temperature limit. Although
both presentations consider time and temperature, they
are inadequate (Ref. 10) for engineering use because (1)
the basis upon which the reccommendation is made is not

pi
tions are ambiguous. Specific test data upon which the
user can make a performance judgment are required
because the degree of change acceptable to one designer
may be unacceptable to another.

A common method of reporting data is to record
changes in appearance, dimensions, weight, or hardness.
These data are satisfactory provided the product will
encounter no mechanical loads because the data reflect

n
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Oy ¢nange in int spedt H

absorption of the chemical. The data are, however, not
sufficient for an effective material assessment. Much of
the chemical resistance data produced are based on
dimensional and weight changes duc to low cost and ease
of measurement.

Mechanical property data reported for plastics have
been mainly the result of evaluating the change in
ultimate strength, elongation, and modulus of elasticity
These changes, following the immersion period for the
specimen, are generally expressed as percent loss or
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percent retention and are by far the most meaningfuldata
forengineering use. A redu ctlonmvalucsmdlcdtes loss of

structural integrity and;/or embrittlement, whereas an
increase in values reflects plasticization through absorp-
tion of the chemical.

Testing for mechanical propemes has centered on

P U S ol flagiieal st A 11y
tL“S“C L(Jl“l)lc\\lull ana llCAulal llUpClllbb [[\Ll L),
For enoineerinog use tensile nronerties are the more
0T engineering usc siie preoperties are ine ore

be evaluated accordingly, whereas

meaningful and should

testing in compression and flexure is C0n51dered excessive
and ncedless.

Testing for permanence under constant tensile stress is
an cxtrcmclv important lest for

product dcveiopment
y external loading or
thevy mav cantain
they may contain
) . This
possnb lity necessitates thc conduct of crazing or stress-
cracking-type testing in chemical environments to com-
plete the chemical resistance information.

I'he absence of fully characterized data hinders product

it forces the designer to exirapolate or

duct failure

development;

dnd accurate test ddtd are Lsscmldl

Tensile property changes that occur following no-load
exposure are the most significant in ascertaining the
effects of chemical attack. Evaluation of tensile changes
lhd[ I()ll()\& pCl’lOd\ ()I m(]uccd stress hds begn per ()rmuj

NS iSNoO
llul SucH LleUdlllHl 3 lllJl D

water when used in

agqueous s 3
however, to test identical specimens h\ immersion in
water. Comparison of tensile data with the results of
water immersion reflects the influence of the water on
degradation. Also test methods are available to evaluate
the luxslancc of pldsncs to staining. These test conditions

oo IO

\pcum and therefore are not included in

LdbOlle ry tcsting for chemical resistance has been
based on ASTM Test Method D543 (Ref. 3). Although
this test method states that it is suitable for all plastic
materials, ASTM has also established ASTM Test Method
CS581 (Ref. 12) forthermnselting resins. This test method,

y evaluaie ihermose

jot
173
a
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iting resins for use in reinforced

nlastic structures. offers no advantaze over ASTM NS4

plastic structures, offers no advantage over ASTM D

(Ref. 3) e ch[ to specify material requirements, ASTM
C581 (R 12) recommends determination of property

changes dcscrihcd in ASTM D543 (Ref. 3). For standardi-
zation purposes all testing should be performed in
accordance with ASTM D543 (Ref. 3), as stated in the
paragraph that foillows.

Chaminal ragictanca tacting chanld insrlivda nraviciang
Ll Cdr TEsiSwafice 8sung Snduia mnciaad provisions
for reporting vh'_{_nggsm_lwe:\ght dimer Qi(\nc annearance,

and strength. ASTM D543 (Ref. 3) provides for these
parameters and includes the use of standard tensile test
procedures; also ASTM Test Method D638 (Ref. [3) is

s AMN

755{(AR)

implied. ASTM D638 (Ref. 13) does not, however,
specify testing for the influence of constant stress. It is

necessary that ASTM give consideration to a stress
environment test that will either modify ASTM D543
(Ref. 3) or promulgate another test method. In the interim
ail 1csling for changes in tensiie propertles should be

,,,,,,,,, werstla ACTRAA YLD mmmnadiseman .am ~a TY17
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specimens, and a test speed of S mm/min (0.2 in./min) in
conformance to the data established in par. 3-4.1.
Chemical resistance under constant stress is an

extremely important variable used in material assess-
ments. Although the method of inducing constant stress
foran lmmersmn has not been mcluded in tms handbook,
chcm:ca! stress
result from a bend test (ﬂexure)

Testing results for chemical resistance should report
the appropriate specimen identification parameters (Table
1-2), the common test parameters (Table 2-4), and those
unique parameters, which are

L Wei
weight
compared to the
exposure

2. Dimensional Change. The average percent change
in diameter, length. width, or thickness after the exposure
pe r()Q das L()mpdred to lnC average (Ilmensl(m ntl()rC

arance of the &ppm_

men dfter the exposure nermd in terms of discoloration.
warping, flaking. pitting, swelling. or other apparent
changes

4. Tcnw'lv Property (‘h(mg(' The avcragc pcrccm
change in ultimate tenmlc streng ultim gdtlon

wn

-

-

(9]

2

5
w

TIIﬂ(’ The exposure time in davs, Wthh should be
7. 30, 180, or 360 days. [-xpmure times up to two yr or
more are preferred.

6. Temperature. Testing should be performed at 23°,
50°, and 100°C (73°, 122°, and 212°F) and up to the
reagent boiling poinL

I DITeNs  1.ev ne Ol appiieéa siress
meoanascale nounde ner canare inch) and the mode of
cgapascals (poungs per square inch) and the moge of

loading. tensile or flexure. Testing should be performed
at three stress levels and at elevated temperature.

8. Specimen Thickness. The thickness of all specimens
should be 3.2 mm (0.13 in.).

9. Concentration. The percent by weight of the

chemical in ar aqueous
nmhinatinne nfrancentratinn temmnaratiira and ctrace
LU UIHAUUHS Ul CUTIRGIRT AU U, Il puraiui e, anl 5uress
levels for each material are 1mplied inthe given criteria, If
a material suffers severe degradation or dissolves in short

periods of time at low temperature, testing should be
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discontinued. To facilitate testing, appearance, weight,
and dimensional changes may be measured for specimens
used in tcnsilc testin;:

The test eriteria for chemical ¢
that reflect the change in a materml mmwmd in a
chemical reagent, with respect to variations in concen-
tration, temperature, stress level, and time. The percent
change in appearance, weight, dimension, strength, and
resistance to an induced stress can be plotted as a function
of any of these variables. Although data compiled to such
a degree is very meaningful, they are still principally used
to screen materials for end use applications. The determina-
tion of material suitability for an annh(',nlnn rests with
the designer and the end use requirements. The degree of
acceptable degradation must be determined. Data pro-
vided by material suppliers and presented in terms of
satisfactory or unsatisfactory are not appropriate for use.

8-3 WATER ABSORPTION

Exposure of plastics to moisture environments may
result in an increase in water content because of
absorption. Plastics absorb varying amounts of water,
and this absorption may alter plastic properties -
particularly mechanical and clectrical --in different ways.
Besides direct immersion, water may also be absorbed in
high-humidity environments. Because the effect of water
absorption is usually detrimental, it should be considered
when comparing materials.

Plastics that absorb relatively large amounts of water
tend to expand, and expansion is important if dimensional
stability is critical. Electrical and mechanical properties
arc noticeably affected by moisture. If a material is known
to absorb moisture, the influence on electrical properties
must be assessed.

Absorption of water by plastics is a time-dependent
phenomenon that varies with temperature and thickness
(Ref. 14). All materials will absorb moisture until an
equilibrium point is achieved, i.e., the point at which no
significant change occurs with further exposure. Equili-
brium may occur in days in boiling water, or it may take
years in standard temperature and humidity conditions.

Desorption, or loss of moisture, 1s a behavior unigue to
some plastics when they are exposed to very dry conditions
such as those in a desert environment. This drying can
resuii in dimensional change and significani maicrial
property changes that aftect performance of military
hardware. Plastics that absorb significant amounts of
water should also be evaluated at a dry, or near-zero,
moisture content to determine the effect of the absence of
water in the material.

Water absorption by plastics is evaluated in accordance
with ASTM Test Method D570 (Ref. 15). The method is
limited to the determmalmn of the relative rate of water

8-4

immersed in water at ambient and elevated temperature,
If a plastic exhibits high moisture absorption, the test
method may be used as a guide to the effects of water

T facilitate dAata genaratinn
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when ASTM Method D570 (Ref. 15) is employed, the
dimensional change should be measured concurrently
with weight determinations.

For those materials predisposed to significant water
absorption, testing should be performed at varying
humidity conditions to assess the time and equilibrium
level. These additional technical data are pertinent for
materiel to be deployed in this common end use environ-
ment,

Testing for water absorption in accordance with ASTM
Test Method D570 (Ref. 15) should include the appro-
priate specimen identification parameters (Table 1-2), the
common test parameters (Table 2-4), and those unique
parameters, which are

1. Specimen Thickness. All testing should be per-
formed with specimens of 3.2 mm (0.13 in.) in thickness.

2. Time. The exposure time in hours. Testing should
be performed at 2. 24, and 168 h and at two-week intervals
until equilibrium is achieved.

3. Weight Change. The average percent change in
weight for the exposure period, as compared to the
average weight of the control specimens

4. Dimensional Change. The average percent change
indiameter, length, width, or thickness after the exposure
period, as compared to the average dimension of the
control specimens

5. Appearance. Any observed change in appearance,
such as warping or cracking, during the exposure period

6. Immersion Temperature. Testing for water im-
mcrsion should be performed at 23°,50°, and 100°C (73°,
122°, and 212°F).

7 . idity Evn
oo nndinidily Lo

moisture absorption should also be tested ats
relative humidity at 23°C (73°F).

Evaluation of water absorption for plastics, as
established in the foregoing test criteria, indicates the
relative percent weight gained as a function of time for the
immersion period. Plastics showing a significant weight
gain, i.c., from between 3 to 109%, manifest dimensional
changes. Weight changes of less than 197 generally
indicate no dimensional change or no effect.

Although water absorption is a function of thickness,
testing at various thicknesses is not essential. Thicker or
thinner materials absorb moisture at different rates, but
all approach comparable equilibrium points. Occurrence
of significant changes means that the influence of moisture
content on both electrical and mechanical properties
must be assessed. Thus the test data identified in Chapters
3 and 4 must be evaluated with moisture as a variable.

The data generated for water absorption produce plots
of percent weight and dimension change as a function of
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time for both immersion and humid environments. These
data also provide a comparison with other materials in
the screening of plastics for end use.

i'he water absorption characteristics describe
it
1L

vith tha
ated with the

transmission
through plastlc materials, which is important in military
applications because hardware is commonly exposed to
high-humidity environments and unwanted water may
result in problems.

