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Supplementary Table 1. Particle sizes of all control experiments including Cr-Ni system. 

Sample Mean Size (μm) Mode Size (μm) Standard Deviation (μm) 

nc-W(Cr) 1.25 0.94 0.74 

nc-W 2.30 1.85 0.96 

nc-W+15 at% Cr 1.09 1.07 0.71 

nc-W+15 at% nc-Cr 2.32 1.61 1.49 

Pure Cr 6.38 6.26 2.78 

W(Cr) 4.99 5.45 2.30 

W+15 at% Cr 3.35 2.77 1.42 

nc-Cr(15 at% Ni) 4.75 4.78 2.22 

nc-Cr(5 at% Ni) 5.09 4.79 2.33 

nc-Cr 5.21 4.17 2.61 

nc-Cr+5 at% Ni 3.41 2.79 2.35 

Cr+5 at% Ni 5.06 4.79 3.17 
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Supplementary Table 2. Data and References corresponding to Supplementary Figure 11. 

Number Materials (at.%) 
Average initial  

particle size (ࣆ) 
Average sintered  
grain size (ࣆ) 

Density Ref. 

1 W-1Ni 4~6 11 0.889 8 

2 W-17Fe 0.2 2.68 0.874 9 

3 W-8.4Ni-3.6Fe ~6 2.3 0.876 10 

4 W-6.3Fe 0.2 4.17 0.916 9 
5 W-8.4Ni-3.6Fe ~6 3.3 0.935 10 

6 W-6Fe-5.8Ni 0.2 8.48 0.934 9 

7 W-19Cu-7.7Ni ~11 9.21 0.930 11 

8 W-17.9Ni -9.5Cu ~9 14.87 0.933 11 

9 W-17.9Ni -9.5Cu ~9 19.25 0.942 11 

10 W-19Cu-7.7Ni ~11 11.59 0.943 11 

11 W-3.2Fe-3Ni 0.2 9.35 0.953 9 

12 W-0.9Co 0.7 6 0.95 12 

13 W-3.2Fe 0.2 5.24 0.955 9 

14 W-22Cu-2.6Ni 0.5 3.3 0.95 13 

15 W-16.7Ni 0.2 10.03 0.958 9 

16 W-19Cu-7.7Ni ~11 14.17 0.959 11 

17 W-17.9Ni -9.5Cu ~9 24.7 0.967 11 

18 W-19Cu-7.7Ni ~11 18.35 0.97 11 

19 W-6Ni 0.2 10.03 0.973 9 

20 W-17.9Ni -9.5Cu ~9 23.1 0.976 11 

21 W-19Cu-7.7Ni ~11 24.47 0.982 11 

22 W-3.2Fe-3Ni 1 15 0.985 14 

23 W-3.1Ni 0.2 12.16 0.982 9 

24 W-8.4Ni-3.6Fe ~6 4.8 0.988 10 

25 W-3.2Fe -3Ni 5 44 0.99 14 

26 W-11.9Ni-5.1Fe ~6 19.6 0.99 10 

27 W-8.4Ni-3.6Fe ~6 21.8 0.99 10 

28 W-4.9Ni-2.1Fe ~6 23.5 0.99 10 

29 W-11.1Ni-5Fe ~3 26 0.995 15 

30 W-18Ni-8Fe - 27 0.996 16 
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31 W-6Mo-17.5Ni-7.9Fe - 17.9 1.00 16 

32 W-11.9Mo-17Ni-7.6Fe - 14.5 1.00 16 

33 W-30Ti-10Cr - 0.135 0.935  

34 W-15Ti-15Cr - 0.227 0.97  

35 W-20Ti-15Cr - 0.264 0.986  

36 W-35Ti-10Cr ~4.5 0.1 0.983  
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Supplementary Note 1 

A dark-field STEM image of W-15 at% Cr heated to 1400 °C is shown in Supplementary Figure 3a, 

illustrating a structure of nanoscale W-rich grains with a Cr-rich grain delineated by a yellow dashed line. 

This image shows the occurrence of phase separation in the bulk, which complements the observations of 

phase separation on the powder particle surfaces and necks in Fig. 1 in the main article, and is expected 

based on the phase separation tendencies in the W-Cr system. We have presented similar nanostructural 

observations of the interior of powder particles in the same alloy system in Ref. 16 for additional 

comparison. 

Supplementary Figure 3b presents the microstructure of W-15 at% Cr alloy heated to 1300 °C. This high 

resolution TEM image shows atomic-level interfacial structures between tungsten and the chromium-rich 

layer. Both phases are crystalline without any suggestion of a significant disordered region, such as might 

be expected in conventional activated sintering. We also examined the microstructure of W-15 at% Cr at 

nearly full density after sintering as shown in Supplementary Figure 4. We have circled in red those 

regions that are likely the original powder particles, and which are now W rich, having ejected Cr from 

solution. Such particles tend to be decorated around their perimeter with Cr-rich domains. The structure 

here is consistent with those we presented in the paper at lower densities and in Supplementary Figure 6b.   

