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ABSTRACT

ECCC Recommendations Volume 5 Part Ic provides guidance for the assessment of large
stress relaxation data sets. It recognises that it is not practical at the present time to
recommend a single European stress relaxation data assessment procedure and promotes the
innovative use of post assessment acceptability criteria to independently test the effectiveness
and credibility of relaxation strength predictions.

The guidance is based on the outcome of a four year work programme involving the evaluation of
a number of assessment procedures by several analysts using large working data sets. The
results of this exercise highlight the risk of unacceptable levels of uncertainty in predicted
strength values without the implementation of well defined assessment strategies including
critical checks during the course of analysis. The findings of this work programme are detailed
in appendices to the document.

ECCC Recommendations Volume 5 Part Ic user feedback is encouraged and should be sent to:

Dr S R Holdsworth [ECCC-WG1 Convenor, Document Controller]
ALSTOM Power,

Willans Works, Newbold Road,

Rugby CV21 2NH, UK.

Tel: +44 1788 531138

Fax: +44 1788 531469

E-mail: stuart.holdsworth@power.alstom.com

ECCC may from time to time re-issue this document in response to new developments. The
user is advised to consult the Document Controller for confirmation that reference is being made
to the latest issue.

This document shall not be published without the written permission of
the ECCC Management Committee
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1. INTRODUCTION

ECCC Recommendations Volume 5 Part Ic provides guidance for the assessment of stress
relaxation data. Emphasis is placed on pre-assessment and the use of post assessment
acceptability criteria to independently test the effectiveness and credibility of the main
assessment model equation(s) in characterising material behaviour on the basis of the available
data.

There are no standardised procedures for the determination of relaxed strength values. The
ECCC recommendations for stress relaxation data assessment (SRDA) are based on the
results of a WG1 evaluation exercise performed using methods adopted by four participating
organisations (App. C3). These involve adaptations of CRDA procedures (e.g. App. D1a,D2,
Part 1a) or the use of parametric equation forms specifically developed for representing stress
relaxation behaviour. The evaluation exercise was performed on two multi-source, multi-cast,
multi-temperature bolting steel datasets, the first comprising uniaxial results for 1CrMoVTIB
(D1055) and the second, model bolt results for 11CrMoVNbN (App. A3). These are typical of the
datasets assessed by WG3x.

The variability associated with multi-source datasets involving existing test results can be high
relative to that for equivalent collations of creep rupture data (App. C3). The output from stress
relaxation tests is particularly sensitive to initial loading conditions and variations in the control-
strain/displacement applied, in addition to specimen and laboratory temperature deviations. It is
only relatively recently that the influence of such factors has been fully appreciated and steps
taken to minimise their effect [L]. Consequently, it is essential that adequate pre-assessment
and post assessment checks are adopted to provide assurance that the mean line strength
predictions represent the available observations.

2. RECOMMENDATIONS FOR THE ASSESSMENT OF STRESS RELAXATION DATA

The ECCC-WG1 SRDA evaluation exercise highlights the risk of unacceptable levels of
uncertainty in predicted strength values without the implementation of precautionary checks
during the course of assessment (App. C3). The findings of this investigation have led to the
following recommendations.

1) At least two SRDAs should be performed by two independent metallurgical specialists
using their favoured proven methodology.

2) At least one of the SRDAa should be performed using a method for which there is an
ECCC procedure document. These are referred to as ECCC-SRDASs.

3) Prior to the main-assessment of the SRDA, a pre-assessment should be performed which
takes cognisance of the guidance given in Sect. 3“2

4) The results of the main-assessment of the SRDA should satisfy the requirements of the
ECCC post assessment acceptability criteria (Table 1b, with reference to Sect. 4).

5) The results of the two SRDAs should predict Rr/soknr(€) strength levels to within 10% at
Tmin[lO%]; Tmain and Tmax[lo%]-&4

! Examples of tables summarising the distribution of available sgyr data are given in Tables A3.2,A3.3
[App.A3] (refer Sect. 3(iii)).

% Visual examination is performed on isothermal sg versus log t plots (refer Sect. 3(v))

3 Tmin[10%] @and Tmax[109%] refer to the minimum and maximum temperatures at which there are greater than
10% data points. Tmain is the temperature with the highest number of data points.
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6) If the results of the two SRDAs meet the requirement defined in 5) and only one is an
ECCC-SRDA the results of the ECCC-SRDA should be adopted. If both assessments
have been performed according to ECCC-SRDA procedures, the results of the ECCC-
SRDA giving the minimum Rgsokn(€;) strength values at Tmain Should be adopted, unless
ECCC-WG3x agree otherwise.

