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Abstract 
 
 The post-irradiation mechanical properties of three EUROFER joints (two diffusion 
joints and one TIG weld) have been characterized after irradiation to 1.8 dpa at 300 °C in the 
BR2 reactor. Tensile, KLST impact and fracture toughness tests have been performed. 
 Based on the results obtained and on the comparison with data from EUROFER base 
material irradiated under similar conditions, the post-irradiation mechanical behaviour of both 
diffusion joints ("laboratory" and "mock-up") appears similar to that of the base material. 
 The properties of the TIG joint are affected by the lack of a post-weld heat treatment, 
which causes the material from the upper part of the weld to be significantly worse than that of 
the lower region. Thus, specimens from the upper layer exhibit extremely pronounced hardening 
and embrittlement caused by irradiation. The samples extracted from the lower layer show much 
better resistance to neutron exposure, although their measured properties do not match those of 
the diffusion joints. 
 The results presented demonstrate that diffusion joining can be a very promising 
technique. 
 
 
 
Keywords 
 
 EUROFER, diffusion joints, TIG joint, post-irradiation behaviour, post-weld heat 
treatment. 
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1 Introduction 
 
 Material research represents a crucial issue for the assessment of fusion as a future source 
of energy. Structural materials, in particular, need to show a superior mechanical and chemical 
behaviour to guarantee the safe operation of the reactor during its whole lifetime, while retaining 
low activation characteristics to minimise the environmental impact of the produced waste. For 
many aspects of the design, it is indeed material technology that will dictate the most viable 
concept for the commercial power plant. 
 In this context, specific efforts have been focused for the last twenty years in Europe, 
Japan and the US, on developing suitable Reduced Activation Ferritic Martensitic (RAFM) steels 
as prominent structural materials. EUROFER has recently emerged in Europe as the reference 
material for the DEMO design. While the final assessment of this material under the actual 
reactor conditions will only occur in ITER (blanket module) and IFMIF, it is presently of 
primary importance to develop the scientific understanding of the mechanisms which control the 
physical, mechanical, and chemical behavior of such a material under radiation. 
 In order to characterise the in-service performance of EUROFER as structural material, it 
is important to assess the properties of welded joints, particularly under irradiation. Indeed, 
welding is considered to be an essential practice; most components have welds by necessity. 
Mechanical properties after irradiation have been characterised in the past for RAFM joints using 
F82H [1], JLF-1 [2] and EUROFER [3]; welding techniques considered were electron-beam 
(EB), tungsten inert gas (TIG) and hot isostatic pressure (HIP) diffusion welding. 
 Beside RAFM-to-RAFM joints, it is also foreseen that welding of RAFM steels to 
conventional steels somewhere in a plant is unavoidable; for instance, it has been shown that 
sound welds between RAFM and Type 316 steels can be achieved with acceptable properties [4]. 
 Where shapes are complex, welding cannot always be applied and HIP bonding can offer 
a valid solution; acceptable properties have been shown even for complex parts [4]. The primary 
drawback of HIP bonding is the high temperatures required by the process (1300-1400 K). 
 For several design requirements, property gradients could be an interesting solution, such 
as bonding plates of ODS (Oxide Dispersion Strengthened) RAFM onto RAFM components in 
order to provide sufficient creep strength to the blanket zone near the plasma and allow 
increasing the maximum operational temperature. 
 Post-irradiation mechanical properties of EB, HIP and TIG welds made from EUROFER 
have already been reported by NRG Petten [3]. In the present work, three EUROFER joints (two 
diffusion welds and one TIG weld) have been irradiated in the BR2 reactor at 300 °C up to 1.8 
dpa and subsequently characterised for tensile, impact and fracture toughness properties. 
Comparisons of the results are provided with base EUROFER (both unirradiated and irradiated 
under similar conditions) and, where available, with properties measured on the joints in the 
unirradiated condition. 
 

2 Materials and experimental 
 
 EUROFER is a RAFM steel with nominal composition 9Cr-1.1W-0.2V-0.07Ta-0.1C (Fe 
balance, all wt%). The steel, used in the normalised and tempered condition, was produced by 
Böhler in Germany and manufactured in four different product forms: plates with thickness 8, 14 
and 25 mm and bars with diameter 100 mm. Normalisation was performed at 980 °C and 
tempering, followed by air cooling, was done at 760 °C for 1.5 h for the plates and at 740 °C for 
3.7 h for the bars. 
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 Two of the joints considered in this investigation were produced using the 25 mm 
EUROFER plate; the third one used the 100 mm diameter bar. More details on each individual 
joint will be provided below. 
 For each joint, the following mechanical specimens were irradiated and tested: 
• 9 sub-size tensile specimens, with nominal dimensions: total length L = 27 mm, length of the 

reduced section A = 12 mm, diameter of the reduced section D = 2.4 mm, heads M5; 
• 24 KLST-type (sub-size) Charpy-V specimens, with the following nominal dimensions: 

length L = 27 mm, width W = 4 mm, thickness B = 3 mm, notch depth N = 1 mm, notch 
angle 60°, notch root radius 0.1 mm. 

 The cutting scheme for the extraction of the specimens from the three joints is presented 
in Annex 1. For the two diffusion joints, the center of the reduced section for tensile samples and 
the notch for KLST samples were accurately positioned on the interface between the two 
EUROFER discs/plates, according to the indications provided by CEA Saclay. 
 After irradiation, 14 to 16 of the KLST specimens were fatigue precracked and tested for 
fracture toughness; the remaining 8 to 10 were used for instrumented impact tests. 
 
 Tensile tests were performed in the range -150 to 300 °C using a quasi-static strain rate of 
3 × 10-4 s-1, in accordance with the ASTM E08M-04 and E21-05 standards. No extensometer was 
used; specimen elongation was inferred from machine crosshead displacement, taking into 
account the compliance of the test setup. 
 
 Impact tests were performed using an instrumented pendulum machine with 50 J 
capacity; an impact speed of 3.85 m/s was used. Tests were performed in a suitable temperature 
range, in order to obtain well-defined transition curves for absorbed energy (KV) and shear 
fracture appearance (SFA). Lateral expansion was not measured. 
 
