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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.

The proce@lures used to develop this document and those intended for its further maintenanee|are
described In the ISO/IEC Directives, Part 1. In particular the different approval criteria needed*for|the
different types of ISO documents should be noted. This document was drafted in accordance 'with|the
editorial ryles of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attention is drawn to the possibility that some of the elements of this document may be the subjeqt of
patent righits. ISO shall not be held responsible for identifying any or all such patént rights. Details of
any patent|rights identified during the development of the document will be in the Introduction and/or
on the ISO Jist of patent declarations received (see www.iso.org/patents).

Any trade hame used in this document is information given for the convenience of users and does|not
constitute pn endorsement.

For an explanation on the voluntary nature of standards, the . meaning of ISO specific terms jand
expressionls related to conformity assessment, as well as information about ISO's adherence to|the
World Trade Organization (WTO) principles in the Technical Barriers to Trade (TBT) see the following
URL: wwwiso.org/iso/foreword.html.

This doquTlent was prepared by Technical Committee 1SO/TC 108, Mechanical vibration, shock [and
condition monitoring.

Alist of all[parts in the ISO 18437 series can be‘found on the ISO website.
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Introduction

Visco-elastic materials are used extensively to reduce vibration amplitudes in structural systems
through dissipation of energy (damping) or isolation of components and in acoustical applications that
require a modification of the reflection, transmission or absorption of energy. The design, modelling
and characterization of such systems often require specific dynamic mechanical properties in order
to function in an optimum manner. For most visco-elastic materials, these properties depend on
frequency, temperature and amplitude of applied excitation. The aim of this document is to provide
details on the best way of data acquisition for subsequent processing and to provide a standard method

for

nalysis using the time-temperature superposition principle. This document applies t

the linear

behl
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5 document presents a method for checking the validity of a thermorheological-sim
1isition to be applied in mathematical methodologies, which allow multiplé\data sets

rding to the time-temperature superposition (TTS) principle. When sufficient data are
lable, a standard method, which uses a closed form shifting algorithm{16][17], is defined.

juencies that are experimentally not assessable.

Qviour observed at small strain (stress) amplitudes and to thermorheologically simple‘mlaterials.

blicity of a

erial and for identifying and eliminating questionable data. It provides minimal criterjia for data

bf dynamic

o-elastic properties measured at different temperatures to be cast intie.-d single mdster curve

btained or

is the most widely-used method for accelerated prediction of long=term visco-elastic b¢haviour of
erials[13]. In the frequency domain, TTS can be used for predicting the behaviour of npaterials at

© IS0 2017 - All rights reserved


https://standardsiso.com/api/?name=e554653cd88f295c5ec3c450059923ab



https://standardsiso.com/api/?name=e554653cd88f295c5ec3c450059923ab

INTERNATIONAL STANDARD ISO 18437-6:2017(E)

Mechanical vibration and shock — Characterization
of the dynamic mechanical properties of visco-elastic
materials —

Part 6:
Time-temperature superpositiom ]

1 [Scope

Thif document specifies a standard method for the acquisition and analysis of.data obtainefl using the
testf methods found in ISO 18437-1 to ISO 18437-5, ISO 6721-4 to ISO 6721-7dnd ISO 6721-12,

It igapplicable to visco-elastic materials that are thermorheologicallysimple and that have lpeen tested
at eguilibrium state for every temperature.

2 |Normative references

The following documents are referred to in the text in.such a way that some or all of their content
conptitutes requirements of this document. For dated, references, only the edition cited dpplies. For
undated references, the latest edition of the referenced document (including any amendments) applies.

1S0|18437-1, Mechanical vibration and shock —.Gharacterization of the dynamic mechanical pfoperties of
visqo-elastic materials — Part 1: Principles and-guidelines

3 |Terms and definitions
For[the purposes of this documerit, the terms and definitions given in ISO 18437-1 and the following apply.

[SO|and IEC maintain terminological databases for use in standardization at the following addresses:

— |ISO Online browsing-platform: available at https://www.iso.org/obp

— |IEC Electropedia<available at http://www.electropedia.org/

31
dynamic visco-elastic function
funflamental visco-elastic property, i.e. storage moduli and loss moduli, measured in tension, shear and
conjpression and loss factor as functions of frequency and temperature

3.2

storage modulus

Ml

real part of the complex modulus

Note 1 to entry: It is a measure of the energy stored and regained during a loading cycle.

Note 2 to entry: Storage moduli in tension, shear and compression are denoted as E’, G’ and K’, respectively.

Note 3 to entry: It is expressed in pascals (Pa).

[SOURCE: ISO 472:2013, 2.998, modified — Notes to entry have been added.]

