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ABSTRACT

The 9Cr steels EUROFER and F82H-mod are the candidate materials for future fusion reactors. The exten-
sion of the operation limits including temperature, strength and toughness are still the scope of ongoing
research. In a pulsed reactor operation, fatigue lifetime is one of the major properties for the steels. While
the oxide dispersion strengthened EUROFER-ODS variant showed significant improvements in this area,
the production costs and availability of large quantities of materials drastically limits its applications.

In the present study, different surface nitriding treatments of EUROFER972 have been performed and
the impact on microstructure, dynamic fracture toughness and high temperature fatigue has been anal-
ysed. Four different states of EUROFER including different heat treatments, nitriding of the surface and
the ODS variant are tested and compared in this work.

Low cycle fatigue tests show the improvements after certain treatments. Charpy impact tests and
microstructural investigation by scanning electron microscopy and analytical transmission electron mi-
croscopy are also performed to compare the materials against the reference (EUROFER97).

While conventional gas nitriding showed no beneficial effect on the material, the Hard-Inox-P treat-
ment showed a significant improvement in the cycles to failure while retaining an acceptable toughness.
Microstructural investigations showed the presence of very small chromium- and nitrogen-rich precipi-
tates in the area close to the surface.

© 2017 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY license. (http://creativecommons.org/licenses/by/4.0/)

Introduction

Advanced breeding concepts demand for an extension of the
temperature range from 350 °C-550 °C (conventional EUROFER97)

9Cr reduced activation ferritic martensitic steels (RAFM) are
foreseen as the main structural steels for future fusion reactors be-
yond ITER. Development of these classes of materials started in the
early to mid-1990s across several research associations in Europe,
Japan and in the United States of America. Inspired by the class
of 9Cr steels such as grade P91 and P92 used in conventional and
nuclear fission applications, the materials were developed towards
low activation and high irradiation tolerance under neutron irradi-
ation [1-5]. EUROFER97 and its variants have been heavily investi-
gated in the recent years. This has led to the availability of a large
set of properties which includes code qualified data for a EU RAFM
database with multiple records for tensile, impact, fracture tough-
ness and fatigue lifetime [6].
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to 350°C-650°C. These requirements lead to the fabrication of
the oxide dispersion strengthened (ODS) variant of EUROFER97 [7].
Fine dispersed Y,03 particles inside the matrix increase strength
and creep resistance but lead to a loss in fracture toughness [8].
The fatigue properties also benefit from the strengthening ODS
particles. The cyclic stresses nearly double compared to conven-
tional EUROFER97 while the cyclic softening is suppressed. The
cycles to failure is also shifted to higher numbers [9,10]. Gener-
ally the literature data on fatigue of 9Cr ODS steels are scarce and
would benefit from more experiments for a more thorough inves-
tigation of the underlying mechanisms [9-11]. The initial fatigue
results on ODS steels indicate already [10] that at lower strain
amplitudes the dislocations are no longer able to overcome the
nanoscaled ODS particles. Consequently, the mean free path of dis-
locations is strongly reduced and the formation of sufficiently long
in- and extrusions that become later nanocracks at the surface,
is strongly retarded. Much longer fatigue lifetimes are the natural
consequence.

2352-1791/© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license. (http://creativecommons.org/licenses/by/4.0/)
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From these findings it may also be derived more generally that
the goal to increase the fatigue life-time could in principle be sat-
isfied by the condition to increase substantially the density of any
stable small obstacles on the glide planes of dislocations. There-
fore, the major attempt of the present investigation was to validate
whether nitride particles introduced into the surface of cast steels
could provide also a remarkable increase of the fatigue lifetime. An
eventual (partly) substitution of ODS steels by an alternative tech-
nology would be very beneficial as the fabrication process of high
quality ODS steels is complex and the overall availability of large
quantities of materials is limited.

