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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
described In the ISO/IEC Directives, Part 1. In particular the different approval criteria neededfor
different types of ISO documents should be noted. This document was drafted in accordance 'with
editorial ryles of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).
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Introduction

Tensile testing of metallic sheet materials at high strain rates is important to achieve a reliable analysis
of vehicle crashworthiness. During a crash event, the maximum strain rate often reaches 103 s-1, at
which the strength of the material can be significantly higher than that under quasi-static loading
conditions. Thus, the reliability of crash simulation depends on the accuracy of the input data specifying
the strain-rate sensitivity of the materials.

Although there are several methods for high-strain rate testing, solutions for three significant problems
are required.

The first problem is the noise in the force measurement signal.

Thd

elongation.

Thd

The test force is generally detected at a measurement point on the force measurement de
located some distance away from the test piece.

Furthermore, the elastic wave which has already passed the measuremént point retur
reflection at the end of the force measurement device. If the testing tifme-s comparable
for wave propagation through the force measurement device, the stréss-strain curve may
oscillations as a result of the superposition of the direct and indireCt waves. In quasi-sta
contrarily, the testing time is sufficiently long to have multiple round-trips of the elastic ¥
the force reaches a saturated state and equilibrates at any point of the force measureme

There are two opposing solutions for this problem.

The first solution is to use a short force measurement device which will reach thg
state quickly. This approach is often adopted.it¥ the servo-hydraulic type system.

— The second solution is to use a very long férce measurement device which allows the
of a test before the reflected wave returns to the measurement point. The elast
system is based on the latter approach.

second problem is the need for rapid and accurate measurements of displacement o1

vice thatis

s there by
to the time
have large
tic testing,
vave. Thus,
ht device.

saturated

Completion
c-bar-type

test piece

Conventional extensometersiare unsuitable because of theirlarge inertia. Non-contact type methods

such as optical and laser(devices should be adopted. It is also acceptable to measure dis
using the theory of elastic wave propagation in a suitably-designed apparatus, exampl
are discussed in this.document.

The displacementof the bar end can be simply calculated from the same data as force me
i.e. the strain history at a known position on the bar. Thus, no assessment of machine
required_ ifthe elastic-bar-type system.

last problem is the inhomogeneous section force distributed along the test piece.

Ih-quasi-static testing, a test piece with a long parallel section and large fillets is recom

blacements
bs of which

hsurement,
stiffness is

mended to

achleve a homogeneous unlaxial-stress state 1n the gauge section. In order to achieve a valid test

with force equilibrium during the dynamic test, the test piece is to be designed different

ly from the

typically designed quasi-static test piece. Dynamic test pieces are intended to be generally smaller
in the dimension parallel to the loading axis than the test pieces typically used for quasi-static

testing.

The elastic-bar-type system can thus provide solutions for dynamic testing problems and is widely
used to obtain accurate stress-strain curves at around 103 s-1. The International Iron and Steel
Institute developed the “Recommendations for Dynamic Tensile Testing of Sheet Steel” based on the
interlaboratory test conducted by various laboratories. The interlaboratory test results show the high
data quality obtained by the elastic-bar-type system. The developed knowledge on the elastic-bar-type
system is summarized in this document; ISO 26203-2 covers servo-hydraulic and other test systems
used for high-strain-rate tensile testing.
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Metallic materials — Tensile testing at high strain rates —

Part 1:
Elastic-bar-type systems

1 [Scope

Thif document specifies methods for testing metallic sheet materials to determine-the stress-strain
chafacteristics at high strain rates. This document covers the use of elastic-bar-type systemgk.

The strain-rate range between 10-3 and 103 s-1 is considered to be the mosttelevant to vehicle crash
events based on experimental and numerical calculations such as the finite“element analysis (FEA)
work for crashworthiness.

In jorder to evaluate the crashworthiness of a vehicle withsaecuracy, reliable stress-strain
chafacterization of metallic materials at strain rates higher than 1053 s-1 is essential.

Thip test method covers the strain-rate range above 102 s-1.

NOTE1  Atstrainrateslower than 10-1s-1, a quasi-static tensile testing machine that is specified i ISO 7500-1
and|ISO 6892-1 can be applied.

NOTE 2  This testing method is also applicable to tensile test-piece geometries other than the flaf test pieces
considered here.
2 |Normative references

Thdre are no normative references in this document.

3 |Terms and definitions
For|the purposes of this document, the following terms and definitions apply.
[SOfand [EC maintaifiterminological databases for use in standardization at the following addresses:

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

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

3.1
elasgtic*bar-type system
measuring system in which the force-measuring device is lengthened in the axial direction to prevent
force measurement from being affected by waves reflected from the ends of the apparatus

Note 1 to entry: The designation “elastic-bar-type system” comes from the fact that this type of system normally
employs a long elastic bar as force-measuring device.

4 Principles

The stress-strain characteristics of metallic materials at high strain rates are evaluated.

