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SUMMARY 

 

Three heats of modified 9%Cr-steels of the EUROFER97 program were investigated. The 

samples were taken from three plates, 8, 14 and 25 mm thick, and one bar, 100 mm. All three 

planes of the plates and the bar were investigated by optical and electron microscopy (SEM-

EDX) and hardness measurements were made over the cross sections. 

 

All samples show a fine homogeneous tempered martensitic microstructure with a prior 

austenite grain size of ASTM 10.0-10.3. No elongated austenite grains were found. The 

microstructure is free of -ferrite and segregation bands of carbides. However, some segregation 

was found in bands of Ti-rich particles and inclusions (sulphides and oxides). To a lesser extent, 

concentrations of Ta-rich phases were also found. Ta appears to precipitate as relatively large 

particles, with respect to carbides present. 

 

The hardness shows an even distribution over the cross sections, without evident hardness 

decrease at the plate surfaces. The plate materials show hardness values of about 212HV30. The 

bar material has a somewhat higher hardness, with an average of 220HV30. No significant 

variation in hardness with orientation was observed. 
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1. INTRODUCTION 

 

NRG has been investigating modified 9% Cr-steels for use in nuclear reactor applications. In 

these installations, this particular class of materials is used in a tempered martensitic state, 

where it should combine good post irradiation mechanical properties with other specific 

benefits, like abundant H/He-trapping sites and low activation properties. This document is part 

of these investigations and targets the metallographic characterisation of Eurofer 97, a reduced 

activation steel, candidate for the main construction material for the first wall of a DEMO-type 

fusion plant.  

 

Eurofer 97 has been modelled after commercial steels like T91 with a tempered martensitic 

microstructure. Other examples of materials out of the same family are F82H [2] and the 

experimental 9%Cr steels from Britisch Steel (CORUS) [3]. This microstructure allows 

operation at relatively high temperatures up to 550°C and offers a good dimensional stability 

under high neutron dose level conditions. However, since tempered martensite has essentially a 

ferritic bcc-lattice, it is subject to a ductile-to-brittle transition (DBT). Under the accumulation 

of neutron irradiation displacement damage there will be degradation of upper shelf toughness 

and, more importantly, a shift of the DBT to higher temperatures. This causes severe 

embrittlement. Developments in the ferritic/martensitic steels for nuclear applications therefore 

tend toward a fine microstructure with small prior austenite grains and a low number of 

inclusions to achieve an optimum combination of toughness, strength and high temperature 

properties. 

The model material T91 is a 9Cr/1Mo/0.2V/0.08Nb steel. The elements in the composition that 

will transmute under fusion-relevant neutron spectra into high-energy radiation emitters with 

long half-life have been selectively replaced by other elements for Eurofer 97. These 

replacements have similar effects on the mechanical properties but they are more beneficial 

from radiological point of view. In the Eurofer 97 steel composition, Mo has been replaced by 

its periodic table group co-member W as the main solution hardener. Where 1 wgt% Mo is 

equivalent in this respect to 2 wgt% W, the W content has been reduced to nominally 1 wgt% 

for reactor operation reasons because of the high neutron interaction of W (and for lower DBT-

temperature as well). Nb, a strong carbide former, has been replaced by its periodic table group 

co-member Ta, where the specified Ta-content of 0.07 wgt% was increased unintentionally to 

0.14 wgt% in the production process.  

Eurofer 97 has been produced by Böhler AG in a 3.5 Mg batch to demonstrate an industrial 

production route. In the future, production techniques need to be refined to manufacture actual 

low activation material, where the goal is to achieve a hands-on dose level rate of 25 Svh
-1

 

after 100 y cooling time. The level of impurities in Eurofer 97 has been reduced compared to 

precursor laboratory heats, but we must still consider Eurofer 97 a reduced activation steel.  

