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a b s t r a c t 

The challenge of sintering ultrafine-grained tungsten to > 99% density and towards nanocrystallinity is 

hereby addressed by optimized pressureless two-step sintering. It successfully produced tungsten sam- 

ples with 99.3% theoretical density and 290 nm average grain size, with a uniform grain structure, good 

grain boundary cohesion, and 7.8 GPa hardness that is the highest in all pressurelessly sintered tungsten. 

The critical role of initial powders and the resultant green bodies was noted, which greatly affects later- 

on sintering kinetics and microstructural uniformity. Several key questions concerning two-step sintering 

of metallic tungsten were addressed, including the selection of the first- and second-step sintering tem- 

peratures, the thermodynamically required critical density to start the second-step sintering, and grain 

growth kinetics during sintering. The lessons learned here should be directly transferable to other refrac- 

tory metals and their alloys and would help address the ultimate task of pressureless sintering of bulk 

nanocrystalline refractory metals/alloys. 

© 2021 Published by Elsevier Ltd on behalf of Acta Materialia Inc. 
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. Introduction 

Fine-grained tungsten (W) is of great interest both as a model 

ystem of an elementary metal with the highest melting point 

nd being useful in many technologies, including fusion energy, 

erospace, microelectronics and other applications under extreme 

nvironments [ 1 , 2 ]. Refining the as-sintered microstructure to 

ltrafine-grained and ultimately to nanocrystalline grain size and 

ith low porosity and high spatial uniformity is much desired in 

erms of improved properties and reliability [3–5] , including ductil- 

ty [6] . While dopant-enabled activated sintering [7–11] and field- 

ssisted sintering [12–17] are known to help, high purity, high- 

emperature properties and flexibility in the sample size and ge- 

metry are preferred in certain applications, e.g., as sputtering tar- 

ets and in additive manufacturing. Yet it is very challenging as 

olid-state pressureless sintering of pure W typically requires high 

emperature above 1500 °C, and concurrent grain growth under the 

ame capillarity driving force as sintering can rapidly coarsen the 

rain size. This is especially problematic for nanopowders (which is 

equired to produce ultrafine-grained and nanocrystalline W, since 

he size can only grow in sintering), because: (i) they generally 
∗ Corresponding authors. 
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ave lower packing density in the green body than the coarse 

owders, (ii) their nano-size benefit is quickly exhausted, and (iii) 

he large capillarity force can drive fast grain boundary migra- 

ion, which induces pore-grain boundary separation, creates in- 

rain porosity that can hardly be removed, and bifurcates the mi- 

rostructure with heterogeneous and localized sintering. Therefore, 

intering of nanopowders should be conducted at low tempera- 

ures, and the kinetics of sintering (porosity reduction) and grain 

rowth (grain size increase) need to be decoupled as much as pos- 

ible. 

Pressureless two-step sintering is an effective approach to solve 

he above problems [18–20] . In a typical two-step sintering exper- 

ment, the compacted green body is firstly heated up to a higher 

emperature T 1 without holding to reach a relative density ρ> 70- 

0%, which shrinks the relative size of the pores and pore chan- 

els (with respect to the grain size) to thermodynamically unsta- 

le values (thus sinterable). It is then cooled down to a lower tem- 

erature T 2 (typically 10 0-20 0 °C lower than T 1 ) and held at T 2 
ntil nearly full density is reached. The second-step sintering at 

 2 is able to allow densification while suppressing grain growth. 

ompletely frozen grain size can be achieved with the best prac- 

ice. Since the first demonstration in Y 2 O 3 , two-step sintering has 

een successfully applied to many ceramic systems [18–27] , which 

ot only refines the grain size of pressureless sintered samples 

o ∼30 nm but also homogenizes the microstructure with better- 
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han-Lifshitz-Slyozov-Wagner-Hillert grain-size uniformity and im- 

roved properties and reliabilities [ 3 , 5 ]. Despite the apparent rele- 

ance to powder metallurgy, this method has not been widely em- 

loyed in metallic systems. The first attempt on body-center-cubic 

BCC) refractory metals was made by us recently [4] , which pro- 

uces ultrafine-grained pure W with ρ> 98% and average grain size 

 avg ≈700 nm. While it presents one of the best pressureless sin- 

ering practices of W, there are several remaining problems to be 

nswered: 

(1) The two-step sintering of W was conducted in pure H 2 at- 

osphere, and a holding time of 1 h at T 1 was used to remove

race oxygen impurity, which was thought to be critical for full 

ensification and good grain boundary cohesion. But this T 1 hold- 

ng would unavoidably coarsen the microstructure. Is it possible to 

ompletely eliminate such T 1 holding and still sinter W to full den- 

ity with good mechanical properties? 

