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1 SCOPE

This procedure covers the evauation of uncertainty in Young's modulus E and yidd strength
Ro.2 In compression testing on metalic materids, according to the following standard practices.

ASTM E9-89a"Compression Testing on Metallic Materials at Room
Temperature"

ASTM E111-82 (Reap. 88), "Standard Test Method for Young's, Tangent and
Chord Modulus’

The procedure is redtricted to tests performed continuoudy without interruptions under axid
loading conditions, at room temperature with adigital acquisition of load and strain.

2. SYMBOLSAND DEFINITIONS

For a complete list of symbols and definitions of terms on uncertainties, see Reference 1,
Section 2. The following are the symbols and definitions used in this procedure.

Symbol Evaluated Quantity
Ao  Origind cross-sectiond areaof the pardld length
i Sengtivity coefficient associated with the uncertainty on measurement x;
d Minimum diameter during test
do  Origind diameter of the pardld length of acylindricd test-piece
d, Divisor associated with the assumed probability distribution
E  Young'sModulusof dadticity
E Tangent modulus
k Coverage factor used to caculate expanded uncertainty
K number of (X,Y) datapairs
lo Origind gauge length
Lo  Theoretica gauge length (distance between extensometer knives)
lo' Actud length with an extensometer angular mispostionning a
n Number of repeated measurements
N Number of measurands
p Confidence Leve
P Load
Reo2  Proof strength, non-proportiona elongation
U Expanded uncertainty
U(x) Standard uncertainty
Un  Standard uncertainty on cross-sectiona area
W(y) Combined uncertainty on the mean result y of ameasurand
Ucaclass tandard uncertainty on diameter deduced from the caliper class
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Ucaiper  Standard uncertainty on caliper data
Ucai  Standard uncertainty on load cell data
Ucaiclass  Standard uncertainty on load deduced from the load cell class
U  Expanded uncertainty on E
Uem  Uncertainty on E due to the measures of DP, Ao, DL, |y
Uexiclass  Standard uncertainty on strain deduced from extensometer class
Uexienso  tandard uncertainty on extensometer data
Uy Lower bound of E's uncertainty interval
W  Standard uncertainty on load
Urpo. Expanded uncertainty on Rpo »
Usw  Upper bound of E's uncertainty interval
U,  Uncertainty on the extensometer angular postioning
Us  Standard uncertainty on Stress
V  Vaueof amessurand
V:  Graphica coefficient of variaion
X srain corresponding to Y
Y Applied axid stress
y Test (or measurement) mean vaue
DL  Elongation increment
DP  Load increment
a Extensometer angular migpositioning
e Strain
S Stress

3. INTRODUCTION

It is good practice with any measurement to evauate and report the uncertainty associated
with the test results. A statement of uncertainty may be required by a cusomer who wishes to
know the limits within which the reported result may be assumed to lie, or the test laboratory
itsdf may wish to develop a better understanding of which particular aspects of the test
procedure have the greatest effects on results so that this may be controlled more closdy. This
Code of Practice has been prepared within UNCERT, a project patidly funded by the
European Commisson's Standards, Measurement and Testing program under reference
SMT4-CT97-2165 to amplify the way in which uncertainties are evduated. The am is to
produce a series of documents in a common format which is easily understood and accessible
to customers, test |aboratories and accessible to customers, test |aboratories and accreditation
authorities.

This Code of Practice is one of seventeen produced by the UNCERT consortium for the

egimation of uncertainties associated with mechanica tests on metdlic materids. Reference 1
isdivided into 6 sections as follows, with dl the individua CoPs included in Section 6 :
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Introduction to the evaluation of uncertainty.

Glossary of definitions and symbals.

Typica sources of uncertainty in materids testing.

Guideinesfor the estimation of uncertainty for atest series.

Guiddines for reporting uncertainty.

