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Abstract
Properties extracted from uniaxial tension provide fundamental information about the strength and ductility as the first input for the structural analysis, conventionally performed by means of finite element computations. In recent years, there has been a growing interest in evaluating the mechanical properties of materials using small specimens, especially in the nuclear industry due to limited volumes available in test facilities and limitations on wastes. The application of miniaturized flat sample geometries offers a number of advantages in terms of exposure to irradiation or extraction of samples using modern tools. However, the applicability of flat geometries should be validated.    
Here, the equivalence and interchangeability of miniaturized flat and cylindrical tensile samples for the extraction of the tensile properties are investigated by using a combined experimental-computational study. The emphasis is put on the determination of the post-necking properties. The experiments involve uniaxial tensile tests on Eurofer97 steel at various technologically relevant temperatures. Finite element (FE) simulations are performed with the parameters of a Gurson-type constitutive law including damage,  identified based on the experimental data. For the flat tensile samples, the FE simulations reproduce the experimental data with an accuracy exceeding 95% attained for such important parameters as total elongation, reduction of area, and fracture strength. The application of the FE modelling to predict the tensile properties of cylindrical samples yields an accuracy between 80 and 95%. The reasons for the reduced accuracy are discussed and ascribed to a difference in the stress triaxiality distribution and, as a result, an overestimation of the fracture strain in the cylindrical geometry.

1. Introduction
Reduced Activation Ferritic-Martensitic (RAFM) steels such as Eurofer97 have been developed to avoid long-term radiative decay [1]. This is a major motivation for their selection as the structural material for fusion reactors e.g. for the test blanket module in DEMO [2]. The application of Eurofer97 still requires the completion of the qualification tests, validation of the design rules, and full integration in the RCC-MRx design code [3], selected for the construction of ITER and its in-vessel components, which will operate during the nuclear phase. Particular attention is drawn to the assessment of neutron irradiation effects, which must be accounted for the ageing of in-vessel components, since it is known that Eurofer97 steel exhibits a reduction of the ductility under irradiation at 300-350 °C [4-7].
The studies cited above highlight that already at relatively low irradiation doses (2-3 dpa), the uniform elongation of Eurofer97 steel is reduced to zero, such that the necking initiates immediately after the onset of plastic yielding. Correspondingly, the currently existing design strategy must account for the remaining residual ductility measured during the post-necking deformation. Given that Eurofer97 will be applied as the main structural material for the breeder blanket [2], specific design rules [8] related to the structural integrity of these components will be assessed based on the mechanical properties and in particular the ductility. Since the breeder blanket will be subject to complex loading conditions, including internal pressure, thermal stress, and electromagnetic loads, brittle fracture and exhaustion of ductility will impose a serious risk given the overall reduction of the ductility under neutron irradiation. This is why the investigation of tensile properties of Eurofer97 under neutron irradiation remains an important activity on the research agenda of fusion materials.
Due to extensive costs and limited volumes available in material test reactors or dedicated fusion irradiation facilities (IFMIF, DONES [9, 10]), the development of miniaturized specimen standards and/or protocols dedicated specifically to fusion materials is on the agenda of the European fusion programme [3]. The present contribution focuses on the usage of flat mini-tensile sample geometry, as it offers a much better payload for test reactors, and hence poses a direct economic gain. However, since the geometry affects the local stress triaxiality during necking, the magnitude of important properties, such as total elongation and stress at fracture, depends on the particular cross-section. Correspondingly, the equivalence and conservatism related to ductility, especially in the post-necking deformation mode, and fracture stress obtained with flat versus cylindrical geometries need to be demonstrated for as-received and as-irradiated conditions. Special emphasis on the post-necking deformation is made here because in the case of materials operating in a harsh nuclear environment such as one expected in fusion reactors, the ageing under operation leads to the total loss of the uniform elongation. Furthermore, the true stress – true strain relationship will need to be defined using miniaturized specimens with limited access to the instrumentation i.e. clip gauge, which imposes another challenge. Application of flat sample geometry with rectangular cross-section implies further uncertainties as explained below. 
The hardening law of a material describes how the plastic yield surface changes during plastic deformation. From the onset of necking, hardening properties can no longer be derived directly from the force-displacement measured during the tensile test. Indeed, during necking, the deformation is no longer homogeneous across the sample gauge section and local information about the geometry and section reduction of the neck is needed to deduce the true stress and strain. Studies were performed using digital image correlation (DIC) to capture the true stress-strain curve after necking [11-14]. But the restrictions of DIC and the currently lacking standard limit the test conditions for which it can be applied. Furthermore, DIC imposes challenges at higher test temperatures, speckling the desired pattern on miniaturized samples is not straightforward, etc. Other studies used the Bridgman correction developed for cylindrical samples to extract hardening data from the post-necking deformation region of the force-displacement curve [15]. The procedure requires knowledge of the evolution of the radius R of the neck section and the radius a of the neck curvature. However, obtaining reliable values is difficult since the proper position of the neck measuring equipment is random in a smooth specimen. Le Roy has presented an empirical relationship between a and R where a is the minimum cross-section radius and R is the necking curvature radius, and the equivalent strain in the minimum cross-section for cylindrical samples [16]. For flat geometries, several researchers proposed various modified equations based on the Bridgman correction [17-20]. However, some questions remain about the non-uniform flow process from the onset of diffuse necking to the onset of localized necking. For Eurofer97, the true stress–strain curves obtained by DIC and Bridgman correction were reported in [21]. It was observed that the post-necking behavior is quasi-linear till large strains up to fracture. Hence, in the present work, a linearly increasing hardening law is adopted from the ultimate tensile strength to the true fracture point. In order to avoid the approximation associated to Bridgman and Le Roy-type corrections, the tests are simulated by the FE method using an iterative approach [22-24]. In the simulations, post-necking deformation, void damage, and fracture are considered. Then, the data are applied to rectangular and cylindrical specimens to validate and demonstrate their conservativeness. The method is applied to Eurofer97 steel which is the baseline structural material for the tritium breeder blanket to be installed on ITER and DEMO. 

