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Abstract

The fatigue crack behaviour in EUROFER 97 was investigated at room temperature (RT), 300, 500 and 550 °C for the
assessment of cracks in first wall structures built from EUROFER 97 of future fusion reactors. For this purpose, fatigue
crack growth tests were performed using CT specimens with two R-ratios, R=0.1 and R =0.5 (R is the load ratio with
R = Foin/Fmax Where Fyi, and F,, are the minimum and maximum applied loads within a cycle, respectively). Hence,
fatigue crack threshold, fatigue crack growth behaviour in the near-threshold range and their dependences on temperature
and R-ratio were determined and described using an analytical formula. The fatigue crack threshold showed a monotonous
dependence on temperature which is for R = 0.5 insignificantly small. The fatigue crack growth behaviour exhibited for
R =0.1 a non-monotonous dependence on temperature which is explained by the decrease of yield stress and the increase

of creep damage with increasing temperature.
© 2006 Elsevier B.V. All rights reserved.

1. Introduction

EUROFER 97 as reduced activation ferritic—
martensitic (RAFM) steel, developed recently inter
alia in the framework of EURATOM Fusion Tech-
nology programme, is a potential candidate for
structural materials of future fusion reactors [1].
During planned operation of fusion reactor struc-
tural materials of the plasma facing components,
blanket and divertor are subjected to cyclic
thermo-mechanical loading and high irradiation
doses which induce different kinds of damage: creep,
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fatigue and irradiation damage [2]. For the assess-
ment of cracks initiated in blanket or divertor com-
ponents due to this damage and detected during
non-destructive inspection fracture mechanical
data, among others data describing crack behaviour
under fatigue (cyclic) loading are necessary. There-
fore fatigue crack growth in EUROFER 97 at
different temperatures was investigated. Fatigue
crack growth experiments were performed at RT,
300, 500 and 550 °C using compact tension (CT)
specimens, within our activities in the EFDA
Technology Work programme with the reference
TTMS-002 ‘Metallurgical and Mechanical Charac-
terisation’. Crack threshold and crack growth rate
as well as their dependence on temperature and
R-ratio (minimum load divided by maximum load
within a cycle) were determined.
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In the following the procedures are described
after which the fatigue crack growth experiments
were conducted and evaluated. Thereafter the main
results are presented and discussed.

2. Experimental
2.1. Material and specimen geometry

The fatigue crack growth experiments were per-
formed on the ferritic-martensitic steel EUROFER
97 in the as-delivered state. The specimens were cut
from the semi-finished product fabricated by Bohler
Edelstahl GmbH, Austria [3]. Manufacturing of the
material is described by the manufacturer in [4]. The
chemical composition of EUROFER 97 according
to the analysis certificates are listed in Table 1.

The specimens were cut off from a plate
of 4990 mm X 116 mm X 25 mm in size. Specimen
dimensions corresponded to the ASTM standard
E 647-95a for the determination of the Kjc value.
They were taken with their length parallel to the
rolling direction (RD). Fig. 1 shows the specimen
geometry with all dimensions and surface character-
istics being indicated.

Prior to the start of the test, a fatigue crack is
generated starting from the crack-starter notch
using a frequency of 30 Hz being the same as during
the test. The total length of the initial crack is
adjusted to be 17 mm measured from the load line.

Table 1
Chemical composition of EUROFER 97 (Fe balance)

Manufacturer’s
analysis (Wt%)

Specification (wt%)

Cr 8.50-9.50 8.93
C 0.09-0.12 0.12
Mn 0.20-0.60 0.47
A" 0.15-0.25 0.20
w 1.00-1.20 1.07
Ta 0.05-0.09 0.14
N, 0.015-0.045 0.018
0, Max. 0.01 0.0012
P Max. 0.005 <0.005
S Max. 0.005 0.004
B Max. 0.001 <0.001
Ti Max. 0.01 0.009
Nb Max. 0.001 0.0022
Mo Max. 0.005 0.0015
Ni Max. 0.005 0.0022
Cu Max. 0.005 0.0036
Al Max. 0.01 0.008
Si Max. 0.05 0.06
Co Max. 0.005 0.007
As+Sn+Sb+Zr Max. 0.05 <0.015
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Fig. 1. Geometry of CT specimen used; dimensions are in mm;
RD indicates the rolling direction of the plate the specimens are
cut from.