© ISO 2018 - All rights reserved 1
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At a strain rate higher than 10 s-1, the signal of the loading force is greatly perturbed by multiple
passages of waves reflected within the load cell that is used in the quasi-static test. Thus, special
techniques are required for force measurement. This may be accomplished in two opposite ways:

— one is to lengthen the force measurement device in the loading direction, in order to finish the
measurement before the elastic wave is reflected back from the other end (elastic-bar-type systems);

— another way is to shorten the force measurement device, thus reducing the time needed to attain
dynamic equilibrium within the force measurement device and realizingits higher natural frequency
(servo-hydraulic type systems).

However, special considerations are required when this machine is used for tests at strain rates\iigher
than conventional ones. It is necessary to use a test piece specified for high-strain-rate testing methpds.
Annex A prjovides details of the test procedure for this practice.

5 Symbols and designations

Symbols and their corresponding designations are given in Table 1.

Table 1 — Symbols and designations
Symbol Unit Designation
Test piece
ao mm original thickness of a flat test piece
bo mm original width of the parallel length of@flat test piece
bg mm width(s) of the grip section of a test:piece
Lo mm original gauge length [see 7.1 €)]
L¢ mm parallel length
Ltotal mm total length that includes'the parallel length and the shoulders
Ly mm final gauge length afterfracture
r mm radius of the shoulder
So mm? original cros§-sectional area of the parallel length
Sh mm?2 cross-sectional area of the elastic bar
Time
t S time
Elongation
percentage elongation after fracture
A 9% NOTE With non-proportional test pieces, the symbol 4 is supplemented with an index
which shows the basic initial measured length in millimetres, e.g. A2omm = Percentjage
elongation after fracture with an original gauge length L, = 20 mm.
Ay % specified upper limit of percentage elongation for mean strain rate
Displacement
u mm displacement by the elastic wave
uq mm displacement at the end of the original gauge length
up mm displacement at the end of the original gauge length
ug(t) mm displacement of the end of the elastic bar at time t
Strain
e — engineering strain
es — desired engineering strain before achieving equilibrium
£ — elastic strain

2 © ISO 2018 - All rights reserved
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Table 1 (continued)
Symbol Unit Designation
€B — elastic strain at the end of the elastic bar (see Annex B)
g — elastic strain at section C (see Annex B)
Strain rate
e s71 engineering strain rate
g s71 mean engineering strain rate
Force
F N force
Fm N maximum force
Stress
R MPa engineering stress
Rm MPa tensile strength
Ry MPa proof strength, total extension
Modulus of elasticity
E MPa modulus of elasticity
Ey MPa modulus of elasticity of the bar
Wave velocity.
o mm s-1 |velocity of the wave propagation ithe elastic bar
c mms-1 |elastic wave propagation velocity/in the test piece
Velocity
va(t) mm s-1  |velocity of the impact ble/¢k (see Annex B)
1% mm s-1 |particle velocity at any point in the bar (see Annex C)
Vi mm s-1 |incident particleelocity (see Annex C)
vy mms-1 |reflected particle velocity (see Annex C)
Vi mm s-1 |transmitted particle velocity (see Annex C)
6 |Apparatus
6.1| Elastic bar. By using a long elastic bar, the test should be finished before the elasfic wave is
reflected back from the other end of the bar that is on the opposite side of the test piece. Cohsequently,
the[force can be méasured without being perturbed by the reflected waves. For this method, the one-bar
testing machine and the split Hopkinson bar (SHB) testing machine are normally used (see Ahnex B and
Anrlex C).
6.2| “Input device. For the input method, open-loop-type loading is normally applied. The hipper limit

of the input speed is approximately 20 m s-1. For the SHB testing machine, a striker tube or striker bar is
used. For the one-bar testing machine, a hammer is normally used.

6.3 Clamping mechanism. A proper clamping mechanism (a method for connecting a test piece and
an elastic bar) is critical to data quality (see Annex B and Annex C).

The clamping fixtures for the SHB or one-bar testing machines are mounted directly on the elastic
bars. The clamping fixtures should be of the same material and diameter as the elastic bars to ensure
minimal impedance change when the stress wave propagates through the loading train. If a different
material or size is used, proper consideration should be made in the evaluation of stress and strain.

© ISO 2018 - All rights reserved
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6.4 Force measurement device. Force should be measured by strain gauges of a suitably short gauge
length, typically 2 mm, attached to elastic bars that are directly connected with the test piece.

The location of the strain gauges should be in an area where the elastic wave is not influenced by end
effects. In order to measure a one-dimensional elastic wave, the strain gauges shall be attached at a
distance atleast five times the diameter of the bars from the ends of the bars (see Annex B and Annex C).

NOTE The measurable strain-rate range by this method is 102 s-1 or higher. It is impractical to construct a
testing machine for strain rates below 102 s-1 because bar lengths of several tens of metres in length would be

required.

