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ISO 6892-

Foreword

1:2016(E)

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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uniaxial tensile test;

h) the old Annex G is renamed to Annex H, Annex H to Annex |, etc.

ials using a

[SO 6892 consists of the following parts, under the general title Metallic materials — Tensile testing:

— Part 1: Method of test at room temperature

— Part 2:Method of test at elevated temperature

— Part 3:Method of test at low temperature

— Part 4: Method of test in liquid helium
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Introduction

During discussions concerning the speed of testing in the preparation of ISO 6892, it was decided to
recommend the use of strain rate control in future revisions.

In this part of ISO 6892, there are two methods of testing speeds available. The first, method A, is based
on strain rates (including crosshead separation rate) and the second, method B, is based on stress rates.
Method A is intended to minimize the variation of the test rates during the moment when strain rate
sensitive parameters are determined and to minimize the measurement uncertainty of the test results.
Therefore, and out of the fact that often the strain rate sensitivity of the materials is not known, the use
of method Aisstrongty recommended:
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Metallic materials — Tensile testing —

Part 1:
Method of test at room temperature

1 pcope

This| part of ISO 6892 specifies the method for tensile testing of metallic material§_ and [defines the
mechanical properties which can be determined at room temperature.

NOTE Annex A contains further recommendations for computer controlled testingnrachines.

2 Normative references

The [following documents, in whole or in part, are normatively referenced in this documgnt and are
indigpensable for its application. For dated references, only the edition cited applies. Hor undated
refefences, the latest edition of the referenced document (including any amendments) applips.

ISO | 7500-1, Metallic materials — Verification of static uniaxial testing machines |— Part 1:
Tensjon/compression testing machines — Verification and calibration of the force-measuring system

[SO 9513, Metallic materials — Calibration of extensenieter systems used in uniaxial testing

3 [Ferms and definitions

For the purposes of this document, the following terms and definitions apply.
NOTE In what follows, the desighations “force” and “stress” or “extension”, “percentage exfension”, and
“strafin”, respectively, are used on various occasions (as figure axis labels or in explanations for the d¢termination
of different properties). However,for a general description or point on a curve, the designationg “force” and

» o«

“stress” or “extension”, “percentage extension”, and “strain”, respectively, can be interchanged.

1]

3.1

gauge length
L

length of the parallel portion of the test piece on which elongation is measured at any moment during
the test

3.1.1
original gauge length
Lo

length between gauge length (3.1) marks on the test piece measured at room temperature before the test

3.1.2

final gauge length after fracture

Ly

length between gauge length (3.1) marks on the test piece measured after rupture, at room temperature,
the two pieces having been carefully fitted back together so that their axes lie in a straight line

© IS0 2016 - All rights reserved 1
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3.2

parallel length

Lc

length of the parallel reduced section of the test piece

Note 1 to entry: The concept of parallel length is replaced by the concept of distance between grips for
unmachined test pieces.

3.3
elongation
increase in the original gauge length (3.1.1) at any moment during the test

34
percentage elongation
elongation ¢xpressed as a percentage of the original gauge length (3.1.1)

3.4.1
percentage permanent elongation
increase in the original gauge length (3.1.1) of a test piece after removal of a specified stress, exprejssed
as a percentage of the original gauge length

3.4.2
percentagé elongation after fracture
A
permanent |elongation of the gauge length after fracture, (Ly - Lp), expressed as a percentage of the
original gauge length (3.1.1)

Note 1 to enffry: For further information, see 8.1.

3.5
extensometer gauge length
Le
initial exterjsometer gauge length used for measurement of extension by means of an extensometer

Note 1 to enffry: For further information, see 8.3:

3.6
extension
increase in the extensometer gauge length (3.5), at any moment during the test

3.6.1
percentagé¢ extension
“strain”
e

extension ekpressed.ds a percentage of the extensometer gauge length (3.5)

Note 1 to enllry: e'is commonly called engineering strain.

3.6.2

percentage permanent extension

increase in the extensometer gauge length, after removal of a specified stress from the test piece,
expressed as a percentage of the extensometer gauge length (3.5)

3.6.3

percentage yield point extension

Ae

in discontinuous yielding materials, the extension between the start of yielding and the start of uniform
work-hardening, expressed as a percentage of the extensometer gauge length (3.5)

Note 1 to entry: See Figure 7.

2 © IS0 2016 - All rights reserved
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3.64
percentage total extension at maximum force
A
gt
total extension (elastic extension plus plastic extension) at maximum force, expressed as a percentage
of the extensometer gauge length (3.5)

Note 1 to entry: See Figure 1.

3.6.5

percentage plastic extension at maximum force

Ag

plasfiCextension at MaxiTuIT fOTTe, EXPressed as a percentage of the extensometer gaugelgngth (3.5)

Note|1 to entry: See Figure 1.

3.6.6
per¢entage total extension at fracture
At
tota] extension (elastic extension plus plastic extension) at the moment of fracture, expfressed as a
perdentage of the extensometer gauge length (3.5)

Note|1 to entry: See Figure 1.

3.7 | Testing rate

3.7.1
stralin rate

€L

e

increase of strain, measured with an extensometer, in extensometer gauge length (3.5), per time

3.7.2
estinated strain rate over the parallellength

€L

c

valup of the increase of strain over. the parallel length (3.2), of the test piece per time based on the
crosyhead separation rate (3.7.3)and the parallel length of the test piece

3.7.3
crogshead separationrate
Ve
displacement of theerossheads per time

3.74
streps rate
R
incr¢aseof stress per time

Note 1 to entry: Stress rate is only used in the elastic part of the test (method B) (see also 10.3.3).

3.8

percentage reduction of area

Z

maximum change in cross-sectional area which has occurred during the test, (S, — Su), expressed as a
percentage of the original cross-sectional area, Sy:

S, -5
Z7=2-0_"U.100
S

(o]
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3.9 Maximum force

391

maximum force

Fm

<materials displaying no discontinuous yielding> highest force that the test piece withstands during

the test

3.9.2

maximum force

Fm

<materials

test after the beginning of work-hardening

Note 1 to entry: For materials which display discontinuous yielding, but where no work-hardeninhg c3

established,

Note 2 to enflry: See Figure 8 a) and b).

3.10

stress

R

at any mom|

Note 1 to enffry: All references to stress in this part of ISO 6892 are to engilieering stress.

3.10.1
tensile stre
Rm

stress corre

3.10.2

yield streEEth

when the
during the {

3.10.2.1

upper yield strength

ReH
maximum V

Note 1 to enfry: See Figure 2,

3.10.2.2
lower yield
Rel,

lowest valu

Isplaying discontinuous yielding> highest rorce that the test piece withstands during

f'm is not defined in this part of ISO 6892 [see footnote to Figure 8 c)].

ent during the test, force divided by the original cross-sectional area, Sy, of the test pieq

tngth

sponding to the maximum force (3.9.2)

etallic material exhibits a yield-phenomenon, stress corresponding to the point rea
est at which plastic deformation-eccurs without any increase in the force

alue of stress (3.10)-prior to the first decrease in force

strength

e of Stress (3.10) during plastic yielding, ignoring any initial transient effects

r the

n be

rhed

Note 1 to entry: See Figure 2.

3.10.3

proof strength, plastic extension

Rp

stress at which the plastic extension is equal to a specified percentage of the extensometer gauge

length (3.5)

Note 1 to entry: Adapted from ISO/TR 25679:2005, “proof strength, non-proportional extension”.

Note 2 to entry: A suffix is added to the subscript to indicate the prescribed percentage, e.g. Rpo,2.

Note 3 to entry: See Figure 3.
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3.104

proof strength, total extension

Ry

stress at which total extension (elastic extension plus plastic extension) is equal to a specified
percentage of the extensometer gauge length (3.5)

Note 1 to entry: A suffix is added to the subscript to indicate the prescribed percentage, e.g. Rto,s.

Note 2 to entry: See Figure 4.

3.10.5
permanentsetstrength
Ry

stregs at which, after removal of force, a specified permanent elongation or extefision, expressed
resplectively as a percentage of original gauge length (3.1.1), or extensometer gauge length (3.5), has not
beer exceeded

Note|1 to entry: A suffix is added to the subscript to indicate the specified percentagéofthe original gauge length,
Lo, of of the extensometer gauge length, Le, e.g. Rro,2.

Note|2 to entry: See Figure 5.

3.11
fracture
phenomenon which is deemed to occur when total separationdof the test piece occurs

Note|1 to entry: Criteria for fracture for computer controlled tests are given in Figure A.2.

3.12
computer-controlled tensile testing machine
machine for which the control and monitoring\of the test, the measurements, and the datq processing
are yindertaken by computer

3.13
modulus of elasticity
E
quotfient of change of stress AR:and change of percentage extension Ae in the range of|evaluation,
multiplied by 100 %

E=£-100 %

Ae

Note|1 to entry:dt'is recommended to report the value in GPa rounded to the nearest 0,1 GPa and [according to
ISO §0000-1.

defauit.value

PERE

-ange where

the modulus of elasticity is calculated
3.15

coefficient of correlation

R2

additional result of the linear regression which describes the quality of the stress-strain curve in the
evaluation range

Note 1 to entry: The used symbol R2 is a mathematical representation of regression and is no expression for a
squared stress value.

© IS0 2016 - All rights reserved 5
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3.16

standard deviation of the slope

Sm

additional result of the linear regression which describes the difference of the stress values from the
best fit line for the given extension values in the evaluation range

3.17
relative standard deviation of the slope
Sm(rel)
quotient of the standard deviation of the slope and the slope in the evaluation range, multiplied by 100 %
Sm(rel) = b?m -100 %
4 Symbols
The symbols used in this part of ISO 6892 and corresponding designations are giveivin Table 1.
Table 1 — Symbols and designations
Symbol Unit Designation
Test piece
ae, T2 mm original thickness of a flat test piece or wall thickness of a tube
by mm original wi_dth of the parallel length _()fa flat'test p_)iece or average width of the longi-
tudinal strip taken from a tube or width of flat wire
do mm or_iginal.diameter _of the parallel length of a circular test piece, or diameter of roupd
wire or internal diameter of a tubg
Dy mm original external diameter of@jtube
Lo mm original gauge length
L mm initial gauge length for determination of Ayn (see Annex J)
[0}
Lc¢ mm parallel length
Le mm extensometer,gauge length
Lt mm total length of test piece
Ly mm final.gauge length after fracture
L mm finhalgauge length after fracture for determination of Ay, (see AnnexJ)
u
So mmZ original cross-sectional area of the parallel length
Su mim2 minimum cross-sectional area after fracture
k — coefficient of proportionality (see 6.1.1)
Z %5 PETCENtage TEdUCtion Of area
Elongation
A % percentage elongation after fracture (see 3.4.2)
Awn % percentage plastic elongation without necking (see AnnexJ)
Extension
e % extension
Ae % percentage yield point extension
Ag % percentage plastic extension at maximum force, Fi,
Agt % percentage total extension at maximum force, Fi,
At % percentage total extension at fracture
ALm mm extension at maximum force
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Table 1 (continued)

Symbol Unit Designation
AL¢ mm extension at fracture
Rates

éLe s-1 strain rate
éLC s71 estimated strain rate over the parallel length

B MPas-1 |stressrate

Ve mms-1 |crosshead separation rate

Force
Fm N maximum force
Yield strength — Proof strength — Tensile strength

R MPab stress
ReH MPa upper yield strength
Rel, MPa lower yield strength

Rm MPa tensile strength

Rp MPa proof strength, plastic extension

Ry MPa specified permanent set strength

Ry MPa proof strength, total extension

Modulus of Elasticity — slope of the stress-percentage extension curve
E GPa modulus of elasticity¢
MPa slope of the stress-percentage extension curve at a given moment of the tpst

mg MPa slope of the elastic paft of the stress-percentage extension curved
R1 MPa lower stress value

R> MPa upper stress yalie

e1 % lower strain value

e % upperystrain value

R2 — coeffi¢ient of correlation

Sm MPa standard deviation of the slope

Sh(rel) % relative standard deviation of the slope

a Symbol used in steel tube product standards.
b 1 MPa=1Nmm=2.

¢ THe calculation of the modulus of elasticity is described in Annex G. It is not required to use Annex G to
detgrmifiecthe slope of the elastic part of the stress-percentage extension curve for the determinatipn of proof
strepgth.

d In the elastic part of the stress-percentage extension curve, the value of the slope may not necessarily
represent the modulus of elasticity. This value may closely agree with the value of the modulus of elasticity if
optimal conditions are used (see Annex G).