7) If the results of the two SRDA do not meet the requirements of 5), up to two repeat
independent SRDAs should be performed until the defined conditions are satisfied.
However, repeat assessment should be unnecessary if the material has been sensibly
specified and pre-assessment has confirmed that (i) all casts making up the dataset
conform to the specification, (i) the distribution of the data is not impractical for the
purpose, and (iii) there are no sub-populations which may influence the uncertainty of the
analysis result. It is therefore strongly recommended that these aspects are considered
by WG3x prior to repeat assessment.

Depending on the range and balance of the dataset, serious consideration should be given
to temperature partitioning to ensure that results from one regime do not unduly affect the
predicted strength values in another.

8) A copy of the reporting package should be sent to the WG1 Convenor to provide the
working group with essential feedback on the effectiveness of their recommendations.

9) The reliability of SRDA predictions is dependent on both the quality and quantity of the data
available for the analysis.

10) To improve the reliability of SRDA predictions in the future, greater emphasis should be
placed on the generation of homogeneously distributed datasets during the planning of
stress relaxation testing programmes, in particular those activities forming part of large
collaborative actions.

11) For the assessment of uniaxial test results, data populations per unit time per test should
be approximately the same to avoid unrepresentative weighting within the dataset. As a
guide, a population of 3 1 observation per 250h is recommended.

3. PRE-ASSESSMENT

Pre-assessment is an important step in the analysis of stress relaxation data. It involves
(a) characterisation of the data in terms of its pedigree, distribution and scatter (random and
systematic), and (b) data re-organisation (if deemed necessary by the findings of (a)). In certain
procedures it includes pre-conditioning/data reduction as routine. However, since such steps
are method dependent, they are not considered further as part of this section. An important by-
product from pre-assessment data distribution analyses is information which could be influential
in the planning of future creep testing programmes®.

The precise boundary between the end of pre-assessment and the start of the main-
assessment may be unclear and in certain procedures, the final assessment is only performed
after a number of iterative steps back into pre-assessment. At least one analysis is usual as
part of pre-assessment, in order to characterise the trends and scatter in the data.

Pre-assessment should include:

* For information on ECCC terms and terminology, the reader is referred to reference 2.

® For example, gaps in the data at critical positions in the dataset.

4
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() confirmation that the data meet the material pedigree and testing information requirements
recommended in ECCC Recommendations Volume 3 [1],

(i) confirmation that the material pedigrees of all casts meet the specification set by the
instigator(s) of the assessment (eg. Table A3.1),

(iii) an evaluation of the distribution of data points with respect to temperature and time (eg.
Tables A3.2a-3a); identifying tmax, Srimin}, and the temperatures for which there are (a) 3 5%
test data (Ts%)) and (b) 2 10% test data conditions (T109),

[The Ty and Tuey information is needed for the identification of best-tested casts in (iv) and to
perform the post assessment tests (Sect.4). Checks for duplicate entries in the dataset should be
made at this stage.]

It is acceptable to consider data for temperatures within +2°C of principal test
temperatures to be part of the dataset for that principal test temperature (eg. test data
available for 566°C may be considered together with data for 565°C).

(iv) an analysis of the distribution of casts at each temperature, specifically identifying (a) the
main cast, ie. the cast having the most data points at the most temperatures, and (b) the
best-tested casts,

[The best-tested cast information is required to perform the post assessment tests (eg. PAT 2.2,
Sect. 4).]

(v) a visual examination of isothermal sg versus logt plots and a first assessment to
characterise the trends and scatter in the data,

[The first assessment will indicate the presence of metallurgical instabilities, and thereby allow the
analyst to take the necessary steps to account for these in the main-assessment. It will also identify
excessive scatter, a useful indicator being the presence of data points outside the isothermal
mean +20% lines. Excessive scatter may be due to individual outliers or sub-populations resulting
from systematic variations, eg. chemical composition, product form. The cause(s) of excessive
scatter should be identified]

(vi) are-organisation of the data, if the results of the first assessment identify the need.

[As an example, analysis of variance may indicate that there is a product form related sub-population
in the data-set. One solution would be to make the material specification more specific in terms of
product form, with the consequence that certain data would have to be removed from the original data
set]

The reason(s) for excluding any individual data points which are acceptable in terms of (i) and (ii)
above, should be fully documented. In practice, it should not usually be necessary to remove
data meeting the requirements of ECCC Recommendations Volume 3, providing the material
specification is realistic.

