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l 
This report contains all relevant information on the validation exercise conducted by participants of AGARD SMP WG26. 
Materials specification and distribution of Ti-6Al-4V specimens are presented along with the collated data from those 
participants that have supplied test results. Crack propagation and strain control low cycle fatigue data are discussed, along with 
a number of points of clarification regarding test technique. 
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Prbface 

Ce rapport contient toutes les informations utiles issues de la campagne de validation effectuie par les participants au WG 26 du 
Panel AGARD S M P .  La spicification des matiriaux ainsi que la distribution des Bchantillons Ti-6Al-4V sont prisenties, avec 
les donnees recueillies auprks des participants qui ont fourni des risultats d'essais. 

Les donnkes obtenues pour la propagation des fissures et la fatigue oligocyclique lors des essais a diformation imposie sont 
discutkes, ainsi qu'un certain nombre de points de clarification concernant les techniques d'essais. 
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1. INTRODUCITON 
The cost of validating new materials and design methods is 
placing increased emphasis on laboratory data for compo- 
nent Wing and safety. In the aero gas Nrbine the use of higher 
strength materials has led to the inmduction of damage toler- 
ant concepts, and the need for elevated temperature crack 
growth data encompassing both complex loading and short 
crack behaviour. Similarly the innoduction of materials with 
higher temperature capability has placed greater emphasii on 
the role of creep and on studies of strain control fatigue 
behaviour. 

Within the family of AGARD nations, all are either manufac- 
turers of or customers for advanced military engines. They 
thus have a common need for accepted international stand- 
ards for materials testing, data analysis and data presentation, 
particularly as they relate to design, Wing and safety. 

The member nations have a widespread collective involve- 
mentwithMaterialsTesting,andhavealreadygonealongway 
towards establishing standards for room temperature testing 
through AGARD-SMP TX114, latterly SC33. The parallel 
test programme described here, directed towards High Tem- 
perature Cyclic Behaviour, was a logical extension of that 
activity. 

AU laboratories involved with the activity have benefited from 
the exchange of information and experience that has 
occurred. Non participating laboratories will benefit from the 
testing standards that have emerged, allowing for meaningful 
data exchange to take place both within and between coun- 
tries. 

2. OBJECTlVES 
The overall objective of the full programme, of which the test- 
ing of Ti-6Al-4V covered in this report forms part, is to 
establish internationally accepted and agreed methods for 
elevated temperature testing, data collection and data analy- 
sis for aerospace materials, particularly with regard to crack 
growth and low cycle fatigue. 

Although the programme was initially designed for engine 
disc materials, the methods will be applicable to other high 
temperature materials and components. In particularthepro- 
gramme will have relevance to the high temperature airframe 
components which are seen as important for the next genera- 
tion of high speed aircraft 

3. METHODS AND MEANS OF ACCOMPLISHMENT 
The programme has been arranged in two phases, a room 
temperature valiaiztion programme using Ti-6AI-4V and a 
core programme on the nickel based alloy IN718 at 600'C. 

The validation programme had a two fold objective: Firstly to 
validate laboratories who had not taken part in the previous 
TX114 exercise for m m  temperature crack growth te8ting. 
Secondly to test laboratories' capability of strain controlled 
fatigue testing at m m  temperature, to make it possible to 
separate out problems of testpiece design, gripping and 
extensometry from problems associated with furnaces and 
temperature conml. In this respect Ti-6Al-4V is an ideal 
material as it has similar cyclic strain softening behaviour to 
IN718, and is well understood and documented. 

To avoid the expense of laboratories with preexisting strain 
control fatigue and elevated temperature testing capability 
having to re-equip, it was agreed that such laboratories would 
use. their existing methods for the validation programme. For 

such laboratories the initial room temperature CF pro- 
grammeactedasaninterlabcomparisonand,inthecontextof 
the overall programme, helped in the development of the test 
guidelines. 

Laboratories without previous experience were given infor- 
mation on specimen design and extensometry from 
experienced participants and, in the case of Southern Flank 
Nations, offered support from the UK by way of visits to the 
RAE for their staff and the reNm visit of RAE scientist to 
their laboratory. In the actual programme it was suggested 
that all laboratories needing to purchase equipment should 
consider standardising on the Rolls-Royce LCF specimen 
design and MTS side entry extensometers, the latter being the 
most common in use in the experienced laboratories. 

