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ABSTRACT

The measurement of the electrical resistance of specimens based on the established direct current potential drop
(DCPD) method is a widely utilized methodology for the detection of damage mechanisms in the field of crack
initiation and propagation and change in microstructural details. These include, e.g., dislocation density, void
volume fraction, and micro- and macro-cracks. Given the necessity to consider additional factors influencing the
electrical resistance, e.g., specimen geometry and temperature, ex-situ measurement techniques are frequently
employed through interruption of fatigue testing. However, ex-situ investigations may result in unintended in-
fluences, such as changes in contacting, and analyze only discrete states limiting the characterization possibilities
and result interpretation. Accordingly, in-situ electrical resistance measurements were employed in this study to
characterize the microstructural changes during fatigue with cyclic creeping. To quantify and compensate the
effects of geometry, temperature, and deformation-induced austenite-martensite transformation on the electrical
resistance during fatigue loading, a complex experimental setup was developed which includes several mea-
surement systems. The combination of strain measurement and potential drop enables a direct transfer of
measured strain to electrical resistance. The method was applied and evaluated on high-temperature diffusion-
brazed joints with a metastable austenite as base material and Ni-based filler metal. Finally, the change in
microstructure was evaluated through electron channeling contrast imaging (ECCI) analyses at different load
cycles.
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1. Introduction

Electrical resistance measurements with the direct current potential
drop (DCPD) setup are established methods for the characterization of
microstructural changes [1-3] under various loading conditions. These
can be related to the dislocation density [4,5], pore volume fraction [6,
71, grain boundary [8,9], precipitates, phase transformation [10] and
micro-cracks [11], which obstruct the electrical conduction and led to
an influence of the electrical resistance. Nevertheless, it is not possible to
separate between various microstructural mechanisms.

In the context of fatigue investigations, electrical resistance mea-
surements are frequently employed to analyze the material reaction in
order to identify characteristic loading stages for the purpose of lifetime
prediction models [12-14], or to analyze the evolution of microstructure
to gain insight into the underlying failure mechanisms [15-17]. In
addition to microstructure, geometry and temperature substantially in-
fluence the electrical resistance [18,19]. Since the stress ratio of these
experiments was set to R = —1, the changes in geometry and tempera-
ture that occurred during fatigue were minimal and therefore not
considered for the electrical resistance. If the stress ratio is R # —1, these
changes must be taken into account [15,20]. In previous fatigue studies,
ex-situ measurements were performed after different lifetime intervals,
as these methods allows a simple measurement of the electrical resis-
tance and the geometry and preclude the occurrence of fatigue-induced
heating [15,21,20]. However, ex-situ investigations may be susceptible
to unintended influences resulting from interruption, which could
potentially lead to inaccurate measurements. Furthermore, the devel-
opment between the selected intervals cannot be determined, which
suggests that the number of intervals should be as high as possible.
However, this would lead to a greater experimental effort and a higher
number of influences. In contrast, in-situ investigations provide the
potential for continuous measurement during the fatigue test.

Therefore, this study presents a method for the evaluation of
microstructural changes during fatigue by using in-situ electrical resis-
tance measurement. Therefore, the established direct current potential
drop setup was employed, which uses the four-terminal setting [18].
Thereby, current input and potential drop are accomplished to separated
cables, eliminating the effects of resistance in the wiring and contact
points [18]. The utilization of direct current (DC) in contrast to alter-
nating current (AC) enables the analyzation of the entire cross-section of
the specimen, while AC is concentrated on the surface area [18].

In order to compensate the previously mentioned influences of ge-
ometry and temperature on the electrical resistance, a complex in-situ
measurement and sensor setup was developed. For this purpose, a
combination of extensometer and potential drop was developed, which
allows the reliable transfer of the strain, measured by the extensometer,
to the length of the electrical resistance measurement during fatigue.
Since geometrical and thermal influences were compensated, the
microstructural changes can be evaluated and validated based on
microscopic analyses. Fig. 1 illustrates schematically the described
method used in this study.

