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Abstract.  In order to save energy and to reach a high economical efficiency, it is the permanent endeavour of 
engineers to minimise the mass of components and structures and to extend its lifetime. The utilisation of this 
design concept requires an appropriate understanding of the materials behaviour under the given service 
conditions. This is not always a simple exercise, especially if the mechanical and thermal loadings are involved 
simultaneously. Non-isothermal conditions, as these are to be found in turbine components, rocket engines, but 
also in high-speed machining tools make the understanding even more complex. It must be considered 
additionally that in real-world applications, the majority of engineering components experience stresses that are 
multiaxial in nature. Conventional design practices and structural analysis methods use uniaxial test data and 
equivalence concepts in an attempt to account for these multiaxial stresses in component designs. For reliable 
and safe operation of turbines, engines and machining tools as well, it is imperative that the deformation 
behaviour and fatigue life of critical parts can be estimated through the use of the most pertinent constitutive and 
life time prediction models and experimental data. 
Two different types of experimental techniques to perform non-isothermal, uniaxial and biaxial fatigue tests will 
be described.  

 
 
 
 

1.  INTRODUCTION 
 
Many components especially in gas turbines used in 
aircrafts or in energy production but also in car engines 
experience thermal transients during service operation. 
Damage under combined thermal and mechanical loading 
is life limiting for those parts. Requests for higher 
efficiencies in operation require a permanent 
improvement of the understanding of the materials’ 
behaviour under service conditions. To ensure the 
structural integrity of the design, the computation and 
evaluation of simultaneous thermal and mechanical 
loading has become more and more important. 
Constitutive equations and damage models are used to 
describe numerically the material properties and to make 
an estimate on the fatigue life. Specially designed testing 
facilities are used to simulate superposed complex 
thermal and mechanical loading regimes and to adapt the 
descriptive model parameters to the material’s behaviour.  

Thermo-mechanical-Fatigue (TMF) is a cyclic test 
procedure that is preliminary based on the mechanical 
loading history of a Low-Cycle-Fatigue (LCF) test with a 
superposed thermal loading cycle. Pioneer authors used 
two basic cycles, which are still very popular: “in-phase” 
cycles, where the maximum mechanical strain occurs at 
maximum temperature or an “out-of-phase” cycle, where 
the maximum mechanical strain occurs at minimum 
temperature. In very basic terms, all kind of testing 
machines, which are in accordance with the requirements 
of LCF-standards, can be used for TMF-tests as well. 

In most cases TMF tests are run strain controlled. As 
mechanical strain and thermal strain are recorded by 
the used extensometer as a total strain signal, the later 
must be corrected. The interactions of thermally and 
mechanically induced deformations and the basics of 
the required correction algorithm are shown in Fig.1. 
The thermal strain-temperature relation is calculated 
from a polynomial fit. The coefficients of this fit are 
determined by a specified calibration procedure. Once 
known, the calculated thermal strain εtherm is then added 
to the demand signal, the mechanical strain signal εmech 
and the resultant fed into the PID control loop. Any 
change in temperature will therefore result in an error 
between demand and feedback (εtotal) and the loading 
piston will be moved to reduce the error. The 
mechanical strain demand can easily be fed into the 
control loop to generate any waveform profile required. 
These corrections must be provided on-line, i.e. under 
real-time conditions and are to be embedded into the 
firmware of the digital control electronics. 

TMF tests are mid- and long-term tests. Therefore it is 
essential that any phase-shift between the thermal and 
the mechanical load history will be prevented. Both 
loading channels must be synchronised in terms of 
their command and their feedback signals by the same 
hardware clock. 

In this paper the design concepts of dynamic testing 
machines for tests on small specimen sizes and for 
simulation of multiaxial load histories will be discussed. 
  
 

140
 
 

 ANALES DE MECÁNICA DE LA FRACTURA   Vol. 22  (2005) 

 
 



 

 

 

 

 

 

 

 

a) 

 

 

 

 

 

 

 

 

b) 

 

 

 

 

 

2.  TMF TESTS WITH MINIATURISED SPECI-
MENS 
 
ETMT stands for “Electrothermal Mechanical Test 
System” and is basically a development of the National 
Physical Laboratory (NPL) in London. INSTRON

 picked 
up the prototype and is now working together with the 
NPL in improving the machine, making use of the latest 
digital control technology and taking it from a prototype 
to a serial product status. Typical application fields for an 
ETMT are development of new materials, failure analysis 
of accidents and naturally all those applications where the 
real components have miniature size, e.g. microelec-
tronics. Some application informations can be taken from 
[1, 2]. 
 The idea behind this test system is that in the early stage 
of material development only a limited volume of 
material will be available and the specimen size will be 
quite small. Fatigue testing machines commonly used for 
TMF tests show max. load capacities of 100 or 250 kN; 
capacities which make it difficult to run proper TMF tests 
on miniature specimens. Therefore the testing machine 
should be compact and flexible as well. A typical 
miniature specimen geometry is 40 x 2 x 1 mm for 

metallic specimens, with a gauge length of typically 10 
– 20 mm. Using those miniature test pieces the ETMT 
can perform a wide range of experiments under 
following control options:  
  temperature constant    stress or strain constant, 
 temperature constant   stress or strain cycling, 
 temperature cycling  stress or strain constant, 
 temperature cycling  stress or strain cycling.  