Test guidelines were drawn up before actual testing began, 
based on existing documentation: in the case of crack growth, 
AGARD-R-766(') and for the LCF the committee's 
code of practice for constant amplitude LCF testing at ele- 
vated temperatures(2) which is similar to the VAMMAS 
methodology, modified and simplified in the light of experi- 
ence of aerospace materials. 

The actual test programme was small, emphasis on the initial 
programme being targeted on methodology rather than on 
creating databases. This enabled a realistic time h i t  of three 
years to be placed on the validation and core programmes. 
4. MATERIAL9 AND SPECIMENS 
4.1 Material 
The Ti-6Al-4V was supplied by Rolls-Royce, Derby in the 
form of a segment from a heat treated 'black forging' of an 
-211 fan disc similar to that used for the TX114 (SC33) 
'Cold Disc Testing Programme' and reported in AGARD-R- 
766(l). The material (see Figure 1) bas an alpha grain sue of 
1 3 w ,  beta grain size of 1 8 p  and an alpha packet size of 
14p.Figure2 showstheforgingcutintothreesegmentssuit- 
able for production of blanks. 

The disc was heat treated prior to sectioning and delivery to 
RAE. The disc had been part of a validation exercise and as 
such should be considered as production standard material. 

The beat treatment was: 
Homogenising 945% - 970% 1Hr Water Quench 

700% ZHr Air Cool Ageing 
4.2 Cutup 
The disc was sectioned in accordance with the cut up diagram 
reproduced as Figure 3. Once sectioned two courses of action 
were followed dependent on laboratory. 

(1) LCF blanks were supplied direet to participants for 
manufacture of specimens; these included blanks desig- 
nated ITM, NAE, CEAT, IABG and SNECMA. 

(2) Specimens were supplied in a machined state, all desig- 
nated RR (LCF) and CP (Compact Tension) being 
machined centrally by companies approved by Rolls- 
Royce to manufacture such specimens. 

Distribution of blanks and/or specimens was in accordance 
with written requests from participants to the co-ordinator. 
4.3 SpceimenDesign 
In order to ensure that laboramria could use existing equip- 
ment, particularly furnaces, draw bars and extensometers, 
some variation in specimen design was permitted. 

Included in this document are the various specimen geome- 
tries used by the participants. 
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3 - 
Fig. 1 lhwverse section through spedmen RAE1 923 cycles X 800 Etched - Kmll's reagent 

I 

Flg. 2 TI-6A14V %I& forging" prbr to producrion of 8pedmans and blanks 
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4.3.1 Compac~ Tension (C7J 
Drawings of the two compact tension designs used are shown 
in Figure qa), SNECMA, and Figure 4@), other laboratories 
(cp). 

4.3.2 Low %le Fatigue 
DrawingsoftheLowCycleFatiguespeeimeosusedanrepro- 
d u d  in Figure 6: 6(a) ITM, 6@) NAE, 6(c) mT, 6(d) 
IABG, 6(e) RR and 6(9 RAE. 

5. TEtXPROCEDuREs AND PROGRAMMES 
5.1 TestRoeehUes 
Prior to the commencement of the programme all potential 
participantawererequested toforward detailsoftheirlabora- 
tory capabilities and methods for crack growth and low cycle 
fatigue te9ting. Following analysis of the returns, initial test 
guidelines were agreed. These have been amended in the light 
ofexperiencegained. 
Final test procedures for both crack propagation (0 and 
LCF testing are included as Appendices 2 and 3. No major 

problems have been encountered, however the following 
points should be noted. 
Some~~tieshavebeenexperiencedbylaboratories when 
attempting to produce the mpemidal waveform specified in 
the guidelines, and it has been agreed that they may useatri- 
angular waveform of the same frequency. Additional testa 
have been conducted at RAE to cmss-comdate between the 
two waveform types. It is anticipated that whilst not having an 
effect at m m  temperature, this could be of greater signitic- 
ance for the IN718 testing at 600%. 
With regards to the crack propagation testing, it should be 
stressedthatthedat.havebeencolleetedfromstrrasintensity 
ranges of the order of lSMPa/m. This was deemed necessary 
if the data base generated was to be of use in computer based 
lisng models. 

