Supplementary Materials for
A novel multi-scale microstructure to address the strength/ductility trade off in high strength steel for fusion reactors

Peng Gong1, T.W.J. Kwok2,3, Yiqiang Wang4, Huw Dawson4, R. Goodall1, D. Dye2*, W. Mark Rainforth1*
This PDF file includes: 
Materials and Methods 
Figs. S1 to S8 
Table S1 to S2
References

Materials and Methods
3.1 Materials
The composition of the new RAFM steel investigated in this study is listed in Table 1. The steel was produced as 20mm×20mm×200mm in an arc melting furnace with an argon atmosphere. The ingots were then homogenized at 1250 °C for 1 hour followed by quenching in oil to room temperature. The steels were then hot rolled at 1150-1100 °C down to a thickness of 12 mm for the first pass, following the second pass at 950-900 °C with reducing thickness to 8mm. The Stage 2 samples were quenched at this stage. Stage 3 samples were then given a third pass operated at 850-800 °C down to the final thickness of 4mm. Samples were austenitised at 980 °C for 1 hour followed by water quenched and ageing at 750 °C for 1.5 hours followed by air-cooling. A schematic diagram showing the overall process route is given in Fig. 1. All heat treatments were undertaken in an Ar atmosphere in order to prevent oxidation and decarburization. The Eurofer97 steel used in the current study was provided by Karlsruhe Institute of Technology (KIT) in the form of a 6 mm thick plate, with a chemical composition summarized in Table S1.
Table S1. Chemical compositions of the maraging steels (wt. %)
	Materials
	C
	Si
	Mn
	Cr
	V
	Ta
	Ti
	W
	Fe

	Trimodel RAFM steel
	0.11
	0.25
	0.4
	9
	0.2
	0.07
	0.01
	1.1
	Bal.

	Eurofer97 steel
	0.11
	--
	0.55
	8.95
	0.2
	0.12
	--
	1.06
	Bal.



3.2 Tensile testing
Tensile testing was also conducted for each processing condition at a constant strain rate of 10-4s-1 using the sample geometry as shown in Fig. S1 at room temperature using a Zwick (BTC T1-FR020 TN A50) universal testing machine. Tensile tests were conducted three times for each condition.
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Fig. S1 Tensile sample geometry (lengths in mm) 

3.3 Microstructure analysis
Microstructural observations were performed by electron backscatter diffraction (EBSD), and transmission electron microscopy (TEM). Specimens for EBSD observation were prepared by standard metallographic methods, which included grinding from P400 to P1200 and polishing up to 0.04 μm colloidal silica particles. The EBSD analyses were undertaken on a FEI-Nova 600 and JEOL JSM 7900 operating at 20 KV with a beam step size of 0.15-0.1 μm. The HKL Channel 5 system (Oxford Instruments, Oxfordshire, United Kingdom) was used for data acquisition and analysis. The microstructural constituents can be distinguished by EBSD on the basis of following parameters: (1) the band contrast (BC) map depends on the distortions of the crystal lattice; (2) Kernel Average Misorientation map (KAM) by analysing the average misorientation angle of a give point with all its neighbours. 6 Kikuchi lines and 1.5 angular tolerances were employed to index the Kikuchi patterns to prevent misidentification. 
Thin specimens for TEM were cut from the heat-treated blanks, and ground to about 60 μm using conventional techniques. The foils for TEM studies were prepared by standard electropolishing. Electropolishing was performed in a Tenupol Model twin-jet electropolishing unit, using a solution of 50 ml perchloric acid, 600 ml methanol and 350 ml butyl alcohol at a temperature of -40°C. TEM studies were conducted in a JEOL-F200 microscope operating at an accelerating voltage of 200 kV. The microstructural analyses were performance in STEM mode so as to show the highest dislocation density.
3.4 Small-angle neutron scattering
Small-Angle neutron scattering (SANS) experiments were performed on the Sans2d and ZOOM beamlines at the ISIS Pulsed Neutron Source UK [70]. A magnetic field of ~ 1.6T was applied to saturate the ferritic matrix which allows the separation of the magnetic and nuclear scattering, as shown in Fig. 3 (b). Specimens with dimension of ~ 10 mm × ~10 mm × ~1 mm were prepared with a final 1200 grit SiC grinding. A sample-to-detector distance of 4 meters was used to provide scattering vector, q, covering a range of 0.004 to 0.3 Å−1 as follow:
q=4πsinθ/λ                                                                  (1)
where 2θ is the scattering angle and λ is neutron wavelengths. The neutron beam size was 8 mm in diameter and the measurement time for each sample was 1.5 hrs. To avoid collecting scattering signal from multi-Bragg diffraction, only neutrons with wavelengths, λ, from 4.7 to 16.5 Å were selected for data analysis [71-74]. One-dimensional nuclear and “nuclear + magnetic” scattering intensity plots, I (intensity) versus q were obtained by partial azimuthal averaging in sectors around the horizontal and vertical axes of the transmitted beam respectively using the software Mantidplot [75], as shown in Fig. 3 (a).
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Fig. S2. One-dimensional nuclear and magnetic small angle neutron scattering patterns of I (left hand axis) and R(q) (right hand) axis versus scattering vector, q, obtained from the (a) Eurofer97 steel and (b) Tribomal RAFM steel.
Fig. S2 (a) and S2 (b) show one-dimensional plots of magnetic (blue) and nuclear (black) scattering intensity versus scattering vector for the tribodal RAFM steel and the EUROFER97 steel, respectively. In the Eurofer97 steel, both the magnetic and nuclear signals follow a q−4 variation (known as the Porod Law) over the entire q-range until the background level is reached at q > 0.1 Å−1. This indicates that the primary contribution to scattering is from large particles or features with size typically > 2π/qmin (> 150 nm). These will typically be metallic carbides (i.e., Cr23C6). The magnetic scattering contribution of Cr23C6 in Eurofer97 steel is larger than the nuclear scattering contribution because of the larger magnetic contrast factor compared to the nuclear contrast factor (refer to Supplementary Table S2). The current SANS measurement shows that the number density and volume percent of MX type nanoscale precipitates formed in Eurofer97 steel is extremely low.
In contrast, the SANS results obtained from the tribodal RAFM steel indicate that both magnetic and nuclear scattering intensities deviate from a q−4 Porod-type behaviour at q ∼0.007 Å−1. This deviation arises from the formation of nanoscale (d ≤ 60 nm) MX precipitates. 
Table S2. Values of nuclear (nuc) and magnetic (mag) scattering length density, nuclear (Δρnuc) and magnetic (Δρma) contrast factor of phases potentially relevant to this study. Detailed calculation can be found in [6]. Precipitate phases which are paramagnetic generally considered to have a zero magnetic scattering length density.
	Phase
	nuc
(1014m-2)
	mag
 (1014m-2)
	nuc
(1014m-2)
	mag
(1014m-2)
	R(q)=(mag/nuc )2

