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1.   INTRODUCTION     
 
 
Fatigue damage plays an increasingly important role in the design of various safety critical 
components which are exposed simultaneously to thermal and mechanical loads. While internal 
thermal constraint of free thermal expansion is generic to the thermal fatigue process of components, 
a common approach  to investigating the behaviours of materials subjected to combined thermal and 
mechanical loadings is to idealise the conditions of a critical material element on a uniaxial 
laboratory test specimen.  The test specimen is subjected, within its uniform section, to cyclic, 
theoretically uniform, externally imposed temperature and mechanical strain fields, simultaneously 
varied and controlled. Such a test is designated as strain-controlled “thermo-mechanical fatigue”, 
commonly abbreviated as TMF. 
 
The specimen geometry and the set-up of the heating system are optimised with respect to a 
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temperature field T which is as uniform as possible in the gauge section of the specimen at each 
instant of the cycle. The mechanical strain cycle is then realized by controlling the total strain, ε tot, 
applied to the specimen in such a way that the thermal strain, ε th, is compensated to achieve a given 
mechanical strain, εm = ε tot  − εth.The response of the specimen is measured in terms of the cyclic 
stress σ. Besides the cyclic material response the most important information to be gathered from a 
TMF test is the “TMF life” which is assessed in terms of the number of cycles to specimen failure. 
 
The decoupling of the temperature and mechanical strain, with an arbitrary phase shift ϕ between T 
and εm, makes the TMF testing extremely versatile. At the same time, this additional degree of 
freedom generates a multitude of test combinations which should be considered, whilst only a limited 
number of combinations can be investigated in practice. The two basic εm(T) relationships which 
have been investigated most frequently are in-phase cycling (ϕ = 0°) where the maximum mechanical 
strain occurs at the maximum temperature of the cycle, and out-of-phase cycling (ϕ = 180°) where 
the mechanical strain maximum coincides with the temperature minimum.  
 
With a view to improving the reproducibility, repeatability and comparability of data generated by 
the increasing number of laboratories carrying out strain-controlled TMF tests, the European 
Commission has funded a project within the 5th Framework Programme entitled “Thermo-mechanical 
Fatigue – The route to standardisation” (acronym: TMF-Standard). This project has involved various 
universities, together with public and industrial research institutions performing TMF. The project 
‘TMF-Standard’ relates to the R&D activity Methodologies in support of European standardisation 
under the Competitive and Sustainable Growth Programme, generic activity: Measurement and 
Testing, objective: Methodologies for measurement and testing (GROWTH Programme, Dedicated 
Call-04/2000, TOPIC III-14, Project No. GRD2-2000-30014).  
 
 
1.1    SCOPE AND USE  
 
This document is based on the longstanding TMF experience of some 20 European laboratories 
involved in the TMF-Standard project, dedicated pre-normative R&D work and an extensive 
validation testing exercise carried out within the TMF-Standard consortium. This CoP deals with the 
determination of the TMF properties of nominally homogeneous metallic materials subjected to 
spatially uniform temperature fields and uniaxial strain-controlled, constant amplitude mechanical 
loading. It aims to give advice on the appropriate test set-up, testing procedures and the analysis of 
results, particularly aimed at newcomers to the field of strain-controlled TMF testing. 
 
The CoP addresses the selection of materials, the definition of operation conditions, the quality 
control, and the design and failure analysis of components under thermo-mechanical loading. These 
types of tests can be used to consider quantitatively the individual and combined effects of 
metallurgical processing, machining, and operating on TMF life of materials. While the present CoP 
is not intended to be restricted to a certain class of metallic materials, nor to a specific type of TMF 
cycle, it is important to note that the majority of pre-normative R&D and validation testing forming 
the basis of this CoP have been carried out on a fine-grained polycrystalline Ni-based alloy 
(Nimonic90) using two types of TMF cycles, namely out-of-phase (Rε = -1, ϕ = 180°) and in-phase 
(Rε = -1, ϕ = 0°) TMF cycles. It is stressed that this CoP is not meant to be suitable for TMF testing 
of specimens with Thermal Barrier Coatings (TBC), i. e. with a ceramic coated layer at the surface, 
as the requisite of low thermal gradients which are meant to be obtained for the fully metallic 
specimens by the provisions of this CoP might not be achieved for such specimens with TBC.  
 
The specific aim of this document is to provide recommendations and guidance for harmonized 
procedures for preparing, performing and analyzing strain-controlled TMF tests using various 
specimen geometries. It will allow user laboratories with limited test material to carry out validated 
tests on different test geometries. The CoP serves only as a guideline for users and does not form any 
basis for legal liability neither of its authors nor of the TMF-Standard project partners. Any safety 



TMF – STANDARD project: Code of Practice       pag. 3 

 

problems, associated with the use of this CoP, are solely the responsibility of the user. 
 
The following parts of this CoP are intended to provide the steps to be implemented in sequence, in 
carrying out a TMF series of tests. The experimental ‘road map’ is shown in Fig.1, in the form of a 
flow diagram. 
 
 
1.2   DEFINITIONS AND DESCRIPTION OF TERMS 
 
Parameter unit symbol description 
Cycle 
 

  The smallest complete sequence of thermal load (temperature) 
and mechanical load (mechanical strain) which is repeated 
periodically under constant amplitude loading. 

Hysteresis loop 
 

  The (not necessarily closed) path of a response variable as a 
function of a periodic control variable (temperature or 
mechanical strain) during one cycle. 

Maximum 
 

 Xmax The highest algebraic value of a time-dependent variable X 
within a cycle. 

Minimum 
 

 Xmin The lowest algebraic value of a time-dependent variable within 
a cycle. 

Mean 
 

 <X> The (arithmetic) average of the maximum and minimum values 
of a time-dependent variable X within a cycle. 

Range 
 

 ∆X The algebraic difference between the maximum and minimum 
values of a time-dependent variable X within a cycle. 

Amplitude 
 

 Xa Amplitude: half the range.   

Gauge length 
(GL) 
 

mm l0 The original length at room temperature of that portion of the 
specimen over which changes in length are measured parallel 
to the longitudinal specimen axis. 

Parallel length 
 

mm L0 The original length at room temperature of the parallel portion 
of the specimen (L0> l0). 

Cross-sectional 
area 

mm2 Ao The original cross-sectional area at room temperature of the 
parallel length. 

Diameter of 
gage portion of 
cylindrical 
specimen 

mm d The diameter at room temperature of that portion of the 
cylindrical specimen over which changes in length are 
measured 

Outer diameter 
in hollow 
specimen 

mm D The outer diameter at room temperature in the parallel gauge 
portion of a hollow test piece 

Inner diameter 
in hollow 
specimen 

mm Di The inner diameter at room temperature in the parallel gauge 
portion of a hollow test piece 

 
 

   

Temperature 
 

°C T The primary (reference, master) control variable. 

Strain 
 

% ε Axial engineering strain, i.e. the relative change in length 
referred to the gauge length.  

Stress 
 

MPa σ Axial engineering stress, the force divided by the cross-
sectional area: σ = F/A0 

Total strain 
 

% εtot  The sum of the thermal and mechanical strains: 
εtot  = εth + εm 
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Thermal strain 
 

% εth The strain corresponding to the free (at zero force) thermal 
expansion induced by an increase in temperature.  

Mechanical 
strain 
 

% εm The secondary control variable defined with a given phase 
relationship to the primary control variable (temperature); the 
temperature independent part of the total strain. 

Elastic strain 
 

% εel The stress divided by the temperature dependent elastic 
modulus E (Young’s modulus in tension and/or compression): 
εel = σ/E 

Inelastic strain 
 

% ε in The mechanical strain contribution which is complementary to 
the elastic mechanical strain contribution: ε in = εm − εel 

Phase angle 
 

° ϕ The phase angle between temperature and mechanical strain is 
defined with respect to the temperature as reference variable. A 
positive phase angle (0 < ϕ < 180°) means that the maximum 
of the mechanical strain lags behind the maximum 
temperature. 

Mechanical 
strain ratio 

 Rε The ratio between the minimum and the maximum mechanical 
strain: Rε = εm, min/εm, max , −∞ < Rε < 1. 

Cycle number 
 

 N The number of TMF cycles, without thermal precycling. 