The nitriding of steel is a state-of-the-art technique to modify
and harden the surfaces for improved wear resistance, corrosion
resistance and fatigue lifetime [12,13]. It is especially common for
high-alloyed austenitic steels where martensitic hardening of the
outer layers is not possible. Studies which applied hardening sur-
face treatments (diamond-like-carbon layer) observed an increase
in fatigue lifetime due to the comprehensive stresses in the crack
initiation zone caused by the hardened outer layer in constant am-
plitude loading [14]. In addition, if applied accordingly, the nitrid-
ing treatments are capable of producing nanoscaled intermetallic
phases (chromium-nitride). Such chromium and nitrogen rich pre-
cipitates may work as crack arrestor for micro cracks in the early
stages of the fatigue [15]. The existence and geometry of these
small cracks are the dominant factor for fatigue damage and they
are more important than other microstructural properties such as
dislocation structure or overall fracture toughness [16].

The need for extended operation windows for EUROFER97 and
the downsides of the ODS materials motivated the present work.
Nitriding of the surfaces of finished and semi-finished parts of
RAFM steels may give rise to a compromise of the two classes of
materials. The authors intend to demonstrate the potential of the
surface treatments to significantly improve fatigue lifetime with
only minor sacrifices to other properties. All measured effects of
the nitriding layer on mechanical and microstructural properties
will be compared against EUROFER97 and EUROFER-ODS.

Experimental details
Material

In this study four different surface and heat treatment condi-
tions were examined (two pure heat treatments and two nitriding
processes). The base material of each of these conditions was the
heat 993402 of the European reference steel for fusion applications
EUROFER97-2. The chemical composition of this batch is 8.89% Cr,
0.18% V, 1.06% W, 0.53% Mn, 0.15% Ta, 0.037% N and 0.096% C (in
wt.%). The investigation of the reference material is listed in [17].

The requirement of a rapid radioactive decay behavior does not
allow the use of some elements such as nickel, cobalt and molyb-
denum which are common in conventional high-temperature ma-
terials. These have to be substituted by elements which satisfy the
requirements regarding the mechanical properties and do not de-
grade the decay noticeably. After a period of 100 years after the
end of irradiation, nitrogen significantly influences the activity of
RAFM steels by the decay of C, which is formed by neutron irra-
diation. However, the influence on the equivalent dose is negligi-
bly small in the case of nitrogen contents present in the materials
treated within this work, since the proportion of energy to be re-
leased per decay, in contrast to other elements, is very small.

A chromium content of about 9% allows martensitic harden-
ing without leading to segregations at longer exposure times at
high temperatures. Vanadium and tantalum form high tempera-
ture resistant precipitates (carbides and nitrides) that inhibit prior
austenite grain growth and increase the high temperature strength.
The proportion of 1% tungsten is a compromise between increased

strength on the one hand and the breeding ratio of the blanket and
acceptable toughness values on the other hand [7,18].

Table 1 lists the finally applied heat treatments and nitriding
processes which were investigated in this work.

The two selected heat treatments were chosen according to dif-
ferent characteristics. HT1 should have increased strength while
the focus of HT2 is on high ductility and toughness. The high
austenitizing temperature was chosen to increase creep strength.

The aim of the two nitriding processes (gas nitriding and Hard-
Inox-P) is to improve mechanical properties such as strength and
fatigue behavior without losing ductility. For nitriding, the sam-
ples were sent to Gerster (Egerkingen, CH) in a quenched and tem-
pered condition. Here the first method was gas nitriding. At a tem-
perature of 550 °C the samples were exposed to a nitrogen envi-
ronment (N, and NH3 with the nitriding potential N, =3) for 36
hours. Subsequent cooling also took place in nitrogen atmosphere.
The following annealing at 750 °C in vacuum ensures comparabil-
ity with other states. A further discussion of the materials in this
state is omitted, since all characteristic properties remain signifi-
cantly behind those of the reference material. The second method
was the Hard-Inox-P method, which is a proprietary nitriding pro-
cess from the portfolio of the company Gerster [19]. In this case,
high-temperature nitriding is performed at 1050 °C for a period of
one hour in a vacuum furnace under a nitrogen partial pressure of
500 mbar. Quenching under nitrogen atmosphere to —80°C and a
freezing of one hour at that temperature is followed by a final heat
treatment at a temperature of 750 °C in vacuum.