Water vapor transmission (WVT) d
steady state water vapor flow in unit tim
of body. WVT data are generally expressed as the
mass of water in grams (pounds-mass) that passes through
asquare metre (square foot) of film or sheet material each
hour. Environmental parameters that also affect the rate
of transmission are the vapor pressure, temperature, and

humidity conditions at each surface.

ata indicate the
e through a unit

arca as

The WVT rate is also influenced by the aimospheric
water vapor or the plastic in direct contact with water.

i

Becausc water contact is reasonable to expect of material

inservice, itis considered a factor in testing for the rate of

water vapor transmission. ASTM Test Method E96 (Ref.

16) uses a water method that determines the rate of vapor
movement from the water to a controlled atmosphere.

Water vapor permeabllm is a term also uscd to

describe tr

Average pcrmeablln_\v is calculated (mly whcn thc test
specimen is homogencous and not less than 12.7 mm (0.5
in.) thick (Ref. 16). Matcerials of interest in this handbook
are primarily of fesser thickness; therefore, permeability
calculations are
Testing for WVT should be performed in accordance
with ASTM Test Method E96 (Ref. 16) and should
include the appropriate specimen identification para-
meters (Table 1-2), the common test parameters (Table
2-4), and those unique parameters, which are
I. Water Lapor Iranwnnwon The average rate of

Ps |

not considered.

a
ur (pounds per sguare foot
r I 1
2. Temperature. The a

environment. Testing should be

verage temperature of the test
1t 23° and 32°C (73° and

90’“F).

. Humidity. The avudge relative humidity of the
testenvironment. All testing should be performed at 50¢;
relative humidity

umidity.

4. Procedure Testing. Testing should be performed
in accordance with Procedures B, BW_ and D. Procedures
B and BW differ; in Procedure BW water contacts the
specimen by inverting the dish/specimen assembly. Both
procedures test at 23°C (73°F). Procedure D is the water
method to be used at 32°C (90°F).

5. Thickness. The average thickness of the test speci-
men. All test specimens should be 1.6 mm (0.06 in.) thick.
WVT data are useful for those end use applications in
which water penetration would be detrimental. Typical

avamnlas nf cianhh Al PR o mars coanla 1
examples of such applications are sealed electronic cir-
cuitry, propellants and explosive devices, and enclosed

mechanical devices.

WVT data are useful in comparing the relative rates at
which water vapor passes through a finite thickness of
plastic. Although the testing is intended mostly for

permeable and scmipcrmeabie materials, it is considered

essential for all materials. For those materials that do not
readily absorb moisture, the WVT can be expected to be

minimal. WVT data are measured in terms of a mass
change with time and are calculated in terms of grams
(pounds-mass) of vapor that pass through a square metre
(square foot) of material in 24 h.

The fact that WVT ddl vary wit

ANC W

he ddld howe\er W1ll mdlcdte the need to
continue to pursue either laboratory testing or evaluation
in the end use environment.
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8-5 ATURAL AGING

As used in this chapter, the term “natural aging” defines
the degrec of ¢ hangetoapl ticu nderstdndardlaboratorv
conditions. The data
characteristics when a nlasticise N moner
of 23°C (73°F), a relative humldlt\ of 500¢. dmblem
pressure, and protection from ultraviolet light sources.
This type of data categorizes the most basic form of aging
and should be the basis tor all other aging tests,

To evaluate permanence characteristics, testing nor-
mally includes control specimens that are evaluated with
those exposed to the specific environment. The difference
in the property level cvaluated is calculated as percent
change and is determined as that change in the property
after exposure as compared to control specimens exposed

for the same exposure period. The control specimens are
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those stored under standard laboratory conditions.
!fcn,n.t.ol specimens are tested at the beginning of any

exposure period, specimens tested at any time duration
can be compared with the original specimen. This compari-
son would. in essence, indicate the natural aging char-
acteristics. Although no formal ASTM test procedure

exists to evaluate natural aging, it should be evaluated;
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purpose. In the interim existing permanence tests should
be used to establish natural aging data. However, because
a test procedure designed specifically for natural aging is
nonexistent, appropriate alternative procedures should
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be specified. ASTM Test Method D618 (Ref. 17) should
be used to establish the natural aging environment, i.e.,
the standard laboratory atmosphere. The test environ-
ment should exclude ultraviolet radiation or other
deleterious factors.

ASTM Test Method D638 (Ref. 13) should be used for
property evaluation because it will enable determination
of percent change in tensile properties. Testing should
include the specimen identification parameters (Table 1-
2), the common test parameters (Table 2-4), and those
unique parameters, which are

I. Temperature. The standard laboratory tempera-
ture of 23°C (73°F)

2 Humidity. The standard relative hnmn‘hh/ of 500%

3. Time. The exposure time in days should be 180,
360. 540, 720 and yearly thereafter up to 10 yr, as
appropriate.

4. Appearance. The general change in specimens as
compared to control specimens

5. Tensile Property Change. The average percent
change 1n tensile strength, elongation, and modulus of
elasticity, as compared to control specimens. Testing
should be performed in accordance with ASTM D638, as
outlined in Chapter 3, by using a test speed of S mm; min
(0.2in./ min) at a temperature of 23°C(73°F). Testing for
impact should be performed at 23°C(73° F) in accordance
with D3029, as described in Chapter 3.

6. Dimensional Change. The average percent change
in diameter, length, width, or thickness after the exposure
period as compared to the average dimensions of the
control specimens.

Natural aging, as defined in this chapter, is intended to
provide basic information on the integrity of a plastic
when it is exposed to a standard atmospheric environ-
ment of the laboratory. The data on appearance, dimen-
sions, and tensile properties serve two purposes. First,
they prowdc 1[’1(, long-term _response of a plastic 1n

rane 1o within hlllllhnﬂ\ ln nl_rnn_
1005, 1.4, within 180

tro ch equipment, and in controlled depot storage con-
figurations. Second, they provide a datum point from
which all permanence cffects can be assessed.

Testing for tensile properties at the one rate of loading,

e.g..Smm;min (0.2 in./min) and a 23°C(73°F) tempera-
ture, indicates only the influence of time on specimen
integrity. When a change is retlected in the strength,
elongation, or modulus of the plastic, it indicates that
other mechanical, electrical, or physical properties may
be affected. This possibility should prompt additional
investigations into the long-term performance characteris-
tics.
8-6 HEAT AGING

Heat aging is a phenomenon whereby a material may
undergo a permanent change over time when exposed to
an elevated temperature. Although some plastics may
deteriorate by oxidative degradation, in others the changes

8-6

may be only physical, i.e., they result from molecular
reorientation, stress relieving, or an advance in polymeri-
zation. The severity of the temperature and the length of
cxposurc determine the extent of change that may occur.

C A e ntom,\rnao fram han
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aging --a fact that is only ascertained through testing.

Interest in the heat aging characteristics of plastics has
resulted in promulgation of a number of gencralized test
methods by ASTM. Two test methods, ASTM D3045
(Ref. 18) and D794 (Ref. 19), define exposure conditions
for testing plastics at clevated temperature. Others,
ASTM Test Methods D1204 (Ref. 20) and D1299 (Ref.
21), arc used to measure dimensional change as a result of
exposure to elevated temperatures. Also ASTM DI870
(Ref. 22) provides a procedure for exposure in a tubular
oven. The intent of these test methods is to determine the
change in a maternial after exposure to heat. Testing is
always performed at ambient conditions for comparison
with control specimens to arrive at an average percent
change in material property.

Heat aging should be performed for all plastics primarily
to assess the dimensional changes and changes in mechani-
cal properties. Testing should be performed at a few
temperature levels and always at minimum relative
humidity. This testing condition may be met with an
air-circulating oven capable of maintaining proper
temperature control. Heat aging tests for other property
changes should be performed on a special need basis. A
number of other heat aging test methods developed by
ASTM e.g..discoloration and loss of plasticizer. are used
to assess permanence effects. Although of value, they do
not indicate material integrity as described in this chapter.

Heat aging tests should be limited to evaluating
changes in ultimate strength, elongation, and/or the
modulus of elasticity. A change in properties from those
of the control specimens reflects the influence of heat on
the plastic structure. The changes may be the result of a

numhber of mechanismy: oxidative de or.ad./n!nn loss of

+
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plasticizer, loss of moisture, or secondary chemical
reaction. All testing should be performed under no-load
conditions in the hot-air environment to determine the
influence of heat only.
in the interest of standardization, testing for heat aging
should be performed in accordance with ASTM Test
Method 3045 (Ref. 18). This test defines exposure
conditions to determine degradation in a hot-air oven
over extended periods of time. Testing for mechanical
properties should be performed in accordance with
ASTM D638 (Ref. 13). Testing results should indicate the
specimen identification parameters (Table 1-2), the com-
mon test parameters (Table 2-4), and those unique
parameiers, which are
I. Temperature. The exposure temperature should
be 70°, 90°, 120°C (158°, 194°, 248°F), and higher,
according to the limitations of the material.
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2. Time. The exposure time in days should be 180,
360, 540, and 720.

3. Relative Humidity. The relative humidity should
be at a minimum for all tests; less than IO% is suggested

4. Appearam

%
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Property Changc The av e percent
chdmze in sxlc strength, elongation, and modulus of
eldstncny, as compared to control specimens. Testing
should be performed with ASTM D638. as outlined in
Chapter 3, by using a test speed of S mm/min (0.2

in.«‘ min) at a {23
+ 14

€ra

emperature of 23°C
marfaremana + 7120
c l(.l LUl lllLU dl Pan )
s described in Chapler
6. [)lmensmnal ( hange‘ The average percent change
in diameter, length, width, or thickness after the exposure
period, as compared to the average dimensions of the
control specimens.

Hcat d‘s,mg data are intended to provide basic informa-
c
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properties serves two hrst
indicate whether a material will suffer oxidative degrada-
tion or other form of deterioration. Second, it will enable
comparison with other materials for suitability in high-
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neat environments.
Testine for tensile nronerties at the one rate of loadine
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in.; min)) uscd in most tests conducted as
aslundard and at23°C(73° F)indicates only the influence
of time on specimen integrity. A change reflected in the
strength, clongation, or modulus of the plastic indicates
that other mechanical, electrical, or physical properties
may be affected. This possihilily should prompt additional

into the lonoe-term
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acteristics.

Although it 15 widely known that electrical and other
properties are affected by heat aging, evaluation of these
properties has not been suggested because the testing
wouid be costliy.

8-7 WEATHERING

Plastics are being increasingly used in outdoor environ-
ments. This exposure of nla_qucc to natural atmncnh(‘rm
conditions is generally termed weathering or outdoor
weathering. Direct outdoor exposure, which requires
exposure periods of up to three years or more, is the most
accurate method used to obtain a correct indication of
weather smanw Attempts to accelerate the atmospheric
effect
reproducibility; howev
ing the diurnal effects of sunshme rain, wmd and dusl
there is no artificial way to predict outdoor weatherability

st o a
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precisely.
Outdoor weathering testing usually is conducted at test
sites that may vary from desert, seashore, industrial,
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arctic, to tropical. The environmental factors at each site
vary significantly. Consequently, data generated at one
site and for one short period cannot be associated with
another site and time period. Therefore, testing is
necessary at more than one location. Tradmonally

snntharina tacte i tha Acen, IDaf 29?27 koo hans caeeiad
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out at three locations: Panama Canal (hot-wet), New

Mexico (hot-dry), and New Jersey (temperate). Compar-
able locations used by industry include Florida, Arizona,
and Massachusetts. These three climates are reasonable
choices for testing all plastic materials. Extremely cold
ciimates, like the Alaskan, are not used: they are not

thera unr

tnree l._yp’c‘\

in accordance with ASTM Test Method D 1435 (Ref. 24).

