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Abstract 

EUROFER 97 – the European reference material for the first wall of a DEMO fusion reactor – 
was produced as 3.5 t batch of rods and plates. Following the history of the development 
activities from conventional martensitic 12 % Cr steel, MANET and OPTIFER up to the low or 
reduced activation (RAFM) EUROFER steel, results obtained from experiments on speci-
mens from rods (Ø 100 mm) and plates (14 mm) are presented for a basic characterization. 
Physical and mechanical properties are compared with those of OPTIFER-1W and the F82H-
mod 2% W steel. 

The transition behaviour was determined by plotting a continuous TTT (time temperature 
transition) diagram. In addition, extension coefficients were determined from room tempera-
ture up to 1000 °C. 

Hardening tests at temperatures from 850 °C to 1120 °C illustrated the range of maximum 
hardness as well as grain size development. Tempering tests and additional annealing ex-
periments from 300 °C to 875 °C allowed characterizing tempering behaviour and stability. 

Charpy properties were examined for various heat treatments and specimen types between 
60 °C and -100 °C. Further, ductility criteria like FATT, DBTT and 68 J were determined. Par-
ticular attention was paid to the influence of grain size and O2 content. 

Tensile strength was measured for several heat treatments between room temperature and 
700 °C.  

Long-term ageing was investigated by means of stabilization annealing experiments. These 
were carried out with various temperature/time combinations including tensile tests. In EU-
ROFER tensile strength was hardly affected by the different heat treatments while the ductil-
ity criteria showed only a moderate increase in temperature. Therefore, it can be concluded 
that EUROFER is not susceptible to ageing. 

Creep and creep rupture properties were investigated in the temperature range of 450 °C to 
650 °C. So far, creep times of up to 15000 h have been covered by the experiments. The 
status of the test program allows for an extrapolation of the 1 % yield limits and times to rup-
ture to a period of 20000 h. Creep behaviour and stress exponents can be determined relia-
bly for the experimental stress range. However, for the design relevant low stress range 
(= 100 MPa) up to 550 °C creep data are still lacking. 

Therefore, special creep tests at 500 °C and 550 °C were started in 2001. They are aimed at 
the experimental determination of design relevant yield limits (0.01-1%) and minimum creep 
rate behaviour.  
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EUROFER 97: Zug-, Kerbschlag-, Kriechversuche und Strukturuntersuchungen 

 

Zusammenfassung 

Der europäische Referenzwerkstoff EUROFER für die Erste Wand eines DEMO-
Fusionsreaktors ist als 3,5 t-Charge in verschiedenen Halbzeugabmessungen hergestellt 
worden. Nach dem historischen Vorspann über die Entwicklungslinie vom konventionellen 
martensitischen 12% Cr-Stahl über MANET und OPTIFER zum reduziert-aktivierenden EU-
ROFER, werden die Ergebnisse der Versuche an 2 Halbzeugabmessungen (∅100 mm und 
14 mm Blech) zur Basis-Charakterisierung beschrieben. Die physikalischen und mechani-
schen Eigenschaften werden mit denen von OPTIFER-1W und dem 2%W-Stahl F82H-mod 
verglichen. 

Zur Klärung des Umwandlungsverhaltens wurde ein kontinuierliches Zeit-Temperatur-
Umwandlungsschaubild erstellt und die Ausdehnungskoeffizienten für RT-1000°C bestimmt. 
Härteversuche im Temperaturbereich 850-1120°C zeigen den Bereich der maximalen Härte-
annahme und die Korngrößenentwicklung. Anlassversuche und zusätzliche Glühversuche im 
T-Bereich 300-875°C geben Aufschluss über das Anlassverhalten und die zusätzlichen 
Glühversuche über die Anlassbeständigkeit. Das Kerbschlagzähigkeitsverhalten wird für ver-
schiedene Vergütungszustände und Proben aus 2 verschiedenen Halbzeugen für den Prüf-
temperaturbereich +60 bis -100°C beschrieben und die Duktilitätskriterien FATT-DBTT-68 J 
bestimmt. Auf den Einfluss der Korngröße und des O2-Gehaltes wird besonders hingewie-
sen. Die Zugfestigkeitseigenschaften für verschiedene Vergütungszustände wurden im Prüf-
temperaturbereich RT-700°C bestimmt.  

Das Alterungsverhalten der Vergütungsstruktur, infolge langzeitiger Temperatureinwirkung, 
wurde durch Stabilisierungsglühungen mit verschiedenen T/t-Kombinationen auf die Zugfes-
tigkeitseigenschaften untersucht. EUROFER zeigt bei den Zugfestigkeitseigenschaften prak-
tisch kaum einen Einfluss der Glühbehandlungen und bei den Kerbschlagzähigkeitseigen-
schaften nur eine moderate Erhöhung der Temperaturen für die Zähigkeitskriterien, d.h., 
EUROFER ist nicht alterungsanfällig. 

Das Zeitstandfestigkeits- und Kriechverhalten wird im T-Bereich 450-650°C untersucht, und 
bisher ist der Versuchszeitraum bis rd. 15000 h experimentell abgedeckt. Der bisherige 
Stand des Versuchsprogramms erlaubt die Festlegung der Mindestwerte für die 1% Zeit-
Dehngrenzen und die Zeitstandfestigkeit für 20000 h Einsatzzeit. Das Kriechverhalten mit 
dem daraus abgeleiteten Spannungsexponenten kann für den experimentell abgedeckten 
Spannungsbereich sicher angegeben werden. 
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1 Introduction 

Materials development is one of the technological key topics for the realization of future fu-
sion reactors. In particular, first wall materials with low activation potential, high temperature 
and corrosion resistance as well as insensitivity for neutron irradiation are of highest interest 
[1, 2]. Due to their chemical composition such low or reduced activation alloys show much 
faster deactivation behaviour after operation (decrease of irradiation rate [Sv/h] and decay 
heat [W/kg]). For the nuclear waste management this is of particular significance because 
the major part of radioactivity comes from structural materials (helium as product of nuclear 
fusion is not radioactive). Therefore, environmental and security criteria have a high priority 
[3]. 

Activation calculations have shown that in principle different metals could be used as base 
for low activation alloys like, for example, V, Cr, Ti, Fe. But beside low activation aspects also 
physical and mechanical properties as well as production and processing technology are of 
decisive significance. So the short time till realization of ITER allows only for iron base alloys, 
i.e. martensitic 8-11 % CrWVTa steels, for the use as structural material [4]. 

With the development of EUROFER as European reference material for a future DEMO reac-
tor a major milestone has been reached. Therefore, it seems to be appropriate to give an 
overview of the different developmental steps that led to EUROFER 97. 

 

2 History 

Development of the low activation alloys started from the high temperature 12 % Cr steels. 
For decades they had been applied in the construction of conventional plants, power plants, 
and turbines. Consequently, their production and processing technology was well established 
[5-10] contrary to the longer-term development of vanadium based alloys, for instance. 

In 1965, development activities of the Forschungszentrum Karslruhe / Institute for Materials 
Research (FZK / IMF) started with the Nb-free steel 1.4922 used in plant construction and 
the Nb-stabilized 1.4914 used for aircraft engines [11]. Within the fast breeder project, a 
modified version of the 1.4914 steel with improved toughness was developed for use as fuel 
element wrapper after various problems had been dealt with and solved (Fig. 1, stage I). This 
line of development is presented in detail in [12-14]. 

In a next step, a potential first-wall alloy was developed for the planned Next European Torus 
(NET) facility within the framework of the nuclear fusion project. This material was referred to 
as MANET (Martensite for NET) (see Fig. 1, stage II) [15-21]. By optimizing the chemical 
composition, high-temperature stability and transition behaviour were improved. At the same 
time, the embrittlement behaviour was more favourable due to a finer grain. New findings 
with respect to the N/Al ratio resulted in a δ-ferrite free, more stable structure, optimized pre-
cipitation behaviour, and improved creep toughness [22-25]. 
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Based on this experience, the first, so-called low-activation alloys CeTa and TaHf were pro-
duced in 1986. For these, the alloying elements with long decay times due to high activation 
by neutron irradiation (Nb, Mo, Ni, Al) had been substituted by Ta, W, and Ce [4b, 26]. The 
alloys were specified along the lines of international development programs. A variety of 
CrMnWVNTa experimental alloys (LA series) had already been produced and tested in par-
ticular by the Culham Laboratory / British Steel, UK [27, 28]. 

The specification of the alloys was based on activation calculations which, at that time, were 
characterized by contradictions regarding element activation due to different spectra, compu-
tation methods, and nuclear data libraries. In some cases, for example, only simple neutron 
induced collision processes were taken into account. Only with the introduction of sequential 
reactions by S. Cierjacks [29-32], their international acceptance [4b] and further adaptation 
efforts well founded project related statements could be made with respect to the element 
and alloys activation. So generally accepted decay curves could be plotted, as shown by the 
three examples in Fig. 2 [33, 34]. As a consequence, several alloying elements were rejected 
or limited (Hf, Ta, W) and new upper limits were obtained for all radiologically undesired 
tramp elements. Part of these limits is found to be in the ppm and sub-ppm range and cannot 
yet be achieved metallurgically and ananlytically. This is the reason why this stage of devel-
opment is also referred to as reduced activation (RAFM = Reduced Activation Martensitic) 
steels. 

With this guidelines, the development line of the OPTIFER (Optimized Ferrite) alloys started 
at FZK in 1992 within the framework of the European Long-term Programme [35-37] (Fig. 1, 
stage III). The OPTIFER alloys are 9.5 % Cr-Mn-V-Ta steels with 1 % W or W free variants 
with germanium [38] (Table 1). 

Parallel to the work on OPTIFER, a Japanese version of an 8 % Cr-Mn-V steel with 2 % W 
has been investigated since 1994. This RAFM steel, called F82H-mod, was produced as a 
batch of 5 tons by JAERI / NKK and made available as plate material by IEA to European 
laboratories for joint examinations (round robin tests) [39]. 

Based on the physical, mechanical, and structural data obtained for OPTIFER and F82H-
mod [40, 41] combined with the findings made by various European institutes with regard to 
low activation alloys (UK, F), BATMAN alloys (I), and OPTIMAX steels (CH) [18], a specifica-
tion was set up for a European reference alloy (Table 2a). For comparison, Table 2b shows 
analytical data for OPTIFER (1W) and F82H-mod (2W). 

Motivation points for this industrial heat had been: 

• Gathering experience with the industrial production of a high purity steel and comparison 
with experimental heat production details. 

• Gathering information about forming properties, homogeneity of mechanical and struc-
tural properties, and targeting specified mechanical and microstructural characteristics. 

• Gaining technological results from the production of a test blanket module with respect to 
forming and weldability. 
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• The most important mechanical and metallurgical properties as well as the irradiation 
performance should be characterized within a common testing program by the European 
associations. 

The alloy, designated EUROFER 97, has been available to European laboratories for various 
development activities since 1999 (Fig. 36). 

