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A B S T R A C T

RAFM steel EUROFER97 is the European reference structural material for the ITER Test Blanket Module (TBM) 
and the DEMOnstration fusion power plant. Fracture toughness belongs to the key mechanical properties needed 
for the assessment of the structural integrity of the nuclear components under monotonic mechanical loading. 
Aiming at the support of implementation of EUROFER97 in RCC-MRx by F4E, the EUROfusion MAT-TBM group 
carried out fracture-mechanical characterization of the third and fourth batch of EUROFER97 in a temperature 
window between RT and 550◦C. The resistance curve methodology implying the Unloading Compliance (UC) 
measurement according to ASTM E1820 standard has been proposed as the reference approach for the deter
mination of the crack resistance curve and elastic-plastic fracture toughness JIc. The application of the UC 
method, however, yielded so called ‘negative crack growth’ phenomena at the initial loading stage prior to onset 
of physical crack growth, which was corrected by appropriate offsetting the J-R curve. Furthermore, the 
compliance was found to be largely scattered particularly at elevated temperatures. The observed apparent 
negative crack growth and compliance scattering prevented the elastic plastic fracture toughness JQ from being 
qualified as the test standard conform JIc. Fractographic analysis revealed complex, 3D growth of ductile cracks. 
To back up the resistance curve J-R results, the Normalization Data Reduction Technique and Basic Procedure 
have been implemented. Significant quantitative differences have been observed both in the J-R behavior and JQ 
values between the third and fourth batch of EUROFER97, even though both batches exhibited high toughness in 
the investigated temperature range. The temperature dependence of the toughness are discussed and the 
toughness values obtained by different methodologies and different labs are compared systematically.

1. Introduction

Reduced Activation Ferritic/Martensitic (RAFM) steel EUROFER97 
is the European reference structural material for the ITER Test Blanket 
Module (TBM) [1] and the future DEMOnstration fusion power plant 
(DEMO) [2]. Application of EUROFER97 in the ITER-TBM being under 
construction in Cadarache, France requires its qualification according to 
French RCC-MRx code (design and construction rules for mechanical 

components of advanced reactors, research reactors and fusion reactors) 
[3,4]. Fracture toughness belongs to the key mechanical properties 
needed for the deterministic structural integrity analysis of the nuclear 
components under monotonic mechanical loading. Extensive studies 
have been performed in the past to characterize fracture toughness 
reference temperature (To) according to ASTM E1921 [5] on EURO
FER97, both in the unirradiated and irradiated states, see e.g. [6–10]. 
Contrary to this, the available ductile fracture toughness data enabling 
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the evaluation of crack extension resistance behavior is rather scarce 
and mainly limited to the 1st and 2nd batch of EUROFER97 see e.g. 
[11–14]. Moreover, due to violation of the requirements of relevant 
ASTM E1820 [15] and ISO 12135 [16] testing standards on the spec
imen dimensions, guarantying prevailing plane strain condition along 
the crack front (across the specimen thickness), the available 
elastic-plastic fracture toughness and J-R curve data cannot be always 
classified as valid and thus should not be recommended for design 
application. Crack extension resistance J-R curves are in a probationary 
rule of Afcen RCC-MRx code [4], however results on more batches (at 
least two) will be required for the analysis of the dispersion of results. 
Widely accepted practice for construction of the crack growth resistance 
curve is application of the resistance curve test method in combination 
with the measurement of Unloading Compliance (UC) adopted by 
various testing standards including ASTM E1820 and ISO 12135. Utili
zation of a single specimen only for the construction of a whole J-R curve 
makes the application of this method very attractive. The uncertainties 
in the determination of the crack length from the measured unloading 
compliance as well as apparent negative crack growth observed for high 
toughness materials [17,18], however, makes this approach less precise 
compared to the Basic Procedure (BP) described in section 8.4 of the 
ASTM E1820-25 testing standard, the latter requiring however testing of 
more (at least five) specimens in the eligible J − Δa space. An apparent 
negative crack growth is observed for both, high toughness ferritic and 
austenitic steels [18]. Such behavior is ascribed to compressive residual 
stress caused by the plastic zone around crack tip during unloading 
process in [17], whereas strain hardening of the material during the 
blunting process is considered to be the main reason in [18]. Misalign
ment of the loading train, friction and physical blunting behavior are 
alternatively considered as possible reasons for apparent negative crack 
growth [19]. For a recent literature review on the apparent negative 
crack growth the reader is referred to [20] and references therein. In 
addition, during the examination of type 316L stainless steel, Chen et al. 
pointed out that the UC method becomes impractical in elevated tem
perature testing due to stress relaxation of the material and enhanced 
friction interference between the specimen, pin and clevis which results 
in unreliable crack size measurements [21]. Application of the 
Normalization Data Reduction Technique (NDRT) according to ASTM 
E1820-Annex A15 relieves technical difficulties related to the testing of 
a single specimen, as monitoring of the crack growth with progressing 
load line displacement (LLD) is no more required, see e.g. [15,16,22]. 
The advancement of the crack is instead calculated by taking into ac
count recorded force vs. LLD curve as well as physically measured initial 
and final crack lengths by assuming unique relationship between the 
force, the displacement and the crack length [23].

