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1 SCOPE

This procedure covers the evauation of uncertainty in the determination of Critical
Crack Tip Opening Displacement (CTOD) of metdlic materias according to the testing
Standards

British Standard, BS 7448. Part 1-1991: Amd 1: August 1999.

“ Fracture Mechanics Toughness Tests. Part 1. Method for determination of

Kic, critical CTOD and critical J values of metallic materials’ .

ASTM E1290-93 “ Crack-Tip Opening Displacement (CTOD) Fracture
Toughness Measurement”

These standards give a method for determining criticd crack tip opening displacement
(CTOD) for metalic materids. The method uses fatigue precracked specimens. The
tests are carried out in digolacement control with monotonic loading, and a a congtant

rate of increase in dress intengty factor within the range 0.5 — 3 MPa+/ms?! during the
initial eastic deformation. The gpecimens are loaded to the maximum force associated
with plagtic collgpse. The method is especidly appropriate to materids that exhibit a
change from ductile to britle behaviour with decreasing temperature. No other
influences of environment are covered.

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.

a nomind crack length
B gpecimen thickness
Ci sengtivity coefficient

CoP  Codeof Practice

CT Compact Tension Test Specimen

dy divisor associated with the assumed probability digtribution, used to
caculate the standard uncertainty

E Y oung's modulus of dadticity

F Applied applied Force

f mathemetica function of (a/W)

g Poisson’' s ratio

k coverage factor used to calculate expanded uncertainty

K Stress Intendity Factor: the magnitude of the stressfield near the

crack tip for a particular mode in a homogeneous, idedly linear-

elagtic body.

number of repest measurements

confidence level

random variable

arithmetic mean of the values of the random variable q

o 9O T S
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S span between outer loading points in three point bend test

S experimenta sandard deviation (of arandom variable) determined
from alimited number of measurements, n

S proof strength

S (B) three-point bend specimen

u standard uncertainty

Uc combined standard uncertainty

U expanded uncertainty

Vv value of amessurand

Vp plastic component of notch opening displacement
W effective width of test specimen

Xi edimate of input quantity

Y mesasurand

y test (or measurement) mean result

z distance of the notch opening gauge location above the surface of
the specimen

d crack tip opening displacement

3. INTRODUCTION

It is good practice in any measurement to evauate and report the uncertainty associated
with the test results. A dtatement of uncertainty may be required by a customer 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 effect on results so that this may be
monitored more closdly. This Code of Practice (CoP) has been prepared within
UNCERT, a project to smplify the way in which uncertainties are evauated funded by
the European Commisson's Standards, Measurement and Testing programme under
reference SMT4-CT97-2165. The am is to produce a series of documents in a common
format that is easly understood and accessble to customers, test laboratories and
accreditation authorities.

This CoP is one of seventeen produced by the UNCERT consortium for the estimation
of uncertainties associated with mechanicd tests on medlic materids. Reference 1 is
divided into 9x sections as follows with dl individud CoPsincluded in Section 6.

Introduction to the evauation of uncertainty

Glossary of definitions and symbols

Typica sources of uncertainty in materids testing

Guideinesfor estimation of uncertainty for atest series

Guiddines for reporting uncertainty

Individual Codes of Practice (of which this is one) for the edtimation of
uncertaintiesin mechanica tests on metalic materids

oA~ WLNE

This CoP can be used as a stand-done document. For further background information
on measurement uncertainty and values of standard uncertainties of the equipment and
indrumentation used commonly in materids testing, the user may need to refer to
Section 3 in Reference 1. The individud CoPs are kept as smple as possble by
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following the same Structure:

The main procedure

Quantifying the mgor contributions to the uncertainty for that test type
(AppendixA)

A worked example (Appendix B)

This CoP guides the user through the various steps to be carried out in order to estimate
the uncertainty in the determination of the CTOD parameter.

4. A PROCEDURE FOR ESTIMATING THE UNCERTAINTY IN THE
DETERMINATION OF CRITICAL CRACK TIP OPENING
DISPLACEMENT (CTOD), USING A THREE POINT BEND TEST
SPECIMEN (SE (B))

Step 1. I dentifying the Parametersfor Which Uncertainty isto be Estimated

The firg gep is to lig the quantities (measurands) for which the uncertainties must be
cdculated. Table 1 shows the parameter thet is usudly reported in the test. This
measurand is not measured directly, but is determined from other quantities (or
measurements).