 

Investigations on various product forms of Eurofer 97 were carried out by ECN/EE, Materials 

department for NRG/MMI. More specifically, a general microstructure characterisation was 

done with optical and scanning electron microscopy. Data was gathered on prior austenite grain 

size, carbide distribution, segregation, inclusions, and hardness. 
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2. INVESTIGATION 

2.1 Materials 

The chemical composition and heat treatments of the investigated materials are given in table I. 

For the investigation samples taken from plates with several thicknesses and bar were made 

available. The plate thicknesses were 8, 14 and 25 mm. The bar had a diameter of 100 mm. The 

materials specifications as delivered by Böhler are given in appendix I, as well as the origin of 

the plates and bar supplied to NRG. 

 

For the investigation, samples were cut by Electro Discharge Machining (EDM). The sampling 

plans and the location of the samples for the metallographic examination are given in appendix 

II. The samples for metallographic examination were coded as follows: 

- 66/4: sample out of the 8 mm plate 

- 4/14: sample out of the 14 mm plate 

- 2/10: sample out of the 25 mm plate 

(66/4, 4/14 and 2/10 refer to the codes in the Böhler certificates) 

- 5 samples (dimensions 15x10x5 mm) with different orientations and taken from different 

locations on the cross sections of the bar at M5 (appendix II): 

- L, at 1/8 of the diameter 

- R, at 1/8 of the diameter 

- C, at 1/8 of the diameter 

- C/M, at3/8 of the diameter 

- R/M, at centre of the bar 

The rolling direction and orientation of the samples with respect to the plates and the bar, were 

indicated on the samples. 

 

2.2 Sampling and investigation 

For the investigation cross-sections were made in all three planes of the samples: 

- L-LT-plane: parallel to rolling directions and plate surface 

- L-ST-plane: parallel to rolling directions and perpendicular to the plate surface  

- LT-ST-plane: perpendicular to rolling directions and to the plate surface 

 

Where: 

L= rolling direction, 

LT= Long transverse (perpendicular to the rolling direction) and  

ST= Short Transverse (plate thickness). 

The L-direction coincides with the axial direction of the bar and ST with the cross section of the 

bar. 

 

The cross sections were prepared by standard metallographic techniques and investigated in the 

as polished and the etched condition. Picric Acid was used as the main etchant. To reveal 

segregation additionally the Beraha-I and Brauner-II etchants were used.  



 

8  ECN-C--00-108 

The microstructure was investigated with respect to: 

- the prior austenite grain size (PAG) (determined by the linear intercept method according to 

ASTM E112-88), 

- carbide distribution, 

- inclusions (according to ASTM E7-90b), 

- segregation, 

- additional phases like -ferrite, 

- hardness profile (HV5) and, 

- overall hardness (HV30). 
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3. RESULTS AND DISCUSSION 

3.1 Microstructure 

The results of the microstructural investigation are summarised in table II. 

 

All materials show a fine homogeneous martensitic matrix with a small prior austenite grain 

size of ASTM 10.0-10.3, Figure 1-4. The PAG shows no elongation in the rolling directions. On 

all three cross sections per sample, similar PAGs were found, see the overview on page 10. The 

fine carbides are homogeneously distributed without the presence of clear segregation bands. 

However, some segregations of Ta en Ti can be recognised by the presence of small banded 

concentrations of Ta rich particles (up to 1 µm in size) and Ti rich particles. Most likely these 

particles consist of Ta-carbides or borides and combined TiC and TiN. The TiN is characterised 

by its typical cubic morphology and the yellow colour. The TiC is characterised by a gray 

colour and a more irregular shape [3], Figure 5. Both the Ta and Ti-rich particles are oriented in 

the rolling direction. 

 

In general the steels only show small amounts of inclusions (sulphides and oxides). 

Studying the inclusions by EDS in detail, shows that they consist out of FeMnS, Figure 6, 

Aluminium-oxides, Figure 7, and inclusions enriched in Ta en Ti, Figure 8. The oxides are 

aluminium-oxides, Figure 8. 

 

The presence of the Ti-rich particles is somewhat surprising since the overall analyses of the 

materials only show 0.006 to 0.009wt% Ti. That the Ti-rich particles have the same orientation 

as the sulphides and the oxides indicates that the Ti has segregated and was concentrated.  

