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Preface to the Second Edition

The textbook ,,Polymer Testing” is mainly intended for the education of university
students and students of universities of applied sciences. This textbook was deemed
to be necessary because the testing of polymers has become established as a separate
scientific discipline within polymer sciences in recent years. The textbook was first
published in German in 2005. An improved English version was published in 2007,
and a Russian edition appeared in 2010 with special consideration given to the spe-
cific GOST standards.

The positive reviews from our colleagues demonstrate that the concept ,Method -
Parameters - Examples® meets students’ needs and is also accepted in practice.

Although there have been no significant changes to basic testing methods since the
first edition appeared, there have been considerable advances in the evaluation of
structure-property correlations and standardisation. It has become increasingly nec-
essary to provide material-scientific parameters to quantify the relationship between
microstructure and macroscopic properties. Therefore, it seemed necessary to pub-
lish a second edition. The previous edition has been comprehensively revised, and the
new edition covers all the latest developments in the field, including all amendments
to the most important polymer test standards up to May 2013.

Using the same concept and methodical structure in the presentation of polymer test
procedures, the parameters obtained by the latter and the selected examples, the new
edition provides university students and students of universities of applied sciences
with a good and fast source of information. This is why the textbook has been widely
adopted by universities and universities of applied sciences for the teaching of ,,Poly-
mer Testing®.

In order to provide support the lecturers, a PowerPoint presentation has been created
for all pictures and tables. It can be downloaded from www.hanserpublications.com.
In this regard, we would like to thank Prof. Dr.-Ing. Christian Bierogel, in particular,
for his valuable advice in the preparation of this edition and especially for the new
publication of the pictures, which are now in colour, and his extensive work on pro-
ducing the PowerPoint presentation of all pictures.
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A Wiki dictionary, ,,Plastics Testing and Diagnostics®, has been produced on the sci-
entific basis of the book and of publications from the Merseburg scientific school, and
it often provides more detail than the book. The dictionary is available at
www.polymerservice-merseburg.de/wiki-lexikon-kunststoffpruefung and can be
used for practical work. An extensive compilation of fracture mechanics test speci-
mens and approximation equations to calculate parameters in fracture mechanics are
just two examples of what the dictionary offers.

We would like to thank Carl Hanser Verlag, especially Ms. Dr. N. Warkotsch, Ms. Dr.
C. Strohm, Ms. Dipl.-Ing. (FH) U. Wittmann and Mr. S. Jorg, for their much-
appreciated and reliable assistance.

June 2013 The Editors



Preface to the First Edition

This book is based on the editors’ extensive experience in research, development and
education in the field of materials science and especially polymer testing, polymer
diagnostics and failure analysis. The results of their work were published in several
reference books about deformation and fracture behavior of polymers, in numerous
single publications in peer-reviewed scientific journals and in proceedings. Given the
fact that the field of science undergoes a rapid and dynamic development it seemed
prudent to present these results in a textbook for students.

The following factors convinced us that a comprehensive representation of the state
of knowledge was needed:

* The ever-increasing importance of this materials group for continued technical
progress led to an increasing share of polymers and compounds in various
applications.

e The increased safety awareness led to the development of hybrid methods of
polymer diagnostics, which enable a complex view of the connection between
loading and material behavior under actual loading conditions and ambient
influences

e As a result of the development of fiber-reinforced thermoplastic and
thermosetting composite materials, new challenges to polymer testing methods
emerged.

* The increasing use of polymers and elastomers in medical technology for various
applications requires the development of technological testing methods for
viability, serviceability, operating safety and /or service life.

* As a consequence of the trend to miniaturization components (microsystems),
more suitable testing methods are necessary for the evaluation of various
thermomechanical loadings of materials properties, e.g., in highly integrated
electronic components.

In addition, a number of new standards and regulatory codes for polymer testing
have been introduced over the past years, further emphasizing the need for a
redesigned textbook for this discipline of science. The book presents a comprehensive
representation of knowledge provided by respected colleagues from universities,
universities of applied sciences and the polymer industry. A list of co-authors as well



VIII Preface to the First Edition

as acknowledgements for numerous colleagues and co-workers follow on separate
pages.

The editors and co-authors tried hard to overcome the limits of classic polymer
testing using ASTM and ISO standards in order to make the importance of polymer
testing for the development and application of new polymers, composite materials
and materials compounds, as well as the introduction of new technologies, more
recognizable.

This book is primarily designed for students of bachelor, diploma and master courses
of material science, material technology, plastic technology, mechanical engineering,
process engineering and chemical engineering. It can be used by students, teachers of
universities and colleges for supplementary studies in the disciplines of chemistry and
industrial engineering. The methods of polymer testing are also essential to the
development and application of biomedical or nanostructured materials.

With the publication of this book we hope that it will not only serve the important
task of training of young scientists in physical and material oriented disciplines, but
will also make a contribution to further education of professional polymer testers,
design engineers, and technologists.

We thank Carl Hanser Publishers for publishing this book, entitled “Polymer
Testing”, especially we are grateful to Dr. Christine Strohm who thoroughly revised
the complete text for this edition. We also thank Dr. Paul I. Anderson for the
translation of several chapters. The main idea of this book was based on the 1992s
book by Dr. Heinz Schmiedel “Handbook of Polymer Testing”, written in German
language. We kept the physical-methodical approach and also, the comprehensive
chapter “Fracture Toughness Measurements in Engineering Plastics” based on our
research work in this field for many years. For example it is pointed out on the
extensive collection of fracture mechanics specimen and the evaluation equations for
determination of fracture mechanics parameters.

We want to thank sincerely all co-workers from the Center of Engineering Science
and the Institute of Polymer Materials e.V. of the Martin-Luther-University of Halle-
Wittenberg and all collaborators from the Institute of Materials Science and
Technology of the Vienna University of Technology who, with their commitment and
their willing cooperation, made the publication of this book possible in the first place.

Sabine Seidler, Vienna Wolfgang Grellmann, Halle
May 2007
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a (mm)

ay (mm)

ay (kj m”)

a (kjm”)

A (mm)

a/W

a(h)

A (pm)

A, (mm®)

A, (N mm)

A, (N mm)

Ay (N mm)
. (N mm)

An

APl (N mm)

Ay (N mm)

A, (mm’)

b (mm)

b, (mm)

B (mm)

C (mm er)

G

d (mm)

D (nm)

initial crack length (i.e. machined notch plus razor-sharpened tip),
the physical crack size at the start of testing

physical crack length augmented to account for crack tip plastic
deformation (fracture mirror length)

Charpy impact strength of notched specimen according to ISO 179

Charpy impact strength of unnotched specimen according to
ISO 179

effective crack length

ratio of initial crack length to specimen width
absorption degree

average interparticle distance

cross-section

elastic part of A

total deformation energy of test specimen computed from the area
under the load-deflection diagram up to F

max

nominal impact energy of pendulum hammer

complementary deformation energy, used in the J-integral evalua-
tion method of Merkle and Corten

n" amplitude considered for the calculation of the logarithmic
decrement

plastic part of A,

crack propagation energy

damage area

specimen width according to ISO 179

remaining width at the notch base of the test specimen according to
1SO 179-1

specimen thickness

compliance

constants of the power law for describing J -curves
effective way of light through the specimen

average particle diameter
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(MPa)
(K m”)
4)

4)
(MPa)
(MPa)
(kj m”)
(MPa)
(mm)

(mm)

(mm)
(mm)
(N)
(N)

(N)

(N)
(N)

(MPa)
(N mmfl)
(MPa)
(N mmfl)
(Nmm™)

(N mmfl)

(MPa)
(MPa)

geometrical functions in the J-integral evaluation method of Merkle
and Corten (MC)

Young’s modulus (modulus of elasticity)

tensile-impact strength according to ISO 8256

energy at 50 % failure according to ISO 6603-1

corrected impact energy according to ISO 179-1

dynamic flexural modulus

flexural modulus according to ISO 178

tensile-impact strength (notched specimen) according to ISO 8256
modulus of elasticity according to ISO 527

deflection

deflection at the transition from elastic to elastic—plastic material
behavior

maximum deflection f_excluding the component f,
deflection at maximum load F__
load (force)

inertial load, which arises from the inertia of the part of the test
specimen accelerated after the first contact with the striker

characteristic load value corresponding to the transition from
elastic to elastic—plastic material behavior

maximum load

maximum load (force) according to ISO 6603-2
gloss degree

gloss

shear modulus

energy release rate

interlaminar shear modulus

energy release rate in mode I

energy release rate, critical value at the point of unstable crack
growth; static loading, geometry-independent

energy release rate in mode II, critical value at the point of unstable
crack growth; static loading, geometry-independent

dynamic modulus (storage modulus)
dynamic modulus (loss modulus)
basic dispersion

gloss height

heterogeneity
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HB
HDT
HK
HM
HR
HV

(N mm'z)
(°C)

(N mm'z)
(N mmrz)
(N mm'z)
(N mmrz)

(N mm'l)
(N mmrl)

(N mmrl)

(Nmm’)

(N mm'l)
(N mmrl)

(N mmrl)

(MPa)
(MPa mm"?)
(MPa mm"?)

ball indentation hardness according to DIN EN ISO 2039-1
heat distortion temperature according to ISO 75

Knoop hardness

Martens hardness

Rockwell hardness

Vickers hardness

intensity

photometer current intensity at a bearing specimen

photometer current intensity at a bearing specimen at perpendicu-
lar light direction

photometer current intensity at a bearing matt white standard

photometer current intensity at a bearing matt white standard at
perpendicular light direction

J-integral; a mathematical expression, a line or surface integral that
encloses the crack front from one surface to the other, used to
characterize the local stress-strain field around the crack front;
fracture mechanics parameters are calculated using methods of
evaluation of this integral

J value in mode I (the index I is only used in the case of geometry
independence)

critical J value at the point of unstable crack growth; dynamic load-
ing, geometry-independent

critical ] value at the point of unstable crack growth, for dynamic
loading, in the geometry-independent J-integral evaluation method
of Merkle and Corten

critical ] value at the point of unstable crack growth, for dynamic
loading, in the geometry-independent J-integral evaluation method
of Sumpter and Turner

technical crack initiation value for an amount of crack growth of
Aa=0.2mm

physical crack initiation value determined from intersection of
stretch zone width and J-R curve

energy absorption capacity of a material during stable crack growth
Boltzmann number (k=1,38-10"JK")

number of colour order of an isochromatic line series

compression modulus

stress intensity factor

stress intensity factor in mode I (the index I is only used in the case
of geometry independence)
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K. (MPamm") fracture toughness, critical value at the point of unstable crack
growth; static loading, geometry-independent