 Fracture toughness tests were performed in the ductile-to-brittle transition region 
following the requirements of the ASTM E1921-05 standard (Master Curve procedure), with the 
aim of determining the reference temperature To corresponding to a median toughness of 100 
MPa√m for a reference thickness of 25 mm. 
 

2.1 Diffusion joint no.1: Laboratory Joint (Joint de Laboratoire) 
 
 The "Laboratory Joint" (LJ) was produced by CEA Grenoble (group headed by E. Rigal) 
using HIP diffusion bonding, in the framework of the EFDA task TW1-TTMS004 Del.06 
(Qualification of fabrication procesess). Its designation is TTMS4.6 series 3, upper joint [5]. 
 The objective of the experiment which lead to its production was the obtainment of a 
joint representative of the central zone of a large component, i.e. far from the seal weld and with 
a correct outgassing treatment. 
 Four discs of 99.5 mm diameter, extracted from a 100 mm diameter EUROFER bar (heat 
E83699) were inserted in a stainless steel tube and outgassed for 60 h at 250 °C. HIPing was 
performed at 1100 °C during 2 h, followed by quenching down to 400 °C with a cooling rate of 
23 °C/min. The post-HIPping heat treatment consisted in normalisation at 950 °C for 2 h + 
quenching in air, plus tempering at 750 °C for 2 h. 
 The sample which CEA Grenoble shipped to SCK•CEN in March 2003 (Figure 1) was 
constituted by 4 diffusion-welded discs and contained three joints; based on the results of room 
temperature (RT) impact tests [5], the upper joint (joint G03 Canister) was chosen for the 
extraction of the mechanical specimens. CEA also recommended to avoid sampling material in 
the 10 mm next to the outer stainless steel cladding. 
 The tensile properties of the joint had not been measured. 
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Figure 1 - Laboratory joint received by SCK•CEN from CEA Grenoble. 

 

2.2 Diffusion joint no.2: HCPB First Wall bent Mock-Up Joint (Maquette de Première 
Paroi HCBP) 

 
 The "Mock-up Joint" (MJ) was produced by CEA Grenoble (group headed by E. Rigal) 
using HIP diffusion bonding, in the framework of the EFDA task TW0-TTBB002 Del.03 
(Blanket manufacturing techniques). Its designation is Mock-up TW0-TTBB2.3, part of sample 
n°6 [6]. 
 This mock-up was representative of a first wall section of the helium cooled pebble bed 
(HCPB) blanket [5]. 
 Two EUROFER plates with 25 mm thickness (heat E83694) were used. HIPing was 
performed at 1100 °C during 4 h, followed by quenching down to 400 °C with a cooling rate of 
7.5 °C/min. The post-HIPping heat treatment consisted in normalisation at 950 °C for 3 h + gas 
quenching, plus tempering at 750 °C for 3 h. After HIPping, the mock-up was bent using an 
hydraulic press and a 50 mm radius stamp at about 2/3 of the total length up to an angle of 
approximately 90° (Figure 2). After bending, the mock-up was stress relieved at 720 °C for 1 h. 
 The sample provided to SCK•CEN was extracted from a region unaffected by bending 
and consisted of two plates bonded by diffusion with a total thickness of 48 mm. On one side, 
the sample contains a TIG weld seam (Figure 3). CEA suggested to avoid extracting specimens 
too close to the TIG weld; the recommended section was an area of 10 × 135 mm² on the 
opposite side (shaded in Figure 3). 
 Characterization of the joint properties in the unirradiated condition consisted in 
metallographic examination, hardness measurements, tensile and KLST Charpy tests [5,6]. All 
mechanical tests were performed at room temperature. 
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Figure 2 - View of the mock-up sample after bending. 

 

 
Figure 3 - Mock-up joint received by SCK•CEN from CEA Grenoble. 
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2.3 TIG (Tunsten Inert Gas) joint 
 
 The TIG or Fusion Welded joint (WJ) was produced by CEA Saclay (group headed by L. 
Forest) using a conventional TIG technique, in the framework of the EFDA TW2-TTMS002 task 
(Structural Materials Development). The denomination of the sample is F2002-4 [7]. 
 Two EUROFER plates with 25 mm thickness were used. Before welding, grooves were 
machined and the pieces were cleant. In order to avoid oxidation, argon was used as shielding 
gas. The welding speed was constant at 4 cm/min and the welding position was flat. As filler 
material, a EUROFER wire with 1 mm diameter was used. 
 Although other welded joints produced by CEA Saclay were subjected to a post-welding 
heat treatment (PWHT, 740 °C for 2h30m), the sample shipped to SCK•CEN had not been given 
any PWHT (as-welded condition); this was confirmed by hardness measurements as detailed 
later. 
 The TIG joint had been characterised by means of microstructural examinations, 
hardness measurements and tensile tests at 20 and 400 °C [7]. Despite a specific request 
addressed to CEA, information about the planned KLST impact tests, which were mentioned in 
[7], could not be obtained. 
 

3 Irradiation conditions  
 
 The tensile and KLST specimens from the three EUROFER joints were irradiated at 300 
± 5 °C during 7 cycles of the BR2 reactor in Mol, in the framework of the IRFUMA-IV 
experiment (2004-2005); the detailed irradiation report can be found in [8]. 
 The irradiation rig was instrumented with thermocouples and activation dosimeters; 
results of the dosimetry measurements (fast neutron fluence and doses) for all samples and for 
each individual specimen type are given in Table 1. 
 

Table 1 - Dosimetry measurements for the IRFUMA-IV experiment. 

