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Kurzfassung

Austenitische rostfreie Stähle werden in vielen Komponenten von Kernkraftwerken ver-

wendet, vor allem in Rohrleitungen. In den vergangenen Jahrzehnten wurden weltweit

zahlreiche Rohrleitungsausfälle in Kernkraftwerken gemeldet. EPRI (Electric Power Re-

search Institute) hat beispielsweise 4064 Rohrleitungsausfälle in den USA zwischen 1961

und 1997 zusammengefasst, und die schwedische SKI Datenbank listet etwa 4100 Rohr-

leitungsausfälle zwischen 1970 und 1997 in 29 Ländern auf [1]. Während der Lebens-

dauer eines Kernkraftwerks, die heute bis zu 60 Jahre betragen kann, sind die Materi-

alien hohen Temperaturen, einer korrosiven Umgebung und Schäden durch die bei der

Kernspaltung freigesetzten hochenergetischen Teilchen ausgesetzt.

Viele Strukturen eines Kernkraftwerks unterliegen der Degradation durch thermo-

mechanische Belastungen, die durch thermische Transienten und Schichtungen verur-

sacht werden. In der wissenschaftlichen Literatur befassen sich die meisten Studien mit

diesem Problem unter isothermen Ermüdungsbedingungen, die sich von den typischen

Betriebsbedingungen unterscheiden. Diejenigen Studien, die thermomechanische Ver-

suche durchführen, tun dies bei Mindesttemperaturen, die in der Regel nicht unter 100 °C

liegen. Es gibt zwei Hauptgründe, warum dies nicht ausreicht. Erstens beinhaltet die

Abschaltsequenz eines Kraftwerks eine Abkühlung auf Umgebungstemperatur (25 °C).

Zweitens zeigen metastabile austenitische Stähle bei Temperaturen unter 100 °C eine

deutlich höhere verformungsinduzierte Phasenumwandlung.

Das Forschungsprojekt 1501608 "Zerstörungsfreie elektromagnetische und elektrische

Messung betriebsbedingter Schädigung in mechanisch und thermisch beanspruchten

austenitischen Stählen" zielt darauf ab, diese Wissenslücke zu schließen und die Bildung

von verformungsinduziertem Martensit unter TMF-Bedingungen und die entsprechende

Änderung der mechanischen, magnetischen und elektrischen Eigenschaften des Materi-

als zu untersuchen.

Im ersten Teil des Projekts wurde eine spezielle TMF Anlage auf der Grundlage einer

servohydraulischen Standard-Ermüdungsprüfmaschine gebaut. Durch die Einführung

einer Widerstandserwärmung statt der üblichen induktiven Erwärmung wurde es möglich,

während der Ermüdungsversuche eine einachsige magnetische Waage (Uniaxial Mag-

netic Balance, UMB) in situ einzusetzen. Die UMB wurde bereits im Rahmen des Pro-

jekts 1501525 "Lebenszyklusmanagement alternder metallischer Komponenten in der

Nukleartechnik auf Basis zerstörungsfreier Erfassung und Interpretation örtlicher Werk-

stoffeigenschaften" entwickelt, wurde jedoch weiter verbessert und für den Einsatz in der

rauen Umgebung der TMF-Prüfung angepasst.

Der zweite Teil des Projekts beschäftigte sich mit der Durchführung isothermer und

thermomechanischer Ermüdungstests und der Analyse der gewonnenen Daten. Die

Tests umfassten Ermüdungsversuche mit konstanter Amplitude und Ermüdungsversuche
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mit Dehnungsanstieg in einem Temperaturbereich von 16 °C bis 320 °C. Die Ergebnisse

zeigten, dass die erste Phasenumwandlung bei Raumtemperatur und Totaldehnungsam-

plituden von 0,10 % bis 0,11 % entdeckt wurde. Diese erste γ → α ’ Phasenumwandlung

wurde im Inneren der Ermüdungsprobe (in der Mitte) eingeleitet und bildete ein dünnes

martensitisches Längsband. Die Ergebnisse zeigten eine exponentielle Abnahme der

Umwandlungsrate um fünf Größenordnungen, wenn die Temperatur von Raumtemper-

atur auf 320 °C ansteigt. Dieser temperaturabhängige Übergang von einer hohen Umwand-

lungsrate zu einer niedrigen γ → α ’ Umwandlungsrate erfolgte kontinuierlich. Aus math-

ematischer Sicht erreichte die Umwandlungsrate mit steigender Temperatur nie den Wert

Null. Die Verlangsamung der Umwandlung wurde bei höheren Temperaturen erheblich

verzögert, was zum Versagen der Probe führte, bevor die maximale Umwandlungsrate

erreicht war.

Unterhalb der Gesamtdehnungsamplitude εat von 0,10 % wurde mit magnetischen

Methoden bei Raumtemperatur keine Phasenumwandlung festgestellt. Die Messung des

elektrischen Widerstands zeigte einen anfänglichen Anstieg der Leitfähigkeit bei 0,09 %

Dehnung, und bei 0,16 % in eine Abnahme überging. Nach der Analyse des mathematis-

chen Modells schien es einen Zusammenhang zwischen dem anfänglichen Anstieg der

Leitfähigkeit und der Md-Temperatur (oberhalb derer theoretisch keine Phasenumwand-

lung stattfinden sollte) zu geben. Es hat den Anschein, dass bei εat ≤ 0,08 % keine

Phasenumwandlung bei Raumtemperatur im Low Cycle Fatigue Regime stattfinden sollte.

Es wurde festgestellt, dass die Kinetik der Umwandlung von γ → α ’ unter TMF-Zyklen

zwischen Umgebungstemperatur und erhöhter Temperatur eher derjenigen bei konstan-

ter erhöhter Temperatur ähnelt, als derjenigen bei Umgebungstemperatur. Mit anderen

Worten: Die Hälfte des Zyklus bei erhöhter Temperatur unter TMF-Belastung hat einen

größeren Einfluss auf die Kinetik als die andere Hälfte des Zyklus bei Raumtemperatur.

Dies bedeutet, dass austenitischer Stahl nach TMF-Belastung im Vergleich zur gleichen

Verformung bei Raumtemperatur viel weniger ferromagnetisch ist.

Sowohl bei den TMF- als auch bei den isothermen Versuchen bestand die Tendenz,

dass die Umwandlung von γ → α ’ der Scherverformung folgte. Tatsächlich war die

Scherverformung auch bei 200 °C noch in der Lage, die Umwandlung von γ → α ’ vo-

ranzutreiben, selbst wenn der sich ausbreitende Riss dies nicht konnte. Die Bereiche, in

denen der Durchmesser der Probe zuzunehmen beginnt, wurden mit Hilfe der Magnetic

Force Imaging identifiziert.
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Abstract

Austenitic stainless steels are widely used in many nuclear power plant components,

most notably in piping. During the past decades, numerous piping failures have been

reported worldwide in nuclear power plants. For example, EPRI (Electric Power Research

Institute) summarized 4064 nuclear piping failures in the USA from 1961 to 1997 and

the SKI database of Sweden listed about 4100 piping failures from 1970 to 1997 in 29

countries [1]. During the lifetime of a nuclear power plant, which today can be as long

as 60 years, materials are exposed to high temperatures, a corrosive environment, and

damage from high-energy particles released during fission.

Many structures of a nuclear power plant are subject to degradation due to thermo-

mechanical loading caused by thermal transients and stratification. In the scientific litera-

ture, most studies address this problem under isothermal fatigue conditions, which are dif-

ferent from typical service conditions. Those studies that do provide thermo-mechanical

testing, do it with minimum temperatures that typically do not go below 100 °C. There are

two major reasons why this is insufficient. Firstly, the shut-down sequence of a power

plant involves a cooling down to ambient temperatures (25 °C). Secondly, metastable

austenitic steels show significantly higher deformation-induced phase transformation at

temperatures below 100 °C.

Research project 1501608 “Non-destructive electromagnetic and electric measure-

ment of in-service damage in mechanically and thermally loaded austenitic steels” aims

to address this knowledge gap with overall objective to study the formation of deformation-

induced martensite under TMF conditions and the corresponding change in the mechan-

ical, magnetic, and electrical properties of the material.

In the first part of the project, a special TMF rig was constructed based on a standard

servo-hydraulic fatigue testing machine. By implementing resistive heating instead of the

industry standard inductive heating, it became possible to use a uniaxial magnetic bal-

ance (UMB) in situ during fatigue testing. The UMB was previously developed in project

1501525 "Life cycle estimation of metallic components in the nuclear industry based on

non-destructive detection and interpretation of local material properties", but was further

improved and adopted for use in the harsh environment of TMF testing.

The second part of the project was dedicated to performing isothermal and thermo-

mechanical fatigue tests and analysis of the data obtained. The tests included constant

amplitude and strain-increase fatigue tests in a temperature range from 16 °C to 320 °C.

The results showed exponential decrease of the transformation rate by five orders of

magnitude as temperature changed from ambient to 320 °C. This temperature-dependent

transition from high to low transformation rate occurred in a continuous manner. From a

mathematical point-of-view, the rate of transformation never reached zero as the tem-

perature increased. The decelerated period in γ → α ’ transformation was significantly
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delayed at elevated temperatures, resulting in specimen failure before the peak transfor-

mation rate was reached.

Below the total strain amplitude εat of 0.10 % at room temperatureno phase trans-

formation was detected with magnetic methods. The electrical resistance measurement

showed an initial increase in conductivity at 0.09 % strain, which changed to a decrease

at 0.16% strin amplitude. After analyzing the mathematical model, there appeared to

be a connection between the initial increase in conductivity and the Md temperature

(above which no phase transformation should occur, theoretically). It would appear that

for εat ≤ 0.08 % no phase transformation should take place at ambient temperature in

the low cycle fatigue regime.

It was found that the kinetics of γ → α ’ transformation under TMF cycles between

ambient and elevated temperature are more similar to those of constant elevated temper-

ature, rather than ambient. In other words, the half of the cycle at elevated temperature in

TMF load has a dominant influence on the γ → α ’ kinetics over the other half of the cycle

at ambient temperature. This means that austenitic steel is much less ferromagnetic after

TMF loading compared to the same deformation at ambient temperature.

In both TMF and isothermal tests there was a tendency of γ → α ’ transformation

to follow the shear deformation. In fact, shear deformation was still able to drive γ →
α ’ transformation at 200 °C, even when the propagating crack could not. Those areas

were identified by magnetic force imaging where the diameter of the specimen starts to

increase.
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Symbols and Abbreviations

Greek

α ’ Deformation-induced martensite

γ Austenite

ε Strain, hcp martensite

εmax Maximum strain within one fatigue cycle

εmin Minimum strain within one fatigue cycle

εat Total strain amplitude

εap Plastic strain amplitude

εam Mechanical strain amplitude

εatm Thermal strain amplitude

εmech Mechanical strain

εt Total strain that includes thermal and mechanical strains

εtherm Thermal strain

λ Cumulative plastic strain

µr Relative magnetic permeability (µ in cgs system)

µrst Relative permeability of the standard calibration sample

µmfi Output calibrated to relative magnetic permeability

ν Poisson’s ratio

ξ α ’ martensite volume fraction

ξfm Ferromagnetic volume fraction

ξ̃fm Ferromagnetic volume fraction compensated for the change in dw
ξs α ’ martensite saturation fraction

σ Stress

σa Stress amplitude

σm Mean stress

σmax Maximum stress within a given cycle

σmin Minimum stress within a given cycle

τs Equivalent shear stress

χ Magnetic susceptibility

Ω Cumulative strain energy density

Latin

CFe Ferrite calibration factor

C̃Fe Ferrite calibration factor compensated for the change in dw
dw Working distance

E Young’s modulus

F Force
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Fair Force measurement without the sample, or simply “in air”

Fast Force measurement of a fully austenitic sample

Fst Force measurement of a standard calibration sample

G Chemical free energy, shear modulus

Gmech Mechanical (external) contribution to the free energy

Gmin Minimum energy required for γ → α ’ transformation

Gtherm Thermal contribution to the free energy

H Enthalpy, applied magnetic field

Hc Coercivity or coercive force

hs Noise amplitude with the sample

hb Noise amplitude without the sample

ks Austenite stability coefficient

L Mean free distance

M Magnetization

Md Highest temperature at which deformation-induced martensite can occur

Md30 Temperature at which 50 % martensite is formed at 30 % deformation

Mrs Saturation remanence

Ms Saturation magnetization

Ms Martensite start temperature

Ms,σ Stress-induced start temperature of martensite

m Magnetic moment

ms Mean output value with the sample

mb Mean output value without the sample

N Number of fatigue cycles

Nf Number of fatigue cycles to failure

Np Number of cycles to reach peak phase transformation rate

R Electrical resistance, load ratio

R0 Initial electrical resistance

R2 Coefficient of statistical determination in a regression model

Rµr Resolution expressed in terms of relative magnetic permeability

RFe Resolution expressed in terms of ferrite volume fraction

Rz Roughness by the difference between the tallest peak and the deepest valley

T0 Temperature at which α ’ and γ chemical free energies are equal

Tc Temperature at the center of the specimen

Tch High temperature of a TMF cycle at the center of the specimen

Tcl Low temperature of a TMF cycle at the center of the specimen

tstep Duration of a “step” in a strain or load increase test

Vγ γ austenite volume fraction

W Strain energy density
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Abbreviations