To ensure
supports o
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acement measurement device. Strain in the tensile test is represented by the ratio betw
displacement between two points in the gauge section, e.g. the initial and final- gauge len
biece.

n quasi-static testing, an extensometer attached to the gauge section.of the test piece is
asurement is accurate. However, at high strain rates, it is impossible-to use this method
Fia effects of the extensometer. Thus, displacement or test piece elongation measuremer
rates shall use the non-contact type devices or strain gauges onelastic bars.

devices that can be utilized for measuring displacement, in elastic-bar-type systems
n 6.5.1 to 6.5.3. These devices are recommended for strain rates up to 103 s-1 and measy
nts should be recorded for the duration of the test. These devices may be used in combinat
e, when devices 6.5.1 and 6.5.3 are used in combination, the displacement at one end of]
lige length (L,) is measured by the non-contact type displacement gauge (6.5.1) and the ot
sured by the strain gauge (6.5.3) that is attached on the surface of the bar.

h-contact type displacement gauge. The displacement at one end of the original g3
is measured and recorded by laser, optical or similar devices.

vo 6.5.1 type devices or one 6.5.1 type device and one 6.5.3 type device, the variatio

h-contact type extensometer. High-speed cameras, Doppler or laser extensometers, or o
t systems can be dpplied for measuring the variation of L. in Figure 2 (type-B test pied
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where

ug(t) isthe displacement of the end of the elastic bar at time ¢;

€B

€o

is the elastic strain at the end of the elastic bar (see Annex B);

is the velocity of the wave propagation in the elastic bar.

M

6.6 Data acquisition instruments. Amplifiers and data recorders such as oscilloscopes are used to
assess stress-strain curves from raw signals. Each instrument should have a sufficiently high frequency
response. The frequency response of all elements in the electronic measurement system shall be selected
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to ensure that all recorded data are not negatively influenced by the frequency response of any individual
component; typically, this requires minimum frequency response on the order of 500 kHz. For digital
data recorders, the minimum resolution of measured data should be 10 bits.

7

7.1

Test piece

Test-piece shape, size and preparation

Test-piece geometry is determined by the following requirements.

a)

b)

whg

wh

The required maximum strain rate determines the parallel length. A test piece of she
can achieve higher strain rates. In order to achieve force equilibrium in the test piece, t
length should be short enough at a given strain-rate range.

In order to assure equilibrium of forces at the strain rates up to 103 s-1,‘the preferr
length is less than 20 mm.

rter length
he parallel

ed parallel

Uniform deformation over the parallel length of the test piece requires that the force should

be equilibrated at both ends of the test piece. Force propagates.as an elastic wave.
equilibrium, at least the following inequality [see Formula (2)] shotld be satisfied:

L_Cge__s
c e

bre
L. isthe parallel length of the test piece;

c  isthe elastic wave propagation velocity in the test piece;

es is the desired engineering strain before achieving equilibrium;

is the testing strain rate.

o -

To achieve

(2)

The width of the test piecershould be determined to obtain uniaxial stress during thie test. The

following rule, shown imr Fermulae (3) and (4), should be applied:

o |oh
v
N}

o

|@
(o]
v
N

)

bre

3

(4)

NOTE

ao is the original thickness of a flat test piece;
b, s the original width of the parallel length of a flat test piece;

Lo isthe original gauge length.

Lower limit value of Formula (3), Lo/b, = 2, can result in a highly non-uniform strain distribution

when testing very high strength, low work-hardening materials such as Ti-6Al-4V and high strength steel.

d) Generally, unless impractical or unnecessary, the thickness of the test piece should be the full

thickness of the material as far as testing capacity permits.
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e) The radius at the shoulder of the type-A test piece (see Figure 1) should be small enough that Liotal
is considered as the original gauge length (L,). The radius at the shoulder of the type-B test piece
(see Figure 2) should be large enough that L. is considered as the original gauge length (L,).

For type-A and type-B test pieces, uncertainties exist in uniaxial tensile data calculated from
bar displacement. These uncertainties result from the non-uniformity of axial strain within the
original gauge length, used here as the reference gauge length for strain calculations. To assess
the potential effects of strain non-uniformity, it is recommended that two sets of quasi-static true-

stress

versus true-strain data be compared, i.e.

1) one obtained from strain measurements based on bar displacements (i.e. the displacements

at

strain-rate test piece geometry, and

2) th

IS

The re
to poté

outsid

D 6892-1.

e of a value agreed by the user and the tester, then strain measurements based on local st

measurements within the gauge length should be used.

f) The gifip should have a much larger cross-section than that of the)parallel length of the test p

to ens

becaus

ire negligible deformation and definitely no plastic deférmation at the grip zone. Usu

grip anjd the gauge length width shall comply with the following rule shown in Formula (5):

by M
by Ry
where
b, idthe original width of the parallél length of a flat test piece;
bg i the width of the grip section\of a test piece;
Ry id the tensile strength;
Rt if the proof strength;total extension.

g) Machined surface should be free of cold work, cracks, notches and other surface defects, which

cause

tress concentration.

