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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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Plastics — Determination of dynamic mechanical
properties —

Part 8:
Longitudinal and shear vibration — Wave-propagation

athad
methoa
1 Bcope

This| document describes an ultrasonic wave propagation method for ,determining f{
components of the longitudinal complex modulus L* and the shear complex modulus G*

at discrete frequencies typically in the range 0,5 MHz to 5 MHz. The method is suitable foj
materials with storage moduli in the range 0,01 GPa to 200 GPa andZwith loss factors H
aroynd 1 MHz. With materials that have a higher loss, significant gtrors in velocity measy

intr
the s

The
or s

duced through waveform distortion and can only be reduced using procedures that
cope of this document.

method allows measurements to be made on small specimens, typically 50 mm x 20 n
mall regions of larger specimens or sheets. It is therefore possible to obtain informg

homjpgeneity or anisotropy (see 10.5) of modulus in.aspecimen.

2

The
cons
und{

ISO
meth

ISO
grad

1SO
pykn

ISO

Normative references

titutes requirements of this documeént. For dated references, only the edition cited

1 183-1, Plastics — Methods for determining the density of non-cellular plastics — Part 1
od, liquid pyknometer method and titration method

1183-2, Plastics —Methods for determining the density of non-cellular plastics — Panf
ient column method

1183-3, Plastics — Methods for determining the density of non-cellular plastics —
ometer method

h721-1, Plastics — Determination of dynamic mechanical properties — Part 1: General pri

he storage
bf polymers
measuring
elow 0,1 at
rement are
are outside

hm x 5 mm,
tion on the

following documents are referred to_in the text in such a way that some or all of their content

hpplies. For

ited references, the latest edition.of the referenced document (including any amendments) applies.

: Immersion

t 2: Density

Part 3: Gas

hciples

3

Ierms and derinitions

For the purposes of this document, the terms and definitions given in ISO 6721-1 and the following apply.

ISO and IEC maintain terminological databases for use in standardization at the following addresses:

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

IEC Electropedia: available at http://www.electropedia.org/
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3.1

longitudinal modulus
ratio of an uniaxial tensile or compressive stress applied to a specimen to the resulting uniaxial strain

when the st

rain in a plane transverse to the axis of applied stress is zero

Note 1 to entry: See ISO 6721-1 for relationships between this and other moduli.

3.2

longitudinal acoustic wave
sound wave in which the particle displacement is in the direction of wave propagation

3.3

transverse
sound wavd

3.4
bulk wave
mode of pr

acoustic wave
in which the particle displacement is perpendicular to the direction of wave propagati

bpagation of an acoustic wave in a material whose boundaries normal to"the directig

propagation are infinitely remote

Note 1 to ent

ry: This mode is realized in practice for waves whose wavelength is much’less than the dimen

of the speci

en transverse to the direction of propagation.

Note 2 to enflry: In practice, the acoustic wave frequency is then ultrasonic,

4 Principle

Measurem

ts are made of the velocity of longitudinal and-transverse acoustic waves in a speci

and the specimen density. The frequency of the wave is;chosen so that its wavelength in the speci
is significantly less than the specimen dimensions-in a plane transverse to the direction of ¥
propagation. The wave then propagates as a bulk wave. The longitudinal and shear storage modul

given by th|
velocities rg

Two metho
the specimg
and receivi
are excited
refracted w
transverse
and withou

In the trans
and the oth
wave veloc
used. Wave

e product of the material density and the square of the longitudinal and the shear ¥
spectively.

s are described in this document for measuring wave velocities. In the immersion met
N intercepts a beam of longitudinal acoustic wave pulses passing between a transmi
hg transducer in a bathof-a suitable liquid. At normal incidence, longitudinal wave p
in the specimen. Asithe angle of incidence is increased, the amplitude of the longitu
rave decreases and-da refracted transverse (shear) wave is generated. Longitudinal
wave velocities are'deduced from measurements of differences in pulse transit times
F the specimemin the beam and a knowledge of the velocity of sound in the liquid.

ducer contdct method, the specimen is sandwiched between two transducers, one laund
er receiving acoustic wave pulses. For the determination of longitudinal and transy
ties, transducer pairs having longitudinal and transverse polarisations, respectivelyj

}

n of

sions

men
men
vave

i are

vave

hod,
ting
Ises
inal
and
with

hing
erse

are
with

velpcities are again obtained from measurements of differences in pulse transit times

and withou

L LIe Speclimnen 1n tne beamn.