AC Alternating Current

AFM Atomic Force Microscopy

AISI American Iron and Steel Institute

ASTM American Society for Testing and Materials

bcc body-centered cubic

BCM Balanced Core Magnetometer

bct body-centered tetragonal

CAT Constant Amplitude Test

cgs centimeter–gram–second system of units

DSA Dynamic Strain Aging

EBSD Electron Backscatter Diffraction

EDM Electric Discharge Machining

EDS Energy Dispersive X-ray Spectroscopy

fcc face-centered cubic

Fe% Ferrite volume fraction in %

FIB Focused Ion Beam

FN Ferrite Number

GMR Giant Magneto-Resistance

GND Geometrically Necessary Dislocations

HCF High Cycle Fatigue

hcp hexagonal close-packed

IP In-Phase

IPF Inverse Pole Figure

ISO Isothermal, International Organization for Standardization

KAM Kernel Average Misorientation

LAM Local Average Misorientation

LC Load Cell

LCF Low Cycle Fatigue

LIT Load Increase Test

LR Linear Range

MFI Magnetic Force Imaging

MFM Magnetic Force Microscopy

NDT Non-Destructive Testing

OECD Organization of Economic Cooperation and Development

OP Out-of-Phase

OPDE OECD piping failure data exchange

OP-S Oxide Polishing (colloidal silica suspension)

OR Orientation Relationship
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PID Proportional, Integral, Derivative (controller)

PRIAS Pattern Region of Interest Analysis System

SEM Scanning Electron Microscopy

SIT Strain Increase Test

SNR Signal-to-Noise Ratio

SQUID Superconductive Quantum Interference Device

TMF Thermo-Mechanical Fatigue

TRIP Transformation Induced Plasticity

UMB Uniaxial Magnetic Balance

VHCF Very High Cycle Fatigue

VSM Vibrating Sample Magnetometer
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Part I

Project description

1 Problem definition

Metallic components in the field of nuclear energy can be exposed to complex stress con-

ditions. These lead to special damage conditions in some cases, which make the scatter

of local strength values of aged components particularly large. This makes the assess-

ment of residual strength considerably more difficult. According to a report published by

the Kompetenzverbund Kerntechnik, there is therefore an extended need for the testing

and evaluation of the safety and integrity of aged structures and components in nuclear

energy, which can primarily be covered by methods of material characterization and non-

destructive testing (NDT). Damage in austenitic steels in nuclear energy has different

causes. On the one hand, mechanical stresses lead to local transformations from an

austenitic to a martensitic phase, on the other hand, dislocations preferentially accumu-

late in the region of grain boundaries and form networks with increasing cell size and wall

thickness along the service life. The latter can be the primary cause of fatigue damage

in austenitic materials at high temperatures. Both causes can potentially lead to catas-

trophic failure. Corrosion as another cause of damage will be considered only peripherally

here. Quantitative detection of phase transformation and dislocation motion in real com-

ponents is a valuable objective to better assess damage levels. NDT can make useful

contributions to this end. In a recently completed research project (BMWi FKZ 1501525

acronym ’LiCyMan’) it has been shown on unnotched samples at room temperature that

in principle quantitative conclusions can be drawn about a martensite transformation that

has taken place in the test sample by means of magnetic force interaction (MFI) between

a permanent magnet and a test sample. A corresponding measuring system (MFI mea-

suring system) was implemented, in which the martensite transformation at room tem-

perature could be measured with a high degree of detail. However, under fatigue loading

at elevated temperatures, the proportion of initiated martensite transformation decreases

in austenitic steels, while changes in the dislocation network increasingly dominate. If the

MFI measurement system is also to be used for such conditions, certain modifications are

required, which are addressed below and will be dealt with in the context of the proposed

project.
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Fig. 1. NDT process considered for the detection of the thermo-mechanical fatigue damage.

2 Objectives

The overall objective of the project is to detect continuously forming dislocation networks

as they form in specimens subjected to purely mechanical as well as thermomechanical

loading. This overall objective of the project is driven by the following questions:

1. How sensitive is electrical resistivity in detecting possible changes in the dislocation

network of an austenitic steel fatigued at elevated temperatures?

2. How can the current magnetic force (MFI) measurement system be extended such

that a change in the dislocation network such as resulting from thermomechanical

stress can be measured?

3. To what depth below a structural surface of a component can fatigue phenomena

be detected with an extended MFI measurement system?

4. How can the extended MFI measurement system be implemented in practice (e.g.,

application to real components)?

To get this overall objective achieved and the questions raised above answered had to

be demonstrated within the scope of the research project and, if successful, may find a

significant wider application beyond. The logic of the research project to be carried out

is shown in Fig. 1. It consists of the combination of two non-destructive testing methods,
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Fig. 2. Graphical explanation of how deformation-induced martensite can potentially form during the
thermo-mechanical loading.

magnetometry and resistometry, with which the detection of fatigue damage at elevated

temperatures is to be demonstrated under thermo-mechanical loading.

3 Conditions under which the project was carried out

The chair of non-destructive testing and quality assurance (LZfPQ) at Saarland University

has the necessary experience in material testing, specifically in fatigue testing as well

as common NDT methods. LZfPQ is currently working in the field of non-destructive

testing, simulation and non-destructive material characterization under static, quasistatic

and cyclic loading with advanced feature extraction from magnetic sensors and thermal

infrared data.
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4 Planning and implementation of the project

The research project focuses on the flowing areas:

1. Design and assembly of an experimental thermomechanical testing rig where the

electrical resistance and the magnetic properties can be measured in situ when a

material sample is subjected to thermomechanical stress.

2. Perform thermomechanical fatigue tests in the new test rig and measure magnetic

properties and electrical resistance continuously or, if necessary, at specific times.

3. Validation of magnetic and electrical resistivity results with conventional microstruc-

ture analysis and data from literature and standards.

The dynamics of the γ → α ’ phase transformation is analyzed using the principle or

measurement system shown in Fig. 3. Due to the non-contact nature of the measure-

ment, this system can be directly combined with an electrical resistance heater to directly

observe the transformation kinetics. The sample is placed between the two magnetic

poles where the maximum field strength is 0.5 Tesla. The strong magnetic field allows

the magnetic moment in the sample material to align according to the direction of mag-

netization. The resulting Lorentz force is detected at the magnets or via their attached

sensitive load cells. A change in the magnetic field vector is detected by an additional

MR sensor. While the force measurement is very sensitive, the response time of the force

measurement system is relatively long. The MR sensor, on the other hand, has a rela-

tively short response time and can also be used in the high frequency range. An increase

in the ferromagnetic martensitic content forces the magnetic field lines to pass through

the sample and causes a change in the ratio of the normal to transverse components

Hx / Hy of the generated magnetic field. The MFI measurement system will eventually be

combined with a 4-point Kelvin sample to measure electrical resistivity. One focus of the

work will be the seamless integration of the different measurement principles and sys-

tems to minimize mutual interference between the system elements. The work program

is divided into the following five work packages (WP):

WP 1 Specimen preparation and material reference data generation Fatigue spec-

imens are manufactured from bar material of the steel X6CrNiNb18-10. In preliminary

tests, specimen diameter and gauge length are optimized so that the entire specimen

volume is magnetized. In addition, the temperature distributions must not become critical

with regard to possible constraining stresses. All specimens are rotationally symmetrical

and have a sufficient gauge length.
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WP2 Design and realization of the measurement system To generate thermal cy-

cles, a test setup is integrated into the servo-hydraulic testing machine available at LZfPQ.

For this purpose, special clamping jaws have to be designed and manufactured. Such

grips allow the application of high currents to the fatigue specimens and isolation of the

testing machine. An IR camera or a pyrometer is used to measure and control the tem-

perature. The heating or the generation of the thermal cycles is done resistively by a

high-current transformer. Compressed air is used to cool the specimen.

WP3 Experiments with thermo-mechanical fatigue loading The loading is isother-

mal on the one hand and thermo-mechanical on the other, whereby the latter can take

place ’in phase’ (IP) and ’out of phase’ (OP). IP regime is used to investigate creep be-

havior, while OP loading may involve corrosion. Oxidation tests at elevated temperatures

without mechanical stress are used to determine the formation of possible ferromagnetic

compounds.

WP4 Metallographic and magnetic investigations To characterize and determine the

martensite content produced during a thermomechanical fatigue test, a series of fatigue

specimens is analyzed microscopically (optical, SEM, EBSD) at approximately 10, 50,

and 80% of their life. The results will be compared with the MFI measurement system.

The magnetic force effect between the probe and the sample is related to the corre-

sponding martensite fractions. Other magnetic properties such as susceptibility, coerciv-

ity, remanence, and possibly others can additionally be measured on a vibrating sample

magnetometer (VSM) and via magnetic force microscopy. Relationships between these

parameters and martensite content will eventually be established, which should allow the

timedependent characterization of a martensitic phase transformation during thermome-

chanical loading.

WP5 Correlation between thermo-mechanical fatigue, magnetics and resistometry
The measurement of magnetic and resistometric parameters and their correlation with

phase transformation and fatigue will be established in terms of process and experimental

technology in such a way that changes in the properties of the material can be observed

at microscopic (individual stress cycle) and macroscopic level (entire test run) and ther-

momechanical fatigue can be identified with regard to the temperature-sensitive intrinsic

material properties. The data obtained in this process will also be used to determine

material SN curves for thermomechanical stresses based on short-time evaluation pro-

cedures (STEP). These data could then be used to improve the determination of residual

lifetimes of operationally stressed thermomechanically fatigued components in the field

of nuclear energy.
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Table 1
Timetable of the project

Year 1 Year 2 Year 3
Quarter 1 2 3 4 1 2 3 4 1 2 3 4

WP1 Sample preparation and generation of
material reference data WP1

WP2 Design and realization of the
measurement system WP2

WP3 Experiments with thermomechanical
fatigue loading WP3

WP4 Metallographic and magnetic
investigations WP4

WP5 Correlation between thermomechanical
fatigue, magnetics and resistometry WP5

The project has been carried out with accordance to aforementioned plan and timetable.

5 Cooperation with other organizations

• Saarland University: Chair of Functional Materials, Chair of Manufacturing Engi-

neering (Lehrstuhl für Fertigungstechnik), Chair of Experimental Physics, Saarland

University;

• Materialprüfungsanstalt Universität Stuttgart (MPA Stuttgart, Otto-Graf-Institut (FMPA));

• Department of Materials Science and Materials Testing (WWHK), University of Ap-

plied Sciences Kaiserslautern;

• Tohoku University, Sendai, Japan.
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6 State of the art in science and technology

6.1 Thermodynamics of γ → α ’ transformation

The crystal lattice changes described above can be induced either thermally or by apply-

ing mechanical stress [2]. When the chemical free energy of austenite is equal to that

of martensite, they are in thermodynamic equilibrium at T0, as shown in Fig. 3a, based

on a diagram by Vöhringer and Macherauch [3]. At temperatures above T0 austenite is

the more energetically favorable phase, while below T0 α ’ martensite is more favorable.

As temperature decreases, the transition from γ to α ’ does not happen immediately. It

is necessary to undercool austenite to the martensite start temperature Ms to initiate the

thermal γ → α ’ transition. This delay is due to the existence of non-chemical energy bar-

riers such as interfacial and elastic energy [5]. This leads to the conclusion that a critical

driving force is required to initiate the martensitic transformation. This critical force corre-

sponds to the chemical free energy difference ∆Gmin between undeformed austenite and

α ’ martensite at Ms temperature, where the transformation occurs without any additional

external energy.

Patel and Cohen [6] studied the influence of applied stress on the γ → α ’ transforma-

tion. They have shown that chemical free energy can be influenced mechanically. As the

stress increases, the mechanically induced free energy ∆Gmech also increases so less

thermal free energy ∆Gtherm needs to be induced to reach the critical amount of free en-

ergy ∆Gmin. Such condition when the transition from γ to α ’ is favorable can be written as
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Fig. 3. Schematic illustration of chemical free energy required as a function of temperature. Modified after
[4].
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Fig. 4. Content of α ’ martensite mathematically fitted by Olson and Cohen (solid lines) on experimental
data of Angel (dots) for 304 stainless steel [9].