K, (MPamm"?) fracture toughness, critical value at the point of unstable crack
growth; dynamic loading, geometry-independent

Kiig” (MPa mm") K, and K, calculated from CTOD

1 (mm) specimen length

L (mm) clamping length; initial distance between grips

L (mm) support span according to ISO 179-1

L, (mm) initial gauge length

m () mass

m constraint factor in relation between J and 6 concepts

m, (kg) weight of pendulum hammer

M, molecular weight of a chain network

M, (g mol ) molecular weight, weight average

MFR (g(10 min) ") melt mass-flow rate according to ISO 1133

MVR (cm’ (10 min)-l) melt volume-flow rate according to ISO 1133

n rotational factor

n refraction, refraction index

n, refraction at wavelength C (656 nm) of the Fraunhofer line

n, refraction at wavelength D (589 nm) of the Fraunhofer line

n, refraction of immersion oil at temperature in contrast minimum

n, refraction at wavelength F (486 nm) of the Fraunhofer line

n refraction of immersion oil at room temperature

N crosslink density

p) spectral reflexion degree

P (MPa) pressure

Q 0)] quantity of heat

ry (pm) notch base radius according to ISO 179-1

R universal gas constant (R = 8,314 ] mol” K)

R, reflectance of a layer above a black ground

Ry reflectance of an optical dense layer

s (mm) support span

S dispersion coefficient

t (s) time

t, (ms) time to brittle fracture

t (ms) time to fracture
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(N mm)
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3
mm

(°C)
(mm)

(mm’ (Nm)")

time to maximum load according to ISO 6603-2

mechanical loss factor

total transmission

temperature

translucency

glass transition temperature

haze dimension

tearing modulus

tearing modulus determined from J-Aa curve at Aa = 0.2 mm
melting temperature

transparency

transmittance of the scattered light

tear strength

tearing modulus determined from 5-Aa curve at Aa = 0,2 mm
deformation energy

crack-mouth-opening displacement

impact velocity according to ISO 13802

load-line displacement

cross-head speed

volume

Vicat softening temperature

specimen width

specific wear rate

standardized colour data

intensity of the colour red

standardized colour data

intensity of the colour green

distance of knife-edge from specimen surface
intensity of the colour blue

linear thermal expansion

proportionality constant of geometrical size criterion for LEFM
temperature coefficient of refraction

shear strain

interlaminar shear strain

shear rate
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(mm)

(mm)
(mm)
(mm)

(mm)

(mm)
(mm)

(mm)

(mm)
(mm)
(mm)
(mm)

(mm)

(s)

(ms’)

(%)

)

)
(%)
(%)
(%)
(%)
(%)
(%)
(%)
(%)

crack-tip-opening displacement describing the local strain field in
front of the crack tip, calculated with the help of the plastic-hinge
model

crack-tip-opening displacement in mode I (the index I is only used
in the case of geometry independence)

critical 8 value for unstable crack growth, quasi-static loading,
geometry-independent

critical & value for unstable crack growth, dynamic loading,
geometry-independent

critical & value for unstable crack growth obtained by using
advanced plastic-hinge model, dynamic loading, geometry-
independent

technical crack-opening displacement calculated at Aa = 0.2 mm
crack-tip-opening displacement at physical crack initiation

amount of stable crack growth, distance between original crack size
and crack front after loading

upper validity limit of Aa
lower validity limit of Aa
increase in specimen length
increase in clamping length
increase in gauge length
birefringence

time difference

velocity change

proportionality constant of geometrical size criterion for J-integral
concept

strain

angle of incidence

angle of refraction

strain rate

critical strain at acoustic onset

tensile strain at break according to ISO 527
normal flexural strain

local strain

maximum local strain

minimum local strain

normative strain at tensile strength according to ISO 527

lateral (transverse) strain
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g, (%) nominal tensile strain according to ISO 527

€ (%) nominal tensile strain at break according to ISO 527

€ (%) nominal strain at tensile strength according to ISO 527

€y (%) true strain

g, (%) yield strain according to ISO 527

n geometrical function

n dynamic viscosity

Mot pi geometrical functions for assessment of elastic (el) and plastic (pl)

parts of deformation energy used in the J-integral evaluation
method of Sumpter and Turner

A extension ratio

A (W(mK)" heat conductivity

A (nm) light wavelength

A logarithmic decrement according to ISO 6721-1
n coefficient of friction, Poisson’s ratio

v Poisson’s ratio

\Y Abbe number

1 proportionality constant of geometrical size criterion for CTOD
p (kg m73) density

c (MPa) stress

c, (MPa) tensile stress at break according to ISO 527

c; (MPa) flexural stress according to ISO 178

C. (MPa) flexural strength at peripheral strain of 3.5 % according to ISO 178
G (MPa) flexural strength according to ISO 178

G, (MPa) yield stress: either G orc,=1/ 2(0y+GM)

o, (MPa) local stress

Gy (MPa) tensile strength according to ISO 527

c, (MPa) comparative stress

Gy (MPa) true stress

o, (MPa) yield stress (yield point) according to ISO 527

T (MPa) shear stress

T oscillation period

T, (MPa) interlaminar shear stress

T(A) spectral transmittance

o filler or fiber content

) light beam that is bearing on a layer
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(@,2),
(D),
((I)e Mt

W)
(W)
W)
(W)

small angle light scattering
wide angle light scattering
linear transmitted part of light
hitting spectral radiant flux
absorbed spectral radiant flux
reflected spectral radiant flux

transmitted spectral radiant flux
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AE

AF
AFM
ASTM
ATR
BMI
BSS
BTT
CA
CF
CFC
CFRP
CFR
CT
CTOD
DCB
DENT
DIN

DMTA
DOP
DSC
DTG
DVM

DVS

EN
EPFM
ESIS
ESPI
FAR
FEM

acoustic emission analysis

aramid-fiber

atomic force microscopy

American Society for Testing and Materials
attenuated total reflection

Bismaleinimide

Boeing Specification Support Standard
brittle-to-tough transition temperature
coupling agent

carbon-fiber

carbon-fiber composite

carbon-fiber reinforced polymer

Code of Federal Regulations

compact tension specimen
crack-tip-opening displacement
double-cantilever beam specimen
double-edge-notched tension specimen
German Institute of Industrial Standards (Deutsches Institut fiir
Normung)

dynamic-mechanical-thermal analysis
Dioctylphthalat

differential scanning calorimetry
differential thermogravimetry

German Association for Materials Testing (Deutscher Verband fiir
Materialpriifung)

German Association for Welding (Deutscher Verband fiir Schweis-
sen und verwandte Verfahren)

European Norm

elastic—plastic fracture mechanics
European Structural Integrity Society
electronic speckle-pattern interferometry
Federal Aviation Regulations

finite element method
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FIRESTARR
FMVSS

FTIR
FRP
FCM
GF
GFC
GFRP
GIT
HF
ICIT
IEC
IFDT
IR
IRHD
ISO
ITIT
JIS
LEFM
LM
LSM
MEMS
MS
NAI
NASA
NDT
oIT
PCP
R-curve
RT
SACMA SRM
SAE
SEM
SENB
SENT
SI
SMC
SPA
ST

Fire Standardisation Research of Railway Vehicles
Federal Motor Vehicle Safety Standards and Regulations. National
Highway Traffic Safety Administration

Fourier transform infrared spectroscopy

fiber reinforced polymer

fiber composite material

glass-fiber

glass-fiber composite

glass-fiber reinforced polymer

gas injection moulding

high-frequency

instrumented Charpy impact test

International Electrotechnical Commission
instrumented free-falling dart test

infrared

international rubber hardness degree

International Organization for Standardization
instrumented tensile-impact test

Japanese Industrial Standards

linear-elastic fracture mechanics

light microscopy

laser scan microscope

micro-electro-mechanical system

mass spectroscopy

Northrop Corporation

National Aeronautics and Space Administration
non-destructive testing

oxidation induction temperature/time

plastic casing pipes

crack resistance curve

room temperature

Suppliers of Advanced Composite Material Association
Society of Automotive Engineers

scanning electron microscopy

single-edge-notched bend specimen
single-edge-notched tension specimen
International System of Units (Systéme International d’ Unités)
sheet moulding compound

scanning probe microscopy

J-integral evaluation method of Sumpter and Turner
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SZH
SZW
TC
TGA
TMA
TMDSC
UcCI

UD

UL
US-ESPI
uv
VDA

VDE
VDI
VST
WLF

stretch zone height

stretch zone width

Technical Committee

thermogravimetric analysis

thermomechanical analysis

temperature modulated DSC

ultrasonic contact impedance

unidirectional

Underwriters Laboratories (USA)

elektronic speckle-pattern interferometry by ultrasonic excitation
ultra violet

German Association for Automotive Industry (Verband der Auto-
mobilindustrie)

Association for Electrical, Electronic & Information Technologies
The Association of German Engineers

Vicat softening temperature

Williams/Landel/Ferry equation
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ABS
CA

EP

E/P
EPDM
EPR
LCP
NBR
MF

PA
PAC
PAN
PB
PBT
PC
PDMS
PE
PE-HD
PE-LD
PE-LLD
PE-MD
PE-RT
PE-UHMW
PE-X
PEEK
PEI
PEK
PEN
PET

PF

PI

PIB
PMA

acrylonitrile-butadiene-styrene
cellulose acetate

epoxide; epoxy resin
ethylene-propylene
ethylene-propylene-diene rubber
ethylene-propylene rubber
liquid-crystal polymer
nitrile-butadiene rubber
melamine-formaldehyde
polyamide (nylon)
polyacetylene

polyacrylonitrile

polybutene

poly(butylene terephthalate)
polycarbonate

poly(dimethyl siloxane)
polyethylene

polyethylene, high density
polyethylene, low density
polyethylene, linear, low density
polyethylene, medium density

polyethylene, high temperature resistance
polyethylene, ultra high molecular weight

polyethylene, crosslinked
polyetheretherketone
polyetherimide
polyetherketone

polyether nitrile; polyethylene naphthalate

poly(ethylene terephthalate)
phenol-formaldehyde
polyimide

polyisobutylene
polymethacrylate
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PMMA
POM
PP
PPO
PPS

PS
PS-HI
PSU
PTFE
PUR
PVAC
PVC
PVC-C
PVC-P
PVC-U
SAN
SBS
SBR

SI

UF

UP
VAC

poly(methyl methacrylate)
poly(oxymethylene)
polypropylene

poly(phenylene oxide)
poly(phenylene sulfide)
polystyrene

polystyrene, high impact
polysulfone
polytetrafluoroethylene
polyurethane

poly(vinyl acetate)

poly(vinyl chloride)

poly(vinyl chloride), chlorinated
poly(vinyl chloride), plasticized
poly(vinyl chloride), unplasticized
styrene-acrylonitrile
styrene-butadiene block copolymer
styrene-butadiene rubber
silicone

urea—-formaldehyde

unsaturated polyester

vinyl acetate



1 Introduction

1.1 The Genesis of Polymer Testing as a Science

The development of polymer testing is intimately involved with the economic rise of
the polymer industry. The spectacular progress that has taken place in
macromolecular chemistry since the 1920s owes much to the efforts of the polymer
chemists Hermann Staudinger und Karl Ziegler. The awareness of how to use
macromolecules as materials is based on research into methods of synthesizing both
to produce new monomers and polymers, as well as to introduce new catalyst
systems. This in turn necessitated systematic basic research to uncover the
fundamental principles affecting polymer synthesis and structure, on the one hand,
and microscopic structure and macroscopic properties, on the other. Uncovering the
interrelationships between microstructure and macroscopic properties, especially the
mechanical and thermal properties, is of course one of the fundamental tasks of
polymer testing.