Joint Specimen type Fast fluence 
(n/cm², E > 1 MeV) 

Dose 
(dpa) 

Tensile 11.50 × 1020 ± 5.8% 1.72 ± 5.8% 
KLST Charpy 11.96 × 1020 ± 3.0% 1.79 ± 3.0% 

Precracked KLST 11.98 × 1020 ± 2.5% 1.80 ± 2.5% LJ 

All 11.84 × 1020 ± 4.1% 1.78 ± 4.1% 
Tensile 11.60 × 1020 ± 5.8% 1.74 ± 5.8% 

KLST Charpy 12.07 × 1020 ± 2.9% 1.81 ± 2.9% 
Precracked KLST 12.08 × 1020 ± 2.7% 1.81 ± 2.7% MJ 

All 11.95 × 1020 ± 4.1% 1.79 ± 4.1% 
Tensile 11.22 × 1020 ± 5.3% 1.68 ± 5.3% 

KLST Charpy 11.84 × 1020 ± 2.7% 1.77 ± 2.7% 
Precracked KLST 11.89 × 1020 ± 3.0% 1.78 ± 3.0% 

WJ 
(upper 
layer) 

All 11.68 × 1020 ± 4.3% 1.75 ± 4.3% 
Tensile 11.62 × 1020 ± 6.6% 1.74 ± 6.6% 

KLST Charpy 11.78 × 1020 ± 3.3% 1.77 ± 3.3% 
Precracked KLST 11.94 × 1020 ± 2.3% 1.79 ± 2.3% 

WJ 
(lower 
layer) 

All 11.81 × 1020 ± 3.8% 1.77 ± 3.8% 
WJ 

(both 
layers) 

All 11.74 × 1020 ± 4.1% 1.76 ± 4.1% 
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4 Mechanical test results 
 

4.1 Laboratory joint 

4.1.1 Tensile tests 
 
 Besides the tests performed on the irradiated specimens, an additional spare specimen 
was tested at 300 °C in the unirradiated condition. All the available results are collected in Table 
2 and illustrated in Figure 4 (strength) and Figure 5 (ductility). 
 Since in all irradiated tests the point corresponding to 0.2% permanent (plastic) 
deformation fell beyond maximum force, yield point was defined at 0.1% plastic deformation; 
for consistency, the same measurement was also used for the unirradiated sample. 
 

Table 2 - Tensile results obtained from the laboratory joint. 

Condition Specimen 
ID 

T 
(°C) 

σy 
(MPa)

σUTS 
(MPa) 

εu 
(%) 

εt 
(%) 

Z 
(%) 

Unirradiated LJT-10 300 394 492 3.92 17.72 81.7 
LJT-4 -150 1123 1124 0.18 12.46 60.7 
LJT-8 -75 864 865 0.11 14.84 74.7 
LJT-1 -75 884 885 0.13 16.22 74.1 
LJT-9 23 775 777 0.03 13.56 75.9 
LJT-2 23 774 776 0.14 12.88 74.3 
LJT-3 150 699 699 0.06 12.84 78.8 
LJT-6 150 733 733 0.06 12.43 77.5 
LJT-7 300 643 645 0.20 12.06 78.4 

Irradiated 
(1.72 dpa) 

LJT-5 300 663 663 0.10 11.77 78.7 
 

LEGEND –  σy = yield strength (defined at 0.1% plastic deformation); σUTS = ultimate 
tensile strength; εu = uniform elongation; εt = total elongation; Z = reduction 
of area. 
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Figure 4 - Yield and ultimate tensile strengths measured on the laboratory joint before and after irradiation 
(1.72 dpa). 
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Figure 5 – Uniform elongation, total elongation and reduction of area measured on the laboratory joint 
before and after irradiation (1.72 dpa). 
 
 
 It is observed that, after irradiation, uniform elongation falls below 0.2% and yield and 
ultimate strengths are practically coincident. On the other hand, total elongation has a moderate 
decrease and remains around or above 12% at all investigated temperatures. 
 As a consequence of neutron exposure, at 300 °C yield strength increases by 66% and 
ultimate strength by 33%; in absolute terms, uniform elongation decreases by 3.8%, total 
elongation by 5.8% and reduction of area by 3.1%. 
 

4.1.2 KLST Charpy tests 
 
 Charpy test results are detailed in Table 3, which includes results obtained by CEA 
Grenoble at room temperature in the unirradiated condition (average of 9 tests) [5]. Transition 
curves for absorbed energy and SFA are shown in Figure 6 and Figure 7 respectively. 
 
Table 3 – Charpy impact results obtained from the laboratory joint (DBTT = ductile-to-brittle transition 
temperature; USE = upper shelf energy). 

Condition Specimen 
code 

T 
(°C)

KV 
(J) 

SFA 
(%) 

Unirradiated 
(CEA Grenoble) N/A 20 10.1±0.4 N/A 

LJ08 -60 0.31 0 
LJ01 -40 1.02 6 
LJ05 -30 0.61 6 
LJ02 -27 0.96 11 
LJ23 -25 5.70 70 
LJ17 -20 8.82 100 
LJ12 20 8.85 100 
LJ10 100 9.03 100 
LJ14 200 9.148 100 
LJ21 300 9.586 100 

DBTT = -25.4 °C (KV) 
USE = 9.1 J 

Irradiated 
(1.79 dpa) 

DBTT = -25.6 °C (SFA) 
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Figure 6 – Absorbed energy values measured on the laboratory joint before and after irradiation (1.72 dpa). 
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Figure 7 – Shear Fracture Appearance values measured on the laboratory joint after irradiation (1.72 dpa). 

 
 
 The impact curves show the extremely steep transition behaviour typically observed on 
the base EUROFER in both the unirradiated and irradiated condition [9,10]. 
 Assuming that in the unirradiated condition 20 °C corresponds to upper shelf conditions, 
the decrease of USE caused by irradiation is 10%. Nothing can be said about DBTT increase. 
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4.1.3 Fracture toughness tests 
 
 Complete results of the fracture toughness tests performed in the ductile-to-brittle 
transition region on the irradiated samples (1.80 dpa) are presented in Table 4 (individual test 
results) and Table 5 (outcome of the Master Curve analyses). Figure 8 shows experimental data 
points and the corresponding Master Curve with tolerance bounds (5% and 95% fracture 
probability, plus margin-adjusted lower bound curve). 
 
 

Table 4 - Individual results of the fracture toughness tests performed on the irradiated laboratory joint. 