In the later test set-up thermo-mechanical loading 
profiles with in-phase and out-of-phase cycles can be 

simulated. Fig.2 shows a general view on the ETMT 
machine. Its heart is an electrical DC motor featuring 
fatigue loading rates up to 1000 N/s and a maximum 
load capacity ±3 kN. It works directly in a common 
load string with a strain-gauged load cell. Heating the 
specimen by means of high electric currents can 
simulate max. testing temperatures of up to 1500°C 
with heating rates between 10 and 200°C/s (dependant 
on the materials being tested). Cooling rates can be 
varied between 10 and 100°C/s. The mechanical grips 
are electrically isolated. The basic system is provided 
with an enclosure for having the possibility to purge 
the test environment with Argon or Nitrogen. The 
machine is run in closed-loop and the test procedures 
are fully under software control.  

Ultimate usability of the possible material constraint 
require a comprehensive under-standing of a material’s 
behaviour within a wide range of loading conditions. 
Based on the numerical models used in the design   

Fig. 2. ETMT 8800 – a newly developed electro-
thermal-mechanical test system, featuring a full re-
verse stress loading up to 3 kN and a max. test 
temperature up to 1500°C 

Fig.1.  Inherent complexity of simulation of thermo-
mechanical load cycles  
a) Simultaneous superposition of thermally and 
mechanically influenced deformations  
b) Principle of thermal strain compensation 
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offices, there can be seen an increasing interest in more 
sophisticated models for understanding and describing the 
influence of multiaxial stress states.   
 
 
3.  BIAXIAL TMF TEST SYSTEMS  
 
In order to meet all kinds of practical requirements in 
flexibility in stress ratio and strain rate, servohydraulic 
testing facilities have been successfully used for 
simulating multiaxial stress states. 

3.1. Typical specimen geometries for biaxial tests 

Multiaxial stress states can be easily simulated at notched 
specimens, but the stress distributions are inhomogeneous 
and thus impropriate to investigate material laws, which 
require a homogeneous distribution. Defined planar 
stresses can be induced in thin-walled tubular specimens 
(outer/inner gauge diameter ratio ≤ 1.2), whilst subjected 
to axial loads (tension and compression), torsion loads, 
pressure loads (internal and/or external) and combinations 
of those primary loads. It is an advantage of a tubular 
specimen that all primary and superposed stresses are 
homogeneously distributed throughout the entire relevant 
specimen volume. This makes it a preferred geometry for 
investigations of failure surfaces, i.e. the geometrical 
location of equivalent probability of failure1. But so there 
is no preferred area of maximum constraint this geometry 
does not allow investigations of crack development and 
propagation.  

This difficulty can be overcome with cruciform 
specimens (Fig.3). In 1985, Brown and Miller [3] 
described a new specimen featuring a recessed flat-
bottomed square gauge area (100 x 100 x 4 mm) 
connected to the loading arms by sets of fingers created 
by slotting the arms (Fig.3a). This geometry effectively 
decouples the adjacent loading arms and means that the 
gauge area over which the strain field is substantially 
uniform carries the majority of the force on either axis. 
The only restrictions are that high compressive forces, 
generating plastic specimen deformation, will result in 

                                                           
1 Failure is used here in a general sense, including both fracture and 
yielding. 

buckling, while fatigue tests with an unnotched speci-
men may result in first cracks initiating from the slot 
roots. However for crack propagation studies, where 
plasticity is essentially a crack tip phenomenon, this 
new geometry represented a major step forward and 
has been influential in subsequent research worldwide. 
Scholz et al. [4] recommend for fatigue studies a 
geometry according to Fig.3b. Similar considerations, 
but different geometries are reported in [5]. It is 
important to ensure a uniform stress zone at the centre 
of the specimen and to prevent crack initiation and 
fracture on the outer rim of the specimen due to stress 
concentration. FEM methods are used to optimise the 
specimen geometry.  

 
3.2.  Coaxial Tension-Torsion Testing Machines 

As early as in the 1960s combined axial and torsion 
tests were performed at ambient and elevated tempe-
ratures at Kyoto [6] with very restricted control techno-
logies. From the 1970s onward closed loop servohy-
draulic systems have been widely utilised for such tests 
including the effects of in-phase and out-of-phase 
loading. The design concept of such kind of testing 
machine is a coaxial, serial combination of linear and 
rotary actuators. Both actuators can be controlled 
independently as well as in defined dependence. Linear 
and rotary movements are measured via linear and 
angular measuring sensors. Applied forces and torque 
moments are measured by a combined axial and 
torsional load cell, specifically designed with 
minimised cross talking between both signals.  

