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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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third edition cancels and replaces thesecond edition (ISO 4664-1:2011), which has been
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main changes are as follows:

bther types of deformatioirmode have been included in Table 2;

Hescriptions of nontinear behaviour have been added in 6.1.2;

bxplanations regarding the forced resonant vibration type method have been added in

bther shapes-and dimensions of test pieces have been added in Table 4 (the former Tabl

Lest conditions (temperature, frequency, strain, etc.) have been expanded in Table 5
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he derivation method for required viscoelastic parameters has been claritied in 9.o;

and 11.

Alist of all parts in the ISO 4664 series can be found on the ISO website.

test methods for free vibration and forced vibration resonant type have been detailed in Clauses 10

Any feedback or questions on this document should be directed to the user’s national standards body. A
complete listing of these bodies can be found at www.iso.org/members.html.
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1 Bcope

This| document gives guidance on the determination of dynamic properties“of vulc
thermoplastic rubbers. It includes both free- and forced-vibration methods>carried o

mat¢rials and products. It does not cover rebound resilience or cyclic tests incwhich the malin objective
is to|fatigue the rubber.

2 Normative references

The [following documents are referred to in the text in suchfa)way that some or all of their content
condtitutes requirements of this document. For dated referénces, only the edition cited

undgted references, the latest edition of the referenced docitment (including any amendments) applies.
[SO 23529, Rubber — General procedures for preparing and conditioning test pieces for [

methods

3 [Terms and definitions

For the purposes of this document, the following terms and definitions apply.

ISO @and IEC maintain terminology databases for use in standardization at the following add

— [SO Online browsing platform: available at https://www.iso.org/obp

— [EC Electropedia: available at https://www.electropedia.org/

3.1 | Terms applying to any periodic deformation

3.1.1

hysteresisloop

clos¢d curve representing successive stress-strain states of a material during a cyclic defor

3.1.

energy loss

energy per unit volume which is lost in each deformation cycle, i.e. the hysteresis loop area

Note

1 to entry: It is expressed in J/m3.

3.1.3

power loss
energy loss (3.1.2) per unit time, per unit volume, which is transformed into heat through hysteresis,
expressed as the product of energy loss and frequency

Note

1 to entry: It is expressed in W/m3.

© IS0 2022 - All rights reserved


https://www.iso.org/obp/ui
https://www.electropedia.org/
https://standardsiso.com/api/?name=ec42c366f27fa6f4024804f82d1351da

ISO 4664-1:2022(E)

3.14

mean stress
average value of the stress during a single complete hysteresis loop (3.1.1)

Note 1 to entry: It is expressed in Pa.

Note 2 to entry: This is the static stress applied before starting dynamic motion.

Note 3 to entry: See Figure 1.
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raindrelationship is nonlinear and the response is, therefore, not sinusoidal.
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about various levels of mean stress or mean strain (for example, incremental spring constant, incremental elastic
shear modulus).

Figure 1 — Heavily distorted hysteresis loop obtained under forced pulsating sinusoidal strain

3.1.5

mean strain
average value of the strain during a single complete hysteresis loop (3.1.1)

Note 1 to entry: This is the static strain applied before starting dynamic motion.

Note 2 to entry: See Figure 1.
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3.1.6

maximum load amplitude

Fy

maximum applied load, measured from the average value of the load during a single sinusoidal wave

Note 1 to entry: It is expressed in N.

3.1.7

maximum stress amplitude
To

ratio of the maximum applied force, measured from the mean force, to the cross-sectional area of the
unstressed test piece (zero to peak o one side onty)

Note|1 to entry: It is expressed in Pa.

3.1.
maximum deflection amplitude
Xo
maxjmum value of the deflection, measured from the average value of the’deflection durfing a single
sinupoidal wave

Note|1 to entry: It is expressed in m.

3.1.
maximum strain amplitude

Yo
maxjmum value of the strain, measured from the mean-strain (3.1.5) (zero to peak on one side only)

3.1.10

Payne effect
phejomenon in which the dynamic modulus decreases as the strain increases, in dynamic|testing of a
filledl rubber compound

3.2 | Terms applying to sinusoidal motion

3.21
spripg constant
K
component of the applieddead, which is in phase with the deflection, divided by the deflectipn

Note|1 to entry: It is expressed in N/m.

3.2.2
elastic shearmodulus

storpge shear modulus
GI
component of the applied shear stress, which is in phase with the shear strain, divided by the strain

G'=‘G* ‘ cosd

Note 1 to entry: It is expressed in Pa.

3.2.3

loss shear modulus

G/I

component of the applied shear stress, which is in quadrature with the shear strain, divided by the
strain

G”:‘G*‘sinB

©1S0 2022 - All rights reserved 3
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Note 1 to entry: It is expressed in Pa.

3.2.4

complex shear modulus

G*

ratio of the shear stress to the shear strain, where each is a vector which can be represented by a
complex number

G =G +iG”

Note 1 to entryttis-expressedinPa-

3.2.5
absolute complex shear modulus
|G*|
absolute value of the complex shear modulus (3.2.4)

V2 +672

*

G

Note 1 to enflry: It is expressed in Pa.

3.2.6
elastic normal modulus
storage normal modulus
elastic Young’s modulus
El
component of the applied normal stress, which is in phasewith the normal strain, divided by the strain

E'=|E"|coss

Note 1 to enffry: It is expressed in Pa.

3.2.7
loss normdl modulus
loss Young|s modulus
EII
component[of the applied normal stress, which is in quadrature with the normal strain, divided by the
strain

E”=|E"(siné

Note 1 to enflry: Jtigexpressed in Pa.