2. Material and methods
2.1 Experimental 
2.1.1 Material 

Eurofer97 is a RAFM steel. The chemical composition of Eurofer97 tested in this work is given in Table 1. The plate is the 4th batch of Eurofer97 with the ID number 79. The dimensions of the plate are 2345 x 1000 x 36mm after hot rolling. The heat treatments (heat number 988608) applied by the producer included normalization at 980°C for 45 minutes and tempering at 740°C with 18cm/min cycle time.
	Table 1. Chemical composition of Eurofer97 batch 4 (wt.%)

	C
	Si
	P
	S
	Ni
	Cr
	Mo
	V
	Ta
	W
	Ti
	Cu
	Nb
	Al
	B
	Co

	0.09
	0.019
	0.002
	0.003
	0.01
	8.6
	0.002
	0.2
	0.12
	1
	0.001
	0.005
	0.001
	0.0001
	0.0009
	0.03



2.1.2 Tensile testing 
Uniaxial tensile tests were performed using an INSTRON model 1362 coupled with a 100 kN load cell and the air furnace is able to heat up to 600 °C. All the tensile tests were performed according to ASTM E8/E8M to generate the tensile properties of the studied material. 
In this study, two types of miniaturized tensile samples were tested, one with a flat geometry, and the other one with a cylindrical geometry as shown in Fig. 1(a). Fig. 1(b) and Fig. 1(c) provide the technical drawings of the flat and cylindrical sample with the unit of millimetre, respectively. The tests were performed at RT, 300°C, 350°C, and 450°C under a strain rate of /s for both geometries.

	(a)
	(b)
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	Fig. 1. Geometries of the tensile test samples  (a) photos of the samples ; (b) drawing of flat tensile sample and (c) drawing of cylindrical tensile sample.


2.2 FEM procedure 

In order to perform the FE simulations, the commercial software ANSYS Workbench 2022 R2 was used. To describe the mechanical behaviour of Eurofer97, an elasto-plastic material model accounting for void-driven ductile damage was used. Plasticity was modelled by adopting Gurson plasticity with isotropic hardening. The Gurson-Tvergaard-Needleman (GTN) model was used to describe the nucleation, growth, and coalescence of voids, as a step towards, next, addressing the irradiation effects (introducing radiation-induced defects) on the drop of fracture strain. The GTN model is a built-in function in ANSYS workbench, hence it offers a flexible and validated tool to be used for the analysis of complex shape components and loading conditions in a controlled computational environment. The material behaviour in ANSYS is described through providing Young’s modulus, Poisson’s ratio, density, and hardening law. Section 2.2.1 starts with the extraction of the hardening law by converting experimental data to a true stress-true strain curve on flat tensile specimens. A brief introduction to the GTN model and the corresponding set of parameters entering the GTN function is given in Section 2.2.2.
2.2.1 Hardening law 

