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(57) ABSTRACT 

Nanocrystalline metal powders comprising tungsten, molyb- 
denum, rhenium or niobium can be synthesized using a com- 
bustion reaction. Methods for synthesizing the nanocrystal- 
line metal powders are characterized by forming a 
combustion synthesis solution by dissolving in water an oxi- 
dizer, a fuel, and a base-soluble, ammonium precursor of 
tungsten, molybdenum, rhenium, or niobium in amounts that 
yield a soichiometric burn when combusted. The combustion 
synthesis solution is then heated to a temperature sufficient to 
substantially remove water and to initiate a self-sustaining 
combustion reaction. The resulting powder can be subse- 
quently reduced to metal form by heating in a reducing gas 
environment. 
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PRODUCTION OF NANOCRYSTALLINE 
METAL POWDERS VIA COMBUSTION 

REACTION SYNTHESIS 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

[0001] This invention was made with Government support 

under Contract DE-AC0576RL01830 awarded by the U.S. 

Department of Energy. The Government has certain rights in 

the invention. 

BACKGROUND 

[0002] Tungsten, molybdenum, rhenium, and niobium, as 

well as alloys based on each, can exhibit the mechanical 

properties desired for applications requiring high hardness, 

optimized compressive strength, and good ductility. Exem- 
plary applications can include, but are not limited to, incan- 

descent light filaments, welding tips, and friction stir welding 

tools. However, synthesis of powders of these materials 

exhibiting the appropriate composition and microstructure, is 

relatively costly and difficult to scale-up. In particular, pow- 

ders having nano-sized crystallites can be especially chal- 

lenging to produce on a large scale. Accordingly, a need exists 

for methods of synthesizing nanocrystalline metal powders of 

tungsten, molybdenum, rhenium, niobium, or their alloys and 

for nanocrystalline metal powders having the appropriate 
mechanical properties. 

SUMMARY 

[0003] The present invention encompasses a combustion 

reaction process for synthesizing a nanocrystalline oxide pre- 
cursor powder that, upon chemical reduction, forms a nanoc- 

rystalline metal powder comprising tungsten, molybdenum, 

rhenium, and/or niobium. The nanocrystalline metal powder 

can be subsequently consolidated to form a nanograin metal 

body via known powder metallurgy processing techniques 

including uniaxial or cold isostatic pressing, sintering, hot 

pressing, and hot isostatic pressing. The invention further 

encompasses the metal powders for use in incadescent light 

filaments, welding tips, and friction stir welding tools, as well 

as other applications requiring similar mechanical properties. 