© IS0 2017 - All rights reserved 1
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3.3

loss modulus

MI/
imaginary

part of the complex modulus

Note 1 to entry: It is a measure of the energy lost (dissipated) during a loading cycle.

Note 2 to entry: Loss moduli in tension, shear and compression are denoted as E”, G” and K", respectively.

Note 3 to entry: It is expressed in pascals (Pa).

[SOURCE: |

SN 472:2012 2 EEQ Notactao-antrizhaxz
\"AEe WAy ~ry ~Av e o~ ey —rye e

3.4

loss factor

tan &
ratio of thg
longitudin

Qa
1 TYOTTSTOCIrery v e

loss modulus (3.3) to the storage modulus (3.2) measured in tension, shear,compressio
il compression

Note 1 to entry: It is given by the quotient tan § = M"'/M’

[SOURCE: I

3.5
time-temp]
TTS

SO 472:2013, 2.557, modified — the definition has been revised/

erature superposition

principle bly which, for visco-elastic materials, time and temperature are equivalent to the extent

data at on
shifting th

b temperature can be superimposed upon data taken at different temperature merely
e data curves along the logarithmic time axis

Note 1 to entry: In case of dynamic measurements, the term “frequency-temperature superposition” woul

more accur
principle.

[SOURCE: 1
axis” and N

3.6
thermorh
material fo

ite, but is less commonly used. The term “method of reduced variables” is also used to refer to

SO 18437-2:2005, 3.3, modified =~frequency axis” has been replaced by “logarithmic {
ote 1 to entry has been added.]

pologically simple material
r which time-temperature superposition (3.5) is applicable

Noteltoe

1 Or

that
y by

 be
this

ime

ry: A material whichfails to superimpose, due to multiple transitions or crystallinity is, for exanjple,
thermorhedlogically compléx:

Note 2 to eptry: In therimorheologically complex systems, all relaxation times at a certain temperature may
not be simplly related‘\to the relaxation times at a different temperature by a constant ratio. Thus, a multipalase
system is thermorheologically complex if the individual shift factors (3.7) depend on time as well as temperatfure.
3.7

shift factor

lgar

measure of the amount of shift along the logarithmic (base 10) axis of frequency for one set of constant-
temperature data to superimpose upon another set of data

Note 1 to entry: The expression “shift factor” commonly refers to horizontal shift factor.

[SOURCE: I

SO 18437-2:2005, 3.4, modified — Note 1 to entry has been added.]
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vertical shift factor
lgbr

measure of the amount of shift along the logarithmic (base 10) axis of modulus to account the effect of a
change from reference temperature to the temperature of interest

39

master curve
curve constructed by time-temperature superposition (3.5), which is identical to the behaviour of
material that would be found (measured) at broad frequency range at the reference temperature if the
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Time-temperature superposition (TTS) principle

is the most widely-used method for the accelerated prediction of complete visco-elastid
haterials[13]. TTS is applied as follows: a series of dynamic mechanical experiments
at different constant temperatures over a given short frame of frequencies, commonly
erimental window. Thus, a set of isothermal segments of dynamic visco-elastic function i

Prediction of complete range of visco-elastic properties and description of data

behaviour
is carried
called the
s obtained.
b and then

isotherms are first shifted vertically, to account for temperature and density chang
zontally along the logarithmic frequency scale towards ajreference segment measured

ter curve is identical to the behaviour of a material ifitWwas measured with a broad freq
e reference temperature. The result of applying TPS to isotherms measured within expe

E1 Loss factor, as the ratio between loss and&torage data, does not require vertical shifting[}
re are several criteria for the applicability of TTS[13].

The shapes of the isotherms at different temperatures shall match over a substanti
frequencies.

The same values of shift factor, ar, shall superimpose all dynamic visco-elastic functior

The temperature dependence of ap shall be a smooth function of temperature wit
fluctuations or irrégularities.

E2

brposition madels, such as Arrhenius[14] or Williams-Landel-Ferry (WLF)[13] relationships. More
he WLF n1odel is given in ISO 18437-4 and ISO 4664-1.

The temfperature dependence of the shift function, a, is commonly modelled with time-t

Pata acquisition

reference

perature, Tr. The curve constructed by TTS is called asmaster curve. TTS asserts that ta‘g resulting

ncy range
rimentally

bonable frequency frames is a measure of material behaviour over a broad frequency range.

7],

hl range of

S.

1 NO gross

emperature
nformation

4.2,

1 Newdata

The acquisition of new data shall be sufficiently detailed with enough temperatures and frequencies
so as to provide sufficient overlap of the frequency data points when shifted from one temperature to
another. An example of good quality data are dynamic mechanical analyser (DMA) data taken every
5 °C using frequencies of: 0,1; 0,2; 0,3; 0,5; 1; 2; 3; 5; 10; 20; and 30 Hz and/or the dynamic data which
has one decade of overlapping between neighbouring isotherms along the logarithmic frequency axis.