The proposed method was evaluated on high-temperature brazed
austenitic steel joints. The high-temperature vacuum brazing of meta-
stable austenitic alloys is an established process for joining highly
stressed structures with specific joint points [22,23]. The high degree of
design flexibility allows for the integration of both thin-walled struc-
tures and full-surface components. Due to the high mechanical, thermal,
and corrosive properties of the material, metastable austenitic steels are
often utilized as base material for brazing applications, in conjunction
with Ni-based filler-metals with a solidus temperature exceeding 800 °C.
During the brazing process, the brazed joints are subjected to high
brazing temperatures (1160 °C) in conjunction with extended holding
times (approx. 60 min), which result in a significant microstructural
change of the base material e.g., a reduction in the dislocation density,
which has a significant impact on the mechanical properties of the
brazed joint [24,25]. Due to the application in highly loaded structural
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Fig. 1. Schematic description of this study.

components, cyclic loading results in further microstructural changes,
which includes the formation and migration of dislocations, pore for-
mation and deformation, and the growth of micro-cracks, which result
in a significant influence on the mechanical, thermal and corrosive
properties. The assessment of the microstructural change evolution
resulting from fatigue loading through non-destructive testing (NDT)
methods represents an important aspect of the optimization of brazed
joints.

2. Experimental details
2.1. Material

The material used is the metastable austenitic stainless steel AISI
304L (X2CrNil8-9, 1.4307) in the form of cold-drawn bar material of 16
mm diameter with an average grain size before brazing of about 60 pm.
The cold-drawn base material has high cold strength, which is largely
reduced by the brazing process [26]. An experimental Ni-based filler
metal was used in form of amorphous foil with a thickness of about 45
pm, which was produced by melt spinning on a fast-rotating copper disk.
The chemical composition of the base material and filler material as well
as the solidus and liquidus temperatures determined by differential
scanning calorimetry (DSC) are shown in Table 1.

During the high-temperature vacuum brazing process, the specimens
were heated to the brazing temperature of 1160 °C. Holding stages were
added at 800 °C and 900 °C to improve the vacuum quality and to ho-
mogenize the specimen temperature. The brazing temperature was then
held for 60 min, followed by cooling under vacuum and later through
nitrogen inflation. Fig. 2 shows the time-temperature curve of the
brazing process. Fatigue specimens with a test diameter of 8 mm, a
gauge length of 12.5 mm, and a clamping diameter of 12 mm were
turned from the brazed joints, illustrated in Fig. 3.

The specimens’ microstructure after the brazing process was
analyzed using scanning electron microscopy (SEM) with backscattered
electrons (BSE) and electron backscatter diffraction (EBSD) techniques.
As can be seen in Fig. 3, the specimen center displays by BSE a brighter
zone due to the high nickel proportion, which is the so-called of
isothermal solidification zone, that has solidified due to diffusion pro-
cesses at brazing temperature [27,28]. In the so-called diffusion zone,
the (grain boundary-) diffusion of the small and light melting point
depressing element boron, resulted in the formation of brittle
chromium-rich borides on the austenite grain boundaries. Further
detailed descriptions of the formation of the brittle phases and the in-
fluence on fatigue behavior can be found here 27,29,30. The total width
of the brazing seam (combined diffusion zones and solidification zone
width) is approx. 190 pm, thus representing about 2 % of the
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Table 1
— Chemical compositions and melting range of the base material and filler metal.
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Chemical composition [wt. %]

Melting range [°C]

Alloy Fe Ni Cr C Si Mn Mo B Tsolidus TLiquidus
AISI 304L Bal. 8.08 18.34 0.02 0.02 1.64 0.33 - 1400 ~1450
Ni-filler 4 Bal. 15 - 7.5 - 0 1.5 1060 1122
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Fig. 2. Time-temperature curve of the brazing process.
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measurement length Ly from the extensometer. Consequently, the ma-
jority is measured in the base material, approx. 98 %. Therefore, the
effect of the brazing seam on the electrical resistance was low. But the
high temperature at the holding time during the brazing process resulted
in a notable increase in grain size, with partial abnormal grain size
distribution. Furthermore, the brazing process resulted in a significant
reduction in dislocation density. The microstructure changes, especially
the grain size and dislocation density, lead to an increase of ductility and
a reduction of the ultimate tensile strength [27].

2.2. Experimental setup
The fatigue tests were performed with a uniaxial servohydraulic

testing system, Instron 8801, with a maximum force of +£100 kN. The
testing was conducted under uniaxial load with a constant stress
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Fig. 4. New direct current potential drop (DCPD) setup coupled with strain measurement of the extensometer [31].
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amplitude and a stress ratio of R = 0.1 (tension-tension range). The test
frequency was f = 10 Hz. Various in-situ measurement systems were
employed, as shown in Figs. 4 and 5.

