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a b s t r a c t 

The challenge of sintering ultrafine-grained refractory metals and alloys to full density is hereby ad- 

dressed by pressureless two-step sintering in tungsten-rhenium alloy and pure molybdenum. Using prop- 

erly processed nano powders ( ∼50 nm average particle size), we are able to sinter W-10Re alloy to 98.4% 

density below 1200 °C while maintaining a fine grain size of 260 nm, and sinter molybdenum to 98.3% 

density below 1120 °C while maintaining a fine grain size of 290 nm. Compared to normal sintering, 

two-step sintering offers record-fine grain sizes and better microstructural uniformity, which translates to 

better mechanical properties with higher hardness (6.3 GPa for tungsten-rhenium and 4.0 GPa for molyb- 

denum, both being the highest in all pressurelessly sintered samples of the respective material system) 

and larger Weibull modulus. Together with our previous demonstration in tungsten, we believe that two- 

step sintering is a general effective method to produce high-quality fine-grained refractory metals and 

alloys, and the lessons learned here are transferable to other materials for powder metallurgy. 

© 2022 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

Pressureless sintering of fine-grained refractory metals and al- 

oys to full density is a challenging powder-metallurgy prob- 

em and it is of great interest to many technologies, includ- 

ng aerospace, fusion energy, microelectronics, and other high- 

emperature/extreme-environment applications [ 1 , 2 ]. This chal- 

enge has recently been addressed by us in pure tungsten (W) us- 

ng two-step sintering [ 3 , 4 ]. Starting with ∼50 nm nano powders,

e were able to pressurelessly sinter high-purity W to a relative 

ensity ρ= 99.3% and an average grain size G avg = 290 nm, at ∼1200

C ( ∼0.4 of the melting point T m 

= 3422 °C = 3695 K for W) in

owing H 2 . The success of two-step sintering in processing dense 

ltrafine-grained W is encouraging and we expect similar practices 

o be applicable to other refractory metals and alloys. Here we re- 

ort successful two-step sintering of tungsten-rhenium (W-Re) al- 

oy and pure molybdenum (Mo), where ρ≈99% and G avg ≈300 nm 
∗ Corresponding authors. 

E-mail addresses: zlin@ustb.edu.cn (L. Zhang), dongyh@mit.edu (Y. Dong), 

iju@mit.edu (J. Li) . 
1 These two authors contribute equally. 
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an be achieved in both systems. To the end, with further modified 

ano powders, we are optimistic about producing dense nanocrys- 

alline refractory metals and alloys via pressureless sintering tech- 

ique in the future. 

W-Re alloys have a high melting point, high elastic modulus, 

igh density, and high thermal conductivity, so they are widely 

sed in aerospace, thermocouple, and electronics industries [5–

] . Compared to pure W, the addition of Re increases the room- 

emperature ductility, the recrystallization temperature, and the ul- 

imate tensile strength, and decreases the ductile-brittle transition 

emperature (often termed as the rhenium effect) [9–12] . The al- 

oying element Re is also reported to decrease the thermodynamic 

riving force for grain coarsening, and thus helps to inhibit grain 

rowth during the sintering process [ 13 , 14 ]. For sintered products, 

efining and homogenizing the microstructure is critical to many 

pplication-oriented properties, including solving the brittle issue 

f W alloys [15–20] . In addition, W-Re alloys are widely used as 

igh-temperature thermocouples (up to 150 0-30 0 0 °C). The long- 

ime high-temperature service indicates stable microstructure and 

luggish diffusion kinetics of W-Re alloys. Indeed, despite a low- 

red melting temperature ( T m 

≈3200 °C = 3473 K for W-10Re), Re 

ddition increases the recrystallization temperature of W-Re al- 
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oys to > 1500 °C for 90 wt% W-10 wt% Re (W-10Re) compared 

o 110 0-120 0 °C for W [21] . How the suppressed recrystallization 

inetics correlates with grain boundary diffusion and affects sin- 

ering kinetics is unclear. On the processing side, W-Re alloys are 

ommonly produced through the powder metallurgy route, where 

owder compacts are firstly partially densified by pressureless sin- 

ering at high temperatures ( ∼20 0 0 °C) and then go through fur- 

her densification steps by hot isostatic pressing or plastic defor- 

ation [ 15 , 22 ]. Special sintering techniques such as spark plasma 

intering are also used for one-step, direct densification, albeit 

ith limited geometry and sample size [ 14 , 23 ]. In comparison, 

here are few reports for successful pressureless sintering of W-Re 

lloys to full density. For example, Ivanov et al. [24] pressurelessly 

intered blended 75 wt% W-25 wt% Re (W-25Re) powders to ob- 

ain ρ= 93.1% and G avg ≈45 μm and mechanically alloyed nanocrys- 

alline W-25Re powders to obtain ρ= 92.6% and G avg = 25 μm at 

350 °C for 3 h; Lai et al. [25] pressurelessly sintered W-25Re pow- 

ers (with secondary particle morphology produced by spray dry- 

ng and fine primary particle size) to obtain ρ= 93% and G avg ≈3 

m at 1900 °C for 0.5 h. 