Theoretically, TTS is not limited to any frequency range of experimental window. However, the
frequency range shall be selected in line with other existing standards and capabilities of a measuring
instrument.

© IS0 2017 - All rights reserved
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The temperature range shall be defined according to capabilities of an experimental setup, taking into
account that the maximum temperature shall be limited to the temperature at which the sample still
sustains its geometry, i.e. does not change geometry due to its own weight.

4.2.2 Ex

isting data

If the existing data meet the criteria in 4.2.1, then they may be processed in the same way as new data.
If the data are isochronal or do not have sufficient overlapping, then the corresponding experiments
shall be carried out in accordance with the requirements given in this document.

If this is nat possible _then an alternative method that is not part of this document can sufficel15]

but

shall not b

e construed to be part of this document.

4.2.3 Data scatter and determination of thermorheological simplicity

If the mat¢
fluctuation

and tempe

simple smd

NOTE

be a simple

The wicke

width of th

indicative
shall be re
accuracy o

Figure 1 is

s or irregularities and there is only one transition in the complete spectrum of frequen
Fatures, then a plot of the loss factor versus storage modulus (called a Wicket plot) will
oth curve, usually of an inverted “U” shapel15].

Iif there is more than one temperature transition in a polymer but all have the same shift function
, then all th{

temperature and frequency data will still reduce to a single wickét plot curve but that curve wil
single inverted “U”.

[ plot shall be used as a quantitative indication of the scatter of experimental data.
e band of data, as well as the departure of individualpoints from the centre of the ban
bf scatter. Individual points that are sufficiently displaced from the smooth wicket plot b|
moved or the data shall be repeated to determine its validity. Nothing is revealed about]
f the temperature and frequency data or abgut'any systematic error.

an example of a wicket plot.

rial is thermorheologically simple, at is a smooth function of temperature, with no gy

0SS
cies
be a

ar
not

The
1, is
and
the
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10°

10

ot

10-2 I ] 1 1 ]

' '

Key
X |lg Young’'s modulus, in Pa
Y |loss factor

Figure 1 — Example of.a Wicket plot of computer-generated data for a high loss mateyial with a
maximum-10 % error in modulus and maximum 10 % error in loss factor

4.3| Shifting

4.311 AVertical shifting

Storage and foss data stratt be firstty adjusted verticatty and themn sthifted trortzomntatly:

Frequently for solid visco-elastic materials the vertical shifting is small and may be ignored when
forming master curves by TTS[14]l. However, for some visco-elastic materials and/or certain testing
conditions, e.g. broad temperature range, the vertical adjustment of dynamic visco-elastic functions
can be significant. The lack of implementation of vertical shifting can lead to substantial errors in the
prediction of properties over a wide frequency range. Therefore, vertical shifting shall proceed any
horizontal shifting.

4.3.2 Horizontal shifting

The closed form shifting (CFS) algorithm[16][17] for calculation of horizontal shift factors shall be used
whenever sufficient data are available to use this method. The method is based on the assumption that

© IS0 2017 - All rights reserved 5
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two neighbouring segments can be superimposed when the overlapping area between them is equal
to zero.

The details of the method are beyond the scope of this document but are presented in Annex A and
Annex B.

This methodology shall be used when implementing this document. As an example, a Microsoft® Excell)
macro with CFS methodology is included in Annex C.

4.3.3 Dynamic visco-elastic functions master curves

Criterion by) of the applicability of TTS (see 4.1) implies that the horizontal shift factors shal] be
defined frgm one function only. Since the storage modulus is usually measured more accurately pnd
has less scatter than the loss modulus or loss factor, it shall be chosen for TTS. Horizontal shift'factors
determinegl from 4.3.2 shall be applied for shifting of other dynamic visco-elastic functions such as
loss modulus and loss factor (see ISO 18437-2 and ISO 18437-3). It shall be taken into account that Joss
modulus, ih the same way as storage modulus, requires vertical shifting.

A master curve of the storage modulus based on data measured at different temperatures is obtained
by plotting by M’ versus ap® using base 10 logarithmic scale for both axes.

NOTE hen the storage modulus is essentially flat, the loss modulus or“Joss factor can provide more
accurate shifting. Corresponding formulae are available in Reference [17] butfare not part of this document.

5 Verification

A check of the data consistency shall be done by plotting lossfactor versus the logarithmic magnitude
of the storage modulus without regard to temperature oxn frequency to verify that it is a single smqoth
band of data. For more details, see 4.3, ISO 18437-4 and’ISO 10112.

ts of dynamic visco-elastic functions.to be shifted shall fulfil the TTS criteria in 4.1. If for
any reasor the criteria are violated, the TTS imits simple form as described in 4.1 shall be rejected no
master curjve shall be drawn without subjecting the data to a more complicated analysis[13].