Further perspectives of developmental work with respect to EUROFER-ODS or V-alloys are 
shown in [42-45] including international comments. 

This report includes data of EUROFER 97 that has been produced within the frame of basic 
characterization tests at FZK / IMF I in 2001. First results are published in [46-49]. 

 

 

 

3 Test Material 

After an European ITB the EUROFER production offer of Böhler Edelstahl GmbH, Austria 
was accepted by the European Commission. Different plates, rods, pipes and welding wires 
were delivered with a total weight of 3.5 t. The according heats were arc-molten in vacuum 
and after that re-molten again. The production steps are described in [50]. 

All specimens used for the basic charaterisation have been fabricated from ∅ 100 mm forged 
rods (heat E 83699) and 14 mm rolled plates (heat E 83698). The chemical composition ac-
cording to the producer of these heats is given in Table 3 (A). The alloying elements (a) are 
well within the specification except of the Ta content which is too high but results in a finer 
grain. An FZK/IMF chemical analysis of heat 83698 (B) and published compositions of three 
heats with 5 different dimensions (C) agree well the producer data [51]. The desired values 
for critical elements with respect to low activation (c) like Ni and Nb could not yet be met. The 
metallurgical problems are discussed more detailed in [50]. 

The difference between the desired and real values for the content of the critical high activa-
tion elements (c) becomes clear when comparing the analysis data with the desired maxi-
mum limits [32-34]. Figure 3 shows the real contents of the OPTIFER, F82H-mod and EU-
ROFER heats. But it is also clear that there has been a large progress since the start of the 
low activation materials development. Especially the most critical element (Nb) has been 
reduced from 100-200 ppm at the beginning down to 1-5 ppm for OPTIFER-Xb. 

Figure 4 shows the results of activation calculations using the real values of the chemical 
analysis of the different alloys. In this connection, the hypothetical steel EUROFER-ref. (? ) 
refers to EUROFER with a chemical composition as specified. The dominant influence of Nb 
can be seen by comparing the deactivation curves for F82H-mod (1-2 ppm Nb, ∇) and for 
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EUROFER with 10-15 ppm Nb (? ). The progress of the low activation alloys development 
with respect to waste disposal can also be clearly seen. While the conventional steels (AISI 
316, MANET) would have to be handled as highly radioactive waste even after more than 
100 years, EUROFER and F82H-mod could be considered as low-level radioactive [34, 39, 
42]. 

The EUROFER material as delivered has been heat treated according to the producer as 
follows: 

rod: ∅ 100 mm: 979 °C 1h 51 min/air + 739 C° 3h 42min/air, 
plate: 14 mm: 980 °C 27 min/air + 760 C° 90 min/air. 

The provided tempering protocol shows that the austenitization time of the ∅ 100 mm rod 
includes heating up. But the holding time at 979 °C was 1h 15 min. The reason for the differ-
ent annealing temperatures (739 °C and 760 °C) was to achieve the same hardness for 
plates and rods. For the sake of simplicity, in the following we refer to the annealing treat-
ments as follows: 

rod ∅ 100 :   980 °C/air + 740 °C/air and 
plate 14 mm :  980 °C/air + 760 °C/air. 

Examples for the fully martensitic microstructure can be seen in Fig. 5. It shows metal-
lographic pictures of the rod. Border and core zones with values for hardness and grain size 
are compiled. Further results from metallographic examinations of plates and rods are given 
in [52]. 

 

 

 

4 Test Results 

4.1 Transition Behaviour 

For proper heat treatments of hardening steels the knowledge of the according transition 
behaviour is of high significance. Continuous heating and cooling processes are most com-
mon in practise and, therefore, the continuous Time-Temperature Transition (TTT) diagram 
is more important than the isothermal TTT diagram [53]. By our order SAARSTAHL has cre-
ated a TTT diagram for the EUROFER 97 steel for continuous cooling processes with an 
austenitization temperature of 980 °C according to the reference hardening temperature (see 
Fig. 6). The transition temperatures are 

Ac1b = 820 °C Ms = 385 °C Pearlite formation for cooling rates > 5 °C/min 
Ac1e = 890 °C Mf = 215 °C 
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One has to bear in mind that Ms, Mf and the formation of Pearlite depends on the austenitiza-
tion temperature TAu. Since the Ac points are determined during the heating phase they are 
independent of TAu. This can be clearly seen in Fig. 7 where the TTT diagrams of different 
comparable steel types (see Table 1) are plotted for TAu < 1000° (a) und TAu > 1000° (b). Es-
pecially the region of Pearlite formation is shifted to slower cooling rates for higher austeniti-
zation temperatures [53]. Here EUROFER 97 shows practically the same transition behav-
iour as OPTIFER-V (B) and the tungsten free version OPTIFER-VI (D). In addition the ex-
pansion coefficient α has been determined from the dilatometer graphs for different intervals: 

20-100 °C: 
20-200 °C: 
20-300 C°: 
20-400 °C: 
20-500 °C: 
20-600 °C: 
20-700 °C: 

α = 12,23 ⋅ 10-6/°C 
 = 12,04 
 = 12,01 
 = 12,14 
 = 12,33 
 = 12,56 
 = 12,79 

 
 
 
> Ac1 
20 - 800 = 12,74 ⋅ 10-6/°C 
20 - 900 = 10,07 
20 - 1000 = 11,26 

 

The so far unanswered question about the effect of longer isothermal holding times in the 
transitionless temperature region between Pearlite formation and onset of Martensite after 
further cooling down to room temperature (hardening) on the martensitic microstructure has 
been clarified by a test series using the F82H-mod steel [40]. This question is of significant 
relevance if – due to warping – larger or more complicated components can not be cooled 
down to room temperature at once. In such cases a stepwise cooling procedure or warm 
bath hardening is necessary. 

A test series of F82H-mod specimens has been austenitized at 1040 °C and loaded into a 
furnace at 500 °C (Martensite formation temperature Ms = 425 °C). After different holding 
times of the subcooled Austenite (from 5 h to 10000 h) the specimens have been air cooled 
(Fig. 8). Metallographic postexaminations have shown the same complete martensitic micro-
structure with the same hardness level for all specimens – even for those with extreme hold-
ing times of 500-10000 h. The observed structure and hardness is the same like that after 
continuous cooling with a rate of 1.25 °C/min. 

4.2 Hardening and Annealing Behaviour 

Such complementary properties like toughness and strength may be controlled through grain 
size and hardness for hardening steels like EUROFER 97 by a suitable choice of hardening 
and/or annealing temperature. To determine the hardening and annealing behaviour speci-
mens have been fabricated out of a 15 mm disc from a ∅100 mm rod (the layout is given 
below). 
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Specimens A and B have been used for metallographic examinations of the condition as de-
livered (Section 3). Specimens 1-7 have been austenitized in a quartz tube under vacuum for 
30 minutes in the temperature range between 850 °C and 1120 °C to avoid decarbonisation 
and tinder. Cooling has been performed simply by removal of the furnace. Due to the small 
masses this results approximately in the same cooling rates like in air (T, t, V/V). Then the 
specimens have been bisected to determine hardness and grain size (transverse to the rod 
axis). As can bee seen from Fig. 9-Aa maximum hardness is reached for temperatures 
above 900 °C. The metallographic determination of the grain size shows only a moderate 
grain coarsening with rising austenitization temperatures (Fig. 9-Ab and Table below). 

Results of Hardness Tests HV30*) Grainsize 
Spec. No. 1 = 850°C 30' V/V 
 2 = 900°C 30' V/V 
 3 = 950°C 30' V/V 
 4 = 1000°C 30' V/V 
 5 = 1040°C 30' V/V 
 6 = 1080°C 30' V/V 
 7 = 1120°C 30' V/V 

245 
406 
421 
430 
412 
412 
400 

10 µm 
11 

13,5 
14,3 
21,4 
48,1 
52,5 

*) Average of 3 Measurements   
 

The comparison with F82H-mod and different OPTIFER steel types shows a similar behav-
iour while differences in the slope and onset of the hardening curve result mainly from differ-
ent C+N contents. The distinct lower hardness of OPTIFER-III with 1.6 % Ta is connected 
with the formation of primary carbides (Ta3C) and, therefore, with a reduction of solved car-
bon [37]. The grain size (b) depends on the Ta content and – as shown in [40, 41] – Ta con-
tents of less than 0.02 % (F82H-mod, OPTIFER-II) are not sufficient to yield an adequate fine 
grain. This is the reason why a lower bound of 0.05 % has been specified for EUROFER 97. 
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Prior to the annealing tests two different solution heat treatments have been performed, one 
at 1040 °C and the other at 980 °C. The resulting annealing curves are independent of the 
prior austenitization temperatures (Fig. 10A) and show the common secondary hardness 
maximum between 500 °C and 550 °C as well as the drop in hardness due to the annealing 
effect up to 800 °C. The following partial austenitization (exceeding of Ac1b) starting from 
850 °C causes a rise in hardness. 

Results of Annealing Tests (Specimen No. 8-32) 

 b) 950°2hV/V+1040°30'V/V+750°2hV/V 206 grain size = 

22,1 µm 

a) 1040°30'V/V + 300°2h/L 

 " + 400°2h/L 

 " + 500°2h/L 

 " + 525°sh/L 

 " + 550°2h/L 

 " + 600°2h/L 

 " + 650°2hV/V 

 " + 700°2hV/V 

 " + 750°2hV/V 

 " + 800°2hV/V 

 " + 850°2hV/V 

 " + 875°2hV/V 

HV30 = 419 

 = 420 

 = 421 

 = 435 

 = 435 

 = 352 

 = 300 

 = 264 

 = 210 

 = 194 

 = 307 

 = 412 

c) 980°30'V/V + 300°2h/L 

 " + 400°2h/L 

 " + 500°2h/L 

 " + 525°2h/L 

 " + 550°2h/L 

 " + 600°2h/L 

 " + 650°2hV/V 

 " + 700°2hV/V 

 " + 750°2hV/V 

 " + 800°2hV/V 

 " + 850°2hV/V 

 " + 875°2hV/V 

420 

424 

427 

438 

437 

362 

299 

260 

213 

196 

344 

418 

 

The table above shows a specimen (b) for which a homogenization heat treatment at 950 °C 
has been performed prior to the hardening and annealing treatment. For forged materials 
such homogenization heat treatments have shown good results. But in the present case 
where we have a rather homogeneous initial condition there is no influence on the grain size 
(Fig. 9) and on the annealing hardness (Fig. 10) detectable. 

The annealing curve of EUROFER 97 looks like that of OPTIFER-Ia and IVc (Fig. 10B) and 
in the technically relevant temperature range of 650-750 °C it is similar to that of the F82H-
mod alloy [40]. 