The worldwide boom in the plastic industry began in the 1950s when the industry
reduced costs and raised profitability by shifting to petroleum for its raw material
base. Today, plastics are finding applications in almost all areas of human activity.
Despite the considerable problems involved in disposing and recycling of plastics,
the area of applications for this group of materials continues to expand. The
worldwide increase in the production of plastics and the range of monomers being
utilized has altered the economic significance of these materials to such a degree that
historians are beginning to speak of a dawning “Age of Polymers”. The image of
plastics, at first considered an “ersatz” material, a substitute for the “real thing”, is
now that of an innovative material for economically indispensable structural and
functional applications. Without the wide range of modern polymer materials and
their composites, the progress made in microelectronics, microsystem technology
and even nanotechnology would be quite unthinkable.

According to a 2004 European study entitled “Plastics — Pathmaker of Progress”,
worldwide production of plastics surpassed the production of crude steel in terms of
volume for the first time at the end of the 1980s due to the exceptionally dynamic
growth rate of plastic materials. By 2008, worldwide production of crude steel
amounted to 169-10"dm’, far less than the 245-10’dm’ achieved by plastics.
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Since 8 kg of crude steel and 1 kg of plastics both correspond to 1 dm’ of each, one
can clarify the relationship between these quantities by a simple conversion. The
result is approx. 1326 - 10° t of crude steel produced and 245 - 10° t of plastics.

The worldwide consumption for all “commodities”, such as PE-HD, PE-LD/LLD, PP,
PVC and PS shows annual growth rates continuously increasing. For several
“engineering plastics”, such as PC and especially PET, average growth rates are above
the ordinary. During this time frame, PP will take over the role of market leader for
volume polymers. At the same time, the wide variety of application areas, especially
for bottles in the food and pharmaceutical industries, will lead to a high increase in
PET consumption. The steep production increase of PET will transform this material
from a “technical” to a “standard” or “commodity” polymer. In this age of misleading
use of technical terms, society’s growing acceptance of this class of materials is
evidenced, for example, by the largely proper use of the designation “PET bottle”.

The main application area for innovative materials lies in the automotive industry.
According to the results of a market research study of various automotive
manufacturers, the trend in materials’ use in automotive manufacturing from 1998 to
2008 will show the following changes:

e steel: 10 % reduction
e aluminum: 100 % increase

e plastics: 5 % increase

e glass: constant at 2 %.

The mass share of plastics will then be as high as 20 %. The trends in auto
manufacture continue toward the so-called hybrid applications, i.e., metal parts
encapsulated by plastics, metal-plastics sandwich structures, components with steel
or plastic cores in doors and hoods, new modules of component integration and
material combinations (multi-component injection molding).

Beginning in the 1950s, parallel to the enormous worldwide growth in production,
the clamor grew ever louder for scientific parameter capable of quantifying the
relationship between microstructure and macroscopic properties. The efficient use of
materials requires the complete utilization of material properties which, in turn,
necessitates the development of adequate, meaningful measuring and testing
procedures. This required improvements in the informative content of the methods
which only continuously advancing electronic technology could provide. The classic
testing procedure, e.g., for determining hardness and toughness of plastics, developed
into the instrumented hardness test methods and the instrumented toughness test
methods, e.g., the instrumented Charpy impact test. All instrumented methods have
one aim in common: to electronically acquire the constituents of deformation - force
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and elongation and/or deflection - with the highest possible degree of precision, and
to utilize the improved information content for a differentiated evaluation of material
behavior. These experimental methods for providing structurally sensitive material
parameter have only been widely developed within the last twenty years. In many
cases, it is not possible to adopt standard processes for the testing of metals, since the
measurement ranges for directly measured characteristics may differ by ranges of
magnitude, i.e., the demands placed on the required measurement techniques are
correspondingly different.

For some time, there was no generally accepted term for this specific discipline in the
literature, even though the subject matter is defined by its content. In its early years,
presentations began with detailed descriptions of the structure of plastics and
polymer processing, before these two developed into individual scientific disciplines.
Today, the concept of polymer testing has found general acceptance, just as the testing
of plastics and plastic components has gained great significance in the plastics
industry. In the last 35 years, a plethora of empirically acquired facts and experience
has been collected that are being viewed, as much as possible, from a uniform
perspective based on the insights of material science. Theoretical assumptions are no
longer made before they have been confirmed by experimental results.

Like all other technical scientific disciplines, polymer testing has a decidedly
interdisciplinary character (see Fig. 1.1). Figure 1.1 clearly shows how polymer testing
functions to provide a link between the synthesis and processing of polymers, on the
one hand, and between the characterization/analytics of polymers and their
morphology/micromechanics, on the other. Although the terms plastics and polymers
are often used synonymously. Figure 1.1. follows corresponding usage.

Methods for measuring fracture behavior are necessary to satisfy growing demands
for reliability, safety and service life of machines, plant and components, as well as
to eliminate breakage as one of the most common material-related causes for plastics
failure. This involves using the methods of engineering fracture mechanics. The
current level of research on this is provided, for example, in Chapter 5 for plastics and
in Chapter 10 for composite materials. Within the polymer sciences, the independent
areas of polymer material science and plastics engineering have found secure niches,
as can be ascertained from the course schedules at institutions offering degrees
in polymer technology, as well as from the literature references at the end of this
chapter. Designing with polymers is the subject matter of plastics engineering,
whereby the designer of polymer-base products is increasingly faced with the task of
selecting dimensions and shape according to data derived from research in material
science.
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(polymer characteri-
zation/analytics

polymer synthesis
and modification

polymer physics

4 . N 3\
polymer material quality assurance
L science and management |
polymer testing
plastics polymer diagnostics/
engineering failure analysis

polymer enf?;rcl:?jrréng morphology/
processing ) micromechanics
mechanics
Fig. 1.1: The interdisciplinary character of polymer testing

Also increasing in importance are the disciplines of quality assurance and quality
management, whereby the totality of quality-relevant activities falls under quality
management. One essential element is the quality test which itself can take on many
forms. One important, but technically hard to achieve step consists in integrating the
polymer testing procedures in-line into each particular production process with the
goal of assuring, as much as possible, that quality requirements are being fulfilled by
the product and the process. Polymer diagnostics/failure analysis involves combining
the various methods for investigating material composition (analytics), structural
make-up, mechanical, thermal, electrical and optical properties, as well as
environmental influences. Chapter 9 presents the areas of emphasis for hybrid
methods of polymer diagnostics, by which one can understand the in-situ
combination of mechanical and fracture-mechanical experiments with non-
destructive testing methods, such as ultrasonic testing analysis, thermography or laser
extensometry. The goal remains to increase the informational value of classic testing
methods and to derive methods for quantifying states of damage and their thresholds.

1.2 Factors Influencing Data Acquisition

Processing has a substantial effect on the structural formation in plastics and the
properties resulting from it. This pronounced sensitivity to processing is a
fundamental reason for the limited value of available parameter on polymers.
Therefore, the internal structure of polymeric solids and the properties describing
them are not solely dependent on their chemical composition.
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The problems involved in acquiring characteristic values arise from the fact that we
do not ascertain the properties of the material (molding compound) to be tested, but
the properties of specimens made from that material under conditions determined by
the processing method. Thus, there is no assurance that values acquired from
specimens or components with specified geometries can be applied to components
with different geometries due to various internal conditions. The influencing factors
are listed extensively in Chapter 2, The Production of Specimens. Besides the molding
compounds themselves, the most important of these include factors involved in
producing specimens, in specimen geometry and testing conditions. The most
significant factors for plastics are testing temperature, test rate and environmental
factors, the simplest being humidity. Due to the large number of factors influencing
the test results, values on polymers are reproducible only if they are acquired on the
basis of comparable chemical and physical structure, similar geometric conditions
and the same testing methods. Thus, values must always be acquired on a structural
basis. The uniqueness lies in the fact that these influencing factors do not work
individually, but one has to assume a complex functionality among the parameters
listed. Consequently, both the quantitative measurement of all individual marginal
conditions as well as their complex interactions are significant for the overall
evaluation of properties. Evaluation makes use of values based on standardized test
methods that guarantee comparability and thus ensure that products are suitably
classified. Knowledge of fundamental scientific relations in the formation of
properties and their description in terms of values is always tied to a hierarchical
perspective on molecular structure and morphogenesis during processing.

Innovative testing methods based on scientific discoveries with theoretical
backgrounds are often better suited for evaluating and optimizing polymers than
methods used in industrial testing practice, i.e., based on empirical experience. One
such example is the replacement of the conventional Charpy V-notch impact test (see
Section 4.4) by the instrumented impact test that provides geometry-independent
fracture-mechanical values (cf. Section 5.4.2).

In summary, it can be stated that the fundamental task of polymer testing lies in
clarifying the relations between microstructure and the physical-technical properties
of polymers while taking their physical and chemical description into consideration.

1.3 Classification of Polymer Testing Methods

As in general material testing, several content-oriented perspectives can be given for
classifying the experimental methods of polymer testing. In polymer testing, the
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distinction between destructive and non-destructive is again the primary criterion of
classification. Potential categories for classifying destructive polymer testing include:

* Rate of test procedure
— static, quasi-static and dynamic load
* Type ofload
— tensile, compression, bending, torsion and shear load
— uni- and biaxial or multiaxial load
* Type of material to be investigated
— polymers and fiber composite materials
* Type of physical property
— thermal, optical, electrical and dielectrical properties.