Table 1 Measurand and Measurements, their units and symbols

M easurand Units Symbol
Crack tip opening displacement mm d

M easur ements

Thickness of the specimen mm B
Width of the specimen mm W
Crack length mm a
Applied force N F ((ge:z F'Té‘ ’A'i)”‘)
Plastic component of notch opening displacement mm Vp
Span between outer loading pointsin three point bend test mm S
Distance of the notch opening gauge location above the mm 7
surface notch specimen

Step 2. Identifying all Sources of Uncertainty in the T est

In the Step 2, the user must dentify dl possble sources of uncertainty that may have an
effect (ether directly or indirectly) on the tet. The lig cannot be identified
comprenensvely beforehand, as it is associated uniquely with the individud test
procedure and apparatus used. This means that a new list should be prepared each time a
paticular test parameter changes (eg. when a plotter is replaced by a computer). To
help the user lig adl sources, five categories have been defined. The following table
(Table 2) ligs the five categories and gives some examples of sources of uncertainty in
each category for the test method applied.
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It is important to note that Table 2 is not exhaustive and is for guidance only. Rddive
contributions may vary according to the maerial tested and the test conditions.
Individua laboratories are encouraged to prepare their own list to correspond to their
own test facility and assess the associated Sgnificance of the contributions.,

Table 2 Sources of Uncertainty, their Type and their likely contribution to
Uncertainties on Measurands and Measurements
(1 = major contribution, 2= minor contribution, blank = no influence, * = indirectly affected)

Sour ces of uncertainty M easur and and M easur ements
| Type' [d[B|[W] a|F|Ve| s ]z
1. Apparatus
Load cdl B *2 1
Extensometer B *2 1
Plotter X B *2 1
Plotter Y B *2 1
Caliper B 211111
Knife edges thickness B *2 1 1
2. Method
Span B *2 2121
Alignment B *2 212
Perpendicularity B *2 2| 2
Speed B *2 2] 2
3. Environment
L aboratory ambient temperature and B %o 5| o
humidity
4. Operator
Graph interpretation A *1 1
Distance between knife edges “ A *2 2
Error in measuring specimen dimensons A 2
Crack length measurement A *1 1
5. Test Piece
Specimen thickness B *20 1 2122
Specimen width B *1 112|122
1 SeeStep3

2 The specimen must be provided with apair of accurately machined knife-edges that support the
gauge armsand serve as the displacement reference points

Step 3. Classifying the 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 classified as Type A or B,
depending on the way ther influence is quantified. If the uncertainty is evaduaed by
datisticd means (from a number of repeated observations), it is classfied Type A if itis
evauated by any other meansit should be classfied Type B (see Table 2).

The vaues associated with Type B uncertainties can be obtained from a number of

sources including a cdlibration certificate, manufacturer's information, or an expert's
edimation. For Type B uncertainties, it is necessary for the users to edimate for the
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most agppropriate probability digtribution for each source (further detalls are given in
Section 2 of Reference 1).

It should be noted that, in some cases, an uncertainty could be classfied as ether Type
A or Type B depending on how it is estimated.

Step 4. Estimating the Standard Uncertainty for each Sour ce of Uncertainty

In this gep the sandard uncertainty, u(x;), for each measurement is estimated (see
Appendix A). The standard uncertainty is defined as one standard deviation and is
derived from the uncertainty of the input quantity divided by the parameter dy, whichis
asociated with the assumed probability digtribution. The divisors for the digtributions
mogt likely to be encountered are given in Section 2 of Reference 1.

The dgnificant sources of uncertainty and ther influence on the evduated quantity are
summarised on Table 3.

Thistable is structured in the following manner:
column®:  sources of uncertainty
column®:  source svaue. There are two types.
= (D permissible range for the measurement according to the test standard
= (2 maximum range between measures on the same tet made by severd
trained operators
column®:  measurements affected by each source
column @:  measurement values obtained in ared test
column®:  source of uncertainty type
column®:  assumed probability distribution
column®:  correction factor for Type B sources (dy)
column®:  effect on the measurement uncertainty produced by the input quantity
uncertainty
This column is obtained by two different ways:
= if the influence of the source of uncertainty on the measurement is
proportiondly direct.
(column @).(column @) /(column @)
= if the influence is not direct it should be obtained by cdculating
the measurement for both the maximum and minimum vaues of
the range in column @ without varigtion in the rest of the sources
of uncertainty and applying the appropriate correction factor for
the probakility (column @).
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Table 3 Example Worksheet for Uncertainty Cdculationsin CTOD Tedts