A distinguished hardness and toughness level is controlled by the solution and annealing 
heat treatment. The later long-term use at raised temperatures acts like an additional anneal-
ing on the hardening condition (also called ageing) and lowers the initially selected hardness 
and toughness, respectively. This behaviour can not be seen in Fig. 10. It has to be com-
pleted by additional tests for annealing resistance (stabilization annealing). Extensive empiri-
cal examinations have shown the influence of annealing temperature and annealing time on 
the hardness. Both show a certain equivalence that has been described by Hollomon and 
Jaffe with a parameter P = TK(c+log t) [54]. Later, this parameter has been used by Larson 
and Miller [55] to describe the creep rupture behaviour. With that it is possible – at least 
within certain boundaries – to extrapolate short-term hardness tests to longer periods.  
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Specimens in the condition as delivered from a 14 mm plate have been used to determine 
the so-called annealing master-curve for temperatures between 550 °C and 750 °C and for 
annealing times between 20 h and 3300 h. In addition two other specimens have been aus-
tenitized at 1075 °C and 950 °C and annealed at 750°C. Then they have been aged at 
600 °C for 1050 h. The Hollomon-Jaffe parameter P for 600 °C / 1050 h has a value of 18.35. 
This is equivalent to 550 °C / 20000 h. The results of the hardness tests with the specimens 
are shown in Fig. 11 together with the Hollomon-Jaffe parameter. The annealing master-
curve remains on the hardness level of the initial material up to a parameter value of P = 19. 
EUROFER 97 shows the same favourable behaviour like F82H-mod and OPTIFER which 
are also shown in the figure. 

Therefore it is clear that metallographic examinations of the aged specimens have resulted in 
no major changes of the martensitic microstructure. Figures 12 and 13 show the initial micro-
structure after three different annealing heat treatments and after the stabilization treatment 
(600°C / 1050 h). It has been seen from metallographic examinations of different ferritic-
martensitic steels that Cr contents of less than 10 % and heat treatments in the range of the 
α-γ-transition led to two-phase materials with the formation of α-Ferrite [56]. Also EUROFER 
with about 9 % Cr shows some per cent Ferrite after austenitization at 980 °C or 1040 °C and 
tempering at 850 °C (Fig. 14 a-c). The specimen tempered at 875 °C shows only few single 
Ferrite grains (Fig. 14 d). Since heat treatments are technological not relevant in the tem-
perature range of the α-γ-transition the two-phase formation is only of metallurgical interest. 

4.3 Charpy Properties 

ISO-V specimens of a 14 mm EUROFER 97 plate have been tested after different heat 
treatments. The results are given in Fig. 15 and Table 4. Both, the condition as delivered 
(austenitized at 980 °C, symbol •) and the condition with an austenitization temperature of 
1040 °C (symbol ? ) show – within the usual scattering – similar values for the toughness 
criteria (DBTT, FATT, 68 J, [57 c]). After austenitizing at 1075 °C, that is for a grain size of 
45 µm the ductile-to-brittle transition is shifted to higher temperatures (¦ ? ). An influence of 
the specimen orientation (transversal or longitudinal) on DBTT is not recognizable. Only dif-
ferences in the upper shelf energy can be detected. This makes sense, because during 
manufacturing the plates have been shifted by 90° after each rolling step and, therefore, a 
distinctive rolling direction has been avoided. However, the scattering within test series with 
specimens of the same condition or between different plates is even more pronounced. The 
reported values from CIEMAT, Madrid for the plate #3 in the condition as delivered is clearly 
worse compared with plates #4, #5 and #6 [45]. 

The observed ductile-to-brittle transition behaviour is different depending on the prior heat 
treatment. For the condition as delivered and for the annealing temperature 1050 °C (• and 
? ) the transition is smooth while the other curves show a more or less extended step. Even 
though such behaviour has already been observed in the past for this type of steel [57 c] 
there is no reasonable explanation available. Also the scattering of the data makes a precise 
determination of the curve difficult (this extend of scattering has been observed with the 
F82H-mod steel too) because most often only one specimen per temperature is tested. 
Therefore we fabricated specimens from a EUROFER 97 ∅ 100 mm rod transverse and lon-
gitudinal to the rod axis and performed five Charpy tests for a given test temperature in the 
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range between room temperature and -60 °C (Fig. 16, Table 5). In the case of this forged rod 
the influence of the specimen orientation can be seen quite clearly: the values for the longi-
tudinal oriented specimens are much better. 

The above mentioned step in the ductile-to-brittle transition is reproduced by drawing the 
average curves (details are given in Fig. 16 B).  

The oxygen content (the concentrations are given in Table 1 for different alloys) is a further, 
quite essential influence on the Charpy properties which is most often neglected. Extensive 
Charpy tests – also with conventional martensitic 12 % Cr steels – have clearly shown a de-
terioration of the Charpy properties with an increasing O2 content (Fig. 17) [57 b]. Based on 
these results for EUROFER 97 the O2 content has been specified with less than 100 ppm. 

The following table shows the EUROFER values for FATT and DBTT dependent on heat 
treatment and resulting grain size. For comparison F82H-mod and OPTIFER with different 
contents of O2 are shown too. 

  FATT DBTT Grain Size O2 
EUROFER 
14 mm 
 
 
 
∅ 100 mm 

as delivered 
= 980°+760° (transverse) 
= 1050°+750° (transverse) 
= 1075°+750° (transverse) 
= 1075°+750° (transverse) 
as delivered 
= 980°+740° (longitudinal) 
= 980°+740° (transverse) 

 
-78° 
-72° 
-56° 
-54° 

 
-67*) 
-49*) 

 
-70 
-73 
-56 
-57 

 
-70*) 
-53*) 

 
16 µm 
26 µm 

 
45 µm 
11-16 

 
10 ppm 

 
 
 

13 ppm 

F82H-mod 
 
[40] 
 
OPTIFER-IVc 
 
OPTIFER-V 

as delivered 
= 1040°+750° 
 
= 960°+750° 
= 1075°+750 
= 950°+750 
= 1075°+750 
= 950+750 

-35/-10 
 
 
- 

-46 
-57 
- 

-81 

-42/-20 
 
 

-35 
-60 
-72 
-55 
-88 

55 µm 
 
 

35 µm 
103 µm 
14 µm 
50 µm 
12 µm 

103- 
125 ppm 

 
 

190 
 

60 

*) Average Values 

1) FATT: Fracture Appearance Transition Temperature (50 % crystalline fracture) 
 DBTT: Ductile Brittle Transition Temperature (Value at 50 % upper shelf energy) 
 68 J: Temperature at 68 J taken from Energy-Temperature curve 
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4.4 Tensile Properties 

Tensile specimens have been fabricated from the ∅ 100 mm rod and 14 mm plate in the 
condition as delivered (austenitization temperature 980 °C). The results of tensile tests per-
formed in the temperature range from room temperature to 700 °C are compiled in Table 6. 
Further specimens with different applied heat treatments (1075 °C + 750 °C and 950 °C) 
have been tested for comparison with the OPTIFER alloys (Table 7). 

From Fig. 18 it can be seen that tensile and yield strength of both conditions as delivered 
(•? ) are different only at room temperature. The higher values of the ∅ 100 mm rod result 
from the lower austenitization temperature. In the test temperature range of 300-600°C the 
results are nearly identical. The three conditions with higher (1075 °C) and lower (950 °C) 
austenitization temperatures also lead approximately to the same tensile strength. But the 
yield strength of the 950 °C condition (∇) is about 5-10 % lower in the whole test temperature 
range. Also the ductility values (total elongation A, uniform elongation Ag, reduction of frac-
ture Z) are not or only weakly (but not systematically) influenced by the austenitization tem-
perature. In Fig. 16f the ratio of yield and tensile strength is plotted which shows the techni-
cally usable fraction within the elastic strain (< 0.2 %). Since this is a result from Figs. 16 a 
and b, an explicit or strong influence of the austenitization temperature can also be not de-
tected. The increase up to 600 °C and the following drop for temperatures above 650 °C has 
been observed not only for EUROFER but for all steels of this type.  

A comparison of the present tensile test results with those of OPTIFER (W) and F82H-mod 
(partly shown in [45, 46, 47]) is given in Fig. 19. The hatched band includes the values for 
OPTIFER Ia, IVc, V with austenitization temperatures of 950 °C and 1075 °C and annealing 
temperatures of 750 °C (for a detailed description see [41, 57b]). The values for F82H-mod 
are plotted with the symbol ⊗. Here each point represents the average of different heat 
treatments (950 °C, 1000 °C, 1040 °C / 750 °C) which have practically no influence on ten-
sile and yield strength [57b]. The EUROFER values appear at the lower end of the hatched 
ribbon. Tensile and yield strength of the ∅100 mm rod as delivered (austenitization at 980°C) 
agree with the OPTIFER-V values (950 °C) and the EUROFER 14 mm plate (950 °C, sym-
bol ∇) with OPTIFER-IVc (950 °C). 

All ductility values as well as the ratio of yield and tensile strength appear within a narrow 
scattering band as can be seen from Fig. 19 c-f. 

It was shown that the change of the hardening temperature in the range of 950-1075 °C has 
no or only moderate influence on the tensile properties. This is supposed to be illustrated 
again by means of Fig. 20 for the F82H-mod steel. For testing temperatures between 700 °C 
and room temperature one can observe virtually the same values of Rp0.2 and Rm for austeni-
tization temperatures down to 950 °C. Due to the two-phase formation starting at 875 °C 
(Ac1e = 915 °C) the values are much lower. 

For the first time values are available also for the low temperature range down to -150 °C for 
a RAMF steel. Although tensile strength and yield stress increase strongly, uniform and total 
elongation increase. Only the reduction of fracture decreases from 78.5 % at room tempera-
ture to 60.2 % at -150 °C ([58], Table 11). 
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4.5 Ageing Behaviour 

For martensitic steels hardness and toughness – which depend on the intended application – 
are determined by the hardening and annealing treatment. During a long-term exposure at 
higher temperatures the microstructure is annealed additionally. This is usually called ageing. 
Heat treatments applied to reduce or anticipate long-term form, measure and/or structural 
changes are designated as artificial ageing or stabilization (DIN 17014). 

The maximum temperature load specified for the blanket module is 550 °C for 20000 h [59]. 
As mentioned in Sect. 4.2 it is possible to extrapolate from short tests at high temperatures to 
longer times at lower temperatures with the help of the annealing master curve and the Hol-
lomon-Jaffe parameter [54]. With P = TK (18+log t) we have equivalence between 550 °C / 
20000 H and 580 °C / 3300 h or 600 °C / 1050 h (Fig. 21). Extensive ageing test series have 
been performed at 550 °C and 600 °C for 5000 h to cover the parameter field around 550 °C 
/ 20000 h. 

In the frame of OPTIFER-IVc examinations [56, 57b] numerous temperature/time combina-
tions have been already selected in order to determine how much the ageing temperature 
may be increased to reduce the necessary exposure times. Results of tensile and Charpy 
tests have shown that the difference in range between 550 °C / 5000 h and 625 °C / 5000 h 
is negligible small and the results have been the same even for P = 18.36 and P = 18.94. 
Therefore, and since the ageing effect is generally small for RAFM steels, we have chosen 
only two combinations for the EUROFER aging treatment (580 °C / 3300 h and 600 °C / 
1050 h).  