Individua Codes of Practice (of which thisis one) for the estimation of uncertainties in
mechanica tests on metallic materias.

ok wphE

This CoP can be used as a stand-aone document. For further background information on the
measurement uncertainty and vaues of Sandard uncertainties of the equipment and
insrumentation used commonly in materid testing, the user may need to refer to Section 3 in
Reference 1. The individua CoPs are kept as smple as possible by following the same
dructure:

The main procedure.
Quantifying the magor contributions to the uncertainty for that test type (Appendix A)
A worked example (Appendix B)

This CoP guides the user through the various steps to be carried in order to estimate the
uncertainty in Young'smodulusand Proof Strength in compression testing.

4, A PROCEDURE FOR THE ESTIMATING THE UNCERTAINTY IN

COMPRESSION TESTING

Step 1. Identifying the Parametersfor Which Uncertainty isto be Estimated

The first gep isto lig the quantities (measurands) for which uncertainties must be caculated.
Table 1 shows the parameters that are usudly reported in uni-axiad compression testing. These
measurands are not measured directly but are determined from other quantities (or

Mmeasurements).

Table 1. Measurands, measurements, thar units and symbols

M easur ands Units Symboal
Proof strength, non-proportiona elongation MPa Roo.2
Modulus of dadticity GPa E

M easur ements Units Symboal
Specimen origind diameter mm do
Specimen origind gauge length mm lo
Load applied during test kN P
Strain e
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Step 2. Identifying all sourcesof uncertainty in the test

In step 2, the user mugt identify al possble sources of uncertainty which may have an effect
(ether directly or indirectly) on the test. The lig cannot be identified comprehensvely
beforehand as it is associated uniquely with the individua test procedure and the gpparatus
used. This means that a new list should be prepared each time a particular test parameter
changes (for example when a plotter is replaced by a computer).

To help the user ligt Al sources of uncertainty, 5 categories have been defined. The following
table (Table 2) liststhe 5 categories and gives some examples of sources of uncertainty in each

category.

It is important to note that Table 2 is NOT exhaudtive and is for GUIDANCE only - relative
contributions may vary according to the materid tested and the test conditions. Individua
|aboratories are encouraged to draft their own lists corresponding to their own test facilities
and assess the associated sgnificance of the contributions.

Table 2. Typicd sourcesof uncertainty and their likely contribution to uncertainties on

compression test measurand
[1=major contribution, 2 = minor contribution]

Source Type E Rpo.2

Test Instruments

Load Cell 1 1
Extensometer 1 1

Caliper 1 influence through E
Tooling alignment 2 influence through E
Test Method

Formula (decimals) 2 2
Sampling rate 2 2
Crosshead speed 2 2

Test Environment

Temperature 2 2
Operator

Choice of limits on graph 1 influence through E
Extensometer angular 1 influence through E
positioning

Specimen

Original Gauge Length 1 influence through E
Tolerance of shape 2 2
Parallelism 2 2
Cylindricity 2 2

Surface finish 2 2
Measurands

E - 1
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Step 3. Classifying the Sour ces of Uncertainty Accordingto Type A or B

In this third step, which is in accordance with Reference 2, 'Guide to the Expression of
Uncertainties in Measurement’, the sources of uncertainty are classfied as Type A or B,
depending on the way ther influence is quantified. If the uncertainty is evauated by Satistical
means (from a number of repesated observations), it is classified Type A. If it is evauated by
any other means it should be classified as Type B.

The vaues associated with Type B uncertainties can be obtained from a number of sources
including a cdlibration certificate, manufacturer's information, an expert's estimation or any
other mean of evauation For Type B sources, it is necessary for the user to estimate for each
source the most appropriate probability digtribution (further details are given in Section 2 of
Reference 1).

It should be noted that, in some cases, an uncertainty can be classified aseither Type A or B
depending on how it is esimated. Table 3 (see Step 6) contains an example where, if the
diameter of a cylindrical specimen is measured once, that uncertainty is consdered Type B. If
the mean vaue of two or more consecutive measurements is taken into account, then the
influenceis TypeA.

