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Abstract

:

EUROFER97 steel plates for nuclear fusion applications are usually manufactured by hot rolling and subsequent heat treatments: (1) austenitization at 980 °C for 30 min, (2) rapid cooling and (3) tempering at 760 °C for 90 min. An extended experimental campaign was carried out with the scope of improving the strength of the steel without a loss of ductility. Forty groups of samples were prepared by combining cold rolling with five cold reduction ratios (20, 40, 50, 60 and 80%) and heat treatments at eight different temperatures in the range 400–750 °C (steps of 50 °C). This work reports preliminary results regarding the microstructure and mechanical properties of all the cold-rolled samples and the effects of heat treatments on the samples deformed with the greater CR ratio (80%). The strength of deformed samples decreased as heat treatment temperature increased and the change was more pronounced in the samples cold-rolled with greater CR ratios. After heat treatments at temperature up to 600 °C yield stress (YS) and ultimate tensile strength (UTS) of samples deformed with CR ratio of 80% were significantly larger than those of standard EUROFER97 but ductility was lower. On the contrary, the treatment at 650 °C produced a fully recrystallized structure with sub-micrometric grains which guarantees higher strength and comparable ductility. The work demonstrated that EUROFER97 steel can be strengthened without compromising its ductility; the most effective process parameters will be identified by completing the analyses on all the prepared samples.
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1. Introduction


Reduced activation ferritic-martensitic (RAFM) steels, a variant of conventional ferritic-martensitic steels, were developed to be used as structural materials in future nuclear fusion reactors and nuclear fission reactors of generation IV [1,2].



Compared to austenitic stainless steels, RAFM steels are preferred in high radiation density applications, due to their high thermal conductivity, relatively low thermal expansion and greater resistance to radiation damage [3,4,5].



One of the main requirements for the construction of nuclear fusion reactors is to ensure easy storage of radioactive waste after the decommissioning of the nuclear plant [6]. In this regard, the key feature of RAFM steels is that some chemical elements, typically present in the commercial Cr-Mo ferritic-martensitic steels [7,8,9], have been replaced with metallurgically equivalent elements, characterized by short radioactive decay times [10,11]. In particular, Mo was replaced with W and Nb with Ta and V. Likewise, the concentration of Ni, Cu, Al, Co and other impurity elements, with high long-term radioactivity, was kept as low as possible [12,13,14].



EUROFER97 steel is the reference RAFM steel in Europe for test blanket modules (TBMs) in the ITER reactor [14,15,16], as well as a possible candidate material for the first wall in the DEMO reactor and other highly stressed sections as a blanket, vessel and divertor [17,18,19,20]. It is produced through a hot-rolling process followed by three heat treatment steps [21]: (1) austenitization at 980 °C for 30 min, (2) rapid cooling in air and (3) tempering at 760 °C for 90 min; henceforth, this treatment condition will be referred to as “standard” in comparison to the variants tested during the present activity.



EUROFER97 exhibits good weldability and the original microstructural and mechanical characteristics in molten and heat affected zones can be in large part recovered after suitable post-welding heat treatments [22].



Under irradiation EUROFER97 steel has good mechanical performances in the temperature range between 350 °C and 550 °C [23,24,25] and several studies have been performed aimed to extend the operating temperature range. A possible solution to raise the maximum operating temperature, above 550 °C, is a variant of EUROFER97 steel reinforced by dispersion of oxide (ODS) [26]. EUROFER97-ODS is produced by mechanical alloying of yttrium oxide powders (Y2O3 at 0.3 wt.%) [27,28]. The presence of nano-oxide, finely dispersed in the microstructure, inhibits grain boundary sliding and tends to retard grain growth at high temperature. In this way, the improved thermal stability leads the operating temperature to increase up to about 600–650 °C [29,30,31,32,33]. Moreover, the dispersion of oxide nanoparticles strengthens the steel [34] and reduces the irradiation swelling because it acts as a trap for the defects induced by neutron radiation.



The lower temperature limit at 350 °C is mainly connected to a loss of ductility due to the increase in hardness, induced by defects produced by the neutron irradiation [7] and clustering of Cr atoms [35,36,37]. In general, grain refinement at low temperature increases material strength, but the ductility is decreased as a result of increased dislocation density [38]. At high temperature, grain refinement leads to increased strength without losing ductility [39].