5.2 PmgnmmeStahw 
To date, 70 specimens from the Ti-6Al-4V disc have been 
ordered and delivered. The status of the actual testing pro- 
gramme is detailed in 'Mle 1, with shaded boxes denoting 
results supplied or specimens scrapped. 

Table 1 
supply of Ti-BAI-4V swdrnens and blanks 
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5.3 TestMatrix 
The test matrix for the validation programme consisted of 

CX Specimens 
Specimen 1 to 3 - Stress intensity range 10-50 MPdm 

LCF Specimens 
Specimen 1 Total strain range = 0.020mm/mm (2%) 
Specimen 2 Total strain range - O.OlOmm/mm (1%) 
Specimen 3Totalstrainrange-0.013mm/mm(1.3%) 

6. RFSULTS 
All results received by the start of September 1991 have been 
included. Initial tests consisted of two room temperature ten- 
sile tests as a quality control ch&. These results have been 
reproduced as Table 2 below. 

Table 2 
Tensile properties of Ti-6AI-4V 

6.1 Compact Tension 
Laboratories who were not participants in AGARD SMP 
TX114 (SC33) initially supplied crack growth (CT) data in 
various forms. Some supplied graphs, some ‘a’ vs ‘N’ data 
whilst others supplied da/dN vs AK data. This led to pro- 
blems in data analysis and presentation, particularly for the 
inclusion of crack growth data in PC databases. Ideally the 
data should be supplied BS 50 sets of data pairs for crack 
length and cycles, and laboratories were requested to re-sub- 
mit data in this form. 

The crack front is not uniform across the width of the speci- 
men, as illustrated in Figure 5.  The final crack length was 
measured by either (a) taking the average of five readings 
across the specimen, or @) measuring crack area and dividing 
by specimen width. 

6.1.1 Previous ‘KC114 (SC33) Data 
Published data of TX114I1) show that RAE data from the ear- 
lier programme fell well within the scatter bands and can 
therefore be used as a reference for this exercise. These data 
are plotted in Figure 7. 

6.1.2 Data by WG26 Laborntories 
Data received to date include three tests from NAE/NRC 

(Figure 8), one test from E T A  (Figure 9). three tests from 
GEC Whetstone (Figure lo), three tests from SNECMA 
(Figure 11). three tests from MEW (Figure 12). and one from 
PAF (Figure 13). For comparison purposes all CX data are 
reproduced in Figure 14. 

6.2 Low Cycle Fatigue (LCF) 
All participating laboratories were requested to conduct fully 
reversed strain controlled low cycle fatigue tests at room tem- 
perature on the Ti-6Al-4V material in order to check the 
stability of the extensometry used. 

6.2.1 Basic Data 
Data obtained at RAE prior to the programme commencing 
are included for completeness. 

6.2.2 Data by WG26 Labomtones 
To date, results from six laboratories have been received 
totalling 18 individual tests; three from NADC, two from 
PISA, one from KETA, three from CNR/ITM, three from 
IABG, nine from RAE and three from N A E m C .  The 
results are tabulated by laboratory in Appendix 4. 

Fractography showed that specimens with lives of over 
10,000 cycles showed intergranular cracking (Figure 15a). 
Specimens cycled between higher strain limits, and having 
shorter lives, exhibited mixed mode cracking (Figure 15b). 
Striated crack growth can be clearly seen in all  specimens 
(Figure 16). 

6.2.3 Inter-Lab Cornparisom 
The strain controlled LCF results from all laboratories are 
plotted in Figure 17. Figure 17a shows total strain range plot- 
ted against cycles to failure whilst Figure 17b plots elastic 
strain range against cycles. From these it can be seen that over 
most of the range there is surprisingly good a p m e n t  
between laboratories. 

6.3 Dynrmie StresrrStrPin Curve 
For completeness a dynamic stress strain curve is plotted in 
Figure 18. This was obtained by incrementally increasing the 
strain range in a single specimen and noting the load range of 
the stabilised loop at each increment. 