3.2.8
complex normal modulus

complex Young’s modulus

E*

ratio of the normal stress to the normal strain, where each is a vector which can be represented by a
complex number

E'=E'+iE”

Note 1 to entry: It is expressed in Pa.

4 © IS0 2022 - All rights reserved
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3.2.9
absolute complex normal modulus
absolute value of the complex normal modulus (3.2.8)

E'|=VE? +E7?

3.2.10
storage spring constant
dynamic spring constant

K/

com

Note

3.2.
loss
K//

com

Note

3.2.

ponent of the applied load, which is in phase with the deflection, divided by the deflegeti
K’ = ‘K i ‘ cosd
1 to entry: It is expressed in N/m.

[ 1
spring constant

ponent of the applied load, which is in quadrature with the deflection, divided by the d¢g
K" =|K"|sind
1 to entry: It is expressed in N/m.

| 2

comjplex spring constant

K*
ratig

Note

3.2.

of the load to the deflection, where each-is a vector which can be represented by a com
K™ =K' +iK"

1 to entry: It is expressed in"N/in.

|3

absglute complex spring-constant

|K*|
absd

Note

lute value of the)complex spring constant (3.2.12)
| = VK2 K

Icte entry: It is expressed in N/m.

flection

lex number

3.2.14

tangent of the loss angle

tand

ratio of the loss modulus to the elastic modulus

Note

4 ”

G
1 to entry: For shear stresses, tand =— and for normal stresses tand =

7"

© IS0 2022 - All rights reserved
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3.2.15
loss factor
L¢

1:2022(E)

ratio of the loss spring constant (3.2.11) to the storage spring constant (3.2.10)

3.2.16
loss angle
6

phase anglg between the stress and the strain

Note 1 to enflry: It is expressed in rad.

3.3 Othe

3.31
logarithmi
A

r terms applying to periodic motion

c decrement

natural (Napierian) logarithm of the ratio between successive amplitudes of the same sign of a damped

oscillation

3.3.2
transmissi
V‘I.'

ratio of the

bility

force transmitted to the force applied

4 Symbols

For the purposes of this document, the following!symbols apply.
A (mP) test piece cross-sectionalarea

aandb (m] width or side length of test piece

ar Williams, Lande]; Ferry (WLF) shift factor

by vertical shift factor

a (rad) angle of twist

Gy heat capacity

y strain

Yo maximum strain amplitude

y* complex strain

d (m) diameter of circular test piece

9 (rad) loss angle or phase difference

E (Pa) Young’s modulus

E. (Pa) effective Young’s modulus

E’ (Pa) elastic normal modulus (storage normal modulus)
6
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E” (Pa) loss normal modulus (loss Young’s modulus)
E* (Pa) complex normal modulus (complex Young’s modulus)
|[E*| (Pa) absolute value of complex normal modulus
F (N) load
F, (N) maximum load amplitude
f (Hz) frequency
(Pa) Shear modulus
G’ (Pa) elastic shear modulus (storage shear modulus)
G" (Pa) loss shear modulus
G* (Pa) complex shear modulus
|G¥| (Pa) absolute value of complex shear modulus
h (m) test piece thickness
K (N/m) spring constant
K’ (N/m) storage spring constant (dynamic spring constant)
K" (N/m) loss spring constant
K* (N/m) complex spring constant
|K*| (N/m) absolute value of complex’spring constant
k numerical factor foryshape factor correction
k shape factor.in-torsion
L¢ loss factor
1 (m) test'piece length or distance between test piece holders
A extension ratio
A logarithmic decrement
M’ (Pa) in-phase or storage modulus
M" (Pa) out of phase or oss modulus
M* (Pa) complex modulus
| M*| (Pa) absolute value of complex modulus
m (kg) mass
Q (N'm)  torque
S shape factor
T (K) temperature (in kelvins)

© IS0 2022 - All rights reserved
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low-frequency glass transition temperature

reference temperature
time

tangent of the loss angle
stress

maximum stress amplitude

in-phase stress
out-of-phase stress
complex stress
transmissibility
angular frequency
deflection

maximum deflection amplitude

Viscqelasticity

hot be deformed without applying force. Unlike elastic materials such as metals, rupber

viscoelpstic material, i.e. it shows both anelastic response and a viscous drag when deformed.

T, (K
Ty (K)

t ()
tand

T (Pa)
Ty (Pa)
T (PQ)
" (P)
T* (P3)
£

1) (rad/s)
X (

Xo (:[
5 Genernal
5.1

Matter can

is a
Viscoelastig
dampers (d
model), giv

NOTE1  Fprthe use of more elaborate/models to describe the behaviour accurately, see Reference [5].

Key
1
2

properties have been modelled as combinations of perfectly elastic springs and vistous
ashpots), arranged in parallel (Voigt-Kelvin model) as in Figure 2 or in series (Maxwell
ng a qualitative model of the fime-dependent behaviour of rubber-like materials.

1

I

2

S

elasticity
viscosity

Figure 2 — A dynamic model for rubber (Voigt-Kelvin model)
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The dynamic properties of viscoelastic materials can be explained more conveniently by separating the
two components elasticity (spring) and viscosity (damping), for example as in Figure 2. Analysis of the
behaviour of this model, under a cyclic load or deflection, shows that the resulting deformation or force

lags

NOTE 2

relat

5.2

in time behind the applied load or deflection (i.e. shows a phase difference) (see 6.1.1).

ional expressions are interconvertible. In this document, dynamic modulus is used.