Step 4. Estimating the standard uncertainty for each source of uncertainty

In this step the standard uncertainty, u, for each input source is estimated (see Appendix A).
The standard uncertainty is defined as one sandard deviation on a normd digtribution and is
derived from the uncertainty of the input quantity by dividing by the parameter d,, associated
with the assumed probability distribution. The divisors for the typicd digtributions most likdy
to be encountered are given in Section 2 of Reference 1.

In many cases the input quantity to the measurement may not be in the same units as the output
quantity. For example, one contribution to Ry IS the test temperature. In this case the input
quantity is temperature, but the output quantity is stress. In such a case, a sengtivity coefficient
(corresponding to the partid derivative of the Ry /Test temperature relationship) is used to
convert from temperature to stress (for more information, see Appendix A).

The dgnificant sources of uncertainty and ther influence on the evauated quantities are
summarized in Tables 3 and 4 (see step 6). These tables are structured in the following way:

Column1l:  Sourcesof uncertainty
Coumn?2: Measurands affected by each source
Column3:  Vduedbtained in actud testing or nomind vaue
Coumn4:  Uncertainty in measurands. There are two types:
(1) Range dlowed according to the test standard
(2) Maximum Range between measures made by severd skilled operators
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Coumn5:  Type of uncertainty

Coumn6:  Assumed probability distribution (Type A aways Normal)

Coumn7:  Correction factor d, for Type B sources

Coumn8:  Sengtivity coefficient ¢ associated with the uncertainty on the measurement x;

Coumn9:  Messurand standard uncertainty produced by the input quantity uncertainty. This
figureis obtained by two different ways:

1. If the influence of the source on the measurand is directly proportiona (the
number s are the column numbersin Tables 3 and 4):

9=3x4x7x8
2. If theinfluence is not directly proportiond:

9 = [U(Ximax) - UXimin)] X 7x 8

Step 5. Computing the M easur and’s Combined Uncertainty u,

Assuming tha individua uncertainty sources are uncorrelaed, the measurand's combined
uncertainty, w(y), can be computed using the root sum squares :

u.9)=[& [e ulx ) (1)

with ¢ = (1b)

i
where ¢ is the sengtivity coefficient associated with X. This uncertainty corresponds to plus or
minus one standard deviation on the normad distribution law representing the studied quantity.
The combined uncertainty has an associated confidence level of 68.27%.

Step 6. Computing the Expanded Uncertainty U

The expanded uncertainty U is defined in Reference 2 as “the interva about the result of a
measurement that may be expected to encompass a large fraction of the digtribution of vaues
that could reasonably be étributed to the measurand”. It is obtained by multiplying the
combined uncertainty u by a coverage factor k that is selected on the badis of the leve of
confidence required. For a normal probability distribution, the most generaly used coverage
factor is 2 , which corresponds to a confidence interval of 95.4% (effectively 95% for most
practical purposes). The expanded uncertainty U is, therefore, broader than the combined
uncertainty 4. Where a higher confidence level is demanded by the customer (such as for
aerospace and eectronics indudtries), a coverage factor k of 3 is often used so that the
corresponding confidence level increasesto 99.73%.
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In cases where the probability distribution of u is not norma (or where the number of data
points used in Type A andyss is amdl), the value of the coverage factor k should be
cdculated from the degrees of freedom given by the Wesh Satterthwaite method (see
Reference 1, Section 4 for more details).

Table 3a. Typicd Worksheet for Uncertainty Budget Calculations For Estimating the
Uncertainty in Young's Modulus E in Compression Testing

Column No, | 2 2 | 3 4 Ls| 6 | =z | s | 9
Measurand (Xi) Uncertainties
Sour ces of uncertainty (xi)
Measurand Nominal or Uncertainty in Probability - ! .
affected averagevalue measurement Type Distribution EiEer & - uew,
Apparatus
l 0
Load Cell p (KN) B | Rectangular sart(3) oL u(cdl)
DPl,
Extensometer e (mm) B Rectangular sgrt(3) AL u(ext)
ol
. DPI,