(2) A critical density ρc = 89% (obtained with the first-step sin- 

ering at T 1 = 1300 °C for 1 h) was found necessary to allow for

ull densification at T 2 . Such a density is much higher than what is

equired for ceramic systems (e.g., ρc ≈73% for BaTiO 3 [20] , ≈75% 

or Y 2 O 3 [ 18 , 19 ], ≈76% for Ni 0.2 Cu 0.2 Zn 0.6 Fe 2 O 4 [20] , and ≈83%

or Al 2 O 3 [ 21 , 22 ]), despite that W has a relatively isotropic crys-

al structure. Is it possible to start the second-step sintering with 

ower ρc ? 

(3) A minimum T 2 = 1200 °C was found necessary for full densi- 

cation, raising ρ≈89% to ≈98% in 10 h. However, it also increases 

 avg from 530 nm after the first-step sintering to 700 nm in the 

ully densified sample. Is it possible to further lower T 2 and sup- 

ress grain growth in the second-step sintering? 

(4) Even though we started with W nanopowders with a me- 

ian particle size around 50 nm, the two-step sintered samples 

anifested G avg ≈700 nm in the end. This 14-fold coarsening is 

uch larger than < 2 for BaTiO 3 -based ceramics [20] and 6-10 for 

l 2 O 3 [ 21 , 22 ]. Is it possible to achieve a lower coarsening ratio

rom the initial powder size to the final grain size? 

In the present work, we seek to answer the above questions on 

wo-step sintering of W. We found much room for improvement, 

nd the critical role of the initial powders is revealed, which later 

ranslated to better sintering kinetics and spatial uniformity. By us- 

ng modified powders, eliminating T 1 holding and optimizing the 

intering schedule, we were able to two-step sinter W to ρ= 99.3% 

nd G avg = 290 nm, with 7.8 GPa hardness that is highest in all pres-

ureless sintered W. This represents a major advance where ∼6- 

old coarsening is realized from powders to sintered pieces. To the 

nd, we discussed other additive approaches to further improve 

intering, which could pave the way toward pressureless sintering 

f dense nanocrystalline W (i.e., with G avg < 100 nm). 

. Experimental procedures 

W nanopowders (purity: 99.9%) were prepared by a solution- 

ombustion method followed by reduction in pure hydrogen, us- 

ng ammonium metatungstate hydrate (NH 4 ) 6 H 2 W 12 O 40 • x H 2 O as

he precursor [28] . The obtained W powders were either directly 

sed (termed as raw powders) or sieved to remove the large parti- 

les [29] (termed as sieved powders). The sieving process was con- 

ucted by dispersing the raw powders in anhydrous ethanol and 

entrifuging at 30 0 0 rpm. The powders were uniaxially pressed at 

50 MPa to prepare green compacts with a diameter of 10 mm and 

 thickness of ∼1 mm. Sintering experiments were conducted in 

 flowing H 2 atmosphere (high-purity grade, flow rate 0.6 L/min). 

wo different kinds of heating schedules were used: (i) Constant- 

eating-rate sintering by heating the green bodies to a pre-set 

emperature (90 0-150 0 °C) at 5 °C/min without holding, followed 

y cooling at 10 °C/min down to room temperature. Such experi- 

ents were used to investigate sintering kinetics and to search for 
2 
roper first-step sintering conditions to optimize two-step sinter- 

ng. (ii) Two-step sintering by firstly heating the green compacts 

t 5 °C/min to T 1 without holding, then cooling down to T 2 and 

olding for 10 h, and finally cooling at 10 °C/min down to room 

emperature. 