TMF life 
 

 Nfx The number of cycles completed when the failure criterion is 
fulfilled; x may be 2, 5, 10 … (percent of stress drop) 

 
 
1. 3     NORMATIVE REFERENCES 
 
1.3.1 European & International Standards 
[a] EN ISO 7500-1:2004, Metallic materials- Verification of static uniaxial testing machines – 
             Part1. Tension / Compression testing machines – Verification and calibration of the force  
             measuring system.  
[b] EN ISO 9513:1999, Metallic materials – Calibration of extensometers used in axial testing 
[c] EN 60584 Thermocouple Reference Tables 
[d] ISO 1099, Metallic materials – Fatigue testing – Axial force controlled method 
[e] ISO 4965, Axial load fatigue testing machines – Dynamic force calibration — Strain gauge 

technique 
[f] ISO 12106:2003 Metallic Materials-Fatigue Testing – Axial strain-controlled method 
[g] ISO 12111‘Strain Controlled Thermomechanical Fatigue Testing Method’ (New standard, 
             currently being considered by ISO TC164 SC 5.)  
[h] PrEN 3874:1998, 'Aerospace series – Test methods for metallic materials – constant   
             amplitude force-controlled low cycle fatigue testing'                                       
[i] PrEN 3988:1998, 'Aerospace series – Test methods for metallic materials – constant    
             amplitude strain-controlled low cycle fatigue testing'  
 
1.3.2 National Standards   
a) ASTM-E 220 Method for Calibration of Thermocouples by Comparison Techniques 
b) ASTM E-606:2004, 'Standard recommended practice for constant-amplitude low cycle 

fatigue testing'  ASTM, West Conshohocken, Pa    
c) ASTM E 1012:2005, Standard Practice for Verification of Specimen Alignment Under    
             Tensile Loading 
d) ASTM-E 1823 Terminology Relating to Fracture Testing 
e) ASTM-E 1820 Standard Test Method for Measurement of Fracture Toughness 
f) BS 7935–1:2004 ‘Constant Amplitude Dynamic Force Calibration – Part 1: Calibration and 

verification of non-resonant uniaxial dynamic testing systems – Method 
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TMF-Test 

1.  Calibration procedure: 
Frequency of calibration: a) once a year, b) if parts are replaced or damaged, c) if shunt error >±1% (F, ε) 
                       

Alignment 
according to: 

Code of Practice 
e.g. Kandil (1998) 

εbending < ±5% 

Load Cell 
according to: 
ISO 7500-1 

class 1 
Ferror < ±1% 

Extensometer 
according to: 

ISO 9513 
class 1 

εerror < ±1% 

Temperature- 
measurement 
according to: 
ASTM E220 

 
 

2. TMF pre-tests: 
2.a. For each test series                
    

calibration procedure completed? 

pre-tests for test series completed? 

             

3. TMF test: 
for each specimen              
    

all pre-tests for single specimen completed? 

Thermal stability 
of the test machine. 

 
How many thermal cycles are 

necessary? 

Relation of temperature in the 
middle and at the shoulder of the 

specimen 
(only for spot welded TC at shoulder) 

Test set up 
according to Section 2 
specimen, induction coil, 

temperature measurement, 
gradients 

E-Modulus 
static or 

pseudo-dynamic 
according to 3.1 

 
 

Optimisation 
temperature path 

according to 3.2 
Terror <±5K or 

±1% ∆Τ 

Thermal strain 
according to 3.3 
hysteresis < 5% 

∆εth,test - ∆εth,ref 

< ±10% ∆ε  
th,test 

Zero-stress-test 
according to 3.4 

 
∆σ < ±5% ∆σTMF 

Data acquisition 
according to 5.1 

(at least) 
Peak-Valley: 

F,εtot,T 
time-based: 
t, F, εtot, T 

Test start 
 

according to 4.1 
 
 

Test stop 
and restart 

according to 4.2 

Reporting 
 

according to 5.3 
 
 

Fig. 1  The various steps in this Code of practice 

2.b. For each test                
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 2.      TEST SET UP   
 
 
 
2.1 APPARATUS 
 
 
2.1.1 Testing machine 
 
Servoelectric or servohydraulic testing machines may be used for TMF tests. The machine shall be 
able to perform tension–compression loading without backlash when passing through zero force. It 
should be operable both in total strain and in force control with the capability to change between 
these control types without changing the load whilst the test is running . 
 
 
2.1.2   Specimen gripping 
 
The gripping device should transmit the imposed cyclic forces without backlash. Hydraulic gripping 
is preferred and the number of mechanical interfaces within the load train should be minimized. The 
grips should be water cooled in order to allow quick cyclic stabilization of the longitudinal 
temperature distribution within the gauge length and to provide stable thermal conditions during the 
experiment. Therefore the water-cooled gripping device should be designed in a way that allows the 
heat of the specimen shaft to be carried away by the cooling water as directly as possible. Heat flow 
from the test piece to the load cell should be avoided. 
 
 
2.1.3   Load train alignment 
 
Bending in load trains with rigid gripping systems is generally caused by misalignment due to: 
• an angular offset (C-shaped bending) 

and/or 
• an axial offset (S-shaped bending) 
The axial offset is considered to be more detrimental than the angular offset. 
The alignment should be checked in the following circumstances: 
• if a change is made within the load train 
• if accidental overloading in compression resulting in failure of the test piece by buckling has 

occurred (e.g. due to failure of the load control circuit) 
• at least once a year 
The procedure recommended for checking the alignment is described in [Bressers, 1995; Kandil,  
1998]. The maximum measured bending strain shall not exceed 5% of the axial mechanical strain 
range. For a brittle material a smaller bending strain percentage may be specified. 
 
 
2.1.4 Force measuring system 

 
The force measuring system, consisting of a load cell, amplifier and display, shall meet the ISO 
7500-1. Class 1 requirements over the complete range of forces expected to occur during the TMF 
test series. 
The load cell should be rated for fully-reversed tension-compression fatigue testing. Its overload-
capacity should be at least twice as high as the forces expected during the test. 
The load cell shall be temperature compensated and should not have a zero drift and temperature 
sensitivity variation greater than 0.002% (Full scale / °C). During the test the load cell should be 
maintained within the range of temperature compensation. 
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2.1.5  Strain measuring system 
 
The strain within the gauge length of the specimen should be determined using an axial extensometer 
measuring the axial extension directly over the gauge length. The strain measuring system (including: 
extensometer amplifier and readout) shall at least conform ISO 9513 Class 1. 
Note 1:  For specimen with a gauge length below 15mm an ISO 9513 Class 0.5 extensometer should 

be used wherever possible. 
 
The extensometer should be suitable for measuring the dynamic strain over a prolonged time 
ensuring minimal drift, slippage or hysteresis. Therefore, the transducer should be protected from 
thermal fluctuations which may cause drift of the strain signal.  
Note 2: In order to meet this requirement, an actively cooled extensometer ensuring isothermal 

conditions at the extensometer transducer  should be used wherever possible. 
 
The contact force of the extensometer should be as low as possible to avoid damage of the specimen 
surface leading to premature crack initiation at the contact points or edges of the extensometer. The 
design of the extensometer suspension system should ensure that movement of the specimen surface 
during heating up (incl. radial motion due to thermal expansion or elastic/plastic transversal 
expansion) does not affect the strain measurement. 
 
It is recommended that the specimen side where the extensometer is attached be marked so as to be 
able to report the position of the crack initiation site relative to the extensometer. This may help the 
operator identify any systematic problems with alignment, transverse temperature gradients etc.  
  
2.1.6 Heating and cooling system 
 
Direct and indirect induction heating, resistive heating as well as radiation heating are appropriate 
heating methods for TMF testing. Some examples of induction coils configurations are shown in 
Fig.2:  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2: Examples of induction coils configurations: left: transversal electromagnetic field for the heating 
of flat specimens; middle: longitudinal field for cylindrical specimens; right: longitudinal field for better 
axial temperature gradients and easier access of clip-on extensometer. 
 