The raw engineering stress-strain (S-S) curve is first corrected for the offset of the relative position of preloading of the sample. Machine compliance is also eliminated from the total displacement, leading to the relevant engineering stress-strain curve as shown in Fig. 2(a). Then, the machine compliance cleaned (MCC) engineering S-S response is converted into true stress–true strain curve using Eq. (1) and Eq. (2) as shown in Fig. 2(b). These equations are valid until the ultimate tensile strength (UTS) point and accordingly the first part of the hardening law shown in Fig. 2(c) is obtained till the necking point. Next, the true fracture point is determined by measuring the fracture surface area and using Eq. (3) and Eq. (4) the true fracture stress and true fracture strain are estimated. Then, the hardening law is assumed to be a linear function from the UTS until the true fracture point as shown in Fig. 2(d). However, due to the complicated fracture mechanism during fracture, there is an uncertainty about the fracture strength. Hence, the calculated  will be the initial guess for the . By changing the slope (i.e. adjusting the fracture stress), the best fit of the engineering S-S curve from the FE simulation to the experimental one can be found. The “corrected slope” (hardening law) is shown for each test temperature in Fig. 4(b) in section 3.
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Fig. 2. Different steps followed to determine the hardening law: (a) post-processing of experimental data, (b) converting engineering S-S curve into true S-S curve, (c) smoothen the true S-S curve, and (d) linear extrapolation from UTS to fracture point.
	
	


2.2.2 Gurson-Tvergaard-Needleman (GTN) model

Ductile fracture in metals is generally the result of the nucleation, growth, and coalescence of microvoids. Gurson proposed a model in 1977 which describes the yield function considering an isolated spherical void in an ideal-plastic Mises material [25]. Later on, due to some inconsistencies in the original Gurson model compared to void cell simulations, Tvergaard and Needleman modified and introduced new adjustment parameters into the original Gurson model [26]. Then, Tvergaard and Needleman in 1984 [27] further supplemented the Gurson model with a phenomenological law of the loss of load-carrying capacity at a realistic void volume fraction relying on Chu and Needleman’s empirical law for void nucleation [28]. The modified yield function is commonly called Gurson –Tvergaard–Needleman (GTN) model. This model has been successfully applied to simulate deformation-induced damage in ductile metallic materials, such as Eurofer97 steel. The yield surface of the GTN model is given 
	,
	(5)


where and are the von Mises equivalent stress, the flow stress of the matrix material, and the hydrostatic pressure, respectively;  is the effective void volume fraction (VVF) proposed by Tvergaard and Needleman. The function is defined as:
	

	(6)


where is the true VVF,  is the critical VVF corresponding to the onset of void coalescence,  is the threshold for the loss of load-carrying capacity (i.e. physically speaking the moment at which microvoid coalescence ends resulting in full loss of load-bearing capacity). The evolution law of the volume fraction  consists of two terms: one associated to the nucleation of new voids and one to the growth of existing voids, as:
	,
	(7)


where  is the rate of the void nucleation with respect to the average effective plastic strain rate of the matrix material  was proposed by Chu and Needleman [28], in the following form 
	,
	(8)

	
	(9)


where the parameter A is a Gaussian distribution,  is the total nucleated VVF,  is the equivalent plastic strain of matrix material, and  and  are the mean value of the Gaussian distribution of the nucleation strain and standard deviation, respectively. 
and  is the rate of the growth of existing void with respect to the trace of the macroscopic plastic strain rate tensor , which writes
	.
	(10)


In total, the GTN model has eight parameters () which must be calibrated for a studied material, knowing that the value of   have already been identified (see Faleskog [29])
Fig. 3 shows the total procedure for this study which can be considered as the inverse FEM analysis.
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Fig. 3. Scheme of FEM procedure by inverse analysis.


