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CODE of PRACTICE FOR THE DETERMINATION OF UNCERTAINTIES
IN CREEP TESTING TO ASTM E139 - 95

1 SCOPE

This procedure covers the evauation of uncertainties in the determination of the results of
creep tests carried out according to the following testing standard [2]:

European Standard prEN 10291: Metalic Materias - Uniaxid Creep Testing In Tenson -
Method of Test (Jan. 1998)

This test method is dso covered by ASTM E193-95 [3], which has more detailed ingtructions
and discusson of procedure and caculation. Recommendations of European Creep
Collaborative Committee Working Group 1 [4] have aso been incorporated.

This Code of Practiceisamed at determination of uncertainties in the results of asingle creep
test. The effect of repeating a test under nomindly the same conditions, or at a series of
stresses or temperatures, is discussed in [1] Section 4. Repesatability isaso discussed in [5].

2.  SYMBOLS

&, b  initid width & thickness of rectangular specimen
a, by minimum width & thickness of ruptured rectangular Spoecimen
do initid diameter of pardld length

dy minmum diameter after rupture

e extensometer ongation reading

e dran

a grain rate

Lo, Ly  initid and after-rupture gauge lengths
Lc initid pardld length

Leo, Loy initid and after-rupture extensometer lengths

DL during-test extensometer elongation

Lo initia reference length

S, Sy initid, and minimum after-rupture, cross-sectiona areas
S meachining tolerance for specimen diameter or width

Loads and Stresses

P load on test piece
So initial stress on test piece
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Test Results
Ay percent elongation after rupture
Amin minimum gtrain rate in secondary creep

ty rupture life of specimen
t time to x% creep Srain
Z, percent reduction of area after rupture

Other Parameters

congdtant in grain rate vs. stress/ temperature equation
stress exponent for creep

creep activation energy

gas condant

time when rupture first recorded

test temperature

5 DO>5 >

3. INTRODUCTION

There are requirements for test laboratories to evauate and report the uncertainty associated
with their test results.  Such requirements may be demanded by a customer who wishes to
know the bounds within which the reported result may be reasonably assumed to lie; or the
laboratory itself may wish to understand which aspects of the test procedure have the greatest
effect on results so that this may be monitored more closdy or improved. This Code of
Practice has been prepared within UNCERT, a project funded by the European
Commisson’s Standards, Measurement and Testing programme under reference SMT4 -
CT97-2165, in order to amplify the way in which uncertainties are evauated. It is hoped to
avoid ambiguity and provide a common format readily understandable by customers, test
|aboratories and accreditation authorities.

This Code of Practice is one of seventeen prepared and tested by the UNCERT consortium
for the estimation of uncertainties in mechanica tests on metdlic materids. These are presented
in[1] in the following Sections.

Introduction to the evaluation of uncertainty

Glossary of definitions and symbols

Typica sources of uncertainty in materids testing

Guiddines for the estimation of uncertainty for atest series

Guiddlines for reporting uncertainty

Individual Codes of Practice (of which thisis one) for the estimation of uncertainties in
mechanical tests on metdlic materids

oSOk wbNPE

This CoP can be used as a stand-aone document. Neverthdess, for background information
on measurement uncertainty and values of sandard uncertainties of devices used commonly in
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materid testing, the user may need to refer to the rdlevant section in[1]. Severa sources of
uncertainty, such as the reported tolerance of load cdls, extensometers, micrometers and
thermocouples are common to severa mechanica tests and are included in Section 2 of [1].
These are not discussed here to avoid needless repetition. The individua procedures are kept
as draightforward as possible by following the same structure:

The main procedure

Fundamental aspects for thet test type

A worked example

This document guides the user through several stepsto be carried out in order to estimate the
uncertainties in creep test results. The generd process for caculaing uncertainty vaues is
described in [1].

4. PROCEDURE FOR ESTIMATING UNCERTAINTIESIN CREEP TESTS
Step 1 - Identification of the M easurands for Which Uncertainty isto be Deter mined

The first Sep congsts of setting the measurands, i.e. the quantities which are to be presented
as results of the test.

According to requirements, Table 1 lists the measurands and the intermediate quantities used
in their derivation. Not al the quantities will be required in aparticular test. For example srains
during a stress-rupture test might not be measured.

Extensive invedtigations may be undertaken in addition to these results, to determine activation
energy, stress exponent, and parameters in modelling strain, strain rate and time and ductility a
rupture, as functions of dress, temperature, composition, heat-trestment etc. Evauation of
uncertainties of these parameters is beyond the scope of the present procedure.

Table 1. Intermediaste results and measurands, their units,
and symbols within prEN 10291

Quantity Unit Symbol
I ntermediate results
initial stress MPa So
original cross-sectiona area of paralel section mm’ S
minimum cross-sectional area after creep rupture mm” S
Test measurands
percentage reduction of area after creep rupture Z,
percentage €l ongation after creep rupture Ay
creep rupture time h ty
creep elongation time (time to x% creep strain) h t
minimum strain rate in secondary creep ht Amin
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The quantitiesin Table 1 are caculated from the following formulae.

4.1.1 Initial Cross-Sectional Area S, and Stress s

For cylindrica specimens

S=pd’/4 (18)
and for rectangular

S =a* bo (1b)
In both cases

so =P/ (1c)

4.1.2 Final Cross-Sectional Area S, , and Percentage Reduction of Area Z,
For a cylindrica specimen with minimum diameter d,, S, is given by the formula corresponding
to Eqg. (18). In the case of rectangular specimens, a method may have to be devised for a

fracture surface, which is not of an easly measurable shape. According to ASTM E139
paragraph 10.4, reduction of areais only reported for round specimens.

Z,=100(S - Sy) / S =100(1 - (Su/S0)) )

4.1.3 Percentage Elongation After Creep Rupture, A,

When initid and after-rupture lengths are measured between gauge length marks on the
paralle section

Ay;=100(Ly - Lo)/Lo= 100 (Ly/Lo- 1) (3a)
In some cases the specimen has raised ridges (prEN 10291 Fig. 2 type c or €), or V-notches
in enlarged ends (type d) for extensometer attachment. These can be used for rupture
elongation measurement. The reference length is the pardld length plus a calculated addition
for the radiused shoulders (see A1.3), and the ongation is the increase of length between the
atachment points. Then

Au=100(Les - Le)/Lyo =100DLa/ Ly (30)

4.1.4 Creep Rupture Time, t,,
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If specimen load or digplacement is logged at intervds of time Dt, a rupture recorded at time
to isequaly likely to have occurred a any time within the interve (tp - Dt, to),

with the expectation
t, = to- D2 (4)

This cdculation will not ariseif the specimen load or extension is recorded continuoudy.

4.1.5 Creep Elongation Time, tg«
ty represents the time to x% creep strain, eg. o for 0.2% srain.

Provided the data sampling frequency is sufficiently high, extensometer readings near the
required elongation will be obtained. Because of extensometer uncertainty, these will not lie
exactly on a draight line, but linear regresson analyss then gives the estimated time for the
required strain, its standard error, and the strain rate. See Appendix B for an illugtration of this
method.