 

Supplementary Note 2 

The integral of instantaneous linear shrinkage rate during sintering can be represented as follows1: 

 
න

ሺܩሺߩሻሻ

ሻߩΓሺߩ3
ߩ݀ ൌ න

ܦΩߛ
݇ܶ

expሺെ
ܳ
ܴܶ

ሻ݀ݐ
௧



ఘ

ఘబ

 (1) 

where ߛ is the surface energy, Ω is the atomic volume, R is the gas constant, T is the temperature, G is the 

average grain size, ρ is the relative density, t is time, Γ is a parameter which relates the driving force, 
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mean diffusion distance, and other geometric features of the microstructures, ܦ ൌ ሺܦ௩ሻ	and n = 3 for 

volume diffusion, and ܦ ൌ ሺܦߜሻ	and n = 4 for grain-boundary diffusion. With slight rearrangement, 

Supplementary Equation 1 is divided into two parts:  

 
Φሺߩሻ ൌ

݇
ܦΩߛ

න
ሺܩሺߩሻሻ

ሻߩΓሺߩ3
ߩ݀

ఘ

ఘబ

 (2) 

which comprises all microstructural and materials properties except for activation energy. 

 Θሺݐ, ܶሺݐሻሻ ൌ න expሺെ
ܳ
ܴܶ

ሻ ݐ݀
௧


 (3) 

which relies only on Q and the heating time-temperature profile. The activation energy can be estimated 

by Supplementary Equation 3; the correct activation energy, Q, will make all of the data computed 

through Supplementary Equation 3 collapse onto a single curve. For assessing the sintering activation 

energy of nanocrystalline W-15 at% Cr, heating profiles at 5, 10, 15, and 20 °C/min shown in 

Supplementary Figure 5 were employed. The results are shown in Fig. 3 in the manuscript. 

 

Supplementary Note 3 

In some enhanced densification methods such as liquid phase sintering, the formation of the second phase 

permits mechanical densification by flow, i.e., mechanical deformation, of the softer (liquid) phase. This 

leads to a significant microstructure evolution as a function of density. To verify that nanophase 

separation sintering does not exhibit such structural evolution, we measured the size of the Cr-rich necks 

between powder particles for several sintered densities. The results are shown in Supplementary Figure 6. 

The Cr-rich layer does not change beyond the measurement uncertainty over the range of relevance of the 

conditions. Moreover, the trend in Supplementary Figure 6a shows, if anything, an increase in the Cr 
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layer thickness; unlike liquid phase sintering where densification might lead to flow and compression of 

these layers, no such trend is observed here. 

 

Supplementary Note 4 

The driving force for sintering in the case of nano-phase separation sintering can be estimated using prior 

models, e.g., that for liquid phase sintering. A model geometry is shown in Supplementary Figure 7, and 

corresponds to the one shown in Supplementary Figure 6b or the schematic in Fig. 3 of the paper. (Note 

that there is no liquid phase in the present work, and instead the phase between two particles in the model 

is a crystalline Cr phase that is a rapid diffusion pathway for tungsten.) 

The driving force for sintering can be represented by the chemical potential gradient, ߘሺߤ௪ െ  ௩ሻ whereߤ

,௪ߤ  ௩ are the chemical potentials of a W atom and of a vacancy, respectively and the capillary pressureߤ

at the neck provides the gradient. Therefore the driving force for sintering is finally estimated as െ
ஐೢஓೝ


 

where α is a constant, Ω௪ is the atomic volume of W, γ is the surface energy of Cr, and r is the radius 

of pore as delineated in Supplementary Figure 7.  

If the kinetically limiting mass transport process leading to densification is assumed to be W diffusion 

through Cr, the densification rate calculated using the equation of the driving force above based on the 

microstructural geometry that DeHoff has provided2 is as follows: െ	
ௗ

ௗ௧
ൌ 	

ఊఆೢ
்

ቀ
௰್ఋ್
ீర

ቁ where L is the 

length of the compact, ߛ is the surface energy, ߗ௪ is the atomic volume of W, ݇ is the Boltzmann 

constant, T is the temperature, G is the average particle size, t is time, ߜ is the thickness of the Cr-rich 

layer, ܦ are the coefficients for W diffusion in Cr, and Γ is a parameter which relates the driving force, 

mean diffusion distance, and other geometric features of the microstructure3. Introducing reasonable 

values for each parameter at the onset of sintering into the right-hand side of this equation (2.3 ~ ߛ J/m2 

4,	Γ	~	10ସ െ 10ହ	,	ܦ	~10ିଵଽ	݉ଶ/5 ܿ݁ݏ, G	~10ି	݉, 120 ~ ߜ nm) results in ~2.5 ൈ 10ି െ 2.5 
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ൈ 10ି/sec which has the same order of magnitude as the initial shrinkage rate (െ
ௗ

	ௗ௧
	) of 

nanocrystalline W-15 at% Cr that we experimentally measured, ~ 10ି/sec, at the onset of sintering.  
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