Molybdenum is widely used in high-tech fields including sput- 

ering targets and electronic devices due to its high stability, high 

reep resistance and high thermal conductivity [26–30] . Mo is also 

ainly processed through powder metallurgy route. High density, 

ne grain size, and uniform microstructure help to improve the 

erformance of Mo products, especially for sputtering targets. Con- 

entionally, Mo powders are sintered at 20 0 0-240 0 °C to reach 

= 90%-95% [31] . Its grain size is very difficult to control due to

igh temperature and the lack of second-phase pinning. Regarding 

he sintering of fine-grained Mo samples, previous attempts in the 

iterature mostly ended up with coarse grain structure and there 

ere few reports on dense ultrafine-grained Mo, even when nano 

owders were used. For example, Kim et al. [32] pressurelessly sin- 

ered Mo nano powders at 1200 °C for 1 h to obtain ρ= 95% and

 avg = 1.4 μm; Hu et al. [33] pressurelessly sintered ∼30 nm Mo 

ano powders at 1500 °C without holding to obtain ρ= 99.1% and 

 avg = 7 μm or at 1200 °C for 1 h to obtain ρ= 93.5% and G avg = 1.7

m. 

With the above backgrounds, it would be valuable to investigate 

nd fill in the knowledge of low-temperature pressureless sintering 

f W-Re alloys and pure Mo, especially with high sintered den- 

ity, fine grain size and uniform microstructure that would benefit 

roperties and any follow-up processing. In the following, we re- 

ort the sintering kinetics of W-10Re and Mo nano powders, which 

re similarly synthesized and processed to the W nano powders 

sed in our previous work. We shall demonstrate successful pres- 

ureless two-step sintering of W-10Re and Mo close to full den- 

ity below 1300 °C. For W-10Re, the best practice gives ρ= 98.4%, 

 avg = 270 nm (5.4-fold coarsening from ∼50 nm starting powders), 

nd a hardness of 6.3 GPa that is the highest in all pressureless 

intered W-Re alloys. For Mo, the best practice gives ρ= 98.3%, 

 avg = 290 nm (5.8-fold coarsening from ∼50 nm starting powders), 

nd a hardness of 4.0 GPa that is the highest in all pressureless sin-

ered Mo. Inferred grain-boundary diffusivity data and key param- 

ters for two-step sintering are discussed and compared with our 

revious results in pure W without alloying, which offers guidance 

o produce better refractory metals and their alloys including for 

ear-net-shape processing and in their particle-strengthened forms 

e.g., with oxides or carbides). 

. Experimental procedures 

Nano-sized W-10Re and Mo powders were prepared by solu- 

ion combustion and H 2 reduction method similar to our previous 

ork on W, using (NH 4 ) 6 H 2 W 12 O 40 •x H 2 O and NH 4 ReO 4 precursors

ith W:Re = 9:1 weight ratio for W-10Re and H Mo N O 

•4H O
24 7 6 24 2 

204 
recursor for Mo [ 34 , 35 ]. The synthesized W-10Re and Mo nano

owders were either directly used (abbreviated as “raw powders”

ereafter) or centrifuge-sieved in anhydrous ethanol at 30 0 0 r/min 

o remove the large particles (abbreviated as “sieved powders”

ereafter). To prepare green bodies, the powders were uniaxially 

ressed into pellets (diameter: 10 mm, thickness: ∼1 mm) under 

50 MPa at room temperature. Two different kinds of sintering ex- 

eriments were conducted on green compacts in a flowing H 2 at- 

osphere (high purity, flow rate: 0.6 L/min). (i) Constant-heating- 

ate sintering experiments by heating the green bodies to a pre- 

et temperature (900 °C to 1500 °C) under 5 °C/min without hold- 

ng, followed by immediate cooling under 10 °C/min down to room 

emperature. These experiments were used to study the sintering 

inetics and the proper conditions for two-step sintering. (ii) Two- 

tep sintering experiments by firstly heating the green compacts 

nder 5 °C/min to a higher first-step temperature T 1 without hold- 

ng (or with 0.5 h holding), then cooling down to a lower second- 

tep temperature T 2 and holding for 10 h, and lastly cooling under 

0 °C/min down to room temperature. 

The powders were inspected under a scanning electron mi- 

roscope (SEM; Hitachi UHR SU8100) and their size distributions 

ere measured manually over 300 particles. Densities of the sin- 

ered samples were measured by Archimedes’ method. We used 

 theoretical density of 19.4 g/cm 

3 for W-10Re [ 36 , 37 ] and 10.2

/cm 

3 for Mo [38] to calculate the relative density ρ . Sintering 

ates in constant-heating-rate sintering experiments were calcu- 

ated from the slopes between each data point and its two neigh- 

oring data points (or one neighboring data point for the first/last 

ata point) in the ρ-time plot (temperature was converted to time 

y the heating rate). Fractured surfaces of sintered samples were 

nspected under SEM, which showed intergranular fracture for all 

he samples. Average grain size G avg of sintered samples was cal- 

ulated from measurements over 300 grains. Electron backscatter 

iffraction (EBSD; using diffractometer HKL Channel 5 on a Zeiss 

ltra 55 field emission SEM) measurements were conducted on 

olished surfaces (first by mechanically polishing and then by elec- 

ropolishing in NaOH solution) of sintered samples. Vickers hard- 

ess H was measured on polished surfaces of sintered samples us- 

ng a Vickers diamond pyramid indenter under 200 gf (1.96 N) 

oad and with 15 s duration. Distances between neighboring in- 

ents were set to larger than 500 μm. Weibull modulus m of H 

as calculated by 

p ( H ) = 1 − exp 

[
−
(

H 

H 0 

)m 

]
(1) 

here H 0 is characteristic hardness. To linearize skewed Weibull 

ata, probability p ( H ) is defined as 

p ( H ) = 

( i − 0 . 3 ) 

( n + 0 . 4 ) 
(2) 

here i is the rank of the harness data and n is the total number of

ardness measurements ( n is 33 for W-10Re and 25 for Mo) [39] . 