4. SRDA POST ASSESSMENT TESTS
The CSDA post assessment acceptability criteria fall into three main categories, evaluating:
- the physical realism of the predicted isothermal lines,

- the effectiveness of the model prediction within the range of the input data, and
- the repeatability and stability of the extrapolations.
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These are investigated in the following post assessment tests®.

The post assessment tests recommended for SRDA are similar to those for CRDA (Table 1).’
However, there are essential modifications to cover the fundamental differences between creep
rupture and stress relaxation data.

Physical Realism of Predicted Isothermal Lines

PAT-1.1 Visually check the credibility of the fit of the isothermal Rg(&;) versus log t lines to the
individual sr(&;),log t data points over the range of the data (eg. Fig. C3.1).°

PAT-1.2 Produce isothermal curves of Rr(&) versus log t at 25°C intervals from the minimum
test temperature to the maximum application temperature® (eg. Fig. C3.2).

For times between 10 and 100,000h and stresses 20.8.Srmin(€;), predicted
isothermal lines must not (a) cross-over, (b) come-together, or (c) turn-back.

PAT-1.3 PAT-1.3is not applied to SRDA.

PAT-1.4 In circumstances where SRDA involves the assessment of results for more than
one control strain, a self consistency check should be performed involving a
graphical comparison of Rryr(€) strength values for all e; with respect to Rgyt for
the principle control strain of the test series.

Effectiveness of Model Prediction within Range of Input Data

There are two series of PAT-2 tests (Table 1). Ideally, comparisons should be made between
predicted strength and observed relaxed stress values. However, this is not easy to implement
when master equations have been determined using a CRDA type approach (e.g. Apps. D1,D2,
Part 1a) since time is expressed in terms of a stress polynomial. Consequently, a time based
option is also provided (similar to PAT-2 for CRDA, Sect. 2.4 in Part la).

PAT-2.1 To assess the effectiveness of the model to represent the behaviour of the complete
dataset, plot Rgsyt(€) versus sgyr(€) for all input data (eg. Fig. C3.3).

The Rryr(€) versus sgy(€r) diagram should show:

- the Rriy1(&) = sriyt(€) line (ie. the ideal line),
- the Rrur(&) = srur(€) + 2.5.5a-rr; boundary lines,***
- the Rryt(&) = srit(€) £ 15MPa boundary lines, and

- the linear mean line fit through the Rgyr(e),Srw(€:) data points.

The model equation should be re-assessed:

® The post assessment tests may be conveniently performed in a spreadsheet such as Excel.
" The post assessment tests may be conveniently performed in a spreadsheet such as Excel.
8 Stress relaxation diagrams may be plotted as sg(€) versus log t or log sg(€) versus log t.

° The maximum temperature for which predicted strength values are required

10 Siarr] IS the standard deviation of the residual relaxed stresses for all the data at all temperatures,
ie. Siarry = A (log Sri—log Rri)2/(Na- 1)}, where i = 1,2, .... ny, and n, is the total number of data points

" for a normal error distribution, almost 99% of the data points would be expected to lie within log Rryr(€)
= log Srur(6) + 2.5.5)arr; boundary lines

6
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(@) if more than 1.5% of the Rruyr(€),Srut(€) data points fall outside one of the
+2.5.51a-rr] boundary lines

(b) if the slope of the mean line is less than 0.85 or greater than 1.15, and
(c) if the mean line is not contained within the £15MPa boundary lines.

Alternatively, CRDA type log tr* versus log tr diagrams may be constructed for tg 3 10h, and
PAT-2.1 followed as defined in Sect. 2.4 of Part la.

PAT-2.2 To assess the effectiveness of the model to represent the behaviour of individual
casts, plot at temperatures for which there are 310% data points (at least at
Tmin[lO%], Tmain and Tmax[lO%]):

- the Rryt(€) = srut(€) line (ie. the ideal line),
- the Rryyr(&) = srir(&) + 2.5.5.rr) boundary lines,?
- the Rryr(€) = sruwr(€) £ 15MPa boundary lines,and

- the linear mean line fit through the Rgryr(e),Sru(€) data points.
and identify the best-tested individual cast(s)* (eg. Fig. C3.4).