[0004] As used herein, nanograin can refer to crystallo- 

graphically distinguishable regions, which typically com- 

prise regular arrays of atoms separated by boundaries of less 

crystalline order, within a porous or non-porous polycrystal- 

line body or a powder particle on the order of 500 nm or 

smaller in size. Typically the term "nanograin" is used to 

describe the microstructure of a final densified body made 

from nanocrystalline metal powders via a powder metallurgy 

process (e.g. powder pressing and sintering). "Nanocrystal- 

line" can refer to the microstructure of a porous or non-porous 

polycrystalline body or powder particle that comprises an 

aggregate of nanograins (i.e., crystallographically distin- 

guishable regions that are on the order of 500 nm or smaller in 

size). As used herein, the term "nanocrystalline" is typically 

reserved to describe the microstructures of the powder par- 

ticles that are fabricated at various stages of the present inven- 

tion. For example, while an individual powder particle may be 

one micron in size, it may be an aggregate of crystallites that 

are less than 100 nm in size. Accordingly, a particle, as used 

herein, can refer to the individual pieces or granules that make 

up a powder mass. As discussed above, each powder particle 

may in turn be composed of a group of crystallites that are 

physically or chemically bound together. Alternatively an 
individual powder particle may be composed of a single crys- 
tallite (i.e. a single crystal or single crystallographically dis- 
tinguishable regular array of atoms). 
[0005] Methods for synthesizing the nanocrystalline metal 
powders by a combustion reaction are characterized by form- 
ing a combustion synthesis solution by dissolving in water an 
oxidizer, a fuel, and a base-soluble, ammonium precursor of 
tungsten molybdenum, rhenium, or niobium in amounts that 
yield a soichiometric burn when combusted. The combustion 
synthesis solution is then heated to a temperature sufficient to 
substantially remove water and to initiate a self-sustaining 
combustion reaction. Exemplary base-soluble ammonium 
precursors of tungsten, molybdenum, rhenium, and niobium 
include, but are not limited to, ammonium metatungstate, 
ammonium heptamolybdate, ammonium niobate(v) oxalate 
hydrate, and ammonium perrhenate, respectively. 
[0006] In some embodiments, alloys of tungsten, molybde- 
num, rhenium, and/or niobium can be prepared by dissolving 
a plurality of base-soluble, ammonium precursors in the com- 
bustion synthesis solution. Alternatively, or in addition, a 
nitrate precursor of an alloying metal can be dissolved in the 
combustion synthesis solution. Exemplary alloying metals 
can include, but are not limited to, transition metals that form 
alloy systems readily reduced from their oxides in hydrogen, 
such as copper, nickel, iron, cobalt, and manganese. 
[0007] Exemplary oxidizers include, but are not limited to, 
nitric acid, metal salts (such as nitrates and sulfates), and 
ammonium nitrate. In some instances, the nitrate precursor 
can serve as an oxidizer, minimizing, or eliminating the need 
for addition of a separate oxidizer. The fuel comprises a 
reducing agent, including but not limited to sugars, amines, 
keggin-structured metal salts, glycine, and/or a complexing 
agent. 
[0008] Products of the combustion reaction comprise tung- 
sten oxide, molybdenum oxide, rhenium oxide, or niobium 
oxide and are characterized by powder particles having crys- 
tallites averaging less than 60 nm in size. In preferred embodi- 
ments, the nanocrystallites are less than 60 nm in size. 
[0009] In another embodiment, a product of the combustion 
reaction is heated for less than six hours in a reducing atmo- 
sphere at a temperature less than 850° C. Reduction of the 
combustion reaction product can result in a non-oxidized 
powder. Exemplary reducing atmospheres based on hydrogen 
can include as much as 100% Ha to as little as 2.75% Ha mixed 
with an inert gas (e.g., nitrogen, argon, helium, etc.). Alter- 
native reducing atmospheres can be utilized while still falling 
within the scope and spirit of the present invention. 

[0010] After reduction, the nanocrystalline metal powder 
can comprise elemental or alloyed tungsten, molybdenum, 
rhenium or niobium and is characterized by flowable agglom- 
erated particles consisting of crystallites averaging less than 
200 nm in size. Typically, the crystallites average 30-60 nm in 
size. In preferred embodiments, the crystallites are less than 
60 nm in size. 

[0011] In another embodiment, after reduction, the surfaces 
of the nanocrystalline metal powder particles can be passi- 
vated with a very thin oxide layer. Passivation can occur by 
cooling the powder to a temperature below 100° C. and then 
introducing a mildly oxidizing gas. Exemplary gases can 
include, but are not limited to, carbon dioxide, oxygen diluted 
in an inert gas, water vapor, or combinations thereof. 

[0012] The purpose of the foregoing abstract is to enable 
the United States Patent and Trademark Office and the public 
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generally, especially the scientists, engineers, and practitio- 
ners in the art who are not familiar with patent or legal terms 
or phraseology, to determine quickly from a cursory inspec- 
tion the nature and essence of the technical disclosure of the 
application. The abstract is neither intended to define the 
invention of the application, which is measured by the claims, 
noris it intended to be limiting as to the scope of the invention 
in any way. 
[0013] Various advantages and novel features of the present 
invention are described herein and will become further 
readily apparent to those skilled in this art from the following 
detailed description. In the preceding and following descrip- 
tions, the various embodiments, including the preferred 
embodiments, have been shown and described. Included 
herein is a description of the best mode contemplated for 
carrying out the invention. As will be realized, the invention is 
capable of modification in various respects without departing 
from the invention. Accordingly, the drawings and descrip- 
tion of the preferred embodiments set forth hereafter are to be 
regarded as illustrative in nature, and not as restrictive. 