The report requirements suggest reporting sunlight energy

data and other climatic data, such as rainfall and

temperature. In lieu of specifying detailed data, the

locauon (c1tv dnd SldtC) and the dates of exposure should
.
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wealhcrmg s u)nducted on a compdrdtlve bdsls dnd
control specimens are used to determine the original and
final control values. Property data at specific intervals

generally reflect the percent change over time for the

of all p astics is 1o udluatc the change in mcahdmcal
properties with exposure time. Testing for tensile and
impact properties should be a sufficient indicator of long-
term performance. Tensile properties have been effectively
used as indicators by the US Army (Ref. 23).
Weathering effects on L]CCtrlCdl and OplICdl prop erties
should alsc s
used for cnhcr purpose. Diclccmc strength, dielectric
constant. and volume resistivity are used as electrical
properties; transmittance and yellowness index are appro-
priate optical properties. These mechanical, electrical,
and ()pllLdl pmpcmm are not evaluated for dlrccl use in
gi; ; sed to indicate
obhserv

I 1. If deterioration is ) weath
ng tests may bg required to assess end use acceptance.
Outdoor weathering of plastics should be performed in
accordance with ASTM DI1435, which includes pro-
cedures for the exposure of specimens. Other ASTM test
methods—listed in Chapters 3, 5 and 6-—should be used
for property evaluations. Testing should include the
App!‘()nl‘l.j_l_(_‘ 5pemmen identification parameters (Table
1-2), the common test parameters (Table 2-4), and those
unique parameters, which are
1. Location. The city and statc in which the specimens

were exposed. A hot-dry, hot-humid, and temperate
climate, such as is typically found in Arizona, Florida,
and Massachusetts (or New York or New lersey),
respectively. should be used

P> _a F
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2. Angle of Exposure. All specimens should be
exposed to face the equator at an angle of 45 deg.

3. Time. The exposure time in days shouid be 180,
40, 720. and yearly ihereafier up to 10 yr, as

Appearance. The eral LhdnEL n sncumcns as

comnared to control SDCClanb
5. Tensile Property Change. The average percent
change in tensile strength, elongation, and modulus of

elasticity as compared to control spccmuns Testing

1 lanl
shouid be performe s with ASTM D638, as

d in accoi

outlined in Chapter 3, by us:xlg a test speed of S mm/min
(0.2 in./ min) at a temperature of 23°C (73°F) in dccord—

ance \ulh ASTM D3029, as descnbed in Chapter 3.

6. Electrical Property Change. The average percent
change in dielectric strength, dielectric constant, and
volume resistivity as compared to control specimens.
Testing should be p rformed ln accordance with ASTMs

veval
tilitrai

Aoy At ons

test conuitions,

7. )mn al Pr(mcrw Change. The average percent
change in transmittance and yellowness index, as com-
pared to control specimens. Testing should be performed
in accordance with ASTMs D1003 and D1925 by using

nominal test conditions as outlined in Chapter 6.
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iods of outdoor exposure. The change in Dropemes
over time indicates the degrec of degradation that would
be expected as a function of time at the specific location.
Test locations do not replicate the environment at other
intended end use locations; thus the data have iimited

usefuiness. The data, however, refleci a relative de

an o~

CcC vt

suite.” ility and cstablish the need for further material
assessment by the designer. The data are usefulin plotting

the percent change of cach property with time, and testing
is recommended at only nominal test conditions. Although
suitability at nominal conditions does not necessarily
result in suitability at other test conditions, such as
elevated te mpcmture or 51ram rate, the data arc indicative
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GLOSSARY

A

Abbe constant. Ratio of refractivity of a material to its
dispersion. Also called the Nu or Vee value. A
caicuiated vaiue from known indices of refraction ( V.,

AT e A AT A
IVE, Allu (Y ).

Ablative plastic. A material that absorbs heat (while part
of it 1s being consumed by heat) through a thermal
decomposition process known as pyrolysis, which
takes place in the near surface layer exposed to heat.

Abrasion resistance. T he resistance ito mechanical wear-
ing, grmding, scraping, or rubbing away of a material
iction, impact_, or both meaSL.red interms
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Absorption. (1) The penetration into the mass of one
substance by another. (2) The process by which energy

18 Glepd[eG within a spcumcn placed n a fieid of
........ D. dhhnen o leo sl

H ~oe ~r N v N
radiation encrgy. Proccsses other than ansorption

occur, e g,’crnttr’rlnu therefore. onlv a fraction ¢
energy removed from a beam is retained in the
specimen.

Accelerated aging. Aging by artificial means to obtain an
indication of how a material will behave under normal
)roionged period.

PRV BV .

. A e o
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Acetal resins. Polymers containing the acetal linkage
(—CH:—0O—), e.g., polyoxymethylene.

Acrylic resin. A synthetic resin prepared from acrylic
acid or from a derivative of acrylic acid.

rrvlnnitrilo A moanamerwith the ctriictira C . —C N
PR AT SUFssIFSEL ., /2 ILIVIIVLILIIVE VYU LIV DI UL LUl w11} LI LY,
[ts copolymer with butadiene is nitrile rubber, and

several copolymers with styrene exist that are tougher
than polystyrene. Its homopolymer 1s also used as a
synthetic fiber.

Aging. The change of a material with time under defined
environmental conditions that lead to improvement or
deterioration of properties.

G_1
(¥

Alkyd resins. Polyesters made from dicarboxylic acids
and diols, primarily used as coatings, modified with
vegetabie oii, fatty acids, etc.

Allgy. Material made by blending polymers or copolymers
with other polymers or elastomers under selected

conditions. e.g., styrene-acrylonitrile copolymer resins
blended with butadiene-acrylonitrile rubbers. See also
Polyblends.

Amorphous phase. Devoid of crystaiiinity--no definite
Ardor At meraraccing tamnaratinera o mlactin 1o mAsma o
VLiULE L 3L PLULLADLEL lblllpbla\ul& a }llﬂ.bllb D 11Ul lllﬂllV
in an amorphous state,

Angle of incidence. The angle between a ray or impinging
liquid or solid and the normal to the plane or surface
on which 1t is incident.

temnerati
temperatu
Ihlq process is often used on molded amclcs to
stresses caused by flow into the mold.

Antioxidants. Substances that prevent or slow down
oxidaiion of a polymeric maieriai exposed to air.
Antistatic ag gents. _AuPnI\ that minimize static p!g ‘[rigi[\r
in plastlcs Such agents are of two basic types: (1)
metallic devices that come into contact w1th pldstlcs
and conduct static to earth. Such devices give complete
neutralization at the time but because they do not
modify the surface of ithe maieriai, it can become prone

r ar ctntin Aires o nem Al s nen d N
LU 1TUlict dlatlv uut g bull\\.\lucl anuung aliua (4
chemical additives that, when mixed with the com-

pound during processing. give a reasonable degree of
protection to the finished products.

Arcresistance. Time required for a given applied electrical
voitage to render the surface of a material conductive
because of carbonization by the arc discharge.

Artificial aging. The accelerated testing of plastic articles
to determine changes in their properties based on
exposure to varied environmental conditions. See also

Aging.



TEGHNICAI_ LIBRAQY

Avnwmnns seenlonsedlme vsnin AA Aot o .ﬂh
Averagc muoiciuiar "’Cls'!l M Ost ov ninct

mixture of individual chains of many different sizes;
hence a molecular weight assigned to such a mixture is
of necessity an average molecular weight.

rware
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B

Birefringence. A measure of the anisotropy of a material
characterized by having two refractive indexes that
cause division of a single light beam into two separate

Caiis.

Blow molding. A method of fabrication in which a
parison, or hollow tube, is forced into the shape of the
mold cavity by internal air pressure.

Branched. In molecular structure of polymers, this term
refers to side chains attached to the main chain. Side
chains are generally short. If long, they are called graft
copolymers. See also Graft copolymer.

Breakdown voltage. The voltage required, under specific
conditions, to cause the failure of an insulating
material. See also Dielectric strength.

Brineli hardness. A meihod used to deiermine the hardness
of a plastic material. Hardness is determined by
forcing a hardened sphere under a known load into the
surface of the material and measuring the diameter of
the indentation resulting from the test. The Brinell
number is obtained by dividing the load used, in
kilograms, by the actual surface area of the indentation,
in square millimeters. The result is a pressure, but the
units are rarely stated.

Bulk density. The mass per unit volume of a molding
powder as determined in a reasonably large volume.

Burning rate. A term describing the tendency of plastics
articles to burn at given temperatures. Certain plastics,
such as shellac, burn readily at comparatively low
temperatures. Others melt or disintegrate without
actually burning or burn only if exposed to direct
flame. These are referted to as self-extinguishing (qv).

Butadiene. A diene monomer with the structure
CH.=CH—CH=CH;. May be copolymerized with
styrene and with acrylonitrile. Its homopolymer is
used as a synthetic rubber.

C

Carbon black. A black pigment produced by the incom-
plete burning of natural gas or oil. It is widely used as a
filler or pigment, particularly in the rubber industry.
Because it possesses ultraviolet protective properties, it

G-2

is used in polyethylene sysiems such as cold water
piping and black agricultural sheet.

Cast. (1) To form a “plastic” object by pouring a fluid
monomer-polymer solution into an open mold where
it finishes polymerizing; (2) to form plastic {ilm and
sheet by pouring the liquid resin onto a moving belt or
by precipitation in a chemical bath.

f'nchna (n) The finished product t of a castin

should not be used for moldmg (gv).

e[S}

Cellulose acetate. An acetic acid ester of cellulose obtained
by the action, under rigidly controlled conditions, of
acetic acid and acetic anhydride on purified cellulose
usually obtained from cotton liners. All three available
hydroxyl groups in each glucose unit of the cellulose
can be acetylated, but in the preparation of cellulose
acetate it is usual to acetylate fully and then to lower
the acetyl value (expressed as acetic acid) to 52 to 56%
by partial hydrolysis. When compounded with suitable
plasticizers, the result is a tough thermoplastic
material.

Collulose acota

er of cellulase made
CuuiGsT MiaGe

fo hufurato An act v
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the action of a mixture of acetic and butyric acids and
their anhydrides on a purified cellulose. It is used in the
manufacture of plastics that are similar in their general
properties to cellulose acetate but are tougher and have
better moisture resistance and dimensional stability.

h
3

Cellulose plastics. Plastics based on cellulose compounds,
such as esters (cellulose acetate) and ethers (ethyl
cellulose).