In addition, individual mechanical material testing methods have distinctive features
that simplify the characterization of the various methods in use. For example in
hardness testing, the methods of acquiring the indentation process or magnitude of
indentation and/or testing force and indentation depth serve as criteria by which we
can distinguish between conventional and instrumented hardness testing, and
between macro-, micro- and nanohardness.

In the area of mechanical material testing, the rate of the test procedure is used as a
classifying criterion. In static testing procedures, it is not assumed that various testing
rates affect the test results, whereas in quasi-static testing, a slowly increasing testing
force is a rate-related influence. Compared to quasi-static loading, results of dynamic
testing are expected to be influenced considerably by the test rate. Therefore, we
distinguish between the following test methods:

* Static test methods,
¢ Quasi-static test methods, and
e Dynamic test methods (shock and impact type, fatigue).

Within the test rate ranges, tests can be divided according to the type of load
involved:

e Tensile test,
e Compression test,
* Bending test.

Besides these load types commonly applied in quasi-static loading, torsion and shear
tests are also performed.

Independently of the particular type of load, the differences in testing methods
between polymers and composite materials, as well the depth of knowledge to be
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presented in this book, require that the testing of composite materials be presented
separately (see Chapter 10).

The special discussion of environmental stress cracking resistance in Chapter 7 and
the evaluation of toughness of polymers using fracture-mechanical methods in
Chapter 5 can be classified as mechanical material testing.

An essential additional criterion in the testing of fiber composite materials is the
orientation of fibers relative to the main direction of load. The anisotropy of these
materials requires special mechanical testing methods that are often defined
according to the specimens developed for them. Some examples of these are the:

* Boeing compression test method,
e Celanese test method,

e IITRI test method,

¢ Two- and three-rail shear test,

* Josipescu thrust test, and the

e Plate-twist thrust test.

The peculiarities in composite structure and complex loads are reflected in the
fracture-mechanical testing of composites that require evaluation of the crack growth
behavior with regard to their interlaminar fracture modes (mode I, mode II and
mixed mode). To do so, special specimens are defined as criteria while they also
provide a foundation for a special method whose goal is to provide geometry-
independent fracture-mechanical material parameter. Such parameter have proven to
be of assistance for optimizing the toughness of fiber composite materials and are a
prerequisite for dimensioning products made from fiber composite materials.

1.4 Standards and Regulatory Codes for Polymer Testing

Globalization and expansion of markets into new economic zones, demands for
shorter development times, generally shorter life-service cycles of products and
requirements resulting from the increasing technological convergence are all having
their effect on the trends in setting national and international standards:

* Standards and standardization become market- and need-oriented to achieve
strategic and economic advantages in international competition.

e Standards and standardization are strategic instruments for supporting the
success of the economy and society.

e Standards and standardization reduce the need for governmental regulation.
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e Standards and standardization, as well as standards committees, support
technological convergence.

In order to satisfy these demands, the Standards Committee on Material Testing
(NMP) within the DIN organization (German Institute of Industrial Standards) is
working on a new strategy for formulating standards. In order to ensure repeatability
and reproducibility of procedures used in material testing, and thus in polymer
testing, standards for the performing of tests and requirements for test equipment
and specimens were set. In fulfillment of the fundamental principles for establishing
standards laid down in DIN 820-1 to 4, the standards to be established shall support
efficiency and quality assurance in business, technology, science and administration.
Thus standards serve the safety of people, equipment, technologies and processes, on
the one hand, while they provide a means for targeting improvements in quality in all
areas of life and business. Such standards have by no means the force of law, but
rather provide all users with “accepted rules of technology”. Their use makes it easier
to compare product properties or production methods. The basis for comparison,
however, is the ability of all members of the standards community to meet the
technical and scientific demands of the standards. The results of the work on
standards in the DIN are the national standards published under the association logo

DIN. In consequence of the harmonization of international (ISO) and European (EN)

standards, the DIN EN, DIN ISO and DIN EN ISO standards also enjoy the status of
national standards. In addition to these standards, various manufacturers and user
organizations publish guidelines or process recommendations for plastics producers
which amount to defined, but not standard supplements. In this connection,
considerable importance is attached to automotive manufacturers’ quality
requirements for original equipment manufacturers (e.g., GME: General Motors
Specification, DBL: Daimler Benz Specification, BMW N: Bavarian Motor Works
Specification) that amount to binding instructions for their suppliers.

The ASTM (American Society of Testing and Materials) standards, which include
standard test methods and procedures for testing polymers and composites (see
Chapter 10) are widely spread in the American speech area. ASTM International is a
non-profit organization founded in 1898. It provides a global forum for the
development and publication of standards and test methods. Its membership is
comprised of producers, users, consumers, and representatives of government and
academia. ASTM International provides standards that are accepted and used in
research and development, product testing, and quality systems. Within ASTM, the
primary responsibility for plastics lies with a committee designated for this purpose.
This committee, called D-20 on Plastics, is responsible for more than 500 standard
test methods, recommended practices, and guides. One of the key components of
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D-20 is the continuous review and updating of existing documents and the authoring
of new protocols that are necessary. It has to be pointed out that there are a number of
fundamental differences between ASTM and ISO standards especially referring to
specimen geometry and dimensions in addition to test condition requirements. Due
to the large number of factors influencing the test results of polymers determined
with different standards are not comparable.

Test laboratories can gain what amounts to formal recognition of their competency
and admission to perform clearly defined tests on the basis of standards or verified
test specifications if they obtain accreditation by their national accreditation
organization(e.g., the American National Standards Institute (ANSI) in the US).

ISO/IEC standard 17025 states the criteria for judging organizational structure,
employment of test personnel and technical facilities, preparation of test reports, as
well as work procedures for testing and calibrating laboratories. Fulfillment of these
standards requirements constitutes recognition for a quality management system
according to ISO 9001 or 9002, whereby accreditation according to ISO/IEC 17025 is
not the equivalent of certification according to ISO 9001 or 9002. Together with the
introduction of this standard, the determination of measuring uncertainty is
advanced as a main criterion for the application of test results in quality assurance
and design.

Testing laboratories whose competency has been certified in one domain according
to ISO/IEC 17025 and that have their own test standards based on wide experience,
can have these judged by their national agencies within the framework of
accreditation. Such special testing procedures as the MPK procedures for the
instrumented notched impact test (MPK-ICIT) and the instrumented free-falling dart
test (MPK-IFDT) are used to illustrate data acquisition in Chapters 4 and 5.

The basic activities in the areas of material or polymer testing can best be described by
the concepts of measurement and testing. Measurement is an experimental procedure
based on one or more physically effective principles from which a specific value (data
bit) is acquired as the multiple of a unity or of a defined reference value,
supplemented by its own measurement uncertainty. To test means to determine
whether the acquired value including their measurement uncertainty meet one or
more specified requirements (tolerances or error limits). Since measurable
characteristics are acquired as value by most modern processes of material and
quality testing and compared with corresponding requirements, “measuring testing”
is defined as the opposite of “counting testing”.

Important measures for ensuring reproducibility of testing methods include
adjustment, calibration and gauging. Round-robin tests among several test
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laboratories using suitable reference specimens can serve as an additional measure.
Adjustment is the balancing of test equipment that must not be done by the operator
of the equipment and which guarantees that measurement discrepancies will be
minimal and/or that error limits will be maintained. Calibration means testing under
comparable conditions and the ability to return the result to international reference
values, in order to determine the true or correct measurement value while taking
systematic variations into account. Gauging is a procedure in which a competent
gauging office confirms that a testing or measuring device satisfies the stated
requirements or regulations according to law as regards its character and
measurement-technical characteristics (e.g., class of equipment). Calibration and
gauging have to be repeated by the gauging office or device operator at regular
intervals in order to ensure that error limits are maintained.

An essential legal basis for material testing is provided by national laws pertaining to
liability for defective products. According to ISO 9000, a defect is defined as a non-
conformity, i.e., the non-fulfillment of set demands. The following necessary
measures for material and polymer testing derive from the product liability law:

* use-related relevant and informative test procedures and methods must be
selected,

* design and assembly must be suited for testing and/or readily testable,

* testing must be done by agreed upon methods with meaningful results,

* test results must be evaluated with regard to proper intended use,

* product and process observation, anticipatory error prevention and, if required,
failure analysis.

1.5 Compilation of Standards

DIN 820-1 Standardization - Part 1: Principles

(2013)

DIN 820-2 Standardization - Part 2: Presentation of documents

(2012)

DIN 820-3 Standardization - Part 3: Terms and definitions

(2013)

DIN 820-4 Standardization - Part 4: Working procedure

(2013)

DIN 820-11 Standardization - Part 11: Presentation of standards concerning safety
(2013) regulations which are VDE-Specifications or VDE-Guidelines

DIN 820-12 Standardization - Part 12: Guidelines for the inclusion of safety aspects in

(2013) standards (ISO/IEC Guide 51 DIS : 2013)
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ISO 9001 Quality management systems — Requirements
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2 Preparation of Specimens

2.1 Introduction

The main tasks of polymer testing consist of the investigation, evaluation and
characterization of various materials and the provision of data with their
corresponding measurement uncertainty. Polymers can be tested in powder or
granulate form, or as specimens, semi-finished or finished products, or component
parts.

By molding material we mean un- or pre-shaped materials that are processed and
shaped into semi-finished or finished products by means of mechanical loading and
raised temperatures. Plastic moldings are products that can be manufactured from
molding materials by compression molding, transfer molding or injection molding
with subsequent cooling in completely enclosed tools [1.52, 2.1].

Characteristic chemical, physical and mechanical material values are required to
identify and classify polymers for use in quality assurance, comparison and selection
of materials, as well as for predicting the properties of molded parts. From this
perspective, the data to be acquired create a link, however limited, between material
properties and conditions of load. For a component part to be able to fulfill its
function during the service life expected of it, the property profile of the material in
the part must be in equilibrium with the requirement profile containing the sum of all
loads acting on the part. As a rule, the component requirement profile, such as its
range of loading, dimensional stability, or thermal and medial load, can be established
rather precisely. By contrast, the property profile of the polymer in a particular
component part depends on a variety of influencing factors. The most important of
these factors are:

e Structural parameters
— molecular structure of the polymer (constitution, conformation,
configuration)
— molecular weight and molecular weight distribution
— morphology
— orientation of the polymer and its fillers or reinforcing materials
— residual stresses and their distribution
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— additives (e.g., stabilizers, coupling agents) and fillers (e.g., talcum, chalk)
— reinforcing materials (e.g., glass, carbon, mineral and natural fibers)
— long period and tie-molecule density
— degree of crystallinity
* Geometric parameters
— shape and dimensions
— notches and sink marks
— flow and weld lines
— inhomogeneities (e.g., cavities, inclusions, agglomerations)
* Load parameters
— type of load (tension, compression, bending, multi-axial loading)
— duration and rate of load (creep and impact behavior)
— load frequency
— temperature and thermal shock loading
— environmental influences (humidity, UV radiation, etc.)

