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MONITORING OF FATIGUE DEGRADATION IN AUSTENITIC STAINLESS STEELS 

D. Kalkhof,  M. Niffenegger,  H.J. Leber 

During cyclic loading of austenitic stainless steel, it was observed that microstructural changes occurred; 
these affect both the mechanical and physical properties of the material. For certain steels, a strain-induced 
martensite phase transformation was seen. The investigations showed that, for the given material and 
loading conditions, the volume fraction of martensite depends on the cycle number, temperature and initial 
material state. It was also found that the martensite content continuously increased with the cycle number. 
Therefore, the volume fraction of martensite was used as an indication of fatigue usage. It was noted that the 
temperature dependence of the martensite formation could be described by a Boltzmann function, and that 
the martensite content decreased with increasing temperature. Two different heats of the austenitic stainless 
steel X6CrNiTi18-10 (AISI 321, DIN 1.4541) were investigated. It was found that the martensite formation 
rate was much higher for the cold-worked than for the solution-annealed material. All applied techniques — 
neutron diffraction and advanced magnetic methods — were successful in detecting the presence of 
martensite in the differently fatigued specimens. 

1 INTRODUCTION 

Degradation of nuclear materials can affect the 
performance and operational life of nuclear power 
plants (NPPs) in an essential manner. In view of life 
extension efforts for NPPs, many investigations are in 
progress in order to assess the structural integrity of 
the different components. In many cases, this involves 
unexpected loads, which were not taken into account 
during the design of the components: e.g. temperature 
cycling arising from unforeseen stratification and 
mixing flow conditions.  

Existing methods for in-service inspection are mainly 
optimised for crack detection. However, materials 
subjected to cyclic loading already exhibit changes in 
microstructure before macroscopic crack initiation 
begins. This period covers a considerable part of the 
fatigue life. Monitoring of material degradation is a 
new initiative, with the intention to set-up a 
methodology for a microstructurally-based lifetime 
assessment. It includes the discovery of indications 
for ageing in the microstructure, and the measurement 
of the mechanical and physical properties influenced 
thereby. 

It is well known that at room temperature in some 
meta-stable austenitic stainless steels a partial phase 
transformation from austenite to martensite takes 
place under the influence of quasi-static or cyclic 
loading. Some amount of the austenitic face-centred 
cubic (fcc) lattice (γ) changes to a body-centred cubic 
(bcc) lattice with a slight tetragonal shape: the so-
called martensite (α’). The aim of the present work is 
to investigate whether the amount of martensite α’ can 
be used as an indication for fatigue degradation. 

Angel [1] was the first to study comprehensively the 
isothermal formation of martensite induced by plastic 
tensile deformation in austenitic stainless steels as a 
function of stress, strain and deformation energy. The 
kinetics of strain-induced martensitic nucleation has 
been modelled by Olson and Cohen [2], who assumed 
that nucleation occurs preferentially at intersecting 
shear bands. Martensite formation under cyclic 

loading conditions has been investigated by Baundry  

[3], Bayerlein [4], Bassler [5] and others, and the 
influence of load amplitude and temperature on the 
volume fraction of martensite was qualitatively 
described. 

In spite of an improved understanding of strain-
induced martensite in austentic stainless steels, 
knowledge relating to the influencing parameters, 
especially under cyclic loading, remains 
unsatisfactory, since in most studies the tests have 
been carried out in a narrow temperature range, or at 
only a few specified temperatures. Furthermore, there 
is a lack of information concerning the correlation 
between the mechanical response, martensite 
formation, and the microstructural processes. One 
reason for this is the difficulty in measuring the volume 
fraction of martensite, both on the surface and in the 
bulk of the fatigue samples. Here, advanced 
diffraction methods using neutron sources and 
synchrotron light sources offer new possibilities  [6]. 
For technical applications, advanced magnetic 
techniques (e.g. the Giant Magneto-Resistance 
sensor GMR [7]) are now available.  

The investigations described in this paper are 
primarily aimed at analysing the influencing 
parameters of the deformation-induced martensite 
formation during fatigue. The experimental work 
contributes to the development of a lifetime monitoingr 
system for piping made from austenitic stainless steel. 