CAUTION — The factor 100 is necessary if percentage values are used.

5 Principle

The test involves straining a test piece by tensile force, generally to fracture, for the determination of
one or more of the mechanical properties defined in Clause 3.

The test shall be carried out at room temperature between 10 °C and 35 °C, unless otherwise specified.
For laboratory environments outside the stated requirement, it is the responsibility of the testing
laboratory to assess the impact on testing and or calibration data produced with and for testing

© IS0 2016 - All rights reserved 7
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machines operated in such environments. When testing and calibration activities are performed
outside the recommended temperature limits of 10 °C and 35 °C, the temperature shall be recorded
and reported. If significant temperature gradients are present during testing and or calibration,
measurement uncertainty may increase and out of tolerance conditions may occur.

Tests carried out under controlled conditions shall be made at a temperature of 23 °C + 5 °C.

If the determination of the modulus of elasticity is requested in the tensile test, this shall be done in
accordance with Annex G.

6.1.1 General

The shape and dimensions of the test pieces may be constrained by the shape and dimensions of the
metallic prgduct from which the test pieces are taken.

The test piefce is usually obtained by machining a sample from the product ot\a pressed blank or casfting.
However, ptroducts of uniform cross-section (sections, bars, wires, etc.)@nd also as-cast test pieceq (i.e.
for cast iro and non-ferrous alloys) may be tested without being machined.

ction of the test pieces may be circular, square, rectangular, annular or, in special cgses,

Preferred test pieces have a direct relationship between the-original gauge length, Lo, and the original
cross-sectignal area, Sy, expressed by the formula L, =-kg}S, , where kis a coefficient of proportionality,
and are called proportional test pieces. The internationally adopted value for k is 5,65. The original
shall be not less than 15 mm. When the cross-sectional area of the test piece is too small
irement to be met with, k = 5,65, a hiigher value (preferably 11,3) or a non-proportional test
piece may bhe used.

NOTE By using an original gauge length smaller than 20 mm, the uncertainty of the result “elongation pfter
fracture” will be increased.

For non-pr¢portional test pieceS,\the original gauge length, L,, is independent of the original ctoss-
sectional arfea, S,.

The dimengional tolerances/of the test pieces shall be in accordance with the Annexes B to E (see 6)2).

Other test pieces such ‘as those specified in relevant product standards or national standards mdy
used by agreement-with the customer, e.g. ISO 3183[1], (API 5L), ISO 11960(2], (API 5CT), ASTM A370
ASTM E8MIZ], DIN"50125[10], [ACS W2[13], and JIS Z 2241[14],

6.1.2 Machined test pieces

Machined test pieces shall incorporate a transition radius between the gripped ends and the parallel
length if these have different dimensions. The dimensions of the transition radius are important and itis
recommended that they be defined in the material specification if they are not given in the appropriate
annex (see 6.2).

The gripped ends may be of any shape to suit the grips of the testing machine. The axis of the test piece
shall coincide with the axis of application of the force.

The parallel length, L, or, in the case where the test piece has no transition radii, the free length
between the grips, shall always be greater than the original gauge length, L.

8 © IS0 2016 - All rights reserved
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6.1.3 Unmachined test pieces

If the test piece consists of an unmachined length of the product or of an unmachined test bar, the free
length between the grips shall be sufficient for gauge marks to be at a reasonable distance from the
grips (see Annexes B to E).

As-cast test pieces shall incorporate a transition radius between the gripped ends and the parallel
length. The dimensions of this transition radius are important and it is recommended that they be
defined in the product standard. The gripped ends may be of any shape to suit the grips of the testing
machine provided that they enable the centre of the test piece to coincide with the axis of application of
force. The parallel length, L, shall always be greater than the original gauge length, L.

6.2 | Types

The main types of test pieces are defined in Annexes B to E according to the shaperand typq of product,
as shown in Table 2. Other types of test pieces can be specified in product standards.

Table 2 — Main types of test pieces according to product type

Dimensions in millimetres

Correspor;riing
Type of product Anne
Sheets — Plates — Flats Wire — Bars —<Sections
\ DN
Thickness Diameter or side
a
0,1<a<3 — B
— <4 C
az=3 >4 D
Tubes E

6.3 | Preparation of test(pjéces
The |test pieces shall beytaken and prepared in accordance with the requirements of the relevant
Intefnational Standatds for the different materials (e.g. ISO 377).
7 Determination of original cross-sectional area

The Felevant dimensions of the test piece should be measured at sufficient cross-sections pefpendicular
to thedongitudinal axis in the central region of the parallel length of the test piece.

A minimum of three cross-sections is recommended.

The original cross-sectional area, S, is the average cross-sectional area and shall be calculated from
the measurements of the appropriate dimensions.

The accuracy of this calculation depends on the nature and type of the test piece. Annexes B to E
describe methods for the evaluation of S, for different types of test pieces and contain specifications for
the accuracy of measurement.

All measuring devices used for the determination of the original cross-sectional area shall be calibrated
to the appropriate reference standards with traceability to a National Measurement System.

© IS0 2016 - All rights reserved 9
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8 Original gauge length and extensometer gauge length

8.1 Choice of the original gauge length

For proportional test pieces, if the original gauge length is not equivalent to 5,65,/S, where S, is the

original cross-sectional area of the parallel length, the symbol A should be supplemented by a subscript
indicating the coefficient of proportionality used, e.g. A11,3 indicates a percentage elongation of the

gauge length, Lo, according to Formula (1):

A11’3 :11,31[50

NOTE 5

For non-prd
indicating 4

elongation ¢f a gauge length, L,, of 80 mm.

8.2 Mark

65\/S, =545, /7 .

portional test pieces (see Annex B), the symbol A should be supplemented by a subs
he original gauge length used, expressed in millimetres, e.g. Agp mm indicates a percen

ing the original gauge length

M

Cript
tage

For the marual determination of the elongation after fracture 4, each end'ef the original gauge length,

Lo, shall be
could resulf

For proport
nearest mu
is less than

If the paralllel length, L., is much greater than thevoriginal gauge length, as, for instance,

unmachine

In some cagq
lengths are

8.3 Choi

For measur
of the test
approximat
in the test |
should be a

9 Accur

marked by means of fine marks, scribed lines, or punch’marks, but not by marks w
in premature fracture. The original gauge length shall be marked to an accuracy of #1

ional test pieces, the calculated value of the original-gauge length may be rounded tc
tiple of 5 mm, provided that the difference betweeftthe calculated and marked gauge le
10 % of L.

| test pieces, a series of overlapping gauge lengths may be marked.

es, it may be helpful to draw a line(parallel to the longitudinal axis, along which the g
marked.

ce of the extensometer-gauge length

ement of yield and proof Strength parameters, Le should span as much of the parallel le
piece as possible. Idedlly, as a minimum, Le should be greater than 0,50L, but less
ely 0,9L. This sheuld ensure that the extensometer detects all yielding events that o
piece. Further;\for measurement of parameters “at” or “after reaching” maximum ford
bproximately‘equal to L.

acy of testing apparatus

hich
%.

the
hgth

with

huge

hgth
than
ccur
e, Le

The force-
or better.

hovcniring cuctam Aftha tacting mmaching chall ha 1m Acoardancn
e SHHRE-SyStem-oe6—+1 HE-Haehe-Staroeih eoHee

waith 1SS0 76001 ¢l
Wt oo ovo—T3;

oy
Tt

ss 1,

For the determination of proof strength (plastic or total extension), the extensometer used shall be in
accordance with [SO 9513, class 1 or better, in the relevant range. For other properties (with extensions
greater than 5 %), an ISO 9513, class 2 extensometer in the relevant range may be used.

10
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10 Conditions of testing

10.1 Setting the force zero point

1:2016(E)

The force-measuring system shall be set to zero after the testing loading train has been assembled, but
before the test piece is actually gripped at both ends. Once the force zero point has been set, the force-
measuring system shall not be changed in any way during the test.

NOTE

The use of this method ensures that, on one hand, the weight of the gripping system is compensated

for in the force measurement, and on the other hand, any force resulting from the clamping operation does not

affec

t this measurement.

10.3

The
shoy

Ever
as a
exar
stre

Ino
appl
stre
prel

10.3

10.3

Unle
prod
this

NOT
defin
nece

NOT

appr
acco

NOT
rateg

Method of gripping

test pieces shall be gripped by suitable means, such as wedges, screwed grips, parallel j
ldered holders.

y endeavour should be made to ensure that test pieces are held in such away that the for
kially as possible, in order to minimize bending (more information is/given in ASTM H
hple). This is of particular importance when testing brittle matérials or when detern
hgth (plastic extension), proof strength (total extension), or yield'strength.

‘der to ensure the alignment of the test piece and grip afrangement, a preliminary fq
jed provided it does not exceed a value corresponding to 5 % of the specified or exj
ngth. A correction of the extension should be carried*out to take into account the ¢
minary force.

} Testing rates

.1 General information regarding testing rates

ss otherwise agreed, the choice ofinethod (A1, A2, or B) and test rates are at the discy
ucer or the test laboratory assigned by the producer, provided that these meet the reqy
part of ISO 6892.

£ 1 The difference between Method A and Method B is that the necessary testing speed of]
ed at the point of interest.(e.g. Rpo,2), where the property has to be determined; whereas, in M
ssary testing speed isset'in the elastic range before the property (e.g. Rpo,2) has to be determin|

£ 2 Under certain conditions using Method B (e.g. for some steels a stress rate in the ela
bximately 304MP4a/s, using a testing rig and clamping system with high stiffness and a test pid
ding Annex\B; Table B.1, Test piece type 2), a strain rate near the range 2 of Method A may be o

£ 3 Product standards and corresponding test standards (e.g. aerospace standards) may
that are different from those contained in this part of ISO 6892.

aw faces, or

Ce is applied
1012[8], for
ining proof

rce may be
ected yield
ffect of the

etion of the
irements of

Method A is
ethod B, the
ed.

stic range of
ce geometry

bserved.

specify test

10.3.2 Testing rate based on strain rate (method A)

10.3.2.1 General

Method A is intended to minimize the variation of the test rates during the moment when strain rate
sensitive parameters are determined and to minimize the measurement uncertainty of the test results.

Two different types of strain rate control are described in this subclause.

— Method A1 closed loop involves the control of the strain rate itself, éL ,thatis based on the feedback
e

obtained from an extensometer.
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— Method A2 open loop involves the control of the estimated strain rate over the parallel length, ¢, ,
C

which is achieved by using the crosshead separation rate calculated by multiplying the required
strain rate by the parallel length [see Formula (2)].

NOTE A more rigorous strain rate estimation procedure for Method A2 is described in Annex F.

If a material shows no discontinuous yielding and the force remains nominally constant, the strain rate,

éL , and the estimated strain rate over the parallel length, e, , are approximately equal. Differences
exist if the materlal exhibits dlscontlnuous or serrated yleldlng (e g- some steels and AlMg alloys in the
yield point g 3 C i
effect) or if] eckmg occurs. Ifthe force is 1ncrea51ng, the stram rate [if the crosshead separatlon rdte is
calculated ysing Formula (2)] may be below the target strain rate due to the compliance of the testing
machine.

The testing|rate shall conform to the following requirements.

a) Unless ptherwise specified, any convenient speed of testing may be used up te_a stress equivalent
to half pf the expected yield strength. Above this range and for the determiination of Rey, Rp qr Ry,

the sperified strain rate, ¢, (or for Method A2 the crosshead separatigmrate v), shall be applied.

In this fange, to eliminate the influence of the compliance of the tensile testing machine, the use of
an extgnsometer clamped on the test piece is necessary to havelaccurate control over the sfrain
rate. Far testing machines unable to control by strain rate method A2 may be used.

b) During|discontinuous yielding, the estimated strain rate over the parallel length, e, (see 3|7.2),
C

should pe applied. In this range, it is impossible to control the strain rate using the extensomjeter
clampef on to the test piece because local yieldigg can occur outside the extensometer ghuge
length.[The required estimated strain rate over the'parallel length may be maintained in this range
sufficigntly accurately using a constant crosshead separation rate, v. (see 3.7.3) (open loop);

VC = LC BLC (2)
where
¢ isfthe estimated strain rate‘over the parallel length;
L

C

Lc  is|the parallel length.

¢) In the range following R or Rt or end of yielding (see 3.7.2), ¢; or ¢, can be used. The use of ¢,
e C

is recommendedvto avoid any control problems which may arise if necking occurs outsidg the
extensqmetér-gauge length.

The strain rates specified in 10.3.2.2 to 10.3.2.4 shall be maintained during the determination of the
relevant material property (see also Figure 9).