Powders were inspected under a scanning electron microscope 

SEM; Hitachi UHR SU8100) and size distributions were manu- 

lly measured over 300 particles. Sintered density was measured 

y the Archimedes method. A theoretical density of 19.25 g/cm 

3 

1] was chosen for W to calculate ρ . In constant-heating-rate sin- 

ering experiments, sintering rates were calculated from the slopes 

etween each sintering data point and two neighboring data points 

or one neighboring data point for the first/last one) in the relative 

ensity-time plot. Fractured surfaces of sintered samples were in- 

estigated under SEM, with intergranular fracture in all cases. The 

verage grain size G avg and the standard deviation � of the mea- 

ured grain sizes were calculated over 300 measured grains from 

EM images. Electron backscatter diffraction (EBSD; using diffrac- 

ometer HKL Channel 5 on Zeiss Ultra 55 field emission scanning 

lectron microscope) was conducted on polished surfaces (pre- 

ared by mechanically polishing followed by electropolishing in 

aOH solution). Vickers hardness H was measured on polished sur- 

aces under a load of 200 gf (1.96 N) and with 15 s duration using

ickers diamond pyramid indenter. The distance between neigh- 

oring indents was set larger than 500 μm. Weibull modulus m of 

 was calculated from 

p ( H ) = 1 − exp 

[
−( H/ H 0 ) 

m 

]
(1) 

Here, H 0 is the characteristic hardness and the probability esti- 

ator p ( H ) is defined as 

p ( H ) = ( i − 0 . 3 ) / (n + 0 . 4) (2) 

here i is the rank of the hardness and n = 25 is the total num-

er of hardness measurements. This form was chosen to better lin- 

arize the skewed Weibull data [30] . 

. Results 

.1. Powders 

The as-synthesized raw powders of W were inspected under 

EM ( Fig. 1 a ). Despite the fine average particle size of 69 nm, the

aw powders contain many large particles that do not show up in 

he number-based statistical quantities (e.g., average and median; 

he latter is known as D 50). However, as shown by the red data 

oints in Fig. 1 c , these large particles contribute to much volume 

raction, which results in a broad size distribution. The raw pow- 

ers were sieved to remove most particles above 200 nm and to 

btain a narrower size distribution [29] ( Fig. 1 b and 1 c ; average

article size of sieved powders is 49 nm). This greatly improves 

he sinterability in the final stage ( ρ> 92%) and the effectiveness of 

wo-step sintering, as will be shown later. 

.2. Sintering kinetics from constant-heating-rate experiments 

The microstructures of the differently sintered samples in 

onstant-heating-rate experiments (i.e., sintered at a set temper- 

ture without holding) were shown in Fig. 2 and Supplemen- 

ary Fig. S1 . The sintered samples using the raw powders show 

 bimodal-like particle/grain size distribution ( Fig. 2 a ) at 900 °C, 

 non-uniform coarse porous structure ( Fig. 2 b ) at 1200 °C, and

xtensive residual pores ( Fig. 2 c ; ρ= 95.5% and G avg = 1.18 μm) at

500 °C. In comparison, the ones using the sieved powders show 

ewer large particles ( Fig. 2 d ) at 900 °C, a more uniform and finer

orous structure ( Fig. 2 e ) at 1200 °C, and a denser microstructure 
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Fig. 1. SEM images of (a) raw and (b) sieved W powders, and (c) their particle size distributions. 

Fig. 2. Microstructures of raw-powder derived samples sintered at (a) 900 °C, (b) 1200 °C, and (c) 1500 °C without holding, and sieved-powder derived samples sintered at 

(d) 900 °C, (e) 1200 °C, and (f) 1500 °C without holding. 

Fig. 3. (a) Relative density ρ , (b) average grain size G avg , and (c) sintering rate d ρ/d t of samples using raw and sieved powders in constant-heating-rate sintering experiments. 
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 Fig. 2 f ; ρ= 97.7% and G avg = 0.81 μm) at 1500 °C. The microstruc-

ural uniformity, especially the size dispersion, directly affects the 

intering kinetics of the two powders ( Fig. 3 a and 3 b ). While the

intering of the raw-powder derived samples onsets and reaches 

he peak rate at lower temperatures than the sieved-powder de- 

ived ones, the former becomes exhausted at higher temperatures 

nd densities and is ineffective in further densification in the fi- 

al sintering stage ( ρ higher than ∼92%). In comparison, the latter 

hows a higher peak sintering rate and is able to reach ρ= 97.7% 
3 
t 1500 °C (vs. 95.5% for the former). Interestingly, as shown in 