e the thicknesses of the grip and gauge length of the test piece are the same, the ratio of

the bar-end positions on the test piece) and referenced to Liotal Or Lo for the selected high

b other obtained from strain measurements with an extensometer mounted te_thie central
part of the parallel reduced section of a conventional tensile test piece (egnforming

to

sult of this comparison should be incorporated in the test report to_provide an assessnjent
bntial users of high-strain-rate tensile data obtained with this document. If the differeng

eis
Fain

ece
hlly,
the

(5)

can
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o Liotal

Key]
b, original width of the parallel length

bg | width of the grip section

L¢ parallel length

Liotdl total length that includes the parallel length and the shoulders

r radius of the shoulder
Figure 1 — Type-A test piece
1 <
\< J Y
Q) o
/ \ A
\
< L e
Key

by |original width of the parallel length
bg |width of the grip section

Lc |parallel length

r |radius of the shoulder

Figure 2 — Type-B test piece

7.2| Typieal test piece

Recdommended dimensions of test pieces are shown in Figures 3 and 4. The ratio between thr: widths of

th 3 < 43 3 1] 1 5]
e 51 llJ dlilyu saugc SOCULLIVUIT IO 11Ul lllall)’ dUUVUe 4.

Based on the test methods and/or test purposes, other test piece configurations can be used.

The typical test pieces in Figures 3 and 4 are appropriate when the maximum measured strain rate
is up to 103 s-1 and when the comparison of test results obtained at several strain rates is required.
During uniform elongation, the size effect of a test piece would be small. However, because after
uniform elongation, measured properties depend on the test-piece size, it is recommended that all test
pieces used to obtain a single data set should have the same geometry and dimensions, even for the low-
strain-rate tests.
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Liotal

- L

Dimensions in millimetres

bo Maximum 5
Ltotal 10
r 1,5

Figure 3 — Typical dimensions of a type-A test piece

L

C

A

Py
B

Dimensions in millimetres

by Maximum 5
Le¢ 10
r 5,0

Figure 4 — Typical dimensions of a type-B test piece

8 Calibration of the apparatus

8.1 General

The output of the strain gauge should be calibrated by applying a known static force to the strain
gauged elastic bar. Figure B.1 shows an example of the one-bar testing machine.

In the case of the SHB testing machine, stress and strain can be calculated by applying the theoretical
equation with the density, modulus of elasticity and the transmission speed of the longitudinal wave
in the elastic bar. In this case, it is necessary to carry out tests after precisely measuring each physical
property and ensuring its consistency. Details are given in Annex C.
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Displacement measuring device

For the displacement measuring devices, the appropriate calibration shall be carried out in the static
condition.

9

9.1
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9.4

Thd
med
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Procedure

General

test piece. The force applied to the test piece is measured by the force measurement)d
he same instance, the variation of Ligtal, Lc Or Lo of the test piece is measured by the di
) surement device (6.5).

configuration of the test piece should be determined based on the designated’strain-ratq

test is carried out at room temperature between 10 °C and 35 °C, unless otherwise speq
temperature may be recorded if needed. Tests carried out under_eontrolled conditions
ducted at a temperature of (23 = 5) °C.

Mounting the test piece

bn the test piece is mounted in the clamp, ensure goodialignment to apply only axial forg
piece and the elastic bar should be connected carefully to ensure a good alignment.

bn a type-A test piece is selected, the test piece 'should be mounted such that the spaciy
ends is Liotal (see Figure 1) and the test-piece'reduced-gauge section should be centred

Ce (see Figure C.3).
Applying force

Ce is applied by the methods deseribed in 6.2. To obtain the targeted strain rate, the vel
ker tube, striker bar or hammer should be determined in advance.

E Guidelines on the veloCity of the hammer for the one-bar method and the velocity of the st
Hopkinson bar methodare provided in B.2 and C.2, respectively.

Measuring-and recording

force measurement devices (6.4) measure the time variation of elastic strain, and the di
isuring deyices (6.5) measure the time variation of the displacement of the interfaces b
tic bars.and the test piece or of both end points of L,. These measured data shall be reco

a)

irection of
vice (6.4).
bplacement

range, the

it device (6.2), the force measurement device (6.4), and the displacement mgasurement device (6.5).

cified. The
should be

e. Also, the

g between
within this

hcity of the

riker for the

bplacement
btween the
ded.

Engineering strain and engineering strain rate (e, e)

Engineering strain (e) and engineering strain rate (e) should be calculated from displacement data
obtained following the technique outlined in 6.5. Engineering strain and engineering strain rate should

be calculated using Formulae (6) and (7).
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where

u1, up are displacements at the ends of the original gauge length;
en+1  is the engineering strain at step n+1;

én is the engineering strain at step n;

At is time increment between steps n and n+1.

b) Engineering stress (R)

Using the fprce measured according to 6.4, the engineering stress is calculated using Formula (8):

R=F/Sp (8)
where

R igthe engineering stress;

F  igthe force;

So 14 the original cross-sectional area of the parallel length.

c) Percentage elongation after fracture (4)

Percentagq elongation after fracture should be determined using Formulae (9) and (10) as appropriiate.

