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ABSTRACT 

 

This paper considers the fatigue life of austenitic stainless steels in light water reactor environments under 

thermo-mechanical loading.  Testing is typically performed on membrane loaded tensile specimens under 

isothermal conditions.  However, a new test facility at Amec Foster Wheeler has been developed to 

enable both thin and thick wall hollow fatigue endurance specimens to be subjected to thermal and 

mechanical loading for a range of thermal cycles, including thermal shocks.  The latest test results and 

supporting analysis work are presented herein. 

 

Thin wall specimens are subject to mechanical strain amplitudes of up to 0.8% combined with both in- 

and out-of-phase temperature cycles of 100-300°C.  Differences in lifetimes are observed between the 

isothermal test at 300°C and the cycling tests; the in-phase lifetime is approximately double that of the 

isothermal lifetime; the out-of-phase test is approximately four times longer.  It has also been observed 

that the hollow specimens have different lifetimes to bar (or unpressurised) specimens under internal 

pressure. This has been explained via a ratcheting effect from the hoop stress providing incremental 

plasticity enhancements.  The shoulder profile for the hollow specimen was also found to influence the 

location of cracking. 

 

The thick wall specimens were subjected to purely thermal shock loads.  The shocks induce a strain 

amplitude at the inside surface which will eventually initiate cracking.  The finite element analysis work 

and associated assessments is presented and their significance for test durations is discussed. 

 

INTRODUCTION 

 

Laboratory data generated over the last two decades have demonstrated that Pressurized Water Reactor 

(PWR) primary coolant environments can lead to significant reductions in the fatigue life of austenitic 

stainless steels and corresponding increases in the fatigue crack propagations rates relative to air.  This 

has led to the issue by the US Nuclear Regulatory Commission of guidance note 1.207 [US-NRC, 2007] 

in relation to the impact of Light Water Reactor (LWR) environments on fatigue life of pressure boundary 

components and supporting documentation NUREG/CR-6909 [Chopra, 2007].  NUREG/CR-6909 

provides relationships for the impact of the PWR coolant environment on the fatigue life of austenitic and 

ferritic steels in terms of an environmental fatigue correction factor (Fen).  This environmental factor is a 

function of environment (oxygen level, temperature) and loading conditions (strain rate).  Therefore, for 

non-isothermal loading transients there is a need to understand what effective temperature should be used 

in evaluating environmental fatigue, which is a function of temperature. 
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NUREG/CR-6909 was developed from the analysis of a substantial body of isothermal fatigue life data, 

and provides only limited guidance on the effective temperature to be used in assessments of thermal 

transients.  It suggests an average temperature for the transient where this is known or, conservatively, the 

maximum temperature where detailed transient data are not available.  The modified rate approach 

proposed by EPRI [Gray and Verlinich, 2012] provides an alternative methodology for evaluating the 

effective temperature for complex non-isothermal transients.  However, neither of these approaches 

distinguish between in-phase and out-of-phase temperature and load cycling.  This guidance is 

excessively conservative for out-of-phase cycling of temperature and loading, which is most relevant to 

plant loading from thermal transients.  Conversely, if the modified rate approach were used to assess in-

phase cycling, there is potential for a non-conservative estimate of life.  Therefore, there is a need for a 

better methodology for predicting LWR coolant effects on fatigue life for non-isothermal complex 

loading.  The aim of the work outlined in this paper is to generate data for a range of non-isothermal 

loading waveforms in order to underpin the development of improved assessment methodologies for 

thermal loading transients.  Specifically, these data will be used to assess the applicability of the 

“weighted Fen” model developed by [Currie et. al 2017] to provide an improved prediction of effective 

temperature for complex transients.  

 

The thermo-mechanical test facility developed at Amec Foster Wheeler [Platts et. al., 2016] has been used 

to investigate four types of temperature and strain-controlled loading combinations:   

 fully in-phase (IP) and fully out-of-phase (OoP) triangular waveforms, as shown in Figure 1 

 in and out-of-phase trapezoidal temperature waveforms with saw-tooth strain waveforms as 

shown in Figure 2.   

