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Abstract 

Nickel and aluminum powders were mechanically alloyed with 10 or 30 vol.% refractory metal powders (molybdenum or tungsten) 
for times up to 50 h. Intermetallic synthesis takes place after lo-20 h alloying, with concomitant dispersion of the inert refractory 
metal phase, resulting in an NiAl matrix containing fine refractory dispersoids. The reactive synthesis step is direct, without inter- 
mediate intermetallic products. In a separate processing route, the compound NiMo was first synthesized by hydrogen reduction of 
nickel oxide and molybdenum oxide. Subsequent reactive mechanical alloying of NiMo powders with metallic nickel and aluminum 
powders yielded the same phases as the direct route from elemental powders. However, the dispersion step is more efficient with brittle 
NiMo than with ductile molybdenum, leading to a finer molybdenum dispersion size in the reacted powders. All mechanically alloyed 
powders are stable on exposure for 1 h at 1000 “C in a reducing atmosphere, but oxidize rapidly in air between 425 “C and 1000 “C. 
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1. Introduction 

The stoichiometric intermetallic phase NiAl forms a 
simple eutectic in the pseudo-binary phase diagrams 
with many transition metals: vanadium [l-3], chrom- 
ium [2,4-61, molybdenum [7-lo], tungsten [2,4,1 l] and 
rhenium [ 12-141. Of these metals, molybdenum and 
tungsten are of particular interest owing to their high 
melting points, high specific strengths at room and 
elevated temperature, and high eutectic temperatures 
with NiAl. The NiAl-MO eutectic takes place at a 
temperature of 1600 “C and a composition of 10 at.% 
MO (20 wt.% MO) [lo]; the NiAl-W eutectic tempera- 
ture is 1600 “C as well, at a composition of 1.4 at.% W 
(6.1 wt.% W) [2,4,11]. However, the casting route only 
allows limited control of the volume fraction, size and 
morphology of the refractory second phase. While 
directional solidification can result’ in in situ refractory 
fibers in an NiAl matrix [ 15,161, it is difficult to form a 
dispersion of fine refractory particles since coarsening 
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is expected to take place near the eutectic temperature. 
Composites with large refractory particles (typically 
above 1 pm) can be fabricated by hot-compaction of 
mixed powders of prealloyed NiAl and refractory 
metals [ 171. Owing to the large interparticle distance, 
these composites however exhibit negligible dispersion 
strengthening and, since the particles are equiaxed, 
only modest composite strengthening is expected [ 181. 

Fine homogenous mixtures of immiscible phases can 
be achieved by mechanical alloying as a result of the 
repetitive welding and fracturing of the powders during 
the process [ 19,201. Thus, if a powder mixture of pre- 
alloyed NiAl and insoluble transition metal is milled, a 
fine dispersion of the minority phase is expected to 
form within the majority phase. Because of the diffi- 
culty of fabricating powders of the high-melting point 
NiAl, synthesis of the aluminide during the mechanical 
alloying step from elemental powders has been recently 
developed [21-251: 

Ni+Al=NiAl (1) 

Additions to the elemental powders of further reactive 
or non-reactive species during mechanical alloying can 
also result in NiAl containing a dispersion of nitrides 
[26-291, oxides [30-331 or metals and compounds [34]. 
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In the present paper (part 1 ), we describe the synthe- 
sis of NiAl powders containing 10 and 30 vol.% sub- 
micrometer molybdenum or tungsten dispersoids, 
formed by reactive mechanical alloying of elemental or 
intermetallic powders. In a companion paper (part 2) 
[35], we examine the microstructure and dispersion- 
strengthening of bulk samples prepared by hot isostatic 
pressing of these mechanically alloyed powders. 

2. Experimental procedures 

Five different alloy powders were synthesized with 
overall composition NiAl, NiAl-10 vol.% MO, 
NiAl-30 vol.% MO, NiAl-10 vol.% W and NiAl-30 
vol.% W, referred to in the following as NiAl, 
NiAl-10 MO, NiAl-30 MO, NiAl-10 W and NiAl- 
30 W respectively. The powders were mechanically 
alloyed under static argon cover gas at room tem- 
temperature. Batches of 30 g powders with 0.3 ml 
methanol were processed in a vibratory mill (Spex 
mixer/miller 8000) in a stainless steel vial with five 
hardened chromium-steel balls 8.36 g each. Two 
processing routes were explored, referred to in the 
following as the metal route and the intermetallic route 
respectively. 