Calliper do (mm) B Rectangular sqrt(3) - SpdTDL u(cal)
Operator
Manual choice of regression limits on graph P (KN) A Normal 1 1 u(reg)
Manual extensometer angular positionning e (mm) A Normal 1 1 u(ang)
Specimen
Original gauge length Lo T @m ] [ AT Nomd [ o T 1 T uad)
Combined Standard Uncertainty Normal uc
Expanded Uncertainty Normal UE

Table 3b. Typicd Worksheet for Uncertainty Budget Calculations For Estimating the
Uncertainty in Proof Strength in Compression Testing

Column No. | 2 2 | 3 4 ls] 6 | 7 | s 9
Measurand (Xi) Uncertainties
Sour ces of uncertainty (xi)
Measurand Nominal or Uncertainty in Probability - . .
affected averagevalue measurement Type Digtribution DT 6ly @ e,

Apparatus
Load Cell P (KN) B | Rectangular qrt(3) 1 u(Cell)
Extensometer e (mm) B Rectangular srt(3) 1 u(ext)
Young's Modulus E Rp0,2 (Mpa) B Normal 1 1 u(mod)
Combined Standard Uncertainty Normal uc
Expanded Uncertainty Normal URp0,2

Tables 3a and 3b show the recommended format of the calculation worksheet for estimating
the uncertainty in Y oung's Modulus E and Proof Strength Ry, > for a cylindrical test piece (the
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most common geometry). Appendix A presents the mathematical formulae for caculating
uncertainty contributions and Appendix B gives aworked example.

Step 7. Reporting of Results

Once the expanded uncertainty has been estimated, the results should be reported in the
following way:

V=y+U

The reported expanded uncertainty is based on a standard uncertainty
multiplied by a coverage factor, k = 2, which for a normal distribution
corresponds to a coverage probability p of approximately 95%. The
uncertainty evaluation was carried out in accordance with UNCERT
CoP 08: 2000.

where V isthe estimated vaue of the measurand
y isthe test (or measurement) mean result
U is the expanded uncertainty associated with 'y
p isthe confidence leve
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Appendix A

Aspectsand Mathematical Formulaefor Calculating Uncertaintiesin
Compression Testing at room temper ature

Youndg's M odulus E

ASTM E111 sates: “For most loading systems and test specimens, effects of backlash,
Specimen curvature, initid grip aignment, etc., introduce sgnificant errors in the extensometer
output when applying a smal load to the test specimen. Measurements should therefore be
made from a preload, known to be high enough to minimize these effects, to some higher |oad,
dill within ether the proportiond limit or dastic limit of the materid.”

The vadue for Young's modulus may be obtained by determining the dope of the line of the
load extension plot below the proportiond limit. Young's modulus is cdculated from the load
increment and corresponding extension increment, between two points on the line as far apart
aspossble, by use of the following equation:

0 0
E= g@: oL o (1)
Ao Io a
where :
DP = load increment on the segment considered
Ao = origina cross-section
DL = extenson increment on the segment considered

lo = origind gauge length

Uncertainty in Y oung' s Modulus due to the measurement of DP, Ao, DL, |y

2
elE S . FES . @lES . @ED
u c—=u U Fto——+Uy, *+ =z u (2
Em \/e‘HDPz S TR T TN

Ug =J§— Y b g 8 é—:u 3)
" AoDLyJ g—z ADG ° ADLgG *

Uncartainty in Young' s Modulus due to stress variation

s =P/A (4)
leadsto :

us = —\/Ui, + u/2\ = '\/u(zlell + uCz,aliper (5)
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for acylindrical specimen where only one caliper messurement is made (diameter of the
cdibrated length),

or

U =g rug = oz, 20, (6)
for arectangular specimen where two measures are made (width and thickness of the
cdibrated length), with

U., =+JU2 (7)

Cell CellClass

_ 2
uCal iper uCaI Class (8)

Other major contributions to the uncertainty. (see Table 2)

Load Cdl:

Uy, (seecaculation above)
Extensometer:

uExtenso = uéxtensoclass (9)
Cdiper:

Ucaiper (SEE CAlCUlation above)

Extensometer angular positioning: the length | ¢measured with and angular mispositioning a is
I¢= L, (1- cosa). The error due to that mispositioning is (1- cosa ). The uncertainty Ugypos iS
directly linkedto a : u_,,. =sna »a whena issmdl (in radians) and considered within a
rectangular distribution.