During the test, the crack reaches a length of more
than 1/2 W (W is the distance between the load line
and specimen edge, see Fig. 1) [S]. When generating
the initial crack, the maximum load is chosen such
that the following estimated stress intensity is not
exceeded at the end of initial cracking [7]:

Kmax
E

To measure the crack extension during the test the
electric potential method described bellow is used.
For applying this method a constant current is
passed through the specimen by plugs attached to
two M5 tapped holes of 10 mm depth located in
the centre of the upper and lower side of the speci-

<32x107%/m. (1)
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men. To measure the potential two M3 tapped holes
of 6 mm depth are added at a distance of 5 mm
above and bellow the front of the initial crack and
for symmetry reasons on both sides of the specimen,
respectively (see Fig. 1). In this way, it is ensured
that the contact points for potential measurement
are very close to the crack which makes the mea-
surement sufficiently sensitive to crack extension.

2.2. Electric potential method (DC)

The principle of this method is based on passing
through the specimen a current that is constant with
time. Since crack extension results in reduction of
the remaining ligament an increase of the voltage
U is necessary for keeping the current constant.
Thus the voltage increase AU = U — U, can be cor-
related with the crack extension Aa =a — aq. For
monitoring the voltage the difference in the electric
potential of two points located equidistantly above
and below the remaining ligament is measured.
The positions of these points shall be selected so
that the potential difference becomes sensitive to
crack extensions. At the same time its measurement
can be carried out without significant influence on
loading flow. For the correlation between voltage
change and crack extension Johnson [6] has derived
an analytic formula for a flat specimen with center
crack which was found to be applicable on CT spec-
imen [7]. According to this formula the crack length
can be determined as

2W cosh (3%
a== cos™! Gr) ) (2)
U —1  cosh (57
cosh [U—Ocosh ( n (MJ’))]
with
a crack length,
ay initial crack length,
W distance between load line and specimen
edge,
y half of the distance between the potential
measurement points,
U potential difference (voltage),
Uy initial potential difference (voltage).

Applying the electric potential method to our CT
specimen current generated by a DC supplier unit of
Heinzinger Co. and FUG is passed in the specimen
via cables screwed to the M5 tapped holes. The
potential difference (voltage) is measured between

the M3 tapped holes by screwing wires connected
to a nano-voltmeter, type 181, made by Keithley.
In the temperature range up to 300 °C, 6 mm?” and
1.5 mm? copper wires are used for the current sup-
ply and voltage tapping, respectively. The wires
are connected to the specimen using stainless steel
screws and are insulated from the specimen holder
by ceramic tubes. The copper wires have to be
replaced at 500 and 550 °C by Kanthal or Therma-
nit wires [8], as they are subject to strong oxidation
at the surface and contact points and because of this
the measurement signal becomes unsteady and is no
longer suited for a correlation with the crack length.

In preliminary tests the change in crack length
determined using Johnson’s relation Eq. (2) is com-
pared to the values measured by fractography and
thereby good agreement is observed. In addition
to the calculated crack length, all specimens are
cracked up after the crack stop, and the end crack
length is measured.

As the conductivity of the wires changes strongly
due to the high temperatures, the absolute voltage
values measured differ considerably from those at
room temperature. Moreover, varying wires, SCrews,
washers, and cross sections cause the voltage to
change. The ratio U/U,, however, remains for a
given crack length the same at all temperatures, so
that Johnson’s formula can always be applied.

2.3. Experimental setup

The tests were performed using a Schenk servo-
hydraulic testing machine with a load capacity of
63 kN. The testing machine is controlled by an
Instron controller of the series §500. For mounting
the specimen fork-shaped specimen holders (clevis)
connected to the rods of the machine are used
whereas the specimen is fixed using two adapted
pins. Load parameters, amplitude, mean value and
frequency are input directly via the Instron opera-
tion board.