5 Testing device

5.1 Apparatus

The requirements of the apparatus are that it shall enable measurement of the velocities of longitudinal
and transverse ultrasonic waves in a specimen. Two methods are described in this document.
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5.1.1 Method A: Immersion method

Figure 1 shows, schematically, suitable apparatus for measuring velocity by an immersion method. Two
ultrasonic transducers are mounted coaxially in a bath containing a liquid, one acts as a transmitter T of
longitudinal ultrasonic wave pulses and the other as a receiver R. The transmitter is driven by a series of
high-voltage, short-duration electrical pulses from the transducer drive unit. A pulse repetition interval
of about 1 ms is satisfactory. Acoustic pulses launched by the transmitter travel through the liquid and
the specimen and are detected by the receiving transducer. The specimen is mounted on a turntable,
located between the transducers T and R, such that the angle of incidence of the acoustic beam can be
varied and measured to * 0,5°. The specimen can be removed from the beam. The receiving transducer
is connected to electronic equipment that will enable measurement of the difference in the arrival

timgs of pulses received with and without the specimen in the beam. An oscilloscope, whes
is acfurately calibrated and triggered by the transducer drive unit, is suitable for this purpd

The Jreceiving transducer may be replaced by a reflecting surface, such as a metdl.'block
norrhal to the axis of the transmitter as shown in Figure 2. The transmitting transducer is 1
detect the beam of pulses reflected back through the liquid and the specimen and is conn
tranpit-time measuring equipment.

This|test arrangement may be more appropriate if the specimen is onlyj)available as a thin
the gransit time in the specimen is twice that obtained using the tragsniitter and receiver aj

5.1. Method B: Transducer contact method

e 3 shows a method for measuring wave velocity by, direct contact between the trans
ving transducers and the surfaces of the specimen. For the determination of the longity

rece
velo

e time base
se.

positioned
how used to
bcted to the

sheet since
rangement.

mitting and
hdinal wave

City, transducer pairs that launch and receive lgfigitudinal acoustic waves are used w|
rmination of the transverse wave velocity, shear (transverse) wave transducers are e
sducer separation can be varied to accommg@date specimens of different thickness inc
act between the two transducers. A coupling fluid is necessary to maximize the puls
smitted to the specimen and to the recéiver.

dete)
tran
cont
tran

The
The
sped

receiver may be replaced by a reflecting surface in contact with the specimen as shown
transmitting transducer is now-used to detect the beam of pulses reflected back t
imen and is connected to the'transit time measuring equipment (see last paragraph in |

5.2 | Transducers

When driven by the transducer drive unit, the transmitter should produce a short pulse a
freqhiency that has;ayduration of around three or four cycles. A suitable waveform is shown
Pulses of longer duration are satisfactory but may not allow measurement of wave velocitie
the interval between pulses that have been internally reflected by the specimen surfaces

overjlap of these pulses.

In eithérof the test arrangements shown in Figure 2, the transmitter should possess a sui

hile, for the

rr:llployed. The
1

ding direct
b amplitude

in Figure 4.
hrough the
b.1.1).

[ its natural
in Figure 5.
s by timing
bwing to an

table buffer

mat

fer in order

to prevent the contact with the specimen, the receiver or the reflector from influencing the acoustic

performance of the transmitter and hence the shape of the pulses generated.

5.3 Transit-time measurement equipment

Data processing equipment shall be capable of measuring the time interval between two received

pulses to an accuracy of = 0,5 % of the time interval (see Note).
NOTE The time interval between received pulses will depend upon the thickness of the speci

wave velocity in the material. For attenuating materials, such as most polymers, where specimens
millimetres in thickness can be used, time intervals will be in the region of one microsecond.

© IS0 2019 - All rights reserved
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The use of a digital storage oscilloscope having a high sampling rate or an oscilloscope whose time base
is triggered by the transducer drive unit through an accurate digital delay circuit are suitable for this

purpose.

5.4 Temperature measurement and control

According to ISO 6721-1.

The determination of wave velocity using the methods described in this document involves measuring
the time interval between two received pulses. When these pulses are obtained with and without the
specimen in_the acoustic beam, it is important that the temperature of the apparatus has not changed

significantl
less than 0,

6 Tests

6.1 Gense

Test specim

6.2 Shaple and dimensions

y between the two measurements. As general guidance, any temperature change shou
b K using the transducer contact method and less than 0,2 K using the immersion meth

pecimens

ral

ens shall be in accordance with ISO 6721-1.