4.5.1 Tensile Test Results 

We have performed tensile tests from room temperature to 600 °C with specimens from EU-
ROFER ∅ 100 mm rods (as delivered) that have been stabilized at 600 °C / 1050 h and 
580 °C / 3300 h. In addition a third ageing treatment (600 °C / 1050 h, austenitized at 
1075 °C) has been examined (Table 8). The comparison with results from unstabilized 
specimens shows that only for the condition as delivered (? ? ) a slight decrease of the yield 
strength (3-5 %) at room temperature occurs (see Fig. 22). All other characteristic values are 
virtually equal with those of the unstabilized specimens. 

These results agree well with examinations performed by CIEMAT. They used ageing treat-
ments at temperatures of 400 °C and 500 °C for 1000 h and 5000 h [60]. 

There is also a good agreement with the results from aged specimens of F82H-mod and 
OPTIFER-IVc (Fig. 23). The aged 2 % W steel shows practically the same values as in the 
condition as delivered (Fig. 23 a). Tensile and yield strength of OPTIFER-IVc (1 % W) is re-
duced by about 10 % due to the different stabilization heat treatments (Fig. 23 b). But the 
absolute values are at the same level as those from F82H-mod and EUROFER. Therefore 
the ratio of yield and tensile strength is in good agreement too [57a, 57b]. 
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4.5.2 Charpy Test Results 

Up to now only CIEMAT has examined aged Charpy specimens in the condition as delivered 
and applied heating at 500°C / 5000 h [60]. As already mention in Sect. 4.3 there is signifi-
cant scattering in the Charpy energy / temperature curve within the test series. Therefore the 
characteristic ductility values (DBTT, FATT, 68 J) are given as mean values which may devi-
ate by ±10 °C (this has been shown for the example of F82H-mod in [57d]). 

For a first estimation of the influence of ageing on the ductility criteria we give a comparison 
between the CIEMAT EUROFER, FZK F82H-mod and OPTIFER results in the table below. 

EUROFER DBTT [°C] FATT [°C] 68 J [°C] 

Plate as delivered 
CIEMAT 
FZK 
+500 °C / 5000 h, CIEMAT [60] 

 
-62 
-70 
-58 

 
-65 
-78 
-56 

 
-70 
-82 
-70 

F82H-mod [57d] 
as delivered 
+550 °C / 5000 h 
+600 °C / 5000 h 

-42/-20 
 

-34/-10 
-10/+8 

-35/-10 
 

-31/0 
-16/+5 

-52/-20 
 

-40/-10 
-24/+4 

OPTIFER-IVc [57d] 
1075 °C+750 °C 
+550 °C / 5000 h 
+580 ° / 3300 h and 600 °C / 
1050 h, respectively 
+600 °C / 5000 h 

 
-60 
-43 
-50 

 
-43 

 
-46 
-37 
-35 

 
-41 

 
-66 
-45 
-52 

 
-45 

 

The influence of ageing at 500 °C for 5000 h on EUROFER is small. On the other hand, with 
a Hollomon-Jaffe parameter of P = 16.77 we are still away from the target value of P = 18.36 
(see Fig. 21). Here the values for F82H-mod and OPTIFER – which show a distinct trend – 
are more expressive. Independent of the scattering the results from F82H-mod show clearly 
that stabilization treatments in the range of P = 18-19 may improve the ductility criteria by 
about 10-15 °C. 

 

4.6 Creep and Creep Rupture Behaviour 

For the design of components which are long-term loaded at higher temperatures the creep 
and creep rupture behaviour of the according material is of high relevance where the neces-
sary design-relevant characteristic values are extracted from creep and creep rupture tests 
(e.g. DIN 50118). We have performed creep rupture tests with specimens from EUROFER 
97 14 mm plates and ∅ 100 mm rods. The different heat treatments and base materials are 
given in the table below. 
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1) 
2) 
3) 
4) 
5) 
6) 
7) 
8) 

∅ 100mm 
14 mm 
∅ 100mm 
14 mm 
14 mm 
∅ 100mm 
∅ 100mm 
∅ 100mm 

as delivered (980°C+740°C) 
as delivered (980°C+760°C) 
1075°C30'/L+750°C2h/L 
1075°C30'/L+750°C2h/L 
950°C30'/L+750°C2h/L 
as delivered +580°C 3300h 
as delivered +600°C 1050h 
1075°C+750°C+600°C 1050h 

Test temp.: 450-650° 
 450-650° 
 450-650° 
 450-650° 
 450-650° 
 450-650° 
 450-650° 
 550-650° 

 

Up to now creep rupture tests with specimens in conditions 1-5 are running for periods up to 
104 h. In addition at each test temperature long-term tests have been started which are ex-
pected to cover rupture times between 20000-40000 h (see Tables 9-12). The tests with 
specimens of condition 6-8 (those with additional stabilization heat treatments) are finished 
with the exception of three tests (Table 13). 

A second program covers creep test in the design relevant low stress regime (60-180 MPa) 
at temperatures of 500 °C and 550 °C with EUROFER specimens in the condition as deliv-
ered. Due to the low stresses in these cases no rupture can be expected within several ten 
or even hundred thousand hours. So only data of yield limits will be available which, how-
ever, are very important for the design. 

4.6.1 Creep and Creep Rupture Tests at 450-650 °C 

Figures 24 a and b show the resulting times for 1 % yield limit and rupture vs. stress for the 
different applied heat treatments. In the case of EUROFER scattering of the test results is 
relatively small. This has been examined in additional tests for 500 °C / 250 MPA and 550 °C 
/ 190 MPa. It is significantly smaller as has been observed with F82H-mod specimens [58]. 
The results for specimens of condition 1 and 2 (•? ) fit nicely to mean value curves. Also the 
results of condition 3 and 4 (? ? ) fit nicely to mean value curves, but only for test tempera-
tures of up to 550 °C. At higher temperatures (600 °C and 650 °C) a clear increase in rupture 
time is observed due to the coarser grain. The tests with specimens of condition 5 (x) with a 
reduced austenitization temperature of 950 °C tend to lower times. For comparison the ac-
cording mean value curves from F82H-mod examinations [58] are drawn too. Due to the rela-
tively large scattering of the F82H-mod results both steels may be considered as equivalent. 
Tests which are still running (? ) will cover time periods longer than 2⋅104 h. 

Figures 25 a and b show all available results in the yield limit and creep rupture master curve 
over the Larson-Miller parameter [55]. Additionally the comparison with F82H-mod and OP-
TIFER-W is shown. 

For this representation the Larson-Miller Parameter P = TK (c + log t) has been used with 
c = 30. An optimization of the c-value based on experimental results with EUROFER led to 
values of 27-33.8 in the case of the 1 % yield limit and 27.6-32.6 for rupture times (for a de-
tailed description see [56]). For OPTIFER-W an average of c = 28 and for F82H-mod c = 33 
has been determined [56, 58]. Therefore the choice of c = 30 in Fig. 25 seems to be appro-
priate. 
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The EUROFER results for the condition as delivered with an austenitization temperature of 
980 °C (? ) agree almost with the results from F82H-mod. Only in the range of P = 26 -30 the 
EUROFER results tend to lower stress values. 

The results of the different OPTIFER-W alloys [56] vary within the indicated tolerance (min.-
max.) bars. They are in general higher compared to the results of EUROFER. The reason is 
the higher content of Cr (about 9.5 %) and has been already discussed in [56]. 

Extrapolated values of the 1 % yield limit and creep strength for a maximum load period of 
20000 h at 400-600 °C are listed in Table 15. Here the influence of the austenitization tem-
perature is not significant for EUROFER and F82H-mod [58]. But the OPTIFER alloys show 
a distinct effect, i.e. lower austenitization temperatures to improve the Charpy properties are 
accompanied by a deterioration of the creep properties.  

A comparison between the reference conditions (1075 °C for OPTIFER and as delivered in 
the case of EUROFER and F82H-mod) shows only small differences in the minimum values. 
But OPTIFER-W owns a considerable potential for higher rupture times as can be seen in 
Fig. 25. The reason for this – especially for the 1 % yield limit – is the clearly retarded creep 
process in the strain range up to 1 %. The effect is shown in Fig. 26. For all three materials 
creep curves are plotted for the same stress levels at temperatures of 450-550 °C. The dif-
ferences are also given in the table below. It lists 1 % yield limits which have been experi-
mentally investigated during creep periods of up to 5000 h. 

Test Temp. Rp1%/5000h [MPa] 

 EUROFER F82H-mod OPTIFER-W 

450 °C 280 280/290 370  

500 °C 205 210/230 245/305  

550 °C 155 150/185 210/225  

600 °C 93 108/125 125/130  

 

Finally, the design diagram for EUROFER (resulting from Tables 6 and 15) is shown in 
Fig. 27. 

To describe creep behaviour yield limits in the range from 0.1-5 % (see Tables 9-13) and 
values of the minimum creep rate dependent on stress have been determined. Plotting the 
minimum creep rate minpε&  vs. the applied stress σ in log-log scale results in straight line for 
each test temperature – provided that there are no structural changes in the according mate-
rial. Then the slope of these lines corresponds to the stress exponents σ

ε
log
log

∆
∆= &n  based on 

Norton’s Creep Law nk σ⋅=ε&  [61]. 
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Figure 28 shows reliable values from experiments available so far. The calculated values for 
n and k are given in Table 16. However, at the moment these values are valid only for the 
experimentally covered stress range. A final statement can only be given when all test are 
finished (values in parenthesis, Tables 10-13). Here the low stress long-term creep tests at 
500 °C and 550 °C play an important role (see Sect. 4.6.2). For specimens of the condition 
with austenitization at 950 °C the number of tests is too small for quantitative predications. 
For comparison the representation in Fig. 28 shows additional lines each for F82H-mod and 
OPTIFER. At 650 °C there is a stronger stress dependency for σ > 80 MPa compared to 
lower stresses. Therefore two values for n are given (see Table 16). The onset of this two-
slope behaviour – caused by major structural changes – can just be seen in the case of EU-
ROFER (•). To see whether this creep acceleration occurs also at 500 °C and 550 °C we 
have to wait for the end of the still running long-term tests. 

The present creep data may also be used to determine values for the effective activation 
energy of the creep process according to QK = R ∆log ε&  / ∆1/T  [62]. This is the slope of the 
line when plotting minpε&  vs. 1/T. 

The averaged values from different stresses are given in the table below together with those 
of F82H-mod and OPTIFER [56]. 

Effective Activation Energy of the Creep Process QK 

 QK [kcal/mol] (J/mol) T [°C] 

EUROFER '97 

980°+740-760°C 

1075°+750°C 

 

144 (604) 

133 (557) 

 

450 - 650 

450 - 650 

OPTIFER-W [56] 160 (671) 450 – 650 

F82H-mod [56] 149 (625) 450 - 700 

 

The effect of stabilization heat treatments (which simulate long-term load at higher tempera-
tures) on strength and toughness has already been discussed in Sect. 4.5. We have also 
tested creep specimens of the martensitic alloys with applied stabilization treatments in the 
range of the maximum operation temperature.  