Column No. | o] ®© ® | @ ® | ® | @ |
Sour ces of Uncertainty M easur ements Uncertainties
Nominal or o Effect on
Value M easur ement Probabl. Divisor S
Source @or @ Affected y Ql‘jj(él‘j’fgs) TYPe | Distribt. (d) Lncertainty in
Apparatus
Load cell F (kN) B |Rectang.| ./3 u(load cell)
Extensometer Vp (mm) B | Rectang. J§ u(extensom)
Plotter Y Vp (mm) B | Rectang. J§ u(plotterY)
Plotter X The influence on Uncertainty is Negligible
Knife edges thickness VZ (mm) B | Rectang. Jé u(knife edges)
P
Caliper w (mm)
B (mm) B |Rectang.| ./3 u(caliper)
a (mm)
Method
s (mm)
Span F (N) B |Rectang.| ./3 u(span)
Vp (mm)
Alignment F (N) B | Rectang J§ u(alignm)
Ve (mm) '
cular F N)
Perpendicul arity Vo (mm) B | Rectang. J§ u(perpen)
Distance between knife ;
edges Vp (mm) B |Rectang.| ./3 u(distance)
F (N)
Speed Ve (mm) B |Rectang.| ./3 u(speed)
Environment
F (N)
Room temperature Ve (mm) B | Rectang. J§ u(room temp)
Operator
Graph interpretation Vp (mm) A normal 1 u(graph)
B Measurement B (mm) A normal 1 u(B msrment.)
W M easurement W (mm) A normal 1 u(W msrment.)
Crack length a (mm) A normal 1 u(amsrment.)
measurement
Test Piece
Specimen thickness B (mm) B |Rectang.| ./3 | u(thickness)
Specimen width w (mm) B |Rectang.| ./3 u(width)

(1)
(2

Step 5. Computing the Combined Uncertainty uc

Assuming that

individual

permissiblerange for the source according to the test standard
maxi mum range between measures made on the same test by several trained operators

uncertainty sources ae uncorrelated,
uncertainty of the measurand, uc(y), can be computed using the root sum squares:
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u.) =& e, o) ®

where ¢ is the sendtivity coefficient associated with the measurement Xx;. This
uncertainty corresponds to plus or minus one dandard deviation on the normd
digribution law representing the sudied quantity. The combined uncertainty hes 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 nay be expected to encompass a large fraction of the distribution
of vaues that could reasonably be attributed to the measurand’. It is obtained by
multiplying the combined uncertainty, uc, by a coverage factor, k, which is sdected on
the bads of the levd of confidence required. For a norma probability digtribution, the
most generdly used coverage factor is 2, which corresponds to a confidence leve
interva of 954% (effectivdly 95% for most practicd purposes). The expanded
uncertainty, U, is, therefore, broader than the combined uncertainty, u.. Where the
customer (such as aerospace and electronics indudtries) demands a higher confidence
level, a coverage factor of 3 is often used so that the corresponding confidence level
increases to 99.73%.

In cases where the probability digtribution of uc is not normd (or where the number of
data points used in Type A andyss is smdl), the vaue of k should be caculated from
the degrees of freedom given by the WedshSatterthwaite method (see Reference 1,
Section 4 for more details).

Step 7. Reporting of Results

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

V=y+U

Where: V  istheegtimated vaue of the measurand
y isthe test (or measurand) mean result
U  istheexpanded uncertainty associated with y

An explanaiory note, such as that given in the following example should be added
(change where appropriate):

The reported expanded uncertainty is based on a standard uncertainty multiplied by a
coverage factor, k=2, which for a normd digtribution corresponds to a coverage
probability, p, of approximatdy 95%. The uncertainty evaduaion was caried out in
accordance with UNCERT COP 04:2000.
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APPENDIX A

Mathematical Formulae for Calculating Uncertaintiesin Crack Tip Opening
Displacement (CTOD) Parameter Deter mination Testing, using SE (B) specimens

The formula for the cdculation of the Crack Tip Opening Displacement (CTOD)
Fracture Toughness for a SE (B) specimen is.

2 2
q _K°@-g )+ 04W - a)Vp

(AD)
2S/E 0.4V +0.6a+z
where K isadressintendty factor, caculated from equation
K=—"S g
© BW1S 42
where f isamathematicd function of VEV’ given in next equation
N A: a a,vé a a,ou
3(—=)72.99- (—)1- —)a2.15- 3.93(—) +2.7(—)“ .
o 3G o0 (- (D215 39 + 2707
' a. ay (A3
21+2—)1- —)/2
w w
where:

g isthe Poisson’sréio

S, isthe0.2% proof strength at the temperature of the fracture test

E istheYoung'smodulus at the test temperature

Vp s the plagtic component of notch opening displacement. It is obtained by drawing
a line pardld to the tangent of the initid linear part of the record from point F (F,
Fu or Fm); the Vp vdue is the distance between the origin and the intersection of
this pardle with X-axis (see Figure Al).