For a type-A test piece,

A= L_u_Ltotal (9)
Ftotal
where
A is the percentage elongation‘after fracture;

Ly is the gauge length after fracture;
Ltotal |is the original gaugelength of a type-A test piece.
For a type-B test piece,

a=tuf ke

L

[10)

C

where

A is the percentage elongation after fracture;
Ly is the gauge length after fracture;

Lc¢ is the original gauge length of a type-B test piece.
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d) Mean strain rate (g)

The mean value of the strain rate is obtained by averaging between strains of 1 % (0,01) and 10 % (0,1)

as shown in Formula (11):
eT= (0,1-0,01) (11)
t10—t1

where

P is mean strain rate (s-1);

t1 is the time at a strain of 1 %;
t1o isthe time ata strain of 10 %.

When the fracture strain is less than 10 %, calculate the mean strain rate between a strainjof 1 % and
themeasured fracture strain.

By 4greement, the upper limit of strain range can be changed from 10:%to another specified|value such
as the strain at the peak force.

When another specified value is applied as the upper limit of percentage elongation, the synibol should
be gs follows:

€1-4,

where Ay is the specified upper limit of percentage elongation for mean strain rate.

10|Evaluation of the test result

Dud to problems in evaluation of material characteristics, a retest or a suitable interpretdtion of the
test{ data should be considered far the following cases:

a) |the fracture of a test piece’does not occur within a quarter distance of the gauge length from the
centre of the test piece;

b) |the signal of stress-Has large oscillations (see Figure 5);

c) [the mean strain rate is significantly different from the target strain rate and the initial rise in the
strain ratéjis'not within the agreed strain range (e.g. 5 % of strain);

d) [withifxthe agreed strain range, the variation of strain rate exceeds +30 % of the mean sfrain rate;

e) |the slope of the stress-strain curve in the elastic region in the dynamic condition is s!"gnificantly

© ISO 2018 - All rights reserved 11
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R enginegring stress (MPa)

e  enginegring strain

There are
2) irregula

The first is
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The secong
be due to t
piece. This
obtained u
the mount
B.3) is insy
significant

In such cas

Figure 5 — Example of a measurementproblem in a high-strain-rate test

two major quality issues for high-strain-rate tensile testing: 1) load oscillation
Ir slope of the stress-strain curve-inithe elastic region.

Sue is due to a problem in thé.force measurement system. Load oscillations appear when
he, or elements in the load\train, are not properly aligned (e.g. non-straight or misalig
. This can be remedied through a careful readjustment of the machine configuration ang
pf the support or guidés for the elastic bar.

| issue concernséarirregular slope in the elastic region of the stress-strain curve. This
he addition of'deformation in elements of the load train outside the gauge section of the
problem is-séldom seen in bar-type systems because the displacement of the bar end cal

ng or ‘clamping strength between the test piece and the attachment (see Figures B.2
ffieient and/or when the edge of the test piece (i.e. the edge of Liotal) is located at a posi
y-different from the bar end.

and

the
ned
| /or

can
test
1 be

sing thetheory of elastic wave propagation. However, an irregular slope can appear when

and
Fion

es, the testing configuration should be adjusted.

11 Test report

By agreement between interested parties, the test report should contain items selected from the

following:

a)
b)

arefer

specifi

12

ence to this document, i.e. ISO 26203-1:2018;

ed materials, if known;
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c) the test method (force-measuring method, displacement-measuring method, and type of load
cell, etc.);

d) theidentification of the test piece;
e) the geometry and dimensions of sampling of the test piece;
f) thelocation and direction of the test piece;

g) measured properties and results, i.e. stress-strain curve with strain rate, mean strain rate,
maximum tensile stress-strain, per cent elongation after fracture, etc.

© ISO 2018 - All rights reserved 13
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Annex A
(informative)

Quasi-static tensile testing method

A.1 General

This annex explains the method to be used for determination of tensile properties of metallic mateiials
using straip-control within an approximate strain-rate range between 10-3 s~1 and 10-1 s-1.

A.2 Inpyit method/machine types

The testing machine used for causing strain shall be in conformity with ISO 7500¢1. The grade of|the
testing marhine shall be subject to agreement between the parties concerned:-For this test, a tesfing
machine of the electro-mechanical or servo-hydraulic type is usually used.

—

A.3 Clamping method

The testing machine shall be equipped with a clamp suitable-for the test piece. The clamp shall be
capable of securely holding the test piece over the operation centreline of the tester throughout the fest
and shall have a construction that does not apply force other.than tensile force.

A.4 Forc¢e measurement method

The force during the test is measured with a load-cell usually comprising an electrical-resistance stfain
gauge atta¢hed to an elastic body.

A.5 Displacement measurement

Depending|on the shape of the testpiece, Lo, L¢ or Liotal is measured.

Displacemént during the test is measured by the travel of the crosshead or, preferably, with an
extensomefter attached to.the test piece.

In cases where the crosshead travel is measured, the resulting strain rate at the test piece may be lower
than strair] rate detérmined from the crosshead travel because the compliance of the testing machine is
not consid¢red. An explanation is given in [SO 6892-1:2016, Annex F.

NOTE An €
gauge can be used.

A.6 Test piece

Using same configurations of test pieces for high-strain-rate testing and quasi-static testing is
recommended. Depending on agreement between the parties concerned, however, a test piece of a
different size may be used.