During switching to another strain rate or to another control mode, no discontinuities in the stress-
strain curve should be introduced which distort the values of Ry, Ag, or Agt (see Figure 10). This effect
can be reduced by a suitable gradual switch between the rates.

The shape of the stress-strain curve in the work-hardening range can also be influenced by the strain
rate. The testing rate used should be documented (see 10.3.4).
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10.3.2.2 Strain rate for the determination of the upper yield strength, Rey, or proof strength
properties, Rp, and Ry

The strain rate, €, , shall be kept as constant as possible up to and including the determination of Rey

L )
e
or Rp or Ry. During the determination of these material properties the strain rate, e, , shall be in one of

e

the two following specified ranges (see also Figure 9).

Range 1: ¢, =0,000 07 s~1, with a relative tolerance of +20 %.
e

Range 2: o'L = 0000 25 s-1_with 3 relative tolerance of £20 % (rpr‘nmmpndpd’ unless otherwise
e

spedified).

If the testing machine is not able to control the strain rate directly, Method A2 shall beused|.

10.3.2.3 Strain rate for the determination of the lower yield strength, Rqp,.and percentage yield
point extension, Ae

Follgwing the detection of the upper yield strength (see A.3.2), the estimated strain rgte over the
pardllel length, ¢, , shall be maintained in one of the following two specified ranges (see Figure 9) until

discpntinuous yielding has ended.

Range 2: éL =0,000 25 s-1, with a relative tolerance of +20:% (recommended, when Rg[, is determined).
C

Range 3: éL = 0,002 s1, with a relative tolerance of 20 %.
C

10.3.2.4 Strain rate for the determination of the tensile strength, R, percentage elongation
after fracture, A4, percentage total extension at the maximum force, Ag, percentage plastic
extension at maximum force, Ag, and percentage reduction area, Z

After determination of the required yield/proof strength properties, the estimated strain rate over the
pardllel length, éLc , shall be changedto one of the following specified ranges (see Figure 9)

Range 2: e'Lc =0,000 25 s-1, with-a relative tolerance of +20 %.
Range 3: éLc = 0,002 s1, with a relative tolerance of +20 %.

Range 4: éLc = 0,006.751, with a relative tolerance of +20 % (0,4 min-1, with a relative folerance of
+20 Po) (recommended, unless otherwise specified).
If the purposeyof the tensile test is only to determine the tensile strength, then an estinjated strain

rate|over the'parallel length of the test piece according to range 3 or 4 may be applied thrpughout the
entire tést.

10.3.3 Testing rate based on stress rate (method B)

10.3.3.1 General

The testing rates shall conform to the following requirements depending on the nature of the material.
Unless otherwise specified, any convenient speed of testing may be used up to a stress equivalent to
half of the specified yield strength. The testing rates above this point are specified below.

NOTE It is not the intent of Method B to maintain constant stress rate or to control stress rate with closed
loop force control while determining yield properties, but only to set the crosshead speed to achieve the target
stress rate in the elastic region (see Table 3). When a specimen being tested begins to yield, the stressing rate
decreases and may even become negative in the case of a specimen with discontinuous yielding. The attempt
to maintain a constant stressing rate through the yielding process requires the testing machine to operate at
extremely high speeds and, in most cases, this is neither practical nor desirable.
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10.3.3.2 Yield and proof strengths

10.3.3.2.1 Upper yield strength, Rcq

The rate of separation of the crossheads of the machine shall be kept as constant as possible and within
the limits corresponding to the stress rates in Table 3.

NOTE For information, typical materials having a modulus of elasticity smaller than 150 000 MPa include
magnesium, aluminium alloys, brass, and titanium. Typical materials with a modulus of elasticity greater than
150 000 MPa include wrought iron, steel, tungsten, and nickel-based alloys.

Table 3 — Stress rate

Modulus of elasticity of the material Stress rate
R
E
-1
MPa MPas
min. max.
<150 000 2 20
=150 000 6 60

10.3.3.2.2 [Lower yield strength, Re|,

If only the |
of the test

ower yield strength is being determined, the strain rate during yield of the parallel le
piece shall be between 0,000 25 s-1 and 0,002 5 _s~I. The strain rate within the pa
length shall be kept as constant as possible. If this rate cannot be regulated directly, it shall be f
by regulating the stress rate just before yield begins, the controls of the machine not being fur
adjusted until completion of yield.

hgth
allel
ixed
ther

In no case shall the stress rate in the elastic range.exceed the maximum rates given in Table 3.
10.3.3.2.3 [Upper and lower yield strengths;Rey and Re|,

If both upper and lower yield strengths are determined during the same test, the condition$ for
determining the lower yield strength(shall be complied with (see 10.3.3.1.2).

10.3.3.2.4 [Proof strength (plastic extension) and proof strength (total extension), Rp and R

The crosshgad separationrate of the machine shall be kept as constant as possible and within the limits
correspondltng to the stress rates in Table 3 for the elastic range. This crosshead separation rate shall
be maintained up to.-the proof strength (plastic extension or total extension). In any case, the strain

rate shall not exceed\0,002 5 s-1,

10.3.3.2.5

Rate' of separation

If the testing machine is not capable of measuring or controlling the strain rate, a crosshead separation
rate equivalent to the stress rate given in Table 3 shall be used until completion of yield.

10.3.3.3 Tensile strength, Ry, percentage elongation after fracture, 4, percentage total extension
at the maximum force, Ag;, percentage plastic extension at maximum force, Ag, and percentage
reduction area, Z

After determination of the required yield/proof strength properties, the test rate may be increased to a
strain rate (or equivalent crosshead separation rate) no greater than 0,008 s-1.

If only the tensile strength of the material is to be measured, a single strain rate can be used throughout
the test which shall not exceed 0,008 s-1.
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10.3.4 Report of the chosen testing conditions

In order to report the test control mode and testing rates in an abridged form, the following system of
abbreviation can be used:

ISO 6892-1 Annn, or ISO 6892-1 Bn

where “A” defines the use of method A (strain rate based), and “B” the use of method B (stress rate
based). The symbols “nnn” are a series of up to 3 characters that refer to the rates used during each
phase of the test, as defined in Figure 9, and ‘n’ may be added to indicate the stress rate (in MPa s-1)
selected during elastic loading.

EXAMPLE1 ISO 6892-1:2016 A224 defines a test based on strain rate, using ranges 2, 2 and 4.

EXAMPLE 2 ISO 6892-1:2016 B30 defines a test based on stress rate, performed at a neminal dtress rate of
30 MPa s—1.

EXAMPLE3 ISO 6892-1:2016 B defines a test based on stress rate, performedJat’a nomina| stress rate
according to Table 3.

11 Petermination of the upper yield strength

Req may be determined from the force-extension curve or peak'load indicator and is defined as the
maximum value of stress prior to the first decrease in force; The value is calculated by diividing this
forc¢ by the original cross-sectional area of the test piece, Sy (see Figure 2).

12 Petermination of the lower yield strength

ReL 1s determined from the force-extension curve and is defined as the lowest value of stiress during
plastic yielding, ignoring any initial transient effects. The value is calculated by dividing this force by
the griginal cross-sectional area of the testpiece, S, (see Figure 2).

In cgse of materials having yield phengmena and when Ae is not to be determined: For productivity of
testing, Rer, may be reported as thelewest stress within the first 0,25 % strain after Repy} not taking
intojaccount any initial transient\effect. After determining Re|, by this procedure, the test rate may be
incr¢ased as per 10.3.2.4 or 10:3)2.3. Use of this shorter procedure should be recorded on the|test report.

13 Petermination®f proof strength, plastic extension

13.1 Ry is determined from the force-extension curve by drawing a line parallel to the lirfear portion
of the curve and-at a distance from it equivalent to the prescribed plastic percentage extension, e.g.
0,2 %. The peint at which this line intersects the curve gives the force corresponding to the de¢sired proof
strempgth, plastic extension. The latter is obtained by dividing this force by the original cross-sectional
arealofthe test piece, S, (see Figure 3).

If the straight portion of the force-extension curve is not clearly defined, thereby preventing drawing
the parallel line with sufficient precision, the following procedure is recommended (see Figure 6).

When the presumed proof strength has been exceeded, the force is reduced to a value equal to about
10 % of the force obtained. The force is then increased again until it exceeds the value obtained
originally. To determine the desired proof strength, a line is drawn through the hysteresis loop. A line is
then drawn parallel to this line, at a distance from the corrected origin of the curve, measured along the
abscissa, equal to the prescribed plastic percentage extension. The intersection of this parallel line and
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the force-extension curve gives the force corresponding to the proof strength. The value is calculated
by dividing this force by the original cross-sectional area of the test piece, S, (see Figure 6).

NOTE Several methods can be used to define the corrected origin of the force-extension curve. One of
these is to construct a line parallel to that determined by the hysteresis loop so that it is tangential to the force-
extension curve. The point where this line crosses the abscissa is the corrected origin of the force-extension

curve (see Figure 6).

Care should be taken to ensure that the hysteresis is performed after the final proof strength has
passed, but at as low an extension as possible, as performing it at excessive extensions will have an

adverse effect on the slope obtained.

If not speci
strength du

13.2 The p
devices (mi

NOTE Al

14 Deter]

14.1 Ryis
parallel to {
percentage
the desired

area of the flest piece, S, (see Figure 4).

14.2 The p
devices (seg

15 Methd

The test pig
is obtained
After remo

more than the percentage specified for the original gauge length, see Figure 5.

NOTE T
stress applie]
the product
stress of 750

ied in product standards or agreed by the customer, it is inappropriate to determine-g
ring and after discontinuous yielding.

roperty may be obtained without plotting the force-extension curve by using auton
Croprocessor, etc.) (see Annex A).

nother available method is described in GB/T 228.[12]

mination of proof strength, total extension

letermined on the force-extension curve, taking 10.2 int@ consideration, by drawing a
he ordinate axis (force axis) and at a distance from this equivalent to the prescribed

proof strength. The value is calculated by dividing<this force by the original cross-sect

roperty may be obtained without plottihg the force-extension curve by using auton
Annex A).

d of verification of permanent set strength

ce is subjected to a force corresponding to the specified stress for 10 s to 12 s. This f
by multiplying the specified stress by the original cross-sectional area of the test piec
ing the force, it is thén confirmed that the permanent set extension or elongation if

his is a pass/fail test, which is not normally performed as a part of the standard tensile test
d to the testpiece and the permissible permanent set extension or elongation are specified eith|
pecification‘or the requester of the test. Example: Reporting “Rro,5 = 750 MPa Pass” indicates 4
MPa was:applied to the test piece and the resulting permanent set was less than or equal to 0,5

roof

hatic

line
total

extension. The point at which this line intersects the‘curve gives the force corresponding to

onal

hatic

orce
P, So.
not

The
er by
hat a

%.

16 Deter!

| tion of t iold boi :

For materials that exhibit discontinuous yielding, A is determined from the force-extension curve
by subtracting the extension at Rey from the extension at the start of uniform work-hardening. The
extension at the start of uniform work-hardening is defined by the intersection of a horizontal line
through the last local minimum point, or a regression line through the range of yielding, prior to
uniform work-hardening and a line corresponding to the highest slope of the curve occurring at the
start of uniform work-hardening (see Figure 7). It is expressed as a percentage of the extensometer
gauge length, Le.

The method used [see Figure 7 a) or b)] should be documented in the test report.
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Determination of the percentage plastic extension at maximum force

1:2016(E)

The method consists of determining the extension at maximum force on the force-extension curve
obtained with an extensometer and subtracting the elastic strain.

Calculate the percentage plastic extension at maximum force, Ag, from Formula (3):

Ag :[ALm —R—mJ~1OO
L

e mg

where

(3)

.. isthe extensometer gauge length;
mg  is the slope of the elastic part of the stress-percentage extension curve;
Rm  is the tensile strength;

ALy, is the extension at maximum force.

NOTE For materials which exhibit a plateau at maximum force, the pereentage plastic extension
forcq is the extension at the mid-point of the plateau (see Figure 1).

18
The

Determination of the percentage total extension at maximum force

method consists of determining the extension at’maximum force on the force-exte

obtalined with an extensometer.

Calcplate the percentage total extension at maximum force, Agt, from Formula (4):

)i\

— ALm

" 1100

e

where

e is the extensometer.gauge length;

AL, isthe extension.at maximum force.

1]

NOTE For materials’'which exhibit a plateau at maximum force, the percentage total extension
forcq is the extensiomat the mid-point of the plateau (see Figure 1).