2.2.1. In-situ geometry measurement

The strain ¢ was measured through an extensometer with a
measuring length of approx. Ly = 10 mm. The total mean strain &, and
plastic strain amplitude &,, were determined through the stress-strain
hysteresis. For the measurement of the diameter d a 2-dimensional op-
tical micrometer was used, which was attached to the servohydraulic
testing system.

2.2.2. In-situ temperature measurement

The specimen temperature Ts was measured by eight type K ther-
mocouples, six of them were applied to the specimen. To validate the
point measurement by the thermocouples, the spatial temperature dis-
tribution was also determined for two separated fatigue tests with the
high-speed thermography system InfraTec Image IR 8800. The specimen
were coated with a black lacquer to obtain a defined emissivity.

2.2.3. In-situ electrical resistance measurement

The electrical resistance of the specimen was measured by using the
direct current potential drop (DCPD) setup. The current was introduced
through the clamping jaws of the testing system. Therefore, a Sorensen
8AS2 direct current was used. The test current I was measured trough a
shunt resistor integrated into the circuit. By applying a voltage tap
across the shunt, the test current can be calculated according to Ohm’s
law, Equation (1) [18]. The schema of the electrical resistance mea-
surement is shown in Fig. 4.

I— UShunt
RShunt

(€Y

To measure the electrical resistance Rg, a new method was developed
to tap the voltage via the electrically conductive cutting edges of the
extensometer, which were connected with cables to the voltage mea-
surement [31]. The voltage tap via extensometer enables the measure-
ment of the electrical resistance locally in the gauge length without the
need for additional welding or brazing of cables, which can unin-
tendedly affect the microstructure. Since strain measurement and
voltage drop are locally combined, the total mean strain ¢, ,, can be used
to calculate the length of electrical resistance measurement Lpcpp, see
Equation (2).

2D optical
micrometer
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Lpcpp =Lo- (1 + Em.t) 2
2.2.4. Martensite fraction

In case of the metastable austenite AISI 304L, deformation leads to
an induced transformation of paramagnetic austenite to ferromagnetic
o/-martensite [32]. As -martensite has a lower electrical resistivity than
austenite, an increase in the o’-martensite fraction &,, results in a
reduction of the combined electrical resistivity p, independent of the
other microstructural changes [33]. Evaluation of microstructural
changes by the electrical resistivity therefore requires consideration of
the o/-martensite fraction &,;.

A feritscope FMP30 by Helmut Fischer was applied to measure the
o-martensite fraction &yopmeasured during fatigue. According to the
manufacturer, the use of a correction factor is necessary when
measuring round samples. The manufacturer provides a method for
calculating the correction factor [34]. In this study, the correction factor
was determined through interpolation based on the measured
o/-martensite fraction and the diameter of the sample.

2.2.5. Combination of measurement systems

The combination of extensometer, optical micrometer, thermocou-
ples, voltage measurements at extensometer and shunt, and feritscope
measurements, along with synchronous data acquisition, enabled the
measurement of all variables relevant to the separation of geometrical,
thermal and martensite transformational influences on the electrical
resistance, to evaluated the microstructure during fatigue. Fig. 5 shows
the combined experimental setup.

2.3. Microstructure analyses

For microstructural analyses, specimens were fatigued up to a
defined fatigue state and metallographic cross-sections were made from
the specimens. Microstructural changes were studied in the solidifica-
tion zone of the brazed joint and in the base material at a distance of at
least 100 pm from the brazed joint to avoid misinterpretations due to the
influence of diffusion effects.