	Fe
	7.93
	5
	/
	/
	/

	Cr23C6
	4.15
	0
	3.78
	5
	1.75

	VC
	3.43
	0
	4.5
	5
	1.23

	TiC
	1.63
	0
	6.3
	5
	1.55

	TiN
	3.04
	0
	4.89
	5
	1.04



To determine the average chemical composition of the precipitate in both Eurofer97 and the Tribomal RAFM steel samples, the corresponding ratio of magnetic to nuclear scattering, R(q), was calculated and is shown in the left-hand axis of Fig. 3 as red and square circles. The average value of R(q) exhibited a shift from approximately 2 (in Eurofer97) to approximately 1 (in the Tribomal RAFM steel), indicating the formation of a new type of precipitate with a much lower R(q) value. Comparison with theoretical calculations (refer to Supplementary Table S2) suggest that R(q) = ~1 represents the formation of VC/TiN precipitates in the tribodal RAFM steel.
To further analyses the precipitate size and volume percent (fv) in the tribodal RAFM steel, the Porod region due to the large carbides and the incoherent background in the nuclear SANS signal were subtracted and plotted in Fig. S3 (a). This was done to obtain a meaningful scattering signal only from nano-sized precipitates. The Kratky plot, Iq2 versus q is then plotted in Fig. S3 (b). In the Kratky plot, a characteristic particle size, Rmax, (the “pseudo-Guinier radius”), can be determined from the maximum qmax in the plot [72] as follow:
Rmax=/qmax=9.6 nm                                               (2)
qmax=0.179 nm-1                                                  (3)
The volume percent of the precipitate was calculated from nuclear SANS sign using equation:
                                  (4)
where ρp and ρm are the nuclear scattering length densities of precipitate and matrix respectively. The q-range for integration was extrapolated to 10−5 Å−1 for low q and 10 Å−1 for high q with the Guinier equation and the Porod law, respectively, as recommended in Ref. [72]. Thus fv= 0.0016 was calculated using the SasView software [76].
[image: A picture containing diagram, text, line, plot

Description automatically generated]
Fig. S3 (a) SANS nuclear scattering from the tribodal RAFM steel following subtraction of Porod Law behaviour and incoherent scattering background and (b) Kratky plot (Iq2 versus q) of the Fig. S3 (a).
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Fig. S4 Grain size distribution from (a) two-stage bimodal RAFM steel; (b) three-stage Trimodal RAFM steel.
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Fig. S5  STEM-BF and EDS maps in the coarsen ferrite region in the three-stage processed Trimodal RAFM steel, showing the finer scale (V,Ti)C located on the dislocations and dislocation cells: (a) STEM-BF of nanoscale precipitates pinned on the dislocations; (b) V map from (a); (c) Ti map from (a); (d) C map from (a); (e) STEM-BF of nanoscale precipitates pinned on the dislocation cell structures; (f) V map from (e); (g) Ti map from (e); (h) C map from (e).
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Fig. S6 (a) True stress-strain curve of the Trimodal RAFM steel, and (b-e) SEM images of the fracture surface of specimens: (b) low magnification of fracture surface; (c-e) magnification increasing on the dimpled fracture surface.
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Fig. S7 Bright field (S)TEM micrographs and the corresponding dark field images of the three-stage processed Trimodal RAFM steel showing planar dislocation structures (a, b) tensile strain of 38% with (a) BF STEM image; (b) BF TEM image and corresponding selected area diffraction pattern (SADP) showing (112)[111] OR relationship; (c, d) tensile strain of 49%; (c) BF STEM image; (d) BF TEM image and corresponding selected area diffraction pattern (SADP) showing two types of (110)[111] and (112)[111] OR relationship.
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Fig. S8 Bright field STEM micrographs of the three-stage processed Trimodal RAFM steel at the tensile strain of 9%: (a) low magnification of BF STEM showing bulging dual phase boundaries, marked by red arrows; (b) high magnification of BF STEM from (a) in red rectangle; (c) high magnification of BF STEM from different region showing the high dislocation density near the dual phase boundaries.
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