Load, F
)
FLI FLI
e F. -
Fe -—
—
er \/C Vu V. .
V.
O i A Vo Vo \» | Displacement, V

Figure Al. Definition of F (F¢, Fy or Fr,) and Vp

The derived measurand d(y) is a function of eght measurements F, f, Vp, z, s, a8 B and
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W (xj), and each X; is subject to uncertainty u(x;). The generd combined standard
uncertainty uc(y) isexpressed by equation (1) in main procedure:

N
ue(y) :W/é [cu(x)]? (A9)
i=1

where C = Ty (A5)
%

Usng these formulae, it is possble to write the combined standard uncertainty of
dparameter:

[uc(@)]? =ce®u(F)? +c; u(f)? +ay uW)? +c,°u(@)? +

(AB)
+cg u(B)® +cy 2u(Vp)? +c5°u(s)? +c,u(2)?
The sengtivity coefficients (¢; )for equation A6 are given by:
id 1K
Cek =— = AK— A
F F T (A7)
where K = Sl (A9)
TF BW%
2
and A=10 (9
SyE
Cq :E:AKK (A10)
i i
K F°s
h — = A1l
where W (A12)
Cw _Jd _ I, 0dVp(a+2) > (AL2)
iw W (0.4w +0.6a+ 2)
1K 1.5Fsf
where =- z (A13)
w BWA
c id_-04/,(W+2) AL

* " fa  (0.AN +0.6a+2)?
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Cg = ﬂ_B = AKT[_B (ALD)
where K =- ng (A16)
B gy
Td 0.4(W - a)
= = Al
S Vv, 0.4W+06a+z A9
s = 1111_d = AK 111—*( (19
s S
where K = P (A19)
s pw2
_ E _ 0.4W - a)V, (A20)

"z~ (0.4W +0.6a+2)?

A6 equation is composed by eight terms that will be analysed in next paragraphs.

A.1  UNCERTAINTYINLOAD (u(F))

F is a measurement affected by different sources of uncertainty (see Table 2and Table
3 in the main procedure), but its influence can be conddered negligible except for the
load cdl. So:

u(F) =u(load cedl) (A21)

u(load cell) can be estimated using Table 3 in this procedure.

A.2  UNCERTAINTYIN f (u(f))

f isamathematica function of a/W (equation A3).

Assuming that this source of uncertainty ) is consdered as Type A the contribution to
tota uncertainty can be cdculated from the sandard deviation of the arithmetic mean:

u(f)—s(i‘)—s(fj) A2
TR h2
Where:
_/ 1 2 T\2
s(fj)_\/—n_lel(f,. - (A2

Using the maximum and the minimum vaues to cdculate §(f;), (n=2):
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1¢ £\ 52U
Jﬂé‘fm'f) Tl g - J(fmax-f‘)%(fmm-f‘)z

u(f) = A24
(f) N 5 (A24)
Where:
a'max a'min
foo=f(== and foo=f(20 A2
max (Wmm min (Wmax) (A25)
and ., —a,t2u(a)
S za.- 2
a'mln aO U(a) (A26)

W =W, + 2u(W)
W =W, - 2u(W)

(assuming that both a and W have anormal probahility distribution, k=2)

A.3  UNCERTAINTY IN SPECIMEN WIDTH (u(W))

W is a measurement affected by three sources of uncertainty (see Table 2and Table 3).
Assuming that individuad uncertainty sources ae uncorrdated, the combined
uncertainty in W can be computed using the root sum squares.

UW) =+/u(s )? =+Ju(caliper)? + u(W measuremert)? + u(width)? A27)

A4 UNCERTAINTY IN CRACK LENGTH (u(a))

a is a measurement affected by two sources of uncertainty (see Table 2and Table 3.
Assuming tha individud uncertainty sources ae uncorrdaed, the combined
uncertainty in a can be computed using the root sum squares:

u(a) :\/u(s)2 =\/u(caliper)2 + u(crack length measurement)® (A28)

The term u(s) can be calculated using Table 3 in this procedure.

A5 UNCERTAINTY INB (u(B))

B is a measurement affected by three sources of uncertainty (see Table 2and Table 3in
the procedure). Assuming that the individual uncertainty sources are uncorreated, the
combined uncertainty in B can be computed using the root sum squares:

u(B) :\/u(s,)2 a/u(caliper)z +u(B measurement)” + u(thickness)? (A29)

Theterms u(s) can be caculated usng Table 3 in this procedure.
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UNCERTAINTY IN THE PLASTIC COMPONENT OF NOTCH OPENING

DisPLACEMENT (u(V,))

A.6

Vp is a measurement affected by five sources of uncertainty (see Table 2and Table 3in
the procedure). Assuming that the individua uncertainty sources are uncorrelated, the

combined uncertainty in Vp can be computed using the root sum squares.

u(v,) =4u(s )’ =J

u(extensometer)® + u( plotter Y)? + u(graph interpretation)® +
+ u(knifeedges thickness)* + u(distance between knifeedges)®

(A30)

(u(s) is the gandard uncertainty of each source that contributes to F combined

uncertainty).

Theterms u(s) can be calculated using Table 3 in this procedure.

A7

UNCERTAINTY IN THE SPAN (u(9) )

It isdirectly obtained from datain Table 3.