For an approximate determination of the nitrogen content af-
ter the Hard-Inox-P method, the phase diagram shown in Fig. 1
was calculated using the Thermocalc database TCFe7. The expected
components in the equilibrium state are plotted as a function of
the nitrogen content. This may give insight on the phases, which
could form during the process. The mass fraction of nitrogen is ap-
proximately 0.3% for the above-mentioned process parameters of
the Hard-Inox-P process (1050 °C, 500 mbar). Given the fact that
the phase diagram is only valid for equilibrium conditions, these
concentrations may only be applicable for the boundary layers.

The chemical composition of EUROFER ODS steel is slightly dif-
ferent from that of the other samples. The following elements were
alloyed to iron: 8.9% Cr, 1.1% W, 0.2% V, 0.14% Ta, 0.42% Mn, 0.06%
Si, 0.11% C. The mechanical alloying with Y,03 was realized by
an industrial ball milling at PLANSEE SE, Reute, Austria. The two
examined ODS steels differ in their content of oxide particles of
0.3wt.% and 0.5wt.% [7,8]. Subsequently, the powder was molded
by hot isostatic pressing into bars with a diameter of 60 mm and a
length of 300 mm.

Testing program

The mechanical testing program comprised fatigue tests, Charpy
impact tests and Vickers hardness measurements for the character-
ization of the surface layer.

The fatigue tests were performed on two universal testing ma-
chines under vacuum (<4 x 10~ mbar). The strain rate in all ex-
periments was & =0.1%/s. Dwell time at the reversal points of the
loading cycles was half a second. Monitoring of the test tempera-
ture of 550 °C was carried out at three points to ensure a homo-
geneous temperature distribution. The test was stopped at a stress
level lower than 30% compared to the first cycle.

Hardness measurement of the surface layer with HV0.1 was
required to characterize the surface layer of the nitrided sam-
ples. The measurements were carried out and evaluated by an in-
strumented hardness testing machine. The impact tests were con-
ducted by an instrumented Charpy machine with an automated
sample tempering and loading mechanism.
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Table 1
Investigated heat treatments.
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Designation Heat treatment
Previous treatment/austenitization Tempering
T (°C) t (min) T (°C) t (min)
Reference material 980 30 760 90
Heat treatment 1 (HT1) 1150 30 700 120
Heat treatment 2 (HT2) 1150 30 750 120
Gas nitriding HT1 Nitriding (550°C/36h) & 750 120
Hard-Inox-P Hard-Inox-P (1050 °C/1h) 750 120
ODS-EUROFER [7] Hot isostatic pressing
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Fig. 1. Phase diagram of EUROFER i

For the fatigue tests SSCS (small size cylindrical specimen) were
used [20]. The cylindrical sample geometry with a diameter of
2mm and a gauge length of 7.6 mm was originally designed for use
in IFMIF (International Fusion Materials Irradiation Facility). The
comparability of the results with standard samples was validated
by various material models in finite element calculations [21] (see
[20]). To have a greater resistance to crack initiation, the surface

0.4

06 0.8

mass% N

1.0

n dependence of the nitrogen content.

of the LCF samples were ground in axial direction to an average
roughness R; of 0.262 +0.033 pm.

The geometry of the KLST Charpy impact test specimens is
specified in the standard DIN50115 [22]. The length of the sam-
ple is 27 mm, the cross-section measures 3 mmx4 mm. The notch
angle is 60° with a depth of 1mm and a radius of 0.1 mm. The
samples were machined in L-S direction.
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Fig. 2. Endurance of EUROFER 97 at 550 °C for different heat and surface conditions.

The microscopic studies were performed of the cross sections of
the tested KLST samples and of the LCF longitudinal sections. For
scanning electron microscopy both the SEM "XL30 ESEM" with a
LaB6 cathode FEI and the Zeiss "Merlin" with a field emission gun
were used. For the chemical analysis of the boundary layer regions
an EDAX Trident systems consisting of an Octane Super SDD EDS
detector and a LEXS WDS detector was utilized. The preparation
steps included mechanical grinding and polishing up to a mirror
finish and a brief etching with a mixture of 400 ml ethanol, 50 ml
nitric acid, 50 ml hydrochloric acid and 5gr picric acid. A FEI Tec-
nai F20 transmission electron microscope (TEM) with a field emis-
sion gun operating at 200kV and an EDS detector was used for the
materials characterization on nanoscale level. A specimen for TEM
characterization was prepared using lift-out lamella produced on a
Cross Beam Workstation (FIB-SEM), ZEISS Auriga. The area investi-
gated by TEM had a distance of 10pum from the sample surface.