. Results 

.1. Powders 

Fig. 1 (a) shows the fine particle sizes (average particle size: 53 

m) of the as-synthesized raw W-10Re powders. But they contain 

any large particles, which broaden the size distribution and con- 

titute a large volume fraction (see accumulative volume fraction 

s a function of particle sizes in Fig. 1 (c)). These observations apply 

o the as-synthesized raw Mo powders ( Fig. 1 (d) and (f), average 

article size: 67 nm) and are similar to what we noted for W nano 

owders (synthesized by the same combustion-reduction method) 

n our previous work [4] . Such powder characteristics often lead 
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Fig. 1. SEM images showing the morphology of (a) the raw and (b) sieved W-10Re powders, and (c) W-10Re powders’ particle size distributions, and SEM images of (d) the 

raw and (e) sieved Mo powders, and (f) Mo powders’ particle size distributions. Note y axis in (c) and (f) shows the accumulative volume fraction in the unit of vol%. 
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Table 1 

Sintering data of W-10Re from constant-heat-rate sintering and two-step sintering. 

Sintering 

conditions 

Raw powders Sieved powders 

ρ (%) G avg (nm) ρ (%) G avg (nm) 

900 °C for 0 h 54 98 54 73 

1000 °C for 0 h 56 120 55 82 

1050 °C for 0 h 59 150 57 95 

1100 °C for 0 h 61 180 59 120 

1150 °C for 0 h 66 190 71 160 

1200 °C for 0 h 72 230 78 210 

1250 °C for 0 h 77 300 84 310 

1300 °C for 0 h 82 350 88 340 

1350 °C for 0 h 85 680 93 510 

1400 °C for 0 h 92 750 95.0 560 

1500 °C for 0 h 95.2 1290 98.1 1160 

1200 °C for 0 h, 1100 °C for 10 h 80 250 82 240 

1200 °C for 0 h, 1150 °C for 10 h 92 300 98.4 260 

1230 °C for 0 h, 1150 °C for 10 h 94 350 98.6 310 

1250 °C for 0 h, 1150 °C for 10 h 97.4 470 99.6 400 

1300 °C for 0 h, 1200 °C for 10 h 99.0 550 99.5 530 

r

r

e

t  

(

f

r

p

p

s

c

l

s

r

t

t

o heterogeneous densification, localized grain growth, and sam- 

le distortions, which are detrimental to sintering, especially for 

emoving the last few percentages of residue pores in the final 

tage. To remove the large particles and narrow down the particle 

ize distribution, the as-synthesized W-10Re and Mo powders were 

entrifuge-sieved ( Fig. 1 (b) for W-10Re and Fig. 1 (e) for Mo). The

ieved powders have slightly smaller average particle sizes (48 nm 

or sieved W-10Re and 55 nm for sieved Mo) and narrower size 

istributions than the raw powders, and no longer contain > 100 

m particles. 

.2. Sintering kinetics 

To study the sintering kinetics, constant-heating-rate sintering 

xperiments (details described in Section 2 ) were conducted. The 

icrostructures of W-10Re samples sintered at different temper- 

tures (without holding) are shown in Fig. 2 and Fig. S1 in Sup- 

lementary Information. Uniform microstructures were observed 

hroughout the sintering, for both the raw-powder ( Fig. 2 (a-c)) and 

ieved-powder derived W-10Re samples ( Fig. 2 (d-f)). This is differ- 

nt from our previous observations in W [4] , which has bimodal 

article/grain size distributions and less uniform microstructures 

elow 1200 °C, especially for the raw-powder derived samples. It 

ould be due to Re alloying that decreases the anisotropy in sur- 

ace/grain boundary energy and mobility or due to better W-10Re 

owders with narrower size distribution and less large particles. 

egarding the sintering, the relative densities of the sieved-powder 

erived W-10Re samples are slightly lower than those of the raw- 

owder derived W-10Re samples at ≤1100 °C ( ρ< 60%) but become 

uch higher than the latter at > 1100 °C ( Fig. 3 (a); detailed sinter-

ng data available in Table 1 ). When sintered at 1500 °C without 

olding, the sieved-powder derived W-10Re sample has ρ= 98.1%, 

ompared to ρ= 95.2% for the raw-powder derived W-10Re sam- 

le sintered at the same condition. It shows the benefit of powder 

ieving in improving the intermediate- and final-stage sinterability. 

or the grain size, the raw-powder and sieved-powder derived W- 

0Re samples have similar sizes at ≤1300 °C ( Fig. 3 (b), despite a
205 
elative density difference of ∼6%). The grain size increases more 

apidly above 1300 °C ( ρ> 85%) and shows a “jump” at 1350 °C, 

specially for the raw-powder derived sample. The calculated sin- 

ering rate d ρ/d t ( Fig. 3 (c)) reaches maximum values at 1150 °C
at ρ= 66% for the raw-powder derived W-10Re sample and 71% 

or the sieved-powder derived W-10Re sample). The peak sintering 

ate is higher for the sieved-powder derived W-10Re samples. 