6 Main|sources of uncertainty

6.1 General

Uncertaintiies of the shiftidg procedure (not the experimental technique) mostly follow from |the
anomalies jn measured-séegments due to the weaknesses of the experiment itself, such as the imprdper
sample prgparation ot>sample treatment, bad clamping of the sample, improper implementation of{the
experimen or impreper pre-processing of the data.

The main dources of uncertainties are described in 6.2 to 6.6.

6.2 Narrow width of overlapping between the segments (isotherms)

When the experiment yields segments with narrow overlapping, the shifting may result in the master
curve and/or shift factors with a low precision. In this case, it is recommended to reestablish the
experimental procedure that will yield segments with satisfactory overlapping (see 4.2.1).

1) Excel is the trademark of a product supplied by Microsoft®. This information is given for the convenience of
users of this document and does not constitute an endorsement by ISO of the product named. Equivalent products
may be used if they can be shown to lead to the same results.

6 © IS0 2017 - All rights reserved
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6.3 Presence of big experimental error (more than 10 %) in the segments

Since the master curve is usually composed of several curves, the cumulative error will be a sum of
the errors of the individual segment shiftings. In the case of a high experimental error, the resulting
master curve will contain a higher error than the original segments. Therefore, it is recommended to
reestablish or change the selected experimental procedure that will yield segments with the acceptable,

i.e. smaller, experimental error.

6.4

7.1

7.1
des

7.1
senq

7.1

Low density of experimental datum points in the segment

ed
d the number of datum points sufficient to describe all the peculiarities of the individual

appig between

re that will
segment.

Inappropriately arranged input data — presence of “end effects”in the segments

en the experiment yields segments with certain anomalies at the begifining and/or at
segment (segments with “end effects”), say, due to local overheating[18] or inertia effe
pssary to remove these anomalies before applying the shifting procedure. It is a matter

rement whether to exclude the complete segment or just a part représenting the “end effq

Selection of reference temperature

most reliable master curve will be achieved when a‘central segment is selected as

the end of
Fts[19]) it is
bf a critical

”

cts’.

W reference

ment. This is explained by the accumulation of error from segment to segment when shiftipg the data.

Results and processing

Data presentation

1 Data obtained in this docungent shall be presented in the form of several graphs an
cribed in 7.1.2 to 7.1.6.

2 A graph of raw segments before shifting in double logarithmic (base 10) scale for ma
i-logarithmic (lin-log)scale for loss factor.

3 A graph of-admaster curve at selected reference temperature in double logarithmi

refq

for moduliand in semi-logarithmic (lin-log) scale for loss factor.

scale
In ¢rder tofpromote uniformity and ease in interpreting the data at temperatures othe

 tables, as

duli and in

(base 10)

r than the

rence_temperature, it is recommended that the master curves of storage and loss modyli and loss

factlor are presented as a nomogram (see [SO 10112).

7.1.4 Atable which contains
a) base 10 logarithm of horizontal shift factors for each segment, and
b) base 10 logarithm of vertical shift factors for each segment.

7.1.5 A graph of base 10 logarithm of horizontal shift factors as function of temperature at selected
reference temperature.

7.1.6 A graph of base 10 logarithm of vertical shift factors as function of temperature at selected
reference temperature.

© IS0 2017 - All rights reserved
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7.2 Testreport

The test report shall include the following information:

a)
b)

‘)
d)
e)
f)
g)
h)
i)

areference to this document, i.e. ISO 18437-6;

all details necessary for complete identification of the material tested, type, source, manufacturer’s
code number or commercial name from any previous history, when these are known;

all details on methods, sample geometry and preparation used for input data measurements;

timatedlevel of error funcertaintwylin the innut dat
the estimatedlevel of error {uncer al

a table

details

the reference temperature for master curve generation;

the gr:
the da

...... 4

of raw data;

on data treatment, if it was performed, e.g. elimination of bad input data;

phs and table described in 7.1;

e of implementing the shifting procedure.

oy
5
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Annex A
(informative)

Closed form shifting (CFS) methodology

Al Vertieal shifting
The vertical shift factor, b, is represented by the ratio shown by Formula (A.1):
T
bT = p
PrTR
whére

Int
by §

A.2

The
neig
zer
left
hor
are

Wh
(Fig
Sch

tem
seg

T isthe temperature of interest (K);

Tr is the reference temperature (K);

p  isthe density of a polymer at the temperature of interest (kg/m3);
PR isthe density of a polymer at the reference temperature fkg/m3).

he case when the ratio of densities is not known, thé'vertical shift factor shall be define

formula (A.2):

Horizontal shifting of two segments

CFS methodology for calculatiow’ of horizontal shift factors is based on the assumptig
rhbouring segments can be ‘superimposed when the overlapping area between them
[16][17]. The overlapping atea is an area between two adjacent segments, which is boundg
and right sides by oveflapping parts of the segments and from top and bottom with t

h, A(Ty,T,),in Figite A.1).

ure A.1) shallnot be smaller than Ig[(/ + €) /(I - €)], where € is the estimated experimental e

bmatics—of two monotonically increasing storage modulus segments, measured at tw
peratures, T1 and T > T1, are shown in Figure A.1 with N1 and N discrete datum
nent, respectively.