ig. 3 b , G avg of the former is also consistently higher than that 

f the latter under the same sintering temperature. These obser- 

ations suggest that the sintering and grain growth in W have a 

trong dependence on the size dispersion of the original powders 

nd in compacted samples, where localized sintering and acceler- 

ted growth can be triggered by large grains surrounded by finer- 

ize neighbors. It may lead to apparently enhanced sintering at 

arly and intermediate sintering stages, yet on the other hand, bi- 
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Fig. 4. Arrhenius plot of grain boundary diffusivity D GB calculated by (a) Johnson’s method and (b) Herring’s method. 

Fig. 5. Grain size-density trajectory of (a) raw-powder and (b) sieved-powder derived samples. Filled symbols denote data from constant-heating-rate sintering without 

holding and open symbols denote data from two-step sintering. Solid lines with arrows connect the data after the first sintering step to the ones after full two-step sintering 

schedule. Dash lines are for the guidance of eyes. 
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b  
urcate the microstructure at a larger length scale, which makes 

nal-stage sintering to 100% density extremely difficult. The sinter- 

ng rate in Fig. 3 c and detailed microstructural information allow 

s to calculate the apparent grain boundary diffusivity D GB and its 

ctivation energy E a from established sintering models. The first 

ne is the sintering model proposed by Johnson [31] (and later 

dapted by Young and Cutler [32] ) 

�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, �L is the change in length 

uring sintering, �L / L 0 is the linear shrinkage, t is the time, γ is

he grain boundary energy taken as 2.26 J/m 

2 for W [33] , � is the

tomic volume taken as 1.58 × 10 −29 m 

3 , δ is the grain boundary 

hickness taken as 1 nm, k B is Boltzmann constant, and T is the ab-

olute temperature in the unit of K. The sintering data above 1100 

C (where major sintering event takes place) and with ρ< 90% were 

nalyzed using Johnson’s method. The second sintering model is 

rom Herring’s general dimensional arguments [34] : 

dρ

ρdt 
= F ( ρ) 

3 γ�δD GB 

k B T G 

4 
avg 

(4) 

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 [35] . In both models, E a can

e calculated by assuming an Arrhenius relationship holds for D GB 

 GB = D GB , 0 exp 

(
− E a 

k B T 

)
(5) 

here D GB,0 is a constant pre-exponent factor. The obtained D GB 

nd energy E a from the two models are plotted in Fig. 4 . In both
4 
ases, the sieved-powder derived samples have similar E a (2.2 eV 

rom Johnson’s method and 3.5 eV from Herring’s method) to the 

aw-powder derived ones (1.8 eV from Johnson’s method and 4.0 

V from Herring’s method). The obtained activation energies here 

re smaller than the reported ones of pure W in the literature [36–

9] , which is consistent with the low sintering temperature and 

mplies good sinterability. Meanwhile, D GB is apparently smaller 

n the sieved-powder derived samples than the raw-powder de- 

ived ones, which is consistent with apparently enhanced early- 

intermediate-stage sintering for the latter case. This also suggests 

he inapplicability of the mean-field sintering model to interpret 

he sintering data of the raw-powder derived samples, where lo- 

alized sintering and grain growth may dominate. Indeed, while 

he apparently enhanced D GB gives lower sintering temperature 

nd higher sintering rate for early-/intermediate-stage sintering, its 

enefit quickly diminished at higher densities, especially the final- 

tage sintering and ρ> 96% cannot be reached even at 1500 °C for 

he raw-powder derived samples. 

.3. Two-step sintering 

As shown by ρ- G avg plot in Fig. 5 , G avg initially has a linear

ependence on ρ , and then accelerated grain growth is triggered 

t higher ρ ( ∼75% for raw-powder derived samples and ∼85% for 

ieved-powder derived ones). As a result, the second-step sintering 

t T 2 should start with a lower ρ in order to maximize the ben- 

fit of two-step sintering. We thus conducted a systematic search 

or optimized two-step sintering conditions ( Table 1 ). For the raw- 

owder derived samples, we found ρ= 97.9% and G avg = 850 nm can 

e obtained when sintered firstly at T = 1300 °C for 0 h (i.e., with-
1 
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Table 1 

Sintering data for constant-heat-rate sintering and two-step sintering under different conditions. Standard 

deviation � of the measured grain sizes are also listed. 