 

No -ferrite was found by optical microscopy. 

 

3.2 Hardness measurements 

The results of the hardness measurements are summarised in table II and the overview on page 

9. The profiles over plate thickness are presented in figure 9. 

 

In general the hardness profiles show an even distribution of the hardness. All plates and the bar 

show comparable hardnesses in the range of 210-220HV30. 

These hardnesses are in good agreement with those stated in the materials certificates, although 

there is a slight tendency towards somewhat lower hardness in the case of the 8 and 25 mm 

plates, compare table I and II. These differences however, fall within the given specifications 

for the repeatability of hardness testing machines stated in ASTM E 92-reapproved 87. 

 

The small differences found on the different cross sections per sample, can be explained by 

statistical variation. Therefore, from a metallurgical point of view, the materials are similar as 

determined by the optical and scanning electron microscopy and hardness measurements. 
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CONCLUSIONS 

The following conclusions can be drawn from the microstructural investigation of the 

Eurofer97, 8, 14 and 25 mm plate and the 100 mm bar materials: 

 

 All investigated materials show similar fine homogeneous microstructures of tempered 

martensite. 

 A Prior Austenite Grain size (PAG) of ASTM 10.0-10.3 (8.8-10.3 µm), with a 

homogeneous carbide distribution was determined. 

 No -ferrite was found in the microstructure. 

 No marked segregation bands were found in the samples. 

 Minor concentrations of Ti-rich and Ta-rich particles were found oriented in the rolling 

direction. 

 The material only contained minor concentrations of small inclusions of FeMnS and 

Aluminium-oxides. 

 The Vickers hardness of 210-220HV30 is in agreement with the hardness given in the 

material certificates. 

 The hardness profiles (HV5) show an even hardness distribution over the cross sections. 
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(a) L-ST plane (SCE957) 

 

(b) L-LT-plane (SCE968) 

 

(c) LT-ST-plane (SCE974) 

 

Figure 1 8 mm Plate. The microstructure in the three investigated planes L-LT, L-ST and 

 LT-ST 
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(a) L-ST-plane (SCE964) 

 

(b) L-LT-plane (SCE965) 

 

(c) LT-ST- plane (SCE973) 

 

Figure 2 14 mm Plate. The microstructure in the three investigated planes L-LT, L-ST and 

 LT-ST 
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(a) L-ST-plane (SCE960) 

 

(b) L-LT-plane, (SCE966) 

 

(c) LT-ST- plane (SCE967) 

 

Figure 3 25 mm Plate. The microstructure in the three investigated planes L-LT, L-ST and 

 LT-ST 

FeMnS sulphide 
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(a) RM-plane (SCE969) 

 

(b) R-plane (SCE971) 

 

(c) C- plane (SCE972) 

 

Figure 4 100 mm Bar. The microstructure in the three investigated planes RM, R en C 

 sections 
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(a) Optical microscopic image: Ti-rich particles in bar section L (SCE950) 

 
(b) Scanning electron microscope image, Back Scatter:Ta-rich particles the bar (SC-M001) 

 
(c) EDX-analyses of the Ta-rich particles in (b) (EUR2) 

 

Figure 5 Concentration of the Ti and Ta rich particles and EDX analyses of Ta-rich particles 
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Figure 6 14 mm plate, EDX-analyses of the FeMnS-inclusions found in the steels. (EUR1) 

 

 
(a) P25a003 (SEM image) 

Element A B C Selected Area EDX analyses

Indication for the matrix composition

Al 96.2 7.6 0.5

W 1.4

Cr 5.3 5.8 10.3

Fe 42.4 2.2 32.4 87

Mn 0.4

V 2.4 0.1

Ta 51.2 11.1 0.3
Ti 1.1 1.6 36.41 --

Si 4.4 --

 
(b) Results EDX analyses of the phases A, B and C indicated in (a). (Composition in wt%) 

 

Figure 7 25 mm plate. SEM photograph of Ta-rich inclusion (A) and intermetallics (B, C). 