While creep tests may be considered as simulation of the operational condition prior stabili-
zation treatments (ageing) add an additional load to the material. If, for example, a creep 
specimen in the annealed state is first aged at 580 °C / 3000 h (which corresponds to 550 °C 
/ 20000 h, see Fig. 21) and is then tested in the creep facility at 550 °C for 10000 h, the mi-
crostructure will practically be stressed for 30000 h at 550 °C. This has to be kept in mind for 
the following discussion of the test results. 

Specimens of EUROFER in the condition as delivered and with an austenitization treatment 
of 1075 °C have been stabilized at 600 °C / 1050 h and 580 °C / 3300 h (Table 13). Figures 
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29 a-c show the 1 % yield limit, time to rupture and minimum creep rate in comparison to the 
conditions without applied ageing treatment. All values of the aged specimens (? ?  and ? ) fit 
nicely to the average curves of the according conditions without ageing (?¦ ). That is, al-
though the specimens have been loaded twice (ageing and creep) an ageing effect can be 
practically not detected. Therefore the results in Table 13 may be added to the data of Ta-
bles 9, 11 and 14. Metallographic examinations including hardness tests of the specimen 
heads with and without stabilization heat treatments at temperatures of 550-650 °C have 
shown no microstructural differences. As can be seen in the figure below, up to 650 °C the 
hardness values correspond nicely to those of the condition as delivered. Up to 600 °C there 
is no difference in hardness between the condition as delivered and the specimens that have 
been additionally aged. Only at 650 °C (time to rupture 190 h, P = 18.85) the additional heat-
ing starts to show a slight effect. For longer times to rupture (P > 18.85) both conditions show 
a clear decrease of the hardness. These as well as the other hardness values agree exactly 
with the annealing master curve in Fig. 11. So the results confirm a good ageing resistance 
of EUROFER 97. 

 

With creep rupture tests characteristic ductility values (total elongation and reduction of frac-
ture) are not only dependent on load time and temperature but also on the applied stress. 
Figure 30 shows values of the total elongation separately for each test temperature and de-
pendent on time to rupture. For all EUROFER conditions there is no tendency of a decrease 
in elongation recognizable. But for a more qualified predication we should wait for the end of 
the still running long-term tests. 
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The results from specimens with applied stabilization heat treatments are also shown in Fig. 
30 (? ? ? ). These values too agree well with the unstabilized conditions. It is an additional 
proof for the good ageing resistance of EUROFER 97. 

4.6.2 Creep Tests in the Low Stress Range at 500 °C and 550 °C 

It has been already mentioned and explained that the maximum operating condition of com-
ponents (1 % yield limit, time to rupture and creep rate at 550 °C for 20000 h) may be deter-
mined by experiments or close extrapolations. But unfortunately in the design range of up to 
100 MPa and up to 550 °C there are no data available to describe the creep behaviour of 
martensitic steels. Also the tests performed at 550 °C for the current task cover just stresses 
down to 140-160 MPa and extrapolations for yield limits and creep rates to stresses below 
100 MPa would be extremely uncertain.  

It can be seen in Fig. 28 that at 650 °C the creep rate behaviour of F82H-mod as well as of 
EUROFER changes significantly in the low stress regime. That is, the measured creep rates 
in the low stress range are higher than extrapolated from higher stresses. Examinations in 
the past have shown a two slope behaviour in the case of the steel MANET-II [24] and a 
three slope behaviour for the martensitic 12 % Cr alloy X 18 CrMoVNb 12 1 [14] at 600 °C. 
Therefore the question arises whether EUROFER shows such a creep rate acceleration at 
low stresses even at the planned operating temperature of 550 °C or whether extrapolations 
(as indicated in Fig. 32 c) are valid. But this can only be cleared experimentally. 

According to Fig. 24 the times to rupture for creep tests in this low stress regime up to 550 °C 
are well above 105 h (> 12 years). Within test periods of ten years most often not even yield 
limits of 1 % are reached. And further, with creep rates in the range of 10-8/h to 10-10/h the 
strain measurement becomes rather difficult. So with creep tests using 25 mm specimens 
creep rates of 10-8/h would result in strains of only 0.00219 mm/year. Therefore we used 
special oversized specimens with lengths of 200 mm. This technique has already success-
fully been proved during a 10 year test series on the austenitic steel 316L(N) [63, 64]. The 
test assembly is given in Fig. 31. 

The EUROFER long-term test program (phase II) in the low stress regime has been started 
at test temperature of 500 °C and 550 °C. The test parameters have been chosen to give a 
certain overlap to the standard creep program (phase I) as can be seen below. 

MPa: 300 ← 500° →  220  

     230  -180-160-140-120-100 MPa 

MPa: 260 ← 550° →  160  

     170  -120-100-80-70-60 MPa 

Phase I Phase II 

(creep tests to rupture) (tests without rupture) 

specimen: ∅ 5 x 25 and ∅ 8 x 50 mm ∅ 8 x 200 mm (do x lo) 

 



Test Results 

18 

Creep tests of phase II have been started in the second half of 2001 and therefore only few 
data are available (Table 14). 

Usually, from creep rupture tests yield limits of 0.1-5 % can be extracted from the creep 
curves. But scattering is relatively high for the 0.1 and 0.2 % limits. Within phase II of the 
creep test series the use of oversized specimens enables us to extract yield limits even as 
low as 0.01 % [63]. 

Figure 32 shows the yield limits for 500 °C and 550 °C which have been acquired up to now. 
In the upper stress range yield limits from 0.1-5 % of phase I are plotted. The overlap with 
phase II can be clearly seen in the case of the 0.1 % yield limit from the tests at 500 °C / 230 
MPa and 550 °C / 170 MPa.  

Of course, after this short period in phase II there is no final conclusion about the creep be-
haviour possible. After certain time intervals (250 h, 500 h, 1000 h) the average creep rates 
are determined from the continuously registered creep curves and plotted vs. creep time (see 
scheme in Fig. 33). The overlap tests with 230 MPa and 170 MPa at 500 °C and 550 °C have 
already exceeded the second creep stage (a). Therefore they have been stopped without 
waiting for rupture. The other tests at lower stresses (c and d) will be continued until mini-
mum creep rate is reached. If the minimum creep rate will not be reached (e) after the maxi-
mum planned test period (e.g. 50000 h), then only primary creep is cover by the experiment 
and no value will be available for the diagram in Fig. 32 c. Such insufficient test periods for 
minimum creep rate measurements affect the stress dependence which leads to invalid kinks 
in the stress vs. creep rate curves. This has been shown in [64] and in a compilation of creep 
results from literature [65] for the case of the 316L(N) steel. 

The representation in Fig. 32c mirrors the minimum creep rate behaviour of EUROFER and 
F82H-mod as far as it has been verified experimentally up to now. The figure shows clearly 
which stress and creep rate ranges have still to be covered with the present test series. Fur-
ther the uncertainty of simple extrapolations is indicated for 550 °C (?). Figures 34 a and b 
show the creep curves with the available data (February 2002). In Fig. 34 b the already men-
tioned scattering for very low stresses (60 MPa and 70 MPa) can be clearly seen. But after 
longer periods this disorder will be smoothed. 
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5 Summary 

In the frame of the basic characterization the results from hardness tests have shown that 
EUROFER 97 can be considered as fully martensitic steel. 

With respect to hardness and to a δ-ferrite free microstructure EUROFER 97 is comparable 
to F82H-mod and to the OPTIFER alloys. The δ-ferrite free microstructure results from the 
chromium content of 9 % or less. But there is still a certain potential. Based on the modified 
Schaeffler diagram and based on our experiences with the development of martensitic steels 
it has been shown that also Cr contents of up to 10.5 % lead to δ-ferrite free microstructure 
and in addition lead to higher strength. It has been shown further that for Cr contents of less 
than 9.5 % the structure becomes more instable and that heat treatments in the range of the 
α-γ-transition lead to the formation of α-ferrite [56]. Of course it is well known that a signifi-
cant loss of corrosion resistance is accompanied by the decrease of the Cr content which is 
confirmed, for example, by the work of Knödler/Ennis for steels with 2.2-11 % Cr (including 
P92 with 9 % Cr) [66]. 

The assessment of strength and ductility (partly shown in [45, 46, 48, 67]) shows that EU-
ROFER with 1 % W is equal to F82H-mod with 2 % W. But both steels are somewhat worse 
compared to OPTIFER-1W. Due to the higher W content of F82H-mod the formation of laves 
phases is favoured which deteriorates the ductility characteristic values significantly. But for a 
complete assessment we have to wait for the characterization of the irradiation performance. 

Ageing resistance (change of structure and/or mechanical properties during long-term load at 
higher temperatures) is a very important criterion for material selection within certain designs. 
Extensive heat treatments with various temperature/time combinations covering the planned 
operating conditions (550 °C / 20000 h) have been performed. In this connection the hard-
ness after annealing of all RAFM steels (OPTIFER, F82H-mod, EUROFER) has not been 
influenced by ageing. Only a slight change in tensile strength and Charpy toughness has 
been observed. But compared to conventional 12 % Cr steels [8] the loss of toughness is 
relatively small as can be seen in Fig. 35 for the case of F82H-mod and OPTIFER [57d]. Also 
creep rupture tests have shown no influence from ageing. Therefore prior ageing treatments 
can simply be added to the creep rupture values. 
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Table 1: Chemical Composition of the OPTIFER Alloys (without undesirable tramp elements) 

Type Heat Cr  
wt. % 

C 
à 

Mn V Ta W Ge P 
ppm 

S 
à 

B N2 O2 Ce Melting/Remarks 

Ia 664 9.3 0.10 0.50 0.26 0.066 0.96 - 46 50 61 155 47 <10 

Ib*) 667 9.5 0.12 0.49 0.234 0.163 0.98 - 40 10 63 62 87 410 

II 668 9.5 0.125 0.49 0.28 0.018 0.006 1.2 43 20 59 159 90 <10 

III 666 9.32 0.12 0.49 0.248 1.6 0.024 - 40 20 64 173   

SV4 = vacuum induction furnace 

+ vacuum arc melting 

25 kg heats 

1. series with Bor 

desoxidation with Ce 
*) desoxidation with Y 

IVa 986489 8.5 0.11 0.57 0.23 0.15 1.16 - 40 40 40 600 35  

IVb 986635 8.1 0.12 0.29 0.21 0.08 1.57 -  60 30 200  <20 

IVc 986778 9.05 0.13 0.52 0.25 0.09 1.00 - 40 30 - 540 190 <20 

(=Ia) 986779 9.35 0.12 0.54 0.26 0.07 1.03 - 40 30 -    

 986780 9.15 0.12 0.55 0.24 0.12 1.05 - 40 40 -    

 986781 9.35 0.12 0.57 0.26 0.08 1.00 - 30 50 -    

SV1 = open melting + vacuum 

arc melting 

150 kg heats B free 

V 

(=Ia) 