DESCRIPTION OF DRAWINGS 

[0014] Embodiments of the invention are described below 
with reference to the following accompanying drawings. 
[0015] FIG. 1 is an X-ray difli’action pattern for a tungsten 
oxide powder, which was formed according to embodiments 
of the present invention, prior to reduction. 
[0016] FIG. 2 is an X-ray diffraction pattern of a metallic 
tungsten powder after reduction of an oxide powder accord- 
ing to embodiments of the present invention. 

DETAILED DESCRIPTION 

[0017] The following description includes the preferred 

best mode of one embodiment of the present invention. It will 

be clear from this description of the invention that the inven- 

tion is not limited to these illustrated embodiments but that 

the invention also includes a variety of modifications and 

embodiments thereto. Therefore the present description 

should be seen as illustrative and not limiting. While the 

invention is susceptible of various modifications and alterna- 

tive constructions, it should be understood, that there is no 
intention to limit the invention to the specific form disclosed, 

but, on the contrary, the invention is to cover all modifica- 

tions, alternative constructions, and equivalents falling within 

the spirit and scope of the invention as defined in the claims. 

[0018] Embodiments of the present invention involve both 

the formation of an aqueous solution containing the appro- 

priate precursors as well as the heating of the combustion 

synthesis solution to dryness and eventual autoignition. Once 

the precursor is ignited, a self-sustaining combustion reaction 

produces a final powder comprising an oxide comprising 

tungsten, molybdenum, rhenium, and/or niobium. According 

to the present invention, the resulting powder can exhibit a 

nanocrystalline nature and a high degree of phase homoge- 

neity. 

Example 

Nanocrystalline Tungsten Powder Synthesis 

[0019] In the instant example, a tungsten oxide powder, 

which can be reduced to yield a nanocrystalline tungsten 

powder, is synthesized. For 100 g of tungsten metal powder, 

138.2 g of Ammonium Metatungstate (AMT; (NH4 ) 

6H2W12040.5H20, F.W. 3048.1 g/mole, %Wbyweight 72. 
3%) is required as a tungsten source. Additional combustion 
synthesis solution materials include nitric acid and glycine. In 
order to produce the necessary stoichiometric burn when 
combusted, equal amounts of oxidizing and reducing capac- 
ity must be present in the combustion synthesis solution. 
Additional details regarding the determination of oxidizing 
and reducing capacities of various materials is provided by J. 
J. Kingsley and L. R. Pedersen in "Energetic Materials in 
Ceramic Synthesis" (Mat. Res. Soc. Symp. Proc. 296 (1993) 
361-366), which details are incorporated herein by reference. 
Briefly, the molecular formulas of each of the reagents are 
determined to be either net oxidizing agents or net reducing 
agents on a per mole basis. The relative molar ratios of the 
reagents required for a stoichiometric burn can then be cal- 
culated. The oxidizing and reducing capacities for the 
reagents of the present example are determined as follows. 

For AMT = (NH4 )6 H2 WI2 040 

N=6.0=0 

H = 26.-1 = -26 

O = 40. +2 = +80 

W = 12.-6 =-72 

Sum = -18 per mole (net reducing) 

For Nitric Acid = HNO3 

H=I.-1 =-1 

N=I.0=0 

0=3.+2=+6 

Sum = +5 per mole (net oxidizing) 

For Glycine = NH2 CH2 COOH 

C = 2.-4 = -8 

H =5.-1 = -5 

N=I.0=0 

0=2.+2=+4 

Sum = -9 per mole (net reducing) 

In the particular instance, it was desired to keep the AMT to 

glycine molar ratio at 1 to 6. Therefore, the molar ratio of 

nitric acid to AMT necessary for a stoichiometric burn ratio 

can be determined as follows. 

1. AMT( @ - 18 per mole) = - 18 (net reducing) 

6. Glycine(@-9 per mole) = -54(net reducing) 

Sum = -72(net reducing) 

For a stoichiometric burn ratio, net reducing capacity must be 

equal to net oxidizing capacity, so the sum of the net oxidizing 

capacity of the nitric acid needs to be +72. 

+72++5 per mole of Nitric Acid 14.4 mole of HNO3 
per mole of AMT 

In view of the above, the molar ratio of the three reactants 
required for a stoichiometric burn ratio are as follows. 