19

The
wit

Determination of the percentage total extension at fracture

method consists of determining the extension at fracture on the force-extension cur

at maximum

sion curve

(4)

at maximum

e obtained

dn extensometer.

Calculate the percentage total elongation at fracture, At, from Formula (5):

AL
A, =L—f-100

e

where

Le isthe extensometer gauge length;

ALy is the extension at fracture.
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20 Determination of percentage elongation after fracture

20.1 Percentage elongation after fracture shall be determined in accordance with the definition given
in 3.4.2.

For this purpose, the broken pieces of the test piece shall be carefully fitted back together so that their
axes lie in a straight line.

Special precautions shall be taken to ensure proper contact between the broken parts of the test piece
when measuring the final gauge length. This is particularly important for test pieces of small cross-

section and

test pieces having low elongation values.

Calculate tHe percentage elongation after fracture, 4, from Formula (6):
L,AL
A=—"+2.100 (6)
L

where

Lo is tHe original gauge length;

Ly is the final gauge length after fracture.
Elongation |after fracture, Ly, — Lo, shall be determined to the nearest 0,25 mm or better usihg a
measuring (levice with sufficient resolution.
If the specified minimum percentage elongation is less thafl 5 %, it is recommended that spgcial
precautiong be taken (see Annex H). The result of this.determination is valid only if the distpnce
between the fracture and the nearest gauge mark issihot less than Ly/3. However, the percentage
elongation ffter fracture can be regarded as valid, irrespective of the position of the fracture, if the
percentage |elongation after fracture is equal to or greater than the specified value. To avoid having to

reject test j
the method

20.2 When
gauge lengt
to deduct f{
comparablé
dynamic an

The result
within the ¢

ieces where the distance between thie fracture and the next gauge mark is less than |
described in Annex I may be used\by agreement.

extension at fracture is measured using an extensometer, it is not necessary to mark

ns. The elongation is measured as the total extension at fracture, and it is therefore neceg

’0/3;

the
sary

he elastic extension_in-order to obtain percentage elongation after fracture. To olptain

values with the mahual method, additional adjustments can be applied (e.g. high en
l frequency bandwidth of the extensometer) (see A.2.2).

of this detefmination is valid only if fracture and localized extension (necking) od
xtensometer gauge length, Le. The percentage elongation after fracture can be regardg

valid regar

less of the' position of the fracture cross-section if the percentage elongation after frag

is equal to pr greater than the specified value. If the product standard specifies the determinati
percentage leloengation after fracture for a given gauge length, the extensometer gauge length shou
equal to thislehgth

bugh

curs
d as
ture
n of
d be

20.3 If elongation is measured over a given fixed length, it can be converted to proportional gauge
length, using conversion formulae or tables as agreed before the commencement of testing (e.g. as in
[SO 2566-1 and ISO 2566-2).

NOTE Comparisons of percentage elongation are possible only when the gauge length or extensometer gauge
length, the shape, and cross-sectional area are the same or when the coefficient of proportionality, k, is the same.

21 Determination of percentage reduction of area

Percentage reduction of area shall be determined in accordance with the definition given in 3.8.
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If necessary, the broken pieces of the test piece shall be carefully fitted back together so that their axes
lie in a straight line.

For round test pieces, the measurements at the minimum reduced section should be made in 2 planes at
90° to each other and the average used for the calculation of Z.

Care should be taken to ensure that the fracture surfaces are not displaced when making the readings.
Calculate the percentage reduction of area, Z, from Formula (7):

Z:SO_SU

.100 (7)

~o

whefe

o is the original cross-sectional area of the parallel length;

Su  is the minimum cross-sectional area after fracture.

It is recommended to measure Sy to an accuracy of +2 % (see Figure 13),

Meapuring S, with an accuracy of +2 % on small diameter round test pieces, or test pieceg with other
crosk-sectional geometries, may not be possible.

22 [lestreport

The test report shall contain at least the following infofmation, unless otherwise agreed by the parties
conderned:

a) reference to this part of ISO 6892, extendedwith the test condition information specified in 10.3.4,
e.o. [SO 6892-1:2016 A224;

b) |dentification of the test piece;

c) ppecified material, if known;

d) type of test piece;

e) |ocation and direction of sampling of test pieces, if known;

f) esting control mode(s) and testing rate(s) or testing rate range(s) (see 10.3.1) if differgnt from the
Fecommended ' methods and values given in 10.3.2 and 10.3.3;

g) [festresudts:

— results should be rounded (according to ISO 80000-1) to the following precisions|or better, if
not otherwise specified in product standards: strength values, in megapascals, to|the nearest

Lol Lax
vwWITOTCITOIITOTCT,

— percentage yield point extension values, 4, to the nearest 0,1 %;
— all other percentage extension and elongation values to the nearest 0,5 %;

— percentage reduction of area, Z, to the nearest 1 %.
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23 Measurement uncertainty

23.1 General

Measurement uncertainty analysis is useful for identifying major sources of inconsistencies of
measured results.

Product standards and material property databases based on this part of ISO 6892 and earlier editions
of ISO 6892 have an inherent contribution from measurement uncertainty. It is therefore inappropriate
to apply further adjustments for measurement uncertainty and thereby risk failing product which is
compliant. For this reason, the estimates of uncertainty derived hy following this procedure are for

informatior] only.

23.2 Test fonditions

The test conditions and limits defined in this part of ISO 6892 shall not be adjusted. to,take account of
uncertaintigs of measurement.

23.3 Test results

The estimated measurement uncertainties shall not be combined with measured results to agsess
compliancelto product specifications.

For considefation of uncertainty, see Annexes ] and K, which provide guidance for the determinatipn of
uncertainty related to metrological parameters and values obtained from the interlaboratory tests|on a
group of stgels and aluminium alloys.
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Ae

Ael2
x4 Ael2

an

a'¥

At

bercentage elongation after fracture [determined fromithe extensometer signal or directly from
[see 20.1)]

Ag percentage plastic extension at maximum force
Agt percentage total extension at maximum force

At percentage total extension at maximum fracture

e  percentage extension
Elope of the elastic part of the stress-percentage extension curve

R Stress

Rm tensile strength
blateau extent (for determination of Ag, see Clause 17, for determination of Agy, see Clause 18)

Figure 1 — Definitions of extension

he test piece
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A A
I a a
[ 4 T -
[\ mo m‘” n:a)
0 e 0 e
a) b)
\qy'} x4
5 2
[\ o @
0 e 0 e
0) d)
Key
e  percentjge extension
R  stress
ReH upper yield strength
Rl lower yield strength
a  [nitial trpnsient effect.
Figure 2 — Examples of upper and lower yield strengths for different types of curve
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Key
e  percentage extension

ep ppecified percentage plastic extension
R btress

R, proof strength, plastic extension

x4

Key
e percentage extension

et percentage total extension

Figure 3 — Proof strength, plasti¢extension, R, (see 13.1)

R  stress
Rt proof strength, total extension

Figure 4 — Proof strength, total extension, Ry
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Key

er

Ry

Key

24

Ry

percent:
percent:
stress

ige elongation or percentage extension
ige permanent set extension or elongation

specifiedl permanent set strength

percent:

Figure 5 — Permanent set strength, R,

gy )

o
oV

1ge extension

specifiedl percentage plastic extension

stress
proof st

ehgth, plastic extension

Figure 6 — Proof strength, plastic extension, Ry, alternative procedure (see 13.1)
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\qy XA
oy L
Ae ) Ae b
5 5
X X
0 e 0 e
a) Horizontal line method b) Regression method

Key
Ae percentage yield point extension

e bercentage extension

R jtress

Ren ppper yield strength

a  Horizontal line through the last local minimum point, prior to uniform work-hardening.
b Regression line through the range of yielding, priox to uniform work-hardening.

c ine corresponding to the highest slope of the curve occurring at the start of uniform work-hardening.

Figure 7 — Different evaluation methods for percentage yield point extension
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£ z 5
| o | &
- \ -
0 e 0 e
a) ReH < Rm b) ReH > Rm
A
I
[}
I\
0 e
c) Special case of stress-percentage extension behavioura
Key
e  percentjyge extension
R  stress
Rey upper yield strength

Ry tensile s

a For mat
necessa

Figure 8

trength

brials which.diSplay this behaviour, no tensile strength is defined according to this part of ISO 6892. If

y, separateéagreements can be made between the parties concerned.

- Different types of stress-extension curve for determination of tensile strength, |Ry,
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e R e
1072 |- 10?2
47 ,
| | 10° =
| |
|
—
|
103 | | | 103
| | |
! | I 102 b
i | !
772 2 S
o N
|
100" | | I | 107" |
i [ A QA
I | | 10'+~ \
| |
| | | =
| | | | | | |
5 6
B | PR | | [
' N AN A | |, 100 | | [
A — L EE
| | | 0 | | | |
Rov | Ra [Rn | 't |t 7 1 8 | 9 t
| I
R | A | ApAy | Ren : Ren } ReL } Rn {
R I l AA | Ry | R | Ry Ag,,Ag I
A Aol AR AR
| I | [ I A 1 Z [
a) Method A b) Method B
Key
é sll:ain rate, in s-1 6 control mode: Crosshead control
R stress rate, in MPa.s-1 7 elastic range of the test
t time 8 plastic range for the determination of Re1| Rp, Ry, Ae
1 rdnge 1: é = 0,000 07 s=1-with a relative 9 maximum strain rate for the determinatipn of Ry, Agt,
tdlerance of +20 % Ag, Av A Z
2 r3 nge 2: é =0,000:25 s-1, with a relative a  Recommended.
tglerance of +20:%
3 rdnge 3: £°20,002 s-1, with a relative tolerance b Expanded range to lower rates, if testing machine is
of +20 % not capable of measuring or controlling the strain rate
(see 10.3.3.2.5).
4 r" lls\, _Al'. C- - C,CC(} 7 0_1, VV;th d lb}at;V\, tU}\,l alicce Uf

+20 % (0,4 min-1, with a relative tolerance of +20 %)

5 control mode: Extensometer control or crosshead
control

NOTE1  Symbols refer to Table 1.

NOTE 2  Strain rate in the elastic range for method B is calculated from stress rate using a Young’s modulus of
210 000 MPa (steel).

Figure 9 — Illustration of strain rates to be used during the tensile test, if Req, ReL, Rp, Rt, Rm, Ae,
Ag, Agt, A, Ay, and Z are determined
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oV

Key
e  percentjge extension

stress
a  False values, resulting from an abrupt strain rate increase.
b Stress-sfrain behaviour, if strain rate is abruptly increased.

NOTE For parameter definitions, see Table 1.

Figure 10 — Illustration of an inadmissible discontinuity in the stress-strain curve

28 © IS0 2016 - All rights reserved


https://standardsiso.com/api/?name=bc6d0f1f18b47867b0f82bfbfc044b61

So o

bo

Lo

Le

Key
o
bo
Le
Lo
Lt
Ly
So

NOT

L

a) Before testing

B {
Ly

b) After testing

briginal thickness of a flat test piece or wall thickness of a tube
briginal width of the parallel length of a flat test piece

barallel length

briginal gauge length

fotal length of test piece

Final gauge length after fracture

briginal cross-sectional area of the parallel length

bripped ends

%7

The shape of the test-pigce heads is only given as a guide.

Figure 11 — Machined test pieces of rectangular cross-section (see Annexes B a

nd D)
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So

So

So

7

L

Key
L, originaljgauge length
So originalcross-sectional area

Figure[12 — Test pieces comprising an unmachined portion of the product (see Annex C]
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Key
do
Le
Lo
Lt
Ly
So
Su

NOT

ISO 6892-1:2016(E)

o«

Lo

do

Lc

L

a) Before testing
Su

~~

&—=_

Ly

b) After testing

briginal diameter of the parallel length of a circular tesf piece
parallel length

briginal gauge length

fotal length of test piece

final gauge length after fracture

briginal cross-sectional area of the parallel length

minimum cross-sectional area after-fracture

L

) The shape of the test-piece heads is only given as a guide.

Figure 13> Machined test pieces of round cross-section (see Annex D)
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Key
do
Do
Lo
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Ly
So
Su

32

original
original
original
total len
final gau
original
minimu

gripped

do

LT LLLLD>

73
AN/

Do

Lo

a) Before testing

wall thickness of a tube
external diameter of a tube
gauge length

bth of test piece

ge length after fracture

n cross-sectional area after fragture

ends

b) After testing

cross-sectional area of the parallel length

Figure 14 — Test pieces comprising a length of tube (see Annex E)

—
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Seo 1

bo

Lo

Key
ao
bo
Lc

Lt
Ly
So
Su

NOT

Lc

L

a) Before testing

Su
I — A —
I —/ N |
Ly
b) After testing

briginal wall thickness of a tube

briginal average width of the longitudinal strip taken from a tube
pbarallel length

briginal gauge length

fotal length of test piece

Final gauge length after fractire

briginal cross-sectional area‘of the parallel length

minimum cross-sectional area after fracture

bripped ends

[P

The shape of the test-piece heads is only given as a guide.