2 MATERIAL  

Standard tensile and low-cycle fatigue (LCF) 
specimens were fabricated from heats of titanium-
stabilised austenitic stainless steel X6CrNiTi18-10, 
corresponding to the German grade 1.4541 
(equivalent to AISI 321). The materials were chosen 
for their relevance to NPP piping, and because of the 
meta-stable properties of the austenitic phase. The 
material, as received, was analysed by means of 
Inductive Coupled Plasma Emission Photometry (ICP-
OES), within an uncertainty of 2% of the measured 
value (Table 1).
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Table 1: Chemical composition in wt.-% of X6CrNiTi18-10 

Heat C Cr Ni Ti Si Mn P S Mo Co 

A .022 17.70 9.84 .148 .381 1.850 .029 .022 .334 .118 

B .020 17.05 9.60 .140 .450 1.880 .028 .030 .320 .100 

Table 2: Fabrication conditions and mechanical properties of X6CrNiTi18-10 

Heat Fabrication 
Heat 

treatment 
Yield 

strength 
Ultimate 
strength 

A Solution annealing  
(4 h at 1050°C) 
Cold drawing 

None 430 MPa 625 MPa 

B 
Warm drawing 

Solution anealing 
(1 h at 1050°C) 170 MPa 580 MPa 

 

Two heats, with different fabrication and heat 
treatment conditions, were used. The fabrication 
conditions and mechanical properties for both heats 
are summarised in Table 2. Heat A was delivered in 
the form of cold-drawn bars of diameter 20 mm. 
Before the cold-drawing process, the material was 
solution-annealed, and then quenched in water. Heat 
B consists of drawn bars of diameter 30 mm. In order 
to homogenise the microstructure, Heat B was 
additionally solution-annealed in a vacuum chamber, 
and afterwards quenched in oil.  

According to ASTM E606, standard fatigue specimens 
of diameter 10 mm were used. The shape of the 
specimens was produced by turning and mechanically 
polishing the surface. After cyclic loading, the 
metallographic and non-destructive investigations 
were performed at the 20mm-long, polished cylindrical 
gauge part of the specimen. 

3 EXPERIMENTAL  

3.1 Metallographic Investigations 

A longitudinal and transverse cut of each selected 
fatigue specimen was used for microstructure 
analysis. The specimens were first ground onto silicon 
carbide paper to grade 1200, corresponding to an 
average grain size of 6 µm, and then a water-based 
suspension,  containing diamond grains of 3 µm, 1 µm 
and 0.25 µm, was used to perform the polishing. The 
chemical etching was made by dipping the sample in 
a Beraha-tint etching solution [8], in order to reveal the 
austenitic grain structure, including twins, slip bands 
and martensite. 

Only the polished, and the polished-and-etched, 
samples were further investigated, this by means of 
an optical microscope, using objectives from 5x to 
100x, giving typical magnifications from 50 to 1000. 
The pictures taken by a high-resolution CCD camera 
were digitalised and stored. 

3.2 Mechanical Test Conditions 

Fatigue tests were performed using the 250 kN servo-
hydraulic testing equipment supplied by Schenck 
(Germany), using the digital Fast Track 8800 
controller unit of Instron Corporation (USA). For the 
strain measurement at elevated temperatures, a clip 
gauge of type EXA 20-1.25HT from Sandner 
Measuring Systems (Germany) was applied. The total 
strain-controlled fatigue tests were performed by 
applying a sinusoidal alternating load (R= -1). For all 
LCF tests, a total strain amplitude of 0.40% was 
applied. A climatic chamber of type Instron SFL EC65 
(UK) was used for all experiments performed at 
elevated temperatures. The experimental set-up is 
shown in Fig. 1. Grips, climatic chamber and clip 
gauge were specially designed to guarantee a short 
fixing length and good axial alignment. 

 

 

Fig. 1: Experimental set-up to perform LCF tests at 
elevated temperatures, consisting of specially
designed grips, climatic chamber and clip 
gauge to guarantee a short fixing length and 
good axial alignment. 
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To keep the specimen temperature constant, the 
surface temperature was continuously measured, 
while the ambient temperature was strictly controlled. 
For the loading frequency of 1.0 Hz, and a total strain 
amplitude of 0.40% (without any cooling or heating), 
the temperature measured at the surface of the 
specimen was 80°C. To obtain results at room 
temperature, the frequency had to be reduced to 
0.1 Hz.  