ASTM E139 paragraph 12.6.2 requires strain measurements at 0.1h intervals up to 100h,
then a 1h intervas, if times a given percentage strains are to be taken from a single reading.
Higher frequency of measurement may be needed in the initial stages.

For low drain rate tests, the target elongation may be shown at severa times. The mean of
these gives the required result.

4.1.6 Minimum Strain Rate in Secondary Creep, €nin

Recorded gtrain/time data will usualy not lie on a smooth curve, and derived Strain rate over
each recording interva will be erratic. Strain rate has to be averaged over a period in which it
appears to be congtant, and this can be carried out manudly from the sraintime or strain-

rate/time curves.

Amin could also be determined by computing a best-fit curve for the Srain/time data.

Step 2 - Identification of all Sour ces of Uncertainty

In the second Step, the user identifies al possible sources of uncertainty which may have an
effect on the test. This list cannot be exhaudtively identified beforehand as it is uniquely linked
to the laboratory’ s test method and the apparatus used. Therefore anew lig should be drafted
each time one test parameter changes (when a plotter is replaced by a computer and printer
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for example). To hdp the user ligt Al sources of uncertainty, five categories have been defined.
Thefollowing table (Table 2) gives the five categories and examples of sources,

It is important to note that this table is NOT exhaustive. Other sources can contribute to
uncertainties depending on specific testing configurations. Users are encouraged to draft their
own list corresponding to their own test facilities.

Table 2. Sources of uncertainty and their likely contribution
to uncertainties in measurands
(1 =mgor contribution, 2 = minor contribution, blank = insgnificant or no contribution)

Source Affected Measurand

SO Su So Zu Au tu tfx é~min
Test Piece
pecimen initid dimensons 1 1 1 1 1 1 1
minimum diameter after rupture 1 1
extmtr./gauge length after rupture 1
Apparatus
load cdll or lever / weights 1 2 2 1 1 1
Specimen temperature 2 2 1 1 1
bending stresses 2 2 2 2 2
extensometer 1 2
Environment
control of ambient temperature 2 2 2
M ethod
datalogger time interval 2 2 2
edimation of creegp drain time 2 2
esimation of ain 2
(graphica/gatisica)
reference length shoulder integral 2
Operator

Step 3 - Classification of all Sources Accordingto TypeA or B

In accordance with 1ISO TAG 4 'Guide to the Expression of Uncertainties in Measurement'
[6], sources of uncertainty can be classified as type Aor B, depending on the way their
influence is quantified. If a source's influence is evauated by satisticad means (from a number
of repeated observations), it is classfied type A If a source's influence is evaluated by any
other mean (manufacturer's documents, certification, ...), it is classified type B.

Attention should be drawn to the fact that one same source can be classfied as type Aor B
depending on the way it is esimated. For instance, if the diameter of a cylindrical specimen is
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measured once, or taken from the machining specification, that parameter is consdered type
B. If the mean value of ten consecutive measurements is taken, then the parameter istype A.

Step 4. Estimation of Senditivity Coefficient and Standard Uncertainty for each
Sour ce of Uncertainty

In this step the standard uncertainty of the measurand, w , for each input source X, is
cdculated according its input quantity value, the probability digtribution and the sengtivity
coefficient, G.

Appendix Al describes the derivation of the standard uncertainties for the primary messured
quantities and sources of uncertainty in acreep test, aslised in Tables 1 and 2.

The standard uncertainty (u(x) ) of the input quantity % is defined as one standard deviation
and is derived from the uncertainty of the input quantity. For a Type A uncertainty, the
uncertainty vaue is not modified. For Type B, it is divided by a number, d,, associated with
the assumed probakility digtribution of the parameter within its uncertainty range. The divisors
for the distributions mogt likely to be encountered are given in Chapter 2 of [1].

The contribution (u) of the individua input quantity’s standard uncertainty ( u(x) ) to the
gandard uncertainty of the measurand is found by multiplying u(x) by the sengtivity coefficient
G. This is derived from the reaionship between output (measurand, y) and input
quantities(x), and is equd to the partia derivative, i.e.

if y = F(X1, X2,...) Where F denotes some function
then G = Ty/ %
and U = Gi U(x)

Step 5: Calculation of Combined Uncertainties of M easurands

Assuming that the N individua uncertanty sources are uncorrelated, the measurand's
combined uncertainty, u(y), can be computed in aroot sum squares manner:

U (y) = Ja [e-u(x )1

This uncertainty corresponds to plus or minus one standard deviation on the normd
digribution law representing the studied quantity.

It will be seen that, in some cases, the uncertainty of an input quantity is itsef a combined
uncertainty from an earlier stage in the caculations. For example, uncertainty of rupture time
u(t,) dependson (inter alia) the uncertainty in stress u(s). Thisin turn depends on load and
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cross-s=ctional area, and the latter again on initid diameter, which is one of the primary
measured quantities.

In the detailed procedure for caculating combined uncertainties (in Appendix A2) and the
illustrative worked example (Appendix B), these successive uncertainties are caculaed

separately in sequence.

Step 6: Computation of the Expanded Uncertainty U,

This Step is optional and depends on the requirements of the customer. The expanded
uncertainty U is broader than the combined uncertainty U, but in return, the confidence level
increases. The combined uncertainty U has a confidence level of 68.27%. Where a high
confidence leve is needed (aerospace and the e ectronics indudtries), the combined uncertainty
U. is broadened by a coverage factor k to obtain the expanded uncertainty U. The most
common vaue for k is 2, which gives a confidence level of gpproximately 95%. If U, istripled
the corresponding confidence leve rises to 99.73%.

Standard worksheets can be used for caculation of uncertainties, and an example is shown in
Table 3 below. In creep tedts, the sengitivity coefficients giving the uncertainty in a measurand
due to the uncertainties in the primary measured quantities (diameter, temperature, load €tc.)
are rather complicated, and there has to be a series of intermediate steps, as illustrated in the
worked example in Appendix B.

The formula for caculaing the combined uncertainty in Table 3 is given in Appendix A2 Eq.
(130).

Table 3. Typica worksheet for uncertainty budget cdculationsin estimating the uncertainty in

percentage elongation A,
source of uncertainty symbol | value | uncer- prob. divisor | ¢ Ui
(type) tainty | distribn
parallel length (B) L. u a rect. 03] 1 =a/CB
end correction v not included
reference length Lo u+v =alCB
initial extensometer length (A) Leo X b normal 1 1 b
final extensometer length (A) Loy y C normal 1 1 C
elongation | DL, | y-x =(b*+c?)
percentage elongation Ay DL/
LrO
combined standard uncertainty U normal Eq.(13¢)
expanded uncertainty U, normal
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Step 7 Presentation of results

Once the expanded uncertainty has been chosen, the find result can be given in the following
format:

V =y = U with aconfidence leve of X%

whereV is the estimated vaue of the measurand, y is the test (or measurement) mean result,
and U is the expanded uncertainty. The results would therefore be presented in he form
shown below. These are the basic test results, and the Standards list other information
required in the test report.