It is intended to move to more complex “plant-informed” waveforms as confidence in the assessment 

methods increases.  The fatigue life data have been generated for a range of effective strain amplitudes, 

0.45% to 1%, and associated temperature cycling between 100°C and 300°C.   
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Figure 1 – Temperature and strain triangular waveform 
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Figure 2 – Trapezoidal temperature waveform and saw-tooth strain 
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There are two rigs, TMF1 and TMF2, both of which are capable of testing hollow cylindrical specimens.   

The original intention was to use one rig for temperature-cycling (TC) thermo-mechanical fatigue (TMF) 

tests on thin-walled specimens, and one for thermal shock on thick-walled specimens.  However, based on 

testing priorities to support the Environmental Fatigue programme, both rigs have been used primarily for 

thermal cycling (TC) testing since commissioning. 

 

Materials tested to date have been type 304L stainless steels, material references MT643 and AS216, 

which have both been tested extensively under isothermal conditions in air and PWR water within 

previous Environmental Fatigue testing programmes at Amec Foster Wheeler. 

 

THERMAL CYCLING 

 

The rigs are described briefly below, with a more complete description of the rig design and operational 

envelope provided by Platts et al., 2016.  The rigs consist of a dedicated water chemistry package feeding 

PWR primary water of composition detailed in [Platts et. al, 2016], to a hollow tensile fatigue specimen. 

Two tanks are used to enable in-test changing of water chemistry if required. From the tanks the water 

flow is split between parallel hot and cold high pressure circuits as shown schematically in Figure 3. 

 

Figure 3 - Schematic of the thermo-mechanical / thermal shock fatigue testing facility 

 

The high pressure circuits operate at 175 -180 bar and a combined flow rate of 45 l/h providing hot and 

cold feeds to a mixing tee. The hot feed water circuit consists of a flow restrictor, regenerative heat 

exchanger and a two stage pre-heater which ensures stable hot feed water temperatures. The flow 

characteristics of the system are tuned using the flow restrictor valve to minimize flow (and hence 

temperature) instabilities. This hot circuit provides hot water at up to 340°C to the mixing tee.  The cold 

circuit consists of a flow control valve which is capable of switching between 99% hot flow and 10% hot  

flow with a balance from the cold flow following a programmable waveform. Current testing has been 

conducted using simple triangular or trapezoidal temperature waveforms between 300°C and 100°C to 

compare in- and out-of-phase loading. 

 

From the mixing tee, the water is directed to a thin-walled mechanically loaded specimen, Figure 3.  

During normal operation the fluid temperature is monitored using insert thermocouples positioned at both 

the inlet and outlet of the specimen gauge length.  Downstream of the specimen the water passes through 

a three stage cooler before passing through a back-pressure valve. Approximately a quarter of the flow 

then passes through an ion-exchange resin column before it is returned to the supply tank to provide 

adequate clean-up of the water.  
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The thermo-mechanical fatigue specimen is a cylindrical pipe with button ends and a central thin-walled 

gauge section 30 mm long (see Figure 4). The parallel machined button ends allow good control of 

alignment to be maintained during loading in both tension and compression and the flow loop is attached 

at either end using conventional pipe fittings. The specimens have been designed in general according to 

the requirements of BS ISO 12111:2011 [BS, 2011] and the specimens and rigs have been designed to 

facilitate accurate alignment.  For the current programme the rigs were both aligned to Class 10 

requirements according to BS ISO 23788:2012 [BS, 2012].  Both the exterior and interior of the gauge 

length are polished longitudinally to a roughness of approximately 1.0μm Rt (better than 0.2μm Ra). 

Strain control uses a side-mounted capacitive extensometer directly measuring the gauge section strain at 

the outer diameter of the specimen, with testing conducted until through-wall leakage. 

 
  

Figure 4 - Thin walled specimen for thermo-mechanical cycling studies 

Isothermal testing has shown that there is a tendency for specimens to fail close to the extensometer 

probe.  This was investigated in [Gill et. al., 2017] and was shown to be a result of increased plastic strain 

on the inner bore due to the shoulder geometry.  The specimen was redesigned using finite element 

analysis (FEA) and the resulting specimen has an increased blend radius at the shoulder to minimise 

preferential failure from this position. 

 

The strain amplitude on hollow thin wall specimens is affected by the internal pressurization.  

Investigation of this effect has provided a modification factor to adjust the applied uniaxial strain 

amplitude to an effective strain amplitude based on the multi-axial stress state in the specimens.  The 

theoretical justification for the observed increase in effective strain amplitude is due to incremental 

plasticity and has been addressed with the aid of cyclic material hardening models in elastic-plastic FEA.  