To minimize radial temperature gradients due to skin-effects in the case of direct inductive heating 
especially of solid specimens, a low frequency of the induction generator might be useful. However, 
radial gradients are influenced mainly by surface radiation, convection, heat conduction, electrical 
conductivity, induction frequency and specimen geometry. Generally only the induction frequency 
and the specimen geometry are variable. Both factors (geometry and HF penetration depth) shall be 
tuned iteratively to obtain minimum radial temperature gradients. Especially at heating and cooling 
rates of more than 10°C/s radial temperature gradients and the resulting axial stresses should be 
estimated experimentally (i.e. with an instrumented specimen) and/or calculated utilising analytical 
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or numerical methods (also see section 2.1.7). Where induction heating is used in combination with 
solid specimens, the heating and cooling rates should be chosen to be as low as possible (up to 
5°C/s), in order to avoid considerable radial temperature gradients (thermal stresses). For higher 
heating/cooling rates additional precautions may be necessary, e.g. measurements of temperature 
gradients by means of a calibration specimen. Higher heating/cooling rates can also be achieved 
using thin-walled tubular specimens.  
 
The geometry of the test piece may affect the natural cooling rate that can be achieved. During the 
tests the temperature of the specimen should be measured by thermocouples with an appropriate 
measuring system as described in the following section (2.1.7). 
 
2.1.7 Temperature measurement and control 
 
Temperature Measurement with Thermocouples (TCs) 
Spot welded, ribbon type and coaxial thermocouples (TCs) may be applied for the dynamic 
temperature-measurement and control during TMF tests.  Pyrometry is not generally recommended 
for routine testing. 
The most important issue in dynamic temperature measurement and control consists in avoiding cold 
spots at the temperature measurement point due to heat conduction through the TC wires. For 
induction heating this is particularly important, as the TC is not heated directly by the induction coil,  
but only indirectly by the specimen. The TCs should be fixed at the specimen in one of the following 
ways and subject to the conditions below: 
• Spot welded TCs (see Fig. 3) should be fixed at the specimen surface with the thermocouple 

wires spot-welded individually to the specimen, and wrapping around the specimen surface over 
a length of at least 10 times the wire diameter. The TC-wires shall not contact each other at the 
welding point (no bead). The separation of the TC wires at the welding point shall not exceed 
1mm. The thickness of the thermocouple wires should not exceed 0.5mm, to reduce the effects of 
cold spots on the specimen. 

                

lw

<
1mm

∅ 

 
 

Fig. 3: Thermocouples welding (left) and wrapping (right). 
 
• Ribbon type TCs (see fig. 4) shall be wrapped around the specimen over a length of at least 10 

times the wire diameter. The diameter of the thermocouple wires should not exceed 0.5mm to 
reduce the effects of cold spots on the specimen. Care should be taken to ensure sufficient 
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thermal contact between specimen and TC which may be degraded during a running test by the 
formation of oxide surface layers and / or roughening of the surface due to plastic deformation. 
This should be verified by the comparison with a reference thermocouple spot-welded outside the 
gauge length.  

• Each Ribbon Type TC should be calibrated. 
 

                            
 

Fig. 4: Wrapping of ribbon thermocouples 
 
• Coaxial TCs may be inserted into holes or be laid along the surface fixed by platinum wires, 

matching the TC diameter as tightly as possible and with a length between the surface of the test 
piece and the measuring point which is at least 5 times larger than the diameter of the TC. This  
second option is used in combination with radiation furnace (see Fig. 5). 

 

 
 

Fig. 5: Coaxial thermocouple fixed to the specimen 
 

• Type N thermocouples are not appropriate for use as ribbon-type TCs, since the thermal contact 
with the specimen is problematic. Also there is less need to wrap spot-welded Type N TCs 
around the specimen, because of their lower thermal conductivity , unlike Pt-based type R & S 
TCs. 

• K- and N-type TCs are recommended for Tmax up to 850°C because of their higher thermo-
voltage.  

• For maximum temperatures above 850°C, R- or S-type TCs should be used. 
• Generally, shielded transmission cables and / or filtering should be used for the signal 

transmission between the TC and the temperature controller. 
 
Pyrometry  for dynamic temperature measurement and control is generally not recommended for the 
following reasons: 
• The temperature-time paths measured by one-colour pyrometry may be shifted to higher values 

with increasing number of cycles due to changes of the emission coefficient of the surface even 
after a pre-oxidation treatment at the maximum temperature of the following TMF-test. 

• Using two-color pyrometry, interference effects caused by thin oxide layers growing at the 
specimen surface can lead to oscillating temperature deviations of more than 100°C with respect 
to the reference thermocouples. These do not stabilize even after some 10 hours of pre-oxidation 
at the maximum temperature of the TMF cycle. 
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Note 1:  If pyrometry is used for temperature control in TMF tests in spite of these problems, a stable 

surface state must be assured by a sufficient pre-oxidation treatment and / or coating of the 
sample. This should be checked by reference measurements with a thermocouple for the 
same number of thermal cycles foreseen in the TMF test. 

 
Temperature Control: 
Generally, the temperature at the center of the gauge section should be controlled with an accuracy of 
±5°C or 1% of the temperature range ∆T, whichever is greater. Before starting the series of TMF 
tests, the axial temperature gradient should be checked dynamically at the same heating and cooling 
rates as planned for the TMF-tests. If inductive heating is to be applied, attention should be paid to 
the reproducibility of the positioning of the specimen with respect to the induction coil. The axial 
temperature gradients within the gauge length should not exceed ±10°C or ±2% of the temperature 
range [°C].  
For tubular specimens, the radial temperature deviation should not exceed ±5°C or ±1% of the 
temperature range [°C], and circumferential temperature gradients within the gauge length should not 
exceed ±5°C or ±1% of the temperature range [°C].  
For flat specimens the transverse deviation should not exceed ± 7°C.   
The maximum temperature realized within the gauge length should be reported, making particular 
note if the nominal value was exceeded at some point within the gauge length.  
In the event that those limits are not achieved, the value of the thermal gradient should be reported. 
For heating and cooling rates higher than 10°C/s, the difference between the control TC and the 
average volume temperature should be additionally evaluated and accounted for. 
Temperature control may be carried out using spot welded TCs at the specimen shoulder (or still in 
the parallel length, but outside the gauge length) for heating and cooling rates up to 10°C/s. 
Temperature control using a TC outside the GL is made easier if the control TC is closer to the GL. 
Direct measurement within the gauge length can be achieved using a ribbon-type TC. If dynamic 
temperature control is achieved by means of a thermocouple spot-welded outside the gauge length, 
appropriate measures should be taken, to avoid long-term drift of the temperature cycle realized 
within the gauge length. For instance, it may be necessary to apply additional water-cooling at the 
specimen ends, in order to establish a dynamically stable temperature field at this point. 
 
Note 2: To meet this requirement, the use of water-cooled specimen grips is strongly encouraged (see 

section 2.1.2). However, alternatively (or additionally) water cooled plates may be applied to 
the specimen shoulders with a reproducible thermal connection and with a tolerance in the 
axial position of ±0.5 mm. 

 
Furthermore, the reproducibility of the position of the thermocouple and the specimen with respect to 
the induction coil (if used) and of the specimen fixtures and cooling devices should be kept within a 
tolerance of ±0.5 mm. 
Generally a second temperature measurement system, independent of the temperature control 
equipment, should be used to monitor the reproducibility of the readout of the control temperature 
measuring device. 
 
  
2.1.8 Instrumentation for test monitoring  
 
The instrumentation should consist of a computerized system, capable of digitally collecting and 
processing force, extension and temperature as a function of time, and capable of recording the cycle 
count. Sampling frequency of data points should be sufficient to ensure the correct definition of the 
hysteresis loop particularly at those times where the parameters reverse. Different data collection 
strategies will affect the number of data points per loop needed to achieve this, however, typically 
200 points per loop are recommended.  
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Upon registration an example of the data storage format used in the TMF-standard project can be 
downloaded from the website www.odin.jrc.nl.   
 
 
2.1.9 Checking and verification  
 
The testing machine and its control and measurement systems should be checked regularly. 
Specifically, the transducer and associated electronics for each signal must always be checked as a 
complete unit. The force measuring system(s), the strain measuring system(s) and the temperature 
measuring systems should be verified according to the relevant ISO standards. 
The gauge length of the extensometer and the thermocouple or pyrometer calibrations should be 
verified regularly and at least once before each series of tests. The force and strain-measurement 
systems should be checked using a shunt resistor or other suitable method.  
 