The results of a creep test conducted according to ASTM E139-95 on sample
XYZ123, with aconfidence interva of 95% are:

Test Conditions:

Initid dress So

Temperature T

Test Results:

Rupture time ty + Ue(ty)
Timeto x% dran tx + Ue(tx)
Minimum sirain rate 8min + Ud8min)
Percentage elongation Aut Us(Ay)
Percentage reduction of area Zy+ Ue(Zy)
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APPENDIX Al
Calculation of Uncertaintiesin M easured Quantities
A1.1 Introduction

The reason for classfying sources as type Aor B is that each type has its own method of
quantification. By definition, a type A source of uncertainty is dready a product of datistical
computation. The caculated influence isthus left asis.

Type B sources of uncertainty can have various origins a manufacturer's indication, a
certification, 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 (most probable)

digribution (further details are given in Section 2 of [1]). According to the distribution moddl

chosen, a correction factor is required in order to compute the sandard uncertainty us for each
type B source.

TYPE A : Satidicaly computed influence

A Type A uncertainty is most often computed from a set of N repeated measurements of the
required quantity X. Thisthen gives amean vaue mfor X, and Type A uncertainty estimate:
standard uncertainty w(x) = (standard deviation) / ON

_1 C"\‘(i'rr)z
“WNIA TN

The sandard deviation is denoted by STDEV in Microsoft Excdl, and often by s, on hand
caculators. (Note the use of s here for standard deviation, and el sewhere for siress).

A Type A uncertainty can aso be calculated when the value of a dependent varigble y is
measured at a series of values of an independent variable x, and an etimate of Y, the vaue of
y when x = X, is derived by regresson analyss. In the worked example in Appendix B, the
time a 1% drain and its uncertainty are caculated from a series of srain/time data points.

TYPE B : Standard uncertainty u made of the given uncertainty y divided by a factor d,
givenin Section20of [1] : w=u/d,

The most common digtribution modd for Type B uncertainties is the rectangular, which means
that the “true’ value of a measured quantity is equaly likely to have any vaue within the range
(m+ u), where misthe mean vaue. The probability of the vaue lying between x and (x+dx) is
dx/(2u), i.e. independent of x, and from the definition of
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sandard deviation for a continuous variable, it can be shown that:
U= uwCB

i.e inthiscase, d, = 8.

Turning now to the Sources of Uncertainty listed in Table 2 (page 7), we demonstrate how the
typica uncertaintiesin individual measured quantities, differencesin apparatus etc. lead to each
source' s influence. It is assumed that measuring equipment has been appropriately cdibrated,
and that a test procedure has been written following the standard which minimises typical
measurement errors, and that the procedure is being applied by atrained operator

Important Note: Some Type Berors have been cdculated in the following discussion and
the worked example in Appendix B. It will be sdf-evident to the capable |aboratory how Type
A errors on individuad measurements can lead to smdler uncertainties for an individua test
piece, or how repeat measurements on severd test pieces can lead to the calculation of Type
A errors on the evauated quantities directly (see dso Section 4 of [1]).

Al.2 Uncertaintiesin Test Specimen Initial Diameter / Width & Thickness

The specimen diameter d), or width and thickness &, by, and thelr uncertainties, may be
taken from the specimen drawing if the specimen has been checked and certified to be within
the machining tolerance of = s. For example, in prEN 10292, Table 2.1 specifies amaximum
difference between any two transverse dimensons, i.e. 2s, of 0.03mm for specimens 6 to 10
mm in diameter. The uncertainty is then Type Bwith rectangular digtribution, i.e. standard
uncertainty, u(dy), u(a) or u(by), isequa tos/ CB.

Alternatively, specimen dimensons can be measured a different postions with a micrometer

or cdliper and a Type A estimate of uncertainty w(x) made as shown on the previous page (X
denotes do, & or by).

The diameter values must dso comply with the requirements of the Standard for the difference
between maximum and minmum vaue.

The measuring ingrument will dso have its own uncertanty u, avalable from the

manufacturer’s specification or periodic cdibrations. If this is given as a maximum error, a
rectangular distribution may be assumed, giving a Type B standard uncertainty:

Usm = U / OB

This is combined with the standard uncertainty of the set of measurements (w(x) ) by quadratic
summation:

u(x) = (W(x))* + (Um)’ ] )
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Dimensond uncertainties affect the uncertainty of initid sress through Egs. (1a), (1b) and
(1c), and reduction of area through Eq. (2). Uncertainty in stress aso contributes to the
uncertainties in rupture time, time to given creep srain, and strain rate.

A13 Uncertainties in Measuring Initial Gauge, Extensometer and Reference
Lengths

The length may be between gauge length marks, as on a stress-rupture specimen. The
uncertainty for diameter can be taken from the machining specification tolerance (Type B), or
measured severd times (Type A) and combined with the sandard uncertainty of the calliper.

When an extensometer length between raised ridges or machined grooves is used asthe basis
for eongation calculation, the reference length is the sum of pardld length and a correction for
the radiused shoulders of the form

2n
\%d 0
L.= ° - d
= Gaxp

where n = stress exponent for creep rate, d(x) = diameter at position x and the integrd is
taken for x over the radiused length. When n is unknown, it is assumed to be 5 ([2] pp. 22,
23). Shoulder strain corrections are also discussed in ASTM E139 10.2.3 [3].

The ends of the pardld section may be difficult to locate for measurement purposes, and
parald length is best taken from the machining specification. Its uncertainty is Type B, with
value = tolerance/(B, assuming rectangular distribution within the permitted range.

The uncertainty of the end correction is difficut to assess, particularly if an assumed value for
dress exponent is used. However, caculaions with typica specimen sizes have indicated that
a +1vaiaionin ngves +0.2 mm changein the integrd, or 0.5% of a 50mm pardld length.
The worked example has a 4.7% uncertainty in the extenson to rupture OLg). Thisis
therefore the main factor in uncertainty of percentage ongation. Even though the vdidity of
the expresson integrated is dso open to question, it is suggested that the end correction
uncertainty contribution be considered negligible.

Severd measurements should be made, at different circumferentia positions (Type A) for an

extensometer length between raised ridges or machined grooves. Alterndively, a type B
edimate can be made from the machining specification.
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Al.4 Uncertainty in Measuring Load (Type B)

Thisis a Type B esimate derived from the cdibration certificate of the load cdl or lever
system and weights. A rectangular distribution is assumed again, so the standard uncertainty
u(P) iss/ O3, where sis the certified maximum error.

If the error is given as a percentage of the applied load, it is areative uncertainty. For aload
cell, it may be presented as a percentage of the maximum load which is an absolute uncertainty
in the gpplied load.