The scope of this work was to develop a thermo-mechanical treatment that improves the mechanical performances of EUROFER97 without reducing its the ductility, through the refinement of microstructure [40,41,42]. Moreover, a finer microstructure has other advantages in nuclear applications [41] because grain boundaries act as sinks for the Frenkel pairs produced by irradiation and traps for He and H atoms [43,44]. Therefore, a process that leads to grains of lower size would also promote better irradiation strength and reduced He/H susceptibility.



The microstructural evolution of ferritic steels under different thermo-mechanical treatments has been discussed in [45,46]. In the literature, many studies have investigated the effect of different thermo-mechanical treatments (TMTs) on the irradiation resistance of EUROFER97 steel and, various strategies have been adopted to refine the microstructure (e.g., [47,48,49,50]). Karthikeyan et al. [51] and Pilloni et al. [52] showed that a double austenitization treatment refines the prior austenitic grain (PAG) and increases toughness.



On these grounds we carried out an extended experimental campaign, aiming to improve the strength of the steel through microstructure refining without introducing detrimental effects on its ductility [53]. Therefore, 40 groups of samples were prepared by combining five cold-rolling reduction (CR) ratios (20, 40, 50, 60 and 80%) and eight heat treatments at temperatures from 400 °C to 750 °C (steps of 50 °C). This work reports preliminary results regarding the microstructure and mechanical properties of all the cold-rolled samples and the effects of heat treatments only on the samples deformed with CR ratio of 80%. The results are discussed in comparison to the properties and characteristics of the steel prepared through the standard process.




2. Materials and Methods


The nominal chemical composition of EUROFER97 steel is reported in Table 1 [1].



A plate of EUROFER97 steel prepared according to the standard treatment was cut in five parts and each part was cold rolled with a different cold reduction (CR) ratio: 20, 40, 50, 60 and 80%. From each cold rolled sheet specimen was machined and then annealed at eight different temperatures from 400 °C to 750 °C (steps of 50 °C), for 1 h in an argon atmosphere. The heat treatment temperatures were chosen to operate in the ferritic field [41]. By combining cold rolling ratio and treatment temperature, 40 different sets of specimens were prepared.



The microstructure of EUROFER97 samples was examined by high-resolution electron scanning microscopy (FE-SEM- Zeiss, Gemini Supra 25, Jena, Germany), light microscopy (LM- Union Optical Co., Ltd., Tokyo, Japan) and X-ray diffraction (XRD- PW 1729, Philips, Eindhoven, The Netherlands). SEM and LM observations were carried out after mechanical polishing of the sample surface and etching by means of Vilella reagent.



XRD patterns were collected in the 2θ angular range 15–60° by using the Mo-Kα radiation (λ = 0.070926 nm) with 2θ steps of 0.05° and counting time in steps of 2 s. From the relative intensities of the peaks in each pattern the crystalline texture was evaluated. The dislocation density ρ was determined from precision peak profiles recorded with 2θ steps of 0.005° and counting time in steps of 4 s. After background subtraction the peak profiles were fitted by Lorentzian curves to eliminate the Kα2 component, then the full width at half maximum (FWHM) was corrected from the instrumental broadening to get the total broadening (βT) that is the sum of two contributions due to the size (D) of coherently diffracting domains (βD) and the micro-strains (βε) induced by dislocations:


   β T  =  β D  +  β ε  =   0.89 λ   D cos θ   + 2 ε tan θ  



(1)




where θ is the Bragg’s angle of the XRD peak. To determine the two contributions, βD and βε, the Cauchy procedure was used by plotting βT cosθ/λ vs. sinθ/λ.



The dislocation density ρ was then calculated through the Williamson–Smallman relationship [54]:


  ρ =   Ξ  ε 2    F  b 2     



(2)




where Ξ = 16.1 a constant, F ≈ 1 a factor depending on the interaction of dislocations and b = 0.248 nm the modulus of Burgers vector.



The mechanical properties were investigated through Vickers hardness and FIMEC (Flat-top cylinder Indenter for Mechanical Characterization) tests. FIMEC is an instrumented indentation test employing a cylindrical punch and its typical characteristics have been described in detail in many papers (e.g., see [19,55,56]). In the present study FIMEC was used to measure the yield stress YS and the reported data are the mean values of three tests.