A8

Itisdirectly obtained from detaiin Table 3

UNCERTAINTY IN THE KNIFE EDGES THICKNESS (u(2) )

The combined uncertainty of each measurement isshown in Table Al.

TableAl Formulae for cdculating Combined Uncertainties

Measurement | Sourcesof uncertainty (S) u(s) Uncertainty of Measurementsu(x;)

(Units)

épplledforce Load cdll (kN) u(F) = u(load cell)
Plastic Extensometer (mm) > >
component of | Plotter Y (mm) u(extensomeer)® +u(plotterY)” +
nptch opening | Graph Interpretation (mm) u(V,) = +u(graphinterpretéion’ +
g;qolacment Knife Edges Thickness (mm) P2 1|+ u(knifeedgesthi cknesy +

F [E)(ljzt;nce between Knife (mm) +u(distancebetweerknifeedgey®
Knife edges Knife Edges Thickness
thickness (mm) | u(z) =u(knifeedgesthicknesy
z
Speci men Caliper (mm) _|u(calipe)® + u(W measuremet)® +
width W measurement (mm) = dth?
W Specimen Width (mm) +u(width
Specimen Caliper (mm) 2 2
el e — ] u®) = Ju (calr:.pekb +u(B measur emet)? +
B Specimen Thickness (mm) +ufthicknegs
Crack length a | Caliper (mm) B —— P

Crack Length Measurement () u(a) = \I u(calipej? + u(crack engttmeasur emet)

?pan Span (mm) | u(s) = u(span)

Page 13 of 24




SM&T

Standards Measurement & Testing Project No. SMT4-CT97-2165

B1.

UNCERT COP 04: 2000

APPENDIX B

A Worked Examplefor Calculating Uncertaintiesin Crack Tip Opening
Displacement (CTOD) Parameter Determination Testing

Introduction

A customer asked a testing laboratory to carry out a fracture test to determinate the
Crack Tip Opening Displacement (CTOD) a room temperature, according to British
Standard, BS 7448. Part 1-1991, on three point bend specimens. The mechanica
properties of the materia were:

proof strength at 0.2% at the test temperature: 602 MPa
Y oung’'s modulus: 210,000 MPa
Poisson' sratio: 0.3.

The laboratory has condgdered the sources of uncertainty in its test facility and has found
that the sources of uncertainty in the test results are identica to those described in Table

2 of the Main Procedure.

B2. Edimation of Input Quantitiesto the Uncertainty Analysis

1 All tests were carried out according to the laboratory’s own procedure using an
aopropriately cdibrated tendle test facility. The test facility was locaed in a
temperature- controlled environment, a room temperature.

2 The specimen was athree point bend type, and its dimensions were:

thickness B =18mm + 0.5%

width W =36 mm + 0.5%
The dimensons of the specimen were measured usng a cdiper with an
uncertainty of 0.05 mm, typical for caipers used in the laboratory.

3 The crack length @) was measured with the same caliper and the value obtained
was 17.57 mm.

4 The tet was caried out on a universd te machine usng a drain rate of
0.4kNs'. (A congtant loading rate of 0.3 — 1.5 kNs' for a standard bend
gpecimen corresponds to a rate of increase in dress intendty factor within the
range 0.55 — 2.75 MPa+/ms?, according to ASTM E 399 Sandard, Clause
A3.4.2.1).

5 The machine was cdlibrated to Grade 1 of BS 1610.

6 Strain was measured usng a dip gauge extensometer with a nomind gauge

lengh of 10 mm. The extensometer complied with Class 0.5, specification
according to EN 10002-4:1994.
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The thickness of the knife-edges attached to the specimen were 1.5 mm (BS
7448 Clause 5.1.3 permits a thickness of 1.5 - 2 mm) and were attached at a
distance of 10 mm. This distance was determined by the extensometer, because it
is impossble to cdibrate the extensometer if the distance between edges is not
within the nomind vaue = 1%

The line of action of the gpplied force passed midway between the centres of the
rollers within + 1% of the distance between these centres. The crack tip midway
squared to the roller axes within £2°.

The span for the test method was 144 mm = 0.5%, according to the test standard.

The accuracy of the plotter used to record the load-disolacement curve was
within £0.5% in both axes.

The curve obtained in this test is represented in Figure B1l. The maximum load
vadue recorded by the machine Fc was 33,800 N. The vaue indicaed in
FigureBl as Vp was obtained graphically by the operator (Vp = 0.42 mm),
according to the procedure described in Appendix A of this CoP.