Load uncertainty affects uncertainties in sress (Eq. (1)) and times to rupture or given creep
drain and minimum grain rate (Appendix D).

A1.5 Uncertainty in Measuring After-Rupture Minimum Cross-section (Type A)

The uncertainty in after-rupture minimum diameter of cylindrica specimensis type A, equd to
(standard deviation of n measurements)/On (n idedly about 10). For each measurement, the
specimen should be separated and re-assembled, and measured on a different diameter. This
procedure may be judged to be too time-consuming, and aso will cause damage to fracture
surfaces, which might be needed for scanning € ectron microscopy. Mounting the two piecesin
rotating centres will speed up the operation. One or two measurements will not dlow an
estimate of uncertainty in reduction of area. If the fracture is not circular, severd measurements
of minimum diameter must be made (ASTM E139 9.8.2).

The standard error of the measurements of d,, if obtained, is combined with the standard error
of the measuring instrument, for initid diameter as shown in Eq. (5). The caculation of area
uncertainty from diameter uncertainty is shown below in A2.3.

This uncertainty affects reduction of area through Eq. (2).

After-rupture minimum cross-sectiond area is not normaly required on a rectangular
specimen.

A1.6 Uncertainties in Measuring After-Rupture Gauge and Extensometer Lengths
(TypeA)

The gauge length between marks on the pardld section, or extensometer length between
raised ridges, and its uncertainty, are measured on the re-assembled ruptured specimen. As

for minimum diameter, it is preferable to separate and re-assemble the specimen for each
measurement, to give independent estimates.
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The uncertanty of the after-rupture length based on n measurements is (standard
deviation)/On. It isamajor cortributor to uncertainty in percentage elongation (Egs. 3a, 3b).

A dngle measurement of after-rupture length will not dlow caculation of percentage e ongation
uncertainty.

AL1.7 Uncertainty in Measuring Rupture Time (Type B)

If specimen load or displacement are logged at intervas of time Dt, a rupture recorded at time
to isequdly likely to have occurred a any time within the interva (t - D, to ), with expectation
tu = to = Dt/2

and theinitid determination of andard uncertainty of t, is
Un (t.) = Dt/ (208) (6)

i.e. type B. Theuncertainty in t, isassumed to be negligible.

The subscript m in yyx(ty) , and in subsequent equations below, denotes that the expresson is
an initid estimate based on uncertainties in he data used in the direct measurement. The
influences of uncertainties in load and temperature must then be added, as shown in Appendix
A2.

A1.8 Uncertainty in Measuring Creep Elongation Time(Type A or B)

Asnoted in Section 4 Step 1.5, three Stuations are possible, depending on strain rate and data
recording frequency.

(8) interpolation between data points above and below the target eongation
(b) the target elongation may be recorded a more than one time
with case (b) tending to occur in long-term tests with very low srain rates
(c) adngle reading is taken where dtrain is nearest the target vaue, as per ASTM
E13912.6.2.

In case (8), a number of data points will normally cover a period of constant elongation rate
and linear regresson can be used to determine the time for the required dongation, the
gtandard error of the estimate, and the strain rate.

In case (b) , suppose the dongation is indistinguishable from the target value over a time

period t; . The “true’ eongation time is more likely to be near the centre of the uncertainty
band than a an edge.
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If anorma didribution is assumed, with the range t; covering 2 Sandard devidions, theinitia
uncertainty isgiven by:

Un(ts) = t2/2 (7)

The vaue chosen for the divisor will not be important, since the uncertainty in case (a) or (b) is
normaly much less than that due to temperature and stress uncertainties.

In case (c), the uncertainty is Type B with vaue equd to hdf the interva between dtrain
mesasurements.
A1.9 Uncertainty in Temperature (Type B)
Temperature uncertainty u(T) will normaly be type B, combining maximum errors of

en(T) in the measurement thermocouple

ey(T) for dong-pecimen uniformity

e(T) for the measuring system
by the usud quadratic summeation method.
The standard uncertainty of temperatureisthen

u(T) =d(en(T)* +ey(T)* +e(T)) ]/ B (8

Temperature affects strain rate, rupture and creep times in a non-linear manner, and the
derivation of resulting uncertaintiesint, isgivenin Appendix D.
A1.10 Uncertainty in Extensometer Reading of Elongation (Type B)
The extensometer should be cdibrated, and certified to have a maximum readout error over its
working range. If thisis +s mm, the sandard uncertainty u(e) of the extensometer reading is

§(8, assuming arectangular distribution

Depending on the sysem employed, the effect of long-term amplifier drift may have to be
included in extensometer uncertainty.

A1.11 Effect of Environment
Variation of ambient temperature may affect specimen temperature control and extensometer

amplifiers. The extent of these should be determined, and added to the reevant uncertainty if
sgnificant.
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Close control of laboratory temperature is essentid for results of low uncertainty.

A1.12 Effect of Bending Stresses

Non-coaxidity of gauge length, threads and draining rods causes bending Stresses.
Laboratories should examine this factor in uncertainty of their own results. For each test
machine, bending stresses can be measured on a set of strain gauges around the circumference
of a specimen. The effect of bending stresses will be related to the inherent ductility of the
meaterid at thet stress, temperature and time (the latter bringing microstructural changes into the
equation). Therefore predicting their effect upon rupture time is extremedy difficult, as the
ductility (and hence capacity to accommodate bending) will change with time and temperature.

ECCC WG Issue 2 (Vol. 3 Annex 1 ch. 2.6) [4] suggests that bending stresses be less than
0.2 so. The WG recommend that their influence be investigated, but assume that within this
limit, rupture time and ductility will not be affected. ASTM E139 [3] requires that strain gauge
measurements be made at room temperature, and bending strain should not exceed 10% of
axid drain. A lower limit may be set for brittle materids.

For the purposes of this Code of Practice, bending stresses should be monitored and accurate
axidity maintained, but no method is proposed to caculate the effect of bending on uncertainty
of results.

A1.13 Effect of Method

The influence of data logging interval on rupture time uncertainty has been considered above.
According to ASTM E139 9.6.2, the time interval between data records should be not more
than 1% of the anticipated test duration, or 1 hour, whichever islonger.

Minimum grain rate may be estimated by laying a Sraightedge dong a srain'time plot,

and it will be possible to obtain an uncertainty from repeated measurements. Curve fitting, or
regresson andysisif linear, can give astandard error for the minimum dope.
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APPENDIX A2
Formulaefor the Calculation of the Measurands Combined Uncertainties

A worked example is presented in Appendix B to illugtrate the following operations.

A2.1 Calculation of Uncertainty in Initial Cross-Sectional Area

For acylindrical specimen

relative uncartainty: usS,) _ , ulds) 9a)
S0 dO
absolute uncartainty: u(s,) = e ;(d ) (9b)
and for arectangular specimen

( o) \/ a)g ( )9 or u(S,) = bu(a,) +a,u(b,)  (9c)

a b, 2

A2.2 Calculation of Uncertainty in Stress

From Eq. (1¢), thisisthe result of uncertaintiesin load and cross-sectiona area:

u (so) _ an(P)(.jz 85“(80)('j2
S, _\/8 P g +9 S @ (10

Rdative area uncertainty u(S,)/Sp | is derived from Eqg. (9a) or (9¢).