AMT:Glycine:HNO3 1:6:14.4 

[0020] The amount of water to produce a satisfactory com- 

bustion synthesis solution has preferably been found to be 

-20 g of D.I. water per 50 g of AMT to be used in the 
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procedure. Generally as little water is used as possible in 

order to produce a stable solution containing the appropriate 

amounts of the reagent materials. The recipe for preparing the 

combustion synthesis solution of the present example is 

determined as follows: 

[0021] 1) 138.1597 g of AMT (0.045327 mole of AMT) 

[0022] 2) (138.1597 g.’-50 g).20 g H2 0 55.26 g of D.I. 

water needed 

[0023] 3) 14.4.(0.045327 mole)0.652709 mole of 
HNO3.63.01 g HNO3 permole.0.700 58.7531 g of 70% 

HNO3 solution needed 

[0024] 4) 6.(0.045327 mole) 0.271962 mole of gly- 

cine.75.07 g glycine per mole 20.4162 g glycine 

needed 

[0025] The combustion synthesis solution was prepared in 

a 500 ml Erlenmeyer flask with a tight fitting screw cap. The 

AMT was weighed out and transferred to the clean, dry Erlen- 

meyer flask. D.I. water was then added to theAMT solid in the 

flask, which was capped and gently shaken periodically until 

all of the AMT solid had dissolved. The 70% nitric acid 

solution was slowly added to the flask with periodic shaking. 
Near the end of the nitric acid addition, a white solid precipi- 

tated from the solution. Glycine was then weighed out and 
also added to the flask. After adding the glycine, the mixture 

was vigorously shaken to mix the contents. After several 

minutes the previously precipitated solid had redissolved 

resulting in a yellow colored solution that was slightly turbid. 

[0026] The combustion synthesis solution decomposition, 

or burn, was carried out using a 4 L stainless steel beaker 

heated on a hotplate to near red heat temperature. After the 

hotplate has heated the beaker bottom to near red heat, the 

entire combustion synthesis solution is quickly poured into 

the hot beaker, then the beaker covered with a clean 100 mesh 
sieve to contain most of the solid particles produced, while 

allowing steam and combustion gasses to escape from the 

beaker. Steam is rapidly evolved for -5 minutes, then red 

colored NO� fumes are evolved as the combustion process 

begins to initiate. When the NO� evolution subsides, the bea- 

ker containing the porous ash is removed from the hotplate 

and allowed to cool to room temperature. The entire burn 

process was completed within less than 10 minutes. After 

cooling, the dark brown colored ash was recovered from the 

beaker, and ground to a fine powder (almost gray in color). 

The finely divided powder was then ready to be reduced to 

metallic tungsten powder. 

Example 

80 at % W-20 at % Nb 

[0027] In the instant example, an 80 atom % W-20 atom % 

Nb powder is synthesized that can yield approximately 10 g 

of a nanocrystalline W Nb metal powder after reduction. 
Standard grade AMT was used as the source of tungsten. 

Ammonium Niobate(V) Oxalate hydrate (ANO; (NH4 )Nb 

(O)(C204)2.xH20; F.W. 302.984 g/mole; % Nb by Wt. 20. 

25%) was used as the source of Nb. Ethanolamine {(NH2 ) 

CH2CH2OH; F.W.=61.09 g/mole}, 70% nitric acid, and 

deionized water were also included to form the combustion 

synthesis solution. 

[0028] Using the same methodology as described else- 

where herein, the molar ratio of the reactants to produce a 

stoichiometric burn is as follows. 

AMT:ANO:HNO3:Ethanolamine 1:3.00:18.6:4.154 

Accordingly, the amounts for preparing the combustion syn- 

thesis solution is as follows. 

[0029] 1) 12.2663 g of AMT (0.004024 mole of AMT) 

[0030] 2) -20 g of D.I. water was used in this procedure 

[0031] 3) 5.5390 g of ANO (0.012073 moleANO) 

[0032] 4) 18.6.(0.004024 mole)0.074846 mole of 
HNO3.63.01 g HNO3 per mole.0.700 6.7372 g of 70% 

HNO3 solution needed 

[0033] 5) 4.154.(0.004024 mole) 0.016716 mole of 
ethanolamine.61.09 g ethanolamine per mole 1.0212 g 

ethanolamine needed 

[0034] The combustion synthesis solution can be prepared 

in two steps. A first solution containing the above amount of 

ethanolamine, half of the above amount of the water, and the 
above amount of the 70% nitric acid solution was prepared 

then set aside. A second solution containing the above amount 

of the ANO and half of the above amount of water was first 

heated gently to dissolve the ANO solid, then the above 

amount of AMT was added and again gently heated until all of 

the solids were dissolved. The two solutions were then mixed 

together to obtain the final combustion synthesis solution. 