Current paper deals with the determination of J-R behavior and 
plane strain fracture toughness of two batches of EUROFER97. Joint 
efforts of EUROfusion MAT-TBM group have been utilized to charac
terize the material in a wide temperature window between RT and 
550◦C. The difficulties related to the determination of fracture tough
ness of high toughness materials will be addressed. The toughness values 
obtained by different methodologies and different labs will be compared 
systematically. The data from the involved labs will be consolidated and 
discussed in terms of the temperature and batch dependence. The 
generated data is intended to be used by F4E for implementation of 
EUROFER97 in Afcen RCC-MRx code.

2. Experimental

2.1. Material

Material studied in the current work is batch 3 (EUROFER97-3) and 
batch 4 (EUROFER97-4) of RAFM steel EUROFER97 produced by 
Saarschmiede GmBH Freiformschmiede [24]. Manufacturing steps 
involved melting in a Vacuum Induction Melting (VIM) furnace, 
remelting using a Vacuum Arc Remelting (VAR) furnace, forging, rolling 

and final thermal treatment. The nominal chemical compositions of 
EUROFER97 are well met by batch 3 and batch 4 as shown by the 
manufacturers’ analysis given in Tables 1 and 2, respectively.

A 50 mm thick plate (EUROFER97-3, heat 994570) and a 46.5 mm 
thick plate (EUROFER97-4, heat 988590) have been chosen for the 
fracture toughness study. The identification numbers assigned to the 
plates by the manufacturer are ID48 and ID70, respectively. Final heat 
treatment applied by the manufacturer included normalization at 980◦C 
for 50 min followed by air cooling and tempering at 760◦C for 145 min 
for ID48 and normalization at 980◦C for 90 min followed by cooling with 
forced air and tempering at 740◦C for 55 min for ID70. Having two 
different heat treatments helps us to demonstrate that the domain of 
valid manufacturing is covered by the fracture toughness tests. Tensile 
properties used for the evaluation of the crack resistance curves are 
summarized in Table 3.

2.2. Specimen manufacturing, testing and evaluation

Labs from three European countries participated in the fracture 
toughness characterization campaign: CIEMAT (Spain), SCK-CEN 
(Belgium) and KIT (Germany). It was agreed to use Compact Tension 
(C(T)) specimens of a common specimen thickness of B = 20 mm. All 
other dimensions were scaled according to the ASTM E1820 standard, i. 
e. specimen width W = 2*B =40 mm, etc. Specimens have been 
extracted in T-L orientation, with T denoting the long transverse direc
tion and L denoting longitudinal (rolling) direction of the plate. Two 
specimens have been extracted through the plate short thickness direc
tion. All specimens have been subjected to fatigue loading at RT at a load 
ratio of R =Pmin/Pmax =0.1. Maximum load during pre-cracking was 
always below the limit specified in ASTM E1820, i.e. below 

Pm =
0.4Bb2

oσY

2W + ao
(1) 

Here ao is the initial crack length, bo - the original remaining liga
ment of the C(T) specimens and σY – the mean of yield strength and the 
ultimate tensile strength. The applied maximum stress intensity factor 
has been reduced in the final phase of fatigue pre-cracking as recom
mended by ASTM E1820. Precracking frequency varied in a range of 25 
-30 Hz. A ratio of the initial crack length ao to specimen width (W) was in 
a range of 0.5-0.6. All specimens were side-grooved after fatigue pre
cracking to a depth of 10% of the specimen thickness on both sides 
(resulting net thickness of Bn = 16 mm) utilizing root radii of 0.25-0.5 
mm and groove angles of 45-60◦. All specimens have satisfied the 
straightness criteria for the specimen crack front as prescribed by ASTM 
E1820.

High temperature (HT) Crack Opening Displacement (COD) gages 
from Epsilon technology corporation [26] of different configurations 
adapted to the testing setups of individual labs have been used for the 
measurement of the displacement. Calibration of the extensometers has 
been done at test relevant temperatures by means of Linear Variable 
Differential Transformer (LVDT) gages. CIEMAT experienced difficulties 
with the COD extensometer during the initial tests, where the test 
displacement rate was controlled using the extensometer signal. This 
caused significant scatter in the load-line displacement signal during the 
unloading/reloading cycles, compromising the compliance-based crack 
size measurement according to ASTM E1820. When the test rate was 
controlled using the machine LVDT instead, the signal stabilized. KIT 
has utilized Front Face Displacement (FFD) measurement by means of 
integral knives machined at the front face of the specimen. SCK-CEN and 
CIEMAT directly measured Load Line Displacement (LLD). The FFD 
measured by HT COD gage at KIT has been converted to the LLD taking 
into account the position of FFD measurement by applying a formula 
proposed by Landes [27] 

LLD
FFD

=
a + rb

a + rb + c
. (2) 
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Here a denotes the crack length of a C(T) specimen, b – the ligament 
length, c – the distance from the load line to the point of the FFD mea
surement and r is the distance from the crack tip to the point of rotation 
divided by b. ASTM E1820 makes use of r = 0.5 for calculation of a point 
of specimen rotation.