Eq.(1): (∆Gtherm + ∆Gmech) ≥ ∆Gmin (1)

This can be illustrated by Fig. 3b, which goes back to the research of Olson and Co-

hen [7]. In the temperature range Ms ≤ T ≤ Md, a distinction can be made between

stress-induced and deformation-induced martensite formation [4]. Bolling and Richman

[8] showed that there is a temperature Ms,σ up to which stress-induced martensite forma-

tion occurs only due to elastic deformation. Above Ms,σ the applied stress must exceed

the yield strength to initiate the phase transformation [4].

The martensite deformation temperature Md is the highest temperature at which the

martensitic phase transformation can still occur, even though between T0 and Md free

energy of α ’ martensite is below that of γ austenite. From a purely thermodynamic point of

view, the γ → α ’ transformation is still possible here, but the required critical free energy∆Gmin can no longer be applied since the stress required to reach ∆Gmech increases

exponentially [4].

The formation of α ’ martensite was measured experimentally at various temperatures

by Angel [2] and is shown in Fig. 4. This information was then used by Olson and Cohen,

and others to generate mathematical models for the kinetics of γ → α ’ transformation.

These models are described in more detail in section 6.2.

6.2 Models for phase transformation kinetics

6.2.1 Static strain models

Over the past few decades, several models have been proposed to describe the kinetics

of γ → α ’ transformation. Most models have been developed on a semi-experimental
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basis after tensile testing and are listed in Table 2. As a result of such an approach,

considerable variance in the mathematical formulation can be found in the literature. Lud-

wigson et al. [11] and Angel et al. [10] described the kinetics of γ → α ’ transformation as

a function of strain with empirical Eq.(2). The exponent p is an autocatalytic constant that

reflects the mechanism of accelerated phase transformation from the generation of ad-

ditional α ’ martensite nuclei. The constant ks indicates austenite stability. A more stable

retained austenite would have a lower ks value and the other way around.

Matsumura et al. [13] used an equation originally proposed by Burke et al. [12] to

Table 2
Summary of different models for static strain-induced martensite transformation kinetics.

Model Equation

Ludwigson–Berger–Angel (LBA) [10, 11]
Vγ initial austenite fraction
ε conventional strain
ks austenite stability constant
p autocatalytic strain exponent

ξ = Vγ ·
(1 + 1

eks ·εp
)−1

(2)

Burke–Matsumura–Tsuchida (BMT) [12–14] ξ = Vγ ·
(1 + p

ks·εp·Vγ

)−1
(3)

Sugimoto [15] ξ = Vγ ·
(1− e−ks·ε) (4)

Pychmintsev [16]
βh hydrostatic pressure sensitivity
Ph hydrostatic pressure during tensile test

ξ = Vγ ·
(1− e−ε(ks−βh·Ph)) (5)

Olson–Cohen (OC) [9]
α martensitic nucleation rate
β possibility of a martensite

embryo at the shear bands
n fixed exponent

ξ = Vγ ·
(1− e−β(1−e−αε)n) (6)

Gerberich [17]
A constant for a given set of test

conditions

ξ = Vγ · A
√
ε (7)

Guimarães [18]
kG stability of retained austenite
Z measure of tiraxiliy

ξ = Vγ ·
(1− e−kGεZ) (8)

Shin, Ha and Chang (SHC) [5]
β stability of retained austenite
ε0 critical inelastic strain
ξs martensite saturation fraction
n speed of nucleation sites forming

ξ = ξs
[1− e−β(ε−ε0)n] (9)
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formulate a similar model for strain-induced transformation kinetics. Their equation was

modified by Tsuchida [14] to obtain Eq.(3) and can be named as BMT model. Similarly to

the LBA model, BMT takes into account autocatalysis via the exponent p. Alternative for-

mulation for γ → α ’ transformation kinetics was proposed by Sugimoto et al. [15], where

the rate of transformation is proportional to the remaining fraction of retained austenite

and can be expressed as Eq.(4). Pychmintsev et al. [16] suggested a modification of the

Sugimoto model by taking into account hydrostatic pressure.

Previous models of γ → α ’ transformation did not take into account the microstructural

phenomena and, therefore, only described the macroscopic consequences of the trans-

formation process. Olson and Cohen (OC) [9] as cited by [19] decided to correct this and

formulated a physical model in which shear band intersections are considered to behave

as effective strain-induced nucleation sites. These shear bands can be mechanical stack-

ing faults, twins, or ε martensite plates which fraction is related to the strain. The rate of

shear band formation in the OC model, Eq.(6), is governed by a temperature-dependent

function α, related to the intrinsic stacking-fault energy. The value of the parameter α
increases when the stacking-fault energy decreases. This means α is both temperature

and composition dependent. In the OC model, β is another temperature-dependent func-

tion indicating the probability for shear-band intersections to form α ’ nuclei. The exponent

n is a constant. It relates to the number of shear band intersections per unit volume of

austenite. High n values indicate that the number of shear band intersections is initially

low and increases rapidly with strain [19]. A strain-induced martensite nucleation model

equivalent to the OC model was also developed by Gerberich et al. [17] and Guimarães

et al. [18].

Inspired by the OC model, several researchers have developed further constitutive

models. Tomita and Iwamoto [20] based on the OC implemented finite-element method

taking into account the latent heat induced by martensitic transformation. Stringfellow

et al. [21] reformulated the OC model in a generalized rate form so that the extent of

martensite nucleation is a function not only of plastic strain and temperature but also of

the triaxial stress state. Finally, Shin et al. [5] formulated Eq.(9) where the parameter

β denotes the stability of retained austenite as a function of chemical composition and

loading temperature. Shin pointed out that Md temperature can be determined indirectly

from the relationship between the stability parameter β and test temperature.

The amount of deformation-induced martensite ξ as a function of strain can be gen-

erally outlined in Fig. 5. Three phases can be identified: accelerated (I), constant (II), and

decelerated (III) rate of phase transformation [22].
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6.2.2 Cyclic strain models

Unlike static tensile loading, cyclic loading introduces repeated elastic deformation. Due

to the nature of repetitive stress, the accumulated elastic strain can be compared to the

accumulated plastic strain. This leads to a significant deviation in the γ → α ’ kinetics

from Fig. 5. Depending on the temperature, chemical composition, and strain amplitude,

the phase transformation rate can vary from linear to extremely sigmoidal with a clear

martensite saturation threshold. For 300 series steel in the LCF regime, it is common to

observe a behavior similar to that shown in Fig. 6. The accelerated period (I) is present

but occupies a much shorter period of time than the decelerated period (III). The end

of the test is typically followed by a short but impactful crack propagation period where

the rate of phase transformation increases again due to changes in the stress state until

complete specimen failure.
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On the basis of extensive experimental data, Smaga, Walther, and Eifler [23] devel-

oped a model for the description of plasticity-induced martensite formation in metastable

austenite under cyclic loading. This model was done on the basis of plastic-strain-

controlled fatigue tests where cumulative plastic strain λ is a major input parameter that

can be calculated as Eq.(10):

λ = 4· Ni∑
i=1 εap (10)

It was observed [23] that the strain energy density W , which essentially is the area of the

hysteresis, shifted to higher values with increased plastic strain amplitude εap for identical

λ values. This signified that the cumulative strain energy density Ω in Eq.(11) is another

parameter influencing the martensite transformation.

Ω = Ni∑
i=1 W (11)

With this in mind, the rate of cyclic martensite transformation dξ/dt can be described as a

function of cumulative plastic strain λ and the cumulative strain energy density Ω:

dξdt = (ξs − ξ) · a ·Ωdλdt (12)

where ξ – measured martensite fraction, ξs – martensite saturation (maximum) fraction,

and a is a fit parameter. The difference between the measured and saturation fractions

ξs − ξ describes the rate of martensite formation. Solving the differential equation (12)

with the boundary conditions ξ0 = 0 and λ0 = 0 at the start of cyclic loading, Eq.(13) can

be derived, representing the martensite formation under cyclic load.

ξ = ξs ·
(1− e−a·Ω·λ) (13)

The relation between the cumulative plastic strain and the cumulative strain energy den-

sity can be described with a power law:

Ω = b · λc (14)

where b – load amplitude coefficient, c – material constant. Substituting Ω in Eq.(13) by

using Eq.(14) with α = a · b and n = c + 1, the expression for martensite fraction ξ can

be written as Eq.(15):

ξ = ξs ·
(1− e−α·λn) (15)

Prior to the work of Smaga, Kaleta, and Zietek [24] proposed the introduction of a

martensitic transformation cyclic limit, which would be a critical point for the γ → α ’

transformation. Later, Krupp [25] as cited by [26] suggested a similar approach toward
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the estimation of α ’ martensite fraction in the LCF regime, which can be formulated by

Eq.(16):

ξ = 1− e(−N
τ )n (16)

with parameter τ proportional to plastic strain amplitude and n is a test conditions spe-

cific fit parameter. Mroz and Zietek [27] would later derive constitutive equations for an

elastoplastic model making use of irreversible thermodynamics with internal parameters.

Similarly to previous models, they also described the martensite volume fraction as a

function of accumulated strain. Chen et al. [28] published a cyclic plasticity model for

martensite transformation, where they studied the uniaxial ratcheting1 behavior of 304

austenitic stainless steel at 110 K. Under the assumption of the von Mises yield criterion

and normal plasticity flow rule, they developed a numerical algorithm of plastic strain with

the proposed model to implement the finite element calculation of the model.

1Ratcheting is a cyclic creep caused by unsymmetric stress cycles.
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Part II

Experiments and results

7 Analytical and experimental methods

This section of the report describes existing experimental techniques that were utilized

during the project. Fatigue testing is one of the prevalent experimental procedures used in

the project, owing to analytical tools described that were developed specifically to analyze

fatigue damage in austenitic stainless steel.

7.1 Magnetic Force Imaging

Magnetic Force Imaging (MFI) was developed to answer the question of where the γ → α ’

phase transformation occurs and to quantify the amount of deformation-induced marten-

site. The scale required for this in fatigue testing is tens of millimeters. The common

technique used at this scale is chemical etching and optical microscopy [29]. A wide

variety of etching techniques are available, including solutions capable of revealing the

prior austenite grain [30]. However, etching is not really able to differentiate small differ-

ences in α ’-martensite volume fraction [31]. Magnetic methods, on the other hand, can be

extremely sensitive to the presence of a ferromagnetic phase in paramagnetic materials.

Some similar to MFI magnetic methods include Feritscope [32], Kerr effect and magneto-

optical sensors [33, 34], Gouy, Faraday-Curie magnetic balances [35], Satmagan [36],

pull-force measurement [37], magnetic force microscopy (MFM) [38, 39], scanning hall

Fig. 7. A simplified explanation of different magnetic
states that can be analyzed with MFI: A) initial
permeability; B) maximum permeability; C) MFI
range, where relative permeability is estimated; D)
saturation magnetization.

probe microscopy [40]. A good compari-

son of some of these methods was given

by Talonen et al. [41].

The working principle of MFI is simi-

lar to that of magnetic force microscopy,

which is essentially atomic force mi-

croscopy (AFM) with a magnetic tip. The

main difference between MFI and MFM is

the size of the magnetic tip and conse-

quently the induced magnetization of the

material. The MFM magnetic tip does

not generate a sufficient magnetic field

to cause significant reorientation of mag-

netic moments in the material [42]. In this

sense, the principle of MFM analysis is
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Fig. 9. Schematic illustration of the magnetic force imaging principle. Filled areas show ferromagnetic
grains in an otherwise paramagnetic austenitic matrix. Effective interaction volume illustrates the depth of
information obtained with MFI.

to half the diameter of the magnetic tip. For the magnetic tip used in this work, this would

be 150 µm. This depth significantly exceeds that of many other metallographic analy-

sis methods. For example, it is only 50 nm for electron backscatter diffraction (EBSD)

[46, 47].

7.1.2 Calibration to ferrite vol. fraction and permeability

For the correct interpretation of MFI data, it is important to note that the values of volume

fraction are given for δ ferrite and not α ’ martensite. Metallographic investigations with

EBSD showed no significant difference between α ’ martensite content and MFI reading,

calibrated to δ ferrite below 20 % vol.. This is also in agreement with the calibration curves

presented by Fava et al. [48]. For MFI readings above 20 %, a calibration factor of 1.7 is

recommended to convert ferrite fraction to α ’ volume fraction [48].