In the metal route, the NiAl-Mo and NiAl-W dis- 
persions are synthesized directly from elemental 
powders: 

aNi + aA + bMo = aNiAl+ bMo (2a) 

aNi + aA + bW= aNiAl+ bW (2b) 

The powders used were 99.9% nickel from Johnson 
Matthey with sizes between 74 ,um and 149 ,um, 99.8% 
aluminum powder from Johnson Matthey with sizes 
between 44 pm and 420 ,um, 99.95% tungsten from 
Johnson Matthey with an average size of 12 pm and 
99.95% molybdenum from Climax Specialty Metals 
with an average size of 5 pm. Scanning electron micro- 
scopy (SEM) showed that the powders were equiaxed 
with smooth surfaces. 

In the intermetallic route, the oxides of nickel and 
refractory metal are mixed in the vibratory mill for 
about 2 h, loaded in an alumina crucible and reduced 
at 1000 “C for 2 h under flowing pure hydrogen or an 
Ar-4% H, mixture, to synthesize stoichiometric mix- 
tures of finely dispersed metals: 

NiO + MOO, + 4H, = Ni + MO + 4H,O (3a) 

NiO + WO, + 4H, = Ni + W+ 4H,O (3b) 

On diffusion, the intermetallic phases MoNi and NiW 
respectively can then be formed. Powders from John- 
son Matthey were used: 99% nickel oxide less than 44 

,um in size, 99.95% molybdenum oxide and 99.8% 
tungsten oxide. 

In a second step, the intermetallic intermediate 
phases are mechanically alloyed with aluminum and 
nickel to form NiAl-Mo and NiAl-W respectively: 

(a - b)Ni + aA + bMoNi = uNiA1 + bMo (4a) 

(a-b)Ni + uAl+ bNiW= uNiA1 + bW (4b) 

Table 1 gives the chemical composition of the initial 
powders for all samples. At fixed time intervals during 
the mechanical alloying process, powder samples were 
extracted, mounted in epoxy, characterized by X-ray 
diffraction with Cu Ka radiation and a graphite mono- 
chromator, and polished by standard procedures for 
metallographic observation. 

Loose mechanically alloyed powders were also 
loaded in an alumina crucible and heat treated at 
varying temperatures for 1 h under vacuum or an 
Ar-4% H, atmosphere, before being subjected to 
X-ray diffraction. 

Thermogravimetry experiments were performed 
with about 50 mg loose powder which had been 
mechanically alloyed for 20 h and hydrogen annealed 
for 1 h at 1000 “C. The mass gain was measured under 
continuous heating conditions at a rate of 600 K h-’ 
with air flowing at 3 1 h- l. 

3. Results 

Fig. 1 shows the X-ray spectra of the refractory-free, 
stoichiometric nickel-aluminum mixtures. Both peaks 
corresponding to Ni (200) and Al ( 111) disappear 
between 5 h and 10 h milling, while the main NiAl 
(110) peak, which partially overlaps the Ni (111) and 
Al (200) peaks, appears in the same time period. 

Figs. 2(a) and 2(b) show the X-ray spectra for 
NiAl- 1 OMo and NiAl-30Mo respectively, processed 
by the metal route (Eq. (2a)). Between 10 h and 20 h 

Table 1 
Chemical composition of initial powders used in mechanical 
alloying 

Sample Ni Refractory 
(wt.%) :tt.sb) (wt.%) 

Intermetallic 
(wt.%) 

NiAl 68.6 31.4 - - 
NiAI-1OMo 57.5 26.5 16.OMo - 
NiAl-1OMo (I) 47.7 26.5 - 25.8MoNi 
NiAl-30Mo 39.5 18.1 42.4Mo - 
NiAl-30Mo (I) 13.5 18.1 - 68.4MoNi 
NiAl-1OW 50.4 23.1 26.5W - 
NiAl-10W (I) 41.9 23.1 - 35.ONiW 
NiAI-30W 28.7 13.2 58.2W - 
NiAI-30W (I) 10.1 13.2 - 76.7NiW 



188 T. Takahashi, D.C. Dunand / Materials Science and EngineeringA192/193 (1995) 186-194 

milling, the Ni (200) and Al ( 111) peaks disappear 
while the NiAl(110) peak appears, indicating synthesis 
of NiAl. The MO (110) peak is present at all times and 
broadens with increasing milling time. MO& is formed 
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Fig. 1. X-ray spectra as a function of alloying time for NiAl 
synthesized from metallic powders (Eq. ( 1)). 

by reaction of molybdenum with the small amounts of 
methanol added to the powders as anti-caking agent. 