Specimen 
code 

T 
(°C) 

ao 
(mm) 

W 
(mm) 

B 
(mm) 

∆a 
(mm)

Jc 
(kJ/m²)

KJc 
(MPa√m) 

VALID 
E1921 

LJ03 -75 1.853 4.003 3.002 0.00 14.3 57.6  YES 
LJ09 -70 1.884 3.993 3.001 0.00 25.7 77.2  YES 
LJ22 -65 1.871 4.000 3.010 0.00 9.3 46.4  YES 
LJ07 -65 1.892 3.991 2.995 0.00 30.9 84.6  YES 
LJ04 -65 1.848 3.998 2.998 0.00 36.4 91.9  YES 
LJ19 -65 1.891 3.998 3.008 0.00 78.9 135.2  NO 
LJ06 -60 1.849 3.994 2.980 0.00 19.3 66.8  YES 
LJ20 -60 1.888 4.002 3.003 0.00 19.7 67.5  YES 
LJ11 -60 1.870 3.998 2.998 0.00 72.8 129.8  NO 
LJ13 -60 1.904 4.002 3.000 0.17 276.9 253.1  NO 
LJ15 -60 1.904 3.995 3.008 0.18 286.4 257.5  NO 
LJ24 -50 1.959 3.993 2.999 0.32 412.7 308.6  NO 

LJ18(*) 0 1.980 3.998 3.001 0.92 745.6 411.8  NO 
LJ16(*) 30 1.907 3.998 2.999 1.15 824.2 431.1  NO 

 
LEGEND 

T = test temperature; ao = initial crack length; W, B = specimen width and thickness; 
∆a = ductile crack extension; Jc, KJc = J-integral and stress intensity factor at unstable 
crack initiation. 
(*) Tests terminated without cleavage. 

 
 
 

Table 5 - Results of the Master Curve analyses performed on the irradiated laboratory joint. 

T 
(°C) N r Ko,eq 

(MPa√m)
Kmed,eq 

(MPa√m) Σni
To 

(°C)
σ 

(°C)
To 

VALID 
-75 to 30 14 7 80.9 75.6 1.0 -31 7.1 YES 
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Figure 8 - Fracture toughness results and corresponding Master Curves obtained from the irradiated 
laboratory joint (1.80 dpa). The red line represents the loss-of-constraint limit. 
 
 
 The five tests which terminated with measurable crack extension can be used to construct 
a multiple-specimen crack resistance curve (Figure 9), that characterises the upper shelf 
toughness of the material between -60 and 30 °C (ductile crack resistance is weakly dependent 
on test temperature). The critical value of J-integral, calculated in accordance with ASTM 
E1820-01, is JQ = 541.4 kJ/m² which corresponds to KJQ = 351.7 MPa√m; since these values are 
way above the J capacity of the KLST specimen (Jlimit), they cannot be regarded as material 
properties. However, they are a clear indication that the irradiated laboratory joint has rather high 
toughness in the upper shelf regime. 
 
 As a general remark concerning impact and fracture toughness tests for both diffusion 
joints, it should be mentioned that the probability that specimen notches and fatigue precracks 
are located exactly at the joint interface is quite small; this cannot be checked since the interface 
is not visible. However, it's certain that the "diffusion zone" is being sampled.  
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Figure 9 - Multiple-specimen crack resistance curve obtained between -60 and 30 °C for the irradiated 
laboratory joint. 
 

4.2 Mock-up joint 

4.2.1 Tensile tests 
 
 Besides the tests performed on the irradiated specimens, an additional spare specimen 
was tested at 300 °C in the unirradiated condition. All the available results, including two tests 
performed at 20 °C by CEA Grenoble [6], are collected in Table 6 and illustrated in Figure 10 
(strength) and Figure 11 (ductility)1. 
 As in the case of the laboratory joint, yield strength was defined at 0.1% plastic 
deformation for all unirradiated and irradiated tests. 
 

Table 6 - Tensile results obtained from the mock-up joint. 

Condition Specimen 
ID 

T 
(°C) 

σy 
(MPa)

σUTS 
(MPa)

εu 
(%) 

εt 
(%) 

Z 
(%) NOTE 

1 20 523 642 5.30 15.30 77.0 CEA 
2 20 533 642 7.40 18.10 74.0 CEA Unirradiated 

MJT_10 300 446 525 2.59 15.94 81.8 SCK•CEN 
MJT_8 -150 1176 1181 0.22 12.31 61.4  
MJT_1 -75 947 949 0.17 11.77 69.9  
MJT_4 -75 958 958 0.14 12.17 68.6  
MJT_2 22 861 862 0.13 12.70 74.3  
MJT_5 22 867 868 0.19 12.45 77.4  
MJT_3 150 781 781 0.09 12.08 80.4  
MJT_6 150 801 801 0.09 12.06 78.6  
MJT_9 300 713 715 0.14 11.38 76.5  

Irradiated 
(1.74 dpa) 

MJT_7 300 717 720 0.13 10.96 80.2  

                                                 
1 Ductility values measured by CEA Grenoble were not used for the comparison with SCK data because they were 
obtained from specimens of different geometry. 
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Figure 10 - Yield and ultimate tensile strengths measured on the mock-up joint before and after irradiation 
(1.74 dpa). 
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Figure 11 – Uniform elongation, total elongation and reduction of area measured on the mock-up joint before 
and after irradiation (1.74 dpa). 
 
 
 Similar to the laboratory joint, uniform elongation after irradiation falls below 0.25% and 
yield and ultimate strengths are practically coincident. On the other hand, total elongation has a 
moderate decrease and remains around or above 11% at all investigated temperatures. 
 As a consequence of neutron exposure, yield strength increases by 60-64% and ultimate 
strength by 35-37%; in absolute terms, at 300 °C uniform elongation decreases by 2.5%, total 
elongation by 4.8% and reduction of area by 3.5%. 
 

4.2.2 KLST Charpy tests 
 
 Charpy test results are detailed in Table 7, which includes results obtained by CEA 
Grenoble at room temperature in the unirradiated condition (average of 10 tests) [6]. Transition 
curves for absorbed energy and SFA are shown in Figure 12 and Figure 13 respectively. 
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Table 7 – Charpy impact results obtained from the mock-up joint. 

Condition Specimen 
code 

T 
(°C)

KV 
(J) 

SFA 
(%) 

Unirradiated 
(CEA Grenoble) N/A 20 7.3±0.3 N/A 

MJ23 -40 0.50 3 
MJ19 -20 1.38 13 
MJ15 0 3.07 36 
MJ01 20 4.32 74 
MJ11 50 5.73 90 
MJ21 100 6.41 100 
MJ05 200 6.66 100 
MJ12 300 6.54 100 

DBTT = 5.4 °C (KV) 
USE = 6.5 J 

Irradiated 
(1.81 dpa) 

DBTT = 7.2 °C (SFA) 
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Figure 12 – Absorbed energy values measured on the mock-up joint before and after irradiation (1.81 dpa). 
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Figure 13 – Shear Fracture Appearance values measured on the mock-up joint after irradiation (1.81 dpa). 