Use of dynamic test data

Measurements of dynamic properties are generally used for the following purposes:

Dynamic properties can be described based on dynamic modulus or dynamic compliance. Both

a)
b)

)

Visc
such
defo

Ani
suits
can
are ¢
geng

5.3

5.3.

The
class

5.3.2

Ther
and
oscil
forc

rharacterization of materials;
production of design data;
bvaluation of products.

belastic behaviour of rubbers is complex, and the results can be very sensitive to tes
as frequency, amplitude of the applied force or deformation, test\piece geometry a

nportant consequence is that it is essential that the conditiens under which data are p
ible for the intended purpose of the data. In turn, this cap-mean that different types of t
produce test data suitable for different purposes. For.instance, small dynamic analysq
pspecially suitable for material characterization butcdo'not necessarily have sufficient
rating design data or measuring product performance.

Classification of dynamic tests

|  General

e are numerous types of dynamic¢.test apparatus in use and several ways in which
ified, as described in 5.3.2 and 5:3.3.

. Classification by type of vibration

the amplitude allewed to decay due to damping in the system, and forced vibration i
lation is maintained by external means (see Table 1). There are two types of test m
bd vibrationerresonance type and non-resonance type.

Table 1 — Classification of dynamic tests by type of vibration

L conditions
nd mode of

I'mation, so these conditions should be controlled carefully if comparable results are to lpe obtained.

roduced are
st machine
br machines
tapacity for

they can be

e are two basic classes)of dynamic test, i.e. free vibration in which the test piece is set in oscillation

h which the
bthod using

Vibration Measuring Principle Pros and con

5 to be

method method consider

pd

The

exte

Forced-vibration:

is maintained by

Non-resonant type |The dynamic properties are
calculated based on the amplitude
of force and deflection and the

phase difference.

oscillation selected arbitrarily

rnal means.

can be measured.

The test frequency can be

relatively wide range.

Dependency of temperature,
frequency and strain amplitude

from a

Resonant type The dynamic property is determined | This method can be
using the resonance phenomenon at
the natural frequency of the system.

methods.

It is difficult to disti

up to higher frequency range
compared with other

harmonic resonance.

applied

nguish
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Table 1 (continued)

The oscilla-

tion amplitude
allowed to decay
due to damping.

Vibration Measuring Principle Pros and cons to be
method method considered
Free-vibration: Free decay The dynamic properties are The range of test frequency

obtained from the decay
waveform.

is relatively narrow.
Measurements at higher
frequencies are difficult.

Apparatus is simple and
operations are convenient.

5.3.3 Clapsification by mode of deformation

The deformation method can involve compression, shear, tension or bending of the tesf piece|(see

Table 2).

NOTE I the extension state, the cross-sectional area changes due to the extension(;The extension|load
divided by the cross-sectional area is called “true stress”, and that divided by the initial ¢ross-sectional afea is
called “nomipal stress”.

Table 2 — Classification of dynamic tests by deformation modes

Deformation mode Direction of Sample shape Pros)and cons to be considered
movement
Simple shear  |Translational Tl Bonding with adhesive or vulcanization

Test piece shapes are
dise of'rectangular
sheet.

bonding is necessary.

Relatively large strains can be applied.

Shear

Purg shear Translational

lT The grips must be rigid enough to prevent
deformation.

i The test piece must be adhered or clamped
in the grips so that it is held firmly.

shejr

Rothtional Rotational

Strain distribution is not uniform.

Bonding with adhesive or vulcanization
bonding is necessary.

10
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Table 2 (continued)

Deformation mode Direction of Sample shape Pros and cons to be considered
movement
Torsional shear |Rotational m_| Preparation of test pieces is simple and
convenient.
| Measurement with large deformation is
@ b |difficult.
Film shear Translational T Preparation and mounting of test pieces are
| billlplt: dlld LUllVClliUllL.

o |l o |l © Crimping with bolts or bonding with
B B adhesive is necessary.

In large deformation, the test pi¢ce can slip
between the clamps.€ompared with bond-

© I]_ @) I]_ © ing methods.

Tengion Translational Nominal stfess is applied (see NOTE).

Preparation of test pieces is simple and
convenjent.

l T Sthain distribution is relatively @iniform.

Static tensien'is needed

Compression Translational Relatively large force is needed.

!

Static compression is
needed

(=]

Bengling Translational T l This method is usually applied t
relatively stiff and inextensible
U materials such as rubber/fibre

AV AV

composite materials.

A A A

5.4 | Factors affecting machine selection

The advantages and disadvantages of the various types of dynamic test machine can be summarized as
follows.

Deformation in simple shear generally allows the most precise definition of strain, and the stress-strain
curve remains linear to higher amplitudes than for other deformation modes, but the test pieces have to
be fabricated with metal end pieces.

Deformation in compression can be useful in matching service conditions, particularly with products,
but generally requires a higher force capacity and consideration of the shape factor of the test piece.

Deformation in bending, torsion or tension requires a lower force capacity and test pieces are easily
produced, but it can be less satisfactory for measurements of absolute values of the modulus.

©1S0 2022 - All rights reserved 11


https://standardsiso.com/api/?name=ec42c366f27fa6f4024804f82d1351da

ISO 4664-1:2022(E)

The preferred type of test machine for generating design data is a forced-vibration non-resonance

machine operating in shear.

A large force capacity, and hence an expensive machine, is necessary for higher strain amplitudes in

shear and compression and for testing products.

For material characterization, the mode of deformation is not, in principle, important and a large force

capacity is not necessary.

Dynamic analysers of modest capacity but having automated scanning of frequency and temperature

are particularly efficient for material characterization.

Free-vibratjon apparatus is restricted to low frequencies and amplitudes, normally in torsion.