 
2.2 SPECIMENS 
 
2.2.1 Geometry  
 
The gauge portion of the specimen in a TMF test should, under ideal conditions, represent a volume 
element of the investigated material contained within the thermally loaded component. Therefore, the 
geometry of the specimen should not affect the resulting cyclic stress-strain and lifetime behaviour, 
e.g. due to stress inhomogeneities, undesired stress gradients etc.  
Accordingly, the specimen geometry should fulfill the following requirements: 
• It should provide a uniform cross section of the gauge portion.  
• Generally the shape of the gauge section should be chosen in such a way that the uniform 

distribution of stresses, strains and temperatures in the gauge length be ensured.  
• The geometry should minimize the risk of buckling in compression to avoid failure initiation at 

the transition radius. 
• It should allow the extensometer to measure the strain without interference or slippage. 
• The parallel length of the specimen shall be longer by 20% than the extensometer gauge length. 

However, it shall not exceed the gauge length plus the width of the gauge length to reduce the 
risk of failure outside the extensometer gauge length. 

• The cross-sectional area within the gripping section should be at least two times the cross-
sectional area within the gauge section, in order to avoid fracture in the gripping section. 

• The parallel length over gauge length ratio has to be chosen with respect to an optimization of the 
axial temperature profile. 

 
Examples of successfully used specimen geometries are given in ANNEX A. In addition to these 
general recommendations valid for all specimen geometries, the following limits should be obeyed in 
the special case of solid cylindrical, tubular (hollow cylindrical) and solid rectangular specimens.  
 
 
2.2.1 a) Solid Cylindrical Specimens  
 
The following recommendations are given for the geometry of round solid specimens: 
• diameter of cylindrical gauge length: d > 5 mm,  
• gauge length: L0 > d, 
• transition radius (from parallel section to grip end): r > 2d, 
• length of reduced section or distance between grips for a constant cross section specimen: Lr < 

5d. 
 
The general tolerances should respect the three following properties:  
• parallelism = 0.005d or better, 
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• concentricity = 0.005d or better, 
• perpendicularity = 0.005d or better  
(these values are expressed in relation to the axis or reference plane).  
 
The dimensions of end connections may be adapted to the grips available at the testing machine:  
• smooth cylindrical connection (hydraulic collets), 
• button-end connection, 
• threaded connection.  
 
The gripping device shall locate the specimen and provide axial alignment. It should not permit any 
backlash. In general, designs in which specimen alignment depends on screw threads alone are not 
recommended.  
 
 
2.2.1 b) Tubular (hollow cylindrical) Specimens  
 
In general, the recommendations for round solid specimens also apply for round tubular specimens 
(see section 2.2.1 a).  
 
Additionally, the following points shall be obeyed for a hollow specimen:  
• The concentricity between the inside bore and the outside gauge section should be maintained 

within 0.005D. 
• The ratio of D to wall thickness should be in the range of 5 − 10, 
Note: The latter recommendation is given because tubular specimens have on the one hand the 

advantage over solid specimens of minimizing the radial temperature gradient especially at 
high heating and cooling rates. On the other hand, the specimen wall should be sufficiently 
thick in order to be representative of the material microstructure Buckling tendencies at high 
axial strain ranges may tend to push the specimen design to the lower end of the 
recommended range.  

 
 
2.2.1 c) Solid Rectangular Specimens 
 
In general, the considerations discussed in sections 2.2.1 a) and b) also apply to tests on rectangular 
specimens. However, to avoid buckling of rectangular samples the following recommendations are 
given: 
• If the gripping system uses flat parallel mechanical or hydraulic jaws, the alignment in the two 

unconstrained degrees of freedom should be assured by appropriate measures. 
• The correct alignment of the specimen shall be carefully checked with a trial specimen 

instrumented with strain gauges, which has a geometry as similar as possible to that of the TMF-
test piece:  The alignment verification shall account for: 
• parallelism and alignment of grips, 
• alignment of specimen with the loading axis. 

• In general, the width of the specimen is reduced in the gauge length to avoid failures in the grips 
(see section 2.2.1).  

• The edges of rectangular test pieces should have a radius of at least 1.5mm in order to avoid edge 
failure. 

 
 
2.2.2 Preparation of specimens  
 
Any alteration of the microstructure or the introduction of residual stresses should be avoided 
carefully during to the preparation of the test piece from the raw material. The following 
recommendations give a guideline to avoid undesired influences of the sampling procedure on the 
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TMF test results. A deviation from these recommendations is possible if the test program has the 
scope to determine the influence of a specific factor as the surface treatment, oxidation, etc. that is 
not compatible with these recommendations. Generally, such deviations shall be noted in the test 
report. 
 
 
2.2.2 a)  Sampling and marking 
 
As mentioned in section 2.2.2, it is necessary that the sampling is carried out considering the 
microstructure as a function of position within the component as well as the thermal and mechanical 
load situation in the component from which the specimens are taken. 
Note 1: For example, samples for TMF tests simulating the thermally induced loading near the 

combustion chamber of an engine should be from a position as near as possible to this 
location in the component 

Note 2: A sampling drawing, attached to the test report, should indicate clearly:  
• the position of each of the specimens  
• the characteristic directions in which the semi-finished product has been worked 

(direction of rolling, extrusion, etc.; as appropriate)  
• the marking of each of the specimens.  

Note 3: It is recommended that specimens carry a unique identifying mark throughout their 
preparation. This may be applied using any reliable method in an area not likely to 
disappear during machining or likely to adversely affect the quality of the test.  

Note 4: Both ends of the specimens shall be marked so that after failure each specimen half may still 
be identified. 

 
 
2.2.2 b) Machining procedure  
 
Machining of the specimen may produce residual stresses in the surface region, which can (especially 
in the case of brittle materials) affect the TMF test results. Residual stresses may be caused by 
temperature gradients, which occur during machining, inhomogeneous plastic deformation of the 
near-surface regions during machining or by microstructural alterations. Their influence is less 
marked in tests on ductile materials and in TMF tests with relatively high maximum temperatures, 
because in these cases the residual stresses are, to a large extent, relaxed upon preliminary thermal 
cycling.  
However, they are to be reduced by using an appropriate final machining procedure, especially prior 
to a final polishing stage, according to the following notes: 
Note 1: For harder materials, grinding rather than tool operation (turning or milling) may be 

preferred:  
• Grinding: from 0.1 mm of the final dimension at a rate of no more than 0.005 mm/pass. 
• Polishing: remove the final 0.025 mm with papers of decreasing grit size; it is 

recommended that the final direction of polishing be along the specimen axial direction. 
• In the case of tubular test pieces the bore should be fine honed to avoid premature crack 

initiation at the inner surface.  
Note 2: Alteration of the microstructure of the material may be caused by the increase in 

temperature and by the strain-hardening induced by machining. Furthermore, a change in 
phase or surface recrystallization may occur. This will make the TMF test invalid because 
the material tested is no longer the initial material. Precaution should therefore be taken to 
avoid this risk. 

Note 3: The mechanical properties of some materials deteriorate when in the presence of certain 
elements or compounds. An example of this is the effect of chlorine on steels and titanium 
alloys. These elements shall therefore be avoided in the products used (cutting fluids, etc.). 
Rinsing and degreasing of specimens prior to storage is also recommended.  
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2.2.2   c)  Surface conditions of the specimens 
 
The surface conditions of the specimens may have an effect on the test results. This is generally 
associated with one or more of the following factors:  
• the specimen surface roughness resulting in a “micro-notch effect”, 
• the presence of residual stresses resulting in additional local loadings, 
• alteration in the microstructure of the material altering the deformation behaviour, 
• introduction of contaminants altering the microstructure and therefore the deformation behaviour. 
 
The following notes give a guideline how the influence of these factors can be minimized. 
Note 1: The surface condition is commonly quantified by the mean roughness Ra or equivalent (e.g. 

ten point roughness or maximum height of irregularities). The importance of this variable on 
the results obtained depends largely on the test conditions, and its influence is reduced by 
surface corrosion of the specimen or inelastic deformation. It is preferable, whatever the test 
conditions, to achieve a mean surface roughness of less than 1.0 µm Ra (or equivalent). 

Note 2: An important parameter not covered by mean roughness is the presence of localized 
machining scratches. Finishing operations should eliminate all scratches transverse to the 
loading direction. Final grinding followed by longitudinal mechanical polishing is 
particularly recommended. A low magnification check (approximately x20) should not show 
any transverse scratches.  