Servo-hydraulic universal testing machines equipped with high 
temperature furnaces available at the participant’s labs have been used 
for fracture toughness testing. The calibrated thermocouples have been 
attached to the C(T) specimens directly. Loading of the specimen has 
been utilized in displacement controlled mode by all labs at a 

displacement rate of 0.2-0.6 mm/min. Partial unloading of the speci
mens for the UC measurement has been performed either in a 
displacement controlled mode by KIT (unloading/reloading rate 0.6 
mm/min) and by SCK-CEN (unloading/reloading rate 0.2 mm/min) or 
in a load controlled mode by CIEMAT (unloading/reloading rate of 8 
kN/min). KIT did not implement hold time prior unloading events, 
instead initial non-linear parts of unloading sections have been dis
carded in order to analyze the compliance of remaining quasi-linear 
curves. SCK-CEN implemented hold times of 15 s and 200 s for low 
and high temperature tests, respectively. As for CIEMAT, a constant hold 
time of 15 s was used in the entire temperature range. All tests have been 
performed under air. The apparatus used by SCK-CEN is accredited 
through the Belgian national safety authority. The test matrix covered 
the following temperatures: RT, 300, 350, 450, 550◦C. The targeted 
crack extension values were first Δa = 0.5, 1, 1.5 mm then extended up 
to 3 mm. These targets were chosen in order to improve confidence in 
the single specimen J1C values and J-R curves determined either by UC 
or NDRT by application of the Basic Procedure.

After testing, the specimens were cooled down and subjected to RT 
cycling load to further reduce the remaining ligament (b) before their 
final separation into two halves by applying tearing load in tension at 
KIT. The post fracture toughness test fatigue cracking is done to the 
extent when the specimen necking is recovered. Under such circum
stances we do not expect substantial distortion of ductile crack front and 
necking. Alternatively, at SCK-CEN and CIEMAT, the specimens have 
cooled down to liquid nitrogen temperature and separated by brittle 
fracture. In some cases, SCK-CEN also performed fatigue cracking after 
the end of J-R test to create a new fatigue line. Initial and final crack 
lengths have been measured under optical microscope. Determination of 
a final physical crack size (ap) could not be performed according to 
ASTM E1820. Necking of the C(T) specimens prevented the physical 
crack size measurements at both of the outer positions (red lines in 
Fig. 1) of 9 equally spaced points extending to 0.005 W from the roots of 
the side grooves. An alternative procedure is indicated in Fig. 1 where 
only 7 positions (green lines) are used for the determination of a physical 

Table 1 
Chemical composition of EUROFER97-3, Heat 994570 in wt%, Fe balance.

C% S% P% Si% Mn% Ni% Cr% Mo% W% As+Sn+
Sb+Zr%

min 0.09 - - - 0.20 - 8.50 - 1 0
max 0.12 0.005 0.005 0.050 0.60 0.01 9.50 0.005 1.2 0.05
Top near surface 0.098 0.0032 0.0013 0.025 0.53 0.01 9.11 0.002 1.11 < 0.007
Top centre 0.101 0.0035 0.0014 0.025 0.53 0.01 9.1 0.002 1.11 <0.007
Bottom centre 0.103 0.0032 0.0012 0.025 0.53 0.01 9.1 0.003 1.11 <0.007

Ta% V% Nb% Cu% B% Al% Co% N2% Ti%

min 0.10 0.15 - - - - - 0.015 - ​
max 0.14 0.25 0.005 0.01 0.002 0.01 0.01 0.045 0.02 ​
Top near surface 0.11 0.20 0.004 0.003 0.0011 0.002 0.003 0.029 0.001 ​
Top centre 0.11 0.20 0.004 0.003 0.0010 0.002 0.003 0.035 0.001 ​
Bottom centre 0.11 0.20 0.004 0.003 0.0011 0.003 0.003 0.035 0.001 ​

Table 2 
Chemical composition of EUROFER97-4, Heat 988590 in wt%, Fe balance.

C% S% P% Si% Mn% Ni% Cr% Mo% W% As+Sn+
Sb+Zr%

min 0.09 - - - 0.20 - 8.50 - 1 0
max 0.12 0.005 0.005 0.050 0.60 0.01 9.50 0.005 1.2 ​
Top 0.09 0.005 0.002 0.021 0.45 0.008 8.6 0.002 1.1 0.0049
Bottom 0.09 0.005 0.002 0.021 0.46 0.008 8.6 0.002 1.1 0.0049

Ta% V% Nb% Cu% B% Al% N2% Ti% Co% O2

min 0.10 0.15 - - - - 0.015 - 0.01 -
max 0.14 0.25 0.005 0.01 0.002 0.01 0.045 0.02 0.04 0.01
Top 0.13 0.20 0.005 0.004 0.001 0.002 0.029 0.001 0.004 0.001
Bottom 0.13 0.20 0.005 0.004 0.001 0.002 0.036 0.001 0.007 0.001

Table 3 
Tensile properties used for evaluation of fracture toughness of batch 3 [3] and 
batch 4 [25]. Values given in the parenthesis were used by CIEMAT for batch 3.

Batch Temperature 
(◦C)

Yield 
strength 
(MPa)

Ultimate tensile 
strength (MPa)

Young’s 
modulus (GPa)

Batch 
3

RT 541 (532) 668 (654) 217

Batch 
3

300 471 548 202

Batch 
3

350 457 525 199

Batch 
3

450 412 (403) 465 (453) 193

Batch 
3

550 332 371 180

Batch 
4

RT 604.0 694.4 217

Batch 
4

300 521.1 567.2 202

Batch 
4

350 517.2 556.2 199

Batch 
4

450 474.1 502.3 193

Batch 
4

550 368.7 377.0 180
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crack length ap by means of simple arithmetic averaging of the 7 
records.

2.3. Test evaluation procedure

When using an elastic compliance technique, the crack size for each 
unloading sequence (a(i)) is calculated from the elastic compliance Cc(i) 
after correction for rotation according to the ASTM E1820.