(&) Rruwr(e) versus sgry(er) plots for individual casts should have slopes close to
unity and be contained within the +2.5.s;.rg; boundary lines. The pedigree of
casts with T(Rgr)/(sr) slopes £0.75 or 31.25 and/or which have a significant
number of [Rg,Sgr] data points outside the +2.5.s;.rg) boundary lines should be
re-investigated.

If the material and testing pedigrees of the data satisfy the requirements of reference
1 and the specification set by WG3x [as recommended in Sects. 3(i),(ii)], the
assessor should first consider with the instigator whether the scope of the alloy
specification is too wide. If there is no metallurgical justification for modifying the
alloy specification, the effectiveness of the model to predict individual cast behaviour
should be questioned.

The distribution of Rgryr(€),Srut(€r) data points about the Rguyr(e) = Sruyt(€) line
reflects the homogeneity of the dataset and the effectiveness of the predictive
capability of the model (e.g. Fig. C3.4). Non-uniform distributions at key
temperatures should be taken as a strong indication that the model does not
effectively represent the specified material within the range of the data, in particular
at longer times.

The model equation should be re-evaluated if at any temperature:

(b) the slope of the mean line through the isothermal Rryr(€),Sriyt(€) data points is
less than 0.85 or greater than 1.15, and

(c) the mean line is not contained within the +15MPa boundary lines.

Alternatively, CRDA type log tg* versus log tr diagrams may be constructed for tg 2 10h, and
PAT-2.2 followed as defined in Sect. 2.4 of Part la.

12 S|rr] IS the standard deviation of the residual relaxed stresses for the data at the temperatures of interest,
ie. S[I-rRR] = qéj (|Og Srj- |Og RR j)Z/(nI - 1)}, Wherej = 1,2, e N

B The best-tested casts are identified as part of pre-assessment (eg. Tables A3.2b,A3.3b).
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Repeatability and Stability of Extrapolations

A practical solution equivalent to PAT-3.1 and PAT-3.2 for CRDA to assess the reliability of
assessed relaxed strength values predicted by extrapolation will be recommended in a future
issue of Volume 5, following validation.

5. SUMMARY

ECCC Recommendations Volume 5 Part Ic provides guidance for the assessment of stress
relaxation data sets. The principal aim is to minimise the uncertainty associated with strength
predictions by recommending pre-assessment, the implementation of post assessment
acceptability criteria, the use of well documented SRDA procedures and the performance of
duplicate assessments.

Implementation of the ECCC recommendations require significant additional effort on completion
of the first main assessment. However, this is regarded as entirely justified by the demonstrated
reduction in the level of uncertainty associated with predicted strength values, in particular those
involving extrapolation beyond the range of the available experimental data.

Quantification of the uncertainties associated with extrapolated strength values and those
involving extended extrapolations should be a goal for the future.

6. REFERENCES

1 ECCC Recommendations Volume 3 Part |, 2001, 'Data acceptability criteria and data
generation: Generic recommendations for creep, creep-rupture, stress-rupture and stress
relaxation data’, ECCC Document 5524/MC/30 [Issue5], eds: Granacher, J. &
Holdsworth, S.R., May-2001.

2 ECCC Recommendations Volume 2 Part I, 2001, 'General terms and terminology and items
specific to parent material’, ECCC Document 5524/MC/23 [Issue 7], eds: Morris, P.F. &
Orr, J., May-2001.
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Table 1 Comparison of Post Assessment Acceptability Criteria to be Satisfied for Stress Relaxation and Creep Rupture Data Assessment

CRDA

SRDA

Physical Realism

PAT-1.1 - visual confirmation of acceptability of isothermal assessed line fits to - visual confirmation of acceptability of isothermal assessed line fits to
experimental log s, vs log t, data experimental sg(g) vs log t data
PAT-1.2 - no (a) cross-over, (b) convergence, (c) turn-back between - no (a) cross-over, (b) convergence, (c) turn-back between
10 < t,< 10°h and s 3 0.8.Symi 10 <t<10°h and s 3 0.8.Sgpmin
PAT-1.3 - f(log t)/1(log s) ® 1.5 - not applicable
PAT-1.4 - not applicable - confirmation of consistency of Rgy(6) for different g, if applicable
Effectiveness of Model Prediction within Range of Input Data [Total]
PAT-2.1(a) - £1.5% data points fall outside a log t,* = log t, + 2.5.S5.r.1j boundary - £1.5% data points fall outside a | - £1.5% data points fall outside
line in total-data log t,* vs log t, diagram Rrir(8) = Sr(8) £ 2.5.5rR) one log tg* = log tg + 2.5.5pri7
boundary line in total-data boundary line in total-data log tg*
Rrir(8) vs sg(€) diagram vs log tg diagram
PAT-2.1(b) - slope of mean log t.* vs log t; line is between 0.78 and 1.22 - slope of mean Rgyr Vs Sk lineis | - slope of mean log tg* vs log tg
between 0.85 and 1.15 line is between 0.78 and 1.22
PAT-2.1(c) - mean log t,* vs log t, line is contained within log t,;* = log t, + log 2 - mean Rgyr(€) vs sg(€) line is - mean log tg* vs log tg line is