Although calibration to volume fraction provides a quick evaluation criterion, from a

physical point of view, MFI shows density rather than a given volume fraction. Correct

interpretation, therefore, depends on the size of a feature in the scan. The larger the fea-

ture, the more accurate the interpretation of the signal as a volume fraction. For smaller

features, especially below 0.7 mm, the volume fraction is averaged over the effective

interaction volume.
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Table 3
Primary calibration standards.

No Microstructure Ferrite vol. fraction Ferrite number (FN) Uncertainty

1 γ-austenite 0 % n/a n/a

2 δ-ferrite, γ-austenite 0.64 % 0.51 ± 0.6 FN

3 δ-ferrite, γ-austenite 1.78 % 1.32 ± 0.6 FN

4 δ-ferrite, γ-austenite 11.6 % 10.7 ± 0.8 FN
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Fig. 11. MFI calibration curves: a) MFI signal from different standard calibration samples; b) calibration
factor for different working distances.

tion method, which was calibrated according to ANSI/AWS A4.2M: 2006. Ferrite volume

fraction, as a secondary value, was determined by means of a microscopic examination

using the point count method. These samples serve as primary calibration standards in

this work and are summarized in Table 3. The manufacturer specified the uncertainty only

for the ferrite number.

A linear fit with aforementioned standard samples determines the calibration factor

CFe. The result of the measurement for dw = 10 µm is shown in Fig. 11a. The calibration

factor has to be specific for each working distance and was determined in the range from

10 to 50 µm. Fig. 11b shows the relationship between the calibration factor and working

distance. The relationship appeared to be very linear in the range from 0 to 12 %Fe.

Calibration beyond 12 %Fe has not been done due to difficulties measuring the working

distance. At the next closest calibration sample with 51 %Fe, it was no longer possible to

drive the magnetic tip away from the surface.
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Calibration to relative permeability Magnetic force reading of MFI can be converted

to relative magnetic permeability with Eq.(18):

µrout = (µrst − 1) · Fi − FairFst
+ 1 (18)

where µrout – MFI output calibrated to relative magnetic permeability; µrst – numerical

value of relative permeability of the standard calibration sample; Fi – force response of

the sample under investigation; Fair – force measurement without the sample, i.e., “in the

air”; Fst – force response from the standard calibration sample.

A carbonyl iron powder sample with relative magnetic permeability of 1.37 was used

for the calibration. This sample has been produced by Stefan Mayer Instruments GmbH

& Co. KG by mixing the carbonyl iron powder and epoxy resin with an approximate mass

ratio of 2:5.

7.2 Uniaxial Magnetic Balance

The Uniaxial Magnetic Balance (UMB) is specifically designed for in-situ monitoring of

γ → α ’ phase transformation in austenitic stainless steel during fatigue testing. The

UMB is based on the principle of measuring the mutual force of attraction between a

sample and two axially aligned magnets. Each magnet is attached to a separate force (or

displacement) sensor for independent and simultaneous readout. When the specimen

is placed between the magnets, its magnetic properties will affect the interaction force

between the magnets, and therefore the force response can be related to the magnetic

properties of the material under test. Since this additional change in force interaction due

to the presence of the test object can be significantly smaller than the attraction force

between the magnets, the latter force must be compensated for. This is accomplished by

introducing a balancing mechanism into the system. The purpose of such a mechanism

is to ensure that the magnets are pulled apart with the same force as they are attracted, or

in other words, to bring them into a balanced state. This configuration makes it possible

to achieve high sensitivity, which is directly proportional to the magnetic field strength

generated by the magnets.

7.2.1 UMB working principle

As Fig. 12 illustrates, the attractive forces between the magnets M1 and M2 are balanced

by the ferromagnetic “ballasts” B1 and B2 of which the distance to the magnets dB1 and

dB2 can be adjusted to set the system in balance, such that FLC1 and FLC2 are equal zero

and condition (19) is fulfilled:

~FM1 + ~FB1 + ~FM2 + ~FB2 + ~FLC1 + ~FS1 + ~FLC2 + ~FS2 = 0 (19)
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Assuming a perfect axial alignment, equations can be further written in a simple scalar

form. In a case when no sample is present, a set of equations (20) can be written. When

the sample is inserted into the opening between the magnets (Eq.(21)), additional forces

FS1 and FS2 cause the deflection ∆d of the load cells, which is directly related to the

magnetic permeability of the material.FLC1 = 0
FM2 − FB1 = 0

FLC2 = 0
FM1 − FB2 = 0 (20)

FLC1 = FM2 + FS1 − FB1
FM2 − FB1 = β1

FLC2 = FM1 + FS2 − FB2
FM1 − FB2 = β2 (21)

The deflection of load cells causes the ballast distances dB1 and dB2 to increase,

which results in decreased FB1 and FB2 and, overall, a higher attraction force between

the magnets. This additional force gained is denoted by coefficients β1 and β2. This

additional force is what makes UMB much more sensitive compared to a single magnet

pull force measurement.

The resulting force, measured by both load cells, can be written as (22):FLC1 = FS1 + β1
FLC2 = FS2 + β2 (22)

Independent force readout from each load cell also allows compensating for the little

movement of the specimen during fatigue testing. The final UMB output F is calculated

S N S N

sample
ballast

B1
M1 M2

FM2FM1 FS1 FM1

B2

FM2FS2 FM1 FB2FM2

dB1 dS1 dS2 dB2

load cells

FB1

LC2LC1

FLC1 FLC2
Δd

Fig. 12. Schematic drawing illustrating the principle of the uniaxial magnetic balance (UMB).
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Fig. 14. UMB-2 (a) and UMB-3 (b) calibration curves. Surface calibration samples were measured with MFI
on the surface, whereas section samples were measured after cutting the specimen along the rotation axis.

and UMB-3 had an internal voltage reference, temperature sensor, and magnetic senor

built in into the aluminum housing. An internal temperature sensor was used together

with an external Peltier element to maintain a constant temperature during TMF testing.

Typical temperature stability was ± 5 mK or better. The configuration of UMB-3 for in situ

TMF testing is illustrated in Fig. 17 on page 46. All UMB versions used 200 g capacity

aluminum shear beam load cells placed inside a fully enclosed aluminum housing. Ad-

ditional thermal insulation was applied over the aluminum housing for better temperature

stability.

7.2.2 Calibration to ferrite volume fraction

UMB output has been calibrated to ferrite volume fraction on secondary standards, ob-

tained from primary standards from Table 3 on page 37 by means of MFI. Since UMB

measurements are sensitive to the volume of the material to be measured, fatigue speci-

mens were used to transfer the ferrite content information from primary standards. Nine

fatigue specimens have been analyzed with MFI after a different amount of accumulated

strain from fatigue loading. Five of them have been cut along the rotation axis and mea-

surements have been taken on the inner surface to make sure the deformation-induced

martensite is measured throughout the entire volume. The cutting process removes a

significant amount of the material and therefore UMB measurement could only be done

once prior to cutting. The calibration curves for UMB-2 and UMB-3 are shown in Fig. 14.

Although the secondary standards contain α ’ martensite instead of δ ferrite, they still

define ferrite volume fraction, which is inherited from primary standards.
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As it has been mentioned in the previous section, magnetic permeability of pure

austenite is much higher compared to air, and therefore, zero ferrite reference cannot

be measured in air. A fully annealed X6CrNiTi18-10S steel rod 6 mm in diameter and

85 mm in length was used as a fully austenitic reference. It was cut with electric dis-

charge machining (EDM) and electropolished to remove erosion from the surface. MFI

was used to confirm the absence of ferromagnetic phases in the material. A linear fit

across all calibration samples appeared to be sufficient to characterize the UMB output

in terms of ferrite volume fraction (see Fig. 14). Final output of UMB calibrated to ferrite

volume fraction in Fe% can be written as

ξumb = (Fi − Fair − Fast) · CFe (24)

where ξumb – UMB output calibrated to ferrite volume fraction; Fi – force response to the

sample under investigation; Fair – force measurement without the sample, i.e. “in air”;

Fast – UMB force response to a fully austenitic sample; CFe – calibration factor, obtained

from standard ferrite samples with a known amount of ferrite.

Calibration factors CFe for UMB-2 and UMB-3 can be found in Fig. 14. Calibration was

done in the linear range, which spans from zero to up to 20 Fe%. Further increase in

the amount of ferromagnetic phases results in reduced UMB output. This means read-

ings above 20 %Fe are likely to be underestimated. Within the scope of this work, it was

not necessary to perform calibration above 20 Fe%. Accumulated error on the measure-

ments was higher for specimens with higher “ferrite reading”. This is due to the fact that

deformation-induced martensite, which was introduced by cyclic loading, forms inhomo-

geneously within the volume. A very common occurrence is the formation of α ′ martensite

in bands that follow the axial direction of the specimen.

7.2.3 Resolution, repeatability and accuracy

Signal-to-noise ratio (SNR) was determined by placing the sample in and out of UMB

twice and measuring signal and noise amplitudes. The signal amplitude was determined

as mean output with the sample ms minus mean output without the sample mb. The

results of the measurements are presented in Fig. 15. To calculate SNR Eq.(25) was

used: SNR = ms −mb√
h2
s + h2

b

(25)

where SNR – signal-to-noise ratio; ms – mean output with the sample; mb – mean output

without the sample; hs – noise amplitude with the sample; hb – noise amplitude without

the sample.
2Aperture refers here to the opening between the magnets, where the sample is placed. This is also the

largest possible diameter of the sample that can be measured.
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Fig. 15a shows the result of a measurement on a cylinder made of 99.99% pure bis-

muth, 6 mm in diameter and 50 mm in length. Bismuth is a highly diamagnetic material

with typical relative permeability of µr = 0.999834 or (µr−1) = −1.66 ·10−4 [49]. Therefore

the signal acquired with this sample is negative. For UMB-3, the bismuth sample was

indistinguishable from noise (Fig. 15c). Increasing the diameter of the sample also in-

creases the sensitivity of UMB. However, the specifications here were made for the same

diameter as fatigue specimens. Identical measurements of a fully austenitic sample are

presented in Fig. 15b and d. The sample was a cylinder 6 mm in diameter and 85 mm in

length. Relative permeability of this sample was measured with MFI and was estimated

to be µr = 1.002. Knowing the permeability, resolution Rµr can be determined in terms of

volumetric susceptibility with Eq.(26):

Rµr = µr − 1
SNR (26)

Resolution RFe in terms of ferrite fraction was defined as a double noise amplitude mul-

Table 4
Comparison of different versions of the uniaxial magnetic balance.

UMB-1 UMB-2 UMB-3

Application Room temp.
tests

Initial Fe%
measurement

Elevated
temp. and TMF
tests

SNR
austenite cylinder, ? 6 mm

n/a 89 7

Resolution
? 6 mm cylinder, (µr − 1)/SNR

n/a 2 · 10−5 3 · 10−4

Resolution
? 6 mm cylinder, ferrite

n/a 23 ± 7 ppm
(0.0023 %)

216 ± 9 ppm
(0.022 %)

Accuracy
% from ferrite reading

n/a ± 10 % ± 10 %

Temperature drift
with PID stabilization

n/a 0.01 Fe%/K 0.1 Fe%/K

Aperture2 10 mm 15 mm 15 mm

Magnetic field
center of the aperture

120 mT 180 mT 50 mT

Magnetic field
edge of the aperture

280 mT 450 mT 200 mT

Magnet shape Cylinder Rectangular
cuboid

Rectangular
cuboid

Magnet dimensions ? 5×25 mm 14×7×25 mm 12×5×2 mm

Magnetization direction axial in the longest
dimension

in the shortest
dimension
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Fig. 15. Determination of the signal-to-noise ratio for: a) diamagnetic bismuth sample with UMB-2; b) fully
austenitic sample with UMB-2; c) bismuth sample with UMB-3; d) fully austenitic sample with UMB-3.

tiplied by the calibration factor CFe by Eq.(27) and the results of all calculations were

summarized in Table4.

RFe = 2 · CFe√h2
b + h2

s (27)

Long-term stability is essential for in situ monitoring during fatigue tests, which can last

several days. Temperature control with a PID algorithm greatly improved the drift of the

signal over time. However, it does not eliminate it completely since the equipment respon-

sible for temperature stabilization is itself under the influence of temperature fluctuations.

The accuracy of UMB measurements is greatly influenced by calibration. Since Hel-
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mut Fischer GmbH, the manufacturer of primary standards, does not specify the accuracy

in terms of ferrite volume fraction, but rather in ferrite number, it is not possible to directly

transfer the uncertainty of the measurement. However, judging from the fitting error in

Fig. 14 on page 41, accuracy can be estimated to be around 10% from the ferrite read-

ing.