Sintering conditions Raw powders Sieved powders 

ρ (%) G avg (nm) � (nm) ρ (%) G avg (nm) � (nm) 

900 °C for 0 h 49 72 46 52 79 31 

1000 °C for 0 h 51 100 40 54 83 28 

1050 °C for 0 h 56 120 50 55 100 30 

1100 °C for 0 h 63 180 70 58 110 30 

1150 °C for 0 h 74 230 80 / / / 

1200 °C for 0 h 78 280 90 65 130 40 

1230 °C for 0 h 79 310 90 71 160 40 

1250 °C for 0 h 81 340 120 73 170 40 

1300 °C for 0 h 84 430 150 85 220 60 

1350 °C for 0 h 88 510 160 93 400 120 

1400 °C for 0 h 91 760 310 96.9 580 230 

1500 °C for 0 h 95.5 1180 420 97.7 810 240 

1200 °C for 0 h, 1150 °C for 10 h 85 290 100 76 150 40 

1230 °C for 0 h, 1150 °C for 10 h 89 320 70 87 200 60 

1230 °C for 0 h, 1150 °C for 24 h 96.1 430 120 98.6 340 90 

1230 °C for 0 h, 1180 °C for 10 h 97.2 500 180 99.3 290 100 

1250 °C for 0 h, 1150 °C for 10 h 91 360 100 90 230 50 

1300 °C for 0 h, 1200 °C for 10 h 97.9 850 230 99.6 400 130 

Fig. 6. Fracture surfaces of (a, b) sieved-powder, and (c, d) raw-powder derived samples two-step sintered at T 1 = 1230 °C for 0 h and then at T 2 = 1180 °C for 10 h. 
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ut holding) and then at T 2 = 1200 °C for 10 h, compared to ρ= 84%

nd G avg = 430 nm just after the first-step sintering at T 1 = 1300 °C
or 0 h. A lower T 1 results in lower sintered density despite pro- 

onged holding at different T 2 , so ρ≥84% is apparently required to 

tart the second-step sintering of the raw-powder derived samples. 

his is similar to our previous report where ρ≥89% was required 

o start the second-step sintering and ρ= 98.0% and G avg = 700 nm 

ere obtained under optimized two-step sintering conditions, de- 

pite the different T 1 holding conditions (1 h in our previous report 

nd 0 h in the present work [4] ). For the sieved-powder derived 

amples, we found the second-step sintering can start with ρ as 

ow as 71%. When sintered firstly at T 1 = 1230 °C for 0 h and then at

 2 = 1180 °C for 10 h, ρ= 99.3% and G avg = 290 nm can be obtained,

ompared to ρ= 71% and G avg = 160 nm just after the first-step sin-
5 
ering at T 1 = 1230 °C for 0 h. The resultant fine microstructure 

hows both low porosity and excellent grain-size uniformity over 

 large area ( Fig. 6 a and 6 b ), while the raw-powder derived sam-

le sintered under the same condition shows many residual pores 

especially at triple grain junctions) and sintering defects ( Fig. 6 c 

nd 6 d ). 

For better quantification, EBSD measurements ( Fig. 7 a and 7 e ) 

ere conducted on two-step sintered samples derived from the 

aw and sieved powders, both sintered at T 1 = 1230 °C for 0 h and

hen at T 2 = 1180 °C for 10 h. The sieved-powder derived sample 

as not only smaller G avg = 293 nm ( Fig. 7 b and 7 f ; similar to G avg 

easured from SEM images), but also smaller standard deviation 

= 144 nm of grain size G distribution (the standard deviation σ
f the normalized grain size distribution G / G avg is similar for both 
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Fig. 7. EBSD results of (a-d) sieved-powder, and (e-h) raw-powder derived samples two-step sintered at T 1 = 1230 °C for 0 h and then at T 2 = 1180 °C for 10 h. (a, e) Inverse 