[0035] The combustion synthesis solution is burned in a 

600 ml stainless steel beaker, which is heated on a hotplate to 

near red heat temperature. After the hotplate has heated the 

beaker bottom to near red heat, the entire combustion synthe- 

sis solution is quickly poured into the hot beaker, then the 
beaker covered with a clean 100 mesh sieve to contain most of 

the solid particles produced, while allowing steam and com- 
bustion gasses to escape from the beaker. Steam is rapidly 

evolved for -5 minutes, then red colored NO� fumes are 
evolved as the combustion process begins to initiate. When 

the NO� evolution subsides, the beaker containing the porous 

ash is removed from the hotplate and allowed to cool to room 

temperature. Typically, the entire burn process can be com- 

pleted within less than 10 minutes. After cooling, the ash is 

recovered from the beaker, and ground to a fine powder. 12.86 

g of the finely divided powder was recovered and was ready to 
be reduced. 

Example 

95 at % W-5 at % Mo 

[0036] In the instant example, a 95 atom % (97.33 wt %) 

W-5 atom % (2.67 wt %) Mo powder is synthesized that can 

yield -50 g of a nano-particulate �Mo metal powder. 

Standard grade AMT was used as the source of W for this 

procedure. Ammonium Heptamolybdate tetrahydrate 

(AHM) was used as the source of Mo. Ethanolamine, 70% 
nitric acid, and deionized water were also included to form 
the combustion synthesis solution. Using the same method- 

ology as described elsewhere herein, the molar ratio of the 

reactants required to produce a stoichiometric burn is as fol- 

lows. 

AMT:AHM:HNO3:Ethaslolamine 1:0.09:14.724:4. 

154 

The amounts for preparing the combustion synthesis solution 

was determined as follows: 

[0037] 1) 67.2355 g of AMT (0.022058 mole of AMT) 

[0038] 2) -100 g of D.I. water was used in this procedure 

[0039] 3) 2.4578 g of AHM (0.001989 mole AHM) 

[0040] 4) 14.724.(0.022058 mole) 0.324782 mole of 
HNO3.63.01 g HNO3 permole.0.700 29.2342 g of 70% 

HNO3 solution needed 
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[0041] 5) 4.154.(0.022058 mole) 0.091629 mole of 
ethanolamine.61.09 gethanolaminepermole 5.5975 g 
ethanolamine needed 

[0042] The combustion synthesis solution for this prepara- 
tion can be done in two steps. A first solution containing the 
above amount of ethanolamine, half of the above amount of 
the water, and the above amount of the 70% nitric acid solu- 
tion was prepared then set aside. A second solution was pre- 
pared containing the above amount of the AMT, half of the 
above amount of water, and the above amount of the AHM. 
The two solutions were then mixed together to obtain the final 
combustion synthesis solution. 
[0043] The combustion synthesis solution burn is carried 
out using a 4 L stainless steel beaker, which is heated on a 
hotplate to near red heat temperature. After the hotplate has 
heated the beaker bottom to near red heat, the entire combus- 
tion synthesis solution is quickly poured into the hot beaker, 
then the beaker covered with a clean 100 mesh sieve to con- 
tain most of the solid particles produced, while allowing 
steam and combustion gasses to escape from the beaker. 
Steam is rapidly evolved for -2-3 minutes, then red colored 
NO� fumes are evolved as the combustion process begins to 
initiate. When the NO� evolution subsides, the beaker con- 
taining the porous ash is removed from the hotplate and 
allowed to cool to room temperature. Typically, the entire 
burn process can be completed within less than 5 minutes. 
After cooling, the ash is recovered from the beaker, and 
ground to a fine powder. 64.78 g of the finely divided powder 
was recovered and can be reduced. 