Cellulose propionate. An ester of cellulose made by the
action of propionic acid and its anhydride on purified
cellulose. It is used as the basis of a thermoplastic
molding material.

Clarity. The characteristic of a transparent body that
allows distinct high-contrast images or high-contrast
objects to be observable through the body.

Cold flow. See Creep.

Cold molding. A procedure in which a composition is
shaped at room temperature and cured by subsequent

haling
CAaRilig.

Color. Sensation resulting from stimulation of the eye by
light containing different wavelengths. Produced in
transparent plastics by dyes that restrict passage of all
wavelengths except for the transmitted color.
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Compound. An intimated admixture of a polymer(s) with
all the materials necessary for the finished product.

Compression mold. A mold that is open when the
material is introduced and that shapes the material by
heat and by the pressure of closing.

Compression molding. A technique of thermoset molding
in which the molding compound (generally preheated)
is placed in the open mold cavity, the mold is closed,
and heat and pressure (in the form of a downward-
moving ram) are applied until the material is cured.

Compressive strength. Pressure load at failure of a shaped
specimen divided by a cross-sectional area of the
specimen, which is usually the original sectional area.

Conditioning. The subjection of a material to a stipulated
treatment to cause a uniform response to subsequent
testing or processing. The term frequently is used to
refer to the treatment given to specimens before
testing.

Copolymer. A polymeric system that contains two or
more monomeric units. See also Graft copolymer.

Coronaresistance. A current passing through a conductor
induces a surrounding electrostatic field. When voids
exist in the insulation near the conductor, the high-
voltage clectrostatic field may ionize and rapidly
accelerate some of the air molecules in the void. These
ions then collide with the other molecules to ionize
them and thereby “eat™ a hole in the insulation.
Resistance to this process is corona resistance.

Crazing. Fine cracks that may extend in a network on or
under the surface or through a laver of a plastic
material. Usually occurs in the presence of an organic
liquid or vapor, with or without the application of
mechanical stress.

Creep. The dimensional change with time of a material
under load that follows the initial instantaneous elastic
deformation. Creep at room temperature is called cold
flow.

Critical angle. When light passes from a more dense to a
less dense material, the angle (of incidence) at which all
incident light is reflected back internally along the
interface. Also referred to as total internal reflection.
The critical angle is calculated from the index of
refraction.

G-3

Cross-linking. The formation of primary valence bonds
between polymer molecules. When extensive, as in
thermosetting resins, cross-linking makes one infusible,
insoluble supermolecule of all the chains.

Crystallinity. A state of molecular structure in some
resins that denotes stereo-regularity and compactness
of the molecular chains forming the polymer. Normally
can be attributed to the formation of solid crystals
having a definite gecometric form.

Cure. Changing of physical properties of a material by
chemical reactions such as polycondensation, addition
polvmerization or vulcanization; usually accomplished
by the action of heat and catalysts alone or in
combination, with or without pressure,

Cycle. The complete, repeating sequence of operations in
a process or part of a process. In molding, the cycle
time is the period. or elapsed time, between a certain
point in one cycle and the same point in the next.

D

Degradation. A deleterious change in the chemical
structure or inherent properties of a material.

Degree of polymerization (DP). The number of structural
units, or -mers. in the polymer molecule in a particular
sample. The value is obtained from the molecular
weight of the polvmer divided by that of the -mer. If
“average” molecular weight is used. the value is the
“average” DP. In most polymers the DP must reach
several thousand if worthwhile physical properties are
to result.

Density. Mass per unit volume of a substance expressed
in grams per cubic centimetre (pounds-mass per cubic
inch).

Dielectric. Insulating material. In radio-frequency preheat-
ing, dielectric may refer specifically to the material
being heated.

Dielectric constant. Normally the dimensionless relative
dielectric constant; for practical purposes, the ratio of
the capacitance of an assembly of two electrodes
separated solely by a dielectric material to its capaci-
tance when the electrodes are separated solely by air.

Dielectric strength. The electric voltage gradient at which
an insulating material is broken down, or “arced
through™, in volts per millimetre (volts per inch) of
thickness.
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Differential scanning calorimetry. A technique for compar-
ing the rate of heat inputs for a polymer sample with
that of a standard, usually synthetic sapphire, for the
same rate of temperature rise.

Differential thermal analysis. A technique to record the
difference in temperature between a polymer sample
and a standard, usually synthetic sapphire, for the
same rate of heat input.

Dimensional stability. The ability of a plastic part to
retain its original dimensions during its service life.

Discoloration. Any change from the original color of a
plastic part. It may be caused by overheating, light
exposurc. 1;radiation, or chemical attack.

Dispersion. A material characteristic that causes some
wavelengths of light to be transmitted with different
: Thus a passage of a white light
source results in a spectrum of colored bands diffracted
in the order of their respective wavelength.

USSP S
icirdacuoin,

Dissipation. See Power factor.

Distortion. A visual aberration through a transparent
material in the form of haze or fog; blurred, displaced,
or deformed images. Distortion normally results from

scattered licht. or

Svalivitte Dty

nanunifarm material thml{npce
nonunmiiorm matenal thicyness

changes 1n refractive index that result from environ-
mental effects.

Draft. The degree of taper of a side wall or the angle of
clearance designed to facilitate removal of parts froma
mold.

Ductility. The extent to which a solid material can be
drawn into a thinner cross section.

Durometer hardness. Hardness of a material as measured
by the Shore durometer.

Dynamic mechanical testing. A dynamic test in which a
polymer is subjected to a cyclic, usually sinuscidal,
deformation, and stress and strain are recorded con-
tinuously.

E

Elastic deformation. The part of the deformation of an
object under load that is recoverable upon removal of
the load.

P Y [a ) TP
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recover its original size and shape a fte deformation. If
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the strain is proportional to the applied stress, the
material is said to exhibit Hookean, or ideal, elasticity.

Elastomer. A material that at room temperature stretches
under low stress to at least twice its length and snaps
back to the original length upon release of the stress.

Electromagnetic spectrum. A band of electromagnetic
radiation referred to as a spectrum that extends from
gamma rays, through X rays, uitraviolet radiation,
visible radiation, infrared, microwave, and all other
wavelengths of radio energy.

Elongation. The fractional increase in length of a material
stressed in tension.

Encapsulating. Encasing an article (usually an electronic
component) in a closed envelope of plastic by immers-
ing the ObJCCt in a castmg resin and allowing the resin

Environmental stress cracking (ESC). The susceptibility
of a thermoplastic to crack or craze under influence of
chemical treatment and; or mechanical stress.

Epoxy resins. Based on ethylene oxide, its derivatives, or
homologs, epoxy resins form straight-chain thermo-
plastics and thermosetting resins, e.g., by the conden-
sation of hl\nhf-nnl and emch!ornhvdrm to vleld a
thermoplastlc that is converted to a thermoset by
active hydrogen-containing compounds, c.g., poly-
amines and dianhydrides.

Ethyiene-vinyi acetate. Copolymer of ethyiene and vinyi
acetate having many of the properties of polyethylene
but of considerably increased flexibility for its density;
elongation and impact resistance are also increased.

Exotherm. (1) The temperature/time curve of a chemical
reaction giving off heat, particularly the polymerization
of casting resins. (2) The amount of heat given off. The
term has not been standardized regarding sample size,
ambient temperature, degree of mixing, etc.

Extrusion. The compacting of a plastic material and
forcing it through an orifice more or less continuously.

F

Fabricate. To work a material into a finished form by
machining, forming, or other operation, or to make
flexible film or sheeting into end products by sewing,
cutting, sealing, etc.
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This term usually refers to relatively short |

of very small cross sections of various materials. Flbers
can be made by chopping filaments (converting).
Slaplc fibers may be 13 mm (0.5 in.) to several

r

LCHUH)CUCS (mcnc,s) in lCl]Eln and usually from one to

iber.

Fiberglass. A widely uscd reinforcement for plastics that

consists of fibers made from borosilicate and other
lormulatmns of g,ldss The reinforcements are in the

‘in {~ tinuous or

rovi ing (Conunuous o

milled, or woven fabric.

Filament winding. Roving or single strands of glass,

metal. or other reinforcement are wound in a pre-
determined pattern onto a suitable mandrel. The
pattern is designed to give maximum strength in the
directions required. The strands can be run from a
creel through a resin bath before winding, or pre-
impregnated materials can be used. When the right
number of layers has been applied. the wound mandrel
is cured at room temperature or in an oven.

Filler. An inexpensive, inert substance added to a plastic

to make it less costly. Fillers may also improve physical
properties, particularly hardness, stiffness, and impact
strength, The particles are usually small in contrast to
those of » rmn/nn enment (/l\\ hut there is some overlan
ot

ap
between the functions of the two types of material.

Film. An optional term for sheeting having 4 nominal

thickness not greater than 0.254 mm (0.01 in.).

Flame-retardant resin. A resin compounded with certain

Flammabili ty. Measure of the extent to w

chemicals to reduce or eliminate its tendency to burn.
For polyethylene and similar resins, chemicals such as
antimony trioxide and chlorinated paraffins are useful.

will support combustion.

hich a material

Flexibilizer. An additive that makes a resin or rubber

more flexible. Aiso called plasticizer.

Flexural strength. The strength of a material in bending

expressed as the tensile stress of the outermost fibers of
a bent test sample at the instant of failure. With plastics
this value is usualily higher than the straight tensile

ot - ath
Strengin.

Fluidized bed coating. A mcthod of applying a coating of

a thermoplastic resin to an article in which the heated
drtlclc 1S 1mmer<ed in a dense phase ﬂmdwed bed of

1 s A

wven to
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Fluorinated ethylenepropylene (FEP). A member of the

fluorocarbon family of plastics. It is a copolymer to
tetrafluoroethylene and hexafluoropropylene that
posses‘ses most of the properties of polvietra-

"""""" and also has a melt

\l\L()Sll) IUW en
plastic processing. Avallable n pellet form for moldmg
and extrusion and as dispersions for spray or dipcoating
processes.

Fluoroplastics (formerly called fluorocarbons). The family
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good thermal and chemical resistance dnd non-
adhesiveness, and possess a low dissipation factor and
low dielectric constant. Depending upon which of the
Iluorocaroons is usco me\ are d\dllleC as molomg

2.2

Foamed plastics. Resins in sponge form. The sponge may

be flexible or rigid. the cells closed or interconnected,
and the density anything from that of the solid parent
resin down to, in some cases, 32.04 kg/m” (2 Ibm; ft").

rnr| faame ig fair
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makes them useful as core materials for sand

structures. Both types are good heat barriers.
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Compressive strength of and it
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Foil decorating. Molding paper. textile, or plastic foil

printed with compatible inks directly into a plastic part

so that the foil 1s visible below the surface of the part as
inteoral decoration
1314 1air uLvulratiuvii

Friction welding. A method of welding thermoplastic

materials in which the heat necessary to soften the
components is provided by friction.