Results and discussion
Fatigue tests at 550 °C

To describe the number of cycles to failure the evaluation of
fatigue tests according to Manson, Coffin and Basquin was chosen
(formula (1)). The elastic and plastic characteristics at 0.5 Ny were
evaluated to determine the parameters.

o, )
Agy = Ase + Agp = ff(zzvf)b+ £F(2Ny)" (1)

The elastic component of the equation consists of the fatigue
strength coefficient af’, the Young’'s modulus E and the fatigue
strength exponent b. The cyclical ductility coefficient s’f and the
cyclic ductility exponent ¢ describe the plastic part. The number of
cycles to failure is denoted by Ny.

Fig. 2 shows the number of load cycles to failure depending on
the applied load. In addition to the heat treated and nitrided EU-
ROFER samples, the results of Tavassoli [23] and the ODS variant
of EUROFER are presented. Obviously, there is an increase in the
life time compared to the values of Tavassoli who has summarized

many fatigue tests on EUROFER in a temperature range from 500 °C
to 550 °C from various research institutions for code qualification.
When applying a lower tempering temperature, service lifetime
is prolonged for all tested strain amplitudes. Thus, for heat treat-
ment 1, the average lifetime is extended by a factor of 1.7 for re-
lated strain levels compared to heat treatment 2. The largest life
extension could be achieved with the Hard-Inox-P treatment at
low total strain amplitudes. This behavior is caused by fine precip-
itates in the near surface area, which pin small microcracks. How-
ever, for larger loads these precipitates can act as micro notches
which promote the damage caused by cyclic loading. The same be-
havior is shown by the two ODS steels, which again show an in-
crease in life time compared to the Hard-Inox-P treated samples
for low loads. The higher the proportion of yttrium, the more pro-
nounced is this behavior. The increase in lifetime of the two alloys
with HT1 and HT2 compared to the Tavassoli data can possibly be
explained by a hardness increase in the matrix which inhibits crack
initiation. Also, the summarized literature data on EUROFER fatigue
are averaged and represent a conservative image of the lifetime.

Cyclic softening

Fig. 3 shows the softening behaviour of EUROFER in the initial
state, after Hard-Inox-P treatment and with ODS particles at a total
elongation of 0.7%.

The results of [24-26] show that after about 100 cycles the soft-
ening coefficient is independent of the applied strain amplitude of
EUROFER. This behavior was only observed by the authors after
the second heat treatment at 500 cycles and at the Hard-Inox-P
Method after 1000 cycles. The description of the cyclic softening
can be presented by formula (2):
op=A-N—° (2)

Here o4 is the stress amplitude, A is a constant, N is the con-
sidered cycle and s the cyclic softening coefficient.

Marmy and Kruml [24] and Armas et al. [25] studied LCF tests
of EUROFER at a test temperature of 550 °C resulting in the cyclic

softening coefficients of 0.0485 and 0.077. The softening coeffi-
cients of HT2 with an average of 0.0550 and the Hard-Inox-P
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Table 2 Charpy impact tests

Softening coefficient depending on the total
strain amplitude.

Total strain range (%)  Softening coefficient

0,5 0,0382
0,6 0,0475
0,7 0,0543
08 0,0603
09 0,0607

treated samples with an average of 0.0582 are also in this interval.
The softening behavior of the first heat treatment depends signifi-
cantly on the load as can be seen in Table 2.

The two EUROFER ODS steels do also not follow this law as can
be seen in Fig. 3. While the softening is barely recognizable at an
oxide content of 0.3%, no softening takes place at a higher oxide
content of 0.5%.

A similar good softening behavior could not be achieved by the
Hard-Inox-P process. Although the stress drop is not as intense as
in the comparative sample, it is more pronounced in case of the
ODS steels.