735 9.48 0.115 0.39 0.245 0.061 0.985 - 35 25 2 225 60  

VI 

(=II) 

734 9.35 0.125 0.61 0.275 0.083 0.005 0.38 43 30 2 250 160 <100 

VII 

(=IVa+b) 

736 8.38 0.09 0.37 0.205 0.069 1.03 - 36 25 2 263 170  

SV4  

2. series Bor free 

25 kg heats 

VIII 806 9.31 0.109 0.602 0.190 0.047 1.27 - 35*) 17 82*) 210 130 - 

IX 803 9.27 0.12 0.374 0.209 0.040 1.40 - 30*) 18 2*) 280 60 - 

Xa 804 9.41 0.086 0.684 0.198 0.032 1.25 - 35*) 21 2*) 480 320 - 

Xb 824 9.15 0.09 0.42 0.195 0.088 1.06 - 15 30 5 235 99 - 

SV4 

3. series 

25 kg heats 
*) SAARSTAHL analysis 

EUROFER E83699 8.87 0.12 0.42 0.19 0.14 1.10 - 40 30 <5 180 13 - Böhler-Kapfenberg 

EUROFER E83698 8.82 0.11 0.47 0.20 0.13 1.09 - 50 40 <10 200 10 - acceptance certificate 

 



 

 

Table 2a: Specification of the chemical composition of EUROFER 97 

 Element Minimum Value  
(wt. %) 

Maximum Value  
(wt. %) 

Remarks/Target 

A) Cr 8.50 9.50 9.0 

 C 0.090 0.120 0.11 

 Mn 0.20 0.60 0.4 

 P  0.005  

 S  0.005  

 V 0.15 0.25  

 B  0.001 ALAP 

 N2 0.015 0.045 0.03 

 O2  0.01  

B) W 1.0 1.2  

 Ta 0.05 0.09  

 Ti  0.01  

C) Nb  0.001 ALAP 

 Mo  0.005 ALAP 

 Ni  0.005 ALAP 

 Cu  0.005 ALAP 

 Al  0.01 ALAP 

 Si  0.050  

 Co  0.005 ALAP 

 As+Sn+Sb+Zr  0.05  

 
A) basic composition 
B) varied substitution elements 
C) radiological undesirable tramp elements 
 
ALAP = as low as possible 

 



 

 

Table 2b: Chemical composition (mean real or specified) 

 OPTIFER-(W) F82H-mod (EU) 

Fe Basis Basis 

Cr 9.3 % 8.0 % 

C 0.10 % 0.096 % 

Mn 0.50 % 0.185 % 

V 0.26 % 0.155 % 

W 0.97 % 2.00 % 

Ta 0.066 % < 0.02 % 

B 2-82 ppm 2 ppm 

N2 62-600 ppm 70 ppm 

O2 35-320 ppm 118 ppm 

P 15-46 ppm 20 ppm 

S 10-50 ppm 20 ppm 

 

 
 
 
 



 

 

Table 3: Chemical composition 
 

  A B C 

 Specification Producer analysis 
heat 83699/83698 

(Ø100 mm/ 14 mm) 

IMF analysis 
heat 83698 

1.5 mm plate 

CEA analysis 
3 heats 

5 sizes (see [51]) 

Cr 8.50-9.50 % 8.87/8.82 % 9.21 % 8.68-9.04 % 

C 0.09-0.12 0.12/0.11 0.104 0.092-0.117 

Mn 0.20-0.60 0.42/0.47 0.502 0.41-0.50 

V 0.15-0.25 0.19/0.20 0.204 0.17-0.19 

W 1.0-1.2 1.10/1.09 1.148 1.03-1.26 

Ta 0.05-0.09 0.14/0.13 0.14 0.10-0.15 

N2 0.015-0.045 0.018/0.020 0.0234 0.018-0.0226 

O2 max. 0.01 0.0013/0.0010 <0.001 0.0005-0.0011 

P max. 0.005 0.004/0.005 <0.04 0.011-0.013 

S max. 0.005 0.003/0.004 0.004 <0.003 

B max. 0.001*) <0.0005/0.001 <0.01 <0.001 

Ti max. 0.01 0.008/0.005 0.004 0.001-0.005 

Nb max. 0.001*) <0.0010/0.0016 12 ppm <20 ppm 

Mo max. 0.005*) <0.0010/0.0010 <8 <20-100 

Ni max. 0.005*) <0.007/0.0200 214 400-600 

Cu max. 0.005*) 0.022/0.0016 35 30-400 

Al max. 0.01*) 0.008/0.009 51 30-40 

Si max. 0.05*) 0.07/0.04 430 300-600 

Co max. 0.005*) 0.004/0.006 67 80-200 

As+Sn+Sb+Zr max. 0.05 <0.015/0.015  <65-145 

 
*) ALAP (as low as possible) 
 
 
 



 

 

 

Table 4a: Charpy Tests 

Alloy: EUROFER (14mm) Condition:  a) as delivered= 

Heat-No.: E83698 980°C27’/air+760°C90’/air (transv.) 

Spec.:  ISO-V  b) 1050°C30’/air + 750°C3h/air (transv.) 

  c) 1075°C30’/air + 750°C2h/air (transv.) 
IMF-Tests 

Test-Temp. 

°C 

Av 

J 

cryst. 

area % 

FATT/ 

DBTT °C 

Test-Temp. 

°C 

Av 

J 

cryst. 

area % 

FATT/ 

DBTT °C 

a)  -100 12  -78  / -70 b)  -40 213 24 -72  / -73 

-80 75 51  -20 261   

-60 156 42  -20 243   

-40 189 31  +-0 249   

-30 207 23  +-0 240   

-20 246   RT 270   

-20 192   60 252   

-10 243   c)  -60 15 100 -56  / -56 

+-0 240   -55 171 38  

RT 240   -50 165 35  

40 255   -45 156 35  

60 246   -40 195 24  

Prod.  RT 215-220-221   -30 198 22  

 +-0 198-209-214   -30 180 25  

-20 190-204-216   -20 267 0  

    +-0 267 0  

b)  -90   33  -72  / -73 RT 270   

-80 105 68  40 276   

-60 180 33  60 300 T4a EU-14-

1.doc 

7/2000 

 



 

 

Table 4b: Charpy Tests 

Alloy: EUROFER (14mm) Condition: 

Heat-No.: E83698 plate:4/3 a) as del.+1075°C30’+750°C2h (longit.) 

Spec.:  ISO-V  b) as del.+1075°C30’+750°C2h (transv.) 
IMF-Tests. 

Test-Temp. 

°C 

Av 

J 

cryst. 

area % 

FATT/ 

DBTT °C 

Test-Temp. 

°C 

Av 

J 

cryst. 

area % 

FATT/ 

DBTT °C 

a)  -80 15 100 -54 / -57 b)  -60 15 100 -56  / -56 

-70 15   -55 171 38  

-60 21 95  -50 165 35  

-55 168 38  -45 156 35  

-50 171 48  -40 195 24  

-40 183 0  -30 198 22  

-20 204   -30 180 25  

+-0 234   -20 267 0  

RT 255   +-0 267 0  

40 264   RT 270   

60 273   40 276   

    60 300   

        

        

        

        

        

        

      T4b EU-14-

2.doc 

7-2000 

 

 



 

 

Table 5a:            Charpy Tests 

Alloy: EUROFER-∅100                       Condition: as del.=980°C/air+740°C/air 

Heat-No.:E83699  

Spec.:  ISO-V   longitudinal   
IMF-Vers.                                                                                                                                  T5a EU100-L.doc         2-2001 

Test-Temp. 

°C 

Av 

J 

cryst. 

area % 

FATT/ 

DBTT °C 

Test-Temp. 

°C 

Av 

J 

cryst. 

area % 

FATT/ 

DBTT °C 

RT 246 0 -67/-70°    -35° 231 23  

 265 0 (Mittelwert)  ∅212 ∅24%  

 246 0 (min. -/-73°) -40° 186 32  

 249 0 (max-54/-58°)  219 25  

 246 0   213 22  

 ∅251    192 25  

+-0° 246 0   210 21  

 249 0   ∅204 ∅25%  

 258 0  -50° 183 42  

 252 0   168 44  

 258 0   171 37  

 ∅253    186 31  

-20° 231 7   ∅177 ∅39%  

 252 0  -60° 168 45  

 210 24   168 47  

 207 20   111 63  

 189 33   183 35  

 ∅218 ∅17%   162 43  

-35° 210 24   ∅159 ∅46%  

 195 26      

 



 

 

Table 5b:            Charpy Tests 

Alloy: EUROFER-∅100                       Condition: as del.=980°C/air+740°C/air 

Heat-No.:E83699  

Spec.:  ISO-V   transverse 

IMF-Vers.                                                                                                              T5b EU100-Q1.doc                       2-2001 

Test-Temp. 

°C 

Av 

J 

cryst. 

area % 

FATT/ 

DBTT °C 

Test-Temp. 

°C 

Av 

J 

cryst. 

area % 

FATT/ 

DBTT °C 

+60° 219 0 -49/-53 -20° 168 20  

RT 207 0 (Mittelwert)  186 25  

 225 0 (min-51/-55°)  189 25  

 228 0 (max-44/-45°)  165 28  

 237 0   174 16  

 210 0   ∅177 ∅23%  

 ∅222   -30° 168 32  

+-0°C 213 0   141 38  

 235 0   147 35  

 219 0   171 33  

 204 0   159 37  

 228 0   ∅157 ∅35%  

 ∅220   -40° 150 41  

-10° 192 0   135 44  

 174 18   153 42  

 237 0   153 36  

 222 0   153 37  

 207 18   ∅148 ∅40%  

 ∅207 ∅7%     Q2.doc→ 

 

 



 

 

Table 6 

Alloy: EUROFER (∅100 and 14mm) Cond. as del.: a) 980°C+740°C (∅100 mm) 

Heat: E83699 and E83698  b) 980°C+760°C (14 mm plate) 

Spec: ∅5x25mm ( do x Lo)  

 

Condition Temp.  

°C           

Rm 

N/mm2 

Rp0,2 

N/mm2 

A 

% 

Ag 

% 

Z 

% 

Rp0,2/Rm Rem. 

a) RT 671 568 21,4 4,59 76,3 0,85  

 300 544 479 17,5 2,70 78,8 0,88  

 400 503 453 18,0 2,36 78,0 0,90  

 500 424 404 22,4 1,20 87,3 0,95  

 600 291 284 32,4 0,84 94,3 0,98  

 700 163 133 36,0 2,50 96,6 0,82  

         

b) RT 652 537 20,8 4,97 79,9 0,82  

 300 536 469 16,8 2,70 80,1 0,88  

 400 497 442 16,8 2,32 78,8 0,89  

 500 419 392 23,5 1,19 88,8 0,94  

 600 292 277 29,3 0,91 94,1 0,95  

         

         

         

         

         

         

       T6 EU-

Anl.doc 
 

 



 

 

Table 7 

Alloy: EUROFER (∅100 and 14mm) Condition: a) 1075°C30’V/V+750°C2hV/V  

Heat: E83699 and E83698  b) 1075°C30’V/V+750°C2hV/V  

Spec.: ∅5x25mm (do x Lo)   c) 950°C30’V/V+750°C2hV/V 

 

Condition Temp.  