In Figs. 3(a) and 3(b), the X-ray spectra for 
NiAl-1OW and NiAl-30W are given for the metallic 
route (Eq. (2b)); as for the NiAl-MO system, the peaks 
corresponding to the refractory metal are present at all 
times, indicating no significant formation of inter- 
mediate intermetallic compound. W,C forms by 
reaction between tungsten and the small amounts of 
methanol. However, NiAl synthesis seems to be more 
rapid, as the main Ni and Al peaks disappear between 
5 h and 10 h alloying. 

Hydrogen reduction of the mixed oxides of 
molybdenum and nickel leads to a product with an 
X-ray spectrum exhibiting none of the peaks for the 
elemental powders (Fig. 4). SEM observation shows 
that the product is porous (Fig. 5), with cell wall thick- 
ness less than 1 pm. However, X-ray analysis of the 
reduction products of the mixed oxides of tungsten and 
nickel with overall composition of Ni50W50 indicates 
the presence of a large amount of metallic tungsten, 
together with one or more intermetallic phase, presum- 
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Fig. 2. X-ray spectra as a function of alloying time for Fig. 3. X-ray spectra as a function of alloying time for NiAl-1OW 
NiAl-1OMo (a) and NiAl-30Mo (b) synthesized by the metal (a) and NiAI-30W (b) synthesized by the metal route (EQ. (2b)). 
route (Eq. (2a)). Peaks marked with a star correspond to MO& Peaks marked with a star correspond to W,C. 
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Fig. 4. X-ray spectrum of MoNi synthesized by oxide reduction 
at 1000 “C in an Ar-4%H, mixture (Eq. (3a)). 

Fig. 5. SEM image of MoNi reduced at 1000 “C from oxide 
powders. 

ably NiW. While further synthesis by mechanical 
alloying of NiAl-1OW and NiAl-30W was completed 
with success with this metallic-intermetallic mixture 
according to Eq. (4b), the results are not reported in 
the following since the fraction and composition of the 
phases of the Ni,,W,, mixture were unknown. 

Figs. 6(a) and 6(b) show the X-ray spectra of 
NiAl-1OMo and NiAl-30Mo respectively, processed 
by the intermetallic route (Eq. (4a)) from the MoNi 
powders produced by hydrogen reduction. The Ni 
(200) and Al ( 111) peaks disappear between 10 h and 
20 h for NiAl-1OMo and between 5 h and 10 h for 
NiAl-30Mo. For NiAl-10M0, the series of peaks 
corresponding to MoNi (Fig. 4) disappears while the 
( 110) NiAl peak and ( 110) MO peak appear between 
10 h and 20 h, corresponding to the reaction given in 
Eq. (4a). While the large broadening of peaks in Fig. 
6(b) does not allow a clear interpretation, the spectrum 
evolution for NiAl-30Mo seems to be similar to that of 
NiAl-1OMo (Fig. 6(a)). 
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Fig. 6. X-ray spectra’ as a function of alloying time for 
NiAI-1OMo (a) and NiAl-30Mo (b) synthesized by the inter- 
metallic route (Eq. (4a)). 

Figs. 7(a) and 7(b) show the microstructure of a 
polished powder particle from the NiAl-1OMo 
powders processed by the metal and intermetallic 
routes respectively, after 10 h milling, i.e. before signifi- 
cant NiAl synthesis. The particle consists of an 
unreacted mixture of the initial phases: the higher the 
atomic number of the phase, the lighter the contrast 
appears on the micrographs. Powder particles from the 
same samples after 30 h alloying exhibit a uniformly 
reacted matrix containing fine molybdenum disper- 
soids. Figs. 8(a) and 8(b) show the evolution of refrac- 
tory particle size as a function of milling time for 
NiAl-30W processed by the metal route; the disper- 
soids within the powder particles become smaller and 
more equiaxed as the alloying time increases. 