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

oriented cubic grains [40] ), and (d, h) pore figures. 
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amples) than the raw-powder derived one. �= 144 nm is also 

uch smaller than �= 300 nm for two-step sintered W reported 

n Fig. 7 b of our previous work [4] . (In our previous work [4] , we

ncorrectly marked � by σ in Fig. 7 . The correctly marked ones 

hould be �= 1.00 μm and σ= 0.61 in its Fig. 7 a, and �= 0.30 μm

nd σ= 0.39 in its Fig. 7 b.) The distributions of grain boundary mis-

rientation angles are similar for both samples ( Fig. 7 c and 7 g ),

nd both agree well with Mackenzie’s distribution [40] for ran- 

omly oriented cubic grains (dash lines in Fig. 7 c and 7 g ), indi-

ating the absence of preferred orientation and relatively isotropic 

olycrystal properties. Such isotropy is also evident in the pole fig- 

res without obvious texture ( Fig. 7 d and 7 h ). 

The finer and more uniform microstructure offers better me- 

hanical properties for the sieved-powder derived sample, as 

emonstrated by the higher hardness H avg = 7.8 GPa and the larger 

eibull modulus m = 30 ( Fig. 8 a ), compared to H avg = 5.8 GPa and

 = 13 for the raw-powder derived one. The hardness data are plot- 

ed against G avg 
−1/2 in Fig. 8 b and compared with literature re- 

orts [ 4 , 15 , 16 , 41 , 42 ], which represent the finest G avg and highest

 avg among all pressureless sintering data of pure W. Meanwhile, 

he Hall-Petch relationship holds, indicating good grain boundary 

ohesion without apparent softening. This indicates the elimina- 

ion of T 1 holding would not introduce much oxygen impurity that 

arms mechanical properties. 
6 
. Discussions 

In addition to the technological advance in producing pressure- 

ess sintered ultrafine-grained W ( G avg = 290 nm) close to full den- 

ity ( ρ= 99.3%) and towards nano-crystallinity, we can now an- 

wer the four opening questions imposed in the Introduction sec- 

ion. For question (1), full density and good grain boundary co- 

esion can be reached without T 1 holding, so it is not a ne- 

essity. By eliminating T 1 holding, we do not observe any ef- 

ect of oxygen impurity in sintering or hardness. For question (2), 

c ≈71% is sufficiently high to start the second-step sintering for 

. This initial value for the T 2 step is comparable to that for 

sotropic ceramic systems including BaTiO 3 [20] , Y 2 O 3 [ 18 , 19 ], and

i 0.2 Cu 0.2 Zn 0.6 Fe 2 O 4 [20] , and much smaller than that for Al 2 O 3 

hich is rather anisotropic [ 21 , 22 ]. For question (3), a minimum

 2 = 1180 °C is found to be necessary for full densification in 10 h,

ncreasing ρ= 71% and G avg = 160 nm to ρ= 99.3% and G avg = 290 nm,

espectively. A lower T 2 = 1150 °C leads to much slower densifica- 

ion, increasing ρ= 71% and G avg = 160 nm to ρ= 87% and G avg = 200

m in 10 h, and to ρ= 98.6% and G avg = 340 nm in 24 h, respec-

ively. It shows that a 1.8-fold grain size coarsening still takes 

lace in optimized two-step sintering of W, and a constant-grain- 

ize second-step sintering has not been achieved, which is dif- 

erent from many ceramic systems including BaTiO [20] , Y O 
3 2 3 
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Fig. 8. (a) Weibull distribution of measured Vickers hardness for two-step sintered W at T 1 = 1230 °C for 0 h and then at T 2 = 1180 °C for 10 h. (b) Comparison of hardness 

data with the literature reports [ 4 , 15 , 16 , 41 , 42 ]. 
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 18 , 19 ], Ni 0.2 Cu 0.2 Zn 0.6 Fe 2 O 4 [20] , and Al 2 O 3 [ 21 , 22 ]. This may be

ttributed to the difference between oxides and powder metal- 

urgy. For question (4), the two-step sintered W gives G avg = 290 

m at minimum. 6-fold coarsening from the average particle size 

f the initial powders is realized, among which 3-fold takes place 

n the first-step sintering and 2-fold in the second-step sintering. 

he former is comparable to that in the best practiced ceramic sys- 

em (2 for BaTiO 3 -based ceramics [20] and 6-10 for Al 2 O 3 [ 21 , 22 ],

oth contributing by the first-step sintering only). 