7. DISCUSSION 
The results of the compact tension crack growth testing dem- 
onstrate that the AGARD-R-766 test procedures are robust 
and easily followed by both experienced and inexperienced 
laboratories. The additional support @veri in this programme 
concerning specification and availability of suitable test 
equipment was of added benefit. Indeed in the case of pulsed 
DC equipment at least one supplier was advertising compa- 
tib+ty with AGARJJ standards! It is believed that the 
extension of testing to IN718 at 600% will be relatively 
straightforward. 

One problem encountered was the variation in methodology 
used by laboratories to reduce the data set to 50 pairs and ‘a’ 
and ‘N’ values, and the tendency of laboratories with compu- 
ter data collection systems to forward much more data than 
was required or could be reasonably handled in the PC data- 
bases. The data requirements in terms of modelling and 
databases perhaps need to be further explored and specified. 
This is also true of LCF data. 

The LCF programme again demonstrated the robustness of 
the guidelines issued, the majority of the data falling in a quite 
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narrow scatterband. In comparing data it should be noted that 
scatter of an order of magnitude is often seen within a single 
laboratory for load controlled testing. By introducing the 
requirement for both static and dynamic moduli to be mea- 
sured, and the requirement to produce a l ~ ! ~  cycle and ‘/2 life 
hysteresis loop, most anomalous results were easily identified 
and explained. 

For the future, a problem remains about the amount of data 
required to validate a test result, and the necessity of reducing 
the data included in design databases to a handleable amount. 
This might again benefit from further discussion at the con- 
clusion of the full core programme and perhaps be the subject 
of further AGARD SMP activity. 

8. CONCLUSIONS 
The majority of the room temperature validation test pro- 
gramme on Ti-6Al-4V has been completed and included in 
this report. The results show that the test guidelines are ade- 

quate, that the laboratories participating in the 
AGARD-SMP WG26 activity produce comparable data, and 
that the core test programme can be completed and analysed 
within the programme timescales. 

Perhaps the most interesting observation on the benefits of 
the test programmes to date, both TX114 and WG26, is that 
the AGARD test guidelines are becoming used as “standard 
procedures” within many laboratories and in a number of 
other international collaborative programmes under the 
auspices of various agencies. 

9. REFERENCES 
(1) AGARD Engine Disc Cooperative Test Programme 

AGARD-R-766,A JAMom,MDRaizeMe,Aug 1988. 

(2) A code of practice for Constant-Amplitude Low Cycle 
Fatigue Testing at elevated temp. - UK High Tempera- 
ture Mechanical Testing Committee, 1986. 
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Fig. 6 Design of LCF specimens used in AGARD-SMP WG26 (a) ITM (b) NAE (c) FIAT (d) IABG (e) RR (f) RAE 
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Appendices 

1. Notes for guidance: Handling titanium LCF specimens 
2. Guidelines for AGARD WG26 crack growth (CT) testing 
3. Guidelines for AGARD WG26 strain controlled LCF testing 
4. Tabulated Ti-6Al-4V strain controlled LCF data by laboratory 

APPENDIX 1 
NOTES FOR GUIDANCE: HANDLING TITANIUM LCF 
SPECIMENS 

SPECIAL PRECAUTIONS: 
To avoid problems of contamination care must be taken when 
handling titanium alloy specimens. 

It is strongly recommended that the gauge length be cleaned 
with alcohol after installation in the testing machine. 

Although not mandatory in WG26, where tests are on Ti- 
6Al-4V at room temperature, this is particularly important at 
elevated temperatures (in excess of SOO'C) where 
fingermarks can cause premature crack initiation due to hot 
salt stress corrosion in small laboratory specimens. 

APPENDIX 2 

GROWTH (CT) TESTING 
Introduction 
These guidelines have been prepared to ensure consistency of 
testing and reporting in the elevated temperature crack pro- 
pagation testing programme carried out under AGARD-SMP 
WG26 using compact tension (CT) specimens. 

The test methods will follow closely those developed under 
AGARD TX114 for room temperature testing, modified and 
expanded where necessary for elevated temperatures. Details 
of the TX114 procedures can be found in AGARD-R-766 
Appendix A, pages 54-73. Where no alternative is given, the 
details specified in AGARD-R-766 Appendix A will apply. 