°C           

Rm 

N/mm2 

Rp0,2 

N/mm2 

A 

% 

Ag 

% 

Z 

% 

Rp0,2/Rm Rem. 

a) RT 627 513 23,2 5,16 79,7 0,82 ∅100 

 300 519 456 16,4 2,78 77,9 0,88  

 400 487 447 16,7 2,03 76,5 0,92  

 500 404 384 25,0 1,26 86,6 0,95  

 600 284 278 28,4 0,79 94,7 0,98  

         

b) RT 630 519 23,0 5,00 79,8 0,82 14mm  

 300 521 460 20,5 2,51 79,8 0,88  

 400 481 434 20,5 2,23 77,6 0,90  

 500 409 391 23,2 0,91 87,1 0,96  

 600 290 284 29,4 0,61 93,9 0,98  

         

      c) RT 624 495 24,0 6,08 81,7 0,79 14mm 

 300 511 432 21,1 3,60 78,8 0,85  

 400 474 417 20,9 2,88 77,3 0,88  

 500 399 374 25,0 1,39 88,5 0,94  

 600 280 265 30,2 0,90 95,4 0,95  

         

       T7 EU-

Verg.doc 
 

 



 

 

Table 8 

Alloy: EUROFER (∅100) Condition: a) as del. (980°C+740°C) +600°C1050h  

Heat: E83699                   b)           -------“-------          +580°C3300h 

Spec.: 5x25mm (do x Lo)                    c)         1075°C+750°C      +600°1050h 

                                                                                                                     (P=18,36) 

Condition Temp.  

°C           

Rm 

N/mm2 

Rp0,2 

N/mm2 

A 

% 

Ag 

% 

Z 

% 

Rp0,2/Rm Rem. 

      a) RT 666 547 21,4 5,14 77,5 0,82  

 300 537 472 17,3 3,03 78,2 0,88  

 400 503 454 17,5 2,67 76,9 0,90  

 500 422 401 23,8 1,44 87,7 0,95  

 600 296 283 32,7 0,92 94,6 0,96  

         

b) RT 660 541 22,2 5,35 77,3 0,82  

 400 503 450 18,0 2,44 78,8 0,89  

 500 425 399 23,4 1,1 87,0 0,94  

         

       c) RT 624 506 22,0 5,68 76,9 0,81  

 300 503 436 16,8 2,77 77,5 0,87  

 400 468 420 18,4 2,77 76,9 0,90  

 500 400 378 23,2 1,46 88,4 0,95  

 600 284 274 26,4 0,65 93,9 0,96  

         

         

         

       T8 EU-Alt-

1.doc 
 



 

 

Table 9 
Creep Rupture Tests 

 
 

 
  ZSV-No=Test in Vacuum                                                                                            T9 EU-100-1.doc                1-2002                      

Alloy, Heat, Condi-
tion 

Test 
No. 

ϑ 
°C 

σo 
MPa 

tm 
h 

εo 
% 

tεf0,1% 
h 

tεf0,2% 
h 

tεf0,5% 
h 

tεf1% 
h 

tεf2% 
h 

tεf5% 
h 

Spec. 
doxLo 

Au 
% 

Zu 
% 

εpmin(abs) 
x10-6/h 

EUROFER-∅100 3968 450 360 265 0,26 0,5 3 19 60 144 245 5x25 24,0 84,1 113 
E83699 3970  340 811 0,22 2 7 48 168 419 736 5x25 26,8 78,8 38 

as delivered 3986  300  0,20 6 42 565 2570   8x50   (1,2) 
(=980°C+740°C) 3967 500 300 76 0,22 0,4 1,2 5,8 16 48 67 5x25 26,8 89,6 442 

 3969  260 1587 0,20 1 4 37 150 485 1292 5x25 30,8 87,1 28 
 4021  250 3419 0,16 1 6 55 233 861 2765 8x50 21,4 88,7 13 
 4025  250 3730 0,18 1 6 53 235 868 3034 8x50 24,4 90,3 12 
 4039  250 3153 0,17 2 7,5 52 216 803 2537 8x50 22,2 88,7 14 
 4040  250 2539 0,16 2 5 46 173 610 1973 8x50 22,6 90,5 19 
 3974  240 10222 0,16 2 12 111 480 2190 8955 8x50 20,0 95,0 3,4 
 3989  220  0,28 3 25 285 1830   8x50   (0,3) 
 3965 550 260 15 0,16 / 0,2 1 2,6 7 13 5x25 34,4 91,0 2400 
 3966  240 50 0,16 0,2 0,4 1,8 6 18 42 5x25 28,8 91,0 850 
 ZSV2745  200 895 0,16 0,25 1 7 36 184 856 5x25 31,6 91,1 46 
 4013  190 2760 0,14 0,75 3,5 26 130 656 2294 8x50 22,0 91,0 15 
 4022  190 2641 0,14 0,75 3 27 129 660 2255 8x50 21,8 90,3 15 
 4036  190 2650 0,14 1 4 31 143 713 2362 8x50 19,8 92,5 14 
 4037  190 2691 0,14 0,5 3 27 129 669 2282 8x50 21,6 90,3 15 
 4041  190 2523 0,14 0,5 3 27 131 663 2218 8x50 20,4 88,7 13 
 ZSV2735  180 4372 0,12 1,5 7 70 306 1393 3685 8x50 23,8 90,3 9 
 3988  160  0,12 3 25 360 3720   8x50   (0,5) 
                 3997 600 160 172 0,14 0,3 1 6,5 22 64 139 5x25 32,8 92,2 230 
 ZSV2742  140 512 0,12 0,5 1 5 34 170 400 5x25 33,6 92,2 69 
 ZSV2746  120 1251 0,12 0,25 1 17 166 548 1050 5x25 30,4 93,3 24 
 ZSV2737  100 8920 0,06 2,5 17 560 2530 5615  8x50 24,4 91,8 2,2 
                 3972 650 100 197 0,12 0,25 1 9 36 88 157 5x25 50,4 96,0 175 
 ZSV2736  80 926 0,12 0,5 2,5 55 208 469 785 5x25 37,6 95,2 25 
 ZSV2780  70 1963 0,16 1 17 185 552 1104 1699 8x50 42,8 96,0 14 
 ZSV2775  60 4971 0,04 10 72 500 1440 2918 4447 8x50 32,6 95,6 5,1 
 ZSV2763  50  0,06 33 350 2845 6505 12312  8x50   1,2 

 



 

 

Table 10 
Creep Rupture Tests 

 
 

 
  ZSV-No=Test in Vacuum                                                                                   T10 U-14-1.doc                                     1-2002                                 

Alloy, Heat, 
Condition 

Test 
No. 

ϑ 
°C 

σo 
MPa 

tm 
h 

εo 
% 

tεf0,1% 
h 

tεf0,2% 
h 

tεf0,5% 
h 

tεf1% 
h 

tεf2% 
h 

tεf5% 
h 

Spec. 
doxLo 

Au 
% 

Zu 
% 

εpmin(abs) 
x10-6/h 

EUROFER-14mm 3390 450 360 335 0,24 1 4 21 71 172 302 5x25 24,4 84,1 94 
E83698 4003  320 3953 0,22 2,5 13 129 576 1723 3508 8x50 23,4 85,9 9 

as delivered                
(=980°C+760°C) 3992 500 300 120 0,32 0,25 1,25 6,5 21 53 100 5x25 29,6 88,5 292 

 3996  240 14802 0,16 3 14 120 547 2686 12023 8x50 22,8 89,8 2,7 
                
 3987 550 220 248 0,04 0,2 1 5 19 61 184 5x25 32,4 89,8 216 
 4005  180 3520 0,16 1 4,5 40 215 1100 3177 8x50 18,0 90,3 10 
 4015  170  0,12 2 7,5 103 905 6050  8x50   1,7 
 4002  160  0,12 18 165 4070    8x50   (o,35) 

 3991 600 160 162 0,12 0,15 0,5 3,5 16 57 130 5x25 40,8 91,0 240 
 ZSV2762  100 12068 0,10 1 12 505 3070 7489 11563 8x50 22,8 90,3 1,8 
 ZSV2772  80  0,08 7 148 6170    8x50   (0,3) 

 ZSV2756 650 100 138 0,16 0,2 0,5 3 19 58 112 5x25 35,6 96,0 233 
 ZSV2766  60 5787 0,06 2 30 465 1604 3477 5284 8x50 29,0 94,5 4,6 
                
                
                
                
                
                
                

 



 

 

Table 11 
Creep Rupture Tests 

 
 

 

 
  ZSV-No= Test in Vacuum                                                                                T11 EU-100-2.doc                            1-2002                                     

Alloy, Heat, 
Condition 

Test 
No. 

ϑ 
°C 

σo 
MPa 

tm 
h 

εo 
% 

tεf0,1% 
h 

tεf0,2% 
h 

tεf0,5% 
h 

tεf1% 
h 

tεf2% 
h 

tεf5% 
h 

Spec. 
doxLo 

Au 
% 

Zu 
% 

εpmin(abs) 
x10-6/h 

EUROFER-∅100 3979 450 350 210 0,16 0,75 3,5 20 60 125 195 5x25 26,4 80,6 124 
E83699 ZSV2752  330 550 0,24 3 10 58 173 348   24,0 87,0 44 

1075°C30’V/V 3983  310 6197 0,16 6 32 275 1130 3140 5878  21,2 75,1 5 
+750°C2hV/V ZSV2743 500 260 315 0,20 0,5 2 14 57 155 284  26,8 84,1 97 

 ZSV2750  240 4752 0,20 0,5 4 65 306 1310 4010  28,8 89,8 7,6 
 ZSV2748  220  0,16 1,5 8 180 1080 8790     (0,7) 

 3981 550 220 135 0,16 0,25 1,3 6,5 21 58 119  29,6 85,6 277 
 ZSV2739  200 501 0,16 0,25 0,75 5 29 144 483  26,4 91,1 70 
 ZSV2747  180 6399 0,16 0,75 3 36 285 2240 5880  28,8 89,8 4,1 
 ZSV2753  160  0,12 3 18 240 4810      (0,3) 

 3980 600 160 332 0,12 0,25 0,6 5,5 30 129 327  30,0 88,4 105 
 ZSV2740  140 1556 0,12 0,25 0,75 11 132 755 1448  26,0 91,0 15 
 ZSV2751 650 120 135 0,12 0,1 0,3 3,5 21 63 118  34,8 91,0 220 
 3973  100 529 0,08 0,25 4 57 178 340 493  29,2 95,2 47 
 ZSV2741  80 1709 0,08 0,5 2 106 443 960 1480  40,8 94,3 16 
                
                
                
                
                
                

 



 

 

Table 12 
Creep Rupture Tests 

 
 

 
  ZSV-No= Test in Vacuum                                                                                                      T12 EU-14-2.doc               3-2002 

Alloy, Heat, 
Condition 

Test 
No. 