The variety and number of potential parameters underlines the necessity for precise
survey of all boundary conditions. On the other hand, it also shows that only a multi-
parametric description of polymer properties provides a sensible approach to
designing component parts and evaluating their durability. However, it also means
that, instead of simple values, characteristic functions dependent on various
parameters should be applied (see CAMPUS data bank for polymers). The main
reason for the limited informational value of the applied data and their limited
transferability to component behavior lies in the pronounced processing sensitivity of
these materials. Consequently, the material properties in the component, and the
specimen as well, depend not only on the chemical composition, but are decisively
influenced by prehistory, i.e., by the type and method of transition from molten to
solid state during the molding process.

For testing practice, this means that values can be measured reproducibly only if they
are acquired on the basis of comparable chemical and physical structure, identical
geometric conditions, as well as identical testing method and even testing technology.
In other words, this means that the presented values do not represent the molding
material properties of the investigated material, but rather the properties of a
specimen produced from this material under conditions determined by the molding
procedure that is not identical with the technological properties of any molded
component.

Moreover, this statement implicitly demands structure-related acquisition of material
values, as well as a clear distinction between the properties of the molding material
and those of the molded component.
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2.2 Testing Molding Materials

Molding materials properties are determined essentially by their chemical structure
and the process used for producing them, and are thus almost completely free of
influencing by geometry and prehistory. However, this is only the case when their
manufacturing is not followed by extrusion with subsequent granulation involving
processing additives or by the inclusion of reinforcing or filler materials.

This type of testing corresponds to an analytic task that provides both information as
to chemical and physical structure of the polymer as well as characteristic rheological
and processing values. These physical testing methods are not just used for analytical
characterization. They also represent the determinative basis for establishing
correlations between the structure of macromolecular materials, their manufacturing
and processing conditions, as well as their technological properties. Among the
typical industrial methods that are used in receiving inspection and provide indicative
data on the structure and/or classification of polymers are: density measurement,
determination of melting and glass transition temperature, incineration as well as
burn and/or pyrolysis tests that may be supplemented by spectroscopic test methods
such as infrared spectroscopy.

The evaluation of the processability of polymers can be performed with simple
technological or more advanced rheological testing methods, depending on the
specific task and the type of material. Especially significant from the standpoint of
industry are analysis of particle size and measurement of viscosity or melt-flow index.
Due to the well-known correlation between molecular mass, molecular mass
distribution, macromolecular structure and engineering properties such as strength,
ductility, toughness and density, conclusions can be drawn from the characteristic
values acquired as they relate to the influence of machining and molding processes on
chemical degradation. More detailed information on individual testing methods and
their applicability and meaningfulness for various polymers is provided in [1.6, 1.7,
1.9, 1.19, 1.45, 2.1, 2.2] and in Chapter 3.

Sampling procedure is of decisive importance for characterizing molding material
properties, since the statistical lot removed from the specimen — generally a small
amount of material — is supposed to represent the universe of properties. The
precision of property characterization depends mainly on the type and method of
sampling, in addition to the measurement technique used. If no suitable sample
splitter or divider is available, the total amount to be characterized has to be mixed
thoroughly, after which samples have to be removed at three points sufficiently far
away from the surface. Sampling at different points ought to compensate for
transport and storage changes in particle size distribution, in moisture and
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segregation effects. If thorough mixing is not possible, such as is the case for silo
storage, specimens should be taken similarly at several depth levels. Moisture
measurement can then be performed online, for example using moisture sensors. By
using trace moisture analyzers, the moisture of bulk materials can be controlled. A
common technique for sampling granulates and powders is the so-called quartering
[1.43,2.3]. In order to expedite allocation and tracing, all characterizing features
(type of polymer, sack number, filling date, type and condition of packaging, batch
number, etc.) have to be documented when preparing the test report. Analogous to
materials processing, pre-treatment suited to the material has to precede the test, for
example, to remove any water condensation or foreign particles from storage and to
obtain a defined reference condition.

23 Specimen Preparation

2.3.1 General Remarks

Precisely specified specimens are an operational requirement for characterizing the
properties of polymer molding materials by means of mechanical, thermal or
electrical parameters. They must correspond to the relevant standards and meet
specifications regarding the dimensions and condition of such specimens. Such
specimens can be produced separately or together with a component or plastic part,
or be taken from one, e.g., to investigate the property profile in the molded part or for
failure analysis [1.33]. The following list provides the direct and indirect processes
commonly used in forming technology:

* Direct shaping processes
— injection molding
— injection stamping
— compression molding
— casting

* Indirect shaping processes
— extrusion
— calendering
— stamping
— cutting

Industrial progress has also created new, combined production methods (e.g.,
pultrusion) that will not be presented individually. Additional processes which,
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however, cannot be clearly classified, include laminating, film blowing or subsequent
thermal treatment (tempering).

Regardless of the type of shaping process, energy-elastic, entropy-elastic and viscous
deformations peculiar to the material occur during production. These deformations
are caused by shearing, e.g., during the injection and flow process, stretching and
orienting of macromolecules, as well as by cooling and curing sequences in the tool.
They also have a decisive effect on the subsequent internal state of the component
part or specimen. Energy-elastic deformation is due to reversible changes in the
conditions of oscillation and rotation of atoms and parts of the macromolecules, and
is consequently time-dependent. Entropy-elastic deformations correspond to
changes in entropy, i.e., the conditions of internal order, whereby translatory
movements take place in chain segments at increased temperatures. These processes
are reversible, albeit time and temperature dependent. Irreversible viscous
deformations are caused by plastic shear in macromolecules due to shearing and/or
stretching during the production process (see Chapter 4).

During the transition from the molten to the solid state, the material undergoes a
specific volume shrinkage, also called process shrinkage. It has to be compensated by
a corresponding oversizing of the mold design [2.4]. Shrinkage affects dimensional
stability and tolerance; it is typically less pronounced in filled or reinforced materials
than in the matrix materials.

Depending on the complexity of the plastic part, these various processes generally
determine the uneven distribution of internal stresses (residual stress) and
matrix/filler orientations in the resultant shape, as well as morphological material
parameters of the polymer. Therefore, material values acquired from specimens as a
rule do not reflect molding materials properties, but rather characterize the properties
of a specimen that happens to be in a state determined by the circumstances of its
production. Data acquisition suited to such materials thus demands fundamental
information as to the state of the specimen and the test conditions selected for it.

2.3.2 Specimen Preparation by Direct Shaping

2.3.2.1 Production of Specimens from Thermoplastic Molding Materials

From the preceding presentation, we see that properties can be repeatably measured
only if both the measuring methods applied and the state of the specimen are
reproducible. Method-oriented test standards only define specimen geometry and
dimensions in addition to test condition requirements. Since the standards for
producing specimens from a particular material (product standards) consider only
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the basic expectations of the particular materials group, but cannot satisfy the
enormous variety and range of engineering polymers, they also refer to
manufacturer’s guidelines. This means that the optimum parameters for materials
processing are passed on to polymer processors as the know-how of molding
materials producers, e.g., in the form of processing guidelines or company standards.
Thus there is no single comparable materials state, but only states determined by the
influencing factors in the particular process used.

As opposed to metal materials, there is therefore no reference specimen (e.g.,
hardness reference plate) for polymers. Moreover, retained samples exhibit aging
together with changes in materials properties. Problems occur especially when
calibration is required for the precise determination of measurement uncertainty of
the test result, since the internal state of the specimen is itself a component of the total
compliance of the test system. The influence of residual stress on test procedure has
been observed, for example, in tensile testing specifically for the E modulus. Due to
the cooling process in closed tool, residual compression stress forms at the edge and
residual tensile stress in the center of the specimen (Fig. 2.1a). Thereby, the residual
stress profile o, =1f(y) spreads for example over the width of the specimen. If the
stress components do not balance each other out, cracks and cavities arise in the
center. If this specimen is subjected to tensile load, the resulting force generates
tensile stress o uniformly distributed across the width in relation to the cross-section
of the specimen (cf. Section 4.3.2.1 and Eq. 4.76). In consequence thereof, particularly
at very small stress values in the starting range of the stress-strain diagram,
overlapping occurs between load-induced and residual stress that leads to the
resulting stress distribution o, . Since the modulus of elasticity E is determined in the
starting range of the stress—strain curve (Fig. 4.27 and Eq. 4.81), the absolute value of
this materials parameter is subject to influence. In actual tests, this is illustrated by
comparing the E modulus of tempered and untempered specimens. Tempering leads
to a reduction of residual stress, which results in a reduced E modulus.

Orientations within the specimen affect both the E modulus as well as the
characteristic values of strength and deformation, whereby significant differences can
result as to tensile strength and tensile strain at break (Fig. 2.1b). Comparison of
stress—strain diagrams of short glass-fiber reinforced polyamide materials produced
directly by injection molding (specimen 1 in Fig. 2.1b) or by injection molding of
plates and subsequent shaping (specimens 2 and 3 in Fig. 2.1b) shows that the tensile
strength corresponding to the peak of the stress—strain curve is greatest in directly
injected specimens. The cause for this is the high state of anisotropy with a high
content of fibers oriented in the direction of injection molding. Orientation on the
plates is less due to production conditions; however, there is a striking differ-
ence between values acquired in transverse and injection molding direction. Tensile
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Fig. 2.1: Overlapping of residual stresses o, with loading stress o in the tensile test for a defined load

state (a) and stress—strain diagrams of PA 6 with 30 wt.-% GF in the tensile test for injection
molded specimens (1), specimens milled-out in injection molding direction (2), and
specimens milled transverse to injection molding direction (3) (b)

strength and tensile strain at break exhibit inverse tendency, i.e., the specimen with
the greatest tensile strength exhibits the least tensile strain at break.

Regardless of the type of direct shaping process (mostly injection molding), type 1A
multipurpose specimen according to ISO 3167 is the specimen of preference for
thermoplastic molding materials. Besides the tensile test, the plane-parallel center of
this specimen can be used for very different mechanical, electrical or thermal tests
(Fig. 2.2). These specimens are preferred since they provide a uniform reference
standard regarding orientation and residual stress (internal state), as well as identical
thickness and width (external state). When specimens have to be taken from molded
parts or components, it is generally impossible to remove 170 mm long specimens. In
this case, proportionally reduced specimens can be prepared, whereby care must
taken to scale down the test speed and strain measuring technique (cf. Section 4.3.2).