Furan resins. Dark-colored, thermosetting resins that are

from low-viscosity nolvmers

nrimarily houids ranoinge
uigs ngirom IOW-visCosily polymers
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to thick, heavy syrups. Based on furfuryl or furfuryl
alcohol.

G

Glass transition. The change in an amorphous polymer or

in amorphous regions of a partially crystaiiine polymer
from (orto) a viscous or rubbery condition to (or from)
a hard

This transition

and relmne]v brittle one.
generallyfoccurs over a relatively narrow temperature
region and is similar to the sohidification of aliquid to a

glassy state: it is not a phase transition. Not only do
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iess undergo rapid changes in this
temperature region, but other properties such as
thermal expansibility and specific heat also change
rapidly. This phenomenon has been called second-
order transition, glass transition, rubber transition,
and rubbery transition.

Glass transition temperature (T;). The temperaturc region
in which the glass transition occurs. The measured
value of the glass transition temperature depends to
some extent on the method of test. See also Glass
transition.

Gloss. Ratio between the reflected flux scattered within a
certain solid angle to the incident fiux. Used to indicate
relative surface shininess, distinctness of reflected
images, and texture.

Graft copolymer. A chain of one type of polymer to which
side chains of a different or the same type are attached
or grafted, e.g., simultaneous polymerization of
butadiene and styrene monomers. See also Copolymer.

o
Hardness. The resistance of a plastic material to com-
pression and indentation. Among the most important
methods of testing this property are Brinell hardness,
Rockwell hardness, and Shore hardness. See also
Brinell hardness and Rockwell hardness and Shore
hardness.

Haze. The cloudy or turbid aspect or appearance of an
otherwise transparem specimen that is caused by hghl
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Heat distortion point. The temperature at which a standard
test bar deflects 0.254 mm (0.01 in.) under a stated
pressure of either 0.455 or 1.82 MPa (66 or 264 psi).

Heat sealing. A method of joining plastic films by
simultaneous application of heat and pressure to areas
in contact. Heat may be supplied conductively or

dielectrica 2”\1

il

Homopolymer. A polymer consisting of only one
monomeric species.

Hot gas welding. A technique used to join thermoplastic
materials (usually sheet). The materials are softened by
ajet of hot air from a welding torch and joined together
at the softened points. Generally a thin rod of the same
material is used to fill and consolidate the gap.

Hot stamping. Engraving operation for marking plastics
in which roll leaf is stamped with heated metal dies

D
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bc uscd By means of felt rolls ink 1s applied to type,
and by means of heat and pressure, the type is
impressed into the material and leaves the marking
compound in the indentation.

Hydrolysis. Chemical reaction of a substance with water.

Hygroscopic. Tends to absorb moisture.

1

Impact resistance. Relative susceptibility of plastics to
fracture by shock, e.g., as indicated by the energy
expended by a standard pendulum-type impact
machine in breaking a standard specimen in one blow.

Impact strength. (1) The ability of a material to withstand
shock loading. (2) The work done in fracturing, under
shock loading, a specified test specimen in a specified

manner.

Injection blow molding. A blow-molding process in
which the parison to be blown is formed by injection
moiding.

Injection molding. A molding procedure whereby a heat-
softened plastic material is forced from a cylinder into
arelatively cool cavity that gives the article the desired
shape.

Insulation resistance. The electrical resistance of an
insulating material to a direct voltage. It is determined
by measuring the leakage of current that flows through

the |ncn|)1|nn
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Izod impact test. A test designed to determine the
resistance of a plastics material to shock loading. It
involves the notching of a specimen, which is then
placed in the jaws of the machine and struck with a
weighted pendulum. See also Impact strength.

nlastic mqtpnnl to recict
iastic material to resist

fddm after exposure to sunlight or ultraviolet light.
Nearly all plastics tend to darken under these condi-
tions.

Light scattering. The deviation of that portion of the
transmitted light due to optical inhomogeneities in the
material. The scattering effect is normally referred to
as haze (qv).

Loss factor. The product of the power factor and the
dielectric constant (qv).
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Luminous transmittance. The ratio of the luminous flux
transmitted by a body to the flux incident upon it.

Matched metal molding. Method of molding reinforced
plastics between two close-fitting metal molds mounted
in a hydraulic press.

Melamine formaldehyde resin. A synthetic resin derived
from the reaction of melamine (2.4,6-triamino-1.3.5-

U Y TN SR B Dy
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Melt index. The amount in grams of a thermoplastic resin
that can be forced through a2.1-mm (0.083 in.) orifice
when subjected to 21.2 N (4.8 1bf) force in 10 min at
190°C (374°F).

any high polymer.

Metallizing. Applying a thin coating of metal to a
nonmetallic surface. May be done by chemical deposi-
tion or by exposing the surface to vaporized metal in a
vacuum chamber.

Adntblacs] cosndbormnmasdndas A ~nlAaslace rnlaeilal A Aavisind
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from acetone Cvannhvdri . methanol, and dilute

sulphuric acid and used in the production of acrvlic

resins (gv).

Methylpentene polymer. A thermoplastic material based
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thermal range, and excellent electrical properties.
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Modulus of elasticity. Stress/strain ratio in a plastic
material that is elastically deformed.

Mohs’ value. A measure of hardness based on a scale
established in 1822 by Frederick Mohs that gives a
relative ranking of minerals in the order in which one
will scratch another.

Moisture-vapor transmission. The rate at which water
vapor permeates through a plastic film or wall at a
specified temperature and relative humidity.

Mold. (v) To shape plastic parts or finished articles by
heat and pressure. (n) (1) The cavity or matrix into
which the nl/!\tl(‘ (‘nmnnuhnn 18 placed

which it mkes its form. (2) The assembly of all the parts
that function collectively in the molding process.

and from

Mold shrinkage (shrinkage, contraction). The difference

indimensions. expressed in mm/ mm (in. /in.). between
MEIUTIIIVIIDIUILD, LAI)I\J’)\(U it llllll 2R lll JaULLWLLILL
amolding and the mold cavityin which it was molded.
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Both the mold and the molding are at normal room
temperature when measured.
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molcculcs thdt comprise the polymer. Refers to the
average weight of the molecules in the mixture of
different sizes that normally exist.

Molecuiar weight distribution. A measure of the frequency
of occurrence of the different molecular weight chains

contained
a

LOaliic

in a homologous nolyvmeric system. The
in a nomoiogous eric s

p ULyl b N B i i

ratio of the weight average molecular weight is some-
times used as an indication of the breadth of the

distribution.
Monomer. A relatively s ple compound that can react
to form a polymer. Se also Polymer.

Morphology. Refers to the overall form of a polymer
structure, i.e., crystallinity, branching, molecular
weight, etc.

by idac 'l ev can ha £~ mtn v ndilnant
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nd yarns f‘h..r cterized by greM toughness, strength

and elasticity, high melting point, and good resistance

to water and chemicals. The matendl is widely used for
bristles in industrial and domestic brushes and for
many textile applications: it is also used in injection
moiding gears, bearings, combs, etc.

0

A group of unsatura

ated

hydroca of the
general formuld CxHay and named after the correspond-
ing paraffins by the addition of “ene” or “ylene™ to the

stem. Examples are ethylene and pentene-I.

bon
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Orientation. Alignment of the crystalline structure in
polymeric materials in order to produce a highly
uniform structure. Can be accomplished by cold

mm.

drawing or stretching in fabricati

P

Permanent set. The increase in length, expressed as a
percentage of the original length, by which an elastic
material fails to return to original length after being
stressed for a standard period of time.
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Permeabiiity. (1) The passage or diffusion of vapor,
liquid, or solid through a barrier without physically or
chemically affecting the barrier. (2) The rate of such
passage.

Phenolic resin. A synthetic resin produced by the conden-
sation of phenol with formaldehyde. Phenolic resins
form the basis of a family of thermosetting molding
materials, laminated sheet and oven-drying varnishes.
They are aiso used as impregnating agenis and as
components of paints, varnishes, lacquers, and
adhesives.

Plastic. (adj) Pliable and capable of being shaped by
pressure.

Plastic deformation. A change in dimensions of an object
under load that is not recovered when the load is

e ntads Ammaon
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Plasticizer. Chemical agents added to plastic compositions
to improve flow and processability and to reduce
brittleness. These improvements are achieved by lower-
ing the glass transition temperature.

Polyamide. A polymer in which structural units are
linked by amide grouping. Many polyamides are fiber

formers.

Polyblends. A mechanical (nonchemical) mixture of two
or more polymers, e.g., polystyrene and rubber.

Polycarbonate resins. Polymers derived from the direct
reaction between aromatic and aliphatic dihydroxy
compounds with phosgene or by the ester exchange
reaction with appropriate phosgene-derived pre-
cursors. Structural units are linked by carbonate

groups.

Polyester. A resin formed by the reaction between a
dibasic acid and adihydroxy alcohol- -both organic—
or by the polymerization of a hydroxy carboxyiic acid.
Modification with multifunctional acids and/or
alcohols and some unsaturated reactants permit cross-
linking to thermosetting resins.

Polyethylene. A thermoplastic material composed solely
of ethylene. It is normally a translucent, tough, waxy
solid that is unaffected by water and by alarge range of
chemicals.

Polyimide resins. Aromatic polyimides made by reacting

pyrometallic dianhydride with aromatic diamines.
Characterized by high resistance to thermal stress.

G-8

Appiications inciude components for internai com-
bustion engines.

Polyisobutylene. The polymerization product of iso-
butylene. It varies in consistency from a viscous liquid
to a rubberlike solid with corresponding variation in
molecular weight from 1000 to 400,000.

Ponmer Ahigh molecular- weightcompound natural or
syluucu&, whose structure can uauau_y be represemcu
by a repeated small unit, the -mer, e.g., polyethylene,
rubber, and cellulose. Synthetic polymers are formed
by addition or condensation polymerization of
monomers. Some polymers are elastomers, some are

plastics, and some are fibers.

Polymerization. A chemical reaction in which the high-
molecular-weight molecules are formed from the

Ariainal substances. When two Or more mo m
Origifia: 5ussiancd vy NCh Nnore monoemers are

involved, the process is called copolymerization or
heterpolymerization.

Polymethyl methacrylate. A thermoplastic polymer
synthesized from methyl methacrylate. It is a trans-
parent solid with exceptional optical properties and
good resistance to water. It is obtainable in the form of
sheets, granules, solutions, and emulsions. Polymethyl
methacrylate is extensively used for aircraft domes,
lighting fixtures, decorative articles, etc.; it is also used
in optical instruments and in surgical appliances.

Polyphenylene oxide. A polyether of 2,6-dimethyl-phenol
synthesized via an oxidative coupling process by
means of air or pure oxygen in the presence of a
copper-amine complex catalyst.

Polypropylene. A tough, lightweight, rigid plastic made
by the polymerization of high-purity propylene gas in
the presence of an organometallic catalyst at relatively
low pressures and temperatures.

Polysiioxanes. Polymers ihat contain the Si-O linkage.
Usually synthesized by the polycondensation of silanols.