NOTE In the evaluation of automotive crash properties, material properties at different strain rates

are required. For consistent evaluation at all strain rates in the strain range, the use of identical test pieces is
desirable.

14 © ISO 2018 - All rights reserved
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A.7 Procedure

A.7.1 Test piece setup

Using a clamp suitable for the test piece with a particular geometry, it should be ensured that axial
force only is applied to the test piece throughout the test.

A.7.

2 Straining

By feedback control from an extensometer, strain shall be applied to the test piece at the required

i prata Dot dicnl oot s no it ey tbhn oo cc boad dicnlacarmannt +ha ~vocc L

strg
sha
req

Ifn
the

A7,

Dur

using force and displacement measuring apparatus. Strain rate, erigineering stress, and 1

rate

a)

wh

b)

whd

R R
1 be controlled to ensure that the estimated strain rate over the parallel length coin¢id
1ired strain rate.

bcessary, an approach zone in which the test piece cannot be strained until the strain r
required strain rate may be provided.

3 Measurement and recording
ing the test, force and test piece displacement changes in time.Shall be measured an

can be calculated from data measured, using Formulae (A.1),and (A.2).

Strain rate (e)

€n+1 —€n
At

e=
bre
en+1  is the amount of strain at step n%1;
en is the amount of strain atn'step;

At is the time increment between steps n and n+1.

Engineering stress (R)

-

Pre

F is'the force;

56 is the original cross-sectional area of the parallel length.

ad velocity
bs with the

hte reaches

H recorded
ean strain

(A1)

(A.2)

)

Mean engineering strain rate (e )

The mean value of the engineering strain is obtained in accordance with 9.4 d).
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Annex B
(informative)

Example of one-bar method

B.1 Principle ofthe one-barmethod

TITCTITOUCE

Force is mgasured by a long elastic bar known as the output bar. The measurement has to be compléted
before the feturn of the elastic wave reflected at the other end of the output bar. An input of deformation
is made bylan impact block that is directly hit by a hammer and the impact block causes,deformagion
of the test| piece. In principle, there is no limitation to the duration of the testing-tithe using this
configuratjon.

In principle, there is no upper bound of the applicable range of strain rate in, the one-bar method.
However, tpking into account that the test piece has a finite length, the uppérlimit is practically from
2 x 103 s1jto 3 x 103 s-1. The lower bound is limited by the return of the stress waves to the position of
the strain gauge from the other end of the bar and is normally about 102 s~ The lower limit dependf on
the length pf the output bar[1l[2][3][4][5].

C BA
1 - = L total
— — 3
—> g
6 e 7
\ w1

S \—>

Key

hamnper
output bar
impaqt block
test pjece

fastening rod

N Ul AW DN

strain gauges
distance between sections B and C

ch‘

Ltotal total length that includes the parallel length and the shoulders
v(t) velocity of the impact block

A end of the impact block

B end of the output bar

C position of strain gauge

Figure B.1 — Scheme of the one-bar method high-strain-rate tensile testing machine
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\
A SN
o O4—3
o
B 6

Key]
1 |testpiece
2 |attachment
3 [|reinforcement
4 |positioning pin
5 [fastening rod
6 [spotweld

Figure B.2 — Test piece for the one-bar method

B.Z Input method/machine types

Defprmation input is controlled by'thie velocity of the hammer in an open-loop manner. Tlhe hammer
hitq the impact block, which then causes deformation of the test piece. The maximum velodities of the
hanhmer and the impact block-dare about 10 m s~1 and (15 to 20) m s-1, respectively. The velpcity of the
impact block depends not ofilyon the velocity of the hammer but also on the properties of th¢ test piece.
The velocity of the hammer should be chosen based on these factors in order to obtain the desired
strdin rate.

B.3 Clamping methods

An pttachment and a fastening rod are used to clamp the test piece. The diameter of the attachment
is splectedso as to be equal to that of the output bar. As shown in Figure B.2, a slit is forjned in the
attdchment and the test piece is firmly attached using adhesive such that the attachmpnt can be
consideredasamrintegrat partof thetest prece—theattachment tsistatted o threoutput-bar using a
screw thread. Precise alignment and intimate contact are required in order to minimize the acoustic
impedance mismatch. Therefore, the end of the attachment can be considered as the end of the output
bar after the clamping. The other end of the test piece is clamped to the impact block using the fastening
rod. The tensile force is applied through the fastening rod that penetrates a hole in the test piece. A
reinforcement plate is spot-welded onto the test piece in order to strengthen the hole region.

B.4 Force measurement

Force is measured by the output bar to which the test piece is directly clamped. The output bar should
be long enough that the measurement is complete before the return of the elastic waves reflected at the
other end of the output bar. The bar diameter is selected depending on the maximum force of the test

© ISO 2018 - All rights reserved 17
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piece. For instance, several experiments have been performed on the condition that the length of the

output bar

is 5 m and the diameter is in the range of 12 mm to 20 mm.