Vickers hardness tests were made by means of a HV50 (Remet, Bologna, Italy) instrument by using a load of 5 kg. Three hardness tests were made on each sample in the central zone of the longitudinal cross-section.



Based on the hardness results, tensile tests were performed on EUROFER97 steel deformed with CR of 80% after heat treatments at 400 °C, 500 °C, 600 °C and 650 °C. Flat probes were machined along the transverse direction and tensile tests were carried out according to ASTM E8 standard using a servo-mechanical MD 100 tensile machine (MAYES, China). A drawing of a probe used in tensile tests is shown in Figure 1. For each material, three tests were carried out and the curves showed a high reproducibility.




3. Results and Discussion


3.1. Work-Hardening Behavior of EUROFER97 Steel


The effect of cold rolling on the EUROFER97 microstructure is shown in the SEM images of Figure 2. Figure 2a shows the microstructure of EUROFER97 steel after the standard treatment consisting of tempered martensite with carbides decorating the prior austenitic grains (PAGs) and former lath packet boundaries. A detailed analysis of carbide types, chemical composition, morphology and spatial distribution confirmed results already reported in the literature (e.g., [57,58]). Coarse M23C6 (M = Cr, W) carbides decorate the PAG and the boundaries of martensite lath packets while the MX (M = Ta, V) carbo-nitrides are finely dispersed inside the lath structure. The micrographs in Figure 2b–f display the microstructures after cold rolling with increasing CR ratio. As expected, the original grains tend to progressively become flat and elongated along the rolling direction and this characteristic becomes more evident with larger CR ratios. As indicated by red arrows in (b), inside some original grains, a population of new grains with size below ~1 μm forms. For the highest degree of deformation (CR ratio of 80%) the elongated grains were fragmented into new equiaxed grains with mean size of ~400 nm.



Figure 3 shows the XRD patterns of samples prepared by means of the standard treatment and after cold rolling with increasing CR ratios. In each pattern the relative intensities of peaks (see Table 2) provide information about possible textures, i.e., preferred orientations of the grains. The texture can be evaluated by comparing the relative intensities measured in the experiments with those reported in the JCPDS database-file 6-696 [59] corresponding to Fe with randomly oriented grains. If the examined material has a texture the intensities diverge from such reference values: the greater the difference, the stronger the texture. The samples prepared by means of the standard treatment exhibit a nearly random texture with the presence of a weak [110] component. Such texture then evolves towards a cubic [100] one with a secondary [211] component observed for the greatest CR ratio (80%).



Another effect of increasing values of CR ratio is the progressive broadening of XRD peak profiles. For example, Figure 4 shows the evolution of the {110} peak; the peak intensities are normalized to make easier the comparison.



From the analysis of XRD peak profiles the dislocation density were calculated by means of Equation (2) and the results are reported in Figure 5. Some TEM observations have been published in a previous work [20] confirming the XRD data. Dislocation density continuously increases with CR ratio and after 80% deformation it is about two orders of magnitude higher than in the original material. As expected, the ρ increase leads to higher values of hardness and yield strength (Figure 6): the HV5 and YS values of EUROFER97 steel in the standard condition (CR: 0%) are 200 HV and 470 MPa, respectively, and progressively rise with CR ratio, up to about 300 HV and 690 MPa in the case of 80% cold rolled material.




3.2. Recrystallization Behavior of EUROFER97 Steel


Recrystallization takes place in all the heat-treated samples with kinetics depending on treatment temperature and CR ratio. Of course, greater CR ratios promote the start of recrystallization at lower temperatures; however, the samples deformed with CR ratio of 20% recrystallize at the highest temperature examined here (750 °C). This is shown by Figure 7 where a structure of new grains of very small size (~300 μm) can be observed.



In this work, attention was focused on the steel cold-rolled with a CR ratio of 80%, and SEM micrographs in Figure 8 illustrate its microstructure evolution following heat treatments at increasing temperature, i.e., 400, 450, 500, 550, 600 and 650 °C. The typical structure with elongated grains originating from cold rolling progressively weakens as treatment temperature increases, and at 650 °C, a population of equiaxed grains of sub-micrometric size can be observed indicating that the primary recrystallization has been completed.