Note 3: In general, heat treatment should be applied before specimen machining. If heat treatment is 
to be carried out after rough finishing of the specimens, it is preferable to carry out the final 
polishing after the heat treatment. If this is not possible, the heat treatment should be carried 
out in a vacuum or in inert gas to prevent oxidation of the specimen. Stress relief is 
recommended in this case. This treatment should not alter the microstructural characteristics 
of the investigated material. The specifics of the heat treatment and machining procedure 
should be reported with the test results.  

Note 4: All contaminants shall be removed prior to the TMF test. 
 
 
2. 2. 2 d) Dimensional check 
 
The dimensions should be measured after machining in at least 3 planes along the longitudinal axis 
with an accuracy of at least 10 µm and afterwards on completion of the final machining stage by 
taking the average using a method of metrology that does not alter the surface condition.  
 
 
2. 2. 2 e) Storage and handling  
 
After preparation, the specimens shall be stored to prevent any damage such as scratching, oxidation, 
etc. The use of individual boxes or tubes with end caps is recommended. In certain cases, storage in a 
vacuum or in a desiccator filled with silica gel may be necessary. Handling should be reduced to the 
minimum necessary.  
 
 
 
 
3.    PRECYCLING PROCEDURE  
 
 
In order to realize a mechanical strain-control mode, during a non-isothermal cycle, it is necessary to 
acquire the thermal strain trajectory by means of a suitable procedure. Due to slightly varying 
conditions (such as specimen material or coating) a thermal strain pretest (“zero stress test”) should 
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be carried out prior to every individual test, in order to verify the accuracy of thermal strain 
compensation.  
 
 
 
 
3.1   EVALUATION OF E MODULUS  
 
Before starting each TMF test the evaluation of the E modulus is strongly recommended at RT, 
Tmin, Tmax and  at least one additional intermediate temperature between them. This constitutes 
good practice, in order to ensure the correct operation of the stress, strain and temperature  
measurement systems,  the proper alignment of the load train; it may be used also in verifying the 
correct positioning of the sample. 
The measured data shall be compared with reference database if available. If the difference in the 
measured E value and reference values is higher than 5%, the cause should be investigated. If the 
difference is greater than 10% the test should not be continued. If no reference data are available the 
modulus should be checked for reproducibility (better than 5%). 
 
The E modulus can be determined by using static or pseudo-dynamic procedures.  
In static condition the evaluation of E modulus at each temperature has to be made after a suitable 
temperature stabilisation and cycling in tension and compression load control with triangular (or 
sinusoidal) wave form, applying forces which do not exceed an equivalent stress of 20% of the yield 
stress at the maximum temperature, and using a force cycling frequency of 0.1Hz or higher. The 
tensile and compressive E modulus should be evaluated separately. At least 5 cycles at each 
temperature are required.  
In pseudo-dynamic condition two procedures may be followed. In the first the temperature is cycled 
as in the selected TMF cycle and tensile and compressive loads are applied with a higher frequency 
of 1 Hz or higher. In the second when the temperature is cycling a tensile and a compressive constant 
load is applied alternately in successive cycles. As above, a minimum of 5 cycles is required. 
 
 
3.2     OPTIMISATION OF TEMPERATURE CONTROL LOOP 
 
Since the reproducibility of the temperature control affects the accuracy of mechanical strain control, 
temperature control-loop optimisation steps in general and/or prior to every thermal strain 
measurement are necessary in order to comply with the requirements in 3.3. The steps may include: 

• optimisation of loop settings to avoid control instabilities 
• protection of the test set up from unintended sporadic air flows 
• optimisation of thermal contact between thermocouple and specimen surface 
• protection of the thermocouple from forced convection in the case of air cooling 

The temperature control deviation is defined as the difference between temperature command 
variable and actual temperature at the control thermocouple. Control deviation is limited to ±5°C or 
±1% of temperature range, whichever the greater, at any time in the cycle (except for the first cycle 
after (re)starting). However deviations up to twice the above figures can be considered acceptable, 
provided the number of cycles affected by such problems is limited to 0.5% of the life. For error 
minimization at turning points of high transient experiments (≥10°C/s) special methods such as 
approximate control loop inversion or modification of command trajectory may be necessary [2]. All 
activities related to temperature control loop optimisation shall be completed prior to thermal strain 
measurement. 
 
 
3.3      THERMAL STRAIN MEASUREMENT 
 
Thermal strain is measured during temperature cycling at zero force with the same temperature–time 
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cycles as used in the TMF test. It is recommended that the thermal strain and the temperature vs. time 
be acquired after dynamic thermal equilibrium is established between specimen and grip elements in 
an appropriate way. Hysteresis may be caused by a varying temperature distribution in the specimen 
gauge length during heating and cooling or by temperature measurement errors caused by active 
cooling. 
The thermal strain vs. temperature loop gained from the load-free thermal strain measurement shall 
meet the following criteria:  

• The difference between the measured thermal strain range (∆ε th = εth(Tmax) - ε(Tmin)) and the  
thermal strain range obtained by dilatometric measurements or from material database (if 
available) shall not exceed ±10% of the thermal strain range in the TMF cycle applied. 

• The maximum hysteresis of the ε th vs. T  loop shall be smaller than 5% of ε th itself, and 
should not exceed 10% of ∆ε th

   
 
Depending on the selected method of thermal strain compensation (temperature- or time-based), two 
different ways of thermal strain measurement are necessary, as described below in 3.3.1 and 3.3.2. In 
either case, the proper thermal strain phasing should be assured. At Tmax the thermal phase angle 
deviation should not exceed ±2°, while the phase angle deviation should be within ±5° at Tmin.  
 
Note 1: Comparing the time dependence of the command temperature with that of the thermal strain 
can assess thermal phase angles. 
 
3.3.1      Temperature based thermal strain compensation  
 
Coefficients of an appropriate function ε th(T) should be fitted to the values measured during pre-
cycling by means of a suitable error minimization algorithm. An average from at least two cycles 
should be considered. During testing the mechanical strain command is evaluated depending on the 
cycle time t. The thermal strain is calculated in real time from the measured temperature T and added 
to the mechanical strain to get the total strain as command input for the strain control.  
 

εtot = ε th(T) + εm(t)       
 
It may be necessary to calculate individual ε th(T) functions for each cycle segment like cooling ramp 
or heating ramp. In the case where the test equipment only allows the test to start after a short dwell 
period at the starting temperature, it may also be necessary to calculate individual ε th(T) functions for 
the (re)starting cycle. 
Particularly in vicinity of high transient turning points this real time thermal strain compensation 
method may not be accurate enough to meet the requirements in 3.3 and a high resolution time based 
thermal strain compensation should be considered. However, the temperature-based method 
possesses the advantage of being less sensitive to drift errors in temperature control.  
 
 
3.3.2 Time based thermal strain compensation  
 
In order to realize a time based thermal strain compensation, the measured thermal strain is stored in 
an array with constant time increments. In order to minimize effects such as noise on the strain signal 
or sporadic control deviations, an average cycle out of at least two acquired cycles is calculated. The 
actual acquisition rate should be identical to the digital-analogue-conversion rate of the total strain 
command during testing.  
Note 1: The time resolution of the thermal strain array shall be high enough to meet the requirements 

in 3.3 especially in the vicinity of high transient turning points.  
Note 2: The mechanical strain control accuracy attainable with this method is strongly dependent on 

the reproducibility of the temperature control characteristics. In the case where the test 
equipment only allows starting after a short dwell period at the starting temperature it may 
also be necessary to acquire an individual εth(t) function for the (re)starting cycle. 
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3.4    ZERO STRESS TEST 
 
The accuracy of thermal strain compensation should be checked prior to TMF-testing by a zero stress 
test. The zero stress test is carried out under total strain control at εm = 0 which means ε tot = ε th(T). 
The thermal strain is taken from the recording cycles at zero force (see section 3.2) All other 
conditions shall be identical to the subsequent actual TMF test. The resulting extreme values of  
stress occurring during zero stress test shall not exceed ±5% of ∆σ occurring during the TMF test,  
while the resulting mean stress shall not exceed ±2% of ∆σ. 
Note 1: Possible reasons  why this recommendation may not be reached are: 

• Phase angle deviations between temperature and total strain, 
• Errors in temperature measurement and control, 
• Insufficient thermal equilibrium between gripping system and specimen. 