The microstructures of Mo samples sintered at different tem- 

eratures (without holding) are shown in Fig. 4 and Fig. S2 in Sup- 

lementary Information. Uniform microstructures were again ob- 

erved throughout the sintering, for both the raw-powder ( Fig. 4 (a- 

)) and sieved-powder derived Mo samples ( Fig. 4 (d-f)). A much 

arger grain size was observed for the raw-powder derived Mo 

ample sintered at 1300 °C ( Fig. 4 (c)) than the sieved powder de- 

ived one ( Fig. 4 (f)). Regarding the sintering, the relative densi- 

ies of the sieved-powder derived Mo samples are slightly lower 

han those of the raw-powder derived Mo samples at ≤1150 °C 
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Fig. 2. Microstructures (fracture surfaces) of the raw-powder derived W-10Re samples sintered at (a) 900 °C, (b) 1300 °C, and (c) 1500 °C without holding, and the sieved- 

powder derived W-10Re samples sintered at (d) 900 °C, (e) 1300 °C, and (f) 1500 °C without holding. 

Fig. 3. (a) Relative density, (b) average grain size, and (c) sintering rate d ρ/d t of the raw-powder (in red) and sieved-powder (in blue) derived W-10Re samples in constant- 

sintering-rate experiments up to 1500 °C. 

Fig. 4. Microstructures (fracture surfaces) of the raw-powder derived Mo samples sintered at (a) 900 °C, (b) 1100 °C, and (c) 1300 °C without holding, and the sieved-powder 

derived W-10Re samples sintered at (d) 900 °C, (e) 1100 °C, and (f) 1300 °C without holding. 

206 
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Fig. 5. (a) Relative density, (b) average grain size, and (c) sintering rate d ρ/d t of the raw-powder (in red) and sieved-powder (in blue) derived Mo samples in constant- 

sintering-rate experiments up to 1400 °C. 
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 ρ< 80%) but become higher than the latter at > 1200 °C ( Fig. 5 (a);

etailed sintering data available in Table 2 ). When being sintered 

t 1400 °C without holding, the sieved-powder derived Mo sam- 

le has ρ= 97.3%, compared to ρ= 95.2% for the raw-powder de- 

ived Mo sample sintered at the same condition. It again shows 

he benefit of powder sieving in improving the intermediate- and 

nal-stage sinterability. For the grain size, there is limited grain 

rowth for the raw-powder and sieved-powder derived Mo sam- 

les at ≤1150 °C ( Fig. 5 (b)). Rapid grain growth onsets at 1200

C in the raw-powder derived Mo samples, reaching G avg = 4.2 μm 

t 1400 °C without holding. In contrast, the grain growth in the 

ieved-powder derived Mo samples is much slower (e.g., reach- 

ng G avg = 1.7 μm at 1400 °C without holding), despite higher ρ
han the raw-powder derived ones under the same sintering con- 

ition. The dramatically different grain growth kinetics of the raw 

nd sieved nano powders in constant-heating-rate sintering exper- 

ments is only observed in Mo, but not in W or W-10Re. The calcu- 

ated sintering rate d ρ/d t ( Fig. 5 (c)) reaches the maximum values

t 1150-1200 °C and the sieved-powder derived Mo samples have 

 higher peak sintering rate than the raw-powder derived ones. 

.3. Grain boundary diffusivity and activation energy 

For better quantifications, we calculated the apparent grain 

oundary diffusivity D GB and its activation energy E a from the sin- 

ering data of the sieved-powder derived samples using the fol- 

owing two models. (Abnormal sintering behaviors due to localized 

intering and grain growth were observed in the raw-powder de- 

ived W samples in our previous work. The fast grain growth in 

he raw-powder derived Mo samples may also be due to similar 

easons.) We firstly used the model proposed by Johnson [40] and 

ater adapted by Young and Cutler [41] 

�L 

L 0 

)2 . 06 
d ( �L / L 0 ) 

dt 
= 

11 . 2 γ�δD GB 

k B T G 

4 
avg 

(3) 

here L 0 is the initial sample length before sintering, �L is the 

hange in sample length during sintering, �L / L 0 is the linear 

hrinkage, t is the time, γ is the grain boundary energy taken as 

.26 J/m 

2 for W-10Re and 1.78 J/m 

2 for Mo [42] , � is the atomic

olume taken as 1.58 × 10 −29 m 

3 for W-10Re and 1.56 × 10 −29 

 