For higher heat treatments temperatures (700 and 750 °C) some grains undergo an abnormal growth at the expense of neighboring ones (see Figure 9a,b). Some grains, usually aligned along the rolling direction, may reach a size of about 60–70 μm (Figure 9a) while neighboring ones are about 350 nm (Figure 9b). The result is in agreement with those reported by Oliveira et al. [49] who explained the abnormal grain growth as the synergic effect of high intrinsic grain boundary mobility, size advantage acquired in the early stages of annealing and the presence of local microstructural instabilities such as the dissolution and coarsening of M23C6 carbides.



The XRD patterns of EUROFER97 steel cold-rolled with CR ratio of 80% and heat-treated at temperatures in the range from 400 to 750 °C are shown in Figure 10. The relative intensities of XRD peaks determined from the patterns in Figure 10 are reported in Table 3.



The samples before heat treatments exhibit a cubic [100] texture with a secondary [211] component which progressively weaken as treatment temperature increases. Such trend observed up to 550 °C indicates that in a first stage of recrystallization the new grains form with the [110] orientation. In a second stage corresponding to the completion of recrystallization the new grains assume the same orientation of old deformed grains thus [100] and [211] texture components are still present.



From the analysis of XRD peak profiles the mean grain size, D, and dislocation density, ρ, have been determined (Figure 11). In the same figure the values of the not-treated steel (N.T.) are displayed for comparison.



As treatment temperature increases, the dislocation density exhibits a continuously decreasing trend that is the consequence of the formation of new grains free from defects during recrystallization.



The mean grain size has an analogous behavior up to 650 °C because the heavily deformed matrix of the steel has a large number of preferred nucleation sites for new grains. Many nucleation sites and slow growth due to the relatively low temperature produce a population of grains of small size. Above 650 °C grain growth occurs thus an increase in mean grain size can be observed. XRD results are in agreement with SEM observations displayed in Figure 8 and Figure 9.



The effect on hardness of heat treatments for 1 h at eight temperatures on samples submitted to cold rolling with five CR ratios is displayed in Figure 12; the value of standard EUROFER97 is shown for comparison.



As already shown by the plot in Figure 6, hardness of cold-rolled samples is always greater than that of the material prepared by the standard treatment. It decreases as heat treatment temperature increases and the change is more pronounced in the samples cold-rolled with greater CR ratios. This result is evident in Table 4 which reports the percentage softening values at the maximum temperature (750 °C) for different CR ratios. The softening percentage was calculated as the ratio between the hardness after 1 h at 750 °C and that of the as-deformed material.



In the case of CR ratios of 60% and 80%, and for heat treatment temperatures above 650 °C a rapid degradation of hardness is observed with values lower than those of the steel in standard condition. The same is true for CR ratios of 40% and 50%, but for higher temperature (above 700 °C). On the contrary, for the CR ratio of 20%, the hardness stays above the standard value, independent of the heat treatment temperature.



After the heat treatment at 650 °C, the hardness is ~230 HV, i.e., significantly lower than that of the cold-rolled steel (~300 HV) but still 15% greater than steel after the standard preparation route (~200 HV).



For higher heat treatment temperatures (700 and 750 °C), abnormal grain growth takes place leading to hardness dropping below that of EUROFER97 prepared in standard conditions.



On the basis of the results displayed in Figure 12 some samples (CR: 80%, heat-treated at 400 °C, 500 °C, 600 °C and 650 °C) have been selected for tensile tests. The curves are reported in Figure 13 while Figure 14 displays the corresponding values of YS, UTS and A%. As expected, ultimate tensile stress (UTS) and yield stress (YS) decrease as temperature increases, while total elongation (A%) exhibits the opposite behavior.



After the heat treatments at 400, 500 and 600 °C the values of YS and UTS are significantly larger than those of standard EUROFER97 [23] but such strengthening leads to lower ductility. On the contrary, the treatment at 650 °C increases YS of about 12% with a comparable total elongation. Therefore, this work demonstrated that it is possible to strengthen EUROFER97 steel without compromising its ductility. The result is quite promising for nuclear fusion applications and the completion of microstructural analyses and mechanical tests of all the prepared samples will enable determination of the most effective process parameters.