7.3 Thermo-mechanical fatigue testing rig

The thermo-mechanical (TMF) testing setup was built around a commercial 20 kN Shi-

madzu Servopulser servo-hydraulic fatigue testing machine. It was chosen to avoid in-

duction coils and to implement heating by passing 50 Hz AC current directly through the

specimen. An induction coil would not only take up valuable space around the specimen

but would also cause significant interference with in-situ magnetic measurements. An-

other critical aspect of the TMF system was the ability to perform tests on the standard

fatigue specimen geometry.

The current injection was realized with special gold-plated clamps (see Fig. 17), which

grip the specimen laterally and maintain good electrical contact under axial load. Current

injection clamps were connected directly to the secondary winding of the high-current

transformer via 500 mm2 copper busbars. The high current transformer was manufac-

tured with 8 taps on the primary winding, which were used to adjust the voltage, as

shown in Fig. 16. A solid-state tap changer has been fabricated that switches between

taps without any mechanical parts to wear out. The input to the tap changer can be

adjusted with a variable autotransformer to achieve a wide range of temperatures. The

system was designed for 800 A continuous current and up to 1000 °C maximum sample

Fig. 16. Schematic of the various elements that make up the TMF setup.
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eter was connected to the temperature control circuit, two additional infrared cameras,

such as Micro-Epsilon TIM450, were used to monitor the temperature distribution along

the specimen.

Fig. 18. Compressed air nozzle used in the
cooling phase of TMF tests.

The cooling phase of the TMF tests was as-

sisted by compressed air, regulated to a pres-

sure of 3 bar. Fig. 18 shows the compressed

air nozzle that splits the air flow into three direc-

tions: two going around the fatigue specimen

and one directed directly at the center. The air

nozzle is mounted on the heat shield so that

the air bends around the bottom of the speci-

men and then flows upward. This causes ex-

pansion of the air around the specimen, which

also causes some adiabatic cooling.

Fig. 21 shows how the uniaxial magnetic

balance was mounted. The UMB is first placed

away from the specimen, where the output of the two load cells is zeroed. The UMB is

then moved to the measurement position, where the fatigue specimen is exactly in be-

tween the magnets of the UMB. The balance aperture fits around the heat shield, leaving

a sufficient air gap. The alignment is then adjusted with the micrometer stage until the

signals from the two load cells are equal. This assures that the distances dS1 and dS2
are equal (see Fig. 12 on page 39).

The extensometer was adapted to high temperatures by extending one blade to a

length of 50 mm while holding another blade in a fixture attached to a miniature linear

stage. The linear stage was then bolted to the lower current injection clump. This uncon-

ventional design was chosen to allow unobstructed magnetic and thermal measurements.

The housing of the extensometer is essentially the bottom plate, as they are rigidly con-

nected. Therefore, adding a lower blade while the housing is mounted in the fixture would

have created opposing strains in the extensometer and negatively affected the linearity of

the strain measurement. The current injection clumps were firmly attached to the fatigue

specimen by lateral compression. This should also reduce the mechanical hysteresis

in the strain measurement. Another reason for not placing the extensometer blades at

the gauge length of the specimen is that it would interfere with the magnetic measure-

ments with the UMB. While ceramic blades could be placed closer to the center of the

fatigue specimen, they would most likely slip during the cooling phase when compressed

air cools the specimen. Calibration is required to compensate for the strain differences

between the gauge length and the TMF extensometer readout.

47 / 136



7 Analytical and experimental methods 1501608 FINAL REPORT

Fig. 19. Comparison of strain measurements of 12 mm gauge length extensometer and the TMF
extensometer.

7.3.1 Extensometer calibration

The same extensometer, but with 12 mm spacing between the blades, was used to cali-

brate the output of the TMF configuration to the actual strain in fatigue specimens. Two

tests with a cyclic load of ±2 kN were performed with each extensometer. The results of

the measurements are shown in Fig. 19. Both measurements were performed in the TMF

setup, with the specimen mounted in the current injection clamps.

The results showed a very linear response of the TMF extensometer with a small

opening in the hysteresis. Ideally, calibration should be performed at a higher force am-

plitude, but this would cause strain hardening of austenitic specimens and invalidate the

calibration. The ratio between the slopes in Fig. 19 was calculated to be 1.386. The read-

ings from the 12 mm extensometer configuration are in microns, while the readings from

the TMF configuration are an arbitrary value due to the lever-like action of the extension

blade.

7.3.2 Zero-force calibration

To perform strain-controlled TMF tests, it is important to know how much the specimen

expands and contacts as the temperature changes. To estimate this thermal strain, a

zero-force test was performed. A servo-hydraulic part of the machine was set to maintain

the force at zero kN while the specimen was subjected to a thermal cycle. The exten-

someter recorded the thermal deformation, i.e. the thermal strain.

The results of the test are shown in Fig. 20. The test was performed at average
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Fig. 20. Zero-force test for two different heating rates: a) specimen temperature as a function of time; b)
thermal strain hysteresis. Thermal offset is determined from the upper part of the hysteresis.

heating rates of 35 °C/s and 65 °C/s. Radial stresses due to a fast heating rate are not a

significant concern here because the entire volume in the gauge length of the specimen

is heated simultaneously by passing the current through at 50 Hz. At this frequency, the

skin effect is negligible, and very fast heating rates can be realized.

Thermal strain hysteresis in Fig. 20b shows how the offset for the thermal expansion

was calculated. The initial part of the heating cycle was very linear because, at such

a high heating rate, heat does not have time to spread from the gauge length to the

shoulders of the specimen. In the cooling cycle, compressed air was not used to cool the

specimen. The coefficient of thermal expansion for the given combination of geometry

and heat distribution was calculated to be 991.8 °C for the thermal strain of 1%.
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8 Material characterization

This research project investigates austenitic stainless steel AISI 347 (1.4550, X6CrNiNb18-

10). The unique aspect of this steel is the addition of niobium, which has a higher affinity

for carbon than chromium. This prevents the formation of chromium carbides and results

in improved resistance to intergranular corrosion. This steel is also considered metastable

and undergoes deformation-induced phase transformation from paramagnetic γ austen-

ite to ferromagnetic α ’ martensite under plastic deformation at room temperature. This

change from a paramagnetic to the ferromagnetic state is what has been largely ex-

ploited in this work to analyze the phase transformation kinetics. The analysis begins

with the material, where one of the first factors influencing the kinetics of γ → α ’ trans-

formation is the manufacturing process and the resulting microstructural and chemical

(in)homogeneity.

8.1 Steel production process and chemical composition

V

N S

−Fx

+Fx

Fig. 23. Schematic illustration of an
electromagnetic stirrer for billet
casters [50].

The raw material was manufactured through continuous

casting to a square cross-section using an electromag-

netic stirring device (see Fig. 23) alongside the contin-

uous casting height, followed by hot rolling to change

the cross-section from a square to a circular shape with

a diameter of 31.2 mm. The semi-finished bars then

went through a heat treatment in a furnace at a temper-

ature of 1058 °C. Table 5 provides the chemical com-

position of the material, of which two batches were ac-

quired. Based on the content of Table 5, equivalent Cr

and Ni content was calculated in accordance to Eq.(28)

and (29) [51] and a region on the Schaeffler diagram

was plotted in Fig. 24 .

Nieq = Ni + 30C + 0.5Mn (28)

Table 5
Chemical composition of the 347 steel (wt%) with Fe as balance, including calculated martensite start
temperature (Ms) and temperature, at which 50% martensite is formed under 30% strain (Md30) in °C.

Batch C Si Mn Ni Cr S P Nb Ms Md30

A 0.025 0.401 0.577 10.064 18.147 0.0011 0.024 0.402 -97.97 48.87

B 0.051 0.409 0.714 9.121 17.165 0.003 0.029 0.547 -47.24 58.08

Norm. ≤0.08 ≤1.00 ≤2.00 9 – 12 17 – 19 ≤0.015 ≤0.045 ≤1.00 – –
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Fig. 24. Schaeffler diagram with the marked position of 347 austenitic stainless steel batches A and B.
Modified after [51].

Creq = Cr + Mo + 1.5Si + 0.5Nb + 2Ti (29)

Additionally, martensite start temperature Ms and Md temperature, at which 50% marten-

site is formed under 30% strain, were calculated in Table 5.

8.2 Fatigue specimen geometry

Fatigue specimens were machined at Demgen Werkzeugbau GmbH from 30 mm bars to

the geometry presented in Fig. 25. There have been some differences in manufacturing

between specimens that were turned from material batch A and batch B. All fatigue spec-

imens from batch A were mechanically polished, which resulted in a very good surface

roughness with Rz values in the range of 0.05 to 0.1 µm. However, mechanical polishing

created a thin layer of deformation-induced martensite on the surface. Magnetic mea-

surements showed a higher concentration of α ’ martensite on the polished surface when

compared to the only machined surface. In fact, no additional α ’ martensite could be

found on the machined surfaces.

Taking this into consideration, the specimens from batch B were only electro-chemically

polished by Poligrat GmbH. This resulted in very little to no machining-induced marten-

site transformation. The drawback was an increased surface roughness. Roughness

measurements were performed on Mahr Perthometer PGK 120 and presented in Fig. 26.

In the case of batch A, the calculation of roughness was relatively straight forward.
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Fig. 25. Fatigue specimen geometry used in this work.

Fig. 26. Roughness profiles of fatigue specimens measured at the center of the gauge length: a) batch A;
b) batch B.
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Fig. 30. Grain size (diameter) from a batch B sample, acquired from the center of a longitudinally sectioned
fatigue specimen.

and the stirring mark there appeared to be pure austenite, with ξfm reading of 0.05%,

which is likely to be caused by shading from a much more ferromagnetic outer edge.

Longitudinal band structure that was identified with EDS and EBSD was also found

with MFI. In Fig. 32, longitudinal and transverse sections were combined with a rotary

scan of the outer bar surface. As a result, a 3D section was reconstructed to demonstrate

the distribution of the ferromagnetic phases in the material. The stirring mark from Fig. 31

can be observed to extend in the longitudinal (axial) direction, forming the previously

identified band structure. The spiral on the outer surface of the bar corresponds to the

turning process, intended to reduce the diameter to the final dimension of 30 mm.

Uniaxial magnetic balance UMB-2 (section 7.2) was used to measure the ferromag-

netic content in machined fatigue specimens before fatigue testing. In Fig. 33, the distri-

bution of ξfm was plotted as density for each fatigue specimen. Most fatigue specimens

from batch A had ξfm values between 0.2 and 0.3 Fe%, with a small group of specimens

with ξfm values between 0.4 and 0.5 Fe%. Fatigue specimens from batch B were in the

range from 0.75 Fe% to 0.95 Fe% with only three specimens above this range, which is

likely to be caused by less careful machining.
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9 Fatigue testing and analysis

9.1 Lower accumulated strain limit for phase transformation

One of the less explored areas in γ → α ’ transformation process is the combination of

elevated temperatures with fairly low strain amplitudes. The combination of a highly in-

hibited γ → α ’ process with the difficulty of measuring magnetic properties at elevated

temperatures inside a fatigue machine creates very unfavorable conditions for the exper-

imental evaluation. Using a uniaxial magnetic balance (UMB, section 7.2 on page 38)

it became possible to detect small fractions of deformation-induced martensite in situ at

elevated temperatures during a full-scale fatigue test.

A strain increase test with a constant strain rate was chosen to evaluate the dynamics

of γ → α ’ transformation process at HCF to VHCF strain amplitudes with a transition to the

LCF regime. Initial changes in the microstructure were also observed with an electrical

resistance measurement. The location and growth dynamics of α ’ were captured post-

mortem by means of magnetic force imaging.

9.1.1 Strain increase test parameters

A strain increase test (SIT) is a total strain controlled fatigue test that starts at a low strain

amplitude which increases gradually in fixed intervals, called steps. Within one step to-

tal strain amplitude remains constant. All SITs in this work have been performed with

identical parameters, shown in Table 6. A constant strain rate of 0.004 s-1 in a triangular

waveform was chosen to avoid excessive heat generation at lower temperatures. The

duration of a single step was equal to 120 minutes. Every 120 minutes, total strain ampli-

tude was increased by 0.01%, starting from 0.05%. The consequence of having a fixed

strain rate is the variable number of cycles within each step, which can also be found in

Table 6.