For high-temperature tests, a 3-zone furnace with
a heating power of 5kW is used. The furnace is
fixed to the frame of the testing machine and
encloses the specimen. The zones can be controlled
separately by Jumo PID controllers. Thus, the
temperature required can be maintained homoge-
neously distributed. The controlled temperatures
are measured by Ni-NiCo thermocouples that are
attached to the specimen holder and the specimen
itself. In addition a Ni-NiCo thermocouple for
monitoring the specimen temperature is fixed to
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the wide front side of the specimen by welded small
sheet metal plates. The thermocouple is arranged
close to the crack like that it is not reached by the
crack during the test.

For data acquisition an external PC with DASY-
LAB - data acquisition ware — is used. This PC
records the test data needed and stores them. It is
connected to the Instron control system of the test-
ing machine to collect the values for mean and
maximum load. These data only serve for control
purposes so as to ensure that the load and its ampli-
tude are kept constant. Particular attention is paid
to potential measurement data collected from the
nano-voltmeter which are used to calculate the
crack length and in addition to generate a trigger
signal for stopping the testing machine when the
crack has reached a certain length.

2.4. Experimental procedure

After mounting the specimen in the testing
machine an initial crack is created as described in
Section 2.1. To monitor the initial crack, the crack
length is checked constantly using a light optical
microscope. A stroboscope lamp is used as a light
source. Its flashing signal can be set such that its
frequency is close to loading frequency. In this
way, the observer watches the closing and opening
of the crack in slow motion and may pursue crack
propagation. For a better marking of the crack,
the crack and the area around it are blackened by
a felt-tipped pencil. As soon as the initial crack
has reached its desired length, it is stopped by turn-
ing-off the loading. Hence, the specimen is ready for
the test.

The wires of the electric potential measuring
system are connected to the specimen before start-
ing the test. Then, in case of the high-temperature
test, the specimen is heated under load control up
to the test temperature. The test is started applying
a sinusoidal load with a frequency of 30 Hz, a load
range AF and a mean load Fy,.., determined by the
R-ratio of the test R and a AK value leading to a
remarkable crack growth rate

AF . (2+a) % (0.886 +4.640 — 13.320% + 14.720% — 5.6a*)

RN (1-a)”
3)
AF ([14+R
FmeanZT(m> (4)

with « =a/W and B as the specimen thickness.
After a certain amount of crack extension deter-

mined by a predefined increase in the voltage mon-
itored AK and accordingly AF and Fpe.n are
reduced in steps whereas the initial reduction is
the largest, as the crack growth rate is significantly
high. With decreasing crack growth rate, the incre-
ment is decreased as well to prevent a crack stop
by the preceding plastic zone. In each step, a prede-
fined increase in the voltage and thus a crack exten-
sion of approximately the same amount is expected.
This stepwise reduction of crack loading is contin-
ued until the crack is stopped. Under the last cyclic
load after a million load cycles, no crack change
should be measured. Only then is the test com-
pleted. In the meantime, the recorded potential data
are stored in an Excel table with the load and test
parameters being indicated.

Upon completion of the test, the specimen is sub-
jected to cyclic loading until it breaks. The AK value
is the same as during initial cracking. In the tests at
room temperature, the specimen is subjected to
prior heating to a temperature of 300 °C for 3 h to
mark the crack front. After the high-temperature
tests, the specimen is not heated again, but broken
in the cooled state at room temperature. The crack
length of the damaged specimen is measured at 3
points at distances of B/4 each. The average value
from the measurements is compared to the value
determined by the electric potential measurements.

3. Tests and evaluation

Fatigue crack growth tests were performed with
EUROFER 97 CT specimens at RT, 300, 500 and
550 °C, respectively. The influence of the R-ratio
was investigated at each temperature performing
two experiments with R =0.1 and R= 0.5, respec-
tively. The aim of the experiments is the determina-
tion of the fatigue crack threshold AKy,, the relation
between fatigue crack growth rate da/dN and crack
loading AK, and their dependence on the tempera-
ture and R-ratio as well.