All strain amplitudes quoted here have been corrected from the applied axial strain amplitude to the 

effective strain amplitude by applying a factor of 1.27 as described in [Gill et. al., 2017]. 

 

A containment chamber, Figure 5, surrounds the specimen and specimen failure by through wall leakage 

of the test water is detected by a humidity sensor located in the containment chamber, or by a back-up low 

water pressure trip.   
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Figure 5 - Thin wall specimen arrangement showing extensometers and secondary containment  

 

The cycling of temperature imposes a cyclic thermal strain on the specimen. In order to apply a strain 

controlled cyclic load on the specimen the thermal strain must be accounted for in the applied strain 

control signal.  This first requires that the temperature cycle is reproducible. There is a trade-off between 

stability and the ability to change temperature: in general terms the smoother the temperature cycle is, and 

hence the better the reproducibility, the more lag will be seen between the programmed and actual 

temperatures.  In all cases, a number of zero load strain control cycles (typically 3) are applied to the 

specimen at mean load to demonstrate that zero load can be maintained by automatic adjustment of 

specimen displacement to account for the cyclic thermal strain, before applying the desired loading 

waveform starting in the applied strain increasing direction.  The applied strain is a combination of the 

intended loading cycle and the zero load temperature induced gauge length strains.  

 

Results are presented in Figure 6 in the form of an S-N plot.  The in-phase tests lie closer to the 

isothermal water line based on NUREG/CR-6909, whereas the out-of-phase tests are closer to the air line.  

This is a valuable observation as it shows the significant conservatism in using maximum transient 

temperature when the temperature is out-of-phase with strain. 
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Figure 6 – S-N data from TMF testing 

Finite Element Analysis 
 

It has been observed that there is an approximate reduction factor of 1.4-2 between the lifetime of bar and 

hollow specimens tested isothermally under the same conditions.  This corresponded to a difference in 

strain amplitude of approximately 1.27.  This has been observed in tests at Amec Foster Wheeler, and 

elsewhere.  One potentially important difference between these designs was the internal pressurisation of 

the hollow specimen.  Therefore, the effects of internal pressure have been investigated, the results of 

which are presented below. 

 

In order to capture the cyclic behaviour of the material, elastic-plastic properties have been defined using 

a multi-linear kinematic hardening material model built into the Abaqus software, [Dassault Systemes, 

2014].  This utilises stress-strain data from a material’s hysteresis loop to generate a more reasonable 

materials response.  The multi-linear kinematic hardening model has been fitted to test data for the half 

life cycle, at a test temperature of 300°C over a 1.6% strain range.  The hysteresis loops for the test data 

considered are shown in Figure 7.   
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Figure 7 – Hysteresis loops for 0.3%, 0.6% and 0.8% thin walled specimens 

 

Within the finite element model, to reduce complexity and, therefore analysis time, two symmetry 

boundary conditions have been used (shown in Figure 8).  A symmetry condition in the ‘x’ direction 

(shown in red), allowing a 180° segment to be modelled, and a symmetry condition in the ‘y’ direction 

(shown in blue), allowing only one half of the specimen length to be modelled.  In order to aid the model 

meshing, two geometric regions have been tied together as described below. 

 

The specimen is loaded during testing by application of an axial cyclic strain waveform controlled 

through an extensometer that contacts the outside surface of the specimen close to each end of the 12mm 

diameter gauge length.  To represent the assembly and loading of the specimen in the test machine a 

boundary condition defining movement in the ‘y’ direction (i.e. axially, along the specimen length) was 

placed on the underside of the specimen clamping feature (shown in Figure 8, highlighted in Green).  This 

is calibrated to achieve the desired strain amplitude within the gauge section of the specimen.  An internal 

pressure of 18.5 MPa was applied to the internal surface of the specimen bore (shown in Figure 8, 

highlighted in Orange).  This is an upper bound pressure and is therefore slightly higher than the nominal 

coolant pressure of 16-16.5MPa used in testing. 