3 for Mo, δ is the grain boundary thickness taken as 1 nm, k B 
s Boltzmann constant, and T is the absolute temperature in K. We 

lso assume an Arrhenius relationship for D GB , namely 

 GB = D GB , 0 exp 

(
− E a 

k B T 

)
(4) 

here D GB,0 is the pre-exponent factor. Chosen the data with 

< 90% (here we used the data with ρ in the range of 59%-88% 

or W-10Re, 65%-88% for Mo, and 58%-85% for W), we compared 

he calculated D of W-10Re and Mo in the present work and W 
GB 

207
n our previous work as a function of the inverse homologous tem- 

erature ( T m 

/ T ) in Fig. 6 (a). W-10Re and W apparently have similar

 GB at the same homologous temperature T / T m 

(e.g., ∼3.2 × 10 −18 

 

2 /s at T / T m 

= 0.4) and similar E a (2.5 eV for W-10Re and 2.2 eV

or W). In comparison, the diffusivity data of Mo lie at a higher 

omologous temperature range (lower-left conner of Fig. 6 (a)), in- 

icating more sluggish grain boundary diffusion in Mo at the same 

omologous temperature. Indeed, Mo has larger E a of 4.3 eV than 

-10Re and W. 

We next used the sintering model from Herring’s general di- 

ensional arguments [43] 

dρ

ρdt 
= F ( ρ) 

3 γ�δD GB 

k B T G 

4 
avg 

(5) 

here F ( ρ) is a dimensionless function depending on ρ and taken 

s 12,0 0 0 for ρ between 0.75 and 0.85 [44] . Due to limited data,

ere we used the sintering data with ρ in the range of 78%-88% 

or W-10Re, 67%-81% for Mo, and 71%-85% for W and still assumed 

 constant F ( ρ) = 12,0 0 0. The calculated D GB from Herring’s method

s plotted in Fig. 6 (b) against T m 

/ T , which shows consistent results

o Johnson’s method: W-10Re and W have similar D GB at the same 

omologous temperature and similar E a (2.9 eV for W-10Re and 3.5 

V for W), while Mo has lower D GB and larger E a (3.9 eV). Lastly, 

e note the calculated E a of the sieved-powder derived W-10Re, 

o, and W samples all lie on the lower end of the reported E a in

he corresponding material systems [ 33 , 45-49 ], which indicates the 

igh sinterability of our synthesized nano powders. 

.4. Two-step sintering 

With the sieved nano powders, the above constant-heating-rate 

intering experiments give 98.1% dense W-10Re with G avg = 1.16 μm 

t 1500 °C without holding and 97.3% dense Mo with G avg = 1.75 

m at 1400 °C without holding. Higher densities are also achiev- 

ble by some constant temperature holding, though at the cost 

f larger grain sizes. Obviously, to obtain dense ultrafine-grained 

amples, a different sintering schedule is required. Two-step sin- 

ering has a heating schedule that firstly sinters the samples to 

bove 70%-80% relative density at a higher temperature T 1 , then 

ools down to a lower temperature T 2 to reach full density while 

uppressing the grain growth. It has enabled pressureless sinter- 

ng of fine-grained materials, including many ceramics and recently 

hown by us in W [ 4 , 50-55 ]. To apply two-step sintering in W-

0Re and Mo, we borrowed the knowledge we learnt in W (the 

rst step sintering at T 1 should reach a critical density ρc ≈71%). 

his was achieved by heating the sieved-powder derived W sam- 

le to T 1 = 1230 °C, and the second step sintering at T 2 = 1180 °C for

0 h gives final density ρ= 99.3% and G avg = 290 nm [4] . Bearing the

imilarities between W-10Re and W in mind, we started with the 

rst step sintering at T = 1150-1250 °C and tried different two-step 
1 
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Fig. 6. Arrhenius plot of D GB and calculated E a using (a) Johnson’s method and (b) Herring’s method. Dash lines are linear fitting results of the corresponding data points. 

Linear fitting parameter R 2 is 0.940 for W, 0.950 for W-10Re, and 0.973 for Mo in (a) and 1.0 0 0 for W, 0.812 for W-10Re, and 0.987 for Mo in (b). 

Fig. 7. Fracture surfaces of (a, b) the sieved-powder derived W-10Re sample two-step sintered at T 1 = 1200 °C for 0 h and T 2 = 1150 °C for 10 h, and (c, d) the raw-powder 

derived W-10Re samples two-step sintered at T 1 = 1300 °C for 0 h and T 2 = 1200 °C for 10 h. 
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t  
intering conditions ( Table 1 ). We found that (i) the sieved-powder 

erived W-10Re samples always show higher densities and smaller 

rain sizes than the raw-powder derived W-10Re samples under 

he same sintering conditions, (ii) a critical density ρc ≈78% (ob- 

ained at T 1 = 1200 °C, with G avg = 210 nm and about 4-fold coarsen-

ng from starting powders) is required to enable full densification 

ithin 10 h second step sintering at T 2 , (iii) the best two-step sin-

ering practice at T 1 = 1200 °C for 0 h and T 2 = 1150 °C for 10 h gives

= 98.4% and G avg = 260 nm for the sieved-powder derived W-10Re 

amples, and (iv) there is still active grain growth in the second 

tep sintering at T 2 . The fractured surface of the sieved-powder de- 

ived W-10Re sample two-step sintered at T 1 = 1200 °C for 0 h and

 2 = 1150 °C for 10 h is shown in Fig. 7 (a, b), which is pore-free and

as a finer and more uniform microstructure than the raw-powder 

erived W-10Re sample with a similar density ( ρ= 99.0%, two-step 

intered at T = 1300 °C for 0 h and T = 1200 °C for 10 h; Fig. 7 (c,
1 2 

208 
)). Overall, two-step sintering successfully refines the grain size of 

ense W-10Re samples down to < 500 nm. 