Figure 15 — Test piece cut from a tube (see Annex E)

© ISO 2016 - All rights reserved

33


https://standardsiso.com/api/?name=bc6d0f1f18b47867b0f82bfbfc044b61

ISO 6892-1:2016(E)
Annex A
(informative)

Recommendations concerning the use of computer-controlled
tensile testing machines

A.1 General

This Annex| contains additional recommendations for the determination of mechanical propertigs by
using a computer-controlled tensile testing machine. In particular, it provides the recomimendations
that should|be taken into account in the software and testing conditions.

These recommendations are related to the design, the software of the machine-and'its validation] and
to the operdting conditions of the tensile test.

A.2 Tendile testing machine

A.2.1 Design

The machine should be designed in order to provide outputs giving analogue signals untreated by the
software. Iffsuch outputs are not provided, the machine manufacturer should give raw digital data with
information} on how these raw digital data have been obtained and treated by the software. They shiould
be given in pasic Sl units relating to the force, the extension, the crosshead separation, the time, andl the
test piece d|mensions. An example of the format of suitable data files is given in Figure A.1.
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//’_"Reference";"ISO 6892"
"Identification"; "TENSTAND"
"Material”;"DC 04 Steel”
"Extensometer to crosshead transition";0.00;"%"
"Specimen geometry";"flat"
"Specimen thickness = ao"
"Specimen width = bo"
"Cross-sectional area = So"
"Extensometer gauge length = Le"
l\ "Extensometer output in mm"
"Parallel length = Lc"
"Data acquisition rate 50Hz™
"Data row for start force reduction (Hysteresis) = Hs"
"Data row for end force reduction (Hysteresis) = He"
"Data row for swtich to crosshead = Cs"
"File length N data rows"
"File width M data columns™

>"ao";0.711;"rnm"

"bo™;19.93; "mm"
"So";14.17; "mm2"
"Le";80.00; "mm"

"Lc";120.00; "mm"”
B < "N";2912

s 4

"HS"; O

"He"; 0
nCs"; 0

>>>"time";"crosshead";"extensometer";"force"
W T v e
; ; ;

.40;0.0012;0.0000;0.12694
.42;0.0016;0.0000;0.12992
.44;0.,0020;0.0001;0.13334
.46;0.0024;0.0002;0.13699
.48;0.00259;0.0008%.0.14114
.50;0.0035;0.0004;0.14620
.52;0.0041;0,0006;0.15124
.54;0.0047;0+0007;0.15669
.56;0,.005470.0008;0.16247
.58;0\B060;0.0009;0.16794
.60;020067;0.0012;0.17370
.82;0.0074;0.0013;0.17980
2\64;0.0082;0.0014;0.18628

oo ooocOoOCcCocoOocoocoo

Key

A header

B  fest parametersand sample dimensions
C fata

Figure A.1 — Example of the format of suitable data files

A.2.2 Data sampling frequency

The frequency bandwidth of each of the measurement channels and the data sampling frequency should
be sufficiently high to record the material characteristics to be measured. For example, to capture ReH,
Formula (A.1) may be used to determine the minimum sampling frequency, fmin, in reciprocal seconds:
e-E
fmin =——-100 (A1)
ReH q

where
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é

E

is the strain rate, in reciprocal seconds;

is the modulus of elasticity, in megapascals;

ReH is the upper yield strength, in megapascals;

q

is the relative force measurement accuracy error, expressed as a percentage, of the testing

machine (according to ISO 7500-1).

The choice of Rey in Formula (A.1) is due to the fact that it corresponds to a transient characteristic
during the test. If the material tested has no yield phenomena, the proof strength Ry0,2 should be used

and the req

If method H
Formula (A

fmin :;

where R is

A.3 Dete

A.3.1 General

The followi

A.3.2 Upj

Rey (3.10.2.
a reduction
the previou

A.3.3 Pro
Rp (3.10.3)

A.3.4 Per
Agt (see 3.6

lired minimum sampling frequency can be halved.

(stress rate based) is used, the minimum sampling frequency should be calculated u

2):
R
EeH q

-100

the stress rate, in megapascals per second.

rmination of the mechanical properties

hg requirements should be taken into account bythe software of the machine.

per yield strength

1) should be considered as the stress cefresponding to the highest value of the force pri
of at least 0,5 % of the force, and follewed by a region in which the force should not ex
5 maximum over a strain range notless than 0,05 %.

of strength at plastic exténsion and proof strength at total extension

hind R (3.10.4) can be détermined by interpolation between adjacent points on the curv

centage total exténsion at maximum force

maximum ff

For some n
regression
curve shoul

prce.

haterjals; it is necessary to smooth the stress-strain curve in which case a polyn
s récdmmended. The smoothing range may have an influence on the result. The smoo

sing

A.2)

Or to
ceed

D

4 and Figure~1y/should be considered as the total extension corresponding to the strajin at

ial
hed

d‘be a reasonable representation of the relevant part of the original stress-strain curve,

A.3.5 Percentage plastic extension at maximum force

Ag (see 3.6.5 and Figure 1) should be considered as the plastic extension corresponding to the strain at

maximum force.

For some materials, it is necessary to smooth the stress-strain curve in which case a polynomial
regression is recommended. The smoothing range may have an influence on the result. The smoothed
curve should be a reasonable representation of the relevant part of the original stress-strain curve.
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A.3.6 Percentage elongation at fracture

A.3.6.1 Determine A; with reference to the definition of fracture in Figure A.2.
The fracture is considered to be effective when the force between two consecutive points decreases

a) by more than five times the difference between the value of the previous two points, followed by a
decrease to lower than 2 % of the maximum tensile force, and

b) lower than 2 % of the maximum tensile force (soft materials).

An ipcreased sampling Tate amd/or fittering of the force sigmat may inftuencetirepoimnt) of fracture
detefmined according to this method.
Another useful method for detecting the fracture of the test piece is to monitor the veltage or electric
current through the test piece, when the values measured just before the current is interrupted are
takepn as those at fracture.
«)
W
<
F. o
A
1
N
&
W
<
v
0 t
N
Key
F force 1 fracture
Fm maximum force o0  data point
Fn+1 force at measuring pointn + 1 Criteria for fracture
AF,n-1 force difference between measuring point n |AFp+1,n| > 5|AFp n-1]
and n =1 and/or
AFnijn  foroé\ difference between measuring point Fn+1<0,02Fy
n+Iand n
t time

Figure A.2 — Schematic representation for definition of fracture of the test piece

A.3.6.2 If the extensometer is kept on and the extension is measured until the fracture, evaluate the
value at point 1 in Figure A.2

A.3.6.3 If the extensometer is removed or if the extension measurement is interrupted before fracture
but after maximum force, Fy,, then it is permitted to use crosshead displacement to determine the
additional elongation between removal of the extensometer and fracture. The method used should be
verifiable.
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A.3.7 Measurement of the slope of the curve in the elastic range

In order to be valid for test pieces of unknown characteristics, the method used should not rely upon
any predefined stress limit, unless this is defined in the product standard or by agreement between
parties to the test.

Methods based on the calculation of the characteristics of a sliding segment are the most convenient.
The parameters are the following:

a)
b) the for

the length of the sliding segment (number of points used);

ula chosen as reference to define the c]npp ofthe curve

NOTE

[a—

fithe straight portion of the force extension curve is not clearly defined, refer to 13.1.

The slope o
conditions :

[ the curve in the elastic range corresponds to the mean slope in a range whererthe folloy
ire fulfilled:

wing

— the slope of the sliding segment is constant;

the selgcted range is representative.

In any case/it should be recommended that pertinent limits for the range dan be selected by the usgr in

order to elifninate unrepresentative values of the slope of the curve inthe elastic range.
References fo these and other acceptable methods are given in References [5], [17], [18], and [19].

2

S

Arecomme
is given bel

nded method to determine the slope of the elastic line for evaluation of Rpo,2 (Reference
DW.

linear rjegression of the linear range;
lower limit: ~10 % of Rpo,2;
upper Ifmit: ~40 % of Rpo,2;

to get npore exact data for Ry 2, the elastic line should be checked and if necessary recalculated with

other limits.

A.4 Valig

The efficie

Jation of the software for determination of the tensile properties

hcy of the methods used by the testing system to determine the various matgrial

characteris
examinatio
machine tra
bandwidth,

[ics may be checked by comparison with results determined in the traditional manng
h/calculation-from plots of analogue or digital data. Data which are derived directly fron
nsducers.or amplifiers should be collected and processed using equipment with frequ
samplihg frequency, and uncertainty of at least equal to those used to provide the mag

r by
h the
Ency
hine

computer-chleulated results.

Confidence may be placed in the accuracy of the machine computer processing if differences in
arithmetic means between computer-determined values and those determined manually on the same
test piece are small. For the purposes of assessing the acceptability of such differences, five similar
test pieces should be tested and the average difference for each relevant property should lie within the
limits shown in Table A.1.

NOTE This procedure confirms only that the machine finds the material characteristics for the particular
test piece shape, material tested, and conditions used. It gives no confidence that the properties of the material
tested are either correct or fit for purpose.

If other methods are used, e.g. injection of a pre-determined set of data from a known material with a
recognized level of quality assurance, these should meet the requirements mentioned above and those
in Table A.1.
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As part of the EU-funded TENSTAND project (GBRD-CT-2000-00412), ASCII data files were produced
with agreed values of tensile properties that may be used for validation of software. [Available (2009-
07-23) at http://www.npl.co.uk/tenstand]. Further details are given in References [21] and [22].

Table A.1 — Maximum permitted differences between computer-derived and manually

derived results

Da sb
Parameter
Relativec Absolutec Relativec Absolutec
Rpo,2 <0,5% 2 MPa <0,35% 2 MPa
Rp1 <0,5% 2 MPa <0,35% 2|MPa
ReH <1% 4 MPa <0,35% 2|MPa
ReL <0,5% 2 MPa <0,35 % 2|MPa
Rm <0,5% 2 MPa <0,35% 2|MPa
A — 2% — 42 %

1 n

e

i| is the difference between the result of manual evaluation, H;, aitd’'the result of computer evaluation, R, f
={Hi - Ri);

is the number of identical test pieces from one sample (25)

['he highest of the relative and absolute values should’be taken into account.

r a test piece

A5

Comjputer Compatible Representation of Standards Computer readable data formats devel
the scope of the CEN/WS ELSSI*EMD offer an effective means to overcome systems inte

Computer compatible representation of standards

issu¢s and enable electronic teporting in the engineering materials sector. The findings of CEN

EMI, which aimed to establish the viability of defining data formats based on documentar
for mechanical testing,“are reported in CWA 16200.142] The guidelines that CWA 16200 d

defining computer readable data formats based on a documentary testing standard have bee

ISO $892-1. The reswiting definitions are available from the BSI Standards Resources server.

To demonstrate'potential usage, CWA 16200 includes examples of the reporting capability
fornjats based on a tensile test carried out using a test piece manufactured from the Tens
Refejrence’ Material CRM 661 (INGELBRECHT and LOVEDAY 2000[29]) carried out as

ped within
roperability
/WS ELSSI-
7 Standards
bscribes for
n applied to

for the data
le Certified
part of the

TENESTAND Project (RIDES and LORD, 2005[21]).
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Annex B
(normative)

Types of test pieces to be used for thin products: sheets, strips,

and flats between 0,1 mm and 3 mm thick

B.1 Genc

For product

B.2 Shap

Generally, t
L¢, shall be
width of the

By agreemg
products of}
product.