The test programme is divided into two components. Room 
temperature validation testing, mandatory only for those 
laboratories not participants in TX114, and the core testing 
programme on IN718. 

GUIDELINES FOR AGARD-SMP WG26 CRACK 

Part 1 - Room Temperature Validation Programme 
1.1 Material 
Ti-6Al-4V disc material identical to that used in TX114. 

1.2 Test methods 
As AGARD-R-766 Appendix A, Section 3.3. 

1.3 Reporting 
As AGARD-R-766 Appendix A, Section 4. 

Part 2 - Core Test Programme 
2.1 Alloy and Test Temperature 
IN718 supplied as pancake forgings by SNECMA and tested 
at 600'C. 

Material will be supplied as finished testpieces to dimensions 
given in AGARD-R-766 Appendix A, Figure Alc. 

An additional block of material approx. 30X20XlOmm will 
be supplied for use as a reference block (dummy specimen). 

2.2 Test method 
The test method must follow exactly that defined in AGARD- 
R-766 Appendix A, Section 3.3, including the use of a 
reference block or dummy specimen. The reference block 
must be of a similar material to the actual test specimen and 
mounted adjacent to it in the furnace. 

The temperatures of the specimen and reference blocks must 
be maintained within 5°C of each'other. 

2.3 Temperature measurement 
For radiant heating (furnaces) the temperature should be 
measured by Pt/Pt-l3%Rh thermocouples spot welded to the 
back face of the CT specimen and to the reference block. The 
actual temperature of the specimen and reference must be 
monitored and recorded throughout the test. 

Test temperature data must also be recorded each time PD 
data are logged. 

2.4 Heating schedule 
The test should be commenced not less than one hour and not 
more than 24 hours after the specimen has reached the test 
temperature. 

2.5 Insulation of wires 
Thermocouple wires and current leads should be insulated 
using glass fibre sleeving or ceramic sheaths. 

2.6 
As AGARD-R-766 Appendix A, Section 3.3.3 paragraphs 2, 
3,4,5 and 6. 

When tests are interrupted to allow PD readings to be taken 
(see paragraph 6) time on load should not exceed two seconds 
to avoid excessive stress relaxation at the crack tip. The exact 
method used, including hold times and data collection 
sequences, must be reported. 

Test conditions and PD measurement 

2.7 Displacement measurement 
Laboratories with the ability to measure front face or load line 
displacement are requested to report such results in addition 
to PD values. This is not mandatory. Full details of the method 
used should be reported. 

2.8 Post failure examination 
Allow the specimen to cool and separate the two halves of the 
CT specimen under tensile loading. Take an optical photo- 
graph of the complete fracture surface (X 10). The final crack 
length and shape will be clearly visible due to oxidation. 

Examine the fracture surfaces and assess the predominant 
mode of fatigue crack growth at high temperature. 

If an SEM is available, a detailed fractographic analysis 
should be camed out. Three SEM images (X500) to be 
recorded for each specimen at positions on the fracture sur- 
face corresponding to approximate stress intensity factor 
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levels of 20,30 and 50 MPaJm. This is not mandatory. 

2.9 Retention of specimens 
Specimens should be stored in a dry atmosphere so that fur- 
ther post test examination can be camed out if found 
necessary. 

3.0 Presentation of Results 
As AGARD-R-766 Appendix A, Section 4: 
1. Specimen number 
2. da/dN v AK curve (graphical paper supplied) 
3. 50 data sets (4 v Ni) 
4. Additional comments as necessary 

Plus - for IN718 tests 

5 .  50 data sets of raw data (corresponding to 3) V+, V,,+, N, 
T, T,,, D,, or D,* where: 

D,, = load line displacement 
D, = front face displacement 
T = specimen temperature 
T,, = reference block temperature 

+ - Where pulsed DC is used, voltages should be 
given for both the current on and current off con- 
ditions 

* - Not mandatory 

6. Fractographic results 

APPENDIX 3 
GUIDELINES FOR AGARD-SMP WG26 STRAIN 
CONTROLLED LCF TESTING 
Introduction 
The Guidelines have been prepared to ensure consistency of 
testing and reporting in the strain controlled low cycle fatigue 
testing programme camed out under AGARD WG26. They 
are in two parts. The first gives details of the materials and test 
conditions and the second the required data and the details of 
the testing procedure that should be reported. Annexe 1 
defines the symbols and the relationships between the para- 
meters. 