Example 

96 at % W-4 at % Re (95.95 wt % W-4.05 wt % Re) 

[0044] In the instant example, a 96 atom % W-4-atom % Re 

(95.95 wt % W-4.05 wt % Re) powder is synthesized that can 

yield -50 g ofa nano-particulate W�e metal powder after 

reduction. Standard grade AMT was used as the source of W 
and Ammonium Perrhenate (APR; NH4 Re 04 ; F.W. 268.24 

g/mole; Assay:% Re by Wt. 69.4%) was used as the source of 

Re for this procedure. Ethanolamine, 70% Nitric Acid Solu- 

tion, and deionized water were also included to form the 
combustion synthesis solution. 

[0045] Using the same methodology as described as 

described elsewhere herein, the molar ratio of the reactants 
required to produce a stoichiometric burn is as follows. 

AMT:APR:HNO3:Ethanolamine 1:0.5:14.7:4.154 

The amounts for preparing the combustion synthesis solution 

are as follows. 

[0046] 1) 66.2825 g of AMT (0.021746 mole of AMT) 

[0047] 2) -100 g ofD.I, water was used in this procedure 

[0048] 3) 2.9300 g of APR (0.010921 moleAPR) 

[0049] 4) 14.7.(0.021746 mole)0.319666 mole of 
HNO3.63.01 g HNO3 permole.0.700 28.7730 g of 70% 

HNO3 solution needed 

[0050] 5) 4.154.(0.021746 mole) 0.090326 mole of 
ethanolamine.61.09 g ethanolamine per mole 5.5180 g 

ethanolamine needed 

[0051] The combustion synthesis solution for this prepara- 

tion can be done in two steps. A first solution containing the 

above amount of ethanolamine, half of the above amount of 

the water, and the above amount of the 70% nitric acid solu- 
tion was prepared then set aside. A second solution containing 

the above amount of the AMT, half of the above amount of 

water, and the above amount of the APR was gently heated to 
dissolve the solids. The two solutions were then mixed 
together to obtain the final combustion synthesis solution. 
[0052] The combustion synthesis solution burn is carried 
out using a 4 L stainless steel beaker, which is heated on a 
hotplate to near red heat temperature. After the hotplate has 
heated the beaker bottom to near red heat, the entire combus- 
tion synthesis solution is quickly poured into the hot beaker, 
then the beaker is covered with a clean 100 mesh sieve to 
contain most of the solid particles produced, while allowing 
steam and combustion gasses to escape from the beaker. 
Steam is rapidly evolved for -7-8 minutes, then red colored 
NO� fumes are evolved as the combustion process begins to 
initiate. When the NO� evolution subsides, the beaker con- 
taining the porous ash is removed from the hotplate and 
allowed to cool to room temperature. Typically, the entire 
burn process can be completed within less than 10 minutes. 
After cooling, the ash is recovered from the beaker, and 
ground to a fine powder. 64.3278 g of the finely divided 
powder was recovered and was ready to be reduced. 

Example 

90 wt % W-7 wt % Fe-3 wt % Ni 

[0083] In the instant example, a 90 wt % W-7 wt % Fe-3 wt 

% Ni powder is synthesized that can yield -50 g of a nano- 

particulate W�e Ni metal powder. Standard grade AMT 

was used as the source of W, Nickel(II) Nitrate hexahydrate 
(Ni(NO3)2.6H20; F.W. 290.81 g/mole) was used as the 

source of Ni, and Iron(III) Nitrate nonahy&ate (Fe(NO3 )3. 
9H20; F.W. 404.00 g/mole) was used as the source of Fe. 

Ammonium Citrate (98%) (Am. Citrate; (NH4 )3 C6 HsO7 ; 

F.W. 243.22 g/mole), 70% Nitric Acid Solution, and deion- 

ized water were also included in the combustion synthesis 

solution. 

[0054] Using the same methodology as described else- 

where herein, the molar ratio of the reactants required to 

produce a stoichiometric burn is as follows. 

AMT:Fe(NO3)3:Ni(NO3)2:HNO3:Axn. Citrate 1:3. 