The data acquisition during a test delivers for the
different loading steps the crack length versus num-
ber of cycles. Plotting these values for each step a
common behaviour can be recognized. At the begin-
ning of the step the crack starts growing with a
relatively low rate which increases successively with
increasing crack length. The low rate at the begin-
ning can be explained by the fact that the crack
needs to overcome the plastic zone in the front of
the crack tip induced in the previous step with a
loading higher than the current one. Thereafter
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the crack growth will be accelerated by increasing
crack loading (AK) with increasing crack length
(a). However, da/dN and AK are actually not con-
stant during one step, and mean representative val-
ues have to be determined. Therefore, two methods
were analyzed. With the first one a polynomial of
third order is fitted to the crack length versus the
number of cycles values measured within a step.
The polynomial is then used to determine da/dN
and AK versus the number of cycles and thereof
the mean values of the step. The mean value of
the crack growth rate is determined with the second
method — according to the widely used secant
method [9] — simply by the crack growth increment
Aa measured within a step divided by the number of
cycles of the step AN. The mean value of AK is
determined as the average of its values at the begin-
ning and at the end of the step. Since the results of
the second method are more conservative than those
of the first more accurate method we decided to pro-
ceed with the evaluation using the second method.

The mean values for da/dN and AK determined
for all steps of a test are then plotted in a
da/dN — AK-diagram and described by fitting the
following relation

&0 Ak AKG), 5
with 4 and n as material, temperature and R-ratio
dependent parameters. Before performing the fit
the fatigue crack threshold AK, — which is also
dependent on material, temperature and R-ratio —
is identified as the mean value of the minimum AK
with fatigue crack growth and the next lower value
with no fatigue crack growth. 4 and n are deter-
mined by least square fit of the relation (5) to the
experimental values.

4. Results and discussion

Figs. 2 and 3 show the da/dN vs. AK curves
obtained from the tests performed at different tem-
peratures with R=0.1 and R =0.5. The markers
represent the experimental values and the solid lines
illustrate their description fitting Eq. (5) whereas the
values determined thereby for 4 and n are listed
with the values for AKy, in Table 2.

It can be recognized from Fig. 2 that the fatigue
crack threshold AKy; for R=0.1 as expected
decreases when the temperature increases whereas
the fatigue crack rate at higher AK values shows a
non-monotonous dependence on the temperature
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Fig. 2. da/dN vs. AK behaviour at different temperatures in
comparison for R =0.1.
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Fig. 3. da/dN vs. AK behaviour at different temperatures in
comparison for R =0.5.

with the lowest value at 300 °C and the highest
value at 550 °C. The low value at 300 °C can be
explained by stronger crack tip blunting due to
decreased yield stress in comparison to that at RT
(from 546 MPa at RT to 470 MPa at 300 °C [10]).
Creep [11] and oxidation become significant at 500
and 550 °C yielding higher crack growth rate. Creep
causes void formation ahead of the crack tip
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Table 2

Values of fatigue crack threshold AKy;, and the parameters 4 and n in Eq. (5) determined for EUROFER 97 at different temperatures and

R-ratios, respectively

R-ratio Temperature (°C) AKy (MPa /m) A (mm/(cycle (MPa y/m)")) n
0.1 RT 9.02 6.16x107° 0.423
300 7.84 1.95x 1078 2.541
500 7.57 7.44 %1073 0.485
550 6.98 437%x1073 0.027
0.5 RT 4.73 2.86x 1078 2.445
300 5.23 8.42%107% 2211
500 5.15 3.67%x1073 7.97%x 1073
550 4.59 521%x107! 1.413x 107*

promoting crack propagation while oxidation leads
when the brittle oxide layer again and again breaks
not only to additional crack propagation but also to
sharp crack tip which propagates faster than a

blunted crack tip. On the other hand oxide-induced
crack closure discussed in the literature (e.g., [12]),
which however needs sufficient oxidation rates,
seems not to play a significant role than the other

Fig. 4. Scanning electron microscopy image of crack surface with oxide layer. The white line marks the crack front, A and B mark the

areas with thin and thick oxide layer, respectively.
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effects discussed before probably because of the
reduced oxidation capability of EUROFER 97 in
comparison to other steels showing significant
oxide-induced crack closure effect.