Choice of limits (software or manud): If the load/extenson datais obtained in numerica form,
the errors that may be introduced by plotting the dataand fitting astraight line graphicdly to
the experimental points can be reduced by caculaing the Y oung’s modulus from the dope of
the straight line fitted to the gppropriate data by the method of least squares.

In this case, the equation for Y oung’s modulus fitted by the method of least squares (dl data
pairs having equa weight) is

E =(S(XY)- KXY)/(SX? - KX?) (10)
Where:
Y = gpplied axia stress
X = corresponding strain
K = number of (X, Y) data pairs
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S =aumfrom1to K.

DL
= (11)
lo
y =Dt (12)
Ao
X :% = average of X vaues (13)
Y :% = average of Y vaues (14)

The Y oung's modulus caculated in thisway depends on the qudity of the data used in the
fitting, especidly when the curve has no linear segment, or if the foot of the curve is non-linear
(seefdllowing figures). The vaue for Y oung's modulus is thus directly linked to the agorithm
(software) determining the linear ssgment from which the cdculaion is made.

Stress
N

Strain b | Strain
Non-linear curve : Non-linear foot of the curve :
E depends on the segment considered E depends on the segment considered

Fig. 1 How E depends on the segment of the stress strain curve considered.

The coefficient of determination r2 indicates the closen&ssof thefit adis defined asfollows
r? —QASXY SXSY“/est- fBsY? - (sv)" 10 i (15)
i & K

ue KUQ

and values close to 1.00 are desirable.
A coefficient of variation V; can be assigned to the dope as follows:
1
Z

V, =100 1|1
K-2

-1

(16)
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V1 can be consdered asa Type A standard uncertainty for Y oung' s modulus.

Stress
m
-~
~ N

e Strain

€ e?2

el el

Estimation of the uncertainty on R g ,
by the tangent modulus

Fig. 2 Estimation of uncertainty using the tangent modulus

Combined Unceartainty on Young' s Modulus

— 2 2 2 2 2
uc (E) - ,\/U En + uExtenso + l"ICaIiper + ua +V1 (17)

Expanded Uncertainty Uz on Young' s Modulus

U, =ku,(E)with k depending on the desired level of confidence (k=2 for 95% confidence)

Uncertainty on Proof Stress Rpo »
The uncertainty on Rpo » depends on the uncertainty on the Y oung’s modulusin the following
way.

The tangent modulus E is calculated from a reasonable number of data pairs depending on the
acquigtion rete.

The distribution of Ry » depending on Y oung's modulus and must be calculated in two steps:
Upper limit Ug,

u. = (eez - eeO)Et 100

Eu

(18)
p0.2
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e ROZ _ 0.2 9E
==t
E-Ve Eo gy
Rp02
Lower limit uy
UE| — (eeo 3 eel)Et - 100
p0.2
ERp02 _ RpO.ZIIc:.)El
E-U. E 5 .
Ug = 100
R

p0.2
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19)

(20)

(21)

Uncertainties linked to the sources consdered of major contribution in Table 2.

The congdered sources of uncertainty are: Uce and U ggenso

Combined uncertainty U-(Rpo,2) on Proof Stress

2

2
_ |&gy T Ug O 2 2
Uc (RpO,Z) - \/g ; * UExtensot UCell

(22)

Expanded Uncertainty Ugpo.» 0n Proof Strength

U rpo.2 = kuc (Rog 2) with k depending on the desired level of confidence k=2 for 95%

confidence)
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Appendix B

A Worked Examplefor Calculating Uncertaintiesin
Compression Testing

B1. Introduction

A customer asked the testing laboratory to carry out a compression test on a 7000 series
aduminum specimen, using a 25mm long 30mm diameter cylindrica test pieces according to the
ASTM E9-89 Standard. The laboratory has considered the sources of uncertainty in its test
facility and has found that the sources of uncertainty in the compression tests are identical to
those described in Table 2 of the Main Procedure.