 

 

Finite element simulations of the hollow specimen cycled at 0.3%, 0.5% and 0.8% strain amplitude were 

performed.  The results of the 0.5% simulation is shown in Figure 9, where “axial strain” is taken at the 

centre of the gauge length, and “equivalent strain” is calculated at the high strain region resulting from the 

shoulder geometry which occurs towards the end of the gauge length.  All strains are extracted from the 

FEA model at the bore surface.  The difference between maximum axial strain and maximum equivalent 

strain is a factor of 1.25 at the bore surface in the region of high strain.  This is different to the 

experimentally observed factor of 1.27 and can be explained by other factors such as crack growth and 

multi-axial environmental effects, see [Gill. et. al., 2017] for more details. 
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Figure 8 – Boundary Conditions and loading on thin walled specimen 
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Figure 9 – Increase in strain amplitude due to incremental plasticity for 0.5% applied strain 

amplitude.  The factor in this case is 1.25. 
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THERMAL SHOCK 
 

Tests 
 

A thermal shock test was performed on a thick-walled hollow specimen with 12mm wall thickness.  The 

thermal cycle consisted of a 300-60°C thermal shock and it was anticipated that the test duration would be 

about 3 months, based on a cycle time of 600 seconds and using the NUREG/CR-6909 mean air curve to 

predict life.  However, detailed analysis resulted in a revised estimate of the strain amplitude of 0.22%.  

This is very close to the fatigue limit for the specimen material, and so was expected to result in a test 

duration of impracticable length.  The reasons for this reduction in strain amplitude are due to the low 

elastic follow up present for these loading conditions.  Therefore, the capabilities of the rig were 

reviewed, and it was decided that a higher heat transfer coefficient (HTC), and if practicable a higher ΔT, 

and would be needed in order to reduce the testing lifetimes. 

 

After 13,941 cycles, the thick walled specimen was removed from TMF1 and visually inspected using a 

bore microscope.  The photograph in Figure 10 shows that there is no evidence of cracking at the bore 

surface, where cracks would be expected to nucleate due to exposure of this surface to the PWR 

environment.  In addition to the circumferential machining marks visible along the bore there are some 

darker stains running along the bore.  This surface staining is thought to be silicon residues left from 

earlier post test replica extraction.  X-ray Compact Tomography (CT) scanning was also performed and 

showed no indication of cracks. 

In order to increase the HTC from the fluid to the specimen bore surface, a method to increase flow rate 

locally through the specimen bore was sought.  Finite element modelling was undertaken to determine the 

strain amplitude in the specimen for smaller diameter bores.  Although this significantly improved the 

heat transfer coefficients, and consequently increased strain amplitude, the practicalities of manufacturing 

and polishing such small diameter bore specimens meant another solution was desirable.  Therefore, a 

method was developed to increase HTC by inserting an axial central rod within the bore to create a 1mm 

flow annulus.  This was originally designed with a 316 austenitic steel sheathed ceramic bar but the initial 

trial will use a 316 austenitc solid bar for proof of concept.  This arrangement will reduce the flow area 

and so increase the linear velocity of the fluid and the HTC.  Calculations indicate that this modification 

will approximately double the HTC and, with the increased ΔT, a strain amplitude of up to 0.57% was 

calculated to be acheivable. 

 
 

Figure 10 - Bore microscope image of thick walled specimen used in thermal shock trial 1 
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A mounting arrangement to locate the rod within the bore of the specimen has been designed and is 

shown in Figure 11.  This comprises a flow guide device at the inlet and outlet.  This method to increase 

the HTC will be trialled with a commissioning specimen that has thermocouples inserted into holes 

drilled from the outer diameter of the specimen to different depths in order to measure temperature at 

different thicknesses through the specimen wall.  Data from these trials will be compared with thermal 

finite element models to derive the HTC.   

 

 

 

Figure 11 – Flow guide mechanism for thermal shock specimen 

 

In 2016, Platts et al. reported strain amplitudes for a specimen with 12mm wall thickness and a thermal 

shock from 300°C to 60°C and back over 600 seconds.  The strain amplitude was calculated using elastic 

stress analysis of axisymmetric models with Neuber and volumetric plasticity corrections based on the R5 

[EDF, 2014] methodology.  A strain amplitude of 0.37% for material at the bore surface was obtained for 

this specimen and cycle.  However, this strain amplitude has subsequently been corrected by the 3D 

analysis presented below:   

 

3D Finite Element Analysis of 12mm thick walled specimen 

 

A 3D model with the kinematic cyclic hardening material law was used to calculate strain amplitude for 

the 12mm specimen, as shown in Figure 12.  The results for the equivalent strain on the internal surface 

of this are shown in Figure 13.  This highlighted that the strain amplitude presented in [Platts et. al, 2016] 

was an overestimation.  This was attributed to the fact that the amount of elastic follow was being 

overestimated; where a high elastic follow-up indicates a primary stress and low elastic follow up 

indicates a secondary stress.  The thermal shock load considered here is a secondary stress which is 

essentially leads to displacement controlled conditions.  Therefore, given the small scale of the specimen, 

the full Neuber correction, as recommended by R5, was overly conservative for the thermal shock.  