The axial force F(t) at section B in Figure B.1 can be determined from the amplitude of the elastic strain
at section B, €g, as shown in Formula (B.1):

F(t) = EvSp e ()

where

(B.1)

Eyp is

Sp is

&g IS

e modutus of elasticity of thebar;
he cross-sectional area of the bar;

rhe elastic strain at section B.

Considerinlg the propagation of the elastic waves in the bar, g, can be expressed in terms of the el

strain at sd

ep(t) =
where
co 1is
dg is
g s

When the
throughou

Formula (H

R(t)=]

ction C, &g, as shown in Formula (B.2):

Eo(t + dg/co)

the velocity of the wave propagation;
the distance between sections B and C;
the elastic strain at section C.

length of the test piece L, is short enough and the stress distribution is homogeng

F the length L, of the test piece, the engirieering stress of the test piece becomes as give
.3):

F(¢) _[ S

——=| — [Ee,(t+d, /c

SO [SO b g( g / O) (

B.5 Displacement measurement

Bothend d

in the output bar side, up,-is measured by the strain gauge attached to the output bar at the distanc

from the b
up, is meas

hr end, as.isusually performed in the bar system. The displacement in the impact block
ured by~anion-contact type electro-optical-displacement transducer.

stic

3.2)

ous
h in

3.3)

splacements oftheé test piece are measured using two different techniques. The displacenpent

e dg
ide,

18
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Displacement calculations from strain gauge output assume that wave propagation in a bar is one-
dimensional. The displacement by the elastic wave that propagates in the negative direction of x is

given as shown in Formula (B.4):
u = f(x+cot) (B.4)

Thus, the relation between time derivative of the displacement (du/dt) and the strain (¢ = du/dx)

becomes Formula (B.5):

ou_. ou (B.5)

dat ox

The displacement at section B is as given in Formula (B.6):
tou t
ug = | —Bdt=c0jOeBdt (B.6)

Considering the delay of the wave propagation [ep(t) = &g (t + dg/co)], the displacement at seftion B can
be lewritten as shown in Formula (B.7):

3 tauB 3 t
uB—J.()?dt—cojosg(t+dg/co)dt (B.7)

Displacement in the impact block side, uy, is recorded as the velocity va(t) of the impact blogk using an
analogue differentiating device. Then, the displacementiofisection A is as shown in Formula {B.8):

up =_|'0th ()de (B.8)

When the length of the test piece L, is short enough and the strain distribution is homogeneous
thrgpughout the length L, of the test piece, the engineering strain of the test piece is ag shown in

Formula (B.9):
_Uazup _ 1 gt _
e(t)= L —LOJ.OI:VA(t) Cogg (t+dy /co)]dt (B.9)

The engineering strain rate”is derived by the time derivative of the engineering strain af shown in

Formula (B.10):

é(t):Li[vA(t)—coeg(Hdg /co)} (B.10)

B.4 Testprocedure

B.6. T Calibratiomand verification of the force measurement

Before the execution of tests, calibration and verification of the force measurement device should be
performed. The output of & is recorded during static loading of the output bar, which should be kept
straight during calibration. An example is shown in Figure B.3. Here, &g is expressed as its amplified
signal (Ua). It should be verified that the output (eg) shows a linear relation with the force.
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U
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Key
F  force (K
Up amplifi

Figy

B.6.2 Clz

The attach
On this ocg
the tensile

N)
bd signal (V)

0,04

0,02

ire B.3 — Example of the force measurement.calibration in the one-bar method

mping of the test piece

ment, which is actually a part of the.test piece, is installed on the output bar using a scfew.
asion, the alignment of the outputbar and the test piece should be strictly maintained along
direction. A proper support or guide might be effective to achieve this. However, it sh

uld

be noted that excessive contact between the support/guide and the bar decays the quality of the Har's

strain gaug

B.6.3 Input of deformation

The hamm
deformatid

B.6.4 Mg

The outpuf
of time. At

asurement and record

e signal. The other end of the test piece is clamped by the fastening rod with the impact blpck.

br directly hits theyimpact block at a given velocity and the impact block generates the ter]sile
n in the test piece through the fastening rod.

ofthe strain gauge attached to the output bar, &g, is measured and recorded as a function
the same time, the velocity of the impact block, va(t), which is the time derivative of|the

displacement, is also measured and recorded as a function of time.

B.7 Example of a high-strain-rate tensile test using the one-bar method

An example of a high-strain-rate tensile test for mild steel is shown in Figure B.4. Figure B.4 a) shows
the output signals recorded by a digital oscilloscope. One is the output signal of the strain gauge, &g,
and the other is the velocity of the impact block, va(t). The engineering stress, the engineering strain
and the engineering strain rate are evaluated using these data and the formulae above and shown in

Figure B.4 b).

Another example for high strength steel is shown in Figure B.5.