9.1.2 Influence of temperature on low-strain phase transformation

A series of five strain increase fatigue tests was performed in accordance with the param-

eters in section 9.1.1. Each fatigue test was performed using the same setup described

in section 7.3 on page 45, the only variable being temperature. The temperature was

examined from ambient 17 °C to 240 °C with no more than ±2 °C variation within the full

duration of the test. The temperature was set 120 minutes prior to the start of the test

to allow the temperature differences between UMB and the specimen to settle. Fatigue

specimens here belong to Batch A (see section 8 on page 52 for more information). Uni-

axial magnetic balance UMB-3 was used for α ’ volume fraction measurement (section 7.2

on page 38).
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Table 6
Strain amplitudes for strain increase tests (SITs). The duration of each step is 120 minutes. Strain rate
0.004 s-1

Step Total
strain
amp.

Frequency Cycles per
step

εat , % f , Hz Nstep

1 0.05 2.000 14400
2 0.06 1.667 12000
3 0.07 1.429 10286
4 0.08 1.250 9000
5 0.09 1.111 8000
6 0.10 1.000 7200
7 0.11 0.909 6545
8 0.12 0.833 6000
9 0.13 0.769 5538

10 0.14 0.714 5143
11 0.15 0.667 4800
12 0.16 0.625 4500
13 0.17 0.588 4235
14 0.18 0.556 4000
15 0.19 0.526 3789
16 0.20 0.500 3600

Step Total
strain
amp.

Frequency Cycles per
step

εat , % f , Hz Nstep

17 0.21 0.476 3429
18 0.22 0.455 3273
19 0.23 0.435 3130
20 0.24 0.417 3000
21 0.25 0.400 2880
22 0.26 0.385 2769
23 0.27 0.370 2667
24 0.28 0.357 2571
25 0.29 0.345 2483
26 0.30 0.333 2400
27 0.31 0.323 2323
28 0.32 0.313 2250
29 0.33 0.303 2182
30 0.34 0.294 2118
31 0.35 0.286 2057
32 0.36 0.278 2000

Fig. 34 combines the results from all five SITs but separates them by mean stress,

stress amplitude, strain amplitude, and ferromagnetic volume fraction calibrated to ferrite

volume fraction. Additionally, plastic strain amplitude was plotted in Fig. 34b, together

with the total strain amplitude taken from the ambient temperature test, which is valid for

all five tests.

Plastic strain amplitude was consistently higher at elevated temperatures. The test at

240 °C showed double the plastic strain compared to the ambient temperature test. Indi-

cation of cyclic hardening can be identified here as plastic strain amplitude drops within

a single step after εat = 0.15%. Such behavior could be observed only up to 160 °C. The

test performed at 240 °C showed no significant change in plastic strain amplitude within

one step. Logically, the lowest stress amplitudes could also be found at 240 °C. From

stress amplitudes, signs of cyclic softening could be observed for all temperatures, ex-

cept 17 °C in the range 0.11%≤ εat ≤ 0.16%. After step number 16 at εat = 0.20%, cyclic

hardening could be observed even at 240 °C by increased stress amplitude within a single

step. Cyclic relaxation at 80 °C and above could be observed after step 4, εat = 0.08%

by decreasing mean stress (see Fig. 34d). As for the test at 17 °C, mean stress starts to

decrease after step 7, εat = 0.11%.

Since cyclic hardening is a result of an increased volume of the much stiffer α ’ phase,

this behavior is reflected well by magnetic measurements in Fig. 34a. From these mea-

surements, the temperature influence on γ → α ’ phase transformation could be observed

even better. At 17 °C, an arc-shaped component in the signal could be identified. The
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Fig. 34. Strain increase fatigue tests at various temperatures: a) fraction of α ’ martensite in Fe% with
subtracted initial values; b) total strain amplitude, valid for all temperatures and plastic strain amplitudes; c)
stress amplitude response of the material; d) mean stress. Material: 347 batch A.

62 / 136



9 Fatigue testing and analysis 1501608 FINAL REPORT

0 40 80 120 160 200 240 280

0.15

0.20

0.25

0.30

To
ta

l s
tr

ai
n 

am
p.

 a
t Δ
ξ f
m
 =

 0
.2

5 
(%

)
Temperature, Tc (°C)

(b)

0.
09

8 16 24 32

0

1

2

3

C
ha

ng
e 

in
 f

er
ro

m
ag

. v
ol

. f
r.,

 Δ
ξ f
m

 (F
e%

)

Time (hrs)

0.25 Fe%

(a)

0.
10

0.
11

 ε
at

 =
 0

.1
2 

%

0.
13

0.
14

0.
15

0.
16

0.
17

0.
18

0.
19

0.
20

0.
21

Slope = 3.61⋅10-6 °C-1  

In
f.

 

T c
 =

 1
7 

°C

80
 °

C

12
0 

°C

16
0 °

C

240 °C

Fig. 35. Evolution of α ’ martensite in a SIT as a function of temperature: a) initial values from Fig. 34a of α ’

volume fraction in Fe% with subtracted initial values; b) total strain amplitude, at which 0.25 Fe% was
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troughs of the arc correspond with the start and the end of individual steps. This is not

a unique phenomenon. Such behavior has been observed in at least 5 other SITs at

ambient temperature (not shown here). At elevated temperatures, this irregularity in the

rate of phase transformation was not observed.

Fig. 35a provides a better look at strain amplitudes at which the formation of α ’ had

started. For the ambient temperature test at 17 °C, the total strain amplitude at which

phase transformation took place was found to be as low as εat = 0.10%. It most likely

initiated even earlier, but SNR and drift of the signal do not allow for a definitive ver-

dict. Coincidentally, this is when the mean stress relaxation at 17 °C started. At elevated

temperatures, first detection of phase transformation occurred much later. To avoid false

positive detection of initial phase transformation, a threshold of 0.25 Fe% was chosen

to plot the total strain amplitude required to initiate γ → α ’ transformation against tem-

perature. The result is shown in Fig. 35b. The obtained curve is a quick evaluation of

how strain energy is balanced with thermal energy and the limit at which strain can no

longer overcome thermal energy. Since SIT at 240 °C resulted in specimen failure before

0.25 Fe% was reached, a vertical line was plotted at 240 °C to signify the possibility of

Md being reached. All other SITs crossed the 0.25 Fe% line in a manner that can be

described as a linear function with a slope of 3.61·10-6 °C-1.

9.1.3 Changes in the material detected with electrical resistance

Electrical resistance (or conductivity) measurements are often considered sensitive to

the changes in the microstructure [52–56]. Dislocation movement can already trigger
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changes in the electrical resistance of the material. There are two factors that highly affect

electrical resistance measurements: temperature and thermoelectric voltages. Fatigue

process inherently generates heat, which is proportional to plastic deformation. This

means in a strain increase test, even if the strain rate is constant throughout the test, the

temperature of the specimen will inevitably rise. To address this issue, a hold time of 60

minutes after each step has been introduced to the SIT program. All other parameters

remained unchanged and correspond to Table 6.

Electrical resistance was measured with the 4-wire Kelvin method. Two copper-plated

steel wires were spot-welded to the gauge length, while another two were welded to the

shafts of the specimen. The fatigue specimen was taken from Batch A (see section 8 on

page 52 for more information). A constant current supply of 1 Ampere was applied to the

shafts, while voltage drop at the gauge length was measured. Data was acquired with

a National Instruments NI9238 module capable of 24 bit ADC resolution over ±500 mV

range. The temperature was measured with an LM35 temperature sensor, when com-

bined with 24-bit ADC, capable of 2 mK resolution. A 3 mm radius was milled on the side

of the sensor package to match the curvature of the fatigue specimen. A plastic clip was

then used to press the temperature sensor together with the applied thermal compound

to the center of the gauge length.

The DAQ was programmed to take a mean average of the applied current and the

voltage drop over a 3-second period. These values were then measured again for an-

other 3 seconds but with no current applied. The voltage drop values with no current

applied were then subtracted from the values with the current applied. This was done to

compensate for thermoelectric voltages generated at various junctions.

Unprocessed data from the test is shown in Fig. 36. After every 120-minute step,

there was a 60-minute hold time to stabilize the temperature. After 100 hours, there was

a larger break for machine maintenance. In further calculations, a mean value of the last

15 minutes of the hold time was plotted against total strain amplitude in Fig. 37. In both

diagrams 1 µOhm was added to be able to show negative values on logarithmic scale.

From Fig. 36 one can observe that the initial cyclic deformation of the material leads

to a decrease in electrical resistance. After careful examination of temperature data, this

drop in electrical resistance appears to be due to microstructural changes in the material

and does not correlate with the temperature of the specimen. The very first decrease in

electrical resistance could be found in step 5, where total strain amplitude equals 0.09%.

Coincidentally, this is where the first relaxation of mean stress happens (see Fig. 34). At

steps 6, εat = 0.10% and 7, εat = 0.11% first sign of deformation-induced transformation

could be detected by magnetic measurements (see Fig. 35).

After step 11, εat = 0.15%, electrical resistance stopped decreasing and changed to

a positive slope. At this point, phase transformation at room temperature produced over

3 Fe% of α ’-martensite and triggered phase transformation at 80 °C. By the end of the
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test, the electrical resistance of the specimen increased by nearly 80 µOhm. Considering

initial electrical resistance R0 = 687.5 µOhm, the change equals to 12% total increase

in electrical resistance. The maximum decrease in electrical resistance was equal to

0.35 µOhm.

9.1.4 Localization of initial phase transformation

Fatigue testing is always performed on a finite-size piece of material with a specific ge-

ometry. The typical shape of fatigue specimens is intended to create a homogeneous

uniaxial stress-state. This is a simplification that works better in homogeneous materials

and less so in a metastable multi-phase steel. It is, therefore, essential to know what

happens within the volume of fatigue specimen gauge length.

To see where in the specimen γ → α ’ transformation originates, four SITs at ambient

temperature were interrupted after steps 6, 10, 13, and 15. Fatigue specimens were

then cut in half with electric discharge machining, ground and polished. The specimen

temperature for all interrupted tests was 25 °C, slightly higher when compared to the 17 °C

test in Fig. 34. The reason for that is grip cooling was supplied with 25 °C water instead of

chilled to 15 °C. This, however, did not affect the overall temperature stability during the

tests.

The distribution of deformation-induced martensite was analyzed by means of mag-

netic force imaging (MFI, section 7.1 on page 33), calibrated to relative magnetic perme-

ability. MFI can be interpreted here as the density of deformation-induced martensite.

It has already been shown in section 8 that the material in the initial condition contains

a small quantity of a ferromagnetic phase, around 0.15 Fe% for batch A. This ferromag-

netic phase was found to be α ’ that formed in longitudinal bands, following the variation

in γ grain size. What can be seen in Fig. 38 after step 6 (εat = 0.10%, N = 60886)

is essentially identical to the initial condition distribution of α ’-martensite. An increase in

permeability along the outer surface of the gauge length corresponds to the α ’-martensite

generated by mechanical polishing of the batch A fatigue specimens.

The first indication of the deformation-induced martensite from fatigue loading could

be found after step 10 (εat = 0.14%, N = 84112). Here, α ’ martensite formed at the

center of the gauge length, in a thin, under 1 mm in width band. In the following steps,

this band grew in width, as illustrated by Fig. 38c, made after step 13 (εat = 0.17%,

N = 97648). Here the vertical α ’ bands start to exceed the gauge length and go into the

increased diameter regions of the specimen. By step 15 (εat = 0.19%, N = 105437),

the distribution of α ’ becomes more homogeneous withing the gauge length, and further

propagation of α ’ could be seen away from the center of the specimen.
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ferromagnetic volume fraction ∆ξfe caused only by γ → α ’ transformation.

Evolution of α ’ volume at different total strain amplitude εat is shown in Fig. 39a, cov-

ering the range 0.14% < εat < 1.00%. A value of 0.04 Fe% has been added to the data

to avoid negative values in the logarithmic scale, which is essential to properly display

high and low values together. For εat = 1% and 0.7%, phase transformation could be

observed already within the very first fatigue cycle. At 10 cycles, phase transformation

could be detected down to εat = 0.3%. Lower strain amplitude took a significantly longer

time to accumulate enough deformation: for εat = 0.14% first α ’ phase could be detected

only by 104 cycles.

9.2.1 Transition from accelerated to decelerated rate

The rate of phase transformation is demonstrated in Fig. 39b by calculating the first

derivative from plot (a). For the first 10 cycles, the derivative is not quite reliable due

to the small number of data points. As the density of the data points increased, a bell-

shaped function could be reliably identified for all fatigue tests. Before the peak in the

derivative, the phase transformation rate is accelerated, while after it is decelerated. The

very top of the peak corresponds to a constant phase transformation rate. The peak posi-

tion of the phase transformation rate appeared to also have a clear mathematical relation

to the number of cycles. To further analyze the trend, peak position was calculated for

all strain amplitudes and plotted in Fig. 40. A modified Freundlich equation (30), which

originally describes the relationship between the amount of gas adsorbed by a solid at a

particular temperature, was able to fit the experimental data with R2 value of 0.998.