3. Results and discussion
3.1 FEM results with the simplified method 

The simplified method means, as explained in section 2.2.1, the proposed method of extracting hardening law which is relatively simple since no special equipment (DIC) is needed. Fig. 4(a) shows that FE results with the usage of the corrected hardening law extracted by the proposed simplified method demonstrate good agreement with experimental curves for each test temperature. The comparison of the original hardening laws to the corrected hardening laws were shown in Fig. 4(b). The corrected hardening laws are all lower than the original ones because  is larger than  during necking. The next step is to capture fracture behaviour using the GTN model.
	 (a)[image: ]  
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	Fig. 4. (a) Eng. S-S curves obtained from FEM (dashed) compared to experimental curves (solid) at different test temperatures (b) original hardening laws and corrected hardening laws of studied material at different test temperatures


 


3.2 FEM results with GTN model (flat geometry) 

This section explains how the GTN parameters were obtained and demonstrates the FEM results compared to the experimental data. The GTN parameters are material and temperature-dependent values. A brief rationale for the initial guess and calibration of the GTN parameters is provided first.
Calibration of GTN parameters
· For  and , Tvergaard et al. [26] performed void cell calculations on moderate hardening materials containing periodically distributed voids and found that , closely match experimental and numerical results. 
· For , very low initial void volume fraction was reported [30, 31] for Eurofer97 and  is assumed.
· For , void nucleation mode occurs by decohesion of the interface matrix/particle as explained by Stratil et al. [30] who measured the void volume fraction beneath the fracture surface for Eurofer97. The reported value of 0.00055 is used in this study since the studied material and test conditions are essentially similar.
· For  and , Pan et al. [32] showed that the onset of the void nucleation often occurs after some degree of plastic deformation. The UTS is selected as a first approximation and  is set equal to the strain at UTS. 
· Values of  and , are the main fitting parameters in this study, and these are to be determined based on the best fit to the experimental S-S curves.
The most influential parameters for the present study are  and  where  is the critical void volume fraction at which the voids begin to coalesce and  is the void volume fraction at failure (loss of load-carrying capacity). The goal of calibrating the GTN parameters is to get 95% or better prediction accuracy (PA) at the fracture point for the flat geometry, where PA is the ratio between FEM and experimental result in percentage. To reveal the dependence of fc and fF on the test temperatures, we have considered two scenarios. The first one (S1) is to use the best set for  and  defined at RT for all test temperatures, and the second one (S2) is to modify the set for  and  to meet the target at elevated temperatures. The calibrated parameters are summarized in Table 2. 
Fig. 5(a) compares the engineering S-S curves from FEM (dashed) to experimental ones (solid) by using S1 GTN parameters. The GTN predictions capture the fracture point very well. Fig. 6 shows the fracture surface area predicted by FEM with the S1 GTN parameter set compared to the experimental values, demonstrating a fair agreement. In Table 3, a detailed comparison of total elongation (TE), reduction of area (RA), and fracture strength (FS) values obtained by FEM and experiments are reported. The prediction accuracy of  TE, RA, and FS values is above 90%. At 350 °C, the prediction accuracy of the fracture strength is below 95 %. So we further tune up the  and  parameters to better predict for the tensile data at 350 °C. Table 2 summarized a new set of parameters called S2. The re-fitted values of fc and fF are much lower than those of S1. After the re-fit, the PA of FS increased from 93.5 % to 95.1 %. We can also notice that the total elongation decreases with increasing temperature, and the minimum occurs at 350 °C. This phenomenon has already been observed and reported in [5]. The reason for this decrease in ductility might be related to the diffusion of interstitial impurities (mostly carbon) which affects the slip of dislocations leading to so-called dynamic strain ageing as well as formation of the solute atmospheres overall suppressing the freedom of cross-slip which leads to the localized deformation along the most active slip planes. The increase of the total elongation at further increased temperature (450ºC) can be explained by the enhancement of dislocation mobility due to de-trapping from the interstitial impurities. Another reason for the change of the  and  is that void coalescence is known to be directly influenced by strain hardening capacity as shown by advanced studies on this phenomenon[33-36]. Further investigation on the optimization of  GTN parameters needs to be done to capture the dynamics strain ageing effect and provide a rationale for the validation of and  with temperature. Also, in this study, the  values were fixed at all test temperatures. However, the  values are found to exhibit weak or strong dependence on the hardening exponent according to Faleskog’s study [29] depending on the test temperature range. In the case of Eurofer97, the dependence of  values requires a separate study which will be reported elsewhere.