Test specin
shall be sm

and receivel. The dimension d of the specimen in the wave diréction shall not vary by more than + ()
over this arpa.

In order to ¢nsure that it is the bulk wave velocity thatissmeasured (see 3.4), the dimensions transyj
to the wavel direction shall be greater than 3 x the longitudinal pulse wavelength in the specimen

ens in the shape of a bar or plate are suitable. The surfaces normal to the wave direq

d be
d.

tion

oth, plane and parallel over an area comparable with.the area of the faces of the transmjitter

,2 %

erse
The

wavelength|A (m) can be calculated from a knowledge of the pulse frequency f(Hz) and the longitudinal

wave veloci

6.3 Preppration

According t

7 Numbler of spécimens

According t

y in the specimen v, (ms-1) using:Formula (1).

p 1SO 6721-1.

p 1S0'6721-1.

M

8 Conditioning

According to ISO 6721-1.

9 Procedure

9.1 Testatmosphere

According to ISO 6721-1.

© ISO 2019 - All rights reserved
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9.2 Measuring the specimen dimension

Measure the dimension of the specimen in the direction of wave propagation at 3 points

within the

area through which the ultrasonic beam will travel. If these measurements vary by more than + 0,5 %,

identify a different region of the specimen or choose another specimen.
9.3 Performing the test

9.3.1 Method A: Immersion method

erpoeimani oot Conna +ln ol o o

With-th

that/may be used to accurately record an arrival time for the pulse. A point where the puls
passes through zero volts early in the pulse is recommended for this purpose as shown
Recqrd the reference point time (see Note 1).

NOT
spec
diffig

£1  With viscoelastic or multiphase materials, changes in pulse shape afterrtransmission
men can arise because of dispersion or scattering. This leads to an error in transit:time measuret]
ult to quantify. This error can be minimised by selecting a reference point near‘the leading edge

Plac
with
refe]
tran
wav

e the specimen on the turntable and ensure that the incidence surface is perpe
in = 0,5° to the common axis of the transmitter and the receiver. Record the arrival

Kverse wave is near its maximum amplitude. Record the arrival time of the transmitted
e pulse (see Note 2) and the angle of incidence.

NOT
both
will

£ 2 The amplitude of the refracted longitudinal wave,will decrease as the angle of incidence
the refracted longitudinal and transverse waves arewisible in the received waveform, the trar
ave the larger arrival time.

Further measurements of the arrival time of the refracted transverse wave pulse can be m
angles of incidence to increase the accuracy ©f the transverse wave velocity measurement.

If additional pulses are visible in the received waveform caused by internal reflections at th
surfaces, then an alternative or additional measurement of wave velocity can be made by rg
arriyal times of consecutive pulses..This alternative measurement is generally unsuitable
incidence above zero since the-internally reflected beam will be displaced from the beam
to eqrors in arrival time measurement.

9.3. Method B: Transducer contact method

Bri

(Fig]
arriy
time

the transmitting transducer into contact with the receiving transducer (Figure 3)
ire 4) using,a coupling fluid and sufficient pressure to give a received pulse whose am
ral time do not change significantly with any increase in the applied pressure. Record
of a sutitable reference point on the received pulse as described in 9.3.1.

Place the specimen between the transmitting and receiving transducers or between the tran

eived pulse
e amplitude
n Figure 5.

through the
nent which is
bf the pulse.

ndicular to
time of the

ence point on the pulse transmitted through the specimen, Rotate the turntable until the refracted

transverse

increases. If
sverse wave

hde at other

e specimen
cording the
at angles of
hxis leading

or reflector
plitude and
the arrival

smitter and

the reftector; The contact pressure sinall not cause a reduction 1n the specimen tnickness o

r more than

0,5 %. Record the arrival time of the reference point on the pulse transmitted through the specimen

(see Note 1in 9.3.1).

Carry out these measurements using both longitudinal and transverse wave transducers.

If additional pulses are visible in the received waveform caused by internal reflections at the specimen
surfaces, then an alternative or additional measurement of wave velocity can be made by recording the

reference point times for consecutive pulses.

9.3.3 Measurement of the specimen density

Measure the density to an accuracy of + 0,5 % using one of the procedures described in
ISO 1183-2 or ISO 1183-3.

© IS0 2019 - All rights reserved
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9.4 Varying the temperature

According to ISO 6721-1.

