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Extended Data Fig. 7 | Atom probe tomography results assessing the extent 
of Ni redissolution into FeOx. a, The 3D reconstructed atom distribution map 
for Fe, Ni, and O. This APT sample was taken from a pellet synthesized using 
20 °C/min heating rate where noticeable FeOx is remained (see Extended  
Data Fig. 2c for the SXRD results). b, Fe, Ni, and O content acquired within a 
cylindrical area of interest (AOI) shown in a. The maximum amount of Ni in the 

FeOx barely exceeds ~3 at. %, confirming the subtle role of Ni redissolution, 
which validates the kinetic proposition discussed in main text Fig. 4b. We note 
that the Fe-O stoichiometry ratio is not rigorously unity, which is mostly due  
to the oxygen loss during APT measurement. The O content measured for the 
FeOx phase is consistent with similar analysis in the literature61.



Extended Data Fig. 8 | Quantitative microculture analyses assessing the 
role of heating rate. a, To account for potential inhomogeneity of porosity 
distribution, we examined the microstructure at different positions through 
thickness. Here the quantity d d( / ) ∈ (0, 0.5)0  is introduced to enable systematic 
comparisons amongst different samples: d denotes the relative distance to  
the outer surface and d0 the total thickness (close to 1.5 mm for all samples).  
SE images in a exemplify the microstructures of the specimen synthesized 
using 20 °C/min heating rate. b, Evolution trends of porosity and residual  
FeOx oxides under three different heating rates corresponding to the results  
in Extended Data Fig. 3. Despite the subtle gradient in the thickness direction, 
the increase in heating rate systematically elevates the residual FeOx content 
(incomplete reduction) and reduces the porosity (more eminent densification).
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Extended Data Fig. 9 | Validity of the proposed design treasure map. a, TGA 
analysis of the synthesis process. Following the exact synthesis route described 
in the main text, we start with green compacted pellet of Fe2O3, NiO, and Co3O4 
powders aiming for the super invar alloy composition40, Fe63Ni32Co5 at. %. 
Following the kinetic guideline discussed in main text Fig. 4 we adopted a 
consistently slow heating rate of 5 °C/min, followed by 1 hr holding at 700 °C, 
and 30 min pressure free sintering at 900 °C. b, Bulk thermal expansion 
response of the synthesized alloy measured by dilatometer. A noticeable near 
zero coefficient of thermal expansion (CTE) region is present, which well aligns 

with the literature data62 of the same alloy fabricated through conventional 
melting and casting routes. c, The synthesis alloy exhibits a fine-grain fully 
densified microstructure with an average grain size of ~1.20 μm (excluding the 
Σ3 annealing twin boundaries). d, Phase map showing the single FCC-phase 
constitution of the alloy where BCC or residual FeOx phase is not detected.  
e, EDS maps confirming the grain-level uniform distribution of the alloying 
elements Fe, Ni, and Co and their contents aligns with the conceived values for a 
Fe63Ni32Co5 super invar alloy.



Extended Data Fig. 10 | Rough estimation of the approximate energy 
consumption between the traditional multi-step alloy making approach and 
the proposed one step oxides to bulk alloy operation. While quantitatively 
precise cost comparison between these two methods still requires dedicated 
technoeconomic modelling, the major energy consumption might still be 

estimated based on the available dataset in the literature63,64. The estimated 
total energy consumption of the proposed oxides to bulk alloy synthesis 
method is ~9.83 GJ/t, significantly lower than the energy cost required by the 
conventional metal extraction-liquid alloying-thermomechanical processing 
route (~16.8 GJ/t).