Different usage factors were realised by varying the 
cycle number. The usage factor D =  1 was allocated 
to specimens for which crack initiation had already 
occurred. Crack initiation was defined to take place if 
the load drop reached 2% of the maximum stress 
amplitude, which was recorded after 1000 cycles. For 
specimens without a crack, D was defined as the ratio 
of the applied cycle number to an averaged cycle 
number representing crack initiation. This average 
value for crack initiation was obtained by pre-testing of 
3-5 specimens at each test temperature.  

Additionally, some tests under quasi-static load 
conditions were performed. Standard tensile 
specimens, with diameters of 10 mm, were tested up 
to specified levels of plastic strain at a strain rate of 
10-3 s-1.  

3.3 Neutron Diffraction Method 

Neutron diffraction (ND) experiments, using cold 
neutrons, were performed using the DMC 
diffractometer at the PSI Neutron Spallation Source, 
SINQ. Figure 2 shows the equipment used for these 
experiments. The DMC instrument is optimised for 
high intensity, allowing the determination of the phase 
content down to values below 1%. With a neutron 
beam wave-length of λ = 0.38 nm, a scattering angle 
2Θ in the range 68°≤ 2Θ ≤ 147° was measured. The 
cross-section of the neutron beam was 20 mm high 
and 10 mm wide, in order to cover the measuring 
length of the fatigue specimens. According to Bragg’s 
law, the lattice constants for austenite (a=0.3597 nm) 
and martensite α’ (a=0.2876 nm) steel can be 
measured by diffraction techniques. To determine the 
contents of the two phases, the scattered neutrons 
are counted by the detector as a function of the 
scattering angle. These resulting intensity 
distributions, with peaks at angles corresponding to 
the distance of the lattice planes, serve to determine 
the volumetric fractions of the phases.  

Since neutrons have a relatively large penetration 
depth in the material compared to X-rays (in the order 
of cm instead of µm), a mean value of martensite in 
the bulk of the fatigue specimens was obtained. 
During measurement, the specimen was continuously 
turned around its axis to average the inhomogeneous 
distribution of martensite in the sample. ND was used 
as the reference method to adjust the results obtained 
from the advanced magnetic techniques. 

 

Detector 

Specimen 

Fig. 2: View of the DMC diffractometer at the PSI 
Neutron Spallation Source, SINQ. 
Experimental equipment for the ND 
experiments with cold neutrons, used to 
determine the volume fraction of martensite in 
the fatigue specimens of austentic stainless 
steel. 

3.4 Magnetic Measurement Techniques 

Considering that austenite is paramagnetic, while the 
deformation-induced martensite is ferromagnetic, 
advanced magnetic methods are powerful tools for the 
detection of the volume fraction of martensite. The 
following magnetic sensor equipment was used: 

• FERROMASTER, for measuring 
magnetic susceptibility; and 

• GMR (Giant Magneto-Resistant), for 
measuring eddy current impedance. 

It was assumed that the strain-induced martensite is 
not homogeneously distributed in the measuring 
volume of the specimens. Therefore, the magnetic 
measurements were performed at different 
circumferential and axial positions, and a mean value 
then obtained. 

3.4.1 Measurement of the Magnetic Susceptibility  

In order to determine the volume fraction of 
martensite, by measuring the magnetic susceptibility 
(χm) or permeability (µo=1+χm), an instrument called a 
FERRO-MASTER (Stefan Mayer GmbH, Germany) 
was used. Originally, the instrument was developed 
for the determination of the remaining δ-ferrite in 
austenitic materials and welds. The sensor contains a 
ball-shaped permanent magnet and coil arrangement. 
If the sensor contacts a fatigue specimen containing 
martensite, the magnetostatic field becomes distorted. 
The degree of distortion (as measured by the radial 
component of the magnetic field using a special 
arrangement of coils) depends on the martensite 
content. A display instrument shows the measured 
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value of the magnetic susceptibility. The device was 
adjusted to yield the susceptibility in a range from 0 to 
1 using special reference specimens.  