For R=0.5, a non-monotonous dependence of
the fatigue crack rate on the temperature has not
been observed at AK values higher than the
fatigue crack threshold and lower than approx.
15 MPa m® like for R = 0.1 (see Fig. 3). This can
be explained by the fact that in this AK range the
accumulation of inelastic deformation under cyclic
loading is smaller for the higher R-ratio resulting
in reduced crack tip blunting and lower effect on
fatigue crack growth and its dependence on temper-
ature. In the range of high AK values (higher than
15 MPa m*) the lowest fatigue crack growth rates
are obtained at 500 °C due to stronger crack tip
blunting caused by creep and plastic deformation
under high K values, which are within a cycle for
a given AK higher than those for R=0.1
(Kmax = AK/(1 — R)). This would explain why for
R=0.1 the 500 °C curve does not cross the RT
curve in the high AK range like it does for R =0.5
(cf. Fig. 2 with Fig. 3). However, for R=0.5 the
dependence of the fatigue crack growth rate on

the temperature is not as high as it is for R =0.1
and the fatigue crack threshold depends insignifi-
cantly on the temperature.

The values of AKy;, obtained at room temperature
(RT) and different R-ratios, see Table 2, fit fairly
well in the range identified by Liaw et al. for Fe
alloys at RT [13]. In addition, the values determined
for the exponent n (see Table 2) at RT and 300 °C
correspond well with the value of 2 cited in the liter-
ature [14]. However, the values of n at 500 and
550 °C are much lower which implies a lower
increase of the crack growth rate when increasing
AK. This might be explained by the fact that inelas-
tic deformation particularly creep at these tempera-
tures consumes a significant part of the increase
in the deformation energy when increasing AK.
Accordingly the increase of the crack driving force
and crack growth rate are lower.

The investigations by light microscopy and scan-
ning electron microscopy (SEM) clearly show the
temperature influence on the specimens. Along the
entire crack, the surface of the crack exhibits a thick
oxide layer (see Fig. 4). Only in the area of about
20 um behind the crack tip does the thickness of the
oxide layer decrease. However, it still extends to the

Fig. 5. Light microscopy image showing exemplary the transcrystalline fatigue crack growth observed.
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crack tip in a thinner layer. The entire surface is den-
sely covered, such that the structure of the crack pat-
tern is not visible in the high-temperature specimens.
It may be assumed that oxidation during crack
growth extends up to the crack tip, where it influences
the crack propagation behaviour. With decreasing
crack rates due to the smaller load amplitudes, the
oxidation processes gain importance as far as the slip
activities close to the crack tip are concerned.

The etched grindings of the lateral surface of the
crack reveal the crack behaviour in the microstruc-
ture. It is clearly visible how the crack intersects
the grains in a transcrystalline manner and eventu-
ally stops at the grain boundary (see Fig. 5). In no
area of the crack length can an intercrystalline
geometry of the crack be seen. Even the crack start
is transcrystalline. Hence, it is clear that the pile-up
of dislocations at grain boundaries and the associ-
ated increase in the stress are not sufficient to break
up the grain boundaries. Crack resistance inside the
grains always is smaller than at the grain bound-
aries, even in the high-temperature tests. Conse-
quently, it may be assumed that EUROFER 97
tends to crack in a transcrystalline manner under
the load amplitudes applied.

5. Conclusions

The fatigue crack behaviour in EUROFER 97
and its dependences on temperature and R-ratio
have been characterized. Important properties have
been determined required for the assessment of
cracks in cyclically loaded structures built from this
material. However, specific observed phenomena,
particularly the non-monotonous dependence of
fatigue crack growth rate on temperature for low
R-ratio or high AK values might need additional
investigations to verify the made explanations. With
regard to applications in future fusion power plants
similar fatigue crack growth experiments on irradi-
ated EUROFER 97 are necessary in order to inves-
tigate irradiation effects like damage and irradiation
induced hardening in addition.
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