Fig. 9 shows the X-ray spectra of NiAl-1OMo 
mechanically alloyed for 50 h by both routes (Eq. (2a) 
or Eq. (4a)) after a 1 h anneal at 1000 “C under an 
Ar-4%H, atmosphere. Similar spectra were recorded 
for NiAl-30Mo processed identically. In all cases, the 
peaks belonging to NiAl and the refractory metal are 
sharp, and no peaks corresponding to aluminum or 
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Fig. 7. SEM images of powder particles from NiAl-1OMo after 
10 h mechanical alloying (a) by the metal route and (b) by the 
intermetallic route. 

Fig. 8. SEM images of powder particles from sample NiAI-30W 
after (a) 10 h and (b) 30 h mechanical alloying by the metal 
route. 

nickel are present. Similar results were found for 
NiAl-1OMo powders alloyed for 20 h after a 1 h 
anneal at 1000 “C under vacuum. 

Fig. 10 gives the X-ray spectra of NiAl-1OW 
powders processed by the metal route (Eq. (2b)) for 
50 h and annealed in Ar-4%H, for 1 h at temperatures 
between 600 and 1000 “C. Annealing results in a 
sharpening of the peaks which become narrower with 
increasing heat treatment temperature. Similar results 
were found for NiAl-30W powders after the same heat 
treatment schedules. 

Fig. 11 shows thermogravimetric curves for the 
mechanically alloyed powders with and without 10 
vol.% refractory phase. All refractory-containing 
samples exhibit larger mass gains than the pure NiAl 
sample. A steep mass increase is observed for the 
molybdenum-containing samples near 800 “C, corre- 
sponding to the melting point of MOO,. 

Fig. 9. X-ray spectra of NiAl-1OMo synthesized by the metal 
route (a) and the intermetallic route (b) (50 h alloying time) and 
annealed for 1 h at 1000 “C under Ar-4%H,. Peaks marked with 
a star correspond to MO&. 
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Fig. 10. X-ray spectra of NiAI-1OW synthesized by the metal 
route (50 h alloying time) and annealed for 1 h at (a) 1000 “C, (b) 
800 “C, (c) 600 “C under Ar-4%H2. Peaks marked with a star 
correspond to W,C. 

4. Discussion 

4.1. Powder synthesis 

As shown in Fig. 1, synthesis of refractory-free NiAl 
from the metallic reactants occurs directly according to 
Eq. (l), without measurable formation of the inter- 
mediate intermetallics observed in nickel-aluminum 
diffusion couple experiments [36,37]. The X-ray peaks 
broaden with increasing milling time, indicating grain 
refinement and cold work. The above observations are 
in agreement with earlier studies on reactive mechani- 
cal alloying of NiAl [23,25,38-401. NiAl synthesis is 
not markedly affected by the presence of metallic 
molybdenum or tungsten (Figs. l-3); the time for NiAl 
formation is similar and no binary or ternary refrac- 
tory-containing phases are detected in the X-ray 
diffraction patterns, with the exception of refractory 
carbides formed by reaction between the refractory 
metals and methanol. Slight deviations from stoichio- 
metry may have been responsible for the formation of 
some of the equilibrium phases present in the 
Ni-Al-MO system [2,4,10] and Ni-Al-W system [ll] 
respectively. The formation of oxides during mechani- 
cal alloying due to oxygen contamination from the 
methanol is also possible. Contamination of the 
powder by the vessel and grinding balls is unlikely, 
since wet-chemical analysis of NiAl-30Mo mechani- 
cally alloyed for 50 h indicates only small levels of 
foreign elements: 0.16 wt.% Fe for the metal route and 
0.11 wt.% Fe and 0.033 wt.% Cr for the intermetallic 
route. 