Note:Particular attention should be paid to all aspects of cali- 
bration of measuring instruments (load cells, extensometers, 
thermocouples) and to the estimation of the uncertainties 
associated with the measurements. 

Part 1 - Materials and Test Conditions 
1.1 Alloys and test temperatures 1 

Alloy Cyclic deformation Test temperature 'C 

Ti-6Al-4V softening room temp. 
IN718 softening 600'C f 2 

Materials will be supplied either as finished specimens or as 
heat-treated blanks for specimen preparation by participants. 

1.2 Specimen 
If using own design of specimen: 

Preparation - machine or grind as appropriate, avoiding 
overheating or introducing significant surface strains. 

Surface finish - Ra 0.3 p. Longitudinally polished over 
gauge length. 

characteristics 

1.3 Alignment 
The maximum allowed bending strain must not exceed 5% of 
the minimum axial strain range' applied during the test pro- 
gramme. 

1.4 Heating up schedule 
The test should be commenced not less than one hour and not 
more than 24 hours after the specimen temperature has 
reached the test temperature. 

1.5 Test parameters 
a. Control mode total strain 
b. Cycle shape triangular 
c. Strain ratio (min straidmax strain) -1 
d. Frequency 10 cpm 
e. Initial load (first quarter cycle) tensile 
f. Strain ranges: 

Alloy Total strain ranges, mm/mm 

Ti-6Al-4V 0.02 0.013 0.0 1 
IN718 0.02 0.012 0.008 

1.6 Number of tests 
' b o  specimens to be tested at each of the three agreed strain 
ranges for IN718. For the Ti-6Al-4V validation testing, con- 
duct one test at the largest strain range and one at the lowest. If 
the third specimen has not been required it may be used for 
the intermediate strain range. 

1.7 Temperature measurement 
For radiant heating (furnaces) the temperature should be 
measured by PtlPt-13OhRh thermocouples tied to the gauge 
length. At least two thermocouples should be used to esta- 
blish that the temperature is uniform (within 5'C) over the 
gauge length. The actual temperature of the specimen must be 
monitored and recorded throughout the test. 

Thermocouples should be tied to the specimen using glass 
fibre or refrasil string passing through the wires behind the 
bead and then wrapped round the specimen and over the 
bead to protect it from radiant heat. 

1.8 Initial system check 
Cycle specimen between f300 h4Pa in load control whilst at 
room temperature and check (i) that the load extension curve 
is straight (ii) that the modulus is acceptable. 

For the IN718 specimens repeat the above when the furnace 
has stabilised at 660'C. 

Youngs modulus at 20'C IN718 approx 205 GPa 
Ti-6Al-4V approx 120 GPa 

1.9 
Sufficient records should be obtained to allow presentation of 
the data as indicated in Part 2 of this Guideline and to permit 
the retrospective application of different failure criteria for 
comparative purposes. Consequently, testing should be con- 
tinued to specimen fracture or until the tensile load has 
decreased by 50% of the maximum tensile load observed dur- 
ing the test. Finally, break the specimen at room temperature 
if not already fractured. 

1.10 Post-Failure examination 
Examine fracture surface and assess the predominant mode 
of fatigue cracking at high temperature, eg transgranular, 
intergranular or mixed (mixed > 30% of both). Also exa- 
mine the gauge length for signs of additional cracking. 

Recording of data and test termination 
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1.11 Retention of specimens 
Specimens should be stored in a dry atmosphere so that fur- 
ther post-test examination can be carried out should this 
become necessary to elucidate the reasons for differences in 
mechanical behaviour. 

If a defect is found at the initiation site, half the specimen 
should be returned to the co-ordinator. 

Part 2 - Presentation of Test Results 
2.1 Specimen description 
Drawing of specimen design. 