εat = a · Nb·N−cp
p (30)

where εat – total strain amplitude (%); Np – number of cycles to reach peak phase trans-

formation rate; a, b, c – fit parameters.

9.2.2 Linearly approximated rate of phase transformation: LR1 and LR2

Formation of α ’-martensite under constant total strain fatigue loading essentially follows

a sigmoidal function, which is more visually apparent in a linear scale in Fig. 41 , which

shows the same data as Fig. 39a. To describe the phase transformation as a sigmoidal

function, at least 3 variables would be required: an amplitude constant and two transition

constants. Applying a temperature function for all three constants would generate 8-

dimensional data which is not ideal for visualization. A much better approach is to define

two linear ranges LR1 and LR2, where each can be described with only one constant.

LR1 is the phase transformation rate, before the accelerated rate changes to a deceler-

ated (see Fig. 39a). In other words, LR1 signifies the fastest transformation rate and LR2
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Table 7
Fit parameters for linear ranges LR1 and LR2, as well as the number of cycles Np needed to reach the peak
transformation rate.

Fit parameter LR1 LR2 Np

a 0.323 ± 0.002 0.248 ± 0.001 0.147 ± 0.007
b 2.082 ± 0.06 2.141 ± 0.06 4.454 ± 0.2
c 0.381 ± 0.05 0.676 ± 0.05 0.568 ± 0.016

is the slowest. As demonstrated in Fig. 39b, LR2 is measure at the end of deceleration

phase, but before the crack propagation stage, where the rate of transformation increases

again.

In fatigue tests performed at ambient temperature, the LR1 portion increased with

strain amplitude, and at εat = 1% almost the entire duration of the test could be described

as linear. On the other hand, at strain amplitudes below 0.3%, LR2 was found to hold the

larger portion of the curve. When plotted together, the slopes of LR1 and LR2 show the

possible range of the rate of phase transformation at a given strain amplitude, as shown

in Fig. 42. Both curves can again be descried with the modified Freundlich equation (31),

similarly to equation (30):
∂ξfm
∂N (εat) = a · εb·ε

−c
at

at (31)

where ξfm – ferromagnetic volume fraction (Fe%); N – number of fatigue cycles; ∂ξfm/∂N –

rate of γ → α ’ transformation, Fe% / cycle; εat – total strain amplitude (%); a, b, c – fit

parameters.

Fit parameters a, b, c for LR1 and LR2, as well as peak position Np are summarized in

Table (7).
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Linear approximation of the γ → α ’ transformation into two linear ranges significantly

simplifies further calculations while also providing an error margin. But this is not the only

reason to perform linearization. Another reason for this is to make the calculations at

ambient temperature compatible with calculations at elevated temperatures. Experiments

showed that at temperatures above 80 °C formation of α ’ becomes much more linear, as

demonstrated in the next section.
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9.3 Influence of temperature on phase transformation kinetics

In the previous section, the rate of γ → α ’ transformation was mathematically described

as a function of total strain amplitude. The next step towards a comprehensive evaluation

of phase transformation kinetics is to see how the rate of phase transformation changes

with temperature. It is generally accepted that in metastable austenitic steels γ → α ’

transformation no longer occurs above Md temperature3 [57, 58]. Experimental determi-

nation of Md temperature greatly depends on the sensitivity of methods used to quantify

α ’ phase and homogeneity of the material. As we have already seen in section 9.1, Md

temperature of the 347 steel investigated in this work is definitely above 160 °C and likely

to reach 240 °C. To say that Md temperature is definitely below a certain temperature

requires a more thorough investigation.

Kinetics of γ → α ’ transformation near Md temperature is not sufficiently studied due

to high requirements for sensitivity to α ’ phase combined with the complications of the

heating and repeated mechanical loading. By implementing the uniaxial magnetic bal-

ance (UMB), it was possible to measure small fractions of α ’ in situ at elevated temper-

atures. However, this was not quite sufficient to fully characterize the γ → α ’ behavior.

Spatial analysis with magnetic force imaging (MFI) showed a peculiar change in the initial

α ’ nucleation location in the gauge length.

9.3.1 Mechanical data on isothermal fatigue tests

In this section, 9 isothermal fatigue tests were performed in the temperature range 17 <
Tc < 320 °C, where Tc is the temperature measured at the center of the fatigue specimen

gauge length. Tests were performed using the TMF setup, described in section 7.3 on

page 45. Strain was controlled with a sinusoidal function, with a frequency of 0.02 Hz and

total strain amplitude εat = 0.51% – parameters identical for thermo-mechanical testing.

All fatigue specimens came from material batch B, with the exception of 17 °C and 100 °C

tests, which belonged to batch A.

Fig. 43 shows the first cycle of the isothermal fatigue tests. Some intermediate tem-

peratures are not shown in order not to clutter the diagram. The ambient temperature

test at 17 °C showed the highest stress response to the applied strain. The overall trend

can be seen better in Fig. 44a, where only the first quarter of the hysteresis is plotted. All

9 fatigue tests demonstrated a strong dependence of stress amplitude on temperature.

From elastic strain that was measured up to 0.05%, Young’s modulus was estimated to

be 191 GPa, which was in agreement with the manufacturer’s specifications for this ma-

terial. Elastic potion was nearly identical at all temperatures. As strain increased, a more

drastic difference in stress was observed at different temperatures. Fig. 44b shows the

3Not to be confused with Md30 temperature, defined as temperature at which 50% of austenite is trans-
formed to α ’ martensite when elongated by 30%.
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0.2% offset yield strength as a function of temperature. The yield strength appeared to

decrease by 0.245 MPa for one degree Celsius.

It is important to note that deformation was measured at the shafts of the fatigue

specimen with calibration to 12 mm gauge length in the fully elastic region. Although in

absolute terms this is not a very accurate strain measurement, the information on the

stress amplitude reduction with temperature will be important for further calculations in

thermo-mechanical testing.

Stress-strain hysteresis diagram at cycle number 800 at various temperatures is demon-

strated in Fig. 45. After 800 cycles sufficient plastic deformation accumulated to cause

strain hardening, which can be noted by increased stress amplitude. Hysteresis curves at

240 °C and 320 °C were practically indistinguishable, indicating that already at 240 °C the

sum of ∆Gmech and ∆Gchem could not reach ∆Gγ→α ’

min – minimum free energy required for

the phase transformation to take place. Further explanation is provided by the evolution

of the stress amplitude, shown in Fig. 46.

From Fig. 46, we can see that at the temperature of 17 °C, strain hardening occurred

very quickly and reached stagnation at N= 500. At Tc = 80 °C maximum stress amplitude

dropped from 650 MPa for 17 °C to 500 MPa. Stress amplitude did not exceed 400 MPa

at temperatures above 120 °C. An exception is the test at 100 °C that not only showed

lower stress amplitude but also fractured quicker. This could have happened because

of a defect in the material or on the surface. The slope of the curve was nevertheless

consistent with adjacent tests at 80 °C and 110 °C. More information on strain hardening

can be extracted from magnetic measurements presented in the following section.
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Fig. 46. Evolution of stress amplitude σa in isothermal constant amplitude fatigue tests with 0.51% total
strain amplitude: a) full range; b) initial range. Material: 347 batch B.

9.3.2 Change of γ → α ’ transformation rate with temperature

Strain hardening is not an entirely reliable way to judge whether or not the phase trans-

formation still takes place at elevated temperatures. A much more sensitive approach is

to use magnetic measurements to directly measure the amount of deformation-induced

martensite. For this purpose, uniaxial magnetic balance UMB-3 was implemented in situ

during isothermal fatigue tests (see section 7.2 on page 38 for technical specifications).

Results of the magnetic measurements are presented in Fig. 47. A good correlation

between the amount of deformation-induced martensite and strain hardening could be

observed for all tests. The three regions, accelerated constant and decelerated, were

found mostly at lower temperatures. Above 100 °C only accelerated behavior could be

observed, which became mostly linear at 160 °C and above. The test at 240 °C showed

only 0.05 Fe% more martensite than the 320 °C test, which showed practically zero α ’

formed. At temperatures above 240 °C the amount of α ’ formed was so little that it fell

within the margin of repeatability error of UMB-3.

A linear approximation of the transformation rate was calculated similarly to ambient

temperature tests in section 9.2.2. A linear fit was applied to the transition range from

accelerated to the decelerated range. Each slope was then normalized to 17 °C and

plotted in Fig. 48 , with numerical values listed in Table 8. Using an empirical approach, it

was found that Eq.(32) could be used to describe the rate of phase transformation as a

function of temperature quite accurately:

∂ξfm
∂N

(Tc) = k · mTc (32)
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Table 8
Parameters for linear approximation of the maximum rate of phase transformation (LR1) at elevated
temperatures.

Temperature Linear range LR1 LR1 slope LR1 normalized
Tc, °C ξfm, Fe% Fe%/cycle –

17 10.0 – 20.0 0.826 1
80 3.00 – 10.0 0.0305 0.0369

100 2.00 – 8.00 0.01066 0.0129

110 0.50 – 2.50 0.00264 0.0032

120 0.40 – 1.60 0.00163 0.00197

160 0.10 – 0.80 7.651E-4 9.26271E-4

200 0.08 – 0.50 4.1803E-4 5.0609E-4

240 0.03 – 0.10 1.4172E-4 1.71574E-4

320 0.075 – 0.09 2.6433E-5 3.20012E-5

where ξfm – ferromagnetic volume fraction (Fe%); N – number of fatigue cycles; ∂ξfm/∂N –

rate of γ → α ’ transformation (Fe% / cycle); Tc – temperature at the center of fatigue spec-

imen gauge length (°C); k,m– fit parameters.

For the maximum rate of phase transformation in the linear range LR1 (described in sec-

tion 9.2, Fig. 41 on page 70) fit parameters were k = 2.287 ± 0.4 and m = 0.944 ± 0.002.

The R2 value of the fit was 0.93. Parameter m determines how quickly the rate of γ → α ’

transformation decades with temperature. Parameter k is the proportionality coefficient

that assigns numerical values.

The experimental data obtained in this section with UMB provided an integral infor-

mation on the phase transformation inside of the fatigue specimen. As we have already

seen in section 9.1.4 on page 66, the initial nucleation of α ’ inside of the fatigue specimen

gauge length does not occur homogeneously. To further investigate the localization of α ’,

magnetic force imaging was deployed in the following section.

9.3.3 Spatial and microstructural material evaluation

After constant strain amplitude tests at εat = 0.51% presented above, fatigue speci-

mens were cut along the rotation axis, providing a section view to the center of fatigue

specimens. Electric discharge machining (EDM) was used to produce the samples with

reduced mechanical deformation of the surface. All samples were then embedded in a

conductive hot-mounting resin and wet ground with 320 – 1200 grit sandpaper. Grinding

was followed by 6 µm, 3 µm, and 1 µm diamond suspension polishing for 10 minutes each.

Results of the MFI scans in the temperature range 17 < Tc < 160 (°C) are shown in

Fig. 49. The working distance dw was kept between 10 and 20 µm, with the exception of

the fatigue test at 17 °C (a), which produced significantly more α ’-martensite than other

tests. The working distance had to be increased to 100 µm to reduce the load on the force
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sensor. As the working distance increases, so does the non-linearity of the output, which

also increases with Fe%. For this reason, the colormap in (a) is presented in arbitrary

values. All remaining scans were calibrated to ferrite volume fraction (Fe%).

Distribution α ’ martensite after the isothermal test at 17 °C (Fig. 49a) was the most

uniform, expanding significantly from the gauge length of the specimen to the shoulders.

At 80 °C (b), a strong indication of α ’ forming in axial bands could be observed. The

ferromagnetic volume in these bands reached 30%, while in the troughs it was as low as

10%. At 100 °C (c) vertical bands were present as well, but also a new trend started to

appear – a stronger impact on the transition region from the gauge to the shaft. At the

transition region, the ferrite content reading was 11%, while at the center of the gauge

length it was only 2.7%.

The overall trend was a decreasing ferromagnetic content with increasing tempera-

ture, including the transition region from the shoulders to the gauge. However, the for-

mation of α ’ martensite was much more persistent in the transition region. An increase

in temperature could reduce the stiffness in the gauge length, which could result in more

lateral movement of the specimen. In the temperature range 110 – 160 °C this trend con-

tinued, seemingly pushing out the phase transformation towards the surface. At 160 °C

(e), for the first time, the fracture surface was less magnetic than the rest of the specimen.