In principle, there exist two possibilities for minimizing the effects of processing
conditions or creating a defined reference standard:

e preparation of specimens in the initial state and
e preparation of specimens with a reference state dependent on processing
conditions.

Initial state specimens should consequently be homogeneous with respect to
the distribution of morphological texture, be macroscopically isotropic (without
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Fig. 2.2: Multipurpose specimen according to ISO 3167 and specimens producible from it for

conducting various other tests

preferred orientation) and without residual stresses. This state, which can be achieved
by compression molding, does not occur in actual component or molded parts.

Specimens can be produced either directly in a compression mold, or the required
specimens can be cut from plates. Thanks to preheating, minimal shear effects during
compression and controlled slow cooling rates, the formation of residual stresses and
orientations can be almost entirely eliminated. Pressure and temperature have to be
selected accordingly. In semicrystalline polymers, the cooling rate achieved also
controls the degree of crystallinity, as well as the crystallite and/or spheroidal
structure.

Practical experience shows that the holding temperature required should lie approx.
100 °C above the Vicat softening temperature (VST) of the amorphous or semi-
crystalline molding material involved, in order to obtain sufficient homogenization.
Table 2.1 provides exemplary guidelines for compression molding specimens or
plates from PS molding materials.

The plates or specimens produced under these conditions can be considered to be
homogenous as well as free from stress and orientation if, after a rest period of 30 min
at approx. 150 °C, they exhibit neither shrinkage nor shape distortion including
surface textures, and if the basic mechanical characterization of the tempered and
untempered specimens is identical within the degree of scatter.
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Table 2.1: Guidelines for pressure molding specimens and plates from PS molding materials
. . Preheat time Holding | Cooling time
Molding Holding Holding without time with under
. temperature pressure
material pressure pressure pressure
(°C) (MPa)
(s) (s) (s)
PS 190...210 4.0 300 300 300
SAN 200...210 4.0 300 300 300
ABS 240 ... 250 4.0 300 300 300

To produce specimens (usually multipurpose specimens according to ISO 3167) in
reference state, the preferred method is injection molding using the optimized
parameters of the molding materials manufacturer. The internal state arising thereby
has to be characterized using measurements at this point, since the state of the
specimen depends on the selected processing and mold parameters (pressure, time
and temperature), as well as the type of machine used and the layout of the mold (e.g.,
flow distance).

Experience shows that dimensional stability and accuracy of plastic products are
largely determined by cooling contraction in the mold and shrinkage of the
component at increased temperatures. Contraction is a consequence of the volume
contraction determined by the processing technology during transition from molten
to solid state and is compensated by appropriate mold design and draft angle [2.4].
Shrinkage of components or specimens is observed as a result of orientation-related
relaxation of the molecules during heating. Its result is a change in macroscopic
dimension and length depending on the processing conditions selected [2.5] that
cause an entropically unfavorable state compared to the initial state. The following
effects are responsible for this change of state :

* degree of plastic deformation, e.g., during deep-drawing or extrusion,

e thickness differences that lead to, e.g., residual stresses and flow lines from heating
and cooling during the injection molding process,

* orientations that arise during, e.g., extrusion or injection molding, and lead to
anisotropy of properties,

» surface textures and rough spots, as well as

* notch stresses and static weld lines.

Due to the altered physical structure, i.e., molecular and/or filler or reinforcement
orientations, as well as residual stresses in mechanically shaped, stretched or injection
molded parts or specimens, shrinkage S is observed when temperatures are increased
and recovery is not prevented. When the external geometry is maintained,
deformation is restrained expressed as shrinkage stress o..
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The causes of both these effects are thermally induced reorientation processes due to
increased molecular movement, also called memory effects, that cause a change in the
entropy state. The process of free shrinking is often described as a special form of
retardation (recreep), while inhibited shrinkage is also described as relaxation
(residual stress relaxation). These processes can follow very different chronological
sequences under identical conditions (temperature, pressure). During both thermal
stress analysis and thermal strain analysis, an overlapping heat strain is observed that
has to be considered in the interpretation of experimental results [2.6].

The measure for reversible frozen deformation is the entropy-elastic strain &
measured in the shrinkage test:
AL L-L
g =—=—""0 (2.1)
Lo Lo

whereby L is the actual length at temperature T, and L, corresponds to the length of
the reoriented state. Shrinkage S that tries to achieve the unoriented state beginning at
the initial length L, is determined by Eq. 2.2:

AL L,
L L

S

(2.2)

a a

Between the entropy-elastic initial strain &, determined by the shaping process and
total shrinkage S, in the unoriented state there exists the relation

€eg = (2.3)

Under the condition of hindered shrinkage, the measured shrinking force F, can be
expressed as shrinkage stress o

o.=—% (2.4)

o ZGS(Tg)l (2.5)
Tg

whereby A, is the initial cross-section area of the specimen, T the actual temperature,
T, the glass transition temperature and o;,(T,) the shrinkage stress frozen at glass
transition temperature. Given these assumptions and comparable specimens that may
be taken from, e.g., multipurpose specimens, specimen shrinkage for the particular
reference state can be determined in a heating cabinet or temperature chamber, with
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postheat treatment temperature depending on the molding material. For amorphous
thermoplastic polymers, the temperature ought to lie approx. 20°C above VST and
act for approx. 120 min. If in these tests, an approximately constant shrinkage S or
entropy-elastic strain ¢, result, it can be assumed that a comparable and reproducible
reference state has been reached.

Figure 2.3 illustrates the result of a shrinkage test on biaxial stretched PP film with a
thickness of 30 um for continuous warming at 2 °C min". It can be seen that shrinkage
on the film mechanically loaded in the main orientation direction begins at decidedly
higher temperatures. This behavior is caused by stronger stretching of the molecules
in the main orientation direction compared to the cross-sectional direction with its
accompanying higher proportion of secondary valence bonding. A cast film that is
produced practically without any orientation shows continuous lengthening with
increasing temperature, exhibiting linear thermal expansion behavior. Shrinkage—
temperature diagrams for the films investigated are presented in Fig. 2.4. The varying
anisotropy (orientation) of the specimens generated by their different processing
conditions can be seen in the curve progression and in the temperature levels at
transition. With increasing temperature, the measured force decreases dependent on
the degree of orientation. This decrease is caused by a reduction of the E modulus at
increasing test temperature under Hooke’s law. Transverse to orientation, shrinkage
starts at approx. 90 °C and in the direction of orientation it begins at approx. 120 °C.
In contrast to biaxial stretched films, cast films do not exhibit shrinkage phenomena.

The shrinkage test is sensible to the deformation kinetics of the production process
and illustrates the changes in shape stability and shape distortion tendency caused by

45
30
cast film
longitudinal direction
%4 1S
w 04
-15 N
transversal direction
-30 |
T T T T T
-50 0 50 100 150
T(°C)
Fig. 2.3: Shrinkage of a biaxial stretched PP film in the direction of orientation and transverse to

orientation compared with an unoriented PP cast film
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Fig. 2.4: Shrink force F, dependent on temperature at constant 0.1 % strain on a biaxial stretched PP

film and a PP cast film

increased temperatures. Both tests permit conclusions to be drawn as to the state of
molecular network, transformation phenomena and technically relevant limiting
temperatures. For the interpretation of the measurement results, the influence of
specimen thickness, thermal expansion coefficient (thermal expansion) and heat
conductivity always have to be considered.

2.3.2.2 Production of Specimens from Thermosetting Molding Materials

Thermosetting specimens can be produced by compression molding (e.g.,
melamine-formaldehyde resin, aminoplastics and phenoplastics) or by casting (poly-
ester and epoxy resins).

In compression molding, the molding material is generally cast directly into the die
without prior conditioning, pre-drying or pre-heating, and shaped into specimens or
semi-finished products under the effect of compression and the required
temperature. In order to secure isotropic properties, the material specific pressure
and the die temperature have to remain constant throughout curing time. During
mold filling, the charge must be precisely metered, taking shrinkage effects into
consideration, in order to fill the mold completely. Mold lubricants can only be used
to expedite demolding if they have no influence on component or molded part
properties. When parts with complex geometrical shapes are produced, it should be
noted that especially the bottom sides are subject to increased thermal load due to the
filling, compacting and heating sequence. To ensure identification of the orientation
of the specimen in the die, the die should be marked on the inside. To avoid problems
or destruction of the compression molded part, the finished part should be removed
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from the tool no later than 30 s after opening. If shape distortion or warping has taken
place, e.g., due to shrinkage, storage under plane load can be undertaken until cooling
is complete. To avoid excessive cooling rates, the loading weights should have low
heat conductivity. If the molds do not close precisely, flash can occur on the part’s
surface, which can be subsequently carefully removed, as long as visual scratches do
not result. Prior to the particular test, the specimens produced have to be stored in
standard climate according to valid product standards for a sufficient duration of
time, or at least 16 h.

For the preparation of specimens from casting resins, there are two principally
different methods: direct casting of specimens, or cutting specimens to shape from
cast plate. Essential criteria to be observed for casting resins include the technology
prescribed by the manufacturer as it relates to the mix ratio of resin and curing agent,
or curing agent and accelerators, as well as pot life (time until gel). Molds that open
on one side and that can be made from any number of materials, depending on the
length of use, are utilized to produce specimens. If only a few specimens are required,
a silicon or Teflon mold can be used; otherwise steel or brass molds should be used.
For optimum demolding, these molds should be sealed with silicon coating; prior to
casting, additional spraying with silicon oil film (epoxy resins) is recommended. If
unsaturated polyester resins (UP resin) is involved, a 1% solution of hard paraffin in
carbon tetrachloride should be used instead as releasing agent. Sufficient practical
experience is required to cast specimens of this type in order to produce them without
gas bubbles or flash, and at the same time with good surface quality. Care must be
taken with the mixing method, since tiny gas bubbles can easily become mixed in and
thereby generate porosity which is not easily eliminated. If resin system pot life
permits it, vacuum storage can at least reduce such porosity. However, if the resins
are mixed with fillers and then stored in this manner, separation and segregation
effects are to be expected and can only be eliminated by further mixing. For the
characterization of pure resins, usually tensile and bending test, shrinkage
determination and heat distorsion stability are used besides their chemical properties.
For this reason, the required number of specimen geometries is small. Shrinkage or
defective surface quality requires that the specimens be machined by sawing and/or
milling, whereby the cutting surface should be heated up as little as possible.