For Mo that has much lower melting temperature than W, we 

xpected lower absolute first/second sintering temperatures and 

imilar ρc , so we tried different two-step sintering conditions with 

 1 = 1100-1150 °C ( Table 2 ). (Here we used a holding time of 0.5 h

t T 1 because of early trials, and the sintering data of 0.5 h at T 1 
re listed in Table S1 in Supplementary Information.) We mostly 

ocused on the sieved-powder derived Mo samples and found that 

i) the sieved-powder derived Mo sample shows higher densities 

nd smaller grain size than the raw-powder derived Mo sample 

wo-step sintered at T 1 = 1120 °C for 0.5 h and T 2 = 1070 °C for

0 h, (ii) a critical density ρc ≈81% (obtained at T 1 = 1120 °C, with

 avg = 140 nm and about 3-fold coarsening from starting powders) 

s required to enable full densification within 10 h second step sin- 

ering at T , (iii) the best two-step sintering practice at T = 1120
2 1 
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Fig. 8. Fracture surfaces of (a, b) the sieved-powder and (c, d) raw-powder derived Mo samples two-step sintered at T 1 = 1120 °C for 0.5 h and T 2 = 1070 °C for 10 h. 

Table 2 

Sintering data of Mo from constant-heat-rate sintering and two-step sintering. 

Sintering 

conditions 

Raw powders Sieved powders 

ρ (%) G avg (nm) ρ (%) G avg (nm) 

900 °C for 0 h 61 67 62 58 

1000 °C for 0 h 68 80 65 68 

1050 °C for 0 h 72 96 67 79 

1100 °C for 0 h 75 140 73 110 

1150 °C for 0 h 78 180 76 130 

1200 °C for 0 h 84 460 85 220 

1250 °C for 0 h 88 1130 90 340 

1300 °C for 0 h 91 2250 94 580 

1350 °C for 0 h 93 3050 95.4 950 

1400 °C for 0 h 95.2 4170 97.3 1750 

1100 °C for 0.5 h, 1050 °C for 10 h / / 85 160 

1130 °C for 0.5 h, 1030 °C for 10 h / / 89 180 

1100 °C for 0.5h, 1050 °C for 10 h / / 95.2 250 

1120 °C for 0.5 h, 1070 °C for 10 h 92 490 98.3 290 

1150 °C for 0 h, 1100 °C for 10 h / / 98.5 850 
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[

C for 0.5 h and T 2 = 1070 °C for 10 h gives ρ= 98.3% and G avg = 290

m for the sieved-powder derived Mo samples, and (iv) there is 

till active grain growth in the second step sintering at T 2 . The 

ractured surface of the sieved-powder derived Mo sample two- 

tep sintered at T 1 = 1120 °C for 0.5 h and T 2 = 1070 °C for 10 h

s shown in Fig. 8 (a, b), which shows a high density and has a

ner and more uniform microstructure than the raw-powder de- 

ived Mo sample sintered under the same condition ( ρ= 92% and 

 avg = 490 nm, Fig. 8 (c, d)). Again, two-step sintering successfully 

efines the grain size of dense Mo samples down to < 500 nm. 

.5. Quantification of microstructural uniformity 

For better quantifications of the microstructure especially the 

rain size uniformity, we conducted EBSD measurements on dif- 

erently sintered W-10Re ( Fig. 9 ) and Mo ( Fig. 10 ) samples. By

omparing the inverse pole figure map ( Fig. 9 (a, e, i), Fig. 10 (a, e,

)) and normalized grain size distribution (including average grain 
209 
ize G avg and the standard deviation � of the grain size ( Fig. 9 (b,

, j), Fig. 10 (b, f, j)), it is quantitatively demonstrated that two- 

tep sintering (especially the sieved-powder derived samples) pro- 

uces finer and more uniform microstructure than normal sinter- 

ng. Specifically, the sieved-powder derived W-10Re sample two- 

tep sintered at T 1 = 1200 °C for 0 h and T 2 = 1150 °C for 10 h

ives G avg = 270 nm and �= 103 nm ( Fig. 9 (b)), corresponding to

 standard deviation σ=�/ G avg = 0.38 of the normalized grain size 

 / G avg ), and the sieved-powder derived Mo sample two-step sin- 

ered at T 1 = 1120 °C for 0.5 h and T 2 = 1070 °C for 10 h gives

 avg = 306 nm and �= 110 nm ( Fig. 10 (b), corresponding to a stan-

ard deviation σ= 0.36). They are among the best sintering prac- 

ices in the respective material systems and the microstructural 

niformity in terms of σ is also very good among all sintered ma- 

erials [2] . The distributions of grain boundary misorientation an- 

les are similar in all the samples ( Fig. 9 (c, g, k), Fig. 10 (c, g, k))

nd they all agree well with Mackenzie’s theoretical distribution 

56] for the randomly oriented cubic grains shown by dash lines. It 
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Fig. 9. EBSD results of (a-d) the sieved-powder derived W-10Re sample two-step sintered at T 1 = 1200 °C for 0 h and T 2 = 1150 °C for 10 h, (e-h) the raw-powder derived 