This is quite unusual, considering that the propagating fracture surface experiences the

highest deformations. The transition region reduced to the thinness below 1 mm, but still

showed around 5% ferrite content, whereas at the center it reached only 0.7%.

The colormap for the remaining three tests in Fig. 50 was adjusted from 25 Fe% to

1.5 Fe% full range, as at these temperatures γ → α ’ transformation was highly inhibited.

At 200 °C (Fig. 50a) the transition region still had a noticeable increase of 1.85% in fer-

romagnetic volume fraction at the very surface. At the same time, the fracture surface

was completely indistinguishable from the bulk material. At even higher temperatures,

240 °C (b) and 320 °C (c), neither the fracture surface nor the transition region was more

ferromagnetic than the rest of the specimen. The central part, however, appeared to

have a slightly higher ferrite reading compared to the shoulders. There is no direct an-

swer to whether or not this increase is significant due to microstructure instability and the

geometrical shape of the specimen.

Numerical data from MFI scans is presented in Table 9. Measurements at the cen-

ter, upper and lower shoulders were taken at the rotational axis of the specimen with

3×3 mm mean average. Peak is the maximum ferrite reading in the MFI scan, excluding

the fracture surface.

Further evaluation on a microscopic level was done with electron backscatter diffrac-

tion (EBSD) on the Tc = 160 °C sample. Since the sample was already embedded in

conductive resin and mechanically polished for MFI investigation, the only additional

preparation step for EBSD was electropolishing at the center of the gauge length with
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single grain boundary.
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9.4 Kinetics of thermo-mechanical γ → α ’ phase transformation

Previously we established the lower accumulated strain limit, how martensite morphology

influences magnetic properties, the rate of phase transformation as a function of strain,

as well as temperature. All these factors come into play all at once in thermo-mechanical

fatigue (TMF) testing. TMF is one of the more complex material testing procedures with

over eight independent parameters that should be specified for each test. The most

important parameters include strain amplitude, strain rate, cooling rate, heating rate, high

and low temperatures, and phase angle. Such a large number of variables gives a huge

number of possible variations for a single fatigue test.

In this section, the behavior of γ → α ’ transformation was tested in the span of the

three temperature ranges and three strain amplitudes. The variations of phase angle

were limited to 0° (in-phase, IP) and 180° (out-of-phase, OP). The formation of α ’ marten-

site was measured in situ, which provided information on the kinetics of phase transfor-

mation. The spatial investigation was done after the TMF tests and provided valuable

insight into the localization of α ’ inside fatigue specimens. Finally, the microstructure

was studied by means of scanning electron microscopy (SEM) and electron backscatter

diffraction (EBSD).

9.4.1 Thermo-mechanical fatigue parameters

TMF tests have been performed on a servo-hydraulic fatigue testing machine with a

custom-made TMF module, described in section 7.3 on page 45. The tests were per-

formed with three degrees of freedom: strain amplitude, high temperature, and phase

angle. The controlled parameters are listed in Table 10. The tests were performed at

constant strain amplitude compensated for thermal strain. Strain was applied with a si-

nusoidal waveform, at a frequency of 0.02 Hz. This resulted in slightly different heating

and cooling rates, listed in Table 11. To keep the heating and cooling rates reasonably

similar between the test, the heating waveform had a trapezoidal function (see Fig. 53a,

d). Reaching the high temperature at the center of the fatigue specimen slightly ahead of

the strain amplitude and keeping it constant also allowed more time to minimize the tem-

Table 10
Controlled parameters for TMF tests. Each unique combination of variables within one line represents one
fatigue test.

High temp. Low temp. Mechanical strain amplitude Phase angle Total tests
Tch, °C Tcl, °C εam, % θ, deg

160 24 [ 0.42 0.62 ] [ 0° 180° ] 4

240 25 [ 0.42 0.51 0.62 ] [ 0° 180° ] 6

320 27 [ 0.42 0.51 ] [ 0° 180° ] 4
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measured by the load cell.
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Table 11
Heating and cooling rates for TMF tests.

High temp. Avg. heat. rate Max. heat. rate Avg. cool. rate Max. cool. rate
Tch, °C °C / s °C / s °C / s °C / s

160 17 18 -12 -19

240 18 21 -18 -27

320 25 29 -25 -45
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Fig. 54. In-phase total strain hysteresis at N = 800 from TMF tests with εam = 0.42% and various high
temperatures Tch. Thermal expansion is not compensated here and is a part if the hysteresis.

perature difference between the gauge length and the shoulders of a fatigue specimen.

The transition from heating to cooling was triggered at the zero crossing of the load

cell signal. The advantage of this method is a fully synchronized stress and temperature,

regardless of plastic strain amplitude. The disadvantage is a small phase shift between

IP and OP tests. This can bee seen by comparing the peak positions in OP and IP tests

in Fig. 53.

Fig. 54 and Fig. 55 help to further understand the stress-strain relationship in IP and

OP tests. The figures show the hysteresis loops from different TMF tests with the same

mechanical strain amplitude εam= 0.42%. The total strain in TMF tests represents the sum

of mechanical strain εmech and thermal strain εtherm. Thermal strain can be subtracted

from the total strain to reveal the mechanical strain. The coefficient of thermal expansion,

calculated in section 7.3.2 on page 48, was used to subtract the thermal strain and plot

the mechanical hysteresis in Fig. 56 and Fig. 57 for IP and OP tests, respectively.
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9.4.2 TMF tests at 160 °C high temperature

The results of thermo-mechanical fatigue tests with the high temperature Tch of 160 °C

and the low temperature Tcl equal to 24 °C (as measured at the center of the fatigue spec-

imen) are shown in Fig. 58. Kinetics of γ → α ’ transformation were similar of that at ambi-

ent temperature – accelerated behavior quickly transitioned into decelerated. A significant

difference was found between in-phase and out-of-phase tests. OP tests demonstrated

nearly doubled transformation rates and the amount of deformation-induced martensite,

compared to IP tests. This effect was much more pronounced at lower strain amplitude

of 0.42%, where the difference was almost sixfold.

Stress amplitudes in Fig. 58b were consisted with the evolution of α ’ fraction. High-

est work hardening experienced OP specimens. Changing the phase from IP to OP in

εat = 0.42% test, increased the stress amplitude from 370 MPa to 435 MPa by the end

of the test. For the 0.60% tests this change was from 515 MPa to 610 MPa. Mean stress

was nearly identical for different strain amplitudes, but different between IP and OP vari-

ations. For OP tests mean stress remained around 11 MPa for the whole duration of

the test. In the IP test, mean stress was negative (compressive) and remained nearly

constant at -25 MPa for the entire test.

After the fatigue tests were concluded, a section along the rotational axis was pre-

pared with EDM, perpendicular to the crack propagation direction. Obtained samples

were then embedded in a conductive hot-mounting resin and wet ground with 320 – 1200

grit sandpaper. Grinding was followed by 6 µm, 3 µm, and 1 µm diamond suspension pol-

ishing for 10 minutes each. Using MFI (see section 7.1) at working distance dw = 10 µm

ferromagnetic phase in the material was mapped for the sectioned samples.
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The results of the MFI analysis are presented in Fig. 59 . The distribution of α ’ was

more homogeneous in out-of-phase tests, where the axial α ’ bands could be easily distin-

guished. The amount of α ’-martensite at the fractured state was also higher for OP tests,

which correlates with in situ measurements.

In-phase tests had a tendency towards a diagonal symmetry, where more α ’ marten-

site would accumulate on the opposite sides, near the shoulder transition area. The

lower part of the εam = 0.42% IP specimen had more α ’ martensite than the upper part.

The reason for this is likely the location of the compressed air nozzle, which was closer

to the bottom of the specimen. This resulted in the cooling process happening slightly

faster at the bottom and consequently slightly lower temperatures there. However, in the

εam = 0.42% OP test not only the lower part was symmetrical with the upper part, but

also radial symmetry was fairly consistent.

9.4.3 TMF tests at 240 °C high temperature

The results of thermo-mechanical fatigue tests with the high temperature Tch of 240 °C

and the low temperature Tcl equal to 25 °C are presented in Fig. 60. In this temperature

range three mechanical strain amplitudes εam were tested: 0.42%, 0.51%, and 0.6% (see

Table 10 on page 85 for more information).

At higher strain amplitudes, such as 0.6%, the kinetics of phase transformation could

still be described in terms of accelerated range and decelerated phase. However, tran-

sition to lower strain amplitudes made the γ → α ’ transformation more linear. In fact,

with exception of 0.6% tests, the OP 0.51% test was the only one showing a reduction in

the rate of phase transformation. Tests performed at 0.42% mechanical strain amplitude

showed a linear accumulation of α ’ martensite with the number of cycles.

The difference between IP and OP tests was less pronounced compared to the Tch= 160 °C

series in the previous section. The initial transformation rate (LR1 range) was identi-

cal for IP and OP tests at 0.6% strain amplitude. The rate of phase transformation in

the IP 0.6% test quickly reduced after 200 cycles, while in the OP test the amount of

deformation-induced martensite had doubled by 500 cycles. Similarly, the 0.51% OP test

had a double amount of α ’ at about 1000 cycles. TMF test with 0.42% strain amplitude

had slightly less difference between IP and OP test of about 30%.

Cyclic hardening behavior is demonstrated by the stress amplitude in Fig. 60b. All IP

tests had a slower rate of cyclic hardening compared to OP tests, similarly to the phase

transformation rate in Fig. 60a. At the end of each fatigue test, the stress amplitude

rapidly decreased as the crack propagation initiated. This decrease in stress amplitude

also coincided with the increase in α ’ martensite formation due to the overall increased

true stress and stress concentration at the root of the crack.

IP and OP tests could be clearly differentiated by mean stress amplitude in Fig. 60c.
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All IP tests had a negative (compressive) mean stress of around -27 MPa, whereas OP

tests had a positive (tensile) mean stress of around 15 MPa. Mechanical strain amplitude

seemed not to influence the mean stress and the variation between εam equal 0.42%,

0.51%, and 0.6% were within 6 MPa. Compared to the tests at Tch equal to 160 °C, mean

stress increased by around 5 MPa for both IP and OP.

After the fatigue tests were concluded, a section along the rotational axis was pre-

pared with EDM, perpendicular to the crack propagation direction. Obtained samples

were then embedded in a conductive hot-mounting resin and wet ground with 320 – 1200

grit sandpaper. Grinding was followed by 6 µm, 3 µm, and 1 µm diamond suspension

polishing for 10 minutes each. Using MFI at working distance dw = 10 µm ferromagnetic

phase in the material was mapped for the sectioned samples. The results are shown in

Fig. 61. Unlike tests at Tch equal 160 °C, at high temperature of 240 °C, α ’ martensite no

longer formed at the center of the fatigue specimen. Instead, α ’ formed primarily at the

transition from the gauge length to the shoulders. The lower part of the sample had more

α ’ martensite due to the closer proximity to the compressed air nozzle and consequen-

tially lower temperatures during the cooling cycle, typically 15 °C colder than the center.

OP tests had more pronounced diagonal symmetry, where α ’ formed on the opposite

sides of the specimen. Diagonal symmetry in IP tests was much less conspicuous.

MFI was also able to identify several non-propagating micro-cracks. For example, in

Fig. 61d at a vertical position of 20 mm around a bigger propagating crack, nine smaller

non-propagating cracks could be identified as small dots. These micro-cracks advanced

each time when the fatigue specimen was rapidly cooled from Tch to Tcl. These micro-

cracks could no longer be easily observed with MFI at higher strain amplitudes due to the

considerable amount of deformation-induced martensite.

9.4.4 TMF tests at 320 °C high temperature

Thermo-mechanical fatigue tests at high temperature Tch of 320 °C were performed with

two mechanical strain amplitudes εam: 0.42% and 0.51%. The results of in situ measure-

ments are shown in Fig. 62. The amount of deformation-induced martensite, indicated as

the change in ferromagnetic volume fraction in Fig. 62a, remained below 0.2% for both

strain amplitudes, except at the very end of the test. The rapid increase in α ’ volume at

the end correlated with a drop in stress amplitude and signified the beginning of crack

propagation.

The rate of phase transformation ∂ξfm/∂N was very similar to isothermal fatigue tests

at 240 °C and 320 °C. The exception is that in isothermal tests above 240 °C no additional

α ’ martensite was formed on the fracture surface. There was an immense contrast in

∂ξfm/∂N between the isothermal ambient temperature test and the 27 °C – 320 °C TMF

test. The isothermal test at 17 °C reached 50 Fe% in just under 125 cycles at otherwise
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