In general, grain refinement achieved either by the thermo-mechanical treatments proposed here or through a two-stage normalizing treatment refining the prior austenitic grain [51] seems a promising approach for improving strength without detrimental effects on ductility. A critical aspect emerging from the present work is the abnormal grain growth: its onset is favored by high treatment temperatures, and it leads to a drop in mechanical performance. The fast growth of few grains at the expenses of other grains can be explained by the presence of coincidence site lattice (CSL) special boundaries which have higher mobility than common boundaries [49] and by the coarsening of carbides.





4. Conclusions


This work reports preliminary results of an extended experimental campaign aimed at improving the strength of EUROFER97 steel through microstructure refining without introducing detrimental effects on its ductility. From the as-supplied material prepared through the standard treatment, 40 different groups of samples were obtained by combining cold rolling with five CR ratios and eight heat treatment temperatures. The results of microstructural examination and mechanical tests can be summarized as follows.



Cold rolling leads to grains of smaller size elongated along the rolling direction, the nearly random texture evolves towards a cubic [100] one with a secondary [211] component, and dislocation density increases. As expected, such microstructural changes, which are more relevant for greater CR ratios, induce a progressive strengthening of the material.



Recrystallization takes place in heat-treated samples with kinetics depending on treatment temperature and CR ratio. In the samples with CR of 80% at 650 °C, a population of equiaxed grains of sub-micrometric size was observed indicating that the primary recrystallization was completed. Higher treatment temperature in these samples induced abnormal grain growth.



The hardness of all the examined samples decreased as heat treatment temperature increased and the variation is more pronounced in the samples cold-rolled with greater CR ratios. Except for the samples deformed with CR ratio of 20%, it dropped below that of standard EUROFER97 for treatments above a critical temperature (700 °C if CR ≥ 50%, 750 °C for lower CR).



On the basis of these results, tensile tests were performed on selected samples (CR ratio of 80%, treatment temperatures of 400, 500, 600 and 650 °C). In comparison to standard EUROFER97, the treatment at 650 °C leads to an increase in YS around 12% while the total elongation was nearly the same (~22%). On the contrary, after heat treatment at lower temperatures (400, 500 and 600 °C) YS and UTS were significantly larger but the steel had lower ductility.



In conclusion, this work demonstrated the feasibility to strengthen EUROFER97 steel without compromising its ductility. The result is promising for nuclear fusion applications and the completion of microstructural analyses and mechanical tests of all the prepared samples will allow us to identify the most effective process parameters.
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Figure 1. Schematic drawing of a typical probe used in tensile tests (dimensions are expressed in millimeters). 
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Figure 2. EUROFER97 steel. SEM micrographs of the material in standard condition (a) and after cold rolling with increasing CR ratio: 20% (b), 40% (c), 50% (d), 60% (e) and 80% (f). 
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Figure 3. XRD patterns of standard EUROFER97 steel and after cold rolling with increasing CR ratio. 
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Figure 4. Effect of the cold rolling process on the {100} XRD peak profile of EUROFER97 steel. The broadening of the diffraction peaks is an index of the increase in the dislocation density ρ. 
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Figure 5. Effect of the CR ratio on the dislocation density ρ. 






Figure 5. Effect of the CR ratio on the dislocation density ρ.



[image: Applsci 11 10598 g005]







[image: Applsci 11 10598 g006 550] 





Figure 6. Effect of the CR ratio on hardness HV5 and yield strength YS measured by means of FIMEC test. 
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Figure 7. EUROFER97 cold-rolled with a CR ratio of 20% and heat-treated at 750 °C for 1 h. 
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Figure 8. EUROFER97 deformed with a CR ratio of 80% and treated for 1 h at the temperature of: 400 °C (a), 450 °C (b), 500 °C (c), 550 °C (d), 600 °C (e), 650 °C (f). 






Figure 8. EUROFER97 deformed with a CR ratio of 80% and treated for 1 h at the temperature of: 400 °C (a), 450 °C (b), 500 °C (c), 550 °C (d), 600 °C (e), 650 °C (f).