 
Note 2: The 5% zero-stress criterion is difficult to achieve if single-valued temperature-based 

thermal strain compensation (i.e. without the use of separate heating and cooling half cycles, 
and, in particular, in combination with temperature control outside the gauge length). 

 
 
 
4. TEST EXECUTION  
  
 
4.1    TEST START 
 
The TMF test is started immediately after the precycling procedure including the zero stress test.  
TMF tests are generally started at the temperature or time point in the cycle where the mechanical 
strain is zero, εm= 0, and with increasing temperature (not necessarily at Tmin ) so as to avoid an 
additional strain ramp at constant temperature (Fig. 6). 
In the case where the cycle does not have a point where εm= 0, i.e. for Rε > 0, the test should be 
started at the minimum temperature as soon as the mechanical strain has reached its corresponding 
value in the cycle. 

 
Note 1: Other TMF starting points will have to be chosen if the effect of the starting point on TMF 
life should be investigated or if required by the specific application, but they should be clearly 
reported. 
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Fig. 6:  The starting positions in two typical TMF cycles. 
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4.2   TEST STOP AND RESTART 
 
It is expected that a TMF test will run continuously until the predefined test-end conditions are 
reached, and that the test parameters will be maintained for the duration of the test. Unfortunately, 
owing to the length of this type of test, one or more stops can occur due electric power, cooling water 
or air failure. In addition stops could be planned for metallurgical investigations, such as surface 
analysis via replicas or any other surface microscopy study or in order to change test conditions. 
Whether tests have been stopped deliberately or for some other reason  the test should ideally be re-
started at the same conditions and in the same loading direction which prevailed during the moment 
of shutdown. The following lines are suggested to minimise the test disturbance. 
 
Programmed and unexpected stops require different procedures. 
 
 
4.2.1 Programmed stop 
 
The test should be stopped at the end of the cycle when εm= 0 and the temperature maintained at the 
correct value. In this state the machine is switched from strain to force control, the force is reduced to 
zero and the temperature to the ambient temperature (Fig. 7). The test can be restarted at the point 
where it had been stopped after thermal equilibrium has been re-established by precycling. 
If the specimen and/or the extensometer are to be removed, the sample should first be cooled at zero 
force. The restart should be treated as a completely new start of the TMF test (see sections 3 and 4.1) 
but without the E-modulus measurement. This means that reference cycles have to be run to 
determine the thermal strain path at zero load. Afterwards a zero stress test in strain control is 
performed, then the stress and the mechanical strain at which the test was stopped are applied. From 
this point the TMF test can be continued (Fig. 8). 
 
 
4.2.2 Unexpected stop 
 
This applies to interruptions due to service failure or for other reasons. In the case where the cycle is 
not completed, the specimen will cool and be subject to residual strain. 
Provided that the specimen has not been damaged and the interrupted cycle was recorded, the test can 
be restarted according to the following procedure.  
The restart procedure itself is to be performed in the same way as after a programmed test stop (Fig. 
8): Return the specimen to the starting temperature of the main test under force control at zero force. 
Firstly re-establish at zero stress the temperature at which the test stopped. Then apply the stress and 
the mechanical strain at which the test stopped. From this point the remaining part of the last TMF 
cycle of the stopped test can be continued. It is apparent that the restart procedure should not 
introduce any additional stress and, if stress range differences are observed, the stress range should 
reach the level before the stop within a few cycles. If the stress range is sensibly different from that 
before the stop, the test cannot be considered valid. 
 
 
4.2.3 Reporting and test validity 
 
If the interrupted cycle has not been recorded, the TMF test should not be restarted. Any test 
interruption, intentional or not, must be reported. For unexpected stops, no more than one stop is 
allowed for the test to be considered valid. 
A restarted test can be regarded as valid if the last entire cycle before the interruption is re-
established within five cycles of the restart to less than ±5% deviation of the σmax and the ∆σ values.  
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Fig. 7: Example of programmed test stop procedure. 
 

 
 
 

Fig. 8: Example of restart procedure 
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4.3 TEST MONITORING 
 
It is recommended that the time, cycle number, temperature, total strain, and force be recorded for the 
duration of the test with a minimum sampling rate of 200 points per cycle (in many cases it may be 
advantageous also to have information on the set-point signals of temperature and total strain, the 
stroke signal and the heating power control signal). 
Depending on the system limitations and the duration of the test, it may be necessary to carry out an 
online data reduction process. In this case it is recommended to meet the minimum data recording 
requirements as given below. 
 
Load, strain and temperature should be recorded as a function of time for representative cycles. From 
such recorded data, plots of stress, mechanical strain, and temperature as a function of time, and plots 
of mechanical strain as a function of stress and of temperature should be generated. The following 
representative cycles should be considered as a minimum (Table 1): 
 
 

Table 1: The TMF data which should be recorded. 
 

plots: representative cycles to be 
recorded: 

representative cycles to be 
reported: 

stress vs. time logarithmic scheme: N = 1, 2, 3, 
6, 10, 20, 30, 60, 100, ... 

N = 1, mid life cycle 

mechanical strain vs. time logarithmic scheme: N = 1, 2, 3, 
6, 10, 20, 30 ,60, 100, ... 

N = 1, mid life cycle 

temperature vs. time logarithmic scheme: N = 1, 2, 3, 
6, 10, 20, 30, 60, 100, ... 

N = 1, mid life cycle 

stress vs. mechanical strain 
(hysteresis loop) 

logarithmic scheme: N = 1, 2, 3, 
6, 10, 20, 30, 60, 100, ... 

N = 1 and mid life cycle  

mechanical strain vs. 
temperature 

logarithmic scheme: N = 1, 2, 3, 
6, 10, 20, 30, 60, 100, ... 

N = 1, mid life cycle 

min and max of stress, stress 
range and peak temperatures 
as a function of cycle number 

All cycles logarithmic scheme: N = 1, 2, 3, 
6, 10, 20, 30, 60, 100, ... 

 
 
The mid-life cycle to be provided in the test report should be the recorded cycle which is closest to 
Nf/2, or at least within the mid life interval, N = Nf ± 5% Nf. In the case where such a cycle was 
missed (due to the logarithmic recording scheme), it may be analytically reconstructed, by averaging 
the two adjacent recorded cycles external to (before and after) the mid life interval.  
 
Note: It is recommended that cycles corresponding to any deviation from the prescribed testing 
tolerances should be retained. 
 
 
 
4.4 TERMINATION OF TEST 
 
The test shall not be terminated until a predefined criterion has been reached. Typically this may 
correspond to a 50% drop in maximum force or complete separation of the test piece. For brittle 
materials, a smaller amount of force drop may be preferred, to avoid damage to the extensometer 
device during fracture. 
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5.  ANALYSIS AND REPORTING    
 
 
5.1 ANALYSIS OF RECORDED DATA 
 
5.1.1 Validation of analysis software 
 
It is recommended that an ASCII data file, representative of the material under investigation and with 
agreed TMF test results, should be used to validate the analysis software following updating and/or 
modification. 
 
 
5.1.2    Determination of TMF life 
 
The end-life criterion shall be defined in detail and maintained for the test series. Three methods are 
considered to define the end-of-life condition, based on stress diminution resulting from a crack or 
cracks being present. 
End of life can be defined (for graphical illustrations, refer to ISO 12106), by four alternative 
methods: 
- As the point at which the stress range ∆σ decreases by x%  below a tangent line drawn at the last 

point of zero curvature on the curve of ∆σ versus N in linear scaling (see Fig. 9);  
- The point at which the maximum stress σmax decreases by e.g. x%  below a tangent line drawn at 

the last point of zero curvature on the curve of σmax versus N in linear scaling;  
- In the absence of any point of zero curvature the point at which the stress range falls by x% 

below the absolute maximum of recorded stress ranges,  
- Separation of test piece 
 
Note: For many metallic materials x = 10 is an appropriate choice. 
  
The method used, especially the percentage drop, should be documented. 
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5.1.3 Strain – life relationships 
 
As a minimum, a plot of the cyclic life as a function of applied mechanical strain range should be 
generated. 
 