B2. Egtimation of Input Quantitiesto the Uncertainty Analysis

1

All tests were carried out according to the laboratory’s own written procedure using
appropriately calibrated compression test facility and ancillary measurement instruments.
The test facility was located in a temperature-controlled environment (21+2°C).

The diameter of each specimen was measured using a calibrated digital micrometer with an
accuracy of £ 0.002 mm and a resolution of £0.001 mm. Five readings were taken,
including three at 120 degrees intervals at the center of the specimen and two readings &
locations near the ends of its pardld length.

The tests were carried out on a Class 1.0 machine.

The axia strain was measured using a cdlibrated Class 0.5 single-Sded extensometer with a
nomina gauge length of 12.0 mm.

The error in the extensometer gauge length (due to resetting of extensometer reading at the
beginning of each test) was estimated to be + 0.030 mm (equivaent to £ 0.25% dtrain).

B3. Examplefor Uncertainty Calculations and Reporting of Results

Table B1 ligs the input quantities used to produce Table B2, the uncertainty budget for
edimating the uncertainty in E and in Ryo .
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Table B1. Input Quantities Used for Producing Tables B2 and B3

Quantity Symboal Values M ean sandard
deviation
Applied Load P + 1%
Strain e + 0,5%
Specimen original diameter do + 0.02mm
Specimen origina gauge length lo + 0.03mm
Angle(Specimen/Extenso) a +1°
Load range used for E DP + 1%
Elongation range used for E DL + 0.5%

Table B2. Uncertainty Budget For Estimating the Uncertainty in Y oung's Modulus E in
compression testing a room temperature

[Column No. [ 1 2 | 3 4 [ 5 ] 6 | 7 | P | 9
Measur ment (Xi) Uncertainties
Sour cesof uncertainty (xi)
M easur ment Nominal or Uncertainty in Probability vl " .
T Di X
affected average value measur ement he Distribution oidy ¢l HEa
Apparatus
Load Cell P (KN) 1% B Rectangular Jg 4.001 0.07%
Extensometer e (mm) 0.50% B Rectangular J§ 404.66 350%
Calliper do (mm) negl B Rectangular J§ 0219 negl
Operator
Manual choice of regression limits on graph P (KN) D% A Normal 1 1 D%
Manual extensometer angular positionning e (mm) 1deg A Normal 1 1 1%
[Specimen
Original gauge length | D | om) | ommm | A ] Noma ] 1 1| oo
[Combined Standard Uncertainty Normal 541%
Expanded Uncertainty (with k=2) Normal 10.82%

Table B3. Uncertainty Budget For Estimating the Uncertainty in Proof Strength, Ryo.2in
compression testing at room temperature
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[Column No. [ 1 2 | 3 4 [ 5 ] 6 | 7 | P | 9
Measur ment (Xi) Uncertainties
Sour cesof uncertainty (xi)
M easur ement Nominal or Uncertainty in Type Propabl!lty Divisor dv Ci u(xi)
affected average value measur ement Distribution
Apparatus
Load Cell P (KN) 1% B Rectangular 1 173%
3
Extensometer e (mm) 0.50% B Rectangular —\I§ 1 0.71%
Y oung's Modulus E Rp0,2 (MPa) 541% B Normal 1 1 541%
[Combined Standard Uncertainty Normal 5.72%
Expanded Uncertainty (with k=2) Normal 11.44%

B4. Reported Results

E = 71205 GPa + 10.82%
and
Rpo..= 456 MPa+ 11.44%

The above reported expanded uncertainties are based on standard uncertainties
multiplied by a coverage factor k=2, providing a level of confidence of approximately
95%. The uncertainty evaluation was carried out in accordance with UNCERT
recommendations.
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