In tension gnd compression modes, a static strain which is larger than the dynamic strain inténded to

be tested is|necessary.

When an adhesive is used to prevent slip between the test pieces and the holders, special care should be

taken to eliminate the effect of the adhesive.

In the case ¢f a temperature ramp measurement, it is preferable to have a mechanism to compensatie for

the influende of thermal expansion or shrinkage of the test piece.

With large dleformation, necking (in tension mode) or buckling (in torsieh mode) can occur.

6 Principles of dynamic motion for each vibrationimethod
6.1 Forced vibration non-resonant method

6.1.1 Dymamic motion in linear response

Rubbers ar¢ viscoelastic materials, and hence their response to dynamic excitation is a combinatipn of

an elastic r¢sponse and a viscous response and‘energy is lost in each cycle.
For sinusoidal strain, the motion is described by Formula (1):

Y=Y, sinwt

where

y  isthe strain;
Yo is the maximum strain amplitude;

w is the angular frequency;

(M

t is the time.

See Figure 3.

12
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(ot
stress (load)
Gtrain (deflection)

Figure 3 — Sinusoidalstress-strain time cycle

stress T will not be in phase with the stfain and can be considered to precede it by the

that Formula (2) applies:

[ =7, sin(wt +9)

e

r isthe stress;
[, isthe maximum stress amplitude;

b is the-pliase or loss angle.

In tHe case,of tensile or compressive deformation mode, a dynamic sinusoidal strain or stre
on a|static strain or static stress. The static strain or stress is referred to as “mean strail

stre
mea

| 7

phase angle

(2)

bs is applied
" or “mean

bs”“and the maximum dynamic strain or stress amplitude is measured from the me

n strain or

n stress.

Considering the stress as a vector having two components, one in phase (') and the other 90° out
of phase (t'), and defining the corresponding in-phase modulus (storage modulus) as M’ and the
corresponding out-of-phase modulus (loss modulus) as M", the complex modulus (M*) is given by

Formula (3):

M =M’ +iM”"

© IS0 2022 - All rights reserved
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Also Formulae (4) and (5):

T *
M'——=—0c056=‘M ‘cosé 4)

Yoo 70

” T” 7'-0 . *|

M :—:—sm5:‘M ‘sm6 (5

Yo %o

The absolute value of the complex modulus is given by Formula (6):

‘M* ‘ = g2 6)

The tangenf of the loss angle is given by Formula (7):

n

Vi
tand = 173 (7)
where
M* is the complex modulus;
M’ is the elastic modulus;

M" is the loss modulus;
[M*| [is the absolute complex modulus;

tand [is the tangent of loss angle.

The modulijare named according to the deformatiofi'mode, see Table 3.

Table 3 — Different kinds-of moduli and their deformation modes

Kihd of modulus Shear mode Tension mode

Complex mgdulus Complex shear modulus Complex normal modulus

Complex Young’s modulus

Elastic modylus Elastic shear modulus Elastic normal modulus
Storage shear modulus Storage normal modulus

Elastic Young’s modulus

Loss modulys Loss shear modulus Loss normal modulus

Loss Young’s modulus

Absolute coplex modulus Absolute complex shear modulus Absolute complex normal modulus

6.1.2 Dynamic motion with nonlinear response

In general, the stress-strain behaviour of viscoelastic materials exhibits nonlinearity with increasing
strain or stress. The response stress wave corresponding to the sinusoidal strain will include third, fifth
or higher harmonic waves. In the case of sufficiently small strain, the measurements are made under
linear conditions, and high harmonics components are negligible. However, the harmonics increase
with increasing strain amplitude, and the response stress shows nonlinear behaviour. When the degree
of nonlinearity (see Annex A) is 3 % or less, the harmonic components can be neglected. Alternatively,
the nonlinearity can be estimated by distortion of the hysteresis loop (see Annex A).

When nonlinearity is present, it appears as distortion of the hysteresis loop from a pure ellipse. When
the strain is small, the hysteresis loop is an almost perfect ellipse, and the phase difference can be
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determined from its area, but the area obtained from a hysteresis loop with large strain is an apparent
phase difference (average phase difference), and has no physical meaning (see Annex A).

6.1.3 Free-vibration method

For a freely vibrating rubber test piece and mass system, the motion is described by Formula (8):
m—+——+Kx=0 (8)
dt

where

K’ is the storage spring constant (N/m);
K'' is the loss spring constant (N/m);

m  is the mass (kg);

x  is the displacement (m);

v is the angular frequency (rad/s).

The patural logarithm of the ratio between successive amplitudes is called the “logarithmic flecrement”,
and |s obtained according to Formula (9):

4=1oge( i ] 9)
Xn+1
whefe

1 is the logarithmic decrement;

n is the number of the cycle;

n is the amplitude of thenth cycle (m);
k.1 is the amplitude of the (n+1)th cycle (m).

The [ storage spring censtant, the loss spring constant and the loss factor are det¢rmined by
Forrpulae (10) to (12} wmsing the logarithmic decrement. The angular frequency w is obtained from the
oscillation periodiswith w = 21/t

2
K' = ma>{1 +A—2 (10)
4T
m/\z A
K"'=—— (11
T
[ — (12)
2
A
T 1+ —2
where
A is the logarithmic decrement;

L¢  istheloss factor.

See Figure 4.
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Key
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6.2 Forcd

The test pi
resulting m|
reaches a 11
frequency 4

bd resonant vibration

Figure 4 — Waveform for free-vibration method

Oexp(iwt)

=

Y

bce with an added mass is vibrated with increasing-frequency and the amplitude of the
ovement is monitored (see Figure 5). The resonance\frequency is that when the amplitude
naximum. The elastic modulus and the loss facter’can be determined from the resopnant
nd the resonant amplitude or the resonant magnification.