Since MoNi melts incongruently at 1362 “C, it 
cannot be synthesized easily by solidification; a melt 

with overall composition MoNi forms primary 
molybdenum between 1680 “C and 1362 “C, prior to 
solidification at 1309 “C of an eutectic consisting of 
MoNi and a solid solution of molybdenum in nickel 
[4 11, as shown in Fig. 12 for an arc-melted sample with 
overall composition Mo,,Ni,,. Since the X-ray spec- 
trum of the hydrogen-reduced oxides of molybdenum 
and nickel shows no peaks corresponding to the oxides 
or the metals (Fig. 4), it can be concluded that the 
oxides were reduced and the intermetallic MoNi was 
formed by diffusion between the two metal phases. 
Since both NiO and MOO, are unstable in the presence 
of pure hydrogen [42], Eq. (3a) is indeed expected to 
proceed. Some loss of molybdenum may have 
occurred, since MOO, melts at 795 “C and has a signifi- 
cant vapor pressure at 1000 “C [42]. The synthesis of 
NiW by hydrogen reduction was not successful, since 
significant amounts of metallic tungsten were detected 
in the hydrogen-reduced powder. A possible explana- 
tion is that, owing to the very high melting point of 
tungsten, diffusion was too slow to form the equilib- 
rium intermetallic phase from the mixture of metal 
phases resulting from the hydrogen reduction. Because 
intermetallic MoNi is expected to be more brittle than 
molybdenum, and because a prealloying step had been 
carried out (Eq. (3a)), the reactive mechanical alloying 
kinetics for the intermetallic route (Eq. (4a)) were 
expected to be faster than for the metal route (Eq. 2(a)). 
Comparison of Figs. 2 and 6 however indicates no 
significant difference for the kinetics of NiAl formation 
between the two routes; in both cases, the peaks corre- 
sponding to the metallic reactants disappear, and the 
NiAl peaks appear between 10 h and 20 h milling. As 
with the metallic route, no measurable intermediate 
species are present in Fig. 6, indicating that Eq. (4a) 
proceeds directly. Annealing at 1000 “C yields an 
X-ray spectrum (Fig. 9(b)) which is virtually identical 
with that from the annealed powders synthesized by 
the metal route (Fig. 9(a)). 

Figs. 7(a) and 7(b) show however that the morpho- 
logy of the powders after 10 h mechanical alloying (i.e. 
before large-scale NiAl synthesis) varies according to 
the processing route. With the metal route (Fig. 7(a)), 
the powder particles consist of lamellae of the three 
elemental metals, as expected for an all-ductile system. 
The molybdenum phase (brightest phase in Fig. 7(a)) 
shows a wide distribution of size, from less than 1 pm 
to about 5 pm. With the intermetallic route (Fig. 7(b)), 
the powder microstructure consists of a lamellar matrix 
of elemental nickel and aluminum containing equiaxed 
dispersoids with high atomic number, most probably 
MoNi since NiAl synthesis has not taken place (Fig. 6). 
The size of the MoNi dispersoids in Fig. 7(b) is signifi- 
cantly smaller than that of molybdenum in Fig. 7(a), as 
expected since the MoNi intermetallic reactant has a 
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Fig. 11. Thermogravimetric curves for mechanically alloyed 
(20 h) hydrogen-annealed powders. 

Fig. 12. Arc-melted alloy with overall composition 50 at.% Ni 
and 50 at.% MO. Primary molybdenum is formed, followed by 
eutectic solidification of Ni-MoNi. 

finer structure (Fig. 5) than the initial molybdenum 
particles. Furthermore, the MoNi dispersoids are 
equiaxed after 10 h milling (Fig. 7(b)), unlike the 
molybdenum phase (Fig. 7(a)) which is elongated, as 
expected from the brittle nature of MoNi and the 

ductile nature of molybdenum respectively. We con- 
clude that the dispersion of molybdenum is more effi- 
cient by the intermetallic route, as a result of the small 
size and low ductility of MoNi; furthermore the trans- 
fer reaction (Eq. 4(a)) may also contribute to a finer 
dispersion. 

Figs. 8(a) and 8(b) for NiAl-30W after 10 h and 
30 h mechanical alloying respectively, illustrate the 
refinement of the dispersoids with increasing alloying 
time. After 10 h milling, the tungsten size distribution 
is similar to that of molybdenum in Fig. 7(a); the 
flattened morphology indicates that tungsten deforms 
plastically on impact during alloying. After 30 h 
milling, the tungsten particles are much smaller (Fig. 
7(b)) and, while the size of the particles is below 0.5 
pm, some particles as large 2 pm are still visible, 
indicating that the refinement is progressive. We note 
that once the brittle NiAl matrix replaces the ductile 
nickel-aluminum mixture, faster refinement of the 
refractory metal may occur, since fracture of the NiAl 
is expected to take place more frequently. 