B.3 Dim
Three diffe
The paralle
In case of d

For paralle
standard, t
length betw

When meas

For test pie
shall be cal

The noming
on shape gi

bral

s of less than 0,5 mm thickness, special precautions may be necessary.
e of the test piece

connected to the ends by means of transition curves with a radius’of at least 20 mm,
se ends should be =1,2b,, where b, is the original width.

nt, the test piece may also consist of a strip with parallel sides (parallel sided test piece)

ensions of the test piece

‘ent non-proportional test piece geometries are widely used (see Table B.1).
length shall not be less than L, + bg/2.

spute, the length Ly + 2b, should be used, unless there is insufficient material.

side test pieces less than:20 mm wide, and unless otherwise specified in the pro
he original gauge length;'L4, shall be equal to 50 mm. For this type of test piece, the
een the grips shall be-equal to Ly + 3b,.

uring the dimensions of each test piece, the tolerances on shape given in Table B.2 shall a

Ces where thewidth is the same as that of the product, the original cross-sectional are
ulated on the basis of the measured dimensions of the test piece.

venin Table B.2 have been complied with, to avoid measuring the width of the test

he test piece has gripped ends which are wider than the parallel length. The parallel length,

The

. For

width equal to or less than 20 mm, the width of the test piece may be the same as that of the

duct
free

pply.

l) SO;

1 widthoof the test piece may be used, provided that the machining tolerances and tolerances

iece

before the

eSt.
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Table B.1 — Dimensions of test pieces

ISO 6892-1:2016(E)

Dimensions in millimetres

Test piece Width Original gauge Parallel length Free length between the grips
type length for parallel sided
bO Lc -
L test piece
o Minimum | Recommend-
ed
1 12,51 50 57 75 87,5
2 201 80 90 120 140
3 25 + 1 C0a 604 — Not defin d
a  The ratio Lo/bo and L¢/b, of a type 3 test piece in comparison to one of types 1 and 2 is very low.VAq a result, the
properties, especially the elongation after fracture (absolute value and scatter range), measured with this t¢st piece, will
be diffferent from the other test piece types.

Table B.2 — Tolerances on the width of the test piece

Dimension$_and tolerances i

h millimetres

Nominal width of the test piece Machining tolerance2 Tolerance on shapeb
12,5 +0,05 0,06
20 +0,10 0,12
25 +0,10 0,12

calc

[hese tolerances are applicable if the nominal value of the original cross-sectional area, Sy, is to b{
lation of results without having to measure each test piece.

Maximum deviation between the measurements of the width.dlong the entire parallel length, L, of the te

used in the

bt piece.

B.4

The
beer
Thes
shoy

The

prog
wor]

For
into
of st
dimg

The

Preparation of test pieces

test pieces shall be prepared so as net.to affect the properties of the sample. Any areas
hardened by shearing or punching) if it affects the properties, shall be removed by

Id not be removed.

preparation of these test-pieces by punching can result in significant changes to t
erties, especially the-yield/proof strength (due to work-hardening). Materials which
t-hardening should;generally, be prepared by milling, grinding, etc.

bery thin matefials, it is recommended that strips of identical widths should be cut ang
a bundle with intermediate layers of a paper which is resistant to the cutting oil. Each s
rips should then be assembled with a thicker strip on each side, before machining
bnsions-of'the test piece.

toelerance given in Table B.2, e.g. +0,05 mm for a nominal width of 12,5 mm, means

which have
machining.

e test pieces are predominantly-prepared from sheet or strip. If possible, the as-rolled surfaces

he material
exhibit high

| assembled
mall bundle
to the final

rhat no test
inal cross-

piec

SBall hava o vwnadih antcida tha txvaa ualuac givan haolaws 1 f+bha nominal yaluag of+ha ol
S-St v e—dWHa et a e tHe W oY eSS e B et oWt e o Ha v rue-6r—+ne-6+t

sectional area, Sy, is to be included in the calculation without having to measure it.

B.5

12,5 mm + 0,05 mm = 12,55 mm
12,5 mm - 0,05 mm = 12,45 mm

Determination of the original cross-sectional area

So shall be calculated from measurements of the dimensions of the test piece or by assumption of good
machining practice (see footnote a of Table B.2).
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The error in determining the original cross-sectional area shall not exceed +2 %. As the greatest part
of this error normally results from the measurement of the thickness of the test piece, the error in
measurement of the width shall not exceed 0,2 %.

In order to achieve test results with a reduced measurement uncertainty, it is recommended that the
original cross-sectional area be determined with an accuracy of #1 % or better. For thin materials,
special measurement techniques may be required.
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Annex C
(normative)

1:2016(E)

Types of test pieces to be used for wire, bars, and sections with a

C1
The

C.2
The

between the grips of the machine shall be equal to atleast L, + 3bo butaminimum of L, + 2

If thp percentage elongation after fracture is not to be determired, a distance between th
least 50 mm may be used.

C3
If th

C4

Detdrmine S, to an accuracy of +1 % or.better.

For

arithmetic mean of two measurements carried out in two perpendicular directions.

The

knoyn length and its density using Formula (C.1):

whele

q0

diameter or thickness of less than 4 mm

Shape of the test piece

Lest piece generally consists of an unmachined portion of the product (see Figurel12).

Dimensions of the test piece

original gauge length, L,, shall be taken as 200 mm * 2 mm or 400 mm = 1 mm. T

Preparation of test pieces

e product is delivered coiled, care shall be taken in straightening it.

Determination of the original cross-sectional area

products of circular cross-section, the original cross-sectional area may be calculatg
original cross-sectional.drea, S,, in square millimetres, may be determined from th

. 1000-m
p-L

n~.1s the mass, in grams, of the test piece;

he distance
) mm.

b grips of at

ed from the

¢ mass of a

(C.1)

Ly is the total length, in millimetres, of the test piece;

p isthe density, in grams per cubic centimetre, of the test piece material.
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Annex D
(normative)

Types of test pieces to be used for sheets and flats of thickness

equal to or greater than 3 mm and wire, bars, and sections of

diameter or thickness equal to or greater than 4 mm

D.1 Shap

Usually, the
radii to the

Figure 13).
the followir

a) 0,75d,,
b) 12mm
Sections, b4

The cross-
another sh{

For test pie
should not 4

In general,
than 3 mm.

D.2 Dim
D.2.1 Par
The paralle
a) Lo+ (do

b) Lo+ 175

e of the test piece

test piece is machined and the parallel length shall be connected by medn§ of trans
gripped ends which may be of any suitable shape for the grips of the testing machine

g:
where d, is the diameter of the parallel length, for the cylindrical.test pieces;
for other test pieces.

rs, etc. may be tested unmachined, if required.

bection of the test piece may be circular, square, rectangular or, in special case
\pe.

ces with a rectangular cross-section, it is;‘écommended that the width to thickness
xceed 8:1.

the diameter of the parallel length of machined cylindrical test pieces shall be not

ensions of the test piece

allel length of machined test piece
length, L, shallbe at least equal to:
2) for cylindrical test pieces;

\/S, forproportional test pieces other than cylindrical test pieces;

tion
(see

The minimum transition radius between the gripped ends and the pa¥rallel length shall be

c) Lo+ (bg

/2),for non-proportional test pieces (see Table D.2).

In cases of dispute, the length L, + 2d, or Lo + 2,/S, shall be used depending on the type of test piece,

unless there is insufficient material.

D.2.2 Length of unmachined test piece

The free length between the grips of the machine shall be adequate for the gauge marks to be at least a

distance of

44

S, from the grips.
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D.2.3 Original gauge length

D.2.3.1 Proportional test pieces

As a general rule, proportional test pieces are used where L, is related to the original cross-sectional

area, So, by Formula (D.1):

Ly=k\S, (D.1)

where k is equal to 5,65.

Alternatively, 11,3 may be used as the k value.

Test|pieces of circular cross-section should preferably have one set of dimensions givenin Table D.1.

Table D.1 — Circular cross-section test pieces

Coefficient of proportionality Diameter Original gauge length Minimum paradllel length

k d L, = k.S o Lc

mm mm mm,

20 100 110
14 70 77

5,65

10 50 55
5 25 28

D.2.3.2 Non-proportional test pieces
Noniproportional test pieces may be usedLif specified by the product standard.

The [parallel length, L., should not(be less than L, + by/2. In case of dispute, the parpllel length
Lc=[Lo + 2bo shall be used unlessithere is insufficient material.

Tablk D.2 gives details of somé.typical test piece dimensions.

Table D.2 — Typical flat test piece dimensions

Dimensions in millimetres

Width Original gauge Minimum parallel Approximately total
i length length length
Lo Lc Lt
40+ 0,7 200 220 45(
25+6;7 2600 24255 #45¢
20+0,5 80 90 300

D.3 Preparation of test pieces

D.3.1 General

The tolerances on the transverse dimensions of machined test pieces are given in Table D.3.

An example of the application of these tolerances is given in D.3.2 and D.3.3.
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D.3.2 Machining tolerances

The value given in Table D.3, e.g. £0,03 mm for a nominal diameter of 10 mm, means that no test piece
shall have a diameter outside the two values given below, if the nominal value of the original cross-
sectional area, Sy, is to be used in the calculation of results without having to measure each test piece.

10 mm + 0,03 mm = 10,03 mm

10 mm - 0,03 mm = 9,97 mm

D.3.3 Tolerances on shape

The value given in Table D.3 means that, for a test piece with a nominal diameter of 10 mm\Which
satisfies the machining conditions given above, the deviation between the smallest and, lafgest
diameters rheasured shall not exceed 0,04 mm.
Consequently, if the minimum diameter of this test piece is 9,99 mm, its maximum diameter shall not
exceed 9,99|mm + 0,04 mm = 10,03 mm.
Table D.3 — Tolerances relating to the transverse dimensions‘ef test pieces
Dimensions‘and tolerances in millimetres
Desi . Nominal transverse | Machiningtolerance on | Tolerance ¢n
esignation - . : . - b
dimension the nominal dimensiona shape
23
+0,02 0,03
<6
>6
Diameter ofmachined test pieces of +0,03 0,04
circular crogs-section and transverse <10
dimensions pf test pieces of rectangular >10
cross-sectioh machined on all four sides 42 +0,05 0,04
<
>18
+0,10 0,05
<30
23
+0,02 0,03
<6
>6
+0,03 0,04
<10
Transverse flimensions oftest pieces of >10
rectangular|cross-sectign.machined on +0,05 0,06
only two opposite sides <18
>18
+0,10 0,12
<30
36
+0,15 0,15
<50
a  These tolerances are applicable if the nominal value of the original cross-sectional area, So, is to be used in the
calculation of results without having to measure each test piece. If these machining tolerances are not complied with, it is
essential to measure every individual test piece.
b Maximum deviation between the measurements of a specified transverse dimension along the entire parallel length,
L¢, of the test piece.

D.4 Determination of the cross-sectional area

The nominal dimensions can be used to calculate S, for test pieces of circular cross-section and
rectangular cross-section machined on all four sides that satisfy the tolerances given in Table D.3. For
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all other shapes of test pieces, the original cross-sectional area shall be calculated from measurements
of the appropriate dimensions, with an error not exceeding +0,5 % on each dimension.
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E.1 Shap

Annex E
(normative)

Types of test pieces to be used for tubes

e of the test piece

The test pig
and having
section mad

Machined t
tube wall t
longitudin

E.2 Dim

E.2.1 Len

The tube le
marks shal
material.

ce consists either of a length of tube, or a longitudinal or transverse strip cut from the
the full thickness of the wall tube (see Figures 14 and 15), or of a test piece of circular ci
hined from the wall of the tube.

fansverse, longitudinal, and circular cross-section test pieces are described in Annex
ickness less than 3 mm, and in Annex D for thickness equal to or greater than 3 mm.
strip is generally used for tubes with a wall thickness of more than(0,56 mm.

ensions of the test piece

gth of tube

1gth may be plugged at both ends. The free length between each plug and the nearest g
be greater than Dy/4. In cases of dispute, the value, D, shall be used, if there is suffi

The length ¢f the plug projecting beyond the grips of thé,machine in the direction of the gauge marks

not exceed |}

E.2.2 Lor

The paralle
for gripping

Transverse
specified in

Special pre

E.2.3 Cir

Do, and its shape shall be such that it doeS hot interfere with deformation of the gauge len

igitudinal or transverse strip
| length, L, of the longitudinal strips shall not be flattened but the heads may be flatt

in the testing machine.

the product standard:

autions shall beytaken when straightening the transverse test pieces.

cular cross-section test piece machined in tube wall

The sampling of the test pieces is specified in the product standard.

tube
'0SS-

B for
The

huge
rient

shall
oth.

bned

or longitudinal testpiece dimensions other than those given in Annexes B and D cajn be

E.3 Determination of the original cross-sectional area

S, for the te

st piece shall be determined to the nearest +1 % or better.

The original cross-sectional area, S, in square millimetres, of the length of tube or longitudinal or
transverse strip may be determined from the mass of the test piece, the length of which has been
measured, and from its density using Formula (E.1):

SO
p

where

48

1000 m

Ly

(E.1)
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m is the mass, in grams, of the test piece;

Ly is the total length, in millimetres, of the test piece;

p isthe density, in grams per cubic centimetre, of the test piece material.