Of particular interest to this study was the development of disloca-
tions, as it is a major factor influencing electrical resistivity, along with
austenite-martensite transformation [32]. In addition to the
time-consuming and equipment-demanding transmission electron mi-
croscopy (TEM), the electron-channelling contrast imaging (ECCI)
method is useful for analysing dislocations [35]. It is based on the

Image at the
detector

Detector

Measured
values:

- Diameter d
- Strain & and
Voltage Ugy;

Transmitter

Temperature T

Fig. 5. Combined measurement of extensometer, direct current potential drop (DCPD), thermocouples (not shown here) and optical micrometer for comprehensive

in-situ measurement during the fatigue tests.
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interaction of an electron beam with the periodic lattice of a crystal.
When the electron beam hits the material, the electrons are channelled
along the crystal lattice planes, resulting in so-called channelling elec-
tron scattering. The intensity of the backscattered electrons depends on
the angle of the electron beam relative to the lattice planes. Therefore,
the tilt of the specimen and the grain orientation are important. This
angle dependence of the electron intensity enables to generate a high
contrast between lattice structure and lattice defects. Thus, ECCI enables
the visualization of defects such as dislocations, stacking faults and grain
boundaries. To achieve maximum image quality, the specimen tilt can
be calculated based on additional electron backscatter diffraction
(EBSD) [35]; however, in this study suitable grain orientations were
identified in the microstructure for different tilts.

3. Results and discussion
3.1. Electrical resistance during fatigue

The electrical resistance in the gauge length Rg was calculated ac-
cording to Equation (3) from the voltage drop at the extensometer Ug,;
and the test current I. During the fatigue test, a significant increase in
electrical resistance Rg can be observed, Fig. 6 b). In the following,
several factors influencing the electrical resistance during the fatigue
test are considered in order to determine the temperature-dependent
electrical resistivity of the austenite, from which the evolution of the
microstructural changes was evaluated.

_ Ugxt _ Ukxt*Rstune

Rs= I 3)

UShunt

3.1.1. Geometric influence

Fig. 6 a) shows the comparison of plastic strain amplitude ¢, and
total mean strain &m, ; during fatigue. The significant increase in the total
mean strain shows the cyclic creeping of the material. The plastic strain
amplitude shows a high peak at the beginning of the fatigue test (related
to initial work hardening). In the further course cyclic softening can be
seen. Since the total mean strain is significantly higher than the plastic
strain amplitude, cyclic creeping is the dominating mechanism. There-
fore, the total mean strain was only used for the following evaluation.

According to Pouillet’s law, the influence of geometry on the elec-
trical resistance can be described by Equation (4) and Equation (5)
through the electrical resistivity p and the geometry of the specimen,
namely the length L and cross-section A [36]. Consequently, the elec-
trical resistivity is independent from the geometry and can be used to
compensate the influence of geometrical changes on the electrical
resistance [36].

Therefore, the cross-section A was determined through actual spec-
imen diameter d. For the determination of the length electrical resis-
tance measurement Lpcpp, the total mean strain &p; was measured

& 100 TR ST 30aLNI-Filler et .
[0} - </ R £
g o omes = 440 MPa; R = 0.1 .
a o =
€ @ o
®© 0.50 +10 < 5
£ T ©
£ E 2
#0251 5 © [t
@ €ap 2
o
D— 0.00 T T T T T 0

10° 10" 102 10® 10* 10° 10°
a) Number of cycles N b)

Journal of Materials Research and Technology 35 (2025) 535-544

through the extensometer. As a result, the measured length of the
extensometer is identical to the length of the electrical resistance mea-
surement Lpcpp, €m,. Accordingly, the electrical resistivity p during fa-
tigue was calculated according to Equation (5), see Fig. 7. As a result of
the high maximum stress and the high ductility of the base material, the
beginning of the fatigue test shows a significant increase in total mean
strain and length and reduction in diameter. In contrast to the electrical
resistance, the electrical resistivity remains in the same range. Conse-
quently, the significant increase of the electrical resistance can be
explained by the geometrical influences.

L
R =rz @
 Rend/4
P Lo (L + emd) ®)

3.1.2. Comparison with welded contacting

In the newly developed experimental setup, the edges of the exten-
someter are attached to the specimen via bands. In contrast to fixed
contacts, this leads to a possibility of a transient alteration in the contact
situation, such as the loosening of the connection between specimen and
extensometer, which could potentially influence the precision of the
measurement. In order to compare the newly developed experimental
setup with established fixed contacting methods, two specimens were
provided with laser welded contacts at distances of 10 mm, corre-
sponding to the measuring range L, of the extensometer. During fatigue
the electrical resistance was measured with both the fixed laser welded
contacts and the extensometer. For both contact methods, the electrical
resistivity p was calculated according to Equation (5), see Fig. 8, and
compared with the electrical resistivity of a specimen without laser
welded contacts.