For construction of the resistance curve the calculation of the J(i)
integral for each set of the crack length a(i), the displacement v(i) and the 
load P(i) is performed as follows 

J(i) =
(K(i))

2
(1 − v2)

E
+ Jpl(i) (3) 

where stress intensity factor K(i) and plastic part of the J integral (Jpl(i)) 
for respective crack length are calculated according to the ASTM E1820
procedure for the C(T) specimens. Furthermore, optically measured 
crack growth Δa have been used for construction of J-R curves according 
to the BP of ASTM E1820 standard.

In addition, construction of J-R curves on the base of optically 
measured initial and final crack lengths and recorded force vs. LLD 
curves have been performed in compliance with the NDRT described in 
the Annex 15 of ASTM E1820. Constructed J-R is considered valid if a 
normalization function fits the normalized force displacement curve 
with a maximum deviation below 1% of the final normalized force point.

The interim fracture toughness value JQis determined as the ordinate 
of the intersection of the J = C1ΔaC2 fit to constructed (Δa(i), J(i)) points 
and 0.2 mm offset of the J = 2σYΔa construction line, with σY being a 
mean of the yield strength and the ultimate tensile strength. The data
points eligible for the fit are confined by 0.15 mm and 1.5 mm offset 
construction lines and Jlimit =

boσY
7.5 as described in ASTM E1820. 

Furthermore, the maximum J-integral capacity, Jmax = min
(

boσY
10 , BσY

10

)

and maximum crack extension capacity, Δamax = 0.25bo, have to be 
taken into account.

Following the ASTM E1820 when using the UC technique all (Δa(i),

J(i)) points that were determined before reaching the maximum force are 
used to calculate revised initial crack length aoq. To achieve this the 
above described points will be fitted to 

a = aoq +
J

2σY
+ BJ2 + CJ3 (4) 

where aoq, B, C are found using a least square procedure. If the optically 
measured crack size, ao, differs from aoq by more than the larger of 

0.01W or 0.5 mm, the data set is not adequate according to the ASTM 
E1820 test method.

3. Results

The results of a preliminary evaluation of some of the tests have been 
partly reported in [28]. For the sake of completeness and comparison, 
we will present all results obtained within the current characterization 
campaign. An example of a recorded load vs. LLD curve and subsequent 
evaluation steps towards construction of crack resistance J-R curve is 
shown in Fig. 2. The material tested is the ID70 plate and the testing 
temperature equals to 300◦C. Partial unloadings were implemented 
during testing aiming at the determination of the UC, see Fig. 2 (a). The 
unloading compliance determined via analysis of the unloading sections 
of the curve is shown in Fig. 2(b). A striking feature is a minimum seen in 
unloading compliance vs displacement dependence. The appearance of 
this minimum leads to an apparent negative crack growth observed in 
the constructed crack resistance J-R curve, see Fig. 2(c). The ASTM 
E1820 does not provide a procedure for the treatment of the negative 
crack growth. Instead, the test is requested to be stopped if crack length 
changes by more than 0.005ao. We note that an apparent negative crack 
growth prevents application of Eq. 4 for determination of the revised 
initial crack length aoq and thus does not allow examination of one of the 
criteria of the ASTM E1820 testing standard for qualification of the re
sults. To allow analysis of the J-R behavior and the determination of the 
JQ, the J-R curve has been offset in a way to match its quasi-linear part, 
originating in the blunting of the crack tip, to the J = 2σYΔa construc
tion line. This approach is slightly different from the so called offset 
technique [17,20]. The difference is that in [17] the J-R curve is shifted 
along the crack growth axis by an amount of distance from the most 
negative Δa point, whereas in the current work an appropriate Δa shift is 
identified by taking into account a scattering of the data in the blunting 
region. In [18] another alternative approach has been proposed for 
correction of an apparent negative crack growth. This includes i) iden
tification of the minimum in the compliance vs displacement depen
dence (in original paper: maximum in stiffness vs displacement 
dependence); ii) discarding the datapoints left to the minimum, iii) 
smooth conversion of the measured compliance into corrected compli
ance taking into account expected compliance values corresponding to 
physically measured initial and final crack lengths (shown by green 
symbols in Fig. 2(b)) and iv) placing the crack growth initiation point 
(corresponding to the minimum compliance) onto the blunting line. The 
J-R curve constructed following the compliance correction procedure 
proposed in [18] is also included in Fig. 2(c). Finally, the solid magenta 
line in Fig. 2(c) presents the J-R curve constructed by application of 
NDRT of ASTM E1820. The intersection of the constructed J-R curves 
with 0.2 mm offset construction line yielded JQ values of 325.4 kJ/m2, 
278.7 kJ/m2 and 373.9 kJ/m2 for the resistance curve (simple offset of 
Δa used in the current work), compliance correction procedure [18] and 
NDRT, respectively. Difference in JQ values between the simple Δa offset 
and compliance correction approaches is of the order of 14%. The NDRT 
yields the highest JQ value (~15% higher than simple Δa offset) for the 
current specimen. An alternative treatment of the apparent negative 
crack growth based on the fitting of a(J) dependence to eliminate the 
arbitrary shift of the crack length, was reported to yield higher JIc values 
for austenitic stainless steel when compared to the treatment implying 
zero shifting of the most negative Δa values [19]. We note that the 
scattering of the compliance may prevent identification of the location 
of the minimum in the compliance vs displacement dependence. Due to 
above described observations, and due to lack of a widespread consensus 
on the correction of an apparent negative crack growth, a simple Δa 
offset approach, implying offset of J-R curve by matching its quasi-linear 
part to the blunting line, was adopted throughout this work. Regarding 
the implementation of EUROFER97 into Afcen RCC-MRx, for the cases 
where only the results from the UC test method are available, to validate 

Fig. 1. Fracture surface of a C(T) specimen tested at 350◦C indicating positions 
for crack advancement measurement according to ASTM E1820. Position 
marked by green lines are adopted for crack growth measurement in cur
rent work.
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the existing results and to minimize uncertainties introduced by the 
negative crack growth, we recommend repetition of fracture toughness 
tests by utilizing alternative methods (such as the BP).