Load, kN

35

30

257

20 7]

15

10

0 1111 I 1111 I (I - I 1111 I L 11 I 1111 I -
0 0.2 0.4 0.6 0.8 1.0 1.2
Displacement, mm

FigureBl. Test Record

An indication of the uncertainty associated with interpreting the graph was
obtained using another test record (Figure B2). Four trained operators analysed
the record and obtained the valuesindicated in Table B1.
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Load, kN

35 7
Tg (F)
30
25
20

157

10

0 0.1 0.2 0.3 0.4 0.5 0.6
Displacement, mm

Figure B2. Test Record used to establish the Uncertainty in Interpreting the Graph Bl

Table B1 Uncertainty in Interpreting the Graph B2

Vp (mm)
Operator 1 0.273
Operator 2 0.274
Operator 3 0.265
Operator 4 0.265
Mean| 0.269

The uncertainty for thisinput vaue is its Sandard deviation:

1 ¢ —\2
u:\/—a(vj-V) =

n'lj:]_

= \/%[(0.273- 0.269)2 + (0.274- 0.269)2 + 2 X0.265- 0.269)?] =

= 0.005 mm ° 1.829%

12 The uncertainties associated with the error in measurements (B, W and a) were
obtained in the same manner as above (usng a compact tenson test gpecimen
with the same nomind dimensions than the used in this example B = 18 mm and
W = 36 mm)
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Table B2 Uncertainty in Dimensions Measurement

B(mm) [ W(mm) | a(mm)

Operator 1 18.02 35.95 19.14
Operator 2 17.98 36.04 19.30
Operator 3 18.01 35.97 19.27
Operator 4 17.98 36.05 19.30

Mean| 17.998 36.003 19.253
Standard Deviation| 0.021 0.050 0.076
Uncertainty* | 0.115% | 0.139% | 0.396%

s(q; ) X100

(*) uncertaing (%) =
mean

The highest uncertainty associated with al these measurements was in the crack
length, s0 an uncertainty of 0.4% has been selected for both B, W and a.

13 The influence of the knife-edges thickness was sudied using a Computer

Assgant Design Program:
|\0.617898°

T 777 V2775 i) 12277 |

10.000000 9.900000 10.100000
0.617898° ﬂ ﬂ

e = v [P # /| |#7770% P i |

10.420000 10.320006 10.519994
10.32006-9.9=0.420006 10.519994-10.1=0.419994
Fig. B3.1 Fig. B3.2 Fig. B3.3

Figure B3. Uncertainty in Distance between Knife Edges
Frga of dl, with a disgance of 10 mm between knife edges, the angle for a Vp of
0.42 mm iscaculated (Figure B3.1).
Then putting the knife edges a both the maximum and the minimum distances

dlowed, and with the angle cdculated in firsd sep, maximum and minimum Vp
values are obtained (Figures B3.2 and B3.3).
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Then, the influence of the knife edges disance on Vp is

- Viun _ 0420006 - 0.419994
2 - 2

=+6x10° mm©° 0.0014%

u(distance) = J_erax
The influence of the knife edges thickness was obtained usng a CAD program
too:

Firg of dl, with knife edges of 1.5 mm thickness, the angle for a Vp of 0.42 mm
iscdculated (Figure B4.1).

Then with knife edges of 2 mm thickness (maximum dlowed), and with the
angle caculated in first gep, Vp vaueis obtained (Figure B4.2).

Then, the influence of the knife edgesthicknesson Vp is

-V N 0.430784- 0.42

min

2 2

=+0.005mm° 1.284%

u(thickness) =+ Ve

0.617898°
15 I T 20 [ ]
10.00000 - 10.00000

1.5 : ! 2.0 i !
10.42000 || 10.43078

Fig. B4.1 Fig. B4.2

Figure B4. Uncertainty in Knife Edges Thickness
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B3  Example of Uncertainty Calculations and Reporting of Results
B3.1 Calculations

Firdly, Table 3 in main procedure should be completed.