The scattering of both contacting methods is comparable. The trend
is also comparable, with the laser welded connection exhibiting a more
pronounced increase in electrical resistivity prior to failure, attributed
the fracture initiate at welded contact point, leading to a significant
decrease in the lifetime of approx. 90%. In case of changes in the contact
situation during fatigue, an increase in the scattering is anticipated.
Since scattering and trend of both contacting is comparable, the po-
tential drop via extensometer is reliable method in this study.

3.1.3. Thermic influence

In the gauge length, a nearly constant temperature distribution for
different numbers of cycles was determined through thermography,
shown in Fig. 9. Also, the thermography and thermocouple in-situ
temperature measurements during fatigue is comparable, shown in
Fig. 10 a). Accordingly, thermocouple temperature measurement is a
reliable method in the study and can be used to characterize the gauge
length temperature.

6.09 12 8 022
AISI 304L/Ni-Filler i’ N
= . ] _9 (0]
A-Gmax 440 MPa; R=0.1 -mvg mo 8
]
6.03 t1.0 & 0.18 @
x c
W 3]
6.00- 0.9 S 10.16 £
> <3
S %)
597 T T T T T 08§ '014
10° 10" 102 10® 10* 10° 10°
Number of cycles N

Fig. 6. — a): Comparison of plastic strain amplitude &,, and total mean strain e, during fatigue; b): Voltage at extensometer Ug,,, test current I and electrical

resistance of specimen Rg during the fatigue test.
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Fig. 7. — Electrical resistance of specimen Rg, the total mean strain &n, length of electrical resistance measurement Lpcpp, diameter d and determined electrical

resistivity p during the fatigue test.
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Fig. 8. — Comparison between contacting via extensometer and laser wel-
ded contacts.
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Fig. 9. — Spatial temperature distribution for different lifetime stages with
marked test area.

The thermal influence on the electrical resistance R can be described
by the Matthiesen rule, where the electrical resistivity p is divided into a
temperature-dependent pr and a temperature-independent pp portion
[19], see Equation (6). The temperature independent portion pp depends
on the defect density and is therefore used to evaluate the microstruc-
ture. For applications at room temperature, the temperature-dependent
portion can be simplified to a linear relationship, see Equation (7), with
the linear resistance temperature coefficient , the specimen and refence
Ts and Ty and the electrical resistivity at reference temperature py. The
linear resistance temperature coefficient @ was determined to a = 1.231
+ 0.116 K'! for the brazed joint by heating a load-free specimen while
measuring the temperature and electrical resistance. Therefore, the
temperature-independent pp portion during fatigue can be calculated
according to Equation (8), see Fig. 10b).

540

pP=pp+pr ©)
pr=po(1+a-(Ts —To)) )
pp=p—po(1+a-(Ts—To)) (3

3.1.4. Martensitic transformation influence

If several conductive phases are present in a cross-section, the
resulting electrical resistivity can be assumed by different ways [37,38].
The simplest models are based on either a series or parallel connection
[34]. For the real microstructure, small amounts of martensite sur-
rounded by austenite, the resulting electrical resistivity can calculate
through the Reynolds model, see Equation (9) [38].

The initial electrical resistivity of the martensite py, varies signifi-
cantly in the literature depending on the chemical composition and
temperature [33,37,38]. The values for AISI 304L at room temperature
were determined partly through the use of linear interpolation of the
chemical composition and the temperature. The values ranged from 0.35
Qmm?/m to 0.5 Qmm?/m. Since [33] and [367 provided a value of 0.35
Qmm?/m, this electrical resistivity of the martensite was used in the
following analysis. The initial electrical resistivity of the austenite is for
AISI 304L at py = 0.74 Qmm?/m. Since the o/-martensite fraction is low,
only the resistance of the austenite was considered for further evalua-
tion, which can be calculated from the temperature-independent total
resistance and the o’-martensite fraction. Fig. 10 b) shows the deter-
mined course of temperature-independent electrical resistivity of the
austenite pp, austenie-

Pa(Pa + 20y)

9
1+ 3§vol)pA + (2 - 3§vol)pM ( )

a

3.2. Discussion of the electrical resistance

When determining the temperature-independent electrical resistivity
of austenite pp austenite» the influences of geometry, temperature, and
martensite were considered. and are no longer included in the signal.
Consequently, the microstructural changes during fatigue can be
evaluated.