073:1.252:7.516:3.0 

The amounts for preparing the combustion synthesis solution 

are as follows: 

[0055] 1) 62.1719 g of AMT (0.020397 mole of AMT) 

[0056] 2) -100 g of D.I. water was used in this procedure 

[0057] 3) 25.3256 g (0.062687 mole) of Fe(NO3 )3 .9H2 0 

[0058] 4) 7.4294 g (0.025547 mole) of Ni(NO3 )2 .6H2 0 

[0059] 5) 3.0.(0.020397mole).243.22 g/moleofAmmo- 

nium Citrate+0.98 15.1866 g of Ammonium Citrate 

[0060] 6) 7.516.(0.020397 mole) 0.153304 mole of 
HNO3.63.01 g HNO3 permole.0.700 13.8000 g of 70% 

HNO3 solution needed 

[0061] A 500 ml Erlenmeyer flask with a tight fitting screw 

cap was used for combustion synthesis solution preparation. 

The AMT was weighed out and transferred to the clean, dry 
Erlenmeyer flask. D.I. water was next added to the AMT solid 

in the flask. Then, the flask was capped and gently shaken 

periodically until all of the AMT solid had dissolved. The 

Fe(NO3)3. 9H2 0 was added to the solution in the flask and was 

dissolved without heat. The Ni(NO3 )2 .6H2 0 was then added 

to the solution in the flask and also dissolved easily without 

heating. The Ammonium Citrate was dissolvedinthe solution 

in the flask. Finally, the 70% nitric acid solution was added to 

the contents of the flask. Initially, some precipitation occurs 
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that redissolves upon further mixing of the solution. The 
combustion synthesis solution is then complete. 
[0062] The combustion synthesis solution burn was carried 
out using a 4 L stainless steel beaker, which is heated on a 
hotplate to near red heat temperature. After the hotplate has 
heated the beaker bottom to near red heat, the entire combus- 
tion synthesis solution is quickly poured into the hot beaker, 
then the beaker was covered with a clean 100 mesh sieve to 
contain most of the solid particles produced, while allowing 
steam and combustion gasses to escape from the beaker. 
Steam is rapidly evolved for -2-3 minutes, then red colored 
NO� fumes are evolved as the combustion process begins to 
initiate. When the NO� evolution subsides, the beaker con- 
tainlng the porous ash is removed from the hotplate and 
allowed to cool to room temperature. The entire burn process 
is typically completed within less than 10 minutes. After 
cooling, the ash is recovered from the beaker, and ground to a 
fine powder. 63.99 g of the finely divided powder was recov- 
ered and was ready to be reduced. 

Example 

Reduction of Combustion Product 

[0063] As described elsewhere herein, after a combustion 
synthesis solution has been stoichiometrically burned, the 

resultant combustion product comprises a metal oxide. The 

metal oxide powder can then be reduced to yield a nanocrys- 

talline metal powder according to embodiments of the present 

invention. In the present example, an agglomerate of an as- 

burnt oxide powder is ground using a mortar and pestle. The 

oxide powder is then loaded in a metal crucible (tungsten or 

molybdenum) with a metal cover and placed in a vacuum 

furnace or a tube furnace. After purging with nitrogen for-30 
rain, hydrogen is supplied to the furnace. The oxide powder is 

reduced under hydrogen at the temperature in the range from 

600° to 800° C. up to four hours in order to completely reduce 

the oxide powder to a nanocrystalline metal powder. To mini- 

mize the grain growth of the powder, fast heating and cooling 

(up to 100° C./min) is preferable. The resultant reduced pow- 

der forms moderately hard agglomerates of the metallic 

nanocrystallites, which can be broken down using a milling 

technique to achieve better densification. 

[0064] Referring to FIG. 1, an X-ray difli’action (XRD) 

pattern is shown for a tungsten oxide powder prior to reduc- 

tion. The XRD pattern indicates that the major phase is WO2 

and that the average grain size is 6.1 nm. Referring to FIG. 2, 

after reduction at 650° C. for approximately 4 hours, the oxide 

powder is reduced to metallic tungsten having an average 

grain size of 45.8 nm. 

TABLE 1 

summary of crystallite size for various nanocrystalline metal and/or 
metal alloy powders synthesized according to embodiments of the 

present invention. 