 (P25a003) 

A B C 
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Figure 8 EDX analyses of an aluminium-oxide (EUR3) 

 

 

Figure 9 Hardness profiles of the 8, 14 and 25 mm plates. The hardnesses of the plates are 

 comparable 

Hardness profiles of the 8, 14 and 25 mm plates
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Table I Chemical composition,  heat treatments and Hardness according to the Böhler 

 certificates for the materials 

 

 Sample 

 Plates bar Specification 

for Eurofer-97 

 
Thickness/Diameter 8 mm 14 mm 25 mm  100 mm 

Certificate ref 

(heat, Böhler) 

E83698 E83697 E83699 

Chemical composition (avg taken from Heat analyses in  appendix I)  

C 0.12 0.12 0.12 0.09-0.12 

Si 0.04 0.06 0.07 0.05 

Mn 0.49 0.46 0.44 0.20-0.60 

P <0.005 <0.005 <0.005 0.005 

S 0.004 0.004 0.004 0.005 

Cr 8.93 8.90 8.97 8.50-9.50 

Mo <0.0010 0.0023 <0.001 0.005 

Ni 0.020 0.022 0.007 0.005 

V 0.20 0.20 0.19 0.15-0.25 

W 1.08 1.07 1.10 1.0-1.2 

Cu 0.0019 0.0039 0.0022 0.005 

Co 0.006 0.006 0.004 0.005 

Ti 0.006 0.009 0.009 0.01 

Al 0.009 0.008 0.008 0.01 

Nb 0.0017 0.0020 <0.001 0.001 

B <0.001 <0.001 <0.001 0.001 

N 0.021 0.020 0.017 0.015-0.045 

Pb <0.0003 <0.0003 <0.0003  

Ta 0.15 0.15 0.14 0.05-0.09 

O 0.006 0.0007 0.0012 0.01 

As <0.005 <0.005 <0.005 As+Sn+Sb+Zr 

0.05 Sn <0.005 <0.005 <0.005 

Zr <0.005 <0.005 <0.005 

Sb <0.005 <0.005 <0.005 

Heat treatment  

Normalising 

Tempering 

980°C – 

27 min– air-cool 

980°C – 

30.6 min- air cool 

979°C – 

1 h 51 min - air 

 

Tempering 760°C – 90 min  

air-cool 

760°C – 90 min – 

air-cool 

739C – 

3h 42 min - air 

 

Hardness according to appendix I  

Hardness HV30 218-

221 

208-

216 

221-222 Edge: 227 

D/4: 221 

Centre: 220 

D/4: 217 

Edge: 220 

Avg: 2214 

 

NOTE: The chemical compositions are homogenous throughout the billets. 
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Table II Summary of the investigation results 

 

 Sample 

 Plates bar 

Dimensions 8 mm 14 mm 25 mm  100 mm 

Item\Heat no. E83698 E83698 E83697 E83699 

Microstructure ● Fine martensitic matrix with a homogeneous carbide distribution. 

● Some segregation can be recognised by the distribution of Ta-rich and Ti- 

rich phases. 

● No marked segregation bands in the form of concentrations of carbides 

were found. 

● No -ferrite in the microstructure 

PAG (ASTM) 10.20.4 10.20.3 10.00.3 10.30.2 

Inclusions ● Ti-rich phases (TiCN) 

● Ta-rich phases in segregegation bands 

● FeMnS inclusions 

● Al-ox particles 

 

Avg. Hardness 

HV5 

HV30 

 

2092 

2133 

 

2063 

2123 

 

2082 

2103 

 

 

2204 
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APPENDIX I MATERIAL CERTIFICATES 
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APPENDIX II SAMPLING PLANS 

 
8 mm plate (Metallographic specimen in yellow) 
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14 mm plate (Metallographic specimen in yellow) 
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25 mm plate (Metallographic specimen in yellow)
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100 mm bar (Metallographic specimen in yellow) 

 