During fatigue, an increase in the temperature-independent elec-
trical resistivity of the austenite can be observed in the first three cycles,
which is fully reversed after N = 10 cycles. One possible reason for this
is a significant increase in the dislocation density within the initial cy-
cles. Due to the increased grain size, subsequent migration of disloca-
tions occurs towards the grain boundaries. At these boundaries, the
electrical resistivity is less significantly influenced by the dislocations,
resulting in a reduction in the electrical resistivity. Another possible
reason could be the significant plasticization of the material, which, as
shown in Fig. 6, also occurs in the first three cycles. Resolution errors
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Fig. 10. — a): Electrical resistivity p, temperature-independent electrical resistivity pp, specimen temperature Ts, thermocouples measured with thermocouples and with
thermography Ts, thermography during fatigue; b) Temperature-independent electrical resistivity pp, temperature-independent electrical resistivity of the austenite pp,

Austenite; Measured and fitted o-martensite fraction &,o;, measured> Evorfic during fatigue.

due to the test frequency of f = 10 Hz could also influence the mea-
surement and determination, as the first three cycles are completed in
0.3 s. To improve the resolution of the initial cycles, two separate fatigue
tests were conducted at a test frequency of f = 0.1 Hz (10 s per cycle
instead of 0.1 s per cycle). The remaining experimental parameters and
measurement systems were kept constant. Consequently, the
temperature-independent electrical resistivity of the austenite pp, austenite
was also determined for f = 0.1 Hz using the previous method, see
Fig. 11. Since no notable difference between the temper-
ature-independent electrical resistivity of the austenite pp austenize at
high (f = 10 Hz) and low (f = 0.1 Hz) frequencies was observed, it is
assumed that the resolution at a test frequency of f = 10 Hz is high
enough.

Furthermore, temperature-independent electrical resistivity of the
austenite pp, austenite increases continuously throughout the fatigue test
until it reaches a level close to a constant value after N = 10* cycles. A
potential cause could be a further continues increase in the dislocation
density. Subsequently, ECCI investigations are employed for the purpose
of validating the increase of dislocation density and dislocation move-
ment at different number of cycles.

3.3. Microstructural defect analysis

To validate the interpretation of the electrical resistance, the change
in the dislocation structure was analyzed. Therefore, ECCI was used in
the SEM on cross sections of the specimens before, after N = 10 cycles
and after N = 10* cycles at omax = 440 MPa. Fig. 12 shows the evolution
of the dislocation structure and density based on the ECCI scans in the
base material and in the solidification zone of the brazing seam.

Due to the high grain size and low dislocation density before fatigue,
which were caused by the brazing process, this qualitative method was
particularly suitable. The development of the dislocation structure in
polycrystalline austenite is always influenced by the grain orientation in
loading direction [39], which was not considered in this study. Instead,
several different grains were investigated and the scans shown in Fig. 12
are examples of the typical development.

As can be seen in Fig. 12 a), almost no superordinate dislocation
structures could be found in the base material by means of ECCI before
fatigue, even at different grain orientations and different tilts of the
specimen. In the solidification zone in Fig. 12 d), individual dislocations
could be observed before fatigue, as well as a few stacking faults. Since
stacking faults are planar defects that are aligned along a particular slip
or crystal plane, they appear with good contrast as straight lines with
partial interruptions, as can be seen in Ref. [40].

This difference can be explained by the fact that during cooling after
the brazing process, residual stresses arise inside the brazing seam due to
different thermal expansion coefficients between the solidification zone
and the base material [25], which already influence the crystal struc-
ture. As can be seen in Fig. 12 b), individual dislocations after N = 10
cycles can now also be seen in the base material in the entire grain,
which begin to form clusters at the grain boundaries. In addition, an
increased number of stacking faults were observed. The same tendency
can be observed in the solidification zone in Fig. 12 e), but with a higher
overall dislocation density and a few dislocation clusters inside the
grain. After N = 10* cycles, a further significant increase in dislocation
density was observed, as can be seen in Fig. 12 ¢) and 12 f). Pronounced
clusters can be seen over the entire grains. With further fatigue, it can be
assumed that the dislocations will accumulate and structures with
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a) N=0, BM b) N=10, BM
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Fig. 12. - Typical change of dislocation structure by means of electron channelling contrast imaging (ECCI) in a), b), c) for the base material (BM) and in d), e), f) for

the solidification zone (SZ) after different load cycles (N) at on.x = 440 MPa.

dislocation walls will form [41,42].