1:2016(E)

The original cross-sectional area, S,, of a test piece consisting of a longitudinal sample shall be
calculated according to Formula (E.2):

2
D? 1/2 (D -2
S, =bZ°(D§ _b(2))1/2 +T°arcsin(€—°)—b—°[(Do —200)2 —b(ﬂ —("faow arcsin(

4

whe

The
and

For length of tube, the original cross-sé¢tional area, Sy, shall be calculated from Formula (E

n

q0 o~o

o) S N B
E.2)

e

1, is the thickness of the tube wall;
b, is the average width of the strip;
Do is the external diameter of the tube.

simplified Formula (E.3) can be used for longitudinal téstpieces where the ratio bet
bxternal tube diameter fall below set limits:

2

b b
$o :aob0[1+—°] if 20,25

6D, (D, —2a,)

Q

b
ify —2<0,10

(o]

b =a_ b

bo = Ttdo(Do — ao)

b, ]
b _Zao

iween width

(E.3)

4):
(E.4)
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Annex F
(informative)

Estimation of the crosshead separation rate in consideration of
the stiffness (or compliance) of the testing equipment

Formula (2]

etc.) during
deflection ¢

Rpo,2). If the point of interest is beyond the elastic range (e.g. Rpo,2), the use of the stiffnéss o

test piece d
correction.

grip separation used. For some configurations, the effective stiffness of the testing equipment

increase su
of the testin

If desired, 4
the deflecti
point of int
check the r
has been dg

The estimalfted strain rate, in reciprocal seconds, during ‘a‘test at the point of interest is give

Formula (F.

So

—does ot consider any etasticdeformatiomrof the testingequipnrent(framme; toad et g
the application of force to the test piece. It is possible to estimate a compensation fo
f the testing equipment by using the stiffness of the test piece at the point of inteyest

uring the elastic portion of the stress strain curve will result in a grossly,everestiml
The stiffness of the testing equipment must also be known for the grip-¢anfiguration|

bstantially as the grips bite into the test piece during a test. It is impefrative that the stiff]
g equipment be evaluated at the point of interest.

se the following procedure to calculate a crosshead separation‘rate that is compensate

erest and the slope of the stress-strain curve at the point of interest. It is recommendg
esulting strain rate at the point of interest while doing-a test to ensure that the calculd
ne appropriately.

1) (see Reference [39]):

\%
SO

M

C

+L

C

such as Rpo,2, if stiffnessis not linear, e.g. when using wedge grips);
he parallel length, in‘millimetres, of the test piece;

he slope, in meégapascals, of the stress-percentage extension curve at a given moment o
[ (e.g. around-the point of interest such as Rpo,2);

he original cross-section area, in square millimetres;

Ve ist

NOTE

rips,

" the

(e.g.

" the

ated

and
may
ness

d for

bn of the testing equipment during a test, using the stiffness,of the testing equipment af the

dto
ition

h by

(F.1)

he stiffness, in newtonsper'millimetre, of the testing equipment (around the point of infter-

Fthe

he_erosshead separation rate, in millimetres per second.

The values of m and Cy derived from the linear portion of the stress/strain curve cannot be used.

Formula (2) does not compensate for the effects of compliance (see 10.3.2.1). When controlling the test
by crosshead displacement, a better approximation of the required strain rate can be achieved by using

the crosshe

Ve =em

ad separation rate derived from Formula (F.2) (see Reference [40]):
m-Sg,

e

M

(F.2)

For using Formula (F.1) or (F.2) it is necessary to know the stiffness Cy of the complete used testing

equipment (testing rig, load cell, clamping system for test pieces to be tested). The following procedure,
firstly described in Reference [53] provides correct values for the stiffness Cy.

50
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A test piece of the same geometry and similar properties to the material to be subsequently tested is
tested using a slow known constant crosshead separation rate. Then the following parameters have to
be determined:

— from the stress/strain diagram the slope m around the point of interest;
— from the percentage extension/time curve the resulting strain rate around the point of interest.

The stiffness can now be calculated using Formula (F.3) [conversion of Formula (F.1) or (F.2)
according to CyM].

-S
—— (F.3)
Ve
Se
e -

This| procedure should only be used for materials with no discontinuous yielding behayiour in the
releyant range. For testing materials which exhibits discontinuous or serrated yi€lding, thd knowledge

of the stiffness is not necessary because the estimated strain rate over the parallel length, |e, and the

LC

simplified Formula (2) (see 10.3.2.1) instead of Formula (F.2) should besed for the calculation of the
crosphead separation rate ve.
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Annex G
(normative)

Determination of the modulus of elasticity of metallic materials

using a uniaxial tensile test

G.1 Intr¢duction

Although 10 6892-1 requires the generation of a straight line with a given offset paralle] tolthe li
stress-strain curve in order to determine the specified proof strength, Ry, of the mat
being tested and most users usually assume that the slope of the linear elastic region of theé stress-st
curve corrgsponds to the Modulus of Elasticity of the material being tested since Madulus of Elast
E, is given by the relationship E = stress/strain. However, in general, the Class 1extensometer reqy
for the tensjle test is not sufficiently accurate for measuring the very small stfaifis in the elastic re
with sufficipnt precision to give Modulus values with an acceptable level of uncertainty.

It is not required to use this Annex to determine the slope of the elasti€ part of the stress-percen
extension chirve for the determination of proof strength.

An additionjal description of the determination of the Modulus of\Elasticity by tensile testing is giv
ASTM E 111.[52] For information, see also SEP 1235.[43]

G.2 General

This Annex|contains additional requirements for the'determination of the modulus of elasticity us
uniaxial tersile test. This test method is limited-to materials which meet the following criteria:

— negligille creep effects of the material in‘the evaluation range;
— sufficient straight line in the elastic\range of the material in the evaluation range.

These requirements are related to.the design of the testing equipment, the test piece and the evalusz
of the test.

The modulys of elasticityis-a characteristic material property and is used for the calculation o
elasticity of products arid-ecomponents conforming to Hooke’s Law.

NOTE Typically, this test is performed as a separate test from the tensile test because of the limitation ¢
extensometdr displacement.

near
erial
rain
city,
ired
gion

tage

bn in

nga

ition

[ the

fthe

G.3 Testing equipment

G.3.1 Accuracy of the testing equipment

G.3.1.1 Force-measuring device

The force-measuring system of the testing machine shall be in accordance with ISO 7500-1, class
the relevant range.

G.3.1.2 Extensometer system

The extensometer system shall be in accordance with ISO 9513, class 0,5, in the relevant range.

1, in
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The strain shall be measured on opposite sides of the test piece.

The use of a large extensometer gauge length (e.g. 250 mm) is recommended.

G.3.1.3 Resolution of the testing system

1:2016(E)

The resolution of the testing system shall be sufficient for obtaining at least 50 different discrete
measured values in the evaluation range.

G.3.1.4 Measuring devices for the determination of the relevant test piece dimensions

All

to the appropriate standards with traceability to a National Measurement System.. The

devi
mea

G.3.

The
elast

see ASTM E1012. Additional helpful information may be in ISO 23788:

It is

alignment is achieved.

G.4

G.4.
The
NOT
The

Whe
prep

G.4.

For fhe determinfation of the original cross-sectional area, see Clause 7. In addition to the reqy
se 7, a minithum of three measurements for each dimension shall be performed. The original cross-

Clay|
sect
the 4
+0,5

easuring devices used for the determination of the original cross-sectional area shaltb

ce shall be able to guarantee an accuracy of the measured data of better than +0
sured value.

2 Method of gripping and alignment
method of gripping and the alignment is important for the determination of the

icity. For requirements regarding the method of gripping, see 102, and for further i

recommended to use mechanical devices (e.g. stoppers)\to position the test piece s

Test pieces

1 General

Lest pieces shall be straight.

) Bent or twisted test pieces cannot be tested according to this Annex.

Lest piece surface shall be in such a condition that it does not influence the test result.

re residual stresses are-present in the sample, either as a result of prior processing

2 Determination of original cross-sectional area

onal axeay’S,, is the average cross-sectional area and shall be calculated from the meas
ippropriate dimensions. The original cross-sectional area shall be determined with an
%-or better.

aration, the modulusvalues determined may not be representative of the base material.

e calibrated
measuring
5 % of the

modulus of
nformation,

b that good

, or sample

irementsin

irements of
accuracy of

G.5

G.5.

Procedure

1 General

If the stress-strain curve up to Rey or Rpo,2 is not known, a pre-test in advance of the measurement of
the modulus of elasticity shall be performed.

G.5.
The

2 Setting the force zero point

setting of the force zero point shall be carried out in accordance with 10.1.

© ISO 2016 - All rights reserved

53


https://standardsiso.com/api/?name=bc6d0f1f18b47867b0f82bfbfc044b61

ISO 6892-1:2016(E)

G.5.3 Testing conditions

G.5.3.1 Testing rate

Compared to the other properties determined within the tensile test, the modulus of elasticity is less
sensitive to the testing rate. The testing rate should be according to Method A Range 1. Other testing
rates including the use of Method B are permitted.

The testing rate may be low to achieve the required number of data points for the analysis.

A constant crosshead separation rate may be used to avoid any discontinuities.

G.5.3.2 Data sampling frequency

The data sampling frequency shall be chosen in a way, that a minimum of 50 measured valugs is
obtained in|the relevant range (R1, R2).

The minimuym data sampling frequency can be calculated by Formula (G.1):

_N-F-é

f_ER—l G.1)

where N is the number of measured values in the relevant range.

For steel wlith Ry = 10 MPa and Rz = 50 MPa and a testing rate>of 0,000 07 s-1, the data sampling
frequency shall be greater than 18 Hz.

G.5.3.3 T¢sting procedure

If the test pliece will be used more than one time for the modulus determination, the applied load $hall
not be greater than a value corresponding to 50 %:-6fthe expected Rey or Rpo,2.

Otherwise, [it is recommended to perform the-test up to a point where plastic deformation cap be

observed.

G.6 Evalpation

G.6.1 Avdraging the exterisometry signals

The averagg strain, necessapy for the calculation in G.6.2, is calculated for each stress value by averaging
the strain from the opposSite sides of the test piece.

Strain data| from«each side of the test piece may be displayed and differences in the slope of the
two curves| may \be reduced by optimizing the testing equipment (reducing of bending). For fuither
information, See’ASTM E 1012. Additional helpful information may be in ISO 23788.

G.6.2 Calculation of the modulus of elasticity
For evaluation of the recorded data the following interactive method is recommended.

The method is based on a numerical determination of the line of best fit for the elastic range (least
squares method) including a visual evaluation of the match between this line of best fit and the curve of
actual measurement readings, followed by recalculation with altered parameters, where appropriate.
Therefore it corresponds essentially to a manual analysis of an X-Y graph.

The use of this method depends on the availability of suitable computer software.
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1:2016(E)

A linear regression of stress over strain (G.4) shall be carried out between a lower stress value R; and
an upper stress value R, (alternatively, strain values e; and e may be used):

E-e

(G.2)

“100% "
where
R s the stress in megapascals;
£ is the modulus of elasticity in megapascals:
b is the percentage extension in percent;
b is the stress offset in megapascals.
The [straight line determined in this way shall be drawn into the stress-strain diagram, ¥

initi
cury
shoy

Ano
take
othe

By s

hl part of this diagram is magnified for this purpose. The match betwéeinrthe straight

1d be close to 1 (>0,999 5), whereby the number of considered datajpoints should be at

I statistical data. It should be less than 1 %.

the modulus of elasticity) can be adapted to the curve.

The

Add

Und

dete)
the 1
3009

In c4
is nd

following values are recommended as starting points for the regression calculation:
ower stress value R1: ~ 10 % of Rey or Rpp,2;

ipper stress value R2: = 40 % of Rey-0r Ry 2.

tionally, the strain offset can be‘edlculated according to Formula (G.3):

b
=0~

ormula bytusing default values inside the determined interval (e.g. 10 % to 20 %, 20
to 40 %.0f Reyy or Rpo,2 respectively) will not influence the result significantly.

e shall be evaluated visually. It may be useful to consider the coefficient of correlatio

her helpful tool is the calculation of the relative standard deviation. The relative standat
5 into account the coefficient of correlation R2 and the nuniber of considered data pd

hifting the lower or upper values and re-calculating the formula accordingly, the line of]

er optimal testing‘conditions, the chosen default values will not have a great influg
resuflt of the calculation. Example: If the material fulfils the general conditions described in
rmined defaujtwalues R1 and R are 10 % and 40 % of Rey or Rpo,2 respectively a re-ca

sesiwhere the material exhibits no straight elastic line, e.g. cast iron, or the data for thg
tlefisufficient quality, i.e. R2 < 0,999 5, the Modulus of Elasticity should not be determinied.

vhereas the
ine and the
n R2, which
east 50.