 
 
 It can be noted that, unlike the laboratory joint and the base EUROFER, the impact 
curves show a rather smooth transition behaviour. 
 Assuming that in the unirradiated condition 20 °C corresponds to upper shelf conditions, 
the decrease of USE caused by irradiation is 11%. DBTT increase cannot be quantified, although 
a straightforward comparison between unirradiated and irradiated RT data indicates that the 
curve has clearly shifted to higher temperatures due to neutron exposure. 
 

4.2.3 Fracture toughness tests 
 
 Complete results of the fracture toughness tests performed in the ductile-to-brittle 
transition region on the irradiated samples (1.81 dpa) are presented in Table 8 (individual test 
results) and Table 9 (outcome of the Master Curve analyses). One of the specimens was 
accidentally overloaded and the test was lost. 
 Figure 14 shows experimental data points and the corresponding Master Curve with 
tolerance bounds (5% and 95% fracture probability, plus margin-adjusted lower bound). 
 It can be noted that most data points follow the Master Curve quite satisfactorily, but two 
of the specimens tested provide very high toughness results. 
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Table 8 - Individual results of the fracture toughness tests performed on the irradiated mock-up joint. 

Specimen 
code 

T 
(°C) 

ao 
(mm) 

W 
(mm) 

B 
(mm) 

∆a 
(mm)

Jc 
(kJ/m²)

KJc 
(MPa√m) 

VALID 
E1921 

MJ10 -60 1.840 3.998 3.000 0.00 9.8 47.6 YES 
MJ24 -50 1.829 4.000 3.001 0.00 26.8 78.7 YES 
MJ09 -45 1.860 4.000 3.001 0.00 22.2 71.5 YES 
MJ03 -40 1.879 4.000 3.000 0.00 17.2 63.0 YES 
MJ22 -35 1.860 3.995 3.001 0.00 17.4 63.2 YES 
MJ08 -30 1.827 4.000 3.000 0.00 13.8 56.2 YES 
MJ02 -30 1.922 4.000 3.004 0.67 539.7 351.9 NO 
MJ04 -25 1.867 3.994 3.000 0.00 15.2 58.9 YES 
MJ14 -25 1.839 4.008 3.000 0.00 17.3 63.0 YES 
MJ16 -25 1.841 4.002 3.005 0.00 18.1 64.3 YES 
MJ17 -25 1.823 4.000 2.994 0.00 20.3 68.2 YES 
MJ07 -25 1.871 4.003 2.999 0.00 24.9 75.5 YES 
MJ20 -25 1.962 3.999 2.997 0.91 726.0 407.8 NO 
MJ06 -20 1.880 4.000 3.002 0.00 53.2 110.3 YES 
MJ13 -20 1.896 3.995 2.995 0.00 81.3 136.4 NO 

 
 
 

Table 9 - Results of the Master Curve analyses performed on the irradiated mock-up joint. 

T 
(°C) N r Ko,eq 

(MPa√m)
Kmed,eq 

(MPa√m) Σni
To 

(°C)
σ 

(°C)
To 

VALID 
-60 to -20 15 8 68.3 64.1 1.0 12 7.1 YES 

 

0

50

100

150

200

250

-70 -60 -50 -40 -30 -20 -10 0
Temperature (°C)

1T
-n

or
m

al
iz

ed
 K

Jc
 (M

Pa
√

m
)

Valid data
Invalid data
Master curve
5% conf. limit
95% conf. limit
lower bound

K limit

 
Figure 14 - Fracture toughness results and corresponding Master Curves obtained from the irradiated 
mock-up joint (1.81 dpa). 
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 The two test results for which ductile crack extension occurred prior to cleavage are not 
enough to trace a crack resistance curve. However, if these data are compared to the curve 
previously obtained for the laboratory joint, it can be stated that the upper shelf toughness of the 
mock-up joint is probably similar or slightly inferior (Figure 15). 
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Figure 15 – Comparison between laboratory joint and mock-up joint in terms of upper shelf toughness. 

 
 

4.3 TIG (fusion welded) joint 
 
 As previously mentioned, the TIG joint sent by CEA Saclay to SCK•CEN had not 
undergone a post-welding heat treatment. 
 This was confirmed by hardness measurements performed by SCK•CEN (Figure 16), 
which provided a mean value HV5 = 419 for the upper layer of the weld seam (approximately 5 
mm from the top of the "V-shape") and HV5 = 320 for the lower layer (approximately 10.5 mm 
from the bottom of the "V-shape"). The value for the upper layer is in agreement with the HV1 
data reported by CEA for the as-welded joints (400 HV1), whereas the hardness of the lower 
layer is closer to the CEA value for the PWHT joint (275 HV1) [7]. 
 The hardness measurements also indicate that the properties of the lower part of the joint 
have been affected by the deposition of the upper weld passes; in other words, the weld material 
at the bottom has been partially heat-treated during the last weld passes. 
 Therefore, since tensile and KLST specimens have been extracted at two different levels 
in the TIG joint (Figure 17), the two layers have to be treated as separate materials and can be 
considered representative of the joint in the as-welded (upper layer) and partially PWHT (lower 
layer) conditions respectively. 
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Figure 16 - Hardness measured on the unirradiated TIG joint and comparison with CEA Saclay 
measurements. 
 

 

Figure 17 - Specimen sampling scheme from the TIG joint. 
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4.3.1 Tensile tests 
 
 Besides the tests performed on the irradiated specimens, four additional spare samples 
were tested at RT and 300 °C in the unirradiated condition. All the available results, including 
unirradiated mean data measured by CEA Saclay at RT and 400 °C on the PWHT joint [7], are 
collected in Table 10. For consistency with the other joints, values corresponding to 0.1% plastic 
deformation are reported, along with the more conventional data corresponding to 0.2% plastic 
deformation. 
 