_
2

=,

FOexp(iwt]

a) External displacement

b) External force

Y
Key
1 mass
2 rubber

Figure 5 — Motion excitation and force excitation, external source of oscillation

When a deformation of { (t)={gexp(iwt) is applied to the support end of the test piece, the equation of
motion is expressed as Formula (13):

m dZX +
dt?

16

K [x=¢(£)]=0

(13)
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where

K*  isthe complex spring constant;
{(t) isthe deformation;
m is the mass.

\/1+L%

L¢

By substituting x =xyexp(iwt) into the equation and solving, resonance magnification u = can

be dfrived:.

The storage spring constant and the loss factor are given by Formulae (14) and (15) with the resonant
freqpency w, and the resonance magnification u.

K’ =mao? (14)
1
¢ = T (15)
uc-1
whete

K’ is the dynamic (or storage) spring constant;
1 is the resonance magnification;
is resonant frequency;

., is the loss factor.
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max

Key
X  frequengy, f
Y relative pmplitude, x

Figure 6 — Example of resonance curve in forced resonant method

The transmjissibility V_ is given by Formula (16}):

2
1+ Lg
2

o 2
1—(—) +12
a)n

7 Test parameter dependence

(16)

7.1 Interllziependence of frequency and temperature (time - temperature
superposition)

Measuring the temperature dependency of rubber materials is useful for analysing the viscosity change
with temperature or the thermal transitions. Phase transitions can be detected and analysed to locate
components in polymer blends. Impact properties, crystallinity and other morphological properties
can be derived from these experiments.

The effects of frequency and temperature are interdependent, i.e. an increase in temperature can
produce a similar change in modulus as a reduction in frequency, and vice versa. This can be used to
make estimates of dynamic properties outside the measured range, for example at higher frequencies
than an apparatus can achieve, by using results at lower temperatures.

A master curve of a viscoelastic characteristic over a wide frequency range can be obtained by
horizontally moving a frequency dependence curve measured at various temperatures along the
frequency axis (see Annex B).
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The amount of lateral movement of each test temperature with respect to a reference temperature
is called a “shift factor”. The shift factor a; for compounded rubbers is often represented by the WLF

equation as shown by Formula (17):

logyg[ar]=

—¢(T-Tp)
¢ +(T-Ty)

(17)

¢4 and c, are coefficients depending on the rubber material and the reference temperature, but when
the reference temperature is set as the glass transition temperature T, it has been shown that the
simple equation given in Formula (18) can be applicable for many rubber materials:

whe

Man refinements to the general procedures outlined here have been deteloped. Limit

espe
freq
whe
data
becd

7.2

Mea
of li
of st
droy
pher

8

8.1
The

8.2

Test
befo

sufficientitilme to reach equilibrium, but conditioning should be no longer than is necessary,

—17,44(T-T,)
- 51,6+(T-T,)

0go[ar]

re T, is the low-frequency (dilatometric) glass transition temperature.

cially due to fillers or crystalline zones, and care should be taken in applying the te
1lency transformation. It can be well suited to describing the large variations in a proper
h the temperature and frequency cover wide ranges, but is less applicable to the transf
obtained over limited ranges. Transformations greater than ane decade from the me
me less reliable.

Strain amplitude

hear viscoelastic behaviour of a material. In the'viscoelastic region, the modulus is i
rain amplitude and is said to be linear visgoelastic, but above a certain amplitude t
s with increasing strain due to the break*down of the internal structure of the mz
omenon is called the “Payne effect”[6IIZ1]

Conditioning

Storage

Lime lapse between Vulcanization and testing should be in accordance with ISO 23529.

Temperature

pieces should be conditioned at a standard laboratory temperature for notless than 3 hi
re a sequence of tests. At each temperature, it is essential that the test piece is con

at h

diménsions and the temperature Guidancelis given in 1SQ 23529

8.3

gher temperatures, to avoid ageing effects. The conditioning time depends on thd

(18)

itions arise
mperature/
Ly observed
pormation of
hsured data

surement of the dependence of modulus on straii<amplitude can be used to determine the range

hdependent
he modulus
terial. This

mmediately
Hitioned for
barticularly
b test piece

Mechanical conditioning

Dynamic properties of filled rubbers are dependent on their strain history and temperature history,
and it is necessary to pre-condition the test pieces to obtain consistent and reproducible results.

The test pieces should be mechanically conditioned before being tested (sometimes referred to as
“scragging”) to remove irreversible “structure”. The conditioning should consist of at least six cycles at
the maximum strain and temperature to be used in the test series.

A minimum of 12 h is recommended between mechanical conditioning and testing to allow reversible
“structure” to equilibrate.
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Where the dynamic test is to be superimposed on a static pre-strain, the test piece should be held at the
static strain during the rest period.

This mechanical conditioning can generally be omitted when only a single, very small, strain is used as,

for example

,in free vibration. This omission should be mentioned in the test report.

When the tests are intended to characterize the strain dependency of the material, the mechanical
conditioning can be omitted so that Payne effect can be clearly shown.