4.2. Powder stability at elevated temperature 

The X-ray spectra of the NiAl-W powders after 
annealing at different temperatures (Fig. 10) show a 
gradual sharpening of the NiAl and W peaks. Anneal- 
ing at 600 “C is already sufficient to alter the peak 
width significantly compared with the mechanically 
alloyed powders (Fig. 3), indicating that coarsening of 
the phases or grains, and reduction of the density of 
defects are taking place. Even after annealing at 
1000 “C, the width of the refractory peaks (Fig. 19(a)) 
is much larger than for bulk refractory metal samples, 
indicating that the refractory dispersion is still very 
fine. As shown in part 2 of this paper [37] by electron 
microscopy, the dispersoid size after hot isostatic 
pressing at 1000 “C is indeed less than 100 nm. 

Thermogravimetry curves (Fig. 11) show that the 
refractory-containing powders oxidise rapidly above 
about 425 “C, while the unalloyed NiAl powders exhi- 
bit little mass gain up to about 700 “C. Assuming that 
only alumina forms in the unalloyed NiAl powders, as 
observed for Al-to-Ni ratios above 0.5 in nickel-alumi- 
num bulk alloys [43], simple mass balance calculations 
indicate that 27 wt.% of the aluminum present in the 
powder has been oxidized at 1000 C; this unusually 
large mass increase is due to the high area-to-volume 
ratio of the mechanically alloyed powders. Assuming 
that the NiAl matrix is oxidizing at the same rate in the 
refractory-containing samples as in the unalloyed NiAl 
sample, and assuming the formation of WO, and MOO, 
respectively, mass calculations predict that 99- 134 
wt.% of the refractory metal initially present is oxidized 
at 1000 “C, indicating complete oxidation of the refrac- 
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tory phase. The values above 100% may be due to a 
change in the NiAl oxidation mode in the presence of 
the refractory metal, for example the formation of 
nickel oxide, or formation of mixed oxides. For the 
molybdenum-containing samples, rapid acceleration of 
the oxidation kinetics occurs near 795 “C, correspond- 
ing to the melting point of MOO, [42,44]. At lower tem- 
peratures, a decrease in oxidation kinetics is observed 
near 650 “C, probably as a result of the oxidation of 
NiAl which forms a protective oxide layer; a similar but 
weaker effect is observed for the tungsten-containing 
powders. 

5. Conclusions 

Room-temperature synthesis of NiAl in the pres- 
ence of 10 or 30 vol.% molybdenum or tungsten was 
performed by reactive mechanical alloying of ele- 
mental powders, resulting in a fine dispersion of refrac- 
tory metal particles in an NiAl matrix. No measurable 
intermediate intermetallics were observed during 
synthesis. 

Synthesis of the intermetallic NiMo was achieved by 
hydrogen reduction at 1000 “C of finely dispersed 
nickel oxide and molybdenum oxide in stoichiometric 
proportions. Synthesis of NiW by the same technique 
was only partially successful. 

Reactive mechanical alloying of NiMo with metallic 
nickel and aluminum powders resulted in NiAl con- 
taining a fine dispersion of molybdenum, without sig- 
nificant acceleration of the synthesis step, as compared 
with the direct synthesis route described above. The 
shape and size of the molybdenum dispersion is 
affected however; particles are smaller and more 
equiaxed when the brittle NiMo precursor is used. 

The synthesized powders were stable on heat treat- 
ment for 1 h at 1000 “C in a reducing atmosphere, as 
expected from the fact that NiAl forms a simple 
eutectic with both molybdenum and tungsten at 
1600 “C. 

Rapid mass-gain of all mechanically alloyed 
powders resulted from heating in air above about 
425 “C, as a result of oxidation of the refractory phase 
and the matrix. Owing to the small size of the powders, 
the NiAl matrix did not provide effective protection 
from oxidation. 
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