A2.3 Calculation of Uncertainty in Final Minimum Craoss-Sectional Area

For a cylindrica specimen, the formula corresponds to Egs. (9a, b) above:

us,) _24d,) o us)= od, u(d, )

= 11
s, a u > (1)

A2.4 Calculation of Uncertainty in Reduction of Area

The treatment below considers only uncertainties in specimen measurements. In generd,
increasing temperature or dress gives shorter rupture time and higher ductility, and in principle,
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an uncertainty component for reduction of area (or elongation) due to uncertainties in stress
and temperature could be caculated. However, the effect coefficients 1Z,/1/s, €tc. are not
generdly known or theoreticaly modelled, but ae believed to be rdatively smdl. This
contrasts with creep rates and rupture times, which have a high stress exponent and
exponentia temperature dependence.

Since Eq. (2) is not a smple sequence of terms added or multiplied together the formula for
uncertainty is alittle more complex (see Appendix D):

u(z,) _ [aS,u(S,) 3 a(S, ) o
= = = 12
100 Jé S, o +3 S, o 42

The cross-sectiond area uncertainties are given in Egs. (9) and (11).
If the information is available, the effects of uncertainties in stress and temperature can be
added as terms (u(Z,))? and (Ur (Zy))? .

A2.5 Calculation of Uncertainty in Percentage Elongation

Uncertainties of the various lengths are covered in Appendix A1.3 and A1.6.
Based on L, and L, from Gauge Length Marks

The expression for uncertainty in elongetion is equivaent to Eq. (12):

u(A,) _ Jgiu_“(Lo)ff’ w(Lu)g (133)

Based on Extensometer Length and Reference Length

The dongation and its uncertainty are
DLy = Ley - Leo
[U(DLa)]® = [u(Le)]® + [U(Le)]® (13b)

Percentage elongation and its uncertainty are then given by
A, =100 DLg,/ Lo

u(A,) :\/aeu(DLeu)f? +8&J('-ro)'c." (13c)
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The remarks in A.24 on including effects of uncertainties in stress and temperature on
uncertainty of reduction of area aso apply here.

A2.6 Calculation of Uncertainty in Rupture Time
The uncertainty u,(t,) due to the length of the data logging period D, if gpplicable, has been
given by Eq. (6).

Un (t.) = Dt/ (2C8)

The rupture time t, is related to stress s and absolute temperature T (see Appendix D), and
the additiona components of uncertainty in t, are then given by:

- for sress (149)
t, S,
UTt(t o) _ QR:SI-) for temperature (14b)

The vaues of n and Q can be obtained from a series of rupture tests, or taken from existing
data on a metdlurgicdly smilar materid. Appendix C ligs typical vaues for four classes of
aloys, and these may be used if no other data are available.

n and Q can be determined from a series of rupture tedts a different stresses and
temperatures, and performing linear regresson anadysis of log(t,) aganst 10g(s ne), and log(ty)
agang (UT).

The sengtivity coefficients for stress and temperature can be found by performing four extra
tests, two at temperature T and stresses above and below s, and two at s and temperatures
above and below T. The varied parameter should differ from the centrd value by a leest five
timesits Sandard uncertainty.

The ratio of the change in rupture time to change of parameter (dress or temperature) gives
the sengtivity coefficent ¢() for the parameter, and

W(tu) = C(S0) * U(S0) (14c)
Ur (tu) = c(T) * u(T) (14d)

The combined uncertainty in rupture life is then the combination of the three components:
W(ty) = [Un(t)] 2 + [W(t)] >+ [ur(t)] 2} (15

Normdly, the uncertainty of the initid rupture time value, i.e. y(t,), will be much less than
Ws(tu) and ur(ty).
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A2.7 Calculation of Uncertainty in Creep Elongation Time tiy

This recaives the same trestment as rupture time. An initid vaue uy(ty) was obtained above
(A1.8), reflecting uncertainty in the time measurement which is usudly negligible

The additiona uncertainties due to stress and temperature uncertainties are

u,(t, )="2 li,)(é")tfx for stress (16a)
0
and u, (t,) = QleI(_;r) t, for temperature (16b)

Note that the factors multiplying tx on the right hand sides of these expressions are the same as
in Egs. (143, b).

Findly there is a component due to uncertainty in strain measurement. In A1.10, the
uncertainty in extensometer reading u(e) was obtained. Extenson DL, is the difference
between initid and current values, and has uncertainty:.

u(DLo) = Q2 u(e).
Strain e isgiven by:.

e= DLe / LrO

and its uncertainty by

These expressons give:
ue) = O[2u(®’ + (e ulL) )]/ Lio (17)

If the dtrain rate in K" a the target strain x is &, then the uncertainty in time &t this point due to
dran uncertainty is

U(ts) = u(e)/ a (17a)
and findlly

U(ts) = (Un(ts)) 2 + (Us(ts)) 2 + (Ur(ts)) 2+ (lts)) 2 (18)
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A2.8 Calculation of Uncertainty in Minimum Strain Rate amin

Graphicd egtimation of &, does not readily provide an uncertainty un(&min), but a Type A
esimate may be made from repeated measurements, or analyss of srain/time data. As for t,
and ty, this will be much less than the effects of uncertainties in temperature and stress. As
noted in Appendix D, the same expresson gpplies for dl three of these parameters, i.e.
uncertainty contributions are:

us(émin) = k us(so ) é‘r'nin for sress (193)
and
u,(&,,)= Q “(ZT)ém for temperature (19b)
RT
and then
Uc(é-min) = q (Um(amin))2 + (us(émin))2 + (UT(é-min)) 2] (190)
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APPENDIX B
Worked Example of Creep Test Uncertainties Calculation
B1. Test Data

This example is based onthe results of atest on 2.25%Cr 1% Mo weld metd. The specimen
was machined according to a drawing with the following dimensions and tolerances (units mm):

diameter 8.98/9.00
pardld length 50+ 0.5
extensometer length 58 + 0.5

The diameter of the extensometer attachment position and blending radius to the pardld
section gave a caculated shoulder correction of 2.8mm.

Test temperature 565°C
main thermocouple error en(T) =05°C
gpecimen uniformity error e(T) =15C
measuring system error e(T) =2°C

Load 10790 N (stress = 170MPa).
Weights and lever arm certified to give specified load +1%.

Extensometer accuracy + 0.02mm

After the initid period of primary creep, specimen parameters were recorded by computer at
intervals of 8 hours. The specimen had failed a the 2208h recording time.