Fractographic examination of the broken specimens under Scanning 
Electron Microscope (SEM) revealed extended stretched zone, followed 
by complex, three-dimensional crack growth, see Fig. 3 (a) and (c). The 
formation of ductile dimples as a result of nucleation, growth and coa
lescence of the micro-voids appears to be the dominant mechanism for 
the ductile crack growth, see Fig. 3 (b) and (d). Though not quantita
tively assessed, the size distribution of equiaxed dimples seems to be 
more heterogeneous after testing at 550◦C.

The J = C1ΔaC2 power law fits determined by the labs by means of 
the resistance curve procedure and NDRT are shown in Fig. 4. In addi
tion, limited data from the BP are also included when number of tested 
specimens was more than one per testing condition. In all cases the re
sults obtained by the BP cannot be considered valid according to the 
requirements of the standards due to an insufficient number of available 
tests in the eligible J − Δa space. Due to limited number of available 
specimens, systematic lab-to-lab reproducibility was not studied in the 

current work. ID70 specimens were tested at 450◦C by KIT and CIEMAT, 
see Fig. 4 (i). Application of UC and NDRT techniques by KIT and NDRT 
technique by CIEMAT provide a moderate scatter of the data (mean: 212 
kJ/m2, standard deviation ±37 kJ/m2). The repeatability of the J-R 
curves and JQ results within each lab is satisfactory independently 
whether the UC or NDRT is used. The scattering is particularly low when 
the tests are performed at or below 350◦C. Exceptions were observed at 
RT by SCK-CEN where the application of the UC technique at RT yielded 
nearly linear J-R curves due to apparent overestimation of the crack 
growth measurement, see Fig. 4 (a) and (f). Crack segmentation and its 
propagation in multiple planes caused by high RT fracture toughness of 
the material in addition to possible sliding of COD gage knives may 
obscure the crack length determination by the UC. Corresponding JQ 
values are strongly underestimated when compared with the results 
obtained by the NDRT. The application of the BP leads to overestimation 
of J-R curve compared with the UC or NDRT results in some cases where 
available datapoints are far from the 0.2 mm offset line, see e.g. Fig. 4
(d) and (e). In other cases, the results from the BP may be consistent with 
the resistance curves obtained by the UC or NDRT approaches. ASTM 

Fig. 2. Fracture-mechanical test and evaluation of ID70 at 300◦C. (a) Load vs LLD curve; (b) Measured, expected and corrected compliances; (c) J-R curves con
structed by utilizing the UC in resistance curve procedure after simple Δa offset (red squares), the UC after compliance correction according to the procedure 
proposed in [18] (dark blue circles) and J-R curve constructed according to the NDRT (solid magenta line). A J = 2σYΔa construction line and its offsets according to 
ASTM E1820 together with enabled Jmax value are also included. The dotted black and solid blue lines represent J=C1(Δa)C2 fit to the eligible datapoints obtained by 
the resistance curve procedure and the compliance correction method, respectively.
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E1820 requires availability of at least 5 datapoints in a qualified area 
with one of the datapoints between 0.15 and 0.5 mm offset lines, see test 
and evaluation procedure in section 2. The availability of too few 
datapoints within the current work prevents however reliable determi
nation of the J-R curve and fracture toughness via the BP – a small error 
in a single datapoint may act as a source for large error in the con
structed resistance curve.

The temperature evolution of J-R curves is summarized in Fig. 5 (a) 
for ID48 and Fig. 5 (b) for ID70 plates, respectively and the corre
sponding C1 and C2 coefficients are listed in Table 4. A remarkable 
reduction of the resistance against crack growth is observed when 
increasing the temperature from RT to 300-350◦C for both materials. 
With further increase of the temperature, however, no clear tendency on 
J-R curves can be recognized, even though the curves for ID48 are 
slightly inferior compared with the ones determined at 300-350◦C. As 
for ID70, the resistance curve appears to be superior at 550◦C when 
compared to the behavior observed at 350-450◦C. The ID48 shows 
higher resistance against crack growth compared to ID70 plate in the 
entire investigated temperature range.