For reinforced or filled specimens (laminates, glop top) produced by prepreg
processes, pultrusion or lay-up molding, special instructions have to be followed,
since these composites react very sensitively to scratches or thickness variations.
Depending on the standard, these specimens should be equipped with cap strips or
fixing holes in the shoulder range in order to facilitate fracture in the plane parallel
part of the specimen. Further information on preparation and test procedure for
these materials is presented in Chapter 10.
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2.3.2.3 Production of Specimens from Elastomeric Materials

In order to acquire physical-mechanical values for vulcanized elastomers, specimens
can be produced by cutting or punching them from rubber or rubber-fabric plates, as
well as from finished parts. Low-temperature cutting is an alternative to these two
production processes, but can only be recommended for very small specimen
geometries. There are standardized preferred thicknesses for macroscopic specimens
depending on the type of test to be performed:

0.5+ 0.05 mm, 1.0£0.2mm, 2.0£0.2mm (e.g., for tensile specimens);
4.0+0.2 mm, 6.3+0.3mm, 12.5+0.5mm (e.g., compression set).

Independent of how specimens are produced (cutting, punching), it is not permitted
to produce specimens from plate stacks, since plate deformation occurs with
increasing cutting depth. If the processing direction (rolling or calendering) of the
plates is known, specimens should be preferably cut in this direction. If data on
anisotropy are desired, additional specimens can be prepared and tested transverse to
the processing direction. The quality of the specimens produced depends mainly on
the condition of the cutting edge or punch, especially its sharpness. Damaged knives
or punches must be disposed of, since the specimens produced by them probably
exhibit notches, flash or serrations that can decisively influence the quality of the
material values measured. Precise specimen preparation requires that the cutting
machine (slicer) and/or punch template (punch press) be precisely positioned in the
direction of cutting or punching. To avoid mechanical damage to the cutting
equipment, suitable cardboard or PVC backing, but never rubber, should be used.

When plates are taken from finished parts with non-standard component thickness, it
is permissible in principle to grind them to the desired shape or surface finish.
However, the specimens should not be taken from the plate until after such
machining. If they are to be ground, care must be taken that specimens are not heated
to more than 60 °C; this can be achieved by using low grinding speeds (10 to 30 m's™)
and grinding media with medium grain size. Tests using these specimens should be
performed generally not sooner than 16 h subsequent to preparation and not later
than 30 days after vulcanization. However, these requirements may vary depending
on the particular elastomer and its conditions of use.

The same requirements apply for the preparation of specimens from plates of
plasticized PVC (PVC-P) as for specimens from elastomeric materials.
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2.3.3  Specimen Preparation by Indirect Shaping

By indirect shaping we mean the obtaining of specimens by cutting them from
finished larger injection molded, extruded or compression molded plates or
component parts. The most important cutting methods for doing so include sawing,
milling, turning, grinding, boring and planing. However, the following aspects also
need to be considered:

* Standardized specimens (multipurpose specimens) usually can only be produced
from flat semi-finished products, whereby it is necessary to clearly mark the
preferred direction of reference.

*  Geometrically complex parts only rarely allow the preparation of specimens.

e Subsequent to removal and machining, the internal state of the specimen no
longer stands in clear relation to the internal state of the component part
(exposure or reduction of residual stress).

* Cutting shaping and the thermal load induced can additionally affect the test
result.

To secure a low level of measurement uncertainty and to avoid unacceptably high
measurement dispersion, fundamental aspects have to be observed in the indirect
production of specimens. In case the semi-finished parts exhibit greater thickness
than the required standardized specimens, these should be used without additional
machining. Only in special cases is the removal of thickness to standardized values
permissible; however, a minimum thickness of 1.5 mm must be maintained. When
the direction of injection, rolling or flow is known, specimens for determining
anisotropy of properties have to be taken length- and crosswise. When the main
orientation direction is unknown, process-related anisotropy can be qualitatively
determined with the help of the shrinkage test.

To ensure efficient shaping, suitable hardware should be provided (band and circular
saws, as well as milling machines) while complying with the guidelines for saw blades
and milling tools suitable for machining thermoplastics or thermosets. Generally
speaking, all of the above mechanical machining methods can be applied to these
various materials (see Table 2.2). However, with filled or, e.g., glass-fiber reinforced
materials, increased tool wear is to be expected. Blunt tools always have to
be replaced, since sawing or milling with such tools results in increased thermal load
and/or makes it impossible to maintain specified geometries (notch tip radius). If
machining is done in several steps (sawing of strips to be subsequently milled),
e.g., when making dumbbell specimens, the influence of milling tool diameter on
the quality of lateral edges has to be considered. Regardless of the type of milling,
e.g., with a milling template or CNC (computerized numerical control) mill, cutting
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Table 2.2: Indirect shaping methods and selected production conditions
(v - cutting rate, s - feed rate)
Thermosets Thermoplastics
Process Cutting tool
v (m min™) s (mm) v (m min™) s (mm)
High-speed 80 - 100 0.3-0.5
Turning steel 600 — 800 02-04
Hard metal 100 - 200 0.1-0.3
High-speed 40 - 50 30 - 45 03-0.8
Milling steel 0.5-0.8
Hard metal 200 - 1000 200 - 400 0.2...0.5
High-speed 70-90 30 - 40
Boring steel 02-04 0.2-0.4
Hard metal 90 - 120 40-70
Band saw 1500 - 2000 1000
Sawing manually manually
Circular saw 2500 - 3000 3000 - 4000
Grinding Corundum 1800 - 2000 - 500 - 1500 -
wheel

quality rises with the diameter of the milling head. From flexible and relatively soft
polymers, specimens can also be taken by stamping. However, practical experience
shows that the worst results with high measurement variance have been recorded with
this method.

A relatively new, cost-intensive method is water-jet cutting capable of producing
nearly any shape specimen in excellent quality [2.7].

It can be fundamentally stated that the occurrence of microcracks and notches
directly correlates to the condition of mechanical tools and cutting surfaces, so that

these can decidedly affect the level of properties and dispersion of measurement

results. For optimum results, the following aspects have to be attended to:

Chips formed during the machining process should be “cold” and smooth.
Polymers with low heat conductivity have to be machined at low cutting rates and
with additional cooling (compressed air or water).

Superficial softening at the cutting surfaces due to frictional heat from blunt tools
can cause stress during cooling.

High cutting rates usually provide the best surface quality at low feed rates.
Subsequent machining by grinding or polishing should always be done parallel to
the longitudinal axis of the specimen.
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Additional information regarding the machining of polymers can be found in ISO
2818 aswellasin [1.13] and [1.34].

2.3.4 Characterization of Specimen State

In principle, any physical-mechanical methodology developed for testing polymers
and their composites is technically suited for determining and evaluating the state of
specimens. Microscopic and electron-microscopic methods including image analysis
are traditionally of special importance, since they provide a visual image of structural
parameters. On the other hand, spectroscopic and non-destructive test methods, e.g.,
measurement of residual stress [2.8, 2.9] or the description of molecule and fiber
orientation and anisotropy [2.10 - 2.12] are gaining in practical relevance and
acceptance, since they function free of contact and can be utilized for components
(see Chapter 8). Regardless of the type of measurement technology and the working
principle applied, the test method selected has to have sufficient sensitivity to record
the relevant structural or morphological parameters.

By structure, we mean a collective concept for the chemical and physical regularities
in the make-up of polymers involving not only aspects of each single molecule, but
also the formation of molecule aggregations in amorphous and semicrystalline state
(morphology), as well as changes due to processing. For thermoplastic polymers, it
can be assumed that the chemical properties specific to the material alter only
minimally due to processing, whereas the property level of thermosets and elastomers
is strongly influenced by chemical crosslinking reaction. However, in all polymers the
type and method of shaping decisively affects the shaped physical structure which can
be described by morphology, orientation and residual stress.

By morphology, we mean the totality of supermolecular structures reaching from the
smallest details in the nm-range up to several hundred um. Size, shape and
arrangement, as well as quantity ratio depend on the particular interactions and
represent characteristic values for the specific polymer. Corresponding to the spatial
extension of such structural elements and their stability with regard to mechanical
and thermal loads, we can distinguish between micro and macro morphology. For
this reason the respective defect mechanisms are subdivided into micro- and macro-
damage. Beyond that, the definition of morphology has to be extended, since not all
polymers are used as pure matrix materials, but rather as blends, i.e., filled or
reinforced materials systems for strengthening, stiffening and toughening designer
applications. This extension includes, among other things, the spatial distribution
and density of fillers or reinforcements, the arrangement of additional phases, e.g., in
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the form of co-continuous phase distributions and core-shell structures, as well as
nanoparticle filled and nanostructured polymers.

Due to thermal shaping with accompanying shearing and laminar flow in the mold,
anisotropies with defined preferred directions arise that are also called orientations.
By orientation, we therefore mean the alignment of structural elements with
molecular, supermolecular or colloidal dimensions relative to the main axis of a
specimen or component.

During the processing of plastics parts in molds that are closed on all sides, internal
stresses arise from the volume contraction occurring during cooling; these are called
residual stress. The energy-elastic deformation of molecule bonds responsible for this
are irreversible without thermal and/or mechanical load, because the laws of
thermodynamics do not allow them to restore themselves by relaxing. However, these
inherent stresses can be released by subsequent thermal treatment once the
corresponding energy threshold has been exceeded. The resulting internal forces and
moments are in equilibrium, so that the material appears to be free of residual stress.
Therefore, residual stresses are not genuine structural parameters, but rather the
consequence of changes in real polymer structure due to processing technique. On
the other hand, it is of great practical relevance when designing and dimensioning
molded components to know the internal, frozen state of polymer stress. This is
especially the case with regard to the generation of stress cracking and plastic
deformation due to local exceeding of the yield point with resulting impairment of
mechanical strength. Due to the various accessibility for different measurement
technologies (X-ray residual stress analysis or shrinkage measurement), it makes
sense to distinguish between micro- and macroscopic residual stress.

Table 2.3 summarizes various parameters for describing and methods of
characterizing specimen state without claiming to include all possibilities.