Timefor 1% drain was required. Strain at 6 times around this point are given:

Timeh 1162 1170 1178 1186 1194 1202
Strain % 0.98229 0.99009 0.99503 1.00563 1.01206 1.02331

Linear regression givesthe results
time to 1% strain = 1181h (standard error 2h): strain rate = 0.00102%/h = 1.02E-5h

Minimum strain rate was determined graphically to be 9.7E-6h™ at around 1200h.
The broken specimen gave the following 10 measurements of minimum diameter d, (mm)
7.50, 7.65, 8.26, 7.79, 8.11, 8.02, 7.87, 8.11, 7.95, 7.99

Mean = 7.92 Standard deviation = 0.23
Standard uncertainty of mean d, = 0.23/ O10 = 0.07mm
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Digita calliper error = 0.02mmstandard error = 0.02/CG8 = 0.012mm
Total standard uncertainty of d, = (0.07% + 0.012%) = 0.07 mm.

Thefollowing are the 10 measurements of final extensometer length Le, (Mmm)
64.25, 64.24, 64.42, 64.20, 64.53, 64.36, 64.82, 64.56, 64.54, 64.45
Mean = 64.43

Standard deviation = 0.19

Standard uncertainty of mean Ls, = 0.19/ 010 = 0.06 mm

For this materia and temperature, Appendix C gives vaues of 5.4 for the creep exponent n
and 50000K for Q/R.

These data and the caculation results are shown in the caculation sheets Tables B1 to B9, a
the end of this Appendix, together with references to the equations used in each uncertainty
evaduation. A copy of a spreadsheet is provided in Table B10, which does most of the
cdculaing autometically.

B2. Presentation of Results

To obtain the usua 95% confidence, a coverage factor of 2 should be gpplied to the sandard
uncertaintiesin the table, asfollows.

2.25% Cr 1% Mo stedl weld metal tested at 565°C and 170M Pa.

Reduction of area 224+28%
Elongation 121+12%
Rupture time 2204 + 482 h
Timeto 1% dran 1181 + 266 h
Minimum gtrain rate (9.7+ 2.2)E-6 h*
B3. Notes

Absolute and Relative Uncertainties

The left hand side of some equations for uncertainties of vaues consds of the ratio of the
uncertainty to the vaue, i.e. u(x) / X = expression. In some cases, this ratio can be used in a
subsequent caculation without evaluaing the uncertainty itsdlf.

For example, uncertainty in stress (Eq. (10)) usss u(S) / S  derived in EQ. (99) or (90). (S
= origind cross-sectional area).
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In the workshest table, uncertainties are given as absolute vaues or ratios (%) as appropriate,
or both.

Inthefina results table, uncertainties should be given in the same absolute units as the result.
Relative Importance of Uncertainty Components

It can be seen that the uncertainty of initid time measurement for rupture or given cregp strain
isinggnificant compared with uncertainties due to stress and temperature variation.

In thisexample, type B uncertainties for parale length and extensometer length (both 0.29mm)
were the main factors in uncertainty of % eongeation. Type A evaduaion would have given a
figure amilar to the uncertainty of finad extensometer length (0.06mm). The lower uncertainty
will be particularly vaugble for low-ductility meterias.

Linear Regression Hand Calculation

Many hand caculators have programmed procedures to obtain the intercept and dope
parameters (a and b) of the “best fit” graight line through a set of n (X, y) data points (for

example (log(s o), log(t,) ) values).
The estimated value of y when x = X, and its standard uncertainty, are given by
= — ® 2\ _ 2 [nS(XY)- SX&/]zg
Y =a+bX u(Y) \/n(n- 3 gnS(y )- (SY) :

nS(x?)- (SX)* o
The latter function is available in Microsoft Excd as STEY X.

Soreadsheet Calculation Aid

Tables B1 to B9 have been incorporated into an Excel 5.0 spreadsheet, which does most of
the caculation automatically. It has been pasted into a Word Table containing the data of the
worked example, and is given in Table B10. A working spreadsheet can be obtained from the
author, or made up by entering the text and formulae into a blank goreadsheet. All formatting
has to be set as required.

The spreadsheet formulae are given on the page following Table B10. New data needsto be
entered only in the highlighted cells.

In some places, an option is given for uncertainty as Type A or B, and in rdative or absolute
vaues. In some Stuations this is not availadle, for example temperature errors will usudly be
absolute and Type B However, the sheet can easly be modified as required. Uncertainties
for initid measured cregp dtrain time and minimum creep rate, if available, can be entered in
Gb1 and G61. If not, zeros must be entered. This verson only provides for cylindrica

specimens.
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Creep Test Uncertainties Calculation Sheets

Some quantities which are used later are represented by upper case |etters, e.g. value (2) or (= Z). The symbols are used later in explanatory commentsin
the right hand column.

A % sgn following an uncertainty value indicates that thisis ardative uncertainty, as a percentage of the vaue to which it gpplies. Otherwise, uncertainties are
absolute. The equations referred to in the last column arein Appendix A2.

Table B1. Uncertainty in Initial Cross-Sectional Area

Sour ce of Uncertainty Uncertainty in Source Affected Measurand
. symbol prob. o standard standard .
Source quantity (unit) value type value distrbn. divisor uncertainty measurand value uncertainty equation
initial diameter do (M) | 899 B 001 rect. 8 008 A | s (mi) | 6347 | O12%(E) B=2A (93
Table B2. Uncertainty in Initid Stress
Sour ce of Uncertainty Uncertainty in Source Affected Measurand
Source quantity symbol prob. o standard standard :
(unit) value type value distrbn. divisor uncertainty measurand value uncertainty equation
load P (N) 10790 B 1% rect. é8 0.6% (C)
Intial crosssectional | g ety | 6347 B : 012%(B) | s, (MPa) 170 06%(D) | D=GE2+C) (10)
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Table B3. Uncertantiesin Find Minimum Cross- Sectional Area and Percentage Reduction of Area

Sour ce of Uncertainty Uncertainty in Source Affected M easurand
Source quantity symbol prob. o standard standard .
(unit) value type value distrbn. divisor uncertainty meastrand value uncertainty equation
. - . 0.9% (E) final minimum cross-
fina minimum diam. d, mm 792 A 0.07 1 0.07 cectional area
S, (Mm?) 4926 L8 ® F=2E (113)
reduction
in area
Zy (%) 24 14 (12)
Table B4. Uncertainty in Percentage Elongation
Sour ce of Uncertainty Uncertainty in Source Affected Measurand
Source quantity symbol prob. o standard standard :
(unit) value type value distrbn. divisor uncertainty measurand value uncertainty equation
parallel length Le (mm) 50 B 05 rect. ¢s 00928{(2/2" initial reference length
; not 0.58%
end correction 28 included Lo (mm) 528 029 (=G)
extensometer length | Le (M) 58 B 05 rect. 8 029(H) | ref.length
elongation
final ext meter length | Lo, (mm) | 6443 A 006 006() | Dl (mm) | 643 ?43‘7)0503)) JEO(H2+2) (13b)
percent
elongation
Ay (%) 121 06 (13c)
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Sour ce of Uncertainty

Uncertainty in Source

Affected Measurand

Source quantity symbol prob. o standard standard :
(unit) value type value distrbn. divisor uncertainty measurand value uncertainty equation
measurement
thermocotinle T (K) B 05
specimen uniformity Tu (K) B 15
controller error Te (K) B 20
total temperature error ) B 255 rect. B 147 T (K) 838 147

Table B6. Datafrom Appendix C, and Factors for Effects of Stress and Temperature Uncertainties on Uncertainties of Rupture Time, Creep Time and Strain

Rate.

n=54 Q/ R =50000K nu(se) /sp=nD=0032 (L) u(T) Q/ RT2=0.105 (M) (143, b)
Table B7. Uncartainty in Rupture Time
Sour ce of Uncertainty Uncertainty in Source Affected Measurand
Source quantity symbol prob. o standard standard .