Column | @ | ® ® | @) ®] ® [ @ ]
Sour ces of Uncertainty M easur ements Uncertainties
val M t Nominal or Probabl. Divi Effec’F on.
Souree oo | anecen | Avemst | e | gty | gy | ynostanyin
Apparatus
Load cell +1% F 33800N | B |[Rectang.| 43 195 NW
Extensometer + 0.5%% Ve 042mm | B |Rectang.| +/3 | 0001mm®
Plotter Y +0.5%® Ve 042mm | B |Rectang.| /3 0.001 mm®
Plotter X The influence on Uncertainty is Negligible
Knife edges 152mm?” z 15mm 0144 mm®
thickness +1.284%® Vp o42mm | B |Rectang V3 0.005 mm®
Caliper W 36 mm
+0.05mm® B 18mm B |Rectang.| /3 0.029 mm©
a 17.57 mm
Method
s 144 mm 0.416 mm™
Span +05%% F 33800N | B |Rectang.| /3 Nglg.©®
Ve 042 mm Nglg.®
. p F 33,800N (D)
Alignm +19 B |R . Nglg.
ignment +1%" s Ve 042 mm ectang.| /3 glg
. . F 33,800N
1) ) (D)
Perpendicul arity 20 Ve osmm | B |Rectang. A3 Nglg.
04D
Distance between +1% - 042 B IR e -
knife edges £0.0014% % v, 42mm ectang.| V3 | g 10 4mme®
0.3-15kNs™ F 33,800N ©)
Speed o Ve 042 mm B |Rectang.| /3 Nglg.
Environment
Room o (1) F 33,800N
temperature +2°C Vp 042 mm B | Rectang. ‘/5 Nglg.
Operator
Graph @) (A)
Interpretation +1.829% Vp 0.42 mm A normal 1 0.008 mm
B Measurement | + 0.4%? B 18 mm A | normal 1 0072 mm®™
W Measurement | + 0.4%? "% 36 mm A normal 1 0.144 mm®™
A Measurement | +0.4% @ a 1757mm | A | normal 1 0.070 mm®
Test Piece
SpeCI men 0/ (D) (A)
thickness + 0.5% B 18mm B |Rectang.| /3 0.052 mm
Specimenwidth | + 0 506® w 36mm B |Rectang.| /3 0104 mm®
(1) permissible range for the source according to the test standard (see next paragraphs)
(2) maxi mum range between measures made on the same test by several trained operators
Nglg. = negligibleif compliant to standard (see next paragraphs)

(AtoE)  see next paragraphs (Column ®)

Where:
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Coumn @:

Load Cell:

Extensometer:
Plotter:

Knife edges:.

Cdliper:

Span:

Alignment:

Perpendicularlity:

Digtance
between edges:

Room
temperature:

Graph
| nterpretation:

Specimen
Thickness,

UNCERT COP 04: 2000

according to the BS 7448, the force sensing
device shdl comply with grade 1 of BS 1610
(accuracy within £1%)

our extensometers comply with grade 05
(accuracy within + 0.5%)

our plotter complies with grade 0.5 (accuracy
within £ 0.5%)

according to the test standard the knife edges
thickness must be between 1.5 and 2 mm.

Ther  influence has been  cdculated
geomdtricdly usng a CAD program (see B2.
Estimation of input quantities to the
uncertainty analysis)

generdly uncertainty of 0.05 mm is typica for
calipers used to measure both test piece
dimensons and crack length

according to the test standard, span must be
adjusted to + 0.5%

according to the test dandard, the line of
action of the applied force must pass midway
between the centres of the rollers within
+ 1% of the distance between these centres.
according to the test standard, the crack tip
midpoint must be perpendicular to the roller
within 2°

this digance is deemined by the
extensometer, because it is impossble to
cdibrate the extensometer if the digance
between edges is not within the nomind vaue
+1%

Ther  influence has been  cdculated
geometricaly usng a CAD program (see B2
Estimation of input quantities to the
uncertainty analysis)

this influence is conddered negligible for
metdlic materids, because only amdl
vaiaions +2°C ae dlowed by the test
standard

this is an important contribution to totd

uncertainty because of the manud method
used to obtain Vp value from the test record

according to the test standard, the tolerance for
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the specimen thicknessis + 0.5%

Specimen
Width: according to the test standard, the tolerance for
the specimen width is + 0.5%
Coumn @: are the values obtained in the redl test
Column ®: . (A) (column®) = (column®) (column®) / (column®)

. (B) it has been cdculaed geometricdly usng a CAD
program (see B2. Estimation of input quantities to the
uncertainty analysis)

© (column ®) = (column®) / (column®)
(D) These sources have a minor influence on both F and

Vp, and thexe influences are opposed mutudly (if F
tends to be greater, Vp tends to be smdler), so the
influence on d is compensated and negligible

(B (column®) = (column®) /[2 (column®)]

Fillingin Table 4 in main procedure:

Measurement | Sourcesof uncertainty (x;) u () Uncertainty of M easurands u(X;)
F Load cell 195N u(F)=195N
Vp Extensometer 0.001 mm
Plotter Y 0.001 mm 2 2 2
0.00 0.00 0.00
Graph Interpretation 0008mm | u(v%) = \/(+ 0 0]3) +2(+ 5 joj (2 8 - 0021mm
Knife Edges Thickness 0.005 mm (00097 +( )
Distance between Knife 6 10" mm
Edges
z Knife Edges Thickness 0144 mm | u(z) =0.144 mm
W Caliper 0.029 mm
W M easurement 0144mm | uW)= \/(0.029)2 +(0.144)* + (0.104)? =0.180mm
Specimen Width 0.104 mm
B Caliper 0.029 mm
B Measurement 0072mm | u(B) =4/(0.029)2 +(0.072)? +(0.052) =0.093mm
Specimen Thickness 0.052 mm
a Caliper 0029mm | (a) =,/(0.029)2 +(0.07)% =0.076 mm
Crack Length Measurement [ 0.070 mm
S Span 0416 mm | u(s)=0.416mm
To cdculate the uncertainty of the f factor, equations A24 to A26 are applied:
=a, 2 u(a)=17.57+2" 0.076=17.722
=a,- 2" u(a)=17.57- 2" 0.076=17.418
(A26)