However, there is still a plasticity correction due to the different volumetric response of the material.  

This is due to incompressibility when the material becomes fully plastic leading to a Poisson’s ratio of 

0.5.  Therefore, when considering purely elastic strain amplitude plus volumetric correction, the 

agreement is greatly improved.  The strain amplitude for the specimen and temperature cycle were revised 

to 0.22%, which is close to the fatigue limit of the heat of material being considered.  This meant that a 

sharper thermal transient with a higher ΔT, and a revised specimen design was required in order to 

increase strain amplitude from thermal shock loading, and so allow tests to be completed within 

practicable timescales. 
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Figure 12 – FE Mesh (Thick-walled Specimen) 
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Figure 13 – Equivalent strain amplitude from 12mm specimen using kinematic hardening at 

the internal bore surface. 
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Optimisation of specimen – parametric study 

 

A parametric study was carried out to find the optimum design of specimen, i.e. the one that gave the 

highest strain amplitude for a given thermal transient duration.  The maximum possible thermal transient 

(based on rig capability) had a thermal shock from 320°C to 30°C, and this was applied to all parameter 

sets.   As part of the parametric study, the inner diameter, ID, of the bore was varied from 6mm to 3mm, 

thereby increasing the HTC.  This increase is realised due to the increased flow velocity from smaller 

bore pipes, which causes enables more heat to be transferred between the fluid and pipe wall.  The wall 

thickness, t, was also varied from 12mm to 24mm.  The resulting strain amplitudes are shown in Table 2 

and Figure 14. 

 

Table 2 – Strain amplitudes for different wall thicknesses, t, and inner diameters, ID 

 

t (mm) ID = 6mm ID = 4.75mm ID = 3mm 

12.0 0.30% 0.36% 0.44% 

13.5 0.32% 0.37% - 

15.0 0.33% 0.38% 0.43% 

18.0 0.32% 0.36% 0.43% 

24.0 0.29% 0.33% 0.40% 

 

 

 

Figure 14 – Parametric study on wall thickness and inner diameter. 

Clearly the smaller ID provides improved strain amplitudes from a testing perspective.  However, 

reducing the bore size introduces additional complications, such as the ability to polish the bore surface.  

Subsequently another solution was sought to increase the heat transfer coefficients; essentially to maintain 

a larger bore but increase the flow rate.  It was decided that a central bar should be inserted into the 

specimen to create an annular flow path.  A bar of 4 mm diameter was selected, and this resulted in HTCs 

that were approximately double those of a standard 6mm diameter pipe. The HTCs were obtained from 
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the Dittus-Boelter correlation [Boelter and Boelter, 1930] and are listed in Table 3.  The Dittus-Boelter 

correlation is appropriate to use for smooth pipes where the Reynolds number is greater than 10,000, and 

the temperature of the metal surface and the adjacent fluid does not differ significantly.  The Reynolds 

number was calculated to vary between 5000 and 20,000, i.e. fully turbulent, and CFD analysis showed 

the difference between fluid and metal at the wall peaked at 17.4°C.  The conclusion from this was that 

forced convection is present, and viscosity will not change significantly at the pipe wall due to fluid 

temperature gradient.  Therefore, Dittus-Boelter was judged to be acceptable for predicting reasonably 

accurate heat transfer coefficients for this application, although this is currently under review.  Further 

parametric studies were carried out on the 6mm ID with the bar inserted, by changing the wall thickness 

and cycle duration. 