(unit) value type value distrbn. divisor uncertainty measurand value uncertainty equation
rupturetime t, (h) 2204 B 4 rect. 8 23(N) Um(tu)=23 | =N
initial stress So (MPa) 170 0.6% Ustw=70 | =P=L.*t,
temperature T (K) 838 147 ”{ﬁﬁge Ur(tw)=231 | =S=M*ty

ty (h) 2204 241 = N2 +P2 +99) (15)
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Table B8. Uncertainty in Time at 1% Strain

Sour ce of Uncertainty Uncertainty in Source Affected M easurand
Source quantity symbol prob. o standard standard .
(unit) value type value distrbn. divisor uncertainty measurand value uncertainty equation

time at 1% strain () 1181 A 2 1 2 Umtn)=2 | =U

initial stress So (Mpa) 170 0.6% Us(tn)=38 | =V =L*ty (16a)
temperature T (K) 838 12 Ur(tn)=124 | =W =M * t;; (16b)
extensometer e (mm) B 0.02 rect. o3} 0012 e 001(1%) | u@=3-4 |17
e =1E-5h"" | ul(tn)=30 | =X (173)
timeat 1%
strain

— Z A
tr1 (h) 1181 13 =QUHVHWEXT)

(18)

Table B9. Uncatainty in Minimum Strain Rete
Sour ce of Uncertainty Uncertainty in Source Affected Measurand
Source quantity symbol prob. o standard standard .
(unit) value type value distrbn. divisor uncertainty meastrand value uncertainty equation
Minimum strainrate | € min(h™) | 9.7E-6 goéi?n%
initial stress So (MPa) 170 0.6% BIE7(Y) | =L* e, (199

temperature T (K) 838 12 (':\f('eg:omr‘;gg IE-6(@2) |=M*é . (190)
€ min (h™) 9.7E-6 11E-6 =QY*+Z?) (19%)
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TableB10. Copy of Exce Spreadshest for Caculation of Measurands and Uncertainties

A B C D E F G H I J K L M N (0]
Sour ce of Uncertainty Uncertainty in Source Affected Measurand
M easur and
for uncertainty Source quantity symbol value type value prob. divisor | standard measurand value standard
evaluation (unit) absolute  relative | distrbn. uncer'ty uncertainty
4
5 Initial cross-  [Jinitial diameter do (mm) | 8990 B 0.01 rect 173 0.006
6 sectional area  |micrometer error Um (Mmm) B 0 rect. 173 0.000 do (mm) 8.990 |0.0058 (0.064%
7 So (mm?) 6348 |0.13%
8
9
10 Initial stress Load P (N) 10790 B 1% rect. 1.73 0.58%
1 initial cross-sect. area| Sg(mm? | 63.48 A 0.13% - 1 0.13% sg (MPa) 170.0 | 0.59%
12
13
14 | Fina minimum [final min. diam. dy (mm) 7.92 A 0.07 1 0.070
15 | crosssection & |micrometer error Um (Mmm) B 0.02 rect. 173 0.0116 dy (mm) 7.92 | 0.071 | 0.90%
16 Reduction of Sy (mm2) 49.27 | 1.79% | 0.88
17 area initial cross-sect. area| Sp(mm?) | 63.48 0.082
18 Zu (%) 24 | 14
19
20
21 from gauge length marks
22 Percentage initial gauge length Lo (mm)
23 elongation final gauge length Ly (mm)
Table continues
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A

24
25
26
27
28
29

31
32

P55 88Y98BRY

42
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B C D E F G H | J K L M N @]
Sour ce of Uncertainty Uncertainty in Sour ce Affected Measurand
Measurand
for uncertainty Source quantity symbol value type value prob. divisor | standard | measurand value standard
evaluation (unit) absolute relative | distrbn. uncer'ty uncertainty
Enter datain from extensometer length
oneplaceonly [parallel length Lc (mm) 50 B 0.5 rect. 1.73 0.289 |initial reference length
end correction 2.8 0 Lro (mm) | 52.8 0.289
extensometer length | Lgy (mm) 58 B 0.5 rect. 1.73 0.289  |Jref. length elongation
final ext' meter length | Lo, (mm) | 64.43 A 0.06 1 0.06 DLey (Mm) 6.43 0.295
percent elongation
Ay (%) 12.2 0.6
Temperature  Jmeasuring th'couple Tm (K) B 05
specimen uniformity Tu (K) B 15
controller Tc(K) B 2
total temp. error T (K) 838 B 255 rect. 1.73 147 T (K) 838 1.47
Data from Appendix C, and Factors for Effects of Stress and Temperature Uncertainties on Uncertainty of Rupture Time
stress exponent n 5.4 Q/R (K) | 50000 nu(sg)/so| 0032 Ju(T)Q/RT?| 0.105
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B C D E F G H I J K L M N O
Sour ce of Uncertainty Uncertainty in Source Affected Measurand
M easur and
for uncertainty Source quantity symbol value type value prob. divisor | standard | measurand value standard
evaluation (unit) absolute  relative | distrbn. uncer'ty uncertainty
Rupturetime  |rupturetime ty (h) 2204 B 4 rect. 1.73 2.3 2.3 u1(ty)
initial stress so(MPa) | 170.0 0.59% 70.5 ua(ty)
temperature T (K) 838 147 2313 us(ty)
tu (h) 2204 24138
Time at time at X% strain tix (h) 1181 A 2 1 20 Um(t)= 20
X% strain initial stress sop(MPa) | 170.0 0.59% Us(ty)= 37.8
temperature T (K) 838 147 uT(ti)= 1239
extensometer e (mm) B 0.02 rect. 173 0.012 uelti)= 314
strain rateat x%strain| & (h) | 0.00001
reference length Lro (mm) 52.8 0.289
strain e 0.01 0.00031 tix (h) 1181 1333
Minimum minimum strain rate & min (W) | 9.7E-06 0.0 1 0 Um( & min) 0
strain rate initial stress so(MPa) | 170.0 0.59% ug(&min) | 3.1E-07
temperature T (K) 838 147 ut(&min) | 1.0E-06
&min(hD) | 9.76-06 | 11E-06
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Formulae for the Spreadsheet in Table B10.