ϑ 
°C 

σo 
MPa 

tm 
h 

εo 
% 

tεf0,1% 
h 

tεf0,2% 
h 

tεf0,5% 
h 

tεf1% 
h 

tεf2% 
h 

tεf5% 
h 

Spec. 
doxLo 

Au 
% 

Zu 
% 

εpmin(abs) 
x10-6/h 

EUROFER-14mm 4007 450 330 1258 0,36 2 11 78 288 701 1165 5x25 24,0 82,4 23 
E83698 4019 500 270 492 0,20 1 5,5 34 106 255 450  30,0 89,8 63 

1075°C30’V/V 4009 550 220 243 0,12 0,5 1 9 30 94 213  29,2 87,1 152 
+750°C2hV/V 4000  200 1862 0,18 1 4 31 133 598 1675  24,8 88,5 18 

 4018  180  0,14 4 18 180 1829 10670     1,1 
 3995  160  0,06 60 238 3560       (0,2) 

 4017 600 150 1047 0,14 0,5 3 25 148 515 943  27,6 92,2 26 
 ZSV2774  100  0,08 3 50 2200 7720      (0,7) 

 ZSV2769 650 100 462 0,12 0,25 1,5 25 114 257 412  33,6 93,3 56 
 ZSV2770  60  0,08 0,5 50 1040 3300 7110 10697    2,2 
                

950°C30’V/V 4016 450 330 997 0,26 1,5 6 47 177 475 876  25,6 84,1 32 
+750°C2hV/V 4012 500 270 301 0,16 0,5 2,5 16 59 148 268  27,2 85,6 107 

 4008 550 220 92 0,16 0,25 1 4,5 14 38 80  31,2 88,5 436 
 4014  180 1976 0,08 1,25 6 39 166 640 1682  28,0 88,5 20 
 4023  160  0,12 3 18 168 1175 7170     1,4 
 4010 600 150 189 0,12 0,25 0,75 4,5 18 63 150  36,8 93,4 212 
 ZSV2771  130 481 0,12 0,25 1 7,5 42 173 384  41,6 95,2 71 
 ZSV2767  100 9972 0,12 0,5 4 216 2230 6325 9418  28,0 94,3 2,2 
 4011 650 100 138 0,08 0,15 0,5 4,5 22 60 111  39,6 92,2 242 
 ZSV2781  80 664 0,08 0,25 1 18 125 332 558  47,2 96,1 44 
                

 



 

 

Table 13 
Creep Rupture Tests 

 
 
 

 
  ZSV-No= Test in Vacuum                                                                                T13 EU-Alt-1.doc                            1-2002 

Alloy, Heat, 
Condition 

Test 
No. 

ϑ 
°C 

σo 
MPa 

tm 
h 

εo 
% 

tεf0,1% 
h 

tεf0,2% 
h 

tεf0,5% 
h 

tεf1% 
h 

tεf2% 
h 

tεf5% 
h 

Spec. 
doxLo 

Au 
% 

Zu 
% 

εpmin(abs) 
x10-6/h 

EUROFER-∅100 ZSV2764 450 310 7106 0,20 1,5 10 138 845 2940 6327 5x25 25,2 88,5 5 
E83699 4027 500 260 1988 0,16 1 4 40 199 690 1723  28,0 87,1 20 

as delivered 4006 550 220 299 0,12 0,25 1,5 8 31 106 250  34,8 89,8 128 
+580°C3300h ZSV2782  200 1054 0,16 0,25 0,5 10 69 312 858  30,0 92,2 36 

 ZSV2779   180 3488 0,04 1,5 13 235 1030 2505 3439  29,6 87,2 5,5 
 ZSV2777 600 120 1827 0,12 0,5 3 53 292 838 1542  32,8 93,3 18 
 ZSV2765 650 80 879 0,12 0,5 2 19 120 380 728  40,0 94,3 36 
                

as delivered ZSV2757 450 350 402 0,32 0,5 2,5 19 70 187 355 5x25 31,2 87,2 83 
+600°C1050h 4001  310  0,34 2 12 195 1340 5680     2,1 

 3985 500 280 370 0,20 0,5 2 13 49 148 319  30,8 85,7 100 
 ZSV2758  260 1712 0,24 0,5 2 26 139 553 1449  30,4 89,7 22 
 3998  220  0,14 12 76 860 6310      (0,3) 
 4004 550 220 273 0,16 0,5 1 7,5 29 96 227  36,4 88,5 145 
 3984  200 1092 0,20 0,75 4 32 129 415 934  24,0 89,8 35 
 ZSV2755  180 3624 0,12 0,5 2,5 37 230 1088 3035  28,8 93,3 11 
 4026  160  0,12 14 65 670 4250      (0,9) 
 ZSV2754 600 140 358 0,16 0,5 1 8 44 137 290  34,4 94,3 103 
 ZSV2773  130 826 0,12 0,5 2 21 108 340 682  33,6 93,3 41 
 ZSV2761  120 1991 0,12 0,5 2,5 50 307 918 1685  33,2 92,3 15 
 3994 650 100 187 0,12 0,5 2,3 14 41 87 151  49,6 94,3 190 
 ZSV2759  80 585 0,08 0,25 2 27 114 282 486  40,4 94,3 52 
 ZSV2760  60 4047 0,08 1 9 220 1000 2340 3618  50,8 96,0 6,7 
                EUROFER-∅100 3999 550 200 1357 0,12 1 4 35 170 625 1260 5x25 28,8 87,1 23 

E83699 3993  180 6798 0,12 1,5 7 70 500 2565 6546  27,6 88,5 4,3 
1075°C                

+600°C1050h ZSV2776 600 140 1840 0,16 0,5 1,5 35 365 1085 1769  24,4 92,3 12 
                
 ZSV2778 650 100 361 0,08 1,5 16 100 210 308 357  33,6 95,1 34 
 ZSV2768  80 2148 0,12 1 22 290 780 1427 1990  35,2 92,2 10 

 



 

 

Table 14 
Creep Rupture Tests 

 
 

 

 
  ZSV-No= Test in Vacuum                                                                                T14 EU-LZ-KR.doc    7-02 

Alloy, Heat, 
Condition 

Test 
No. 

ϑ 
°C 

σo 
MPa 

Test- 
Period  

h 

εo 
% 

tεf0,01

% 
h 

tεf0,02

% 
h 

tεf0,05% 
h 

tεf0,1% 
h 

tεf0,2% 
h 

tεf0,5% 
h 

tεf1%         h tεf2%        h tεf5%     h εpmin(abs) 
x10-6/h 

EUROFER-∅100 4029 500 230  0,17 / / 0,4 3 19 173 845 5540  0,9 
E 83 699 4048  180  0,12 / / 3,5 42 438      

as delivered 4043  160  0,095 / 0,5 5 87 1250      
980°C+740°C 4045  140  0,09 / 1 13 305 7170      

Spec. ∅8x200mm 4055  120  0,07 0,5 1,5 73 2215       
(doxLo) 4059  100  0,065 0,7 5 410        

                
                
 4020 550 170 10003 0,14 / / / 1,5 11 120 892 5015 bis 3,1% 1,9 
 4060  140             
 4051  120  0,08 / 0,5 3 33 498      
 4042  100  0,06 / 0,5 10 185       
 4044  80  0,055 / 2,5 53 2115       
 4053  70  0,05 1 6 300        
 4052  60  0,05 0,25 2 185        
                
    Tests            
    aborted            
    without            
    rupture            
                
                

 
 
 
 



 

 

Table 15:  Minimum Values for 550 °C / 20000 h (annealed + aged) 

 

1 % yiel limit Rp1% [MPa] Creep strength Rm [MPa] Alloy 

Condition 400 °C 450 °C 500 °C 550 °C 600 °C 400 °C 450 °C 500 °C 550 °C 600 °C 

OPTIFER (1 % W) 

1075 °C + 750 °C 2h 
350 270 200 142 83 370 310 235 165 103 

950 °C + 750 °C 2h 330 245 160 93 53 365 280 195 120 68 

OPTIFER (Ge) 

1075 °C + 750 °C 2h 
270 210 150 105 63 305 250 185 130 78 

950 °C + 750 °C 2h 260 190 108 55 - 300 220 140 75 - 

F82H-mod (2 % W) 

as del. = 1040 °C + 750 °C 
340 260 190 130 80 345 270 220 160 95 

EUROFER 97 (1 % W) 

as del. = 980 °C + 740-760 °C 
340 255 185 120 75 360 290 220 150 90 

1075 °C + 750 °C 340 250 190 135 85 350 280 215 165 105 

950 °C + 750 °C 340 250 180 115 70 350 280 210 160 83 

 
 
 
 



 

 

Table 16:  n and k values (Norton) for EUROFER 97  

 
 

 T [°C] n k σ range [MPa]  n  n 

450 25 2·10-67 360-320 29 23 

500 23 7·10-60 300-230 23 16 

550 18 10-45 260-170 18 16 

600 10 3·10-25 160-100 12.5 11 

EUROFER 

as delivered 

980 °C + 740-760 °C 

650 6.2 5·10-16 90-50 

F82H-mod 

950-1000 °C + 750 °C 

8.4/5 

OPTIFER-W 

900-950 °C + 750 °C 

6 

450 25 2·10-67 350-310 29 24 

500    23 21 

550 21 10-52 220-180 18 20 

600    12.5 15 

1075 °C + 750 °C 

650 6.5 6·10-17 120-60 

1040 °C + 750 °C 

8.4/5 

1075 °C + 750 °C 

5.5 

 

 
 
 
 



 

 

8 Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: Development work of 9-12 % Cr steels at FZK/IMF 
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Fig. 4: Deactivation Curves 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: Microstructure of EUROFER 97 as delivered 
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Fig. 7: Continuous TTT Diagrams of different 8-10 % Cr Steels 
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Fig. 10: Annealing Diagram 
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Fig. 12: Microstructure of EUROFER as delivered and in the aged condition 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13: Microstructure of EUROFER 97 after different heat treatments 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 14: Microstructure of EUROFER after heating between Ac1b and Ac1e 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 15: Charpy Properties of EUROFER 97 
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Fig. 18: Tensile Properties of EUROFER 97 (Influence of Annealing Treatment) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 19: Tensile properties of EUROFER compared to OPTIFER and F82H-mod 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 20: Tensile and Yield Strength of F82H-mod depending on heat treatment and  
temperature 
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Fig. 22: Tensile Properties of EUROFER 97 after Ageing 
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Fig. 24: Influence of annealing treatment on time to rupture and 1 % yield limit 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 25: Creep Rupture Master Curve (Larson-Miller Parameter) 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 26: Comparison of the primary creep range 
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Fig. 29: Influence of ageing on creep properties 
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Fig. 33: Schematic drawing of creep curves 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 34: Present state of the long-term creep tests with EUROFER 97 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 35: Charpy energy dependent on ageing time 
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