Specimen machining and surface preparation procedures 
(longitudinal average roughness Ra = 

2.2 Description of equipment 

Testing machine: 

p) 

Capacity: f . . . kn 

Type of actuator: 

Range of load:. . . kN = 1OV 

hydrostatic bearings 
teflon bearings 
additional guide 

Calibration of load measuring system 
Heating: 

Resistance furnace 

Induction 

Radiant furnace 

Estimation of the axial gradient of temperature over the 
gauge length: f . . . . . "C 

Variation of temperature for the duration of the test: 
f . . . . . "C 

Calibration of thermocouples 

(ASTM E 606: < f 2°C) 

(ASTM E 606: C f 2°C) 

Extensometry: 

Axial: 

Description of the extensometer used (sketch-photo) 

Direct extensometry: 

gauge length: . . . mm 
measurement range:. . . mm for 1OV 

Indirect extensometry: 

describe the calculation of the gauge length and of the 
strain calibration procedure and results 

Specimen @tures: 

Method of ensuring axial loading 

Axially-aligned loading bars 

Parallel platen grips 

Die-set 

Liquid metal grips 

Other - please specify 

2.3 Testing conditions 
Alignment 

Give details of the method used for checking specimen 
alignment. 

Test parameters 

Any difference from prescribed test parameters should be 
reported. 

Describe mode of control, that is, continuous strain con- 
trol, strain limit control, axial strain feedback, diametral 
strain feedback, etc. 

Recorded values 

Evaluation of the modulus of elasticity E: 

E,, by cycling in the elastic domain before test at the 

E,,,, from the stress-strain hysteresis loop at mid-life 

test temperature 

as described in Annexe 1. 

Record data: 

Load versus time 

Extension (command and feedback) versus time 

Load versus extension 

Temperature versus time 

Recorder type 

X-Y, Y, - Y, (t); digital voltmeter; peak detector 

Supply a copy of the records: 

Stressstrain (or 1oad:extension if this not possible) 
hysteresis loops during the first cycle and at least one 
other cycle before the 10th cycle. Sufficient further 
curves should be supplied to fully characterise the 
stress:strain behaviour throughout the test, eg about 
10 loops per test. One of these curves must be at 
approximately half life (f loo/,). Ideally one should be 
the cycle before test termination. 

Tensile and compressive stress as a function of accu- 
mulated cycles for the complete duration of the test. 

Temperature as a function of accumulated cycles for 
the complete duration of the test. 

2.4 Results 
The symbols used for the presentation of results are indicated 
in Annexe 2. 

Please supply: 
1. A tabulation of the results for all test specimens on form 

provided. 
2 .  The monotonic stress-strain curves for each test (1st 

quarter cycle). 
3. The half life hysteresis curve plotted as stress v strain for 

each test. 
4. The variation of A€,,  Ace, AeP, Ao, amin, omax and T as 

a function of N for each specimen. 
5. The data requested at 2.3. 

2.5 Fractography 
Please supply: 
1. 

Where SEM facilities are available: 
2. 

3. 

Optical or SEM photograph showing position of crack 
initiation area compared with the extensometer position. 

SEM image (X500) of the initiation area and identifica- 
tion (if possible) of the initiation origin. 
Image (X200) of the specimen fracture surface near the 
initiation area. 
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2.6 Comments 
Complete the information required by comments on your 
tests including comments on the results of fractographic 
observations and any additional examinations or metallurgi- 
cal observations. 

Acknowledgement 
These guidelines are a direct adaption of those prepared in 
1985 by G B Thomas and C Amzallag for an EEC Commun- 
ity Bureau of Reference programme. 

ANNEXES TO APPENDIX 3 
1. 
2. 

Calculation of modulus at mid life 
Schematic of data presentation and symbols 

APPENDIX 3: ANNEXE 1 
Determination of E (Compliance) at Mid-Life 
(a) Take compliance values from the ascending and des- 

cending loop branch. 
@) Define a range uI - U, on the branch, where the compli- 

ance is taken as follows (see figure) 

0 measureAa 

0 the range for the descending loop branch is given by 
d1 = amax - Ad20 and 
d2 o1 - A d 3  

0 accordingly for the ascending loop branch 
U", = omin = Ad20  
a'', = o", + A d 3  

(c) Carry out a linear regression analysis on the data points 
between uI and a, (if data are in a digital format) or draw 
lines covering the slope of the hysteresis loop between a, 
and U,. 