(A1)

1 as shown

(A.2)

n that two
is equal to
d from the
he straight

zontal lines which cannect the beginnings and the ends of overlapping portions of segments (shaded

bn the segments/of storage modulus satisfy TTS criteria in 4.1, the width of the overlapping area, I

rror[L16][17],

o adjacent
points per

According to TTS, to construct a master curve at the reference temperature, Tr = T, the segment
measured at T > T1 should be shifted to the left along the logarithmic frequency axis, so as to obtain a
smooth curve (see 4.1).

©IS
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lgM (f, T,)

IgM’(f, T,)

; '
I/ (T) lgf,(T) lgf

Key
1 storagemodulus segment measured at reference temperature, T1

2 overlapping area between segmhents, A(Ty,T,)
3  storagelmodulus segment-measured at temperature, T2 > Ty

NOTE The notation, g f (Ti), indicates the belonging of the frequency values to the segment, measurgd at
temperaturg T;.

Figure A.1 — Schematics of two storage modulus segments

The horizontal shift factor, lga(T, ), corresponding to the segment measured at T and further denoted
as the “individual” horizontal shift factor, is calculated according to Formulae (A.3), (A.4) and (A.5):

P-1 U-1
PNAGIEDNAGS
q=Q

p=L
lgM'(fo,T1)-1gM'(fp,T2)

(A.3)

lga(T,)=

10 © IS0 2017 - All rights reserved
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where
1 T )+1g frq (T , ,
()= ngq )l b o - 1My T a=0, U1
1 Ty)+1g f,1 (T , ,
F,(T,)= 8/T2) ng” il 2)'[1gM(fpﬂ,Tz)—lgM(f,,.Tz)].p=L,....P—1

(A4)

(A.5)

In the presence of experimental error, it might happen that the storage modulus curves will not have
strictly monotonic behaviour, showing fluctuations. To eliminate the influence of the fluctuations in

the
defi

a)

b)

d)

computation of horizontal shift factor, the border points of overlapping area Q, P, U and
ned as shown in steps a) to d).

Point Q is the minimum measured datum point of the segment at temperature.'T1, as

Formula (A.6):
lgM'(fQ,Tl):mqin{lgM'(fq ,T1),9q=1,2,...,N;}

Point P is the maximum measured datum point of the segment@t temperature T3, as

Formula (A.7):
lgM'(fp ,TZ):m;x{lgM'(fp,Tz ), p=1,2,...,N,}

Point U is an artificial point which represents the .upper boundary of the overlapping
the segment measured at temperature T1. To find the frequency coordinate of point
horizontal line from point P towards the opposéd'segment measured at temperature Tq
the intersection. If the horizontal line crosses‘the opposed segment in several points, p
in the sense of frequency to point Q shall héselected as the upper boundary point U. The
value of point U is as shown by Formula.(A8):

lgM’'(fy, Ty g M'(f;,Ty)
lgM'(fi {,T))-1gM’(f;,Ty)

where i and i + 1 are thewearest to point U datum points (unfilled points in Figure
segment measured at temperature T;.

Ig fy(Ty)=1g fi (T )+

g fi1 (T1)-18 £ (T71)]

The storage modulus value of point U is shown by Formula (A.9):

lgM'(fy, T1)=18M (fp.T;)

Point L4syan artificial point which describes the lower boundary of the overlapping
the seghient measured at temperature T7. To find the frequency coordinate of point
horizontal line from point Q towards the opposed segment measured at temperature 73
the intersection. If the horizontal line crosses the opposed segment in several pointg

L shall be

shown by

(A.6)

shown by

(A7)

section of
U, draw a
and define
bint closest
frequency

(A.8)

A.1) of the

(A9)

portion of
L, draw a
and define
, the point

CIoSESTITaSense of frequency to point PSiattbeused as the tower bourndary point £. The frequency

value of point L is shown by Formula (A.10):

IgM'(f},T;)-1gM'(f}.T,)
IgM'(fj1, T2)-18M'(f;.T5)

Ig f1.(T2)=1g f;(T2)+ [1g 41 (T2)=1g f; (T2 )]

(A.10)

where j and j + 1 are the nearest to point L datum points (unfilled points in Figure A.1) of the

segment measured at temperature T3.