20
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b) Engineering stress, engineering strain and engineering strain rate obtained by analysis of
raw data

Key
t |time (§)
& |elastic strain at section C (10-6)

va(t)velocity of impact block (103 mm-s-1)
e  engineering strain (%)
R  engineering stress (MPa)

e engineering strain rate (s-1)

Figure B.4 — Example of a high-strain-rate tensile test using the one-bar method (mild steel)
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Figurpe B.5 — Example of a high-strain-rate tensile test using the one-bar method (high
strength steel)
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Annex C
(informative)

Example of split Hopkinson bar (SHB) method

The original SHB testing machine was developed to measure the compressive mechaniecalbghaviour of
matlerials at high strain rates. Because of its simplicity, modified Hopkinson bar schethes weite designed
by many investigators for loading test pieces in uniaxial tension and torsion[é][Z],

Theg SHB testing machine comprises two elastic bars (an input bar and an‘utput bar), njade of the
sanje material and having the same diameter, and a mechanism to generate an incident wave in the
inplit bar. When waves of constant amplitude are applied to the input bar, and the incident, reflected,
and| transmitted waves are depicted at the input bar/test piece interface and the test piecejoutput bar
intgrface, respectively, as shown in Figure C.1, the engineering strain‘rate in the test piecelis given by

Formula (C.1)[8l:

. 1
e(t)=—{veO-[vi(O-v: (O]} (oY)
total
whére
e is the engineering strain rate;
Vi is the incident particle velocity;
Vr is the reflected particle yelocity;
Vt is the transmitted pdrticle velocity;

Ltotal is the total lengththat includes the parallel length and the shoulders.
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Key
input bpt
output par
test piece
strain gauge
F1 force afthe end of the input bar
F, force afthe end of the output bar
Figure C.1{— Incident, reflection and transmission of the strain waves in the input and output
The velocitly can be related to strain by Formula (C.2).
E
O==PFov, Co=,|— (
P
(0 Ee pc 2¢
v=— =— =20 —Co€ (
Pfo  PCo PCo
where
o isthe propagating stress;

bar

£.2)

.3)

[.4):

co 1is the propagation velocity of the elastic wave in the bar;
is the density of the bar;
E is the modulus of elasticity;
€ isthe elastic strain’in the bar;
v is the partiCle'velocity at any point in the bar.
By substityting kormula (C.3) in Formula (C.1), the engineering strain rate is as shown in Formula ((
e(t)= * We®)-[vi()-v () [}=- v lec(®)-[ei(O)-e ()}
Ltotal Ltotal
where
g; isthe elastic strain generated by the incident wave;
er is the elastic strain generated by the reflected wave;
€t is the elastic strain generated by the transmitted wave.

24
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On the other hand, force at each end of the test piece is as given in Formulae (C.5) and (C.6):

Fy(t)=ESy[;(6)+e.(t)]

Fy(0)=ESye, (1)

where

F1 isthe force at the end of input bar;

The

whg

If tH

Fro
ge

=

The
102

F7 is the force at the end of output bar;

Sp is the cross-sectional area of the elastic bar.

engineering stress is given in Formula (C.7):
F1 +F2 ESb
R(t)=——==——|¢&;(t)+e, (t)+e, (¢
(¢) 25, 250[ i(t)+e (t)+e (t)]
bre

R isthe engineering stress in the test piece;
So isthe original cross-sectional area of the test piece:

e forces at both ends of the test piece are equal, Fgfmula (C.8) applies(él:

gi(t)+ec(t)=¢e(t)

erally given by Formulae (C.9), (C.10)and (C.11)[9].

2¢y

e(t)= 3

EGEENG]

total

ES
R(t)=5—bet(t)

{¢]

how

(C.5)

(C.6)

(C.7)

(C.8)

m Formula (C.8), engineering strain rate (é), engineering strain (e), and engineering stijess (R) are

(C9)

(C.10)

(C.11)

SHBumethod is a high-strain-rate tensile testing method for a strain-rate range generally between
s-¥ahd 103 s-1. The strain-rate range can reach up to 104 s-1 by shortening the gayige length;
hever, it may induce impact deformation. The maximum strain induced in the test piece is (Tetermined

by the product of the strain rate and the loading time (duration of the incident wave). Therefore, if the
strain rate is too low, only the initial plastic deformation of the test piece can be evaluated.

C.2

Input method

Figure C.2 shows three typical models of loading mechanisms which use the SHB method. All three are
of the open-loop type. They are used in practical applications in systems where

— compressive waves are generated by a striker and reflected waves from the opposite side of the

loading end are utilized in a high-strain-rate tensile test [Figure C.2 a)],

tensile waves are directly applied by a striker [Figure C.2 b)], or
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— tensile waves accumulated by clamping the input bar are released into the input bar
[Figure C.2 ¢)](10][11],

When designing an SHB testing machine, Reference [12] may be useful.

|_ax>||\ \é %:H/ |
\ 4 \

A}

1

a) Rod impact type

> =] =K
g-<5

1
b) Tube impact type
9 5 4 5 10 5
NS
& c% —>
8

c) Clamp type
Key
striker par
bar no.[1
bar no.|2
test piere
strain gauge
split collar
yoke

clamp

O© 00 N O U1 B W N -

transmitter bar

—_
o

incident bar

QO

Applying force.

o

Static applying force.

Figure C.2 — Input methods with SHB
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