lines for 10* £ t,£ 10°h

within Rgyr = Sg = 15MPa lines

contained within log tg* = log tg
* log 2 lines for 30 to 30,000h

Effectiveness

of Model Prediction within Range of Input Data [Isothermal]

PAT-2.2(a)

PAT-2.2(b)

PAT-2.2(c)

cast mean lines have slopes close to unity and data points contained
within log t,* = log t, + 2.5.sr 7} boundary lines

- mean log t,* vs log t, line is contained within log t,;* = log t, £ log 2
lines for 10° £ t,£ 10°h

- inisothermal log t.,* vs log t, diagrams for Ta, Tmain@nd Ty, individual-

- slope of isothermal mean log t,* vs log t, line is between 0.78 and 1.22

- in isothermal Rgyr(8) Vs sk(6)

diagrams for Tae Tmain & Tmine
individual-cast mean lines have
slopes close to unity and data
points within Rgr(6) = sg(€)
2.5.8rp lines

- slope of isothermal mean Rgyr

Vs Sk line is between 0.85 and
1.15

- mean Rgyr(8) vs sg(€) line is

within Rgyr = Sg = 15MPa lines

- in isothermal log tg* vs log tg

diagrams for Tyae Tmain @aNd Tin
individual-cast mean lines have
slopes close to unity and data
points contained within

log tg* = log tr + 2.5.5.r 7y lines

- slope of isothermal mean log tg*

vs log ti line is between 0.78
and 1.22

- mean log tg* vs log tg line is

within log tg* = log tg + log 2
lines for 30 to 30,000h

Repeatability

and Stability of Extrapolations

PAT-3.1

PAT-3.2

- Rusookvr Values for T, Tmain @and T, before and after random cull of
50% data points between 0.1.tymg and tymy, are within 10%
- Rusookvr Values for T, Tman @and T, before and after 10% lowest

stress data point cull at all temperatures, are within 10%

to be recommended




10

ACI/MC/37 [Issue 2]
31/08/03



AC/MC/37 [Issue 2]
31/8/03

APPENDIX A

WORKING DATA SETS FOR WG1 ASSESSMENT METHOD EVALUATION



ACIMC/37 [Issue 2]
31/8/03

blank page



AC/MC/37 [Issue 2]
31/8/03

APPENDIX A3
WORKING DATA SETS FOR WG1 SRDA METHOD EVALUATION

S R Holdsworth [ALSTOM Power]
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APPENDIX A3
WORKING DATA SETS FOR WG1 SRDA METHOD EVALUATION

S R Holdsworth [ALSTOM Power]

The guidelines given in the main text of ECCC-WGL1 Volume 5 for the assessment of stress
relaxation data are based on the comprehensive evaluation of two multi-cast multi-temperature
working data sets, one for 1CrMoVTIB (D1055) and the second for 11CrMoVNbN. The nominal
compositions of the two bolting steels are given in Table A3.1.

The data set for the 1CrMoVTiB steel comprises the results of 34 uniaxial tests covering >5
casts and 8 temperatures (Table A3.2). A series of sg,t co-ordinates were supplied for each
test. The durations of 28 of the tests extend beyond 10,000h with 7 final test times exceeding
30,000h (Table A3.2a).

The 11CrMoVNDN data set includes results from 96 model bolt stress relaxation tests. These
describe the stress relaxation behaviour for 12 casts at 4 temperatures (Table A3.3). A total of
twenty two 11CrMoNbN tests extend beyond 10,000h, of which 17 were taken to 30,000h before
discontinuation (A3.3a). In contrast to uniaxial tests, only a single sg,t co-ordinate is determined
from a model bolt test.
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APPENDIX C3

REVIEW OF WG1 EVALUATION OF STRESS RELAXATION DATA ASSESSMENT
METHODS AND RECOMMENDATION VALIDATION

S R Holdsworth [ALSTOM Power]
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