amax
amin
W, =W, -2 u(W)=36+2" 0.180=35.64
W =W, - 2" uW)=36-2" 0.180 =36.36
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- a 17.57
f=f(—)=f(—)=2564
(W) ( ” )
a 17.722
foo= (S = f =2.639 A
max (Wmm) (35_64) (A25)
f o=y = 22418 o aoa
W, 36.36
fo-f)2+(f - )2 639- 2.564)° + (2.494- 2.564)°
“(f):J( - DR - ) :\/(2639 2564)° + (2494~ 2564)° _ ) .
2 2
(A24)
Now partia derivatives (equations A7 to A20) are obtained:
1d IK
Cr =— = AK— A
F qF F (A7)
N2 Y
a=19° - 1-03° 495109 Mpa2 (A9)
S,E 602" 210,000
K=_FS (-38800" 144, ) 391025Nmm /2 (A2
BW% 18° 36%
% = §3 _ 144 2'§64 = 0.095mm'% (A8)
T sw” 18 3672
Cp = Td _ Ak IK 7108”109 3,210.25" 0.095 =
F TF (A7)
=2.19" 10" % N"mm
Ct :E:AKK (A10)
qif qif
g -3
% = Fi - 33800 ;44 =1251.8 Nmm 22 (AL1)
T sw” 18 3672
s = 1111—?: AK‘HT—}:= 7.198" 10°°° 3,210.25" 1,251.8=2.89" 10> mm  (A10)
MNp(a+
CW:ﬂ_d:AK ﬂK + 0 P(a Z) 5 (A12)
iw W (0.4w +0.6a+2)
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TK _ 15Fsf _ 15" 33800° 144" 2.564 _

5
_ - = 13376 Nrm /2 )
5 5
W B2 18" 3672

id AK K N 0.4Vp(a+2)

CVV:

w W (04N +06a+2)°
=7.198" 10°°" 3,210.25" (- 133.76) + (AL2)
,_ 04" 04217.57 +15) =149 102
(04" 36+0.6" 17.57+1.5)
- 0. + - 4
C, :_d = 04\/P(W Z) > = - 0.4 04,2(364-15) > = 0.009 (A14)
fa (0.4W +06a+2)?° (04" 36+0.6" 17.57+1.5)
CB = E = AKK (A15)
1B 1B
A s
K _ st3 _ 338007 144" 2564 _ oo % ~19
B g 182" 367
Cg _Jd_ A K _ 71987 1070 3,210.25" (-178.347)=-4.12" 103  (A15
1B B
¢, = Td _ 04W-a) _ , 0.4(36-,17.57) - 0279 AL
* v, 04W+06a+z 04 36+0.6" 1757+15
Cs = E = AKK (A18)
s Is
’ -5
K Ff3 _ 33800 2;564 = 22,293N mm 7 (A19)
s sw’ 18 3672
Cs = 1 _ kK _ 71087 100 3210.25" 22.293=5.15" 10" * (A18)
s s
c-Td_ _04AW-aV, _ _047(36-1750) 042 _ .., -

"z (04N +06a+2)° (04 36+06 17.57+15)%

The combined standard uncertainty for d will be (equation A6):
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[u (d)]? =c2u(F)? +c,2u(f)? +c,, ’u(W)? +c,’u(@)? +
+c, u(B)® +c, “u(V,)® +c./u()? +c,’u@@)? =
= (2195 10°%)?" 1952 + (2.89° 10°2)2" 0,073 +
+(1.49° 10°%)*” 0.180° + (- 0.009)*> " 0.076° + (AB)
+(-4.12° 10°)*" 0.093% +0.279° " 0.021° +
+(5.15" 10°%)?" 0.4162 + (- 0.004)2 " 0.1442
=4.24" 10°° mm?

u, (d) = 0.006 mm

The expanded uncertainty with a confidence intervd of 954% is obtaned multiplying
the combined standard uncertainty by a coverage factor of 2:

U(d)=0.006" 2=0.012mm

Thevdueof d iscdculated with equation A1:
g =K2A-9%) 04 W-a) Vp _
2S/E 0.4W +0.6a+z
~321025%° (1- 0.3%) , 04" (36-1757)" 0.42
2° 603 210000 0.4  36+0.6" 17.57+1.5

=0.154mm

B3.2  Reported Results

The Critica Crack Tip Opening Displacement (CTOD) is0.154 + 0.012 mm

The above 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 04:2000.
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