9 Forced vibration non-resonant method

9.1 Appa3

Both transl
resonant m

All methods

9.1.1 Claj
the elastic g

9.1.2 Dey

9.1.3 Det
(or torque),

9.1.4 Dat
recording t

9.1.5 Ovd
recommend
temperatur

9.1.6 Temperature-measuremeént device, for measuring the temperature of the air surroun|

the test pie

9.1.7 Inst

Numerous
experiment]
examples o
piece, respd

ratus

htional and rotational modes of test piece deformation can be used in forced vibration
ethods.

require the following basic elements.

mping or supporting arrangement that permits the test piece tobe held so that it ac
nd viscous element in a mechanically oscillating system.

ice for applying an oscillatory load (stress) or torque-to.the test piece.

displacement, frequency and temperature.

A acquisition and processing system: Ddata-processing equipment should be capab
he signals of force and displacement cycle amplitudes.

n and controller, for maintaining' the test piece at the required temperature.
ed that the chamber be equipped with temperature programming facilities.
e in the oven should be uniform.within +1 °C.

fe should be capable of\determining the temperature to +0,1 °C.

ruments for measuring test piece dimensions, in accordance with ISO 23529.

forms of test machine have been developed and used successfully both by indivi
ers and-commercial manufacturers. Figures 7 and 8 give schematic illustrations for ty
 machinhes that have translational motion and rotational motion for deformation of the
ctively.

non-

[S as

ectors, for determining dependent and independent'experimental parameters such as force

le of

[t is
The

ding

dual
bical
test
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; i 4
6,8 =5 1
2
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! : 5,7
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ipper test piece holder (geometry) displacement detecton

fest piece temperature controlled chamber

ower test piece holder (geometry) linear drive motor

X N o v

force transducer thermometer

Figure 7 — Example of translational motion test apparatus

1
e 4
1 1
6,8 [T 1| 1
2
~——1 ]
[ | 3,8
[
N, )
| : -— 5,7
:_ 1
1pper test piece holder (geometry) 5 displacement detector
festhiece 6 temperature controlled chamher
lower test piece holder (geometry) 7  vibrator
torque transducer 8 thermometer

Figure 8 — Example of rotational motion test apparatus
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9.2 Testpiece

9.2.1 Test piece preparation

Test pieces can be moulded or cut from moulded sheet. Moulding is preferred for shear and compression
test pieces. Metal plates for shear and compression test pieces can be bonded during moulding or
bonded afterwards with a thin layer of suitable adhesive.

Test pieces can be obtained from some products by cutting and buffing. In other cases, it can be
necessary or desired to test the complete product.

9.2.2 Teslt piece shapes and dimensions

Test piece $hapes and dimensions will vary according to the mode of deformation, the fype of] test
machine anf its capacity (see Table 4).

The thickngss of any plates that are bonded to the rubber during vulcanization shieuwld be measpred
before moulding and the thickness of the rubber deduced by measurement of the\overall thicknefss of
the moulding.

IS

To study prjactical performance, test pieces of shape and dimensions othet\than described in Table
can be testqd.

The dimensgions of the test pieces should be determined in accordanee with ISO 23529.

Table 4 — |1‘est pieces in various deformation modes for forced vibration non-resonant methods

Deformati{)n mode Dimensions Test piéce shapes Comments
Sim]l)le shear |disc or cylinder d
h <12 mm
d/hz4 < In the case of d/h < 4 or
' |b/h <4, the deformation

includes a tension compp-

rectangular column b nent.
h<12mm It is then necessary to tijeat
b/h > 4 - the result with caution.

[ | The width of the test pigce
| N, |shall be atleast 10 time$ the

|
|
) ~=
0,3 mm to 2 mm |/ # distance between the gifips.

b 25 mm (distance between

Pur¢ shear |rectangular strip

Shear grips) A
250 mm
I/b=10
Rotational disc or cylinder d The test piece is placed on
shear the centre of the holders.
h: 0,5 mm to 6 mm
d: 8,5 mm to 25 mm
~
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Deformation mode

Dimensions

Test piece shapes

Comments

Torsional
shear

rectangular strip
h: 0,3 mm to 6 mm
b: 5 mm to 13 mm

I: 5 mm to 40 mm (distance
between clamps)

[

The end portions of the test
piece should be of sufficient
length to ensure adequate
gripping by the clamps.

disc or cylinder

d: 1,5 mmto 4,5 mm

I: 5 mm to 40 mm (distance
between clamps)

Film shear

rectangular sheet
h: 0,1 mm to 4 mm
b: more than 20 mm
b/lz4

<4, the
udes a
ent.

In the case of b/
deformation inc
bending compor

Teng

ion

rectangular strip
h: 0,1 mm to 4 mm
b: 2 mm to 12 mm

I: 5 mm to 60 mm (distance
between clamps)

I/b:2,5t05

The end portions of the test
piece should be pf sufficient
length to ensurq adequate
gripping by the ¢lamps.

Com

pression

disc
d/h<1,5

h: 1 mm te-10"mm

reetangular column
=12 mm

b/h=4

the ISO 815-1 test piece
with

The disc shape is preferable.

Both end faces should be
parallel and smqgoth.

h=12,5mm
is suitable.

A rectangular section test
piece can also be used.

Bending

rectangular strip
h: 1 mm to 3 mm
b: 4 mmto 12 mm
I/h=z16
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9.2.3 Number of test pieces

In order to obtain an indication of the variability of the material, it is recommended that a minimum
of three test pieces or products be tested. However, for routine and screening tests, the number of test
pieces can be reduced to one or two.