 

Table 3 – Heat transfer coefficients for 6mm ID specimen with 4mm OD central bar 

 

Temperature (°C) Heat transfer Coefficient (W/m2) 

20 434 

25 440 

40 5712 

60 6858 

80 7979 

100 8957 

120 9812 

140 10496 

160 11065 

180 11522 

200 11836 

220 12036 

240 12097 

260 12058 

280 11723 

300 11291 
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Figure 15 – Summary of parametric study when using HTC values calculated for an annulus, 

i.e. a 4mm diameter bar in a 6mm inner diameter pipe.  Solid lines are the duration, and 

dashed lines are the strain amplitude.   

Results of optimisation 

 

The results of the study including the bar are shown in Figure 15, which shows predicted strain amplitude 

together with the estimated test duration calculated using NUREG/CR-6909 air curve, i.e. with no 

environmental correction.  No account of life extension due to through wall strain gradient is considered 

in this assessment.  The peak strain occurs for a 15mm specimen with a 10min cycle (0.475%).  The 

benefit of using a 10 minute cycle over a 7.5 minute cycle is relatively small.  However, the target strain 

amplitude was 0.5% so it was desirable to use as close to 10 minutes as possible whilst also gaining some 

benefit from a shorter cycle time.  A compromise was made on 9minutes as this gave a slight benefit to 

cycle time with minimal loss of strain amplitude. 

 

3D validation 

 

In order to fully justify the elastic FEA and R5 method, 3D models with the kinematic hardening material 

model were run. 

 

The results of this 3D validation are shown in Figure 16 where the strain amplitude is calculated by taking 

the average of the last two peaks, i.e. 0.57%.  Therefore, the equivalent strain amplitude is slightly higher 

than that predicted, potentially indicating some moderate elastic follow-up.  There may also be a slight 

difference due to the material models used in each model, where nominal properties were considered in 

the axisymmetric model. 
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This strain value of 0.57% is expected to be representative of the whole test as elastic follow up is not 

expected to evolve with more cycles.  However, this may require confirmation with further FEA to fully 

justify this assumption. 
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Figure 16 – Temperature and equivalent strain amplitude for redesigned 15mm thick walled 

with idealised transient and annular flow region. 

CONCLUSIONS 

This paper presents a summary of the testing and associated stress analysis that has been undertaken over 

the last 12 months as part of an environmental fatigue testing programme.  The paper provides details of 

the component geometries, finite element meshes, materials and loading conditions.  The application of 

these models to specific testing conditions and material properties has provided valuable insights into the 

strain conditions experienced by the specimens.   

A three dimensional analysis of the thick-walled hollow specimen under thermal shock loading has 

reinforced the conclusion that lower levels of elastic follow up should be considered in relation to thermal 

strains, compared to earlier analyses.  This is based on the lower value of strain amplitude obtained from 

these calculations, suggesting the Neuber correction over estimates the levels of plastic strain.  It was then 

shown that a strain amplitude from the thermal shock rig of least 0.5% was possible via optimisation of 

the specimen, increasing HTCs and improving thermal cycling capability.  A parametric study on wall 

thickness demonstrated that a strain amplitude of 0.57% was possible with a 9 minute cycle.  This would 

give test durations well within practicable timescales. 

A thin-walled hollow specimen was analysed using the same cyclic hardening material model to 

understand the strain amplitudes experienced during isothermal fatigue endurance testing and during 

thermal cycling tests.  Initially, finite element analysis was required to determine if there was a reason for 

the specimens having a strong tendency to fail very close to the location of the extensometer.  It was 
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concluded that this was due to a slight increase in strain at the region just after the shoulder resulting from 

the specimen geometry, and finite element analysis has been used to underwrite an improvement is 

specimen design to reduce this issue. 

Experimental observations from isothermal tests had shown significantly different lifetimes between 

hollow and bar specimens at the same nominal strain amplitude and under the same environmental 

conditions.  Finite element analysis showed that this difference was primarily due to an increase in 

equivalent plastic strain after a number of cycles, caused by the hoop and radial strains increasing due to 

incremental plasticity.  This effect does not appear to account for the full difference in experimental 

fatigue lives between hollow and solid specimens though, and additional work presented here suggests 

further, relatively small, contributions due to internal pressurisation of the hollow specimens resulting in 

augmentation of environmental enhancement and an increase in driving force for fatigue crack growth. 

The testing programme continues and will focus on more plant realistic temperature and strain 

waveforms.  In addition to this, thermal shock trials to increase the HTC and ultimately increase the strain 

amplitude are on-going. 
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