Polystyrene. A water-white thermoplastic produced by
the polymerization of styrene (vinyl benzene). The
electrical insulating properties of polystyrene are ex-
tremely good, and the material is relatively unaffected
by moisture.

D1
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linkages. An example of this type of polymer is
Thiokol® rubber, which is synthesized from organic
dihalides and sodium polysulfide.



TEBHNICAL LIBRAQY

MIL-HDBK-755(AR)

Polysulfone. A polymer containing the sulfone linkage.
These thermoplastic materials exhibit exceptional
high-temperature and low-creep properties, have arc
resistance, are self-extinguishing, and may be molded
and extruded.

Polytetrafluoroethylene (PFTE) resins. Members of the
jluoroplastl( (qv) family of plastics made by the
polymerization of tetrafluoroethylene. PTFE is char-
acterized by its extreme inertness to chemicals, very
high thermal stability, and iow frictional properties.
Among the applications {or these materials are bear-
ings, fuel hoses, gaskets, tapes, and coatings for metal

and fabric.

Polyurethane resins. A family of resins produced by
reacting diisocyanates in excess with glycols to form
polymers hdvmg free isocyanate groups. Under the

influence of heat or certain catalysts, these groups will
react with each other or with water, glycols, etc., to

form a thermoset.

Polyvinyl chloride (PVC). A thermoplastic polymer
synthesized from vinyl chloride; a colorless solid with
outstanding resistance to water, aicohols and con
centrated acids and alkalies. It is obtainable in the
form of granules, solutions, and pastes. Compounded
with plasticizers, it yields a flexible material (plastisol)
superior to rubber in aging properties. Widely used for
cable and wire coverings and in making protective

garments.

Polyvinyl chloride acetate. A thermeoplastic copolymer of
vinyl chloride and vinyl acetate; a colorless solid with

good resistance to water, concentrated acids, and
alkalies. It is obtainable in the form of granules,
solutions and emulsions. Compounded with plastici-
zers. it yields a flexibie material superior to rubber in
aging properties. Widely used for cable and wir

coverings and in protective garments.

a
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Polyvinylidene chloride. A thermoplastic polymer of vi-
nylidene chloride (1.1-dichloroethylene). It is a white
powder with a softening temperature of 185° to 200°C.
(%65” to 392°F) The material is also supplied as a

ymer with acrylonitrile or viny! chloride and yields
{ucts that range from the sn_t flexible type to the rigid
inylidene chloride is also known as saran.

Postforming. The forming, bending, or shaping of thermo-
set ldmmates that have been heated to ma 'k them

o oo
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Potting. Similar to encapsulating (qv) except that steps
are taken to insure complete penetration of all the
voids in the object before the resin polymerizes.

voltage by 90 deg. When a loss takes place in the
insulation, the absorbed current, which produces heat,
disrupts the 90-deg relationship in proportion to the
current absorbed by the dielectric. The power factor is
the cosine of the angle betw o'ltage applied and the
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Prepolymer. (1) A chemical intermediate whose molecular
weight is between that of the monomer or monomers
and the final polymer or resin.

~

Reflectance. Ratio of the luminous reflected flux or light
to incident flux. The amount of reflected light from a
surface is related mathematicaliy and is dependent on
the angie of incidence and the refractive index of the
transparent material as well as the smoothness and
polish of the surface.

Refractive index. Ratio of the measured angle of incidence
to the angle of refraction when light passes from one
medium to another. The value expressed in tables is

termed the absolute index because the first medium is

air, which is equivalent to measurement in a vacuum
The standard test procedure is ASTM D542

Reinforced molding compound. Compound containing
resin and a reinforcing filler that is supplied in the form
of ready-to-use materials.

Remforcemenls are usua]ly long flbcrs of gldss, blbdl,
cotton, etc., in woven or nonwoven form. To be
effective. the reinforcing material must form a strong
adhesive bond with the resin.

Residual stress. The stressesrem

ai_n_i_n_gmanlacn(‘ art as

mechanical treatment.

Resin. Any of a class of solid or semisolid organic
products of natural or synthetic origin, generally of
high molecular weight, and with no definite meliing
point. Most resins are polymers (gv).
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Resistivity. The ability of a maierial o resist passage of
electrical current either through its bulk or on a
surface. The unit of volume resistivity is the ohm-cm,
of surface resistivity, the ohm.

Resolution. The capability of an optical system to
transmit clear and distinguishable parts of an object.
Loss of resolving power is due to poor surface finish
and poor quality material. Resolution is synonymous

writh Alnest
witll viatit

Rheology. The study of flow of polymeric materials on a
macroscopic and microscopic level.

Rockwell hardness. A common method of testing a
plastic material for resistance to indentation in which a
diamond or steel ball is used under pressure to pierce
the test specimen. The load used is expressed in
kilograms (pounds-mass). A 10-kg (22 0-lbm) weight
is first applied and the degree of penetration noted.
The so-called major load, 60 to 150 kg (132.3 to 330.7
Ibm), is next applied, and a second reading is obtained.
The hardness i1s then calculated as the difference
between the two loads and expressed with nine
different prefix letters to denote the type of penetrator
used and the weight applied as the major load.

Rotational casting (or molding). A method used to make
hollow articles from plastisols and latices. Plastisol is
charged into a hollow mold capable of being rotated in
one or two planes. The hot mold fuses the plastisol into
a gel after the rotation has caused it to cover all
surfaces. The moid is then chilied and the product
st:aped out.

S
Self-extinguishing. A somewhat loosely used term describ-
ing the ability of a material to cease burning once the
source of flame has been removed.

Shear strength. (1) The abihty of a material to withstand
shear stress. (2) The stress at which a material faiis in
shear.

Shear stress. The stress development in a polymer melt
when the layers in a cross section are gliding along cach
other or along the wall of the channel (in laminar flow).
The stress is defined by the force divided by the sheared
area.

fi
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ermoplasticy. A flat section of a
resin with the length considerably greater than the

width and 0.254 mm (10 mil) or greater in thickness.

Shore hardness. A meihod of determining ihe hardness of
a plastic material. The device used consists of a small
conical hammer fitted with a diamond point and acting
in a glass tube. The hammer is made to strike the
material under test, and the degree of rebound is noted
on a graduated scale. Generally the harder the material,
the greater will be the rebound.

Shrinkage. Contraction of a molded material upon

119
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Sink mark. A shallow depression or dimple on the surface
of an injection-molded part due to collapsing of the
surface following local internal shrinkage after the gate
seals. May also be an incipient short shot.

Softening range. The range of temperatures in which a
plastic changes from a rigid to a soft state. Actual
values will depend on the method of test. Sometimes

erroneously referred to as softening point.

Solution. Homogeneous mixture of two or more com-
ponents, e.g., gas dissolved in gas or liquid or a solid
dissolved in a hquid.

Solvation. The process of swelling, gelling, or dissolving
of a resin by a solvent or plasticizer.

Specific gravity. The density (mass per unit volume) of
any material divided by that of water at a standard
temperature, usually 4°C (39.2°F). The density of
water is nearly 1.00 g/cm’; therefore, density in g/cm’

and specific gravity are nearly equal numericail

y.

Specific heat. The ratio of the quantity of heat required to
raise the temperature of a mass one degree to that
required to raise the temperature of an equal mass of
water one degree.

Specular transmittance. The transmittance value obtained
when the measured transmittance flux includes only
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SPI tolerances. A presentation of workable tolerance
values that can be achieved in molding various
materials.

Spin welding. A process of fusing two objects together by
forcing them together while one of the pair is spinning
until frictional heat melts the interface. Spinning is
then stopped, and pressure held until they are frozen
together.
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Stabilizer. Aningredient used in the formulation of some
polymers to assist in maintaining the physical and
chemical properties of the compounded materials at
their initial values throughout the processing and
service life of the material, e.g., heat and w/rravioler
(gv) stabilizers.

Stress crack. External orinternal crack in a plastic caused
by tensile stresses. The development of such a crack is
frequently accelerated by the environment to which the
plasticisexposed. The stresses that cause cracking may
be present internally or externally or a combination of
both. Appearancc of a network of fine cracks is called
crazing (gv).

Surface resistivity. The electrical resistance between
opposite edges of a unit square of insulation material.
It is commonly expressed in ohms.

Tensile bar (specimen). A compression- or injection-
molded specimen of specified dimensions used to
determine the tensile properties of a material.

Tensile strength. The pulling stress in pascals (pounds per
square inch) required to break a given specimen. Area
used in computing strength is usually the original,
rather than the necked-down, area.

Terpolymer. A polymeric system that contains threc
monomeric units, e.g.. ABS (acrylonitrile, butadiene,
styrene) terpolymer.

Thermal conductivity. Ability of a material to conduct
heat; quantity of heat that passes through a unit cube
of a substance in a unit of time when the difference in
temperature between the two faces is one degree.

Thermal expansion (coefficient of). The fractional change
in length (sometimes volume specified) of a material
for a unit change in temperature. Values for plastics
range from 107 to 2X10 * mm/mm-°C (1.8X10 " to
36X10 " in./in.°F).

Thermal stress cracking (TSC). Crazing and cracking of
some thermoplastic resins resulting from overexposure
to elevated temperatures.

Thermoforming. Any process of forming thermoplastic
sheet that consists of heating the shect and pulling it
down onto a mold surface.

Thermoplastic. (adj) Capable of being repeatedly softened
by heat and hardened by cooling. (1) A material having
a linear macromolecular structure that will repeatedly
soften when heated and harden when cooled. Typical

of the thermoplastics family are the styrene polymers
and copolymers, acrylics, cellulosics, polyethylenes,
vinyls, nylons, and the various fluorocarbon materials.

Thermoset. A material that will undergo a chemical
reaction by the action of heat, catalysts, ultraviolet
light, etc., leading to a relatively infusible and cross-
linked state. Typical of the plastics in the thermosetting
family are the epoxies, glyptals, ureaformaldehyde
resins, and phenolics.

Thixotropic. Said of materials that are gel-like at rest but
fluid when agitated. Liquids containing suspended
solids are apt to be thixotropic. Thixotropy is desirable
in paints.

Torsion pendulum. A dynamic mechanical test used to
determine the elastic and loss modulus of plastics over
a range of temperatures.

Transfer molding. A method of molding thermosetting
materials in which the plastic is first softened by heat
and pressure in a transfer chamber then forced at high
pressure through suitable sprues, runners, and gates
into a closed mold for final curing.

Transmittance. Ratio of the luminous flux or light
transmitted through a material to that of the incident
flux. Also referred to as diffuse transmittance,
luminous transmittance. When the light source is
monochromatic light, it is called specular trans-
mittance (qv).

Transparency. A characteristic of a material that allows
various wavelengths of energy to pass through with a
negligible portion of it scattered. Optical transparency
is measured by its light-scattering characteristics (haze)
and retractive index at the visible wavelengths of light.
Of related interest in plastics is the transparency or
transmittance at ultraviolet and infrared wavelengths.