3.4.2 Measurement of the GMR Eddy Current 
Impedance 

Furthermore, a highly sensitive GMR sensor was used 
to measure the martensite distribution at the surface 
of the LCF specimens. The phenomenon of GMR 
appears in thin, anisotropic multi-layers made from 
ferromagnetic and antiferromagnetic materials. 
Applying an external field to such structures results in 
a very large change in electrical resistance [11]. In our 
investigations, a GMR sensor from Non-Volatile 
Electronics Inc. (USA) was used; this instrument is 
characterised by its high sensitivity, and high local 
resolution.  

In the fatigue experiments, the GMR sensor was 
applied in eddy-current mode. The eddy currents are 
induced by the alternating field of a U-shaped magnet, 
and the GMR sensor measures the resulting magnetic 
field at the surface of the specimens. Special 
electronics are used to determine the frequency-
dependent ec impedance on the basis of incident 
current and GMR-signal. 

It was considered that the measured ec impedance 
was influenced by several physical and geometrical 
parameters: e.g. distance between sensor and 
specimen, design and size of the specimen, 
frequency, and local differences in the electrical 
conductivity and magnetic permeability. Therefore, a 
special algorithm was used to calibrate the GMR 
sensor for measuring the martensite content. An 
important technical parameter for ec testing is the 
penetration depth, which is about 5 mm for a 
frequency of 1 kHz. In order to perform scans on the 
specimen surface, a special computer-controlled, 3-
axis manipulator was built. The GMR is guided by 
means of a flexible support to remain within an 
accurate distance of the surface.  

4 RESULTS AND DISCUSSION  

4.1 Metallographic Investigations 

The microstructure observed from a longitudinal cut of 
Heat A is line-shaped, having an alignment parallel to 
the fatigue specimen axis (Fig. 3). The dark bands (D) 
represent austenite grains containing crystal defects, 
such as slip bands due to the cold deformation. The 
bright bands alternating with the dark bands consist of 
annealed, and therefore non-deformed, austenite 
grains (A). Local variations of the chemical 
compositions, as they were established during the 
casting of the ingots and their subsequent hot 
processing, make the steel differently sensitive to the 
response of cold deformation. An explanation is that 
regions with higher content of alloying elements 
possess increasing hardness due to solid solution 

strengthening, and therefore a better resistance to 
deformation. 

200 µm 

A 

A 

D 

D 

 

Fig. 3: Microstructure observed on the longitudinal 
cut of a fatigue specimen. The microstructure 
consists of alternately aligned bands of bright 
and dark austenitic grains (A). The darkness 
is due to the presence of many slip bands (D). 

Figure 4 shows the typical microstructure of a fatigue 
specimen (D=1.0, T=260oC). The distribution of the 
TiC particles was found to be non-homogeneous, and 
to have a simple polygonal shape (TiC). The fcc 
austenite grains normally possess twin boundaries 
(T). Between the two, slip bands (S) are formed, often 
perpendicularly to the boundaries. Between the slip 
bands, laths of strain-induced martensite (M) were 
observed, which were perpendicular to the slip bands. 

 

 20 µm 

T 

T 

T 
S 

S TiC M 

 

Fig. 4: Typical microstructure of a fatigue specimen 
(D=1.0, T=260oC) consisting of TiC particles 
having a polygonal shape (TiC), twin 
boundaries (T), slip bands (S),  and strain-
induced martensite (M). 

Strain-induced martensite is nucleated in the 
deformed austenite grains, with the martensite nuclei 
expected at the intersection points of the observed 
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slip bands. Martensite has a very fine granular 
composition, which can hardly be resolved by the 
optical microscopy. In addition, martensite may be 
hidden by the presence of a high density of slip 
bands, as both martensite and slip bands were etched 
in the same manner. The large number of crystal 
defects, together with the observed slip bands, 
represents a huge potential for possible nucleation 
sites for strain-induced martensite formation. 
Constituents with no, or very fine, granular 
morphology, which are clearly distinguishable from 
austenite and slip bands, were identified as blocks of 
martensite.  

Figure 5 shows the microstructure in a transverse 
cutting plane. In the coarse austenite microstructure of 
the fatigue specimens, blocks of martensite (M) were 
found, which formed in regions having a high density 
of slip bands. On the other hand, there are other slip 
band sites (S). The distribution of martensite in the 
austenitic matrix was found to be non-homogeneous. 
Therefore, it was impossible to make a quantification 
using metallographic procedures. 