Table 10 - Tensile results obtained from the TIG joint in the unirradiated and irradiated condition. 

Layer Condition Specimen 
ID 

T 
(°C) 

σp01 
(MPa)

σp02 
(MPa)

σUTS 
(MPa) 

εu 
(%) 

εt 
(%) 

Z 
(%) Notes

N/A 20 N/A 709 789 N/A 14.8 51.7 - Unirradiated 
(PWHT) N/A 400 N/A 574 595 N/A 10.4 29.5 CEA 

WJT-11 22 941 1005 1257 2.82 12.07 65.6 Unirradiated WJT-13 300 944 1011 1351 8.25 12.62 35.1 
WJT-1 -75 1616 1657 1657 0.21 0.21 2.0 
WJT-9 22 1495 1541 1622 1.22 1.86 5.5 
WJT-3 150 1400 1443 1510 1.03 8.50 50.3 
WJT-7 300 1280 1327 1419 1.24 9.01 52.9 

Upper Irradiated 
(1.68 dpa) 

WJT-5 300 1309 1362 1431 1.01 9.01 49.1 
WJT-12 22 838 876 993 3.51 14.50 74.5 Unirradiated WJT-10 300 693 730 814 1.59 11.75 73.7 
WJT-4 -150 1479 1506 1512 0.35 0.51 2.5 
WJT-8 -75 1262 1277 1279 0.30 9.90 64.8 
WJT-2 25 1199 1224 1226 0.28 10.37 67.7 

Lower Irradiated 
(1.74 dpa) 

WJT-6 150 1111 1128 1127 0.25 8.91 63.3 

SCK 

 
 
 Figure 18 illustrates the clear difference between the tensile properties of the two layers. 
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Figure 18 - Yield and ultimate tensile strengths measured on the TIG joint after irradiation. 
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 Figure 19 (upper layer) and Figure 20 (lower layer) compare the tensile properties 
measured on the irradiated samples with unirradiated results obtained by SCK•CEN and by CEA 
Saclay (on the PWHT joint). Similar information is given in Figure 21 for uniform elongation, 
Figure 22 for total elongation and Figure 23 for reduction of area. 
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Figure 19 - Tensile properties measured on the upper layer of the TIG joint in the unirradiated and 
irradiated condition and comparison with the measurements of CEA on the PWHT joint. Trend lines for the 
unirradiated data are drawn by eye. 
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Figure 20 - Tensile properties measured on the lower layer of the TIG joint in the unirradiated and 
irradiated condition and comparison with the measurements of CEA on the PWHT joint. Trend lines for the 
unirradiated data are drawn by eye. 
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Figure 21 – Uniform elongation values measured on the TIG joint in the unirradiated and irradiated 
condition. 
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Figure 22 – Total elongation values measured on the TIG joint in the unirradiated and irradiated condition 
and comparison with the measurements of CEA on the PWHT joint. 
 



BLG-1029  - Page 23 

0

10

20

30

40

50

60

70

80

-150 -100 -50 0 50 100 150 200 250 300 350 400

Temperature (°C)

R
ed

uc
tio

n 
of

 a
re

a 
(%

)

Lower layer - Unirradiated
Lower layer - Irradiated
Upper layer - Unirradiated
Upper layer - Irradiated
PWHT - Unirradiated (CEA)

 
Figure 23 – Reduction of area values measured on the lower layer of the TIG joint in the unirradiated and 
irradiated condition and comparison with the measurements of CEA on the PWHT joint. 
 
 
 The data presented show that the material from the lower layer has not fully recovered its 
properties as in the case of a post-weld heat treatment. Furthermore, in the irradiated condition, 
the upper layer has lower total elongation and reduction of area but slightly higher uniform 
elongation. 
 As far as irradiation effects are concerned, the variations summarized in Table 11 have 
been measured with respect to the unirradiated condition. 
 
 
Table 11 - Irradiation-induced variations of tensile properties measured on the TIG joint. (*) are evaluated 
using extrapolated values for the irradiated condition (no tests at 300 °C were performed for the lower layer). 
NOTE: variations are relative for tensile strengths, absolute for elongations and reduction of area. 

∆σp02 (%) ∆σUTS (%) ∆εu (%) ∆εt (%) ∆Z (%) 
RT 300 °C RT 300 °C RT 300 °C RT 300 °C RT 300 °C

Upper layer 
(1.68 dpa) 

53 33 29 5 -1.6 -7.1 -10.2 -3.6 -60.1 15.9 
∆σp02 (%) ∆σUTS (%) ∆εu (%) ∆εt (%) ∆Z (%) 

RT 300 °C RT 300 °C RT 300 °C RT 300 °C RT 300 °CLower layer 
(1.74 dpa) 

40 55(*) 23 37(*) -3.2 - -4.1 - -6.8 - 
 
 
 

4.3.2 KLST Charpy tests 
 
 Charpy test results are detailed in Table 12, while transition curves for absorbed energy 
and SFA are shown in Figure 24 and Figure 25 respectively. The figures clearly illustrate the 
large difference in impact toughness between the upper and lower layer, both in the ductile-to-
brittle transition regime and in the upper shelf region. The difference in DBTT between the 
layers is of the order of 140-145 °C. 



BLG-1029  - Page 24 

Table 12 – Charpy impact results obtained from the TIG joint in the irradiated condition. 

Layer Specimen 
code 

T 
(°C)

KV 
(J) 

SFA 
(%) 

WJ07 20 0.28 0 
WJ05 40 0.31 0 
WJ01 70 0.42 0 
WJ11 200 1.32 11 
WJ19 300 4.23 100 

DBTT = 212.3 °C (KV) 
USE = 4.2 J 

Upper 
(1.77 dpa)

DBTT = 215.2 °C (SFA) 
WJ14 50 3.78 34 
WJ24 60 5.23 90 
WJ16 75 2.21 30 
WJ06 87 3.12 35 
WJ02 100 6.60 100 

DBTT = 71.5 °C (KV) 
USE = 6.6 J 

Lower 
(1.77 dpa)

DBTT = 70.3 °C (SFA) 
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Figure 24 – Absorbed energy values measured on the two layers of the TIG joint after irradiation. 
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Figure 25 – Shear Fracture Appearance values measured on the two layers of the TIG joint after irradiation. 
 