The storage modulus value of point L is shown by Formula (A.11):

lgM’(f,.T;)=1gM'(fy.T1)

© IS0 2017 - All rights reserved
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A.3 Master curve out of three or more segments

If experiments are performed at K different temperatures, i.e. {Tk, k= 1,2,..,K}, where T1 < T < ... < Tk
and K = 3, a smooth storage modulus master curve shall be constructed using the steps shown in a) to h).

a) Select

areference temperature, T, within the range of the experiment.

b) Shift vertically all the segments according to 1gM’(f,T} )-1gb(Ty), k = 1,2,...K, where b(T}) is
given with Formula (A.1) or (A.2). In this way, vertically adjusted storage modulus values will be

furthe

c) Forev

1) define the frequency and reduced modulus values of points Q and P using Formulae.{A.6)
(Al7), respectively;

2) deffine the frequency and reduced modulus values of points U and L using Forrmulae (A.8), (4
(A]10) and (A.11), respectively;

3) ca
Al

d) Setthq “final” horizontal shift factor for reference segment to zero,d,e. 1ga(Tg )=0. This means
the reference segment stays on its position.

e) Calcul

referefce temperature, T, > TR, by summing up their individual horizontal shift factors with

final hprizontal shift factor for the reference segment,i'e:as shown by Formula (A.12):
m
Iga(T)=lga(Tg)+ . lga(T,) (A
r=R+1
f) Calculate the final horizontal shift factor{for the segments measured at temperatures below

reference temperature, T, < TR, by subtracting individual horizontal shift factors from the f

horizo

lga(T,

g) Calcul

h) Plot the logarithmic¢ (base 10) reduced modulus segments versus corresponding logarithmic (|

10) rec

An exampl

r denoted as “reduced” moduli.

b1y pair of adjacent segments:

culate individual horizontal shift factors, lga(T), according to_Formula (A.3) to (4
vays use the segment measured at lower temperature as a referehce’ segment.

te the final horizontal shift factor for the segments theasured at temperatures above

htal shift factor for the reference segment, i.e. as shown by Formula (A.13):
R-1

)=lga(Tg)- Y, lga(T) (A
r=n

te “reduced” fréquency values according to 1g f (T} )+1ga(Ty ), k=1,2,...K.

luced frequency values, which will yield a smooth master curve.

e of a'master curve construction according to steps a) to h) is given in Annex B.

and

.9),

.5).

that

the
the

12)
the

inal

13)

ase

12
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Example of storage modulus master curve construction

The example of application of shifting methodology for construction of the master curve presented in

thisannex-examines-three-storage-modtHus-segments-measured-at-temperaturesT+——=0-26 T2 = 10 °C
and| T3 = 20 °C, which are given in Figure B.1 and Table B.1.
lg M’
8
14
68 3
6,2
| 1 L | | | I
-2 -15 -1 -0,5 0 0,5 1 lg f
Key]
storage'modulus segment measured at temperature 77 = 0 °C
storage modulus segment measured at temperature T = 10 °C

3 DLUI Clsc lllUuulL{b DCslllCllL IIIcdsul cu dl. LClll}JCl ClLLUC 1 33— «U U

Figure B.1 — Segments of storage modulus

Figure B.1 shows that the shape of the curves measured at different temperatures is the same, i.e. the

criterion a) of TTS applicability (see 4.1) is fulfilled.

© IS0 2017 - All rights reserved

13


https://standardsiso.com/api/?name=e554653cd88f295c5ec3c450059923ab

ISO 18437-6:2017(E)

Table B.1 — Segments of storage modulus

Table B.1 §
window, i.

To constru
a) Select
Let thg

b) Shiftv
with Fj

Since
adjust
tempe

1) b

T1=0°C T2=10°C | T3=20°C
] lgf |1gM'(ST1) | 1gM'(ST2) | 1 M'(f;T3)
Hz Pa Pa Pa

1 | -1,9648 7,094 6 6,565 7 6,3005
2 | -1,798 2 7,128 6,605 5 6,326 4
3 | -1,6315 7,187 7 6,649 3 6,351 8
4 | -1,4648 7,228 7 6,703 3 6,385
5 | -1,2982 7,2915 6,748 6 6,413 7
6 | -1,1315 7,350 2 6,793 6 6,445 4
7 | -0,9649 7,400 7 6,858 1 6,482 6
8 | -0,798 2 7,453 7 6,905 4 6,514 6
9 | -0,6315 7,492 6 6,959 1 6,549 7
10 | -0,464 8 7,536 7,014 1 6,587 1
11 | -0,2982 7,584 4 7,070 2 6,6317
12 | -0,1315 7,645 4 7,128 4 6,678 7
13 | 0,0352 7,711 9 7,191 1 6,728 6
14 | 0,2018 7772 2 7,250 2 6,782 8
15| 0,3685 7,820 6 7,309 6,834 8
16 | 0,5352 7,861 2 7,365 3 6,887 9
17 | 0,7018 7,871 6 7,390°2 69137
18 | 0,8685 7,909 7442 6 6,966 1

ct a smooth master curve, the stepsa) to h) described in Annex A shall be followed.
h reference temperature, Tg,‘within the range of the experiments.

segment measured at temperature T2 = 10 °C be the reference segment, i.e. Tr = T3.