 
5.1.4 Uncertainty 
 
At present, because insufficient information is available concerning the response of different 
materials to test control parameters, it is not practical to prepare a rigorous Uncertainty Budget.  
However, an example of the uncertainty of test results based upon a statistical analysis of an 
International round robin inter-comparison exercise using Nimonic 90 is given in Annex D. Such 
data for other materials should be compiled. In absence of any other information, in-house 
repeatability data may be used as an indication of scatter.   
 
 
  
5.2 REPORTING OF TEST METHODS  
 
5.2.1 Specimen 
 
A drawing of the specimen design and/or a reference to the relevant standard shall be provided 
together with details of the preparation procedures. 
 
 
5.2.2 Test  equipment details 
 
The following information shall be provided on request: 
- load train, including load cell type, capacity and class, and specimen gripping fixtures; 
- testing machine, including frame capacity, actuator type and capacity, and controller type; 
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- test control and data collection, including all digital and analog controllers, recorders and data 
recording equipment; 

- heating and cooling systems, including where appropriate the type and the model; 
- temperature measurement thermocouple and/or pyrometer types and specific configurations (in 

particular, the positions); 
- extensometer type, gauge length, operating range and class. 
 
 
5.2.3 Test method information 
 
The following information shall be provided on request: 
- specimen alignment method and results; 
- thermal strain compensation technique and results; 
- test commencement procedure; 
- test termination technique. 
 
In any case the following information shall be provided: 
- test conditions; 
- any test interruption. 
 
 
5.2.4 Failure criterion 
 
The definition of failure shall be reported. 
 
 
5.2.5 Deviations 
 
Any deviation from specified test tolerances or from the recommended procedures described in this 
Code of Practice shall be reported. 
 
 
5.3 REPORTING OF RESULTS 
 
The values stated in SI units are to be regarded as the standard.  
 
 
5.3.1    Material 
 
All relevant available material details should be reported. This should include e.g. the standardised 
product designation, the material composition in weight percent, material state at test initiation 
(namely processing, heat treatments etc.), microstructures/grain sizes, hardness, and the sampling 
information. 
 
 
5.3.2 Test Conditions 
 
All of the test variables including: mechanical strain limits and/or mechanical strain ratio, rates, 
temperature limits, and temperature/mechanical strain phasing relationship shall be reported. 
The maximum temperature realized within the gauge length should be reported, in particular if the 
nominal value was exceeded somewhere within the gauge length. 
If the limits of temperature homogeneity in section 2.1.7 are not achieved the thermal gradient values 
should be reported. 
The sign of strain at first quarter cycle, tensile or compressive, shall be clearly indicated. 



TMF – STANDARD project: Code of Practice       pag. 24 

 

 
5.3.3 Individual test results 
 
Data from the precycling procedure 
The elastic modulus, measured as a function of temperature, E(T) (see Section 3 above) should be 
plotted for each specimen. 
When the pseudo-dynamic procedure with temperature cycling is used for E(T) determination, the 
rates of temperature and force variation shall be reported. 
The thermal strain as a function of temperature should be plotted and tabulated for each specimen. 
The stress-temperature path from the zero stress test should also be plotted for each specimen. 
 
TMF test results 
Presentation of single test results should include graphical plots of min/max values of stress, 
mechanical strain, temperature and thermal strain, all expressed as a function of cycle number, 
together with hysteresis loops for representative cycles (as in Table 1 above) of mechanical strain vs. 
stress and temperature. See Annex C for representative diagrams. 
In addition a plot of elastic modulus versus temperature and a plot of thermal strain versus 
temperature should be included containing data for each specimen. 
Any test interruption should be reported ( see section 4.2.3) 
 
Note: If a report proforma sheet is used to report results, then it is strongly recommended that only a 

blank proforma report form is used to tabulate results from a particular test,  thereby avoiding 
‘cut and paste’ errors.   

 
 
5.3.4 Results of a test series 
 
Presentation of a test series will depend on the aim of the study. It would normally include, for each 
temperature range and cycle type (i.e. in-phase, out-of-phase etc.), plots as a function of life Nf of 
maximum and minimum stress, of total mechanical strain range, and of inelastic mechanical strain 
range, with such quantities normally measured at mid-life of each individual test. 
 
 
5.3.5 Fracture characteristics 
 
The location of crack initiation and growth, with respect to thermocouple positions, extensometer 
attachments, and specimen gage length should be reported. 
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ANNEX A Specimens  
 

 
 
Figure A1: Example drawing for a test piece with solid strain measuring section and smooth grip 
ends. 
 
 

  
 
Figure A2: Example drawing for a test piece with hollow strain measuring section and thread grip 
ends. 
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Figure A3: Example drawing for a test piece with flat strain measuring section and thread grip ends. 
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ANNEX B Material properties and experimental characteristics (Informative) 
 

 
Material properties of Nimonic90 1 

Property Symbol Unit Indicative value 
Mechanical properties 

Density ρ g/cm3 8.2 

Yield stress at Tmax σy MPa 440 @ 850°C 

Young’s modulus of elasticity  E GPa 150 

Poisson ratio ν 1 0.3 

Thermal properties 
Gibbs free enthalpy of plastic deformation Gpl eV 1.9 

Gibbs free enthalpy of oxidation (800 – 1000°C) Gox eV 1.1 

Specific heat cp J / kg °C 650 

Thermal conductivity λ W / m °C 24 

Lin. coefficient of thermal expansion (400 – 850°C) α 10-6 °C−1 15 

Electromagnetic properties 
Electrical conductivity σ (µΩ m)−1 0.76 

Magnetic permeability µ 1 1.1 

Characteristics of experimental set up and TMF conditions 
Parameter Symbol Unit Indicative value 

Specimen radius r mm 3 

Frequency of induction heating υind kHz 200 

Heating/cooling rate T&  °C / s 5 

Minimum temperature Tmin °C 400 

Maximum temperature Tmax °C 850 
 

Derived quantities 
Quantity Symbol Formula Unit Indic. 

value 
Skin effect penetration depth of power density2 d (4πσµ0µυ)−1/2 mm 0.61 

Characteristic temperature of plastic deform.3 Tc,pl Gpl/kB °C 22000 

Characteristic temperature of oxidation Tc,ox Gox/kB °C 12500 

                                                 
1 Unless specified otherwise, all values refer to approximate properties at 800°C, as listed in Special Metals 
data sheet (www.specialmetals.com).  
2  The penetration depth of the heating power density is only half the value of the penetration depth of the 
electromagnetic field. The vacuum permeability is 

 
Am
Vs

1026.1
Am
Vs

104 67
0

−− ×≈×= πµ . 

3 Boltzmann constant kB = 1.38 x 10-23 J/°C   
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Thermal relaxation time τ (ρcp/λ)r2 s 2.0 

Radial temperature gradient T’ (ρcp/λ)rT&  °C/mm 3.3 

Radial stress deviation  ∆σ (E/(1-ν))αT’r MPa 31 

Characteristic temperature deviation4 ∆T 0.1 T2
max / Tc,ox °C 10 

 
From these data various dimensionless parameters derive, which can be used to estimate the lower 
bounds of systematic errors induced by the experimental set-up and the thermo-mechanical fatigue 
conditions imposed, and to assess the influences of the various parameters affecting those errors.  
 
The induction heating of the above set-up causes a skin effect with very limited direct bulk heating, 
as the ratio of the penetration depth to the specimen radius 

%20
1

4
1

0

≈=
rr

d
µνπσµ

 

amounts to some 20 percent only. Accordingly, the specimen bulk is heated by heat conduction with 
finite thermal relaxation time τ ≈ 2s, causing a temperature difference δT ≈ 10°C between inside and 
outside temperature. 
 
The relative stress deviation associated with the radial temperature gradient induced by surface 
heating and heat conduction to the bulk (lamp furnace or induction heater with small penetration 
depth) reads 

% 7
)1(

2

y

p

y

≈
−

=∆ TrEc &
σνλ

αρ

σ
σ

. 

 
On top of these systematic errors due to thermal relaxation there will always be measurement and 
control uncertainties, which must be kept as low as possible by appropriate maintenance and 
calibration of the measurement equipment as well as by an optimization of the TMF testing 
techniques. In particular, the relative overall temperature deviation in the gauge length should not 
exceed 

( ) % 2.21.0
minmaxox c,

2
max

minmax

±≈
−

±=
−

∆
TTT

T
TT

T
, 

if the rate of the relevant thermally activated process (here: oxidation) is to be maintained 
within a ±10% range. 
 