W-10Re sample two-step sintered at T 1 = 1300 °C for 0 h and T 2 = 1200 °C for 10 h, and (i-l) the raw-powder derived W-10Re sample sintered at 1500 °C for 0 h. (a, e, i) 

Inverse pole figure map, (b, f, j) normalized grain size distribution, (c, g, k) distributions of grain boundary misorientation angles (dash lines: Mackenzie’s distribution for 

randomly oriented cubic grains [56] ), and (d, h, l) pore figures. 

s

i

f  

l

s

3

s

w

uggests the absence of preferred grain orientations and relatively 

sotropic polycrystal packing. The isotropic polycrystal packing is 

urther supported by the pole figures ( Fig. 9 (d, h, l), Fig. 10 (d, h,

)), which do not have any obvious textures, though the texture 

ignals are even weaker in two-step sintered samples. 
210 
.6. Vickers hardness and its Weibull modulus 

The finer and more uniform microstructure produced by two- 

tep sintering should translate to better mechanical properties, and 

e demonstrate this by indentation tests. We expect higher aver- 
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Fig. 10. EBSD results of (a-d) the sieved-powder derived Mo sample two-step sintered at T 1 = 1120 °C for 0.5 h and T 2 = 1070 °C for 10 h, (e-h) the raw-powder derived Mo 

sample two-step sintered at T 1 = 1120 °C for 0.5 h and T 2 = 1070 °C for 10 h, and (i-l) the raw-powder derived Mo sample sintered at 1300 °C for 0.5 h. (a, e, i) Inverse 

pole figure map, (b, f, j) normalized grain size distribution, (c, g, k) distributions of grain boundary misorientation angles (dash lines: Mackenzie’s distribution for randomly 

oriented cubic grains [56] ), and (d, h, l) pore figures. 
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ge hardness H avg from finer grain size and larger Weibull mod- 

lus m of the hardness (i.e., less scattered hardness data) from 

mproved microstructural uniformity. For W-10Re ( Fig. 11 (a)), we 

ompared the sieved-powder derived sample two-step sintered at 

 1 = 1200 °C for 0 h and T 2 = 1150 °C for 10 h (abbreviated as “sieved

-10Re, TSS”), the raw-powder derived sample two-step sintered 

t T 1 = 1300 °C for 0 h and T 2 = 1200 °C for 10 h (abbreviated as

raw W-10Re, TSS”), and the raw-powder derived sample sintered 

t 1500 °C for 0 h (abbreviated as “raw W-10Re, NS”). Among 

hem, sieved W-10Re, TSS shows the highest H avg = 6.3 GPa and 
211 
argest m = 25. We also compared our data with hardness data of 

-Re alloys in the literature ( Fig. 11 (b)), where our data lie on 

he corner of finer grain size and higher hardness. The data also 

ollow a Hall-Petch type relationship, which indicates good grain 

oundary cohesion without softening. For Mo ( Fig. 12 (a)), we com- 

ared the sieved-powder derived Mo sample two-step sintered at 

 1 = 1120 °C for 0.5 h and T 2 = 1070 °C for 10 h (abbreviated as

sieved Mo, TSS”), the raw-powder derived Mo sample two-step 

intered at T 1 = 1120 °C for 0.5 h and T 2 = 1070 °C for 10 h (abbre-

iated as “raw Mo, TSS”), and the raw-powder derived Mo sam- 
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Fig. 11. (a) Weibull distribution of Vickers hardness for the sieved-powder derived W-10Re sample two-step sintered at T 1 = 1200 °C for 0 h and T 2 = 1150 °C for 10 h 

(abbreviated as “sieved W-10 Re, TSS” in blue), the raw-powder derived W-10Re sample two-step sintered at T 1 = 1300 °C for 0 h and T 2 = 1200 °C for 10 h (abbreviated as 

“raw W-10Re, TSS” in red), and the raw-powder derived W-10Re sample sintered at 1500 °C for 0 h (abbreviated as “raw W-10Re, NS” in black). (b) Comparison of our 

hardness data with the literature reports [ 25 , 57-61 ]. 

Fig. 12. (a) Weibull distribution of Vickers hardness for the sieved-powder derived Mo sample two-step sintered at T 1 = 1120 °C for 0.5 h and T 2 = 1070 °C for 10 h (abbreviated 

as “sieved Mo, TSS” in blue), the raw-powder derived Mo sample two-step sintered at T 1 = 1120 °C for 0.5 h and T 2 = 1070 °C for 10 h (abbreviated as “raw Mo, TSS” in red), 

and the raw-powder derived Mo sample sintered at 1300 °C for 0.5 h (abbreviated as “raw Mo, NS” in black). (b) Comparison of our hardness data with the literature reports 

[ 30 , 32 , 33 , 45 , 62 ]. 
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le sintered at 1300 °C for 0.5 h (abbreviated as “raw Mo, NS”). 

mong them, sieved Mo, TSS shows the highest H avg = 4.0 GPa 

nd the largest m = 20. Compared with literature data ( Fig. 12 (b)),

ur data in Mo again show finer grain size and higher hardness, 

hough the Hall-Petch trend is noisier. These results confirm the 

icrostructure-properties correlation and prove two-step sintering 

s an effective method to produce better refractory metals/alloys. 