10 Expression of the results

10.1 Symbols

dimension of the specimen in the direction of wave propagation

d (m)
ttr (9

tr (8

tan, 21 (9

I

R

VL (ths—1)
VT (ths—1)
vw (ths—1)
p (kgm-3)
10.2 Dete

10.2.1 Me

Where mea
and a receiyv

arrival times of longitudinal and transverse wave pulses, respectively

pulse arrival time without the specimen in the beam

arrival times of longitudinal and transverse wave pulses, respectively, that

produced by internal reflections at the specimen surfaces

angle of incidence of the acoustic beam on the specimen ir(the immersion me
angle of refraction of the acoustic beam by the specimén in the immersion me
longitudinal wave velocity in the specimen

transverse wave velocity in the specimen

velocity of sound in the liquid at the tefdperature of the measurement using
immersion method

specimen density

rmination of the longitudinal wave velocity vy,

thod A: Immersion method

surements of longitudindl pulse arrival times have been made using both a transmi
ing transducer (Figure'l), the wave velocity is given by Formula (2).

dvyy
VL =
dqvy (tr —t1,)
If a single tfansducer-test arrangement is employed (Figure 2), the wave velocity becomes
ZdVW
VL =
2d~wyy (tg —t1,)

are

thod
thod

r the

ting

(2)

(3)

If the arrival time of the longitudinal pulse that has been internally reflected at both specimen surfaces
is measured, the wave velocity is calculated using Formula (4).

2d

VL

o, —ty,

for both transducer arrangements.

(4)
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10.2.2 Method B: Transducer contact method

Where measurements of longitudinal pulse arrival times have been made using both transmitting and
receiving transducers (Figure 3), the wave velocity is given by Formula (5).

Ifth

d
vy = 5
bty (5)
If a single transducer test arrangement is employed (Figure 4), the wave velocity becomes
2d
L= (6)
ty, —tr
e arrival time of the pulse that has been internally reflected at both specimen surfaces i measured,
the Wave velocity is calculated using Formula (7).
2d
/L= (7)
L~y

for Hoth transducer arrangements.

10.3 Determination of the transverse wave velocity vr

10.3.1 Method A: Immersion method

Where measurements of transverse pulse arrival times have been made using a two trar

arra

whe

hgement (Figure 1), the wave velocity is given byFormula (8).
dv

/T = w
dcos(R-1I)-v,, (tg —ty)cosR

Fe

LR = dsinl

If a dingle transducer arrangement is employed (Figure 2), the wave velocity becomes

whe

, 2dv,,

T 2d cos(R~I)—v,, (tg —t7)cosR
Fe

LR 2dsin]

2dcosI—v,, (tg —tr)

sducer test

(8)

(9)

(10)

(11)
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10.3.2 Method B: Transducer contact method

Where measurements of transverse pulse arrival times have been made using both transmitting and
receiving transducers (Figure 3), the wave velocity becomes

d

Vp = 12
Lr— (12)
If a single transducer test arrangement is employed (Figure 4), the wave velocity becomes
2
L (13)
tr[~tr
If the arriv3l time of the transverse pulse that has been internally reflected at both specimen surfaces
is measured, the wave velocity is calculated using Formula (14).
o (14)
tar —lr
for both trajnsducer arrangements.
10.4 Calculation of dynamic properties
The longitugdinal storage modulus L’is calculated using Formula (1.5)¢
L'=pvi (15)
The shear sforage modulus G’is calculated using Formuda(16).
G'=pvi (16)
The Youngs|storage modulus E’is given by Fonmula (17).
, G'(BL'-4G")
P i (7)
L' -G’
The bulk stprage modulus K’ isgiven by Formula (18).
K'=L"14G"/3 (18)
The real part of theddynamic Poisson's ratio v'is given by Formulae (19) and (20).
,  L'{26
Vi=— 19
) (19)
2 2
_ Vi, 2_2‘/: (20)
Z(VL -VT )

10.5 Influence of material anisotropy

For isotropic materials, values for the longitudinal and transverse wave velocity are independent
of the direction in the material along which the measurement is made. For anisotropic materials,
measurements of vy, and vt along different directions in a specimen can be interpreted to reveal
directions of preferred fibre or molecular orientation and the extent of the associated anisotropy of
properties. Formulae (1) to (15) are then valid but Formulae (16) to (20) are no longer accurate. For
these materials, all the moduli appropriate to the symmetry of the material can be determined from
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