9.3 Test conditions

9.3.1 Strain

Rubbers conptaini

0 the

strain amplitude of the test. As a general principle, strain amplitudes should be chosen to correspond
to the strains experienced in service but, in practice, there can be restrictions because of“madhine
capacity, the wish to operate in the linear part of the stress-strain curve and heat build-up.
Recommendled values of strain amplitude are given in Table 5. Not all of these strain.@mplitudes|will
necessarily|be required for a given series of tests.
In practice,|the lowest strain level achievable will be limited by machine sepsitivity, and the highest
strain level py the machine capacity, especially at higher frequencies and at temperatures near the glass
transition.
In service, groducts can be subjected to a dynamic strain superimposéd on a static strain, and the sfatic
strain does|not necessarily have the same mode of deformation. To'6btain data more relevant to such
conditions, the dynamic strains recommended here can be superimposed on any level or form of sfatic
strain. This|can be particularly relevant to testing products and'is usually applied to compression| test
pieces.
In certain cpses, a material can be characterized better by conducting the tests under an applied stfess.
In such casgs, the test conditions should be agreed between the interested parties.
When testing with alarge strain amplitude or high-frequency, there is an increasing danger of heat bpild-
up in the test piece, and the test time should\be’as short as possible, especially at or near transitjons.
The temperpture rise can be estimated as folows.
The energy|loss per unit volume per ¢ycle, that is the power loss, is as given by Formula (19):

n-sin § ‘M*“yg) (19)
Thus, the rate of rise in temperature when there are no heat losses from the test piece is as given by
Formula (20):

*|) 2
_ |M Yo f
AT =n-pin 9| —— (20)
Cp

where C, is the heat capacity per unit volume [a typical value is 1,7 M]/(m3K)].
9.3.2 Frequency and temperature

Rubbers show viscoelastic behaviour which is frequency and temperature dependent. This dependence
is very marked near transitions. Consequently, frequencies and temperatures relevant to service should
be chosen or, particularly when characterizing materials, tests should be carried out over a range of

frequencies

and temperatures.

Recommended values are given in Table 5.

24
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Table 5 — Recommended test conditions for various deformation modes

Frequency

Deformation mode Strain Temperature
Simple shear Dynamic strain: 0,05 % to 50 %
Static strain: 0 %
Pure shear Dynamic strain: 0,1 % to 10 %
Static strain should be more than
1,2 times the dynamic strain.
Shear Rotational shear |Dynamic strain: 0,05 % to 50 %
Static straim: U %
Torsional shear |Dynamic strain: 0,05 % to 15 %
Range: =120 °C to Range: 0,1 Hz to
Static strain: 0 % 120 °C 200Hz
Film shear Dynamic strain: 0,05 % to 50 % Tolerance: +1 °C Tolerancet +2 %
Static strain: 0 %
Tengion Dynamic strain: 0,1 % to 10 %
Static strain should be more than
1,2 times the dynamic strain.
Compression Dynamic strain: 0,1 % to 5 %
Static strain should be more than
1,2 times of the dynamic strain.
Bengdling Dynamic strain: 0,1 % to 5 %
9.4 | Test procedure
Whdn measurements are carried out over a range of test conditions, in principle, it is preferable to
conduct them in the following order (see Table 6).
If a fest piece is to be tested under more than one set of conditions, measurements should begin with
the |east severe conditions and then proceed to larger amplitudes and higher frequenfies. In the
case| of testing at different températures, the test chamber should be adjusted to the lowest specified

temperature and, after the test pieces have tested at that temperature, the chamber should pe raised to
the pext temperature required.

For forced-vibration tests, measurement should be made after at least six cycles have been applied to
reach near-equilibrivm’ and should be conducted with increasing frequency. At low amplitudes and
freqpencies, there is'no need to restrict the length of time for which cycling is continued. However, at
higher amplitudes and frequencies there is an increasing danger of heat build-up in the tedt piece, and
the tlest time‘should be as short as possible, especially at or near transitions.

Testp should be conducted with increasing test temperature, either in steps or continuously at a rate
sucH that the test piece can reach equilibrium temperature. In the case of large test pi€ces, special

attention should be paid to obtain uniform temperature in whole test piece. The strain amplitude can
be different in the transition and rubbery regions.

At the same mean strain (static strain), tests should be conducted with increasing strain amplitude.
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Table 6 — Recommended test condition for programmed scan

Parameter Rate of condition change Measuring interval
Temperature scan |From low to high temperature Temperature interval: less than 2 °C.
Rate of temperature rising In the transition range, a smaller interval

Continuous: 0,2 °Cto 5 °C /min is preferred.

Stepwise: hold for 2 min at each temperature
increase 1 °C /min to 5 °C /min

between each temperature

Frequency sican From low to high frequency Frequency interval: less than 1 decade,

Logarithmic equal interval is preferred,

Strain scan From small to large strain Strain interval: less than 1 decade.

Logarithmic equal interval'is preferred,

9.5 Expression of results

9.5.1 Parnjameters required

Generally, the in-phase, out-of-phase and complex moduli (or compléx spring constants) and tang (or
L¢) are reqyired. Where appropriate, these are best presented in.tables or graphically as a functi¢n of
temperaturg, frequency and amplitude.

9.5.2 Waye-form method

The load and deflection waveforms are recorded separately, and the maximum load amplitude |(F),
the maximym deflection amplitude (x,) and the phase difference (At) between the load and defle¢tion
are measurgd. The loss angle is determined with the time of one cycle (t_) and the phase difference (At)
from Formyla (21):

At
é=2m| |— (21)
tC
NOTE Alternatively, the load apd,deflection curves are subjected to Fourier transforms, and the loss angle §

can be determined from the time@hift between the two curves.