Table 2. Summary of calibrated GTN parameters
	Scenario
	
	
	
	
	
	
	
	
	

	S1
	1.5
	1
	2.25
	0
	0.00055
	RT
	0.057
	RT
	0.01
	0.18
	0.22

	
	
	
	
	
	
	300°C
	0.03
	300°C
	0.01
	
	

	S2
	
	
	
	
	
	350°C
	0.025
	350°C
	0.01
	RT
	0.18
	RT
	0.22

	
	
	
	
	
	
	
	
	
	
	300°C
	0.18
	300°C
	0.22

	
	
	
	
	
	
	450°C
	0.016
	450°C
	0.01
	350°C
	0.088
	350°C
	0.105

	
	
	
	
	
	
	
	
	
	
	450°C
	0.18
	450°C
	0.22
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	Fig. 5. Engineering S-S curve from FEM compared to experimental curves by using GTN parameters from 
(a) S1 (b) S2
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	Fig. 6. Comparison of the reduction of area for flat samples from FEM (red line) and test samples. (a) RT (b) 300 °C (c) 350 °C (d) 450 °C



Table 3. Comparison of total elongation (TE), reduction of area (RA), fracture strength (FS) and prediction accuracy (PA) in flat geometry as obtained by FEM and experiment.
	GTN parameter set
	Temp.
	TE
	RA
	FS

	
	
	EXP
	FEM
	PA
	EXP
	FEM
	PA
	EXP
	FEM
	PA

	S1
	RT
	24.1
	23.9
	99.2
	77.5
	77.7
	99.8
	1522.2
	1535.4
	99.1

	
	300°C
	19.7
	19.4
	98.3
	75.6
	72.8
	96.3
	1150.1
	1174.1
	97.9

	
	350°C
	18.6
	18.8
	98.8
	73.3
	72.2
	98.6
	1102.1
	1030.3
	93.5

	
	450°C
	21.4
	20.6
	96.1
	74.2
	75.4
	98.4
	943.5
	930.0
	98.6

	S2
	RT
	24.1
	23.9
	99.2
	77.5
	77.7
	99.8
	1522.2
	1535.4
	99.1

	
	300°C
	19.7
	19.4
	98.3
	75.6
	72.8
	96.3
	1150.1
	1174.1
	97.9

	
	350°C
	18.6
	18.7
	99.7
	73.3
	72.2
	98.5
	1102.1
	1048.5
	95.1

	
	450°C
	21.4
	20.6
	96.1
	74.2
	75.4
	98.4
	943.5
	930.0
	98.6





3.3 FEM simulation of cylindrical geometry using parameters extracted from flat geometry	

As a next step, the same constitutive laws (hardening law and GTN parameters (S1, S2)) as extracted from the flat sample test data were applied to simulate tensile tests with cylindrical geometry to evaluate the prediction accuracy of this approach. Fig. 7(a) and Fig. 7(b) show the comparison of the engineering S-S curves from FEM (dashed) to experimental ones (solid) by using S1 and S2 GTN parameters, respectively. Fig. 8 shows the fracture surface area in FEM with S1 GTN parameters compared to experimentally tested samples for the cylindrical geometry. Detailed comparison of TE, RA and FS obtained from FEM to experimental data are reported in Table 4. For total elongation and reduction of area, prediction accuracies for both studied cases were all above 92%. However, the prediction accuracy is only above 81% on the fracture strength. This is the result of the overestimation of the fracture surface. Even though the percentage (reduction of area) is similar, the value of the fracture area from FEM can exceed the experimental one by 20%. The main reason might be due to the different stress triaxiality distribution within these two geometries. Fig. 9 shows the stress triaxiality distribution of the fracture surface at RT from FEM simulation in two geometries. The maximum stress triaxiality is higher in the flat geometry (1.58) compared to the cylindrical geometry (1.35) and is more concentrated around the centre in the cylindrical sample while it is more spread out in the flat geometry. The effect of stress triaxiality is included in the GTN model. However, the accuracy of the GTN model at low stress triaxiality is not very good as it does not include void shape effects, e.g. [34, 37-39]. At low stress triaxiality, the void aspect ratio changes very significantly. The remedy is to use an extension that accounts for void shape. Further investigation on the correlation between the best  and  for flat and  cylindrical geometry should be done. 
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	Fig. 7. Engineering S-S curve from FEM compared to experimental curves by using the constitutive law extracted from flat (a) S1 (b) S2 in cylindrical geometry.
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	Fig. 8. Comparison of the reduction of area for cylindrical samples from FEM (red line) and tested samples. (a) RT, (b) 300 °C, (c) 350 °C, (d) 450 °C.