The evolution of the dislocation structure can be linked to the
measured temperature independent electrical resistivity of the austenite
PD, Austenites Shown in Fig. 10 b). During the first cycles, severe plastic
deformation occurs due to cyclic creeping, causing the dislocation
density to increase significantly, resulting in a rapid increase of pp,
Austenite- Lf N0 martensite correction factor for the low values is applied
during the martensite measurement, pp, Austenite SUbsequently drops. But
since a high correction factor seems reasonable, a short final phase of
stagnation can be observed. This is probably due to interaction between
dislocation migration (which may reduce resistance) and dislocation
formation (which may increase resistance). This tendency can be seen in
Fig. 12 b) and e). This is followed by a phase of increasing resistance up
to 10* cycles, which is attributed to the increasing cluster formation,
with increasingly limited possibility for dislocation migration. Since
dislocation mobility is an important factor for cyclic creeping, this
would also explain the reduced increase in the measured length L and
the reduced decrease in the diameter d from this point onwards. After
10* cycles, the resistance stagnates regardless of whether and which
correction factor was used for the martensite content. Again, dislocation
formation and migration could influence each other and prevent the
resistance from increasing, whereby the formation of micropores could
also play a role. Only shortly before fracture does the resistance begin to
increase sharply, which is associated with crack initiation and propa-
gation, which greatly reduces the cross-section of the specimen and
could not be detected with the optical micrometer.

3.4. Comparison of the influences of geometry, temperature and
martensite on the electrical resistance

The various in-situ measurement systems were used to calculate the
geometric, thermal and martensitic percentage changes in electrical
resistance during fatigue, relative to the initial resistance, see Fig. 13.
The comparison shows that the geometry has the highest influence to the
electrical resistance, due to cyclic creeping or so called ratcheting [43].
The influence of temperature is small compared to the geometric in-
fluences, but at about 2 %, it is of a magnitude that should not be
neglected. Similarly, the influence of martensite content is also negli-
gible. The percentage distribution of the various influences is highly
dependent on the material used and the level of stress, and therefore
cannot be transferred to other materials and stresses.

This investigation demonstrates that electrical resistance alone is
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inadequate for making statements about microstructural changes, as a
significant portion of the influences on the electrical resistance can be
attributed to factors such as geometry, temperature, and martensite
transformation.

4. Conclusions and outlook

This study presents a method for the estimation of the evolution of
microstructural changes during the fatigue testing with cyclic creeping.
Various in-situ measurements were employed in a complex experimental
setup to determine the electrical resistance, geometry, and temperature
of the specimen. This approach allowed the compensation of the effects
of geometry and temperature on the electrical resistance.

To combine strain and voltage measurement a newly developed
contacting method was used. This method offers the advantage of
directly transferring the measured strain to the length change of the
electrical resistance measurement. Furthermore, this method allows the
implementation of a voltage drop measurement in the test area, without
interference from welded or soldered contacts. A comparison with fixed
laser welded connections demonstrates that the newly developed con-
tact, without a fixed connection, enables reliable measurement of the
electric resistance.

During the fatigue test, a significant increase in the electrical resis-
tance was observed, which was mostly attributed to geometric
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influences. In order to determine the microstructural changes during the
fatigue test, the temperature independent electrical resistivity of the
austenite was calculated from the electrical resistance, taking into ac-
count the geometry, temperature, and martensite transformation
influences.

It could be shown that the resistivity of the austenite can be divided
into characteristic phases during creep fatigue. These phases are char-
acterized by high deformation at the beginning and strain hardening in
the following. On a microstructural level, the development of resistivity
is related to the dislocation density and structure can thus provide
valuable insights for interpretation.

Future investigations will focus on the transfer of this method to
other materials and loading conditions and on the quantification on the
different microstructural damage mechanism. Through the use of com-
plex investigation like focused-ion-beam based 3D-volume reconstruc-
tion, scanning transmission electron microscopy (STEM) or specific heat
treatments with subsequent resistance measurements, the individual
influence of dislocations, voids or microcracks on the electrical resis-
tance during fatigue will be separate.
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