T1)=(T; +273,15)/(T, +273,15)=0,964 7 for the segment measured at temperatures 71,

hows that all segments of storage modulus were measured within the same experimeptal
g f,(T)=1g f,(T,)=lg f,(T3),foranyn=1, 2, ..,18 and Ny = N = N3 = 18.

ertically all the segments according to IlgM’(f, T}, )-1gb(T}), k = 1,2,3, where b(Ty) is glven
prmula (A.1) or (A:2).
the density ‘dt™ different temperatures in the given example is not known, the vertical

ment shathbe performed according to Formula (A.2), i.e. b(T) = T/Tr = T/T, where
raturewalles are given in Kelvin. Thus, the vertical shift factors are

the

2)

3)

b(T,)=(T,+273,15)/(T, +273,15)=1 for the segment measured at temperature T2 (which
means the segment stays on its position), and

b(T3)=(T3+273,15)/(T, +273,15)=1,035 3 for the segment measured at temperatures T3.

Subtracting the vertical shift factor from the corresponding storage moduli (both in base 10
logarithm) gives the reduced storage moduli, which are shown in Figure B.2 and Table B.2.

14
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1h -

6,8 [

Key
reduced storage modulus segment measuredyat temperature T1 = 0 °C

original storage modulus segment meagured at temperature T1 = 0 °C

original storage modulus segment measured at (reference) temperature T = 10 °C
original storage modulus segment measured at temperature T3 = 20 °C

Ul s W N

reduced storage modulus segmeéent measured at temperature 73 = 20 °C

Figure B.2 — Original and reduced storage modulus segments
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Table B.2 — Reduced storage modulus segments

c) Forev

1) de
(Al
de
(Al

ca
Al

2)

3)

T1=0°C T2=10°C | T3=20°C
] lgf |1gM'(ST1) | 1gM'(ST2) | 1 M'(f;T3)
Hz Pa Pa Pa

1 | -1,9648 7,110 2 6,565 7 6,285 4
2 | -1,798 2 7,143 6 6,605 5 6,311 3
3 | -1,6315 7,203 3 6,649 3 6,336 7
4 | -1,4648 7,244 3 6,703 3 6,369 9
5 | -1,2982 7,307 1 6,748 6 6,398 6
6 | -1,1315 7,365 8 6,793 6 6,430 3
7 | -0,9649 7,416 3 6,858 1 6,467 5
8 | -0,798 2 7,469 3 6,905 4 6,499 5
9 | -0,6315 7,508 2 6,959 1 6,534 6
10 | -0,464 8 7,551 6 7,014 1 6,572
11 | -0,2982 7,6 7,070 2 6,616 6
12 | -0,1315 7,661 7,128 4 6,663 6
13 | 0,0352 7,727 5 7,191 1 6,713 5
14 | 0,2018 7,787 8 7,250 2 6,767 7
15| 0,3685 7,836 2 7,309 6,819 7
16 | 0,5352 7,876 8 7,365 3 6,872 8
17 | 0,7018 7,887 2 7,390°2 6,898 6
18 | 0,8685 7924 6 7442 6 6,951

7), respectively;

b1y pair of adjacent segments:

fine the frequency and reduced mogdulus values of points Q and P using Formulae (A.6) pnd

fine the frequency and reduced modulus values of points U and L using Formulae (A.8), (4.9),
110) and (A.11), respectively;

culate an individuakhorizontal shift factors, Iga(T), according to Formula (A.3) to (4.5).
ivays use the segment measured at lower temperature as a reference segment.

Consider the first pair/of reduced segments, which in this example corresponds to temperatyres

(T1, T2

) = (0 °C, 10-2€) and which is highlighted in Figure B.3.

16
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NS

6,8

L | | 1 1 L | -—

2 15 -1 0,5 0 0,5 1 lg f

Key
1 [reduced storage modulus segment measure@)at temperature 71 = 0 °C

2 |overlappingarea, A(Ty,T,)
3 |original storage modulus segment measured at temperature T2 = 10 °C

Figure B.3 — Overlapping area of storage modulus segments measured at 0 °C and 10 °C

Points Q and P
The storage modulus value of point Q according to Formula (A.6) is

lgM'(fQ,Tl):mqin{lgM'(fq ,T1),9=1,2,...,18}=1gM’(f;,T;)=7,110 2 Pa.