. Discussion 

In the above, we successfully applied two-step sintering to W- 

0Re and Mo. Started with ∼50 nm nano powders, dense W-10Re 

nd Mo can be produced with ∼300 nm final grain size. This cor- 

esponds to 6-fold coarsening from starting powders to sintered 

ellets, which is comparable to 6-fold coarsening in W and 6 to 

0-fold coarsening in Al 2 O 3 , and larger than 2-fold coarsening in 

aTiO 3 -based ceramics [2] . A noticeable difference between metal- 

ic and ceramic systems lies in the sintering step when the coars- 

ning takes place: In the optimized two-step sintering of ceramics, 

oarsening only takes place in the first sintering step at T 1 and 

an be completely frozen in the second sintering step at T ; in 
2 

212 
ontrast, for W, W-10Re, and Mo, coarsening takes place at both 

teps and we observed ∼3-fold coarsening in the first sintering 

tep at T 1 and another ∼2-fold in the second sintering step at 

 2 for optimized two-step sintering. We explained this by smaller 

urgers vectors in metallic systems than ceramics, which makes 

hear-coupled grain boundary migration easier at low homologous 

emperatures. But this could be also due to the high-purity metal- 

ic samples, which experience less impurity segregation and drag 

t grain boundaries thus have more intrinsic grain boundary char- 

cteristics such as high mobility. Comparing W, W-10Re, and Mo, 

e found that the critical density ρc to start the second sinter- 

ng step increases from ∼71% in W to ∼78% in W-10Re to ∼81% 

n Mo (all for the sieved-powder derived samples, and all pow- 

ers were synthesized and processed in the same way). Because 

c is closely related to the distribution of the dihedral angles be- 

ween grain boundaries and surfaces and the critical grain-to-pore 

ize ratio, it suggests that the anisotropy in interfacial energies fol- 

ows the rank of Mo > W-10Re > W. (Therefore, the more uniform 

icrostructure observed in partially sintered W-10Re than W in 

ection 2.2 should come from better powder characteristics.) These 

c data span from those of cubic ceramics ( ∼73% in BaTiO 3 [52] , 
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75% in Y 2 O 3 [ 50 , 51 ], 76% in Ni 0.2 Cu 0.2 Zn 0.6 Fe 2 O 4 [51] ) to that of

exagonal Al 2 O 3 ( ∼83% [ 53 , 54 ]). Lastly, we note that the first- and

econd-step sintering temperatures of the best W, W-10Re, and Mo 

amples all lie within a narrow range (150 °C) from 1070 °C to 

230 °C ( T 1 = 1230 °C for W, 1200 °C for W-10Re, and 1120 °C for

o, and T 2 = 1180 °C for W, 1150 °C for W-10Re, and 1070 °C for

o), despite 800 °C difference in their melting temperatures. We 

uspect that this may be related to some volatile impurities such 

s oxygen and nitrogen, which slows down sintering and can only 

e removed above certain temperatures. 

. Conclusions 

(1) Pressureless two-step sintering of W-10Re and Mo has been 

demonstrated. The best sintering practices produce 98.4% 

dense W-10Re with an average grain size of 260 nm below 

1200 °C and 98.3% dense Mo with an average grain size of 

290 nm below 1120 °C. 

(2) Centrifuge-sieving narrows down particle size distribution, 

improves sinterability of W-10Re and Mo nano powders, and 

results in better two-step sintering. 

(3) Using sintering data, we found W-10Re and W have similar 

grain boundary diffusivity at the same homologous temper- 

ature and similar activation energy E a of grain boundary dif- 

fusivity, while Mo has more sluggish grain boundary diffu- 

sivity and larger activation energy. From Johnson’s method, 

E a is 2.5 eV for W-Re and 4.3 eV for Mo, compared to 2.2 

eV for W. From Herring’s method, E a is 2.9 eV for W-Re and 

3.9 eV for Mo, compared to 3.5 eV for W. These values are 

smaller than the reported ones in the literature for the cor- 

responding material systems, indicating good sinterability of 

the sieved nano powders. 

(4) Two-step sintering is able to produce finer and more uni- 

form microstructure than normal sintering by suppressing 

final-stage grain growth and microstructural bifurcation. This 

translates to improved mechanical properties and reliability, 

such as higher hardness and larger Weibull modulus. 

(5) We expect pressureless two-step sintering to be a general 

method to produce dense ultrafine-grained refractory met- 

als and alloys. The key lies at proper powder processing and 

optimized sintering schedule. Further grain size refinement 

to nanocrystallinity requires finer and de-agglomerated nano 

powders, better compacting techniques for green bodies 

(high-pressure cold isostatic press, or warm press), and the 

addition of second-phase particles (e.g., dispersed oxide and 

carbide nanoparticles) to pin grain boundary motion. 
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