 
 As previously mentioned, unirradiated impact data are unavailable. Large scatter has 
been observed for the lower layer. 
 

4.3.3 Fracture toughness tests 
 
 Complete results of the fracture toughness tests performed in the ductile-to-brittle 
transition region on the irradiated samples are presented in Table 13 (individual test results) and 
Table 14 (outcome of the Master Curve analyses). One specimen was accidentally overloaded 
during precracking and could not be tested. Due to the limited number of specimens available for 
each of the layers, valid values of reference temperature To could not be obtained. 
 

Table 13 - Individual results of the fracture toughness tests performed on the irradiated TIG joint. 

Layer Specimen 
code 

T 
(°C) 

ao 
(mm) 

W 
(mm) 

B 
(mm) 

∆a 
(mm)

Jc 
(kJ/m²)

KJc 
(MPa√m) 

VALID 
E1921 

WJ09 200 1.989 4.008 2.998 0.00 36.0 87.9  YES 
WJ23 200 1.971 4.002 3.005 0.00 57.1 110.6  YES 
WJ03 210 1.992 4.000 3.000 0.00 31.0 81.4  YES 
WJ17 220 1.961 3.999 3.008 0.00 45.6 98.5  YES 
WJ13 230 2.134 3.999 3.004 0.00 38.7 90.6  YES 

Upper 
(1.78 dpa) 

WJ15 240 1.986 3.995 3.010 0.00 55.3 108.2  YES 
WJ18 -25 1.904 3.998 3.002 0.00 31.3 87.9  YES 
WJ08 -25 1.870 4.000 3.003 0.00 37.4 110.6  YES 
WJ20 -25 1.879 4.000 3.003 0.00 39.3 81.4  YES 
WJ22 -20 1.886 3.997 3.005 0.00 12.2 98.5  YES 
WJ10 -20 1.890 4.005 2.999 0.00 44.2 90.6  YES 
WJ04 -20 1.851 4.000 3.008 0.00 71.2 108.2  YES 

Lower 
(1.79 dpa) 

WJ12 -15 1.836 3.996 3.005 0.00 59.3 87.9  YES 
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Table 14 - Results of the Master Curve analyses performed on the irradiated TIG joint. 

Layer T 
(°C) N r Ko,eq 

(MPa√m)
Kmed,eq 

(MPa√m) Σni
To 

(°C)
σ 

(°C) 
To 

VALID 
Upper 

(1.78 dpa) 200 to 240 6 6 70.6 66.1 0.6 254 7.7 NO 

Lower 
(1.79 dpa) -25 to -15 7 7 68.2 64.0 0.9 17 7.6 NO 

 
 
 Figure 26 shows experimental data points and Master Curves with tolerance bounds (5% 
and 95% fracture probability, plus margin-adjusted lower bound) for the two layers. 
 We observe that the difference in To is almost 100 °C higher than the difference in DBTT 
measured from Charpy tests. 
 No information on the fracture toughness of the unirradiated joint is available. 
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Figure 26 - Fracture toughness results and corresponding Master Curves obtained from the two layers of the 
irradiated TIG joint. 
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5 Comparisons among the joints and with EUROFER base 
 
 The mechanical properties measured on the unirradiated and irradiated joints have been 
compared with available information concerning EUROFER base material. 
 For the unirradiated condition, an extensive characterization was performed by 
SCK•CEN and reported in [11]. In the irradiated state, EUROFER base material was irradiated 
under similar conditions (300 °C, maximum dose in the range 1.6-2 dpa) within the IRFUMA-II 
[12] and IRFUMA-III [13] campaigns. Results from the post-irradiation mechanical tests have 
been reported in [11]. 
 

5.1 Tensile data 
 
 Yield (measured at 0.1% plastic deformation) and ultimate tensile strength values 
measured on the irradiated joints are compared to unirradiated and irradiated EUROFER base 
material in Figure 27 and Figure 28 respectively, for doses ranging between 1.68 and 1.80 dpa. A 
similar comparison is presented in terms of uniform elongation (Figure 29), total elongation 
(Figure 30) and reduction of area (Figure 31). 
 All the figures show that the tensile properties of the laboratory joint and the mock-up 
joint are substantially equivalent to those of EUROFER base, whereas hardening and ductility 
loss are more pronounced for the TIG joint (particularly for the upper layer). The laboratory joint 
has the lowest hardening. 
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Figure 27 - Comparison between yield strength values measured on EUROFER base and joints after 
irradiation. 
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Figure 28 - Comparison between ultimate tensile strength values measured on EUROFER base and joints 
after irradiation. 
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Figure 29 - Comparison between uniform elongation values measured on EUROFER base and joints after 
irradiation. 
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Figure 30 - Comparison between total elongation values measured on EUROFER base and joints after 
irradiation. 
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Figure 31 - Comparison between reduction of area values measured on EUROFER base and joints after 
irradiation. 
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5.2 Charpy impact data 
 
 Experimental data points and transition curves for absorbed energy and shear fracture 
appearance are compared in Figure 32 and Figure 33 for EUROFER base and joints, unirradiated 
and irradiated to doses in the range 1.55 to 1.81 dpa; EUROFER base unirradiated is also 
included in the comparison. 
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Figure 32 - Comparison between absorbed energies for EUROFER base and joints after irradiation. 
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Figure 33 - Comparison between SFA values for EUROFER base and joints after irradiation. 
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 We observe that the impact toughness of the laboratory joint is close to that of the 
EUROFER base (taking into account the slightly higher irradiation dose), whereas the mock-up 
joint and the lower layer TIG joint show progressively higher embrittlement (both in terms of 
DBTT shift and USE decrease). The upper layer TIG joint shows very large irradiation 
embrittlement. 
 Note also that EUROFER base and laboratory joint have the same steep transition slope 
in common, while mock-up and TIG joints display smoother ductile-to-brittle transition. 
 

5.3 Fracture toughness data 
 
 Figure 34 shows experimental data points (normalized to 25 mm reference thickness) and 
Master Curves for the irradiated joints, compared to EUROFER base unirradiated and irradiated 
to 1.62 dpa within the IRFUMA-II and IRFUMA-III experiments [11]. 
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Figure 34 - Fracture toughness comparison between EUROFER joints and EUROFER base material. Black 
symbols indicate invalid data points. 
 