1" I 

/ I / 
I / 

APPENDIX 3: ANNEXE 2 
Data Presentation and Symbols 
A.l The experimental data are the following: 

a. the characteristics of the test 
A€ = total strain range, E tmax - E tmin 

Et = total strain rate 

b. the recordings of tensile load (FT) and compressive load 
(c) versus time (or number of cycles) 

the recordings of load-displacement loops, continuously 
in the beginning of the test, then periodically. 

c. 

A.2 On the continuous recordings of load versus time, the 
values of F, and F, are taken for a sufficient number of cycles 
over the fatigue life. 

These values are used to draw the variation of Ao, and U,,,, 
versus the number of cycles or the percentage of the life 'w 
A.3 The partition of strains is made as follows: 

Act, imposed during the test, is measured 
A €  p, is measured 
A€,, is obtained by difference: AEe = A € ,  - AED 

A.4 Elastic modulus at mid-life 
E, = AdAE , 

A.5 Definition of failure: 
There are five possible failure definitions: 
a. total separation or fracture of the specimen into two 

parts; 

a drop in the peak tensile stress of a pre-selected percen- 
tage of the maximum peak tensile value during the test; 

cusp formation in the compressive portion of the hyster- 
esis loop, such that the size of the cusp has grown to 
some pre-selected percentage of the peak compressive 
stress; 

a change in the rate-of-change of cyclic load range that 
exceeds some pre-selected percentage change; 

asymmetric load drop (tension load/compression load); 
ie, a drop in the peak tensile stress that is some pre- 
selected percentage greater than a corresponding 
change in the peak compressive stress. 

Definition @) applies correctly only to strain hardening and 
stable materials. (A pre-selected percentage of 25% was used 
in the French Round Robin Programme.) 

The other definitions can be applied to all material behaviour. 

b. 

c. 

d. 

e. 

A.6 Symbols: 

a) Specimen 
lo  = initial gauge length 
1 = l o (  1 + e): length for a displacement e 
I ,  = ultimate length 
$0 = initial diameter 
SO = initial section 
S = section for a displacement e with So  x lo = S x 1 
S ,  = ultimate section 

b) Low cycle fatigue test 
E = modulus of elasticity 
v, = elastic Poisson's ratio 
vp = plastic Poisson's ratio 
Et = total strain rate 
N, = number of cycles corresponding to the conventional 

stabilised cycle 
N,= number of cycles corresponding to a drop of x '/o of 

the maximum load in tension 
N, = number of cycles at fracture of the specimen 
t, = N, X period of the cycle = time to failure 

i I 
I 

i 
I 

~ 

I 

i 
I 

I 
I 

I I 
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c)  Units n,n : monotonic, cyclic strain hardening exponent 
Load in N, stress in MPa, strain in mm/mm, length in 
mm, section in nun2, strain rate in SI. K, K' : monotonic, cyclic strength coefficient 

C, : fatigue strength coefficient 
C, : fatigue ductility coefficient d) Functional relationships 

d.1 Stress - strain behaviour 

cyclic: 0, = K' x 

Monotonic: oao = K x ( E , ~ ~ ) "  

d.2 Fatigue - life relationships 

AE, = C, x Nf-m 

AE, = C, x Nf-P 

APPENDIX 4 
Tabulated Strain Control K F  Data by Laboratory 
a. NADC 3 
b. PISA 2 
c. KETA 1 
d. CNR/ITM 3 
e. IABG 3 

where the variables E , Aep, A&, were defined previously f. RAE 9 
g. IAR/NRC 3 pa0 and the constants are: 

Values 
corresponding to 
the *' et ab i 1 i sed '' 
cycle 

N = N, 

Values 
corresponding to 
the first quarter 
of cycle 

N = 1/4 

__ __ 

FT, U, : maximum load, stress in tension 
F,, uc : maximum load, stress in compression 

Au = uT + U, = stress range 

with U = F/S ................................................. 
0, = Aa/2 = stress amplitude 
a- = (uT - u,)/2 = mean stress value 

BE, = total strain range 
bo, = elastic strain range = de, - Bep 

E, = (Ae)/2 = strain amplitude 

= plastic strain range 
= width of the cycle at zero load 

U, = stress 

epo= plastic strain 
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