In order to meet the requirements of static and dynamic 
test procedures, both actuators are preferably fitted 
with hydrostatic bearings.  

        a)               b) 
 

Fig.3. Typical cruciform specimen geometries 
a) Fracture mechanical studies 
b) Fatigue behaviour (failure loci) Fig.4.  Coaxial Tension-Torsion Machine for TMF 

tests with water-cooled hydraulic collet grips, inductive 
heating, air cooling from outside and inside (air blast 
through the grips) and biaxial extensometer 
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Fig. 5.  Principle of Modal Control – shown for one 
pair of servohydraulic actuators. A cruciform test 
system, with two pairs of perpendicularly aligned 
loading actuators, requires two Modal Control Loops 

Fig.4 shows a typical test set-up for a superposed tension-
torsion test on a tubular specimen with water-cooled 
hydraulic grip heads and a coaxially aligned multi-turn 
solenoid.  
 

3.3.  Biaxial Cruciform Testing Machines 

Cruciform specimens, as shown in Fig.3, lead one 
automatically to the basic design concept of cruciform 
testing machines. Each wing of the specimen is connected 
with a loading actuator. The idea of utilising those 
specimens is not new and dates back to investigations as 
early 1963 [6]. But those investigations have been limited 
by the state of control technology at the time being and 
test results have been limited. A huge step forward could 
be achieved, when the technology of “modal controlling” 
has been developed in the early 80s. This helped to 
overcome the particular problem when running a 
cruciform system: to control and to stabilize the 
movement of the specimen centre as such unwanted 
motion causes undefined erroneous bending loadings and 
makes dynamic crack observation impossible. The 
solution to this problem has been first implemented at 

INSTRON
 in 1986 [7]. Equal deformation of each end of 

the test specimen causes no movement of the centre 
position and displacement of each actuator in the same 
direction moves the centre position without altering the 
deformation. Each loop operates independently and there 
is no interaction between the in-phase and out-of phase 
drives to the actuators. This principle is also applicable to 
a cruciform test set-up with four actuators. Tests can be 
run in strain- and load-control mode as well.  

A recently installed cruciform system is designed for 
complex TMF-tests (Fig.6, [4]), i.e. where measured total 
strain signals are corrected under real-time with respect to 
thermal expansions and elastic strain contents. Key 
features of this cruciform test technique are homogeneous 
stress-strain field as well as plain crack distribution in the 
test zone. A wide field of biaxial strain ratios Φε := εy / εx 

between –1 up to +1 (εy ≤ εx) is adjustable and allows 
the experimental simulation of proportional and non-
proportional loading. Both, load control mode as well 
as strain control mode are available. A redirection 
between both modes is arbitrarily possible. The current 
research program considers creep fatigue investigations 

 a) 

Fig. 6. Complex Cruciform TMF Test System 
a) Total view of the test system; b) Close-up view on 
specimen, gripping system and biaxial extensor-
meter; c) Rear view on inductive heating system with 
specially styled disk-shaped coil 

All pictures: Courtesy of University of Technology, 
Darmstadt/Germany 

b) 

 c) 
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on materials used in the hot sections of gas turbines, in 
order to understand the deformation and crack initiation 
behaviour of TMF-loaded materials at high operational 
temperatures and to improve the descriptive constitutive 
material models [4]. 

It could be proven in load as well as in strain control 
mode that the stability of the centre point of the 
specimen is given with a deflection of ±1.5 µm, a very 
essential feature for cruciform test systems. Fig. 7 
shows a typical test run exemplarily. Experiments are 
run in strain control mode with long hold times. The 
strain ratio is given to Φε = 1. The measured load – 
strain hysteresis loops demonstrate the high quality of 
control of small displacements [8].  

 

4.   CONCLUSION 
 
TMF testing became a standard testing procedure for 
material characterisation and material modelling for 
mechanical fatigue phenomena with superposed 
cycling thermal load histories. Standard fatigue testing 
machines are mainly used for running those tests. In 
order to fully understand the material behaviour and to 
model it in its best fit, complex loading histories are 
simulated in order to consider the influence of 
multiaxial stress states. But it is not only the 
complexity of stress state that is to be seen as a 
challenge for the design of relevant testing machines. 
Very often researchers also have to cope with the need 
to test miniaturised specimens, as not enough material 
volume can be made available.  

It is shown that those requests are picked up and that 
possible solutions are developed in close co-operations 
with the research institutes. TMF is an area of dynamic 
developments of testing procedures and additional 
developments can be expected in future as well. 
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