[image: Applsci 11 10598 g008]







[image: Applsci 11 10598 g009 550] 





Figure 9. EUROFER97 deformed with a CR ratio of 80% and treated for 1 h at 750 °C. LM micrograph in (a) shows grains of abnormal size which are surrounded by quite smaller grains displayed by the SEM image in (b). 
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Figure 10. XRD patterns of EUROFER97 steel cold-rolled with CR ratio of 80% and heat-treated at increasing temperatures from 400 to 750 °C with steps of 50 °C. 
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Figure 11. Mean grain size, D, and dislocation density, ρ, determined from the analysis of XRD peak profiles of the steel cold-rolled with a CR ratio of 80% and heat-treated at temperatures in the range 400–750 °C (step 50 °C). 
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Figure 12. Effect of the CR ratio and the heat treatment temperature on hardness of EUROFER97 steel. Heat treatment was performed for 1 h in argon atmosphere. 
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Figure 13. Tensile test curves of EUROFER97 steel cold rolled with CR of 80% and heat-treated at 400 °C, 500 °C, 600 °C and 650 °C for 1 h. 
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Figure 14. UTS, YS and A% of EUROFER97 steel cold rolled with CR of 80% and heat-treated at 400 °C, 500 °C, 600 °C and 650 °C for 1 h. The values of the steel prepared by standard treatment [23] are reported for comparison. 
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Table 1. Nominal chemical composition of EUROFER97 steel (wt.%) (Fe to balance) [1].






Table 1. Nominal chemical composition of EUROFER97 steel (wt.%) (Fe to balance) [1].





	Cr
	C
	Mn
	V
	W
	Ta
	Ti
	N



	8.93
	0.12
	0.47
	0.2
	1.07
	0.14
	0.009
	0.018



	P
	S
	B
	Si
	Nb
	Mo
	Ni
	Cu



	<0.005
	0.004
	<0.001
	0.006
	0.002
	0.0015
	0.002
	0.003
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Table 2. Relative intensities of XRD peaks of EUROFER97 steel prepared according to the standard treatment and after cold rolling with increasing CR ratio. The values have been determined from patterns in Figure 3. Data from the file 6-696 of JCPDS database [59] referring to Fe with randomly oriented grains are reported for comparison.
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	Peaks
	110
	200
	211
	220
	310
	222





	JCPDS database-file 6-696
	100
	20
	30
	10
	12
	6



	Standard
	100
	11
	20
	8
	6
	-



	CR 20%
	100
	24
	27
	6
	9
	5



	CR 40%
	100
	15
	38
	6
	7
	4



	CR 50%
	100
	7
	12
	5
	4
	-



	CR 60%
	100
	20
	30
	1
	1
	1



	CR 80%
	100
	52
	63
	-
	1
	1
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Table 3. Relative intensities of XRD peaks of EUROFER97 steel cold rolled with CR ratio of 80% and heat-treated for 1 h at the reported temperatures (from 400 to 750 °C in steps of 50 °C). The values have been determined from patterns in Figure 10. Data from the file 6-696 of the JCPDS database [59] referring to Fe with randomly oriented grains and of deformed but not treated steel are reported for comparison.






Table 3. Relative intensities of XRD peaks of EUROFER97 steel cold rolled with CR ratio of 80% and heat-treated for 1 h at the reported temperatures (from 400 to 750 °C in steps of 50 °C). The values have been determined from patterns in Figure 10. Data from the file 6-696 of the JCPDS database [59] referring to Fe with randomly oriented grains and of deformed but not treated steel are reported for comparison.





	Peaks
	110
	200
	211
	220
	310
	222





	JCPDS database-file 6-696
	100
	20
	30
	10
	12
	6



	Standard
	100
	11
	20
	8
	6
	-



	CR 80%/not treated
	100
	52
	63
	-
	1
	1



	CR 80%/400 °C
	100
	48
	42
	8
	10
	1



	CR 80%/450 °C
	100
	43
	38
	7
	8
	1



	CR 80%/500 °C
	100
	41
	28
	7
	8
	1



	CR 80%/550 °C
	100
	30
	21
	6
	8
	1



	CR 80%/600 °C
	100
	52
	45
	9
	8
	3



	CR 80%/650 °C
	100
	66
	55
	6
	9
	4



	CR 80%/700 °C
	73
	100
	89
	6
	10
	9



	CR 80%/750 °C
	100
	42
	44
	7
	10
	4
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Table 4. Softening percentage of EUROFER97 steel, in the temperature range of the annealing heat treatment from 400 °C to 750 °C.
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	CR Ratio %
	20
	40
	50
	60
	80



	Softening %
	10.8
	48.7
	50.7
	53
	54.2
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