Hardness measurement

The hardness of the reference material was examined by
[17] and is 220HV30. In contrast to expectations and manufac-
turer’s instructions [19] no hardness increase in boundary layer re-
lated areas could be measured for the nitration Hard-Inox-P. Irre-
spective of the distance to the specimen surface the hardness was
at 221 HVO0.1. The average hardness after the first heat treatment
was considerably higher with 316 HVO.1, the second heat treat-
ment showed a hardness value of 252 HVO0.1. The divergence be-
tween the hardness values of the two heat treatments can be ex-
plained by the different tempering temperature and has frequently
been investigated [17]. The even lower hardness of the Hard-Inox-P
treated samples may result from the lower austenitizing tempera-
ture.

The characteristics of the dynamic fracture toughness are given
in Fig. 4. In addition to the first heat treatment and the Hard-Inox-
P treated samples, the reference curve of EUROFER after a heat
treatment of 980 °C and 760 °C (similar to HT2), as well as two dif-
ferent ODS alloys are shown. The determination of the DBTT was
carried out by fitting the individual measurements with hyperbolic
tangent curve according to the formula:

(3)

K= a+b*tanh<T;T°>

Here K describes the impact energy, a is the mean and b is half
the distance between USE (Upper Shelf Energy) and LSE (Lower
Shelf Energy). Ty indicates the transition temperature and c the
temperature ranges of transition. The determination of the param-
eters of this approach was carried out with a least squares fit.
Table 3 shows the determined DBTT of all experiments:

The DBTT of conventional EUROFER is adjustable just by a dif-
ferent heat treatment in a range from -120 °C to 51 °C. Similar re-
sults were found in the work by [27] with a slightly lower DBBT
shift of 100 K. Similarly, the upper shelf energy (USE) is reduced by
10% after tempering at a lower temperature. In addition, the transi-
tion area between USE and lower shelf energy has been increased
by tempering at a lower temperature.

By applying Hard-Inox-P process, the transition temperature
shifts by 40K to —81 °C influenced by the nanoscale precipitates in
the surface layer, which will be described later. This method nar-
rows the transition region. This leads to a similar behaviour as the
reference batch 993402. The DBTT of the two ODS EUROFER steels
resembles that of the first heat treatment, but showing a lower
maximum impact energy. Consequently, at a low tempering tem-
perature EUROFER loses significantly in toughness. The nanoscale
particles in EUROFER-ODS deteriorate the resistance to dynamic
stress. Treating the samples with the Hard-Inox-P method leads to
only a slight displacement of the DBTT.
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Table 3
DBTT of the tested conditions.
EUROFER 980/760 EUROFER Hard EUROFER 0ODS 0,3% ODS 0,5%
(Reference) -Inox-P 1150/700 (HT1) Y,03 Y,04
To (°C) -120 -81 51 103 124

a) EUROFER

Microscopy

The difference of the surface finish by Hard-Inox-P treatment
is documented in the electron micrographs in Fig. 5. The surface of
the initial EUROER material after longitudinal polish shows distinct
grinding marks in the longitudinal direction (a) while the Hard-
Inox-P method (b) reduces the severity of the scratches. Instead,
small bright tiles in different density arrays decorate the surface.
The roughness was slightly improved by nitriding, as roughness
measurements showed.

b) Hard-Inox-P

Fig. 5. Image of the surface to characterize the influence of the Hard-Inox-P process.

The prior austenite grain boundaries cannot be seen in the
micrograph of the sample with Hard-Inox-P treatment. Instead,
martensitic laths are dispersed and unstructured over the en-
tire cross-sectional area as the optical micrograph in Fig. 6(a)
documents. To answer the question of the effect of the high-
temperature nitrogen method on the structure of the surface layer,
the other images at higher magnifications give an insight. The
recording with a magnification of 1500x by a secondary electron
detector are shown in Fig. 6(b). The lath structure of the martensite
can still be recognized in the form of many distributed precipitates
near the surface. The two images 6(c) and (d) are taken with the
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Fig. 6. Microstructure of the boundary layer of EUROFER after Hard-Inox-P treatment.

InLens detector and have a variety of finely dispersed, nanoscale
precipitates with platelet and rod structure on the surface of the
metallographic cut. Besides some larger precipitations, diverse pre-
cipitates less than 50 nm are visible. The penetration depth of the
smallest precipitates was determined by further micrographs with
increasing margin to about 100 pm.