"d deviation
ints among

best fit (i.e.

(G.3)

bnce on the
G.2 and the
lculation of
% to 30 %,

regression

Itis recommended to perform regular checks on the repeatability of the results using suitable reference
test pieces in the configuration used for testing.

Suitable reference test pieces can be manufactured in-house and should have the same geometry as the
test pieces.

Further mathematical approaches and computer analysis methods are available for the evaluation of
the modulus of elasticity:.
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G.7 Measurement uncertainty

G.7.1 General

The estimation of the measurement uncertainty for a determined modulus of elasticity can be done
according to CWA 15261-2:2005, A.5[2] or according to Annex K.

NOTE

The estimation of the measurement uncertainty according to CWA 15261-2 is based on absolute

values. This results in different estimations of the respective single uncertainty budgets, if e.g. the test piece
dimensions or the extensometer gauge length differs. The estimation of the measurement uncertainty according
to Annex K is based on relatlve estimations. Therefore the relatlve estlmatlons normally will not change

Exception is

extensions during the testin the elastic part, the absolute uncertainty of the strain measurement is relevamt for

the uncertai

G.7.2 Est

G.7.2.1 G
NOTE I
the force-exf
(differing frd
part of the fd

The measuj

Uc (E) =
where

Le i

So i
SE
u(Le) 19
u(Sy) 1ij

u(Sg) i

i

G.7.2.2 Ej

ty contribution (according to ISO 9513).

mation of the measurement uncertainty according to CWA 15261-2

bneral

ension curve. For conformation with this part of ISO 6892 and to prevent confusion in the follo

rce-extension curve.

ement uncertainty according to CWA 15261-2 is givenby Formula (G.4):
SE

( j 2(55)+ (Sj-uzue){—

the extensometer gauge length;

Le

S

SELe

2
Sg 3 (50)

o o

the original cross-sectionaliarea;

the slope of the force-extension curve;

the uncertainty of-extensometer gauge length;
the uncertainty ef original cross-sectional area;

the uncertainty of slope of the force-extension curve.

tample-for the calculation of the measurement uncertainty

Table G.1 sH

CWA 15261-2, the symbol L, is used for the gauge length and mg for the“slope of the elastic p3

m CWA), the symbol L¢ is used for the extensometer gauge lengtlr and Sg for the slope of the el

rt of
wing
astic

(G.4)

ows the results of an qump]p for the measurement nn{‘prfninfy ar‘r‘nrding to CWA 152

61-2

for a measured modulus of elasticity of 186,7 GPal>4] based on the following data:

Le:
So!
Sg:
u(Le):
u(So):
u(Sg):

56

50 mm

78,5 mm2
293,07 KN/mm
0,144 mm
0,785 mm?2
0,064 kN/mm
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Table G.1 — Uncertainty contribution, example 1 according to CWA 15261-2

Parameter Sensitivity coefficients? Uncertainty contributiona
Le
— 0,637 mm-1
SO
kN
u(Sg) 0,064 —
mm
S
—E 1723 KN
So mm
u(L,) 0,14 &ymm
SgL kN
-~k 2,378 —
S, mm
u(SO) 0,785 mm?2
kN
u,(E)b 19 —
mm
a  Values are given for information only.
by, (E) is calculated according to Formula (G.5).

For
[see

This
The

§.(E)= \/0,6372 0,064 +3,733%.0,144% + (-2)378)" -0,785% =1,9 GPa

h 95 % level of confidence, the combin&d-uincertainty shall be multiplied by a coverage

Formula (G.6]].

V(E)=k-u.(E)=2-1,9GPa=3,8GPa

are 2,0 % based on theqmodulus of elasticity of 186,7 GPa.

That means that with-a confidence level of 95 % the true value for the modulus of elastic
range between 182,9 GPa and 190,5 GPa.

G.7.

3 Estimation of the measurement uncertainty according to Annex K

Tablp G.2.indicates the uncertainty contribution that should be considered for the modulus

aCCoOi

(G.5)

factor, k = 2

(G.6)

result of the test for-the modulus of elasticity is: 186,7 GPa + 3,8 GPa (k = 2, 95 % confidence level).

ity is in the

of elasticity

rding to Annex K
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Table G.2 — Uncertainty contribution, example 2 according to Annex K

Uncertainty contributiona
Parameter

%

Standard deviation of slope Sm(rel) 0,2
Standard deviation of X-values of the X-Y graph, Sx b. ¢ 3
Standard deviation of Y-values of the X-Y graph, Sy 1

Extensometer gauge length, Le 0,5
Original cross-sectional area, S, 1

a  Values aife given for information only.
b S, consists of Sy and Sy, therefore Sy and Sy should be considered.

¢ Based or] the small extensions measured in the test, the absolute value (1,5 pm of a class 0,5 extensometer) has
used. Example: AR =200 MPa, E = 200 GPa, Le = 50 mm results in an extension of 0,05 mm. By using the bias érror of 1,
(absolute valjie of an 0,5 class extensometer), the uncertainty contribution is 3 %.

o be
b um

The combifed uncertainty for the modulus of elasticity, expressed as a percentage, is give

Formula (Gf7).

2 2 2 2 2
0,2 3 1 0,5 1
u(E)Z |+ = +| = +| =] +| = =1,9%
For a 95 %|level of confidence, the combined uncertainty shall be-multiplied by a coverage fung
k =2 [see Formula (G.8)].

u(E)

The result df the test for the modulus of elasticity is=(186,7 * 7,1) GPa (k = 2, 95 % confidence level).

This meang that with a confidence level of 95 @ the true value for the modulus of elasticity is i
range betwgen 179,6 GPa and 193,8 GPa.

G.7.4 Prdficiency test

A proficiency test “Young’s Modulus” was performed and the measurement uncertainty fo
5 was determined. An/measurement uncertainty for the determination of the modulus of
elasticity b¢tween 1,2 % angd-5.% (at 95 % confidence level) is appropriate.[54]

participant

G.8 Testjreport

The test report shall contain the information required in Clause 22 a) to f). Furthermore the follo
information shall'be included:

=fk-u,(E)=2-1,9%=3,8%

h by

G.7)

tion,

G.8)

1 the

r all

wing

a) type of extensometer system;

b) default stress values R1 and R, (in MPa) or the default strain values e and e; (in %), respectively;

c¢) number of measured values in the evaluation range (between Ry and R or e1 and e3);

d) modulus of elasticity E (in GPa), rounded to the nearest 0,1 GPa and according to ISO 80000-1.

e) measurement uncertainty including level of confidence (in GPa) and the method of determination
(CWA 15261-2:2005, A.5 or Table G.2);

f) the coefficient of correlation R? of the best fit of the straight line or the standard deviation Sy, (in
GPa) or the relative standard deviation Syrel) (in %).
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G.9

ISO 6892-

Additional considerations

1:2016(E)

In general, it is difficult to determine reliable values of modulus in the tensile test unless special high
resolution averaging extensometer system is employed, and such devices are not generally suitable
for covering the full range of the tensile test. If a single sided extensometer or clip gauge is employed,
then any slight misalignment of the test piece can result in large errors of the apparent modulus
measurement.

G.10 Other methods for Determining Modulus

The
othe
be fq

G.1[1 Uncertainty and Reproducibility

Full
GUM

proj
Rept
of te)
Tabl

Tensile Test 1S not the best method for determining retiable vatues of Moduius of Eid
r alternative methods, e.g. Impulse Excitation or Ultrasonics, are preferable. More info
und in References [17] and [44] to [46].

uncertainty budgets are not included here but procedures for estimating uncertainty b
[4] associated with modulus measurements have been developed ds\part of the Europeg|
bct, both for Tensile testing[4Z] and for Dynamic Measurements. 48}

oducibility of modulus measurements based on 2 times the Standard Deviation (SD) fj
nsile test inter-comparison exercises, collated as part of the/ TENSTAND Project are sun
p G.3.[45]

sticity, and
mation can

ased on the
an UNCERT

om a series
hmarized in
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Table G.3 — Overview of round robin tests: Modulus of elasticity or slope of the elastic line,

respectively
Reference Authors Year Material Reproducibility
(x2SD)
%
Testing Materials of Unwin[39] 1910 Mild steel 2
Construction
VAMAS Lord, Roebuck 1995 SiC/Al MMC 6
and Orkneyl[51]
BCR Tensile Reference | Ingelbrecht and 2000 Nimonic 75 12
Material Lovedayl[29]
CRM 661
TENSTAND WP3 Lord, Rides and 2005 Various 5€25
49
Modlulus Measurement Loveday[42]
TENSTAND WP2 Lord, Loveday, 2005 Various - ASCII 1-6
A SCIT Data Files Rides and McEn- datafiles
teggartl22]

It should bg

noted that the majority of the results reported above weré€ all based on the criteria

down in IS

D 6892 or the equivalent earlier Standards. It should alse’be considered that the ai

several tesfs is the determination of common tensile test properties (e.g. also the generation of A
data sets ih TENSTAND WP2). So the typically single sided ‘€lass 1 extensometers with a lin]
accuracy in|the elastic range were employed and the slope ofithe elastic part of the stress-percen

extension c

irve mg was determined with the aim of evaluation of Ry 2 and other properties and n

determine the intrinsic material property modulus of elasticity E. If double sided high resolution (
0,5 extensometers are used as specified in this Annex;the Uncertainty of Measurement should be

and the rep

60

roducibility much better.

laid
m of
SCII
lited
tage
pt to
[lass
less

© ISO 2016 - All rights reserved


https://standardsiso.com/api/?name=bc6d0f1f18b47867b0f82bfbfc044b61

ISO 6892-1:2016(E)

Annex H
(informative)

Measuring the percentage elongation after fracture if the specified

value is less than 5 %

Preg
valu

One

Prio
pair
Afte
pref
A se
and
suits

appl
NOT

o 1 131 —l 1 : +1 - 1 o £4 £ - W
dULIUILS STTUUIU DC UdRCIT WIICIT ITICASUTTITE LIIT PCILEIILAdEgT ClUITEALIUIT AILCT 1TTdCLUlrc 11 t

b is less than 5 %.
of the recommended methods is as follows.

I to the test, a very small mark should be made close to each end of the-parallel leng
of needle-pointed dividers set at the gauge length, an arc is scribed with the mark

erably by means of a screw, sufficient to firmly hold the pieces-together during mg
cond arc of the same radius should then be scribed from the griginal centre closest
the distance between the two scratches measured by means ¢fia measuring microscq
ible instrument. In order to render the fine scratches more.easily visible, a suitable dye
jed to the test piece before testing.

1e specified

rth. Using a
hs a centre.

I fracture, the broken test piece should be placed in a fixture and axial‘€¢ompressive force applied,

asurement.
to fracture,
pe or other
film may be

) Another method is described in 20.2 (measuring extension at fracture using an extensonpeter).
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Annex I
(informative)

Measurement of percentage elongation after fracture based
on subdivision of the original gauge length

I.1  To avpid having to reject test pieces where the position of the fracture does not comply with the
conditions ¢f 20.1, but where the complete necking occurs inside the gauge length, the following method
may be usedl:

a) Dbefore the test, subdivide the original gauge length, Lo, into N equal lengths of 5 mm{(récommengded)
to 10 mm;

b) after tHe test, use the symbol X to denote the gauge mark on the shorter pdrt of the test piecqd and
the symbol Y for the gauge mark on the longer part of the test piece whicllis at the same disthnce
from the fracture as mark X.

1.2 If n i§ the number of intervals between X and Y, the elongatien after fracture is determingd as
follows.

a) If N-nisan even number [see Figure 1.1 a)], measure the distance between X and Y, Ixy, and the
distande from Y to the graduation mark Z, lyz, located at{(N - n)/2 intervals beyond Y.

Calculafe the percentage elongation after fracture, 4; using Formula (I1.1):

1 —-L
A:lX_YI'ZZYZ—O.wO (1.1)

b) If N -njisan odd number [see Figure I.1 b)], measure the distance between X and Y and the disthnce
from Y|to the graduation marks Z. and Z", lyz, and lyz”, located respectively at (N - n - 1)/2| and
(N -n+1)/2 intervals beyond Y.

Calculafe the percentage elanigation after fracture using Formula (1.2):

AZIXY+IYLZ'+IYZ"_LO~1OO (12)

[¢]
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