U

Ultrasonic sealing. A film-sealing method in which sealing
is accomplished through the application of vibratory
mechanical pressure at ultrasonic frequencies (20 to 40
kHz). Electrical energy is converted to ultrasonic
vibrations through the use of either a magnetostrictive
or piesoelectric transducer. The vibratory pressures at
the film interface in the sealing area develop localized
heat losses that melt the plastic surfaces and thereby
effect the seal.

Ultraviolet (UV). Zone of invisible radiation beyond the
violet end of the spectrum of visible radiation. UV
radiation 1s of shorter wavelength than visible; there-

G-11
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fore, it is of higher energy. Energy is sufficient to
inititate some chemical reactions and to degrade most
plastics.

Urea-formaldehyde resin (urea resin). A synthetic thermo-
set resin derived from the reaction of urea (carbamide)
with tormaldehyde or its polymers.

UV stabilizer (uliraviolet). Any chemical compound that,
when admixed with a thermoplastic material, selectively
absorbs UV rays.

\Y

v

Vacuum forming. Method of sheet forming in which the
plastic sheet is clamped in a stationary frame, heated,
and drawn down by a vacuum into a mold. Loosely,
the term is sometimes used to refer to all sheet-forming
techniques involving the use of vacuum and stationary
molds.

Volume resistivity (specific insulation resistance). The

facac of a 1_
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clectrical resistance betwee
centimetre (0.39-inch) cube of insulating material. It is
measured under prescribed conditions using a direct
current potential after a specified time of electrifica-
tion. It is commonly expressed in ohm-centimeters.
The recommended test is ASTM D257.
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Wavelength. The length of a wave measured from one
point on the wave to a corresponding point on the next
wave, which denotes the various forms of radiani
energy that comprise the electromagnetic spectrum.

Weathering. The process of degradation and decomposi-
tion that results from exposure to the atmosphere, to
chemical action, and to the action of other natural
environmental factors.

Weatherometer. An instrument used to subject articles to
accelerated weathering conditions, e.g., rich UV source
and water spray.

White light. An energy source that produces radiant
energy having the same color sensation to the eye as
average noon sunlight.

Y

Young'’s modulus of elasticity. In an ideal (Hookean)
elastic deformation in which the stress is proportional

ung’s modulus o of elasticity F'in tension

is the ratio of stress to axial strain.

tothe ur/nn Yon

compression

Yield value (yvield strength). The lowest stress at which a
material undergoes plastic deformation. Below this

i i4 mreo

astic, above it,

siress the miat erial is el ViSCOUS.
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INDEX
A C
bbe constant, 6-5 Cams, 7-4
Abbe refractometer, 6-4 Capacitance, 5-3
Ablation, 4-7 Carbon monoxide, 4-10
Abrasion Carbonization, 5-12
resistance, 6-8 -6-9, 7-3, 7-4—7-5, 7-6 Casting, 2-6
tests, 7-5 Cellular plastics, 4-3, 4-8
Armstrong Abrader, 7-5 Charring, 4-6
Taber Abraser, 7-5 Chemical

Abrasive environment

test of plastics for use in, 6-8
Absorption, 6-5, 8-4
Accelerated testing, 1-6, 2-4
Acceleration, 1-5, 3-8

z

f\LIVHL 0 L 0 0,

Additives, 1-2

Adhesive wear, 7-6

Aesthetics, 2-2, 2-8

Aging, 4-2, 5-1,8-2,8-5—-8-6

Aircraft windshields, 6-1, 6-8

Alternating current, 5-1, 5-3, 5-6

American National Standards Institute, 2-8

American Society for Testing and Mate
29

Amorphous thermoplastics, 1-3, 4-4

Angle of incidence, 6-3, 6-6

Angle of rcfrdction 6-3, 6-6

Amsotroplc -10, 3-17, 4-2, 5-1

nt madnh 2_112
/\ppan..ut modauius, 5-15

Appearance, 2-4, 8-3, 8-4, 8-6, 8-7

Applied voltage, 5-2, 5-4, 5-7, 5-9, 5-11

Arc resistance, 5-1, 5-9, 5-11--5-12
failure, 5-12

Armstrong abrader, 7-5

Artificial light, 6-9

6-7

rials

Bearing, 7-3, 7-4
Blow molding, 2-6

Boitzmann superposition principle, 3-12

Dene

~h 1.2
l)ldllbllLU l}UlylllCl i->

5-2

Breakdown \/nltdg(_
Brittleness, 3-21
Bulk modulus, 3-22
Burning
characteristics, 4-6, 4-7, 4-8
extent, 4-¥
rate, 4-§

resistance, 2-3, 4-7, 8-1, 8-2
test, 8-3--8-4
structure, 1-2, 1-3, 4-1
Chromatic aberration, 6-4

Clarity, 6-1, 6-8

8-4

friction, 7-3—7-4
test methods, 7-3-—7-4
linear thermal expansion, 4-2
Color, 1-2, 2-4, 6-8
Color change, test for, 6-8

Combustion products, 4-10
2.3

{‘nmr\ah}“l-hr
L UMipaau oy,

Composite materials, [-2
Compressing molding, 2-6
Compressive properties, 3-1, 3-21, 8-3
Conductivity, thermal. See Thermal conductivity
Constant load, 3-4--3-5
Contaminants, 5-12
Continuous use temperature, 4-2
Copolymers, 1-3
Corona resistance, 5-1, 5-4, 5-12-—5-13
test, 5-12--5-13

Cost, 2-1, 2-2, 2-3,4-7
Cracking, 5-2, 5-12, 6-1
Creep, 2-3, 3-3, 3-4, 3-5, 3-10--3-15, 7-2
compliance, 3-13
deformation, 3-6, 3-10—3-12, 3-16

flexural, 3-12

lateral contraction, 3-12
modulus, 3-12, 3-13--3-14
primary, 3-5

recovery, 3-5, 3-6, 3-13 7-2

rupture, 3-6, 3-14---3-15
test, 3-15

secondary, 3-5, 3-6

tertiary, 3-5
test, 3-11—3-12
Critical angle. 6-5

Cross-link, 1-2, 1-3

Ly 1
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|9
Crystallme polymers 1-3,
Current, 5-1
Curing, 1-2
Cyclic loading, 3-9--3-10, 3-14

D

Decomposition, 4-4, 4-6
Decorating, 2-7, 2-8
Deformation versus time, 3-1
Degradation, 5-12, 8-2, 8-7
Density, 7-1

measurement, 7-1

Design, 1-3, 2-1, 2-2, 2-3, 2-8, 2-9, 3-1, 3-17, 3-21, 4-2,

4-3
Designing for function
design finalization, 2-5
design requirements, 2-2
general, 2-2
initial product design, 2-3
material selection, 2-3--2-4
prototype evaluation, 2-4-
Desorption, 8-4
Deterioration, -5, 8-2, 8-7
Dielectric, 5-2--5-3
constant (permittivity), 5-3, 8-7
testing, 5-4
loss angle, 5-6
loss characteristics, 5-6
phase angle, 5-6
strength, 8-7, 8-8
measurement, 5-2-—5-3
Diffc. >ntial scanning calorimetry, 4-1, 4-4, 4-6
Differential thermal analysis, 4-1, 4-6
Diffusivity, 4-4
Dilatometer, 4-2
Dimensional changes, 2-3, 2-7, 4-1,
8-7
Dimensions, 2-3, 2-4, 5-12, 8-3
Direct shear, 3-22—3-23
Discoloration, 6-1, 8-2
Dispersion, 6-4-—6-5
Dissipation factor, 5-6-—5-7
test, 5-6—5-7
Distortion, 6-1
Dripping, 4-7
Drop impact, 3-23, 3-24
test, 3-24--3-25
Ductile, 3-21
Dust, 6-8

TNaict_and _fao tact &
LsuditTaliu- IUB e D\ s

Dynamic friction, 7-3

2-5

17
14

4-3, 8-3, 8-4, 8-6,

E
Elastic
deformation, 3-3, 3-5, 3-8, 7-3
limit, 3-1
Elastomers, 1-1
Electrical

properties, 1-4, 4-6, 5-1, 5-3, 5-4, 5-9, 5-10, 5-11, 5-12,
8-1, 8-4, 8-8

recistance 5-9--5-12

HAVNVI DR S § L

arc, 5-11--5-12

surface, 5-10—5-11

volume, 5-9—5-10
Electromagnetic spectrum, 6-2
Embrittlement, 5-12
Engineering design, 1-3, 2-1
Engineering plastics, 1-2
Enthalpy, 4-4
Environmental factors, 1-5—

6-8--6-9

Expansion coefficient, 4-3
Extrusion, 2-6

1-6, 2-2, 2-3, 3-1, 3-11, 5-1,

n
r

Fatigue properties, 2-3, 3-9—3-10, 3-25—3-26
Fatigue strength test, 3-25—3-26
Federal Test Method Standard, 1-4
Fiber optics, 6-1, 6-5
Fibers, 1-1
Fillers, 1-2, 2-3,4-2, 5-3
Films, 4-8, 5-3
Finishing, 2-4, 2-7
Fire 4-1 4-6 4-10
hazard tests, 4-7
First order transition, 4-4
Fischer-Johns melting point apparatus, 4-4
Flame
extinction, 4-7
spread, 4-7
Flammability, 4-1, 4-7—4-8
tests, 4-7—4-8
Flexural creep, 3-12
Flexural properties, 3-5, 3-17, 8-3
Fog, 1-5
Frequency, 5-1, 5-4, 5-7
Fresnel’s equation, 6-6
Friction coefficient, 7-3—7-4, 7
test methods, 7-3—7-4
Functional requirements, 2-2

P
-0
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Gas Pmlxunnc test for, 4-10

Gas permeablhty, 8-2
Gears, 7-3, 7-4
Glass transition temperature, 4-1, 4-2, 4-4, 4-6
determination, 4-6
test, 4-6
Gloss, 7-5
Goggles, 6-1,

6-8

H

Hardness, 7-1—7-2, 7-6, 8-2
test, 7-2
portable impressor, 7-2
Haze, 6-8
measurement of, 6-8
testing for, 6-8
Heat aging, 4-2, 5-1, 8-2, 8-6—8-7
tests, 8-6—8-7
Heat flux, 4-3
Heat, internal frictional, 3-9
Heat transfer, 4-3

alannl. 1.1

Hl&ll moiccuiar ‘v‘v’C'g i-1
High-rate loading, 3-4 3-8v3-10

Homopolymers, 1-3

Hookean-type extension, 3-4

Humidity, 1-5, 1-6, 2-3, 2-9, 5-3, 7-3, 8-4, 8-5, 8-6, 8-7
Hydrogen, 1-3, 6-2, 6-3

1 4

nyorogen chioride, 4-10
0n
v

vdroocen ide A
ll]ul\lbbll {yaniae, &

Ignition, 4-7, 5-12

Impact resistance,

tests, 3-24 - 3-25

Impurities, 5-2, 5-3

incident flux, 6-5, 6-6
t,

lllLlllICU Pld net
r

3-9,3-23-3-25

Indentation ha
time, 7-2
Indentation resistance, 7-1
Index of refraction, 6-1, 6-2-—6-4, 6-5, 6-6
determination, 6-4
Induced stress, 4-2
Inertia, 3-8 —3-9
Infrared, 6-2
Injection molding, 1-2, 2-6, 2-7
process variables, 2-7
Insulation erosion, 5-12
Insulation resistance, 5-1,
insuliators, 5-10

an .