 

20 µm 

S 

S 

M 

M 
TiC 

 

Fig. 5: Microstructure in a transverse cutting plane of 
a test specimen representative of low-cycle 
fatigue. Blocks of strain-induced martensite 
(M) are observed in the slip-band areas (S). 

4.2 Mechanical Behaviour of X6CrNiTi18-10 
under LCF Loading  

The mechanical behaviour of meta-stable austenitic 
stainless steels during cyclic loading is influenced by 
partial martensitic transformation. In Fig. 6, typical 
stress-amplitude versus cycle number curves for total-
strain-controlled LCF tests of the stainless steel 
X6CrNiTi18-10 (Heat A) are shown. The material 
behaviour is characterised by a hardening in the first 
10 cycles, followed by a softening during the next 
1000 cycles. From about 1000 cycles up to crack 
initiation, a second hardening is observed. The 
second hardening can be mainly attributed to strain-
induced martensite formation. 
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Fig. 6: Mechanical behaviour of X6CrNiTi18-10 (heat 
A) for cyclic loading. Typical stress-amplitude 
vs. cycle-number curves (log scale) at a
temperature of 80oC (1.0 Hz). 

Figure 7 illustrates the temperature dependence of the 
mechanical behaviour during fatigue. It is seen that 
between 30oC and 260oC the degree of second 
hardening is strongly dependent on temperature. The 
second hardening coefficient for fatigue is also very 
sensitive to temperature. With increasing temperature, 
the second hardening is decreased. For higher 
temperatures, the material even displayed a sec ond 
softening phase. 

Fig. 7: Temperature dependence of the mechanical 
behaviour during low-cycle fatigue. Typical 
stress-amplitude vs. cycle-number curves for 
cyclic loading (heat A) at various deformation 
temperatures. 

To use the deformation-induced martensite as an 
indication of fatigue degradation, the following 
influences have to be considered: 

• load amplitude (total or plastic 
strain) and load ratio [7]; 

• number of cycles, and the 
corresponding usage factor; 

• temperature; and 

• material and material state. 
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Fig. 8: Effect of the quasi-static strain on the 
martensite content. Dependence of a) 
martensite content obtained by neutron 
diffraction and b) magnetic susceptibility on 
the tensile strain for the strain rate 10-3 s-1 and 
the deformation temperature 30 oC. 
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Fig. 9: Effect of cycle number on martensite content. 
Dependence of a) martensite content 
(obtained by neutron diffraction, and b) 
magnetic susceptibility, on the cycle number 
at a total strain amplitude 0.40% and the 
deformation temperature 80oC. 

Quasi-static tensile tests were carried out with the 
intention of comparing results against quasi-static and 
cyclic loading. Standard tensile specimens of diameter 
10 mm were strained up to 20% at room temperature. 
After straining, the volume fraction of martensite was 
obtained by neutron diffraction and magnetic 
susceptibility measurements. The measuring volume 
consisted of the cylindrical part of the tensile 
specimens; each was of length 40 mm. Figure 8 
shows that between the martensite content and 
susceptibility are linear functions of the tensile strain. 
Consequently, a simple expression can be used to 
predict the volume fraction of martensite for a 
specified strain level. 

4.3 Effect of Cycle Number and the 
Corresponding Usage Factor 

The first fatigue tests were performed up to crack 
initiation (2% load drop, corresponding to the 
maximum stress amplitude). The mean cycle number 
for crack initiation was determined as N=10 100. 
Then, LCF specimens were fatigued to usage factors 
of D=0.8°(N=8080), D=0.6°(N=6060) and 
D=0.4°(N=4040). Again, after testing, the volume 
fraction of martensite was determined by means of 
neutron diffraction and magnetic susceptibility 
measurements. The results are shown in Fig. 9. As for 
the tensile tests, martensite content and magnetic 
susceptibility were found to be linearly dependent on 
the number of cycles. 

A comparison between the magnetic measurements 
obtained using advanced magnetic techniques and 
those obtained from the well-defined method of 
neutron diffraction showed that, for the present 
choices of material and loading conditions, 
measurement of the magnetic susceptibility does 
enable the usage factor to be determined. This is very 
promising for the application of the method in field 
experiments. 
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Fig. 10: Effect of temperature on the volume fraction 
             of martensite for quasi-static loading and low- 
             cycle fatigue. Data analysis using Boltzmann 
             function. 