To better determine the distribution of elements in the edge re-
gion, the energy-dispersive x-ray spectroscopy (EDS) was used. For
the determination of the nitrogen distribution over the edge of the
sample the wavelength dispersive X-ray spectroscopy (WDS) was
applied, which has a higher detection sensitivity than the energy-
dispersive X-ray spectroscopy. Fig. 7 indicates that after the Hard-
Inox-P treatment boundary layers show a lower concentration of
iron (a) associated with the establishment of higher chromium
content (c). A correlation of the nitrogen distribution and the
chromium precipitates cannot be made on the basis of these mea-
surements as the comparison of images (b) and (c) illustrates. A
noticeable local increase of the nitrogen content is not apparent
from the WDS measurement. However, very finely divided rashes
based on small white and gray dots especially in the boundary area
are visible. This implies that the above-described nanoscale precip-
itates are mainly nitrides and that the measurement of carbon in
the entire edge area did not exceed the detection sensitivity.

The nitrogen influence on formation of precipitates was stud-
ied using 2-dimensional EDX elemental mapping (Fig. 8) in TEM.
The distribution of all relevant compositional elements is shown
in the maps (b-g). Two different kind of precipitates were de-
tected in total: a Cr-rich M,3Cg phase with (Cr,Fe,V),3(C,N)g com-
position and a MN phase with (V,Ta)N composition. Remarkable is

that N is present in all precipitates. The size of the M»3Cg parti-
cles (100-250 nm) is larger than in EUROFER97 without N addition
[12]. Their distribution is well visible in the Cr map, part (c). The
MN phase is well visible in the Ta map (e), because Ta is not con-
tained in the My3Cg particles. This phase was detected as pure ni-
tride. The presence TaC phase, which is typical for EUROFER97, was
not detected.

Conclusions

The mechanical characteristics of EUROFER may be varied by
heat treatment within a broad range as shown by the comparison
above. The material of the heat treatment 1 (HT1) with a temper-
ing temperature of 700 °C is stronger and harder as the mechanical
tests show. The toughness decreases substantially as the increase
in DBTT demonstrates. Life expectancy increases in contrast.

The second heat treatment with a tempering temperature of
750 °C has a lower time to failure and a lower hardness. However,
the DBTT is below —100 °C, as the Charpy impact tests show for a
similar heat treatment.

The two ODS steels show an additional lifetime increase for
smaller loads and nearly no softening at all. Though as the ODS
particle fraction increases, the lifetime for smaller loads (below
0.8%) and the resistance to softening are increased. In contrast, a
higher proportion of particles has a negative effect on the dynamic
cracking toughness as shown by the Charpy impact tests. A solu-
tion that combines both advantages has not yet been found even if
an approximation could be achieved [7,8].
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Fig. 7. Chemical analysis of the boundary layer after Hard-Inox-P treatment.

Fig. 8. Analytical investigations of precipitates in N-rich region. The dark field image shows an investigated area (a), and Fe, Cr, V, Ta, C and N 2-dimensional elemental

maps are presented in parts (b-g).

The high temperature nitriding process Hard-Inox-P demon-
strates a longer lifetime in particular at low loads (0.5%) in com-
parison to the two heat treatments and an acceptable loss in frac-
ture toughness towards the reference material. The strength is in-
creased slightly with a DBTT shift of 40K. Furthermore, SEM and
TEM images show the formation of M,3Cs and fine MN precip-
itations, which may be responsible for the positive influence on

the mechanical characteristic values. The advantage of Hard-Inox-P
compared to ODS steels lies in the manufacturing. The Hard-Inox-P
method is already state of the art as well as significantly cheaper
and simpler. Thus, this procedure is promising for future fusion ap-
plications.

For EUROFER, with the chosen process parameters and sample
geometry, gas nitriding is unsuitable for the requirements of dura-
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bility and toughness. Whether an adjustment of these variables has
the desired effect can be doubted about due to the large discrep-
ancy to the reference samples.

Parameter variations of partial pressure, time and temperature
profile have to be examined in a next step in order to evaluate the
potential of the high temperature nitriding. An extension of the
mechanical tests by creep and fatigue tests increases the statisti-
cal significance and provides information on further requirements
for high-temperature materials in particular in the area of fusion
power plants.
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