To examine the temperature evolution of fracture toughness, the 
results from UC, NDRT and BP have been collated and presented in Fig. 6
for ID48 and Fig. 7 for ID70, respectively. For the analysis purpose, the 
negative crack growth alone was not considered to be a data dis
qualifying criterium. In the case of ID48 plate the BP appeared to 
overestimate the results compared to UC or NDRT at elevated temper
atures. In the case of ID70, however, good agreement is seen between 
the results obtained by the BP on the one hand and by UC or NDRT 
methods, on the other hand. Nevertheless, all JQ results obtained ac
cording to the BP have been excluded from the analysis due to insuffi
cient number of underlying tests in eligible J − Δa space. Moreover, 
some of the results obtained according to the NDRT, represented with 
crossed symbols in Fig. 6, were also excluded from the analysis because 

they were classified as invalid due to poor quality of the fit to the 
normalized force displacement curve, see Chapter 2. Remaining data 
represented by open symbols were classified as qualified and used for 
determination of the average toughness values included in Figs. 6 and 7
together with standard deviation values represented by error bars. The 
dashed lines shown in Figs. 6 and 7 are guides for the eye. The fracture 
toughness of ID48 and ID70 plates decreases remarkably by rising the 
temperature from RT to 300◦C. Above 300◦C the temperature evolution 
of the toughness of ID48 is weak and slightly non-monotonic exhibiting 
a small peak at 350◦C followed by a small minimum at 450◦C, see Fig. 6. 
As for ID70, the toughness exhibits a clearly resolved broad minimum 
between 350 and 450◦C in Fig. 7. The two Fig.s also include temperature 
dependence of the total elongation for the respective batches.

4. Discussion

The application of the UC technique in combination with the resis
tance curve procedure was found to be challenging due to i) apparent 
negative crack growth and ii) large scatter of the measured compliance. 
In the SCK test, the apparent negative crack growth seemed to be more 
pronounced at room temperature than at 300◦C. This may suggest that 
mechanisms such as crack-tip strain hardening and compressive residual 
stresses are more dominant at lower temperature, while stress relaxation 
at elevated temperature may partially mitigate the effect. Irrespective of 
the absence of widespread consensus regarding the origin of the 
apparent negative crack growth, this phenomenon is known to be 
characteristic for high toughness steels [17–20]. Application of crack 
growth offsetting procedure aiming at matching of quasi-linear part of 
J-R curve to the blunting line is believed to be reasonable approach until 
a dedicated compliance correction procedure becomes available in the 
relevant testing standards. The scattering of the compliance was 
particularly high for the tests at elevated (≥450◦C) temperatures. 

Fig. 3. (a) SEM image of ID48 specimen after testing at 350◦C revealing stretched zone; (b) SEM image of ID48 specimen after testing at 350◦C revealing extensive 
dimple formation during crack growth; (c) SEM image of ID48 specimen after testing at 550◦C revealing stretched zone; (d) SEM image of ID48 specimen after testing 
at 550◦C revealing dimple formation.
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Complex, 3D crack growth and excessive blunting occurring at elevated 
temperatures together with potential creep effects and stress relaxation 
are believed to distort the compliance measurement along with factors 
like friction, alignment of the load train etc. reported in the literature 
[19,20]. At elevated temperatures the use of bulky HT extensometers 
may be an additional source for the compliance scattering as compared 
with experiments carried out in a temperature window between liquid 
nitrogen (-196◦C) to 300◦C where lightweight extensometers are used. 
Reversals of the loading direction required for the UC method may 
become a source of sliding of the extensometer knives thus introducing a 
scatter and/or offset into the signal resulting deterioration of the 
determined crack length. A wavy character of the curves observed above 
0.9 mm of LLD, see Fig. 2(a), may be an indication of the Dynamic Strain 
Aging (DSA) effects even though serrated type flow in uniaxial tensile 
tests is frequently not observed for RAFM steels [29,30]. Xu and Shen 
[31] did report DSA effect in China Low Activation Martensitic Steel 
(CLAM) on the base of the observed serrated flow between 300 and 
350◦C and over 500◦C along with plateau in the tensile and yield 
strengths and minimum in the ductility at intermediate temperatures. 
The DSA evidence during low cycle fatigue deformation in ferritic 

martensitic steels was in addition reported in [32]. The investigation of 
strain rate effects on the tensile and fracture toughness properties could 
provide deeper insight in the DSA phenomena in RAFM steels. Though a 
factor three difference in the loading rates among different labs is not 
expected to affect the fracture toughness significantly, loading rates are 
proposed to be kept same between participating labs in order to avoid 
any uncertainty in the interpretation of the results.

The normalization procedure has been found to yield reproducible 
results particularly at temperatures less than or equal to 350◦C. Partial 
unloadings, implied for the UC method, require post processing of the 
recorded force displacement curves to eliminate unloading/reloading 
sections for application of the NDRT. In the case of a post processed 
curve, however, fitting quality to normalized forced displacement curve 
may become poor, particularly at elevated temperatures, and deviation 
between fit and normalized force displacement curve may exceed 
maximum allowed value of 1 % of a final normalized force thus making 
the determined crack resistance curve invalid according to ASTM E1820. 
Getting rid of partial unloadings was demonstrated by CIEMAT to lead to 
acceptable quality crack resistance curves when applying the NDRT 
even at elevated temperatures, see the results in Fig. 4 (j).

Fig. 4. J=C1(Δa)C2 curves along with JQ values determined by applying BP, resistance curve and NDRT. Limited number of J values from the BP are also included.
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Comparison of the J-R curve obtained by the UC, with the curves 
obtained by the BP and the NDRT was systematically implied in this 
work depending on their availability to improve the confidence in JQ 
values and J-R curves extracted from the UC. For the current analysis the 
qualified JQ values obtained by the UC method were either very close to 
or slightly lower than the qualified values obtained by other methods. 
The minimum values to be calculated in Afcen RCC-MRx code will ac
count for the scatter of the fracture toughness and thus enable conser
vative evaluation of the component integrity. In some cases, qualified 
results are available for one evaluation procedure only, see e.g. Fig. 4(e) 
where NDRT results are not presented due to violation of the require
ment on the fitting quality or due to malfunction of the extensometer. 
Another example is Fig. 4(j) where no UC results are presented due to 
lack of partial unloadings aiming at the improvement of NDRT curve 

quality. Though application of different JQ evaluation methods is useful 
for the evaluation of the dispersion of the results this is not strictly 
requested by Afcen RCC-MRX code.