Thé corresponding frequency value is

18 o(T{ )= 18/ (T;J= —1, 964 BHZ.

The storage modulus value of point P according to Formula (A.7) is

lgM'(fP,Tz)zmaX{IgM'(fp,Tz), p=1,2,...,18}=lgM'[f18,Tz):7,442 6Pa.
p

The corresponding abscissa is

Ig fp(T2)=1g f18(T2)=0,868 5Hz.

© IS0 2017 - All rights reserved 17
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Points Uand L

According to Figure B.3 and Formula (A.9), the storage modulus value of point U is

lgM’(fy,Ty)=lgM’(fp,T,)=7,442 6Pa.

Whereas the frequency value calculated as per Formula (A.8) is

lgM’'(fy,Ty)-1gM’'(f;7,T1)
lgM'(fg,T1)-1gM’(f7,T1)

Ig fy (T1)=1g f7(T1 )+ [lg fg(Ty)—lg f7(T;)]=—0,882 2 Hz.

The stprage modulus value of point L given by Formula (A.11) is

lgM’(f, . T,)=1gM’(fy,T;)=7,110 2Pa.

Wherdas the frequency value calculated as per Formula (A.10) is

IgM’(f,,T,)-1gM’(f11.T3)
IgM’(f12,T,)-1gM’(f11.T)

Indivifual horizontal shift factor, lga(T,)

Ig f1 (Th)=1g f11 (T2)+

The sujms in the numerator of Formula (A.3) can be rewritten imthe following way:

U-1 U-1
2 Fg(T)= 3 Fy(Th)
q=Q q=1
Ig f7(T1)+1g fy (Ty) , ,
where|F;_1 (T, )= 71 > vid -[lgM(fU,Tl)—lgM(f7,T1)]
and
P-1 17
D Fy(T2)= ) F,(T3)
p=L p=L
I f; (Ty)+1g fi3€T,) , ,
where|F, (T,)= 8/.(T2 ng12 22 [1gM’(f12,T2)-1gM'(f1.T2)].
/-1 17
Thus, [} F,(T;)=-0,464 and Y F,(T,)=0,0997.
=1 p=L

Substifuting obtained values of sums into the numerator of Formula (A.3), the individual horizo

shift f{ctor between two storage modulus segments is equal to

11g f12(T7)-1g f11(T2)]-0,183 6 Hz.

htal

P-1 U-1
Y Fo(T)= Y Fo(Ty)
q=Q

p=L
IgM’'(f, T )-1gM(fp,T,)  7,1102-7,4426

_0,097-(-0,464) _ | o- g

Iga(T,)=

Consider the second pair of reduced segments, which in this example, corresponds to temperatures

(T2, T3) = (10 °C, 20 °C) and which is highlighted in Figure B.4.
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lgM |

-~
£~

6,8 |

6,2 |

'

original storage modulus segment measured at temperature T2 = 10 °C

overlapping area, A(T,,T3)
reduced storage modulus segment:measured at temperature 73 = 20 °C

Figure B.4 — Overlapping area of storage modulus segments measured at 10 °C an

For the pair of segments measured at temperatures T and T3, the steps are identical 4
measured atfemperatures T1 and T>. All necessary values are given below.

Point Q¢ the storage modulus value according to  Formula

lgf

d 20 °C
s for those

(A.6) s

lgM'(fp:T,)=1gM’(f1,T,)=6,5657 Pa, the frequency value is 1g f;, (T, )=1g f1 (T, )=1

Reintt P: the storage modulus value according to  Formula

D64 8 Hz.
(A.7) is

laM/ L f T AY_IaM(F T V—F(951P, the frequencuvaluecicla f (T VY_—la f (T )—
=Tl W i G =l 4 il by kv A kb =)

,868 5 Hz.

©IS

Jlo’ 57 JP\ 5 ) ToJlo\l"5J

Point U: the storage modulus value is IgM’( f;,T,)=1gM’(fp,T3), the frequency value
Formula (A.8) as linear interpolation between the 8th and 9th points of the segment, i.e.

IgM'(fy,T,)-1gM’(fg,T>)
IlgM’(fg,T,)-1gM’(fg.,T5)

Point L: the storage modulus value is 1gM’(f;,T3)=1g M'(fQ ,T5), the frequency value

Ig fy (Ty)=1g fg(T;)+

[1g fo (T2 )—1g fg(T2)]=—0,656 6 Hz.

is given by

is given by

Formula (A.10) as linear interpolation between the 9th and 10th points of the segment, i.e.

02017 - All rights reserved
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