The testing methods conforming to the definitions listed above can be divided into
the following groups:

* Methods relating change in physical properties to the internal state of the
specimen (e.g., birefringence, density, heat conductivity)

* Methods correlating change of a property affected by application technology with
internal state (e.g., directional dependence of Knoop hardness, yield stress)

e Testing methods based on degradation effects on internal state (e.g., shrinkage,
relaxation by dissection)

* Non-destructive methods based on physical working principle and wave length
(e.g., X-ray refractometry, ultrasonic testing) that generate measurable
interactions at internal interfaces.
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Table 2.3: Overview of processes and methods for determining specimen state (o suitability
limited; e suitable)
Morphology/
Structural parameter
2
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Test method o RS | w8 | B | 0o ~
Light microscopy L L
Polarization microscopy [ ] [ ] O
Electron microscopy ©) (@) @)
X-ray methods L4 L4 ©) O ©) L4
Radiography [ ] (]
Differential scanning calorimetry o
Density measurement @) ® @)
Ultrasonic test method ] O (@) @)
Measurement of anisotropy [ ] @) e)
Shrinkage measurement o (@)
Shrinkage force measurement ® O
Dissection method ([
Stress crack testing ©) @)
Laser holography ®
Microwave technique @) [ ] [ ]
Thermography O @)

In actual testing practice, problems with measurement technology often arise due to
the complexity of internal state and overlapping interaction. They can complicate any
precise analysis of complex components considerably, or sometimes even render it
impossible.

24 Specimen Preparation and Conditioning

In order to ensure the reproducibility of test results, not only specified production of
specimens and sufficient uniformity of test climate (temperature and humidity) have
to be guaranteed, but also the moisture content of the specimen. The reason for this is
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that for polymers the characteristic value levels change at even small variations in
loading rate and other test conditions, such as environmental temperature or
humidity. Therefore, so-called standard atmospheres that satisfy average climatic
conditions, thus simulating conditions in actual practice, have been defined as testing
conditions. Standard atmosphere according to ISO 291 with an air temperature of
23°C and relative humidity of 50% (designation: 23/50 rh) has to be used for
normalizing specimens and performing tests to characterize materials properties at
room temperature (RT). Two different classes of standard atmospheres are stated in
this standard, corresponding to different ranges of deviation. Class 1 limits
temperature deviation to + 1 °C and relative atmospheric humidity to + 5 %; class 2
limits temperature deviation to 2 °C and relative humidity deviation to + 10 %.

The simplest, but also most expensive method for guaranteeing constant testing
climate is to climatize the entire space including the testing equipment by a suitable
system. Other technical preconditions for climatizing include the absence of
additional heat sources, such as drying cabinets, tempering equipment, etc., and that
appropriate measures are taken to neutralize the effect of sunshine.

Climatized testing facilities are an indispensable prerequisite for long-term static
(e.g., creep test) or dynamic investigations (e.g., determination of fatigue strength)
under standard atmosphere.

For the acquisition of characteristic data on polymers in short-time tests, it is often
sufficient to adjust the specimen to the corresponding test climate. For this purpose,
the specimens are conditioned to put them in equilibrium with a standard
atmosphere. During conditioning, specimens assume the temperature of the
surrounding air, while test duration depends on initial temperature and geometrical
dimensions, especially thickness. Depending on the diffusion coefficient of the
polymer, a state of equilibrium is reached between the specimen moisture content
and that of the surrounding air. Duration of storage is determined mainly by the type
of polymer to be tested and can vary widely for the same relative humidity.

Specimens are to be stored in normalizing atmosphere in such a way that as much of
their surface as possible is subject to atmospheric influence. It is generally no problem
to maintain constant storage temperature, but maintaining desired humidity levels is
not as simple. The use of dessicators or environmental cabinets is a prerequisite.
Table 2.4 lists achievable relative humidities at various temperatures and various
saturated solutions.

In case atmospheric conditions in the test facility deviate considerably from those of
normalization, testing must be performed immediately after removal of the specimen
from the conditioning chamber. Taking humidity into consideration, normalization
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duration is approx. 88 h for standardized multipurpose specimens; if only
temperature is adjusted, approx. 4 h suffice.

Special conditions are specified for specimens made from polyamide (PA), since
these materials absorb more than 2% humidity depending on the type of PA and its
reinforcement or filler materials. For normalizing dry-as-molded specimens,
accelerated conditioning according to ISO 1110 at 70 °C and 62 % humidity can be
performed while monitoring weight gain; storage duration is graduated according to
specimen thickness.

16 h is the generally assumed duration for normalizing thermosets; at least 1 h for
most elastomers. In addition to the other test conditions, type and duration of
normalizing and test atmosphere have to be recorded in the test protocol.

If polymers are to be characterized at temperatures deviating from standard
temperature, the testing facility must have an adjoining temperature chamber, or the
test equipment has to be completely accommodated in a tempering apparatus. The

Table 2.4: Relative humidity over saturated salt solutions at various temperatures
Salt Relative humidity in % at

5°C | 10°C | 15°C|20°C|25°C|30°C|35°C|40°C|50°C | 60°C
Potassium 4| B3| 9| 8| 7|66 | 6 | -
hydroxide
Lithium chloride 14 14 13 12 12 12 12 11 11 10
Potassium acetate - 21 21 22 22 22 21 20 - -
Magnesium 35 | 34 | 34 | 33 | 33 | 33 | 32 | 32 | 31 | 30
chloride
Potash - 47 44 44 43 43 43 42 - 36

Magnesium nitrate | 58 57 56 55 53 52 50 49 46 49

Sodium 59 | 58 | 56 | 55 | 54 | 52 | 51 | 50 | 47 -
bichromate

Ammonium - 73 | 69 | 65 | 62 | 59 | 55 | 53 | 47 | 42
nitrate

Sodium nitrite - - - 66 65 63 62 62 59 59
Sodium chloride 76 | 76 | 76 | 76 | 75 | 75| 75| 75| 76 | 76

Ammonium sulfate | 82 82 81 81 80 80 80 79 79 -

Potassium chloride | 88 88 87 86 85 85 84 82 81 80

Potassium nitrate 96 95 94 93 92 91 89 88 85 82

Potassium sulfate 98 98 97 97 97 96 96 96 96 96
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specimens to be investigated have to be pre-heated at each test temperature in order
to obtain sufficiently constant cross-sectional temperature. To obtain sufficient air
circulation, specimens have to be stored in such a way that direct surface contact is
avoided. Practice shows that approx. 30 min are sufficient for multipurpose
specimens with a thickness of 4 mm. If, in addition to increased or decreased
temperatures, a specified humidity level has to be maintained, an environmental
chamber has to be used.

When polymers are to be used in the automobile and aerospace industries, as well as
for household appliances, the changes in their characteristic values such as strength,
stiffness and toughness under exposure to any number of media need to be
considered. In order to determine environmental-thermal resistance, specimens are
exposed to media (oil, water, detergent solution, etc.) at various temperatures, for
example, to determine media resistance of polymers in detergent containers up to
2000 h; subsequently the value levels are compared with the initial state. Strict
separation by polymer type during storage in recirculating heating cabinets and
media chambers is required in these long-term tests in order to eliminate reciprocally
interacting influences (e.g., degradation products due to aging).

A thorough list of conditioning times for obtaining temperature equilibrium
dependent on specimen geometry is provided by Brown [1.43] for prismatic and
cylindrical specimens.

25 Compilation of Standards

ISO 291
(2008)

1SO 293
(2004)

ISO 294-1
(1996)

ISO 294-1 AMD1
(2001)

ISO 294-1 AMD2

(2005)

ISO 294-2
(1996)

Plastics - Standard Atmospheres for Conditioning and Testing

Plastics - Compression Moulding of Test Specimens of Thermoplastic
Materials

Plastics - Injection Moulding of Test Specimens of Thermoplastic
Materials - Part 1: General Principles, and Moulding of Multipurpose
and Bar Test Specimens

Plastics - Injection Moulding of Test Specimens of Thermoplastic
Materials - Part 1: General Principles, and Moulding of Multipurpose
and Bar Test Specimens: Amendment 1

Plastics - Injection Moulding of Test Specimens of Thermoplastic
Materials - Part 1: General Principles, and Moulding of Multipurpose
and Bar Test Specimens: Amendment 2: Methods of Determining the
Hold Pressure and Hold Time

Plastics - Injection Moulding of Test Specimens of Thermoplastic
Materials - Part 2: Small Tensile Bars
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1SO 294-2 AMD1
(2004)

1SO 294-3
(2002)

ISO 294-3 AMD1
(2006)

1SO 294-4
(2001)

ISO 294-5
(2011)

ISO 295
(2004)

ISO 1110
(1995)

ISO 2231
(1989)

ISO 2505
(2005)

1SO 2577
(2007)

ISO 2818
(1994)

ISO 3167
(2002)

ISO 3521
(1997)

ISO 10724-1
(1998)

1SO 10724-2
(1998)

ISO 14616
(1997)

1SO 23529
(2010)

ASTM D 618-08
(2008)

ASTM D 955-08
(2008)

Plastics - Injection Moulding of Test Specimens of Thermoplastic
Materials — Part 2: Small Tensile Bars; Amendment 1

Plastics - Injection Moulding of Test Specimens of Thermoplastic
Materials — Part 3: Small Plates

Plastics - Injection Moulding of Test Specimens of Thermoplastic
Materials — Part 3: Small Plates; Amendment 1

Plastics - Injection Moulding of Test Specimens of Thermoplastic
Materials — Part 4: Determination of Moulding Shrinkage

Plastics - Injection Moulding of Test Specimens of Thermoplastic
Materials — Part 5: Preparation of Standard Specimens for Investigating
Anisotropy

Plastics - Compression Moulding of Test Specimens of Thermosetting
Materials

Plastics - Polyamides - Accelerated Conditioning of Test Specimens

Rubber - or Plastics-coated Fabrics - Standard Atmospheres for
Conditioning and Testing

Thermoplastics Pipes - Longitudinal Reversion - Test Method and
Parameters

Plastics - Thermosetting Moulding Materials - Determination of
Shrinkage

Plastics - Preparation of Test Specimens by Machining

(Technical Corrigendum TC 1 : 2007)

Plastics — Multipurpose Test Specimens

Plastics — Unsaturated Polyester and Epoxy Resins — Determination of
Overall Volume Shrinkage (Technical Corrigendum - TC 1: 2003)

Plastics - Injection Moulding of Test Specimens of Thermosetting
Powder Moulding Compounds (PMCs) - Part 1: General Principles and
Moulding of Multipurpose Test Specimens

Plastics — Injection Moulding of Test Specimens of Thermosetting
Powder Moulding Compounds (PMCs) - Part 2: Small Plates

Plastics — Heatshrinkable Films of Polyethylene, Ethylene Copolymers
and their Mixtures — Determination of Shrinkage Stress and Contraction
Stress

Rubber - General Procedures for Preparing and Conditioning Test Pieces
for Physical Test Methods

Standard Practice for Conditioning Plastics for Testing

Standard Test Method of Measuring Shrinkage from Mold Dimensions of
Thermoplastics