The qualified toughness data on ID48 plate, used for the determi
nation of the average values in Fig. 6 show low scatter reflected in 
moderate values of standard deviation (SD). This indicates a good 
repeatability of the results within each lab. No systematic lab to lab 
reproducibility study has been done for the case of ID48 plate within this 
work. Whether a small maximum at 350◦C with a relative height of 
~10% could be attributed to a lab-to-lab bias is not clear taking into 
account general susceptibility of the toughness to a scatter. Further
more, to which extent a minimum observed at 450◦C is related to a 
broad minimum in the total elongation observed around 350◦C for 
EUROFER97 steel, see Fig. 6, is not clear either. Remarkably, the 

Fig. 4. (continued).

Fig. 5. J-R curves at different temperatures for ID48 and ID70 plates. For test temperature and applied evaluation technique see Fig. legend.
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investigation of the tensile and J-R curve behavior of ASME Grade 91 
steel in a wide temperature range (toughness study between 300 and 
600◦C) in [33] revealed non-monotonic evolution of the crack resistance 
behavior with temperature, characterized by an inferior J-R curve at a 
test temperature of 400◦C, which was correlated to a minimum in the 
tensile ductility. At intermediate temperatures a minimum in the frac
ture toughness has been also reported in [34] and [35], for P91 and 
SA516-Gr. 70 steels, respectively. On the base of the observed strain rate 
sensitivity, manifested by a shift of the temperature for fracture tough
ness minimum to higher temperatures with increasing the strain rate, 
DSA was considered to be responsible for the minimum in the fracture 

toughness temperature dependence [35]. Taking these findings into 
account an increase of the toughness at 550◦C for ID48 plate could be 
correlated to an increase of the tensile ductility. Overall, ID48 plate 
exhibits high toughness in the entire investigated temperature range. 
The fracture toughness is highest at RT but tends to decrease at high 
temperatures. An average toughness of above 500 kJ/m2 measured at 
300◦C is well above the corresponding values for the batch 1 of 
EUROFER97 (EUROFER97-1) with a reported fracture toughness of 342 
kJ/m2 [12]. The reason for the superior fracture behavior of 
EUROFER97-3 as compared to EUROFER97-1 is not clear. The fracture 
mode, being characterized by formation of equiaxed dimples shown in 

Table 4 
Tabulated values of C1 and C2 coefficients of J = C1ΔaC2 curves given in Fig. 5 along with JQ values.

ID48 ID70

Lab T 
(◦C)

Method C1 C2 JQ (kJ/m2) Lab T 
(◦C)

Method C1 C2 JQ (kJ/m2)

CIEMAT 20 NDRT 826 0.59 742 KIT 300 NDRT 508 0.41 404
CIEMAT 20 NDRT 822 0.56 745 KIT 300 UC 453 0.43 339
CIEMAT 20 NDRT 836 0.56 768 KIT 300 NDRT 486 0.43 374
CIEMAT 20 NDRT 818 0.59 730 KIT 300 UC 450 0.47 325
CIEMAT 450 NDRT 462 0.74 295 KIT 300 NDRT 505 0.45 388
CIEMAT 450 NDRT 570 0.72 458 KIT 300 UC 450 0.24 393
CIEMAT 450 NDRT 517 0.72 374 KIT 450 UC 338 0.58 201
SCK CEN 300 UC 656 0.77 484 KIT 450 UC 395 0.82 182
SCK CEN 300 NDRT 644 0.62 523 CIEMAT 450 NDRT 362 0.51 254
SCK CEN 300 NDRT 653 0.60 541 CIEMAT 550 NDRT 390 0.67 261
SCK CEN 300 UC 635 0.67 492 CIEMAT 550 NDRT 412 0.58 311
SCK CEN 300 NDRT 674 0.52 594 CIEMAT 550 NDRT 455 0.64 355
SCK CEN 300 UC 632 0.62 505 CIEMAT 550 NDRT 427 0.68 330
KIT 350 NDRT 663 0.55 583 CIEMAT 550 NDRT 454 0.67 344
KIT 350 UC 647 0.54 563 SCK CEN 25 NDRT 648 0.48 502
KIT 350 NDRT 651 0.53 573 SCK CEN 22 NDRT 690 0.47 552
KIT 350 UC 651 0.53 572 SCK CEN 21 NDRT 725 0.47 595
KIT 350 NDRT 652 0.52 575 SCK CEN 25 NDRT 712 0.49 574
KIT 350 UC 660 0.52 586 SCK CEN 350 NDRT 372 0.43 264
KIT 550 UC 560 0.61 557 SCK CEN 350 UC 354 0.57 207
KIT 550 UC 541 0.63 520 SCK CEN 350 NDRT 340 0.40 241
​ ​ ​ ​ ​ ​ SCK CEN 350 UC 337 0.62 181
​ ​ ​ ​ ​ ​ SCK CEN 350 NDRT 372 0.38 276
​ ​ ​ ​ ​ ​ SCK CEN 350 UC 363 0.56 218
​ ​ ​ ​ ​ ​ SCK CEN 350 NDRT 395 0.45 278
​ ​ ​ ​ ​ ​ SCK CEN 350 UC 357 0.61 199