4.4 Effect of Temperature 

It was suspected that the test temperature would have 
a strong influence on the course of transformation. 
Figure 10 shows the temperature dependence of the 
volume fraction of martensite for tensile straining and 
low-cycle fatigue. The tensile and fatigue tests were 
performed in the temperature range –150oC to 260oC. 
Results from the neutron diffraction measurements 
are presented here. Fatigue data are related to 
specimens for which crack initiation had already 
occurred (D=1.0). For both tensile straining and 
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fatigue, the data could be well represented by a 
Boltzmann function of the following form:  

)]/exp(1/([)( '' BttAcc oo −++= αα  (3) 

where cα’ and (cα’)o are martensite the contents for the 
strained and initial material state, respectively, and A, 
B and to are parameters to be determined. 

4.5 Effect of Material State 

The influence of the manufacturing process and heat 
treatment (material initial state) on martensite 
formation was investigated for two heats of 
X6CrNiTi18-10 austenitic stainless steel. Heat A 
represented a cold-worked material, and Heat B a 
solution-annealed state. It will be assumed that, due 
to the additional solution annealing of Heat B at 
1050oC (2 hours, quenched in oil), the density of initial 
microstructural defects had been reduced to a lower 
level compared to that of Heat A. This is confirmed by 
the stress-strain curves for both heats obtained at 
room temperature. The mechanical behaviour in 
tensile testing for Heat A is characterised by high 
strength and low ultimate strain, whereas Heat B is by 
lower strength and higher ultimate strain. A significant 
difference was observed for the yield strength for both 
material states. While the yield strength of the cold-
worked material was determined as 430 MPa, the 
solution-annealed state resulted in a relatively low 
yield strength of 170 MPa. 
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Fig. 11:Effect of the initial material state on the 
volume fraction of martensite for cold-worked 
(Heat A) and solution-annelaed (Heat B) 
material states of X6CrNiTi18-10; total strain 
amplitude is 0.40%, and the temperature is 
80oC (1MHz). 

LCF tests for both heats were carried out for usage 
factors from D=0.4 to D=1.0. The dependence of the 
volume fraction of martensite (obtained by neutron 
diffraction) on the cycle number is presented in 
Fig. 11.  

Results are shown for a total strain amplitude of 
0.40% and a temperature of 80°C (1.0 Hz). The initial 
content of martensite was 0.7-1.5 vol.% for Heat A, 
whereas no initial martensite was found for Heat B. 
Surprisingly, the martensite formation rate of the two 
material states was quite different: it was much higher 
for the cold-worked material. The final martensite 
content at crack initiation (D= 1.0) reached about 
9 vol.% for the cold-worked material, and only 3 vol.% 
for the solution-annealed material.  

For the number of cycles to crack initiation, an 
opposite trend was observed. The cycle numbers 
were much higher for the annealed specimens 
(26 000 to 63 000 cycles) than for the specimens of 
the cold-worked material (8 500 to 12 300 cycles). For 
both heats, a linear relationship between the volume 
fraction of martensite and the cycle number was 
noted. Evidently then, martensite is being 
continuously generated from the beginning of the LCF 
loading up to crack initiation. The results confirm that 
knowledge about the initial material state is essential 
in predicting the mart ensite content for a specified 
usage factor. 

4.6 Imaging of Martensite Distribution Using 
GMR Magnetic Technique 

All the methods applied, i.e. neutron diffraction and 
the magnetic techniques, are influenced by the 
martensite distribution, both at the surface and in the 
bulk. By means of a GMR sensor, measurements of 
the martensite distribution with high local resolution 
could be obtained.  

After fatigue testing, LCF specimens of different 
usage factors were scanned using the GMR 
magnetometer. The scanning was performed at the 
surface of the cylindrical part of the specimens (axial 
position ±10 mm), and the GMR sensor was moved 
over the complete circumferential area (i.e. 0–360o).  