K5=IF(H5="", G5/J5,  E5*H5/J5) K6=G6/J6 M6=E5
N6=IF(F5="A", SQRT(K5"2+K6"2), IFF5="B", K5, ")) 06=N6/M6
M7=PI)*M6"2/4 N7=06*2 K10=IF(G10="", H10/J10, GI0/E10/J10) E11=M7
H11=N7 K11=H11/J11 M11=E10/E11 N11=SQRT(K10"2+K 11"2)
K14=IF(H14="", G14/J14, E14*H14/J14) K15=G15/J15 M15=E14
N15=SQRT(K14"2+K15"2) 015=N15/M15 M16=PI()*E14"2/4 N16=015*2
016=N16*M16 E17=M7 K17=N7*M7 M 18=100* (1-M 16/E17)
N18=100* SQRT((M16* K 17/E17/"2)"2+(O16/E17)"2)  K22=IF(E22<>"",G22/J22, ")
K23=IF(E23<>"",G23/123,"") K26=IF(E26<>"", G26/J26, ™)
M27=IF(E26<>"", E26+E27, ™) N27=IF(E26<>"", SQRT(K26"2+K27/2), "™
K28=IF(E26<>"", G28/J28, ")  K29=G29/129  M29=IF(E26<>"", E29-E28,"")
N29=IF(E26<>"", SQRT(K28"2+K29"2), ™)
M32=1F(E26<>"", 100*M29/M27, IF(E22<>"", 100* (E23/E22-1), "))
N32=IF(E26<>"", M32* SQRT((N27/M27)"2+(N29/M29)"2), IF(E22<>", 100*
SQRT((E23* K22/E22/2)"2+(K 23/E22)"2), ™)
G38=SQRT(G35"2+G36"2+G37"2) K38=G38/J38  M38=E38  N38=K38
K42=D42*N11 M42=K38*G42/E38"2 K45=G45/M5 N45=K45 E46=M11
K46=N11 N46=E45*K42 FEA47=E38 K47=K38 N47=E45*M42 M48=E45
N48=SQRT(N45"2+N46"2+N4722)  K51=G51/J51  N51=K51  E52=M11
K52=N11 N52=E51*K42 E53=E38 K53=N38 N53=E51*M42 K54=G54/J54
N54=K57/E55 E56=M27 K56=N27 K57=SQRT(2*K54"2+(E57*K56)"2)/E56
M57=E51 N57=SQRT(N51"2+N52"2+N53"2+N54"2) K61=G61/J61 N61=K61
E62=M11 K62=N11 N62=K42*M64 E63=E38 K63=K38 N63=M42*M64
M64=E61 N64=SQRT(N61"2+N62"2+N63"2)
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APPENDIX C
Values of Stress Exponent n, and (Activation Energy Q) / R

The creep rate in stage 2 varies with temperature as an activation-controlled process, and in proportion
to a power of the stress. The rupture time is approximately that required to reach the failure e ongation
at this strain rate, and hence

tu= A so"exp(Q/RT) (C1)

The vaues of the congtant A, stress exponent n, and activation energy Q, could be dotained by
regresson analysis of the results of a series of rupture tests at different stresses and temperatures.

For uncertainty evaluation in a creep test it will be assumed that stress exponent n and activation energy
Q have amilar vdues to those for amilar materids if the comprehengve data for the test materid are
not available.

The figures in the Tables below are derived from dress-rupture data in Atlas of Creep and Stress-
Rupture Curves [7]. They give the vaues of n and Q/R in the Eq. (C1) above which best fit the datain
the Atlas for a typicd materid in four classes Least-squares regresson anadyss was used, after
transforming Eqg. (C1) to

log t,=logA -nlogs +23Q/RT (base 10 logs)
Other materids in a class would give dightly different figures from the example chosen, but the figures

given are representative, and sufficient for estimation of uncertainty arisng from tolerance in stress and
temperature.

Ferritic Pipe Sted Temperature °C 500 540 580
2.25Cr 1Mo n 7.1 54 4.3
Atlasp. 19.35 QR K 48000 | 50000 | 47000

Ferritic Rotor Sted! Temperature °C 480 530 580
0.5Cr 0.5M0 0.25V n 6.7 4.7 4.0
Atlasp. 19.22 QR K 50000 | 43000 | 45000

Audenitic Stainless Temperature °C 600 650 700
Type 316 n 6.9 4.7 3.7
Atlasp. 11.39 QR K 48000 | 49000 | 48000

Ni Base Superdloy Temperature °C 700 815 870
Nimonic 90 n 4.9 4.3 4.1
Atlas p. 5.68 QR K 45000 | 52000 | 58000
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APPENDIX D
Derivation of Formulaefor Uncertainties
D.1

When amesasurand Y is afunction of independent measured quantitiesx; , Xz, Xs......, and
each x; is subject to uncertainty u(x;), then the resulting combined uncertainty in Y is given by

()= [ i) IS

D.2 Reduction of Area

Thisiscdculated from the find and initid cross-sectiond areas S, and & udng Eq. (2):
Z,=100[1- (Su/So)]

Then 1%, _S 1% _ 1
100 1S, 502 1009S, S
,.2 .2
HG"ICG U(Zu) - ﬁu U(So)g a'I(Su)g
100 S 8 €S o

D.3 Rupture and Creep Elongation Times and Minimum Creep Rate
Effect of Stress and Temperature Uncertainties

Over asmd| temperature or gtress range, Sage 2 strain rate varies in the following manner:
de/dt = B s¢" exp(-Q/ RT)
where n isthe stress exponent, Q the creep activation energy, and B a constant.
Asasmplification for estimation of uncertainties, it is assumed that most of thetet timein
spent in stage 2 at this congtant dtrain rate, and rupture occurs at afixed strain. The timeswhen
drain = x% (i) , or rupture (t,), then vary asthe reciprocal of the expression above, i.e.
t= A sy "exp(Q/RT)

where t =1, or t.

The partid derivatives are
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1t 1 n
=-Ans "ex /IRT)=- —t
fs. p(Q/RT) s
Tt AQ ., Q
—_—=- s "ex /RT)=- t
T RT? P(Q/RT) RT?
Hence
2 2
anu(s,) 6" aQu(T) o
ut) =,lc—=t+ + = t=t,ort
() \/g S, @ gRT2 o ( )

The same expression aso gppliesto creep strain rate, thus

u(elmin) - \/?L(S 0) elmin9 + ?DU(T) elminl:g.

e S, g éRT? o

In the procedure in Step 5 and Appendix A2, and the example of uncertainty calculaions in
Appendix B, the two components u() and ur() (due to stress and temperature uncertainties)
are kept separate to clarify the sources of uncertainties in the measurand.

Other terms may be included in the summation under the square root sign, namely:
for t,, the uncertainty of the initid time measurement (Eq. (15));

for ty, the results of initid time measurement and strain uncertainties (Eq. (18));
for min , Uncertainty ininitia graphical or statitical evaluation (Section A2.7).
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