Fig. 6. Left Y-axis, bottom X-axis: Fracture toughness of ID48 plate as a function of temperature. Results obtained by different techniques are differentiated by 
different symbols and the results obtained by different labs are differentiated by different colors, see legend. The invalid data that were not taken into account for the 
analysis are shown by crossed symbols. The diamonds show results obtained by averaging relevant UC and NDRT data. Dashed line is a guide for the eye. Right Y- 
axis, bottom X-axis: Total elongation of batch 3 as a function of temperature [3].
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Fig. 3 (b) resembles qualitatively to the one reported in [12] even 
though no direct quantitative comparison is possible. It is noteworthy to 
note that the two addressed batches exhibit rather similar behavior 
under uniaxial tensile loading and thus the differences in the toughness 
cannot be related to the differences in the tensile ductility properties. 
High fracture toughness measured on ID48 plate is beneficial for the 
material application in the in-vessel components of a fusion reactor.

Contrary to the ID48, the fracture toughness of ID70 plate shows less 
complex dependence on the temperature, see Fig. 7. The toughness is 
decreasing when the temperature is increased from RT to 350◦C and 
exhibits a broad minimum between 350 and 450◦C. The observed in
crease of the fracture toughness at 550◦C is presumably related to the 
increase of tensile ductility of EUROFER97. The average value of 
toughness of 371 kJ/m2 at 300◦C is considerably lower than the corre
sponding value measured on ID48 plate and is close to the value re
ported on batch 1 of EUROFER97 in [12]. Overall, the fracture 
toughness of ID70 plate is still high enough for structural applications in 
the investigated temperature range. Comparison of ID48 and ID70 plates 
indicates that lower yield strength may be beneficial for the fracture 
toughness noting that this may not always be the case particularly when 
considering the behavior of batch 1 of EUROFER97 [12]. It is note
worthy that weak fracture toughness-strength relationship was 
concluded for ferritic martensitic steels in [36] after analyzing the 
datasets in the low and high temperature ranges. The current in
vestigations do confirm that in the case of ferritic martensitic steels the 
tensile strength is not the only controlling parameter for the fracture 
toughness. Fracture toughness and crack growth resistance are more 
sensitive than tensile properties to local microstructural features, 
including the size and distribution of precipitates, the martensite 
lath/subgrain structure, the prior-austenite grain size, and the inclusion 
population. This is particularly important in ferritic/martensitic steels, 
where fracture is controlled by a small volume ahead of the crack tip that 
contains a complex hierarchical microstructure.

The results obtained on batch 3 and batch 4 of EUROFER97 will 
allow solid analysis of the dispersion of the fracture toughness between 
different industrial batches and will be used for closing gaps in the 
fracture toughness database, being a step forward for the codification of 
the material in the RCC-MRx code.

5. Summary

Fracture toughness and crack growth resistance behavior have been 
investigated for two batches of the European reference RAFM steel 
EUROFER97 at elevated temperatures. The crack resistance procedure 
by implying the UC technique was chosen as a default approach even 
though the NDRT and the BP of ASTM E1820 were also applied. The 
construction of the crack resistance curves at elevated temperatures 
appeared to be challenging requiring careful preparation and perfor
mance of the experiments. The main lessons learned from the current 
work are summarized as follows: 

• Application of HT extensometers is challenging due to increased 
weight of the COD devices in combination with potential creep ef
fects and stress relaxation. Reversals of the loading direction 
required for the application of the UC method may become a source 
of sliding of the extensometer knives thus introducing a scatter and/ 
or offset into the signal resulting deterioration of the determined 
crack length. The apparent negative crack growth requires correction 
and may become an additional source in the uncertainty of measured 
toughness.

• Application of NDRT for the determination of the crack resistance 
curve was found to be successful particularly at lower temperatures. 
Getting rid of partial unloadings is recommended to avoid scattering 
of the extensometer signal which may lead to violation of the validity 
requirement on the normalized force displacement curve fit quality.

• Application of the BP is recommended when a testing of sufficient 
number of specimens is affordable. Availability of the datapoint close 
to 0.2 mm offset construction line appeared to reduce an error in the 
fracture toughness when the requirement on the number of the tested 
specimens could not be fulfilled.

• Lab-to-lab reproducibility studies need to be performed to minimize 
the uncertainty in the measured fracture-mechanical properties.

Both investigated plates showed very high fracture toughness with 
mean KJQ values of at least 297 MPa m0.5 for ID48 and at least 212 MPa 
m0.5 for ID70 well above the ductility limit of 100 MPa m0.5. The crack 
growth resistance behavior is also very good in the entire investigated 
temperature range, even though the ID48 plate exhibited superior per
formance. Reduction of toughness with increasing the temperature is 
followed by an increase of the toughness which is attributed to the in
crease of the tensile ductility at elevated temperatures. Nucleation, 
growth and coalescence of micro-voids appears to be the dominant 
fracture mechanism in the entire temperature range. The fracture 
toughness of batch 3 and batch 4 is superior or at least comparable to 
that of batch 1. The results obtained in the current work will be used for 
closing gaps in the fracture toughness database on EUROFER97 and will 
be implemented for the codification of the material in RCC-MRx code.
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