The absolutle complex sprifig-constant is given by Formula (22):

*| K
K= Xo (22)
The storagd andNoss spring constants and loss factor are calculated with Formulae (23) to (25):
, F F *
K :—:—Ocos5=‘K ‘cos5 (23)
X0 X
" F *
K"=F—:—Osin5=‘K ‘sin6 (24)
Xo  Xp
Lf :K%(/:tan5 (25)

This method should not be applied to a material that has nonlinear dynamic properties. The Fourier
transform method allows analysis of nonlinear dynamic forces in a manner that minimizes the
influence of force wave shape. A popular algorithm for the transform is the fast Fourier transform
(FFT). In this method, both the dynamic motion and force signals are digitized and then subjected to
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Fourier analysis. Through the transform, the fundamental and harmonic components of each waveform
are calculated. The fundamental component is that having the same frequency as the imposed motion.
The fundamental component of both the dynamic motion and force can be used for the calculation with
the formulae above.

9.5.3 Hysteresis loop method

The parameters can be derived from the load-deflection curve, an example of which is shown in
Figure 9. This can be achieved by suitable electronic analysis techniques without the need to record the
load- deflectlon loop However with fllled rubbers and at hlgher amphtudes nonhnear behav1our can be
e derivation

of the parameters

Figufre 9 shows a load-deflection loop obtained from a dynamic test on a double-shéar' test piece. The
origin O represents the mean values of the load and deflection and, if a static deflection is imposed, will
not e the zero values. The loads and deflections shown are thus the dynamic components.

Key
X  feflection
Y oad

Figure 9 — Load-deflection curve

If the behaviour of the rubber is linear, the loop shown in Figure 9 will be an ellipse. In this case, for the
double-shear test piece, the absolute complex shear modulus is given by Formula (26):

Fyh
 24x,

*

(26)

where

Fyand x, are the maximum load amplitude and maximum deflection amplitude, respectively;

A is the test piece cross-sectional area (m?2);
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is the test piece thickness (m).

Thus, Fy/x, is given (see Figure 9) by the slope of the line OA which is the diagonal of the circumscribed
rectangle. The loss angle is given by Formula (27):

tand =

F

F

The elastic

shear modulus G’ is given by Formula (28):

G'=|G

and the loss

shear modulus G by Formula (29):

* E
G"=|6"|sind L
24 x
The loss angle is also given from the area of the hysteresis loop Aw by Formula-(30):
sind = Aw
TFyxg

This latter
perfect, as i

Similar exp

9.5.4 Str
In shear, sty

T=GYy

With the re

In tension o

A ist

elation can be particularly useful when there is some _nonlinearity and the ellipse if
[t will give an average value.

ressions apply to other modes of deformation and.other test piece geometries.

pss-strain relationships and shape factors

ess can be taken as proportional to strain as given in Formula (31):

tommended test piece, nosshape factor correction is necessary.

I compression, the stress-strain relationship is better represented by Formula (32):

_,1—2)

he stréss with reference to the initial cross-section (Pa);

OUIg S Moduius (Pa);

he extension ratio.

(27)

(28)

(29)

(30)

not

(31

(32)

For compression test pieces with bonded ends, a shape factor needs to be applied (see ISO 7743:2017,
Annex B), as shown by Formula (33):

E.=E(1+2ks?)
where
E. isthe effective Young’s modulus (Pa);

28

(33)
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k is anumerical factor;

S is the shape factor in compression.

NOTE S is given by:

2
") e
§ =—r*=—=— (for disc or cylindrical test pieces)
ndh 4h
ab
S =——— (for rectangular column test pieces)

2h{a 1 h)
ZA{ G+

Becduse the relationship between dynamic stiffness and basic modulus can be.cemplgx and only
appijoximate, it can be preferable, particularly for products, to work in stiffness.

10 Forced vibration resonant method

10.1 Apparatus

The [test apparatus consists of a vibrator, detectors for oscillation amplitude and force,|and a data
acqyisition and processing system, as shown in Figure 10.

S
-

N

key
1 fensor 3  testpiece
2  mass 4  vibrator

Figure 10 — Example of apparatus for forced vibration resonant method

10.2 Expression of results

One end of the test piece is oscillated at a specified amplitude &, while changing the frequency
f, and the amplitude x, of the mass m added to the other end is measured, and a resonance curve is
recorded. From the resonance curve, the resonance frequency f, at which x, reaches maximum,
and the maximum amplitude x,,,, of the additional mass m are determined. From these values, the
resonance magnification u is obtained and the elastic modulus and the loss factor are calculated using
Formulae (34), (35), (36) and (37):

IJ — XOmaX (34)
Co
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(35)

(36)

(37)
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11 Free-v

11.1 Gene

The basic pt

e resonance magnification;
he amplitude of the mass m;
he oscillation amplitude;
he resonance frequency, w, = 21f,;
he storage spring constant (N/mm) or (Nm/rad);
he loss spring constant (N/mm) or (Nm/rad);
he loss factor.
ble to search for the resonance point in advance with*an amplitude smaller than the

o that the test time can be shortened.

ribration method

ral

inciples of dynamic testing using the free-vibration method are accordance with I1SO 46

and as given in 11.2 and 11.3.

11.2 Test

Rectangula
to a maxim|

width (SUb{f

grips shall

11.3 Test

piece dimensions

I strips of thicknesS-between 1 mm and 3 mm of width between 4 mm and 12 mm (sul
um width to thickness ratio of 10) and of length between the clamps at least 10 time
ct to a maximum of 120 mm) are preferred. The thickness, width and distance bety
e measuredto +1 %.

condifions

Strain amplitude

test

H4-2

bject
5 the
veen

ﬂ": 04 max

Frequency 0,1 Hz to 10 Hz.

Temperature Continuous scans of properties against temperature may be obtained or
temperatures selected from ISO 23529.
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