Avg. Alloy 

Clystallite Size 
Composition Metal Salt(s) Used (�ml) 

100W AMT 24.1 

99.95W O.05Ni AMT, Ni(NO3 )2 "6H2O 28.3 

99.5�0.5Ni AMT, Ni(NO3 )2 "6H2 0 27.2 

97W�Ni AMT, Ni(NO3 )2 "6H2 0 28.3 

99W 1Y2 03 AMT, Y(NO3 )3 °6H2 0 26.8 
96W�Y203 AMT, Y(NO3 )3 "6H2 0 27.6 

TABLE 1-continued 

sttmmary of crystallite size for various nanocrystalline metal and/or 
metal alloy powders synthesized according to embodiments of the 

present invention. 

Avg. Alloy 

Crystallite Size 
Composition Metal Salt(s) Used (�ml) 

95.5W�Y203 0.5Ni AMT, Y(NO3 )3 "6H2 0, 30.0 

Ni(NO3)2 ¯ 6H2 0 

AMT, (NH4 )6 Mo7024°4H20 23.4 
AMT, NHaReO4 26.9 
AMT, C4 H4 NNbO9 23.1 
AMT, Fe(NO3 )3 "9H2 0, 31.5 
Ni(NO3)2 ¯ 6H2 0 

96W�Mo 
96W�Re 
94W 6Nb 
90W�Fe�Ni 

[0065] Referring to Table 1, a summary ofcrystallite size is 

provided for a variety of nanocrystalline metal and/or metal 

alloy powders that were synthesized according to embodi- 

ments of the present invention. 

[0066] While a number of embodiments of the present 

invention have been shown and described, it will be apparent 

to those skilled in the art that many changes and modifications 

may be made without departing from the invention in its 

broader aspects. The appended claims, therefore, are intended 

to cover all such changes and modifications as they fall within 

the true spirit and scope of the invention. 

We claim: 

1. A method for synthesizing nanocrystalline metal pow- 

ders by a combustion reaction, the method characterized by 

the steps of: 

Forming a combustion synthesis solution by dissolving in 

water an oxidizer, a fuel, and a base-soluble, ammonium 
salts of tungsten, molybdenum, rhenium, or niobium in 

amounts that yield a stoichiometric burn when corn- 

busted; and 

Heating the combustion synthesis solution to a temperature 

sufficient to substantially remove the water and to ini- 

tiate a self-sustaining combustion reaction. 

2. The method of claim 1, wherein said forming a combus- 

tion synthesis solution comprises dissolving a plurality of the 

base-soluble, ammonium salts. 

3. The method of claim 1, further comprising dissolving a 

nitrate reagent of an alloying metal in the combustion synthe- 

sis solution. 

4. The method of claim 3, wherein the oxidizer comprises 

the nitrate reagent. 

5. The method of claim 1, wherein the oxidizer comprises 

nitric acid. 

6. The method of claim 1, wherein the oxidizer comprises 

ammonium nitrate. 

7. The method of claim 1, wherein the fuel comprises 

glycine. 

8. The method of claim 1, wherein the fuel comprises a 

complexing agent. 

9. The method of claim 1, wherein the base-soluble ammo- 

nium salt of tungsten comprises ammonium metatungstate. 

10. The method of claim 1, wherein the base-soluble 
ammonium salt of molybdenum is ammonium heptamolyb- 

date. 

11. The method of claim 1, wherein the base-soluble 

ammonium salt of niobium is ammonium niobate(v) oxalate 
hydrate. 
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12. The method of claim 1, wherein the base-soluble 

ammonium salt of rhenium is ammonium perrhenate. 

13. The method of claim 1, further comprising the step of 

heating a product of the combustion reaction for less than 6 

hours in a reducing atmosphere at a temperature lower than 

850° C. 

14. The method of claim 13, further comprising the steps of 

cooling the product to a temperature below 100° C. and then 

introducing an oxidizing gas to passivate the surface of the 

nanocrystalline metal powder. 

15. A combustion reaction product comprising tungsten 
oxide, molybdenum oxide, rhenium oxide, or niobium oxide 
characterized by powder particles having crystallites averag- 
ing less than 200 nm in size. 

16. A nanocrystalline metal powder comprising tungsten, 
molybdenum, rhenium, or niobium metal characterized by 
powder particles having crystallites averaging less than 200 
nm in size. 

17. The nanocrystalline metal powder of claim 6, wherein 
the crystallites average 60 um or less in size. 
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