Table 4. Comparison of total elongation (TE), reduction of area (RA), fracture strength (FS) and prediction accuracy (PA) in cylindrical geometry obtained from FEM with experimental data.
	
	Temp.
	TE
	RA
	FS

	
	
	EXP
	FEM
	PA
	EXP
	FEM
	PA
	EXP
	FEM
	PA

	S1
	RT
	19.2
	19.3
	99.6
	84.6
	81.1
	95.8
	1942.7
	1603.6
	82.5

	
	300°C
	16.0
	16.3
	98.1
	84.4
	82.9
	98.2
	1461.1
	1184.7
	81.1

	
	350°C
	15.3
	16.2
	93.7
	82.4
	82.2
	99.7
	1347.9
	1139.8
	84.6

	
	450°C
	16.5
	17.7
	92.9
	83.5
	85.2
	97.9
	1143.9
	1216.4
	93.7

	S2
	RT
	19.2
	19.3
	99.6
	84.6
	81.1
	95.8
	1942.9
	1603.6
	82.5

	
	300°C
	16.0
	16.3
	98.1
	84.4
	82.9
	98.2
	1461.1
	1184.7
	81.1

	
	350°C
	15.3
	15.5
	98.6
	82.4
	76.8
	93.2
	1347.9
	1095.0
	81.2

	
	450°C
	16.5
	17.7
	92.9
	83.5
	85.2
	97.9
	1143.9
	1216.4
	93.7
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	Fig. 9. Stress triaxiality distribution at fracture in (a) flat and (b) cylindrical geometry at RT.



4. Summary and conclusions

In this work, a simplified method for obtaining the true stress–strain curve using experimental tensile data is proposed. The method utilizes an assumption that the post-necking true stress increases linearly from UTS up to the fracture point. This approach is used in combination with the GTN damage model whose parameters are adjusted to achieve a good agreement between FEM and experimental tensile data for the elongation and area of reduction at the fracture point. The procedure was applied to a flat geometry to find the best set of constitutive laws at different test temperatures. The FEM results, in terms of total elongation, reduction of area, and fracture strength, show a good agreement with the experimental data for all studied temperatures. The final goal of this study is to assess the conservatism of applying the same set of constitutive laws to simulate the tensile test for the cylindrical geometry and see how accurate it is compared with the experimental data. In case of sufficiently good agreement, flat tensile samples could be considered interchangeable with cylindrical ones, at least for the investigated material in the studied temperature range. 
Based on the obtained results and discussion, the following statements can be made on the interchangeability of cylindrical and flat tensile samples for the derivation of the tensile properties at the post-necking deformation stage:
1) FE simulations based on Gurson plasticity properly reproduce experimental S-S curves for the flat geometry by assigning a linear increase of the true stress from UTS up to true fracture stress. 
2) The fracture point can be predicted using the modified set of GTN parameters with a prediction accuracy above 90% for the most important post-necking tensile characteristics, namely: area reduction, total elongation and fracture stress. The prediction accuracy exceeds 90% at all test temperatures for the flat geometry. The fracture points predicted using fixed  and  as determined by RT tests already have a good agreement with experimental data obtained at elevated temperatures. However, the  and  are in general temperature-dependent parameters, in the case of Eurofer97 apparently the temperature sensitivity is weak up to 350°C.
3) The hardening law and the set of GTN parameters extracted from the test database using flat samples give a higher deviation in the prediction of the fracture point for cylindrical tensile samples due to the differences in stress triaxiality distribution. 
4) The implementation of the simplified method and derivation of the constitutive laws for neutron-irradiated samples is the next step. Also, the validity of the method up to the upper operational temperature of Eurofer97, i.e., 550 °C, will be investigated by a combined FEM and experimental study.
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