 
 
 
 
 
 
 

                                                 
4 Note: This represents the temperature deviation, which is associated with an 
acceleration/deceleration of the relevant thermally activated process by ± 10%. 
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ANNEX C Typical shapes of diagrams for representative TMF cycles frequently used 

(Informative) 
 
 
 
Diagrams of mechanical strain and temperature versus time are shown in Fig. C1 for a typical TMF 
test with In-Phase (IP) cycling; a similar diagram for the Out-Of-Phase (OP) TMF cycle is shown in 
Fig. C2. 
 
Various mechanical strain vs. temperature diagrams are shown in Fig. C3 for a typical mechanical 
strain range of 0.6%. In deciding the temperature-strain path, the proposed convention is to plot 
mechanical strain on the vertical axis, and temperature on the horizontal axis. 
 
Thus an IP test (maximum temperature at maximum strain) appears as the line AB of positive slope 
in Fig. C3, whereas the OP test is given as the line of negative slope CD. 
In Fig. C3 a symmetrical diamond cycle starting at Tmin and zero mechanical strain and taken in the 
prescribed order EFGH would be named “anti-clockwise diamond cycle”; If performed in the reverse 
order EHGF it becomes a “clockwise diamond cycle”. 
For an isothermal Low Cycle Fatigue test, the representative line is the vertical line IL in Fig. C3. 
 
A definition is required for phase lag. The origin of 0° is taken as the IP line in Fig. C3, so in the 
example of Fig. C3 the OP line is 180° out of phase and the symmetrical anti-clockwise diamond 
EFGH is 90° out of phase.  
Namely the phase lag is defined as the angle representing the delay of the strain-time waveform with 
respect to the temperature-time waveform. For simplicity one may consider the case of sinusoidal 
functions (but the consideration holds for any periodic function): The phase lag ϕ is defined in a 
TMF test as follows: 
 

 T  = To + T1 sin (ωt)   εm  =  ε0 + ε1 sin (ωt − ϕ)  
 

It is clear by this definition that MNOP is 45°. Moreover any diamond cycle tends to IP cycle for 
small ϕ, and to OP cycle by increasing ϕ towards 180°.  
 
The definitions have been chosen in such a way that as the phase angle increases, also the in tercepts 
on the strain axis do increase.  
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Fig. C2: Out-of-phase TMF test (ϕ = 180°). 
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Fig. C1: In-Phase TMF test (ϕ = 0). 
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Fig. C3: Mechanical strain vs. temperature for typical TMF cycles. 

-800 

-600 

-400 

-200 

0 

200 

400 

600 

800 

-0,4 -0,3 -0,2 -0,1 0 0,1 0,2 0,3 0,4 

Mechanical strain % 

Stress 
MPa 

OP cycle 
IP cycle 

400°C 

900°C 

650°C 

650°C 

400°C 

900°C 

Fig. C4: Examples of hysteresis loops for In-Phase and Out-of-Phase TMF cycles. 
 



TMF – STANDARD project: Code of Practice       pag. 33 

 

 
 
 

 
 

Fig. C5: Example of stress response as a function of central temperature for an Out-of-Phase (180°) 
TMF cycle.  
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ANNEX D  Measurement Scatter and Uncertainty 
 

 
D1. Introduction  
A major international Thermo-Mechanical Fatigue (TMF) inter-comparison exercise has been 
undertaken to validate a new European Code of Practice for TMF Testing and to provide 
underpinning information for an ISO Standard.  
This Annex presents some of the findings from the inter-comparison exercise and focuses on 
measurement scatter and uncertainty. 
Participants who supplied results in the Round Robin exercise comprised eight inner circle partners 
who primarily used testpieces which were all manufactured at the same laboratory, albeit of three 
different testpiece geometries, and eight outer circle participants who manufactured their own 
testpieces, of their own in-house geometry. Each participant undertook three repeat In-Phase (IP) 
tests and three repeat Out-of-Phase (OP) tests. The tests were conducted at temperatures cycling 
between 400°C to 850°C, with a strain range selected to give a failure life of approximately 1000 
cycles, with a stress range of up to ~1000 MPa. The testing conditions were chosen following a 
preliminary evaluation of critical testing parameters. A total of 71 OP tests and 49 In-Phase tests 
results from solid circular and solid flat testpiece geometries, together with hollow tubular testpieces 
have been compared.  The influence of temperature measurement using different types of 
temperature sensors has also been investigated. Full details of the analysis of the Round Robin 
exercise are presented elsewhere (Loveday et al, 2005)  
In-house repeatability has been assessed, together with inter-laboratory reproducibility. It should be 
noted that initially the largest contribution to scatter in the results was attributed to human errors in 
reporting the results, compounded by computer assisted ‘cut-and-paste’ errors. Once these obvious 
discrepancies had been corrected, it was possible to use the data sets to point to some 
recommendations regarding testing procedures that can be incorporated into the Code of Testing 
Practice and provide technical underpinning for the ISO Standard.  
 
D2. Fatigue Life - Measurement Uncertainty, Spread and Scatter  
At present there is insufficient knowledge available to prepare a generic statement of measurement 
uncertainty for thermo-mechanical fatigue testing since the appropriate data needed for an 
uncertainty budget is not currently in the public domain.  Such information that would be needed 
includes: a) the material’s response to temperature ramping and straining rates, and the influence of 
phase shift between temperature and strain. The usual information about the particular testing 
machine would be needed, e.g. the precision of the load cell, the extensometer and the testpiece 
temperature measurement system. In addition information would also be needed about the alignment 
of the testpiece-loading train and the materials response to mis-alignment.  
 
For these reasons it has not proved possible to present a comprehensive uncertainty budget for TMF 
testing, based on the approach for estimating the uncertainty of measurement given in the ISO TAG4 
‘Guide to the expression of uncertainty in measurement.’ (1994), or outlined in a ‘Beginners Guide’ 
(Bell, (1999)) and in ‘Estimating Uncertainties in Testing’, (Birch,. (2001)).  
  
However it should  be noted that comprehensive statements of uncertainty for a wide variety of 
mechanical test techniques have now been published as part of the EU Funded project ‘Uncert’ (Kandil, 
et al. (2000)), and three additional documents have now been issued covering a) Low Cycle Fatigue, b) 
Creep and c) Tensile Testing as CEN endorsed Technical Workshop Agreements. It is relevant to note 
that in the worked example given in the LCF document for an isothermal test a measurement uncertainty 
of ~ ±17% at the 95% confidence level is quoted.  
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The ISO TAG 4 Guide (1994) , does permit a statement of measurement uncertainty to be based on 
statistical analysis if sufficient data is available, so the data sets accumulated in the TMF Inter-
comparison Exercise could be used to provide an indication of the measurement uncertainty for the 
particular material used in the exercise.  
Since only three repeat IP or OP tests were generally undertaken by any single laboratory, there are 
not enough readings to apply conventional statistical analysis and thus the spread in the results were 
only used as an indication of repeatability of the test results for individual laboratories. The spread in 
the results have been determined by subtracting the lowest value from the highest value, the 
differences have been tabulated and the average of all the spread values calculated and are shown in 
Fig. D1.  From analysis of the data it was found that typical in-house repeatability is ~ ±13%. 
 
However, the results from all the laboratories, when grouped together, do provided a sufficiently 
large data set to justify statistical analysis, and thus it was possible to estimate scatter based on twice 
the standard deviation of the data set. The scatter calculated on this basis could thus be used to 
represent the uncertainty of measurement at the 95% confidence level.  The scatter calculated as 
described above, for the complete data set and a reduced pedigree data set, where outliers have been 
excluded, expressed as a percentage are shown in Figure D2. It can be seen that scatter in the TMF 
life at 10% load drop for the complete data set are ±95% and 71% for the IP and OP data sets, 
respectively. If the analysis is undertaken using the pedigree data set with outliers excluded then the 
scatter at the 95% confidence level are reduced to  ±67% and ±45% for the IP and OP tests 
respectively.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure D1: Average spread in data from individual laboratories 
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Figure D2. Results from Inter-comparison exercise  
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