Our work further highlights the critical role of the initial pow- 

ers in practicing and optimizing two-step sintering, where T 1 , T 2 , 

c , G avg can be simultaneously decreased and the density, uni- 

ormity, properties and reliability of the sintered samples can be 

uch improved. It should be mentioned that while the sieving 

rocess works relatively well, it cannot completely remove the 

arge particles. We suspect that it is due to the formation of hard 

gglomerations, where particles are chemically bonded and cannot 

e effectively separated by mechanical grinding, stirring, or ultra- 

onic treatment. This is a major issue to be addressed in the future. 

Comparing the two-step sintering of metallic W with ceram- 

cs, many similarities are noted, and a ρc ≈71% is especially appre- 

iated. The latter indicates a low anisotropy in interfacial energy 

istribution of W, so that shrinking the pores with the least fa- 

orable dihedral angles is not too difficult. However, we also note 

elatively fast grain growth kinetics in W, which cannot be com- 

letely frozen even at T 2 = 1180 °C, which is only about 0.39 of its

elting temperature (3695 K for W). In comparison, T 2 = 1025 °C 

s sufficient to completely freeze grain growth in the second-step 

intering of Al 2 O 3 with G avg = 34 nm [3] , which is about 0.55 of

he melting temperature of Al 2 O 3 (2345 K). It indicates more active 

rain growth kinetics in W than in Al 2 O 3 at the same homologous 

emperature ( T / T m 

), showing the difference between oxides and an 

lemental metal. It may be related to smaller Burgers vectors in 

etallic systems, which makes shear-coupled grain boundary mi- 

ration [43] relatively easier at relatively low temperatures. 

Lastly, regarding the future research to achieve pressureless sin- 

ering of nanocrystalline W, we believe the key lies in optimized 

anopowders with ultralow powder size dispersity and also the 

orming technique to prepare better green bodies. Since a coars- 

ning factor of 6 from powders to sintered samples can be real- 

zed, high-purity nanopowders with 15-20 nm particle size should 

e developed, and hard agglomerations should at least be min- 

mized if not completely eliminated. Meanwhile, warm pressing, 

arm isostatic pressing, and colloidal processing techniques should 

e investigated to improve the compact density and uniformity of 

he green body. The combined effort s are promising to further re- 

ne the pressureless sintered W as well as other refractory metals 

nd alloys with better properties and reliability. 
7 
. Conclusions 

(1) Pressureless two-step sintering of W has been further de- 

eloped by sieving away large particles/agglomerates in the initial 

owders and optimizing processing conditions. It offers ultrafine 

rain size (290 nm) and a uniform microstructure for high-density 

 ( ρ> 99%), without any observable texture or abnormal grains. 

(2) Hardness is improved due to finer and more uniform mi- 

rostructure. The Hall-Petch relationship holds for pressureless sin- 

ered W, down to 290 nm and a hardness of 7.8 GPa. 

(3) T 1 holding is not necessary for successful two-step sintering 

f W. Eliminating T 1 holding preserves sinterability and good grain 

oundary cohesion. 

(4) Benefiting from the sieved powders, a low ρc ≈71%, com- 

arable to the smallest values in isotropic ceramic systems (e.g., 

aTiO 3 , Y 2 O 3 and Ni 0.2 Cu 0.2 Zn 0.6 Fe 2 O 4 ), is found sufficient to start

he second-step sintering of W. A minimum T 2 = 1180 °C, or 0.39 of 

he melting point, is found sufficient for the second-step sintering 

or full densification within reasonable heat-treatment time (e.g., 

0 h in flowing H 2 ). Grain growth is still active at this tempera-

ure. 

(5) 6-fold coarsening is realized from the average particle size 

f the initial powders to the average grain size of the fully dense 

ample. It includes 3-fold coarsening in the first-step sintering, 

hich is similar to the best practice in oxide systems, and another 

-fold coarsening in the second-step sintering, which can be com- 

letely absent in some oxide ceramics. 

(6) The lessons learned offer scientific understanding and 

echnological guidance towards pressureless sintering of bulk 

anocrystalline W and other refractory metals and alloys. 
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