An example for the martensite distribution at the 
surface of fatigue specimens with usage factor 1.0 is 
plotted in Fig. 12. The GMR results confirm the 
metallographic observations made on longitudinal and 
transversal cuts that the strain-induced martensite is 
non-homogeneously distributed in the austenitic 
matrix. No preferred orientation of the martensite 
formation at the surface was observed. After fatigue, 
up to D=0.8, the martensite was concentrated in 
certain areas: e.g. a higher concentration of 
martensite was often found in the middle of the 
measuring length. From D=0.8 to D=1.0, it seems that 
the martensite was mainly formed in the crack area, 
since the martensite concentration was higher there 
than in areas without cracks. 

More measurements of the martensite distribution are 
needed to improve understanding of the course of the 
martensite formation, and its interaction with the 
formation of micro-cracks. GMR measurements for 
longitudinal and transversal cuts are planned, in order 
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to compare results with the metallographic 
observations. 

 
Fig. 12:Effect of the initial material state on the 

volume fraction of martensite for the cold-
worked (Heat A) and solution-annelaed (Heat 
B) material state of X6CrNiTi18-10; total strain 
amplitude is 0.40%, and the temperature is 
80oC (1MHz). 

5 SUMMARY AND CONCLUSIONS 

The aim of the present investigation was to determine 
the influence of cycle number (usage factor), 
temperature and material initial state on deformation-
induced martensite during low-cycle fatigue. Two 
heats of the meta-stable austenitic stainless steel 
X6CrNiTi18-10, corresponding to the German grade 
1.4541 (equivalent to AISI 321), were investigated: 
namely, cold-worked material (Heat A) and solution-
annealed material (Heat B). Test series were 
performed at room temperature, and at elevated 
temperatures up to 260oC.  

It was found that, for the given loading and material 
conditions, the volume fraction of martensite depends 
linearly on the cycle number. Consequently, the 
amount of strain-induced martensite can be used to 
determine the usage factor of fatigue degradation. 
Furthermore, it was shown that the test temperature 
has a strong influence on the course of 
transformation. Experimental results confirmed that 
martensite content continuously decreases with 
increasing temperature, and that the temperature 
dependence could be adequately described by a 
Boltzmann function. 

Strong influence of the fabrication process and heat 
treatment on the martensite formation rate was also 
observed. The martensite content for usage factor 
D=1.0 was much higher for the cold-worked material 
(9 vol.%) than for the solution-annealed material 
(3 vol.%). 

In order to apply the method to the monitoring of 
fatigue degradation in austenitic stainless steels, the 
following material information is necessary: 

• the material initial state (yield strength); 

• the dependence of volume fraction of 
martensite on cycle number (usage 
factor), for different load amplitudes and 
load ratios; and 

• the dependence of volume fraction of 
martensite on temperature for different 
load amplitudes. 

Neutron diffraction appears to be the appropriate tool 
to serve as a calibration method for strain-induced 
martensite in LCF specimens. The martensite 
concentration determined was always an averaged 
value taken from a gauge volume. In our experiments, 
this gauge volume was chosen to form the cylindrical 
part of the fatigue specimens. 

On metallographic pictures, a non-homogeneous 
distribution of the strain-induced martensite in the 
fatigue specimens was observed. It was found that the 
concentration of martensite is higher in the centre of 
the specimens. However, in fatigue specimens with a 
higher number of cycles, corresponding to a higher 
usage factor, a more homogeneous martensite 
distribution has been measured. A quantitative 
determination of the volume fraction of martensite 
from metalographic pictures led to large scatter in the 
results. 

All applied magnetic methods were successful in 
detecting martensite in the differently fatigued 
specimens. However, for practival reasons, the 
application of some of these methods to real 
components is limited.  

Measuring the magnetic susceptibility using the 
Ferromaster device is the easiest and cheapest 
method, and results in a linear correlation between the 
susceptibility and the volume fraction of martensite. 
No special conditions have to be fulfilled concerning 
the surface of the specimens. With this method, the 
gauge volume is relatively large, and the penetration 
depth is more than 10 mm. Devices using a working 
principle similar to the Ferromaster are therefore 
recommended for practical applications. 

GMR sensors were used as receivers of eddy current 
signals. The high sensitivity of these sensors, and the 
fact that they can be used in an unshielded 
environment, are the reasons why the method is so 
promising. A disadvantage is the high sensitivity on 
the distance between the sensor and the surface of 
the specimen. On the other hand, the GMR method is 
not limited to austenitic stainless steel, and it has the 
potential to be deployed in various applications for 
monitoring of material degradation. 
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