5-9

lnternal reﬂectlon 6-5

PR

Isochronous s ress-s'.rair, 3-12
Isometric stress, 3-12
Isotropic, 3-1, 3-10, 3-22

J
Jommg, 2-7
Junction formation, 7-3

Kinetic energy, 3-9
Kinetic friction coefficient, 7-3, 7-4

L

Latent heat, 4-4
Lateral contraction, 3-12
Light

piping, 6-5

grattering A5 AR
vativi llls, vusJ, vTuU

transmission, 4-9, 6-5—6-8
testing, 6-7

Linear polymers, 1-3

Linear thermal expansion, 4-2
coefficient of, 4-2

Load cycling, 2-4

Loss factor, 5-9

Loss mdexﬁ 5-6. 59

Loss tangent, 5-6

Low-rate loading, 3-8

Lubricants, 1-2, 7-6

Luminous transmittance, 5-12, 6-7

T ictrmiic ciirfana & &
LusSLtroud suriace, o-o

Macrobiological, 1-5

Manufacturing processes, 2-3

Mar resistance, 7-6

Material properties, 1-3, 1-4, 1-6, 2-4, 2-9

Material selection, 1-3, 1-4, 2-3

Mean failure energy, 3-25

Mechanical properties, 3-1, 4-2, 4-6, 4-7, 7-1, 8-1, 8-3,
8-4, 8-6, 8-7

Melting point, 1-3, 4-1, 4-2, 4-4, 4-10, 7-6
determination, 4-4

1_%5

1=

Microbiolooical
HILIGuiluivgitai,

Military applications, 1-4, 6-1, 8-5

Modulus of elasticity, 3-21, 3-22, 8-6, 8-7, 8-8
Moisture absorption, 4-2, 5-1, 5-10, 5-11, 8-4
Molecular weight, -3

Monochromatic radiation, 6-4

l‘H_»_,»‘_ 11

Monomers, i-1i



. N
IN
Natural aging, 8-2, 8-5—8-6
test, 8-5 —-8-6
Natural environment, 1-5
Nitrogen, 1-3
Nonconductor, 5-1
Nuclear radiation, -5
0

Obscuration, 4-9
Opaqueness, 6-1
Optical properties, 6-1—
Uutdoor weatnermg 8-

U)\lUdl Vi

Oxvupn
ygen,

Ozone, 5

Q
—8-0

Packaging, 2-1

Part geometry, 3-9

Permanence
characteristics, 1-4, 4-
properties, i-4, 4-2

. L
Permeability, 8-5

Permittivity, 5-3—5-4

Phase angle, 5-6, 5-9
Physical properties, 7-1—7-2
Physical structure, 4-1
Plastic flow, 7-3
Plasticizers, | 2, 2

2, 8-1, 8-6

effect, 3-12, 3-17, 3-22, 3-23
ratxo, 3—l2, 3-22, 3-23
Polarization, 5-3
Polycarbonate, 6-2
Polymer, 1-1, 1-2

processing, 4-3

Polymethylmethacrylate, 6-2
Polymethylpentene, 6-2
Polystyrene, 6-2
Portable impressor, 7-2
Power factor, 5-6, 5-9
Primary creep, 3-5
Process
technology, 2-5
secondary operations, 2-7—2-8
variables, 2-7
Processing plastics, 2-5

Product assurance, i-4, 2-1, 2-5, 2
Product design, 2-1, 2-2

prndn(‘t!nn 2- 1‘2-3

22U UL

testing, 2-10

9,7-5, 8-1, 8-7, 8-8

TEBHNICAL LIBRAQY
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MIL-HDBK-755(AR)
Products of combustion, 4-10
Property data, 2-1, 2-4, 3-1, 39

Properties, 1-4

Proportional limit, 3-1, 3-8, 3-20,
Prototype, 24, 2-5, 2-7, 2-9
Pure shear, 3-22, 3-23

Quality control, 1-4, 2-8

R
Rain, 1-5, 6-8, 8-7
Rate of burning, 4- 8
Rate of loading, 3-1, 3-17

Reaction injection mommg, 2-6

D flantaemnn
Reflectance, 6-5—6-6
Reflected luminous flux, 6-5

Refraction, 6-2-—6-5

3-22

Refractive index. See Index of refraction

Reinforcements, 1-2, 2-3, 8-3

Relative humidity, 2-10, 4-3, 54, 5-7, 5

Relative permittivity, 5-3
Reliability, 1-4
Research and develo
Resin, 1-2
Resistance

pment, 1-4

abrasion, 6-8, 6-9, 7-3, 7-4—7-5, 7-6

arc, 5 1, 5-9, 5-11--5-12

burface 5 10
test, 5-11
volume, 5-9—5-10
test, 5-9-—5-10
Resistivities, 5-10
Rolling friction, 7-3
Rotational molding, 2-6
Rupture, 3-1, 3-5

S
Sait, 1-5
Scratch resistance, 6-8, 7-3, 7-5—7-6

measurement of, 7-5—7-6
Secondary creep, 3-5, 3-6
Secondary process operations, 2-7
Secondary transitions 4-6
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Shear, 3-1, 3-22--3-23
direct, testing, 3-22--3-2
pure, testing, 3-23

Smoke
density, 4-8 —4-9

measurement, 4-9
generation, 4-7
smoldering, 4-7
tesling 4-1, 4-8,4-9

3()ucl) of Automotive ‘*1giﬁéérs 2-8

Solar radiation, -5

Specific gravity, 7-1
measurement, 7-1

Specific heat, 4-3 -4-4
measurement, 4-3-—4-4

Spccific inductive capacilv 5-3

w

N

Aty citys

)pLLlllL \Jpllbdl ULllﬁllV "? ‘)
Specifications, 2-4, 2-8, 2-9, 2-10
Specimen identification, 1-5
Spectral energy, 6-9

Spectral transmittance, 6-7
Speed of testing, 3-23
Split Hopkinson bar, 3-8, 3-22
3202

-8,
10 190 101
Tu, L2V SN L1

Standard deviation, 2-
Standards, 2-8
Static fatigue, 3-14
Static friction, 7-3
Stiffness, 1-3
Strain
deformation, 3-1, 3
rate, 3-4
Strength, 1-3, 3-1, 7-6, 8-3
Stress, 3-11, 3-20
cracking, 2-7, 3-14, 8-3
relaxation, 3-4, 3-7, 3-15 - 3-16
tcxt 3-15 3-16

e
rupture, 3-
Stress-strain, . 3-4, 3-8, 3-16- 3-23
compressive, 3—2] —-3-22
deformation, 3-16
tensile, 3-17-—3-21

Chrirnt:  fanms 1.9
Structurar 1oam, i1-2

Sulfur, 1-3

Sulfur dioxide, 4-10

Sunlight, 6-8, 6-9, 8-7

Superposition principle, 3-12

Surface abrasion, 6-8 - 6-9
test, 6- 8 6 9

Surface finish, 5-9, 5-11

Surface propcrt_ics; 7-3-7-6
Surface resistivity, 5-9, 5-10--5-11
Surface roughness, 7-3, 7-6

MIL-HDBK-755(AR)

Taber Abraser, 6-8, 7-5
Tangem modulus, 3-20

1-6, 2
, 5- 9 7-3
Teml]e propertles 3-1, 7-
Tensile stress-strain
measurement, 3-17, 3-2
Tertiary creep, 3-5
Tecf methnde 1.4

Test parameters, 2-10

Testing, 1-3, 2-1, 2-2, 2-4, 2-9, 2-10
accelerated, 1-6, 2-4

Theory of elasticity, 3-1, 3-3

Thermal analysis, 4-3, 4-6

Thermal capacity, 4-3

Therma!l conductivity. 4-3

11l vy,

measurement, 4-3
Thermal decomposition, 4-6—4-10
Thermal diffusivity, 4-4
Thermal energy
absorption of, 4-1
3

A 1
lldl C’\pdllblUll L J, “0 L “4-3,

r4
O-1

mcasuremenl, 4-2——4-3
Thermal gas emission, 4-10
Thermal insulators, 4-3
Thermal properties. 4-1
Thermoforming. 2-6

armaoravimateia a a_1

The
11IC1 lllUE.l a\rllllblll\/ Clllﬂlyblb -1
Thermomechanical

analysis, 4-1

analyzer, 4-2
Thermophysical properties, 4-1
Thermoplastics, -1, 1-2, 1-3, 3-8
Thermosets, i-1, i-2, {-3

N =
Thermogetting regi ns ‘1 2
NSt uning 1 CSins, 3-8, 8-

Thrust washer, 7-3

Time dependence, 2-3, 2-7, 3-3--3-10, 8-2, 8-4
Time of electrification, 5-9, 5-11

Tolerances, 2-4

Tooling, 2-3, 2-4, 2-7

Toughness, 2-3

Toxicity, 4-7, 4-8. 4-9. 4-10

VALY, 5/, 576, S-iU

Trade designation, 1-4, 1-5
Transfer molding, 2-6
Transition temperatures, 4-2, 4-4
Transitional changes, 4-1
Translucent, 6-1, 6-8

Maonsmomaiddnnnn L & £ L L Q QO 7 00
pramnsiiance, -0, 0-0— 0-0, 0-/, 6-0
Transparency, 6-1, 6-2—-6-3, 6-8
Tribology, 7-




U
Ultimate elongation, 3-8, 3-20
Ultimate strength, 3-1, 3-8, 3-20, 8-3
Ultraviolet
degradation, 6-9
rodiatiane 4.0 A O QD
ladialluvii, vT4, =7, O0-&

Vibration, 1-5

L VP UL B S B S o)
VISCOCIASLIC [NdLWCT1dL, 3-3, J-4L
Viecaelacticity 323
viscociasicily, 2-2

Viscous

deformation, 3-3

flow, 3-3, 3-7, 3-8
Voltage, 5-1

applied, 5-2, 5-4, 5-7, 5-9, 5-11, 5-12, 5-13

breakdown, 5-2
Volume expansion, 4-
Volume loss, 7-5

Volume resistivity, 5-1, 5-9-—5-10, 8-7
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Water absorption, 2-3, 8-1, 8-4-—8-5

test, 8-4

Water vapor transmission, 5-3, 8-5

properties, 7-3
resistance, 7-6

Weathering, 1-6, 8-2, §-7—8-8

AV Va1

vy

test, 8-7--8-8

7

4
Hnesa T andal and B
Hilaiild, Laliuvi, ailtu 1

Wind, 1-5 6-8 8-7
Windshields. See Aircraft windshields

X

rays, 6-2

Yellowness index, 6-9, 8-8

test, 6-9

X

Y

Yield point, 3-1, 3-3, 3-8, 3-20
Young’s moduius, 3-20
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