 
 With the exception of the TIG joint upper layer, that is hugely embrittled, the fracture 
toughness of the irradiated joints is similar to that of EUROFER base irradiated, in spite of a 
slightly higher dose and within the measurement uncertainties. For all these materials, To 
remains below room temperature (Table 15); the same ranking among the joints is observed as 
for the Charpy tests: the laboratory joint shows the best behaviour. 
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Table 15 - Values of DBTT and Master Curve reference temperature measured from EUROFER base and 
joints, with corresponding standard deviations for To. 

Material Dose2 
(dpa) 

DBTT 
(°C) 

To 
(°C) 

σTo 
(°C) 

0 -113 -112 6.3 EUROFER base 1.55/1.62 -49 -14 7.8 
Laboratory joint 1.79/1.80 -25 -31 7.1 
Mock-up joint 1.81/1.81 5 12 7.1 

TIG joint (lower layer) 1.77/1.79 72 17 7.6 
TIG joint (upper layer) 1.77/1.78 212 254 7.7 

 
 

6 Additional investigations: metallographic and SEM observations 
 
 
 Although this was not originally planned, metallographic observations were performed 
on unirradiated samples from each of the three EUROFER joints; moreover, one of the irradiated 
Charpy specimens from the upper layer of the TIG weld was observed using Scanning Electron 
Microscope (SEM). 
 

6.1 Metallography 
 
 For both diffusion welds (laboratory and mock-up), metallographic sections were made 
perpendicular to the joining plane. The interface between the two welded EUROFER plates 
could not be distinguished, either on the polished surface or after etching. 
 
 The cross section of the TIG joint after etching is shown in Figure 35. In the picture, the 
sampling position of the two specimen layers has been indicated. It can be clearly seen that the 
region containing the upper layer samples (and above) etches more lightly than the region below. 
This different etching behaviour can be explained by the different degrees of tempering which 
resulted from the thermal history of the two layers, with the upper layer being in a completely 
"as-welded" condition and the lower one having been partially heat-treated during the deposition 
of successive welding passes. 

                                                 
2 The first value corresponds to Charpy specimens, the second to fracture toughness samples. 
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Figure 35 - Cross section of the TIG joint after etching; the sampling positions of the two specimen layers are 
also indicated. 
 

6.2 SEM 
 
 The fracture surface of one of the KLST Charpy specimens extracted from the upper 
layer of the TIG joint (WJ-11, T = 200 °C) was investigated using the Scanning Electron 
Microscope. 
 The secondary electron images clearly show a ductile layer adjacent to the machined 
notch (Figure 36 - top); this relates to the small amount of ductility measured on the sample 
(SFA = 11%). The overall microstructure of the specimen can be characterized as cleavage with 
the observation of some steps on the fractured surface (Figure 36 - bottom). 
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Figure 36 - Secondary electron images of the fracture surface of KLST specimen WJ-11. 

 
 

7 Conclusions 
 
(a) Of the three investigated EUROFER joints (dose 1.77-1.81 dpa), the best post-irradiation 

mechanical behaviour was exhibited by the "laboratory" diffusion joint, although the other 
diffusion joint ("mock-up") showed almost equivalent tensile and fracture toughness 
properties. The slightly worse performance of the mock-up joint is probably due to the fact 
that it was executed using the 25 mm plate, which has been shown to have worse 
mechanical properties than the remaining product forms [14,15], including the 100 mm bar 
from which the laboratory joint was fabricated. 

 
(b) The conventional (TIG) weld showed completely different mechanical behaviour for the 

specimens extracted from the upper and lower layers, due to the absence of any post-weld 
heat treatment and the fact that the material in the lower part of the joint had been partially 
heat-treated by the deposition of the last weld passes. As a consequence, specimens from 
the top layer show higher hardness and tensile properties as well as inferior ductility and 
toughness. Irradiation hardening and embrittlement is much more pronounced for the upper 
layer specimens. 

 
(c) Irradiation hardening (yield strength increase at irradiation temperature, 300 °C) ranges 

from 33% for the TIG joint (upper layer) to 66% for the laboratory joint. Uniform 
elongation drops to less than 0.5% for all the joints except for the TIG weld upper layer 
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(1%-1.25%). On the other hand, total elongation remains above 11% for both diffusion 
joints and around 10% for the TIG joint. 

 
(d) KLST impact results show the typical EUROFER very steep transitional behaviour only for 

the laboratory joint, but not for the mock-up or the TIG joints. USE decrease for the 
diffusion welds can be estimated at about 10%, whereas no statement can made for the 
DBTT increase (unirradiated data are lacking). 

 
(e) The Master Curve procedure gives a satisfactory representation of the fracture toughness of 

the irradiated joints, although some very high toughness results were recorded for the two 
diffusion welds. Based on these latter tests, the upper shelf toughness of the diffusion joints 
can be considered rather elevated (KJIc > 350 MPa√m). 

 
(f) Metallographic observations on the diffusion joints do not allow detecting the interface 

between the welded plates; on the other hand, the two different regions of the TIG joint (as-
welded and partially heat-treated) are clearly visible. 

 
(g) The results obtained on the TIG joint demonstrate that for this welding technique a proper 

PWHT is necessary if mechanical properties similar to the base material need to be 
obtained. 

 
 One potential problem with the results obtained from the diffusion joints is their actual 
representativity. Although the specimens were accurately sampled following the location of the 
plate-to-plate or bar-to-bar interface according to the drawings supplied by CEA Grenoble, some 
uncertainty remains on the actual location of this interface (if such interface really exists, rather 
than a generic "diffusion zone"). The same uncertainty also exists on the actual position of the 
reduced section for the tensile specimens and the notch for the KLST specimens; in other words, 
it might be questionable whether the measured properties are actually relevant to the "weld" 
material (as undoubtedly in the case of the TIG joint) or rather to the "parent" material. 
 Nevertheless, the fact we have measured properties which are substantially equivalent to 
those of the parent EUROFER material demonstrates that the quality of the diffusion joints can 
be considered very satisfactory. 
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ANNEX 1 
 

Cutting plans for the three EUROFER joints 



 

 


