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Mechanically alloyed Ni6oTi4o amorphous powders were further milled in argon, nitrogen and 
oxygen atmospheres. X-ray diffraction, differential scanning calorimetry and transmission 
electron microscopy analyses were made to investigate the structural changes during each 
process. No distinguishable structural changes during further milling of the amorphous 
powders in argon or nitrogen atmospheres were observed. However, in an oxygen atmosphere, 
the amorphous phase was crystallized into intermetallic compounds and was accompanied by 
the occurrence of titanium oxides in the initial stage. On further milling in an oxygen 
atmosphere, the intermetallic compounds decomposed and only the nickel saturation solution 
and titanium oxides remained. A thermodynamic explanation of the crystallization and 
decomposition has been proposed. 

1. Introduction 
Within the last few years interest has focused on the 
preparation of amorphous alloys by mechanical alloy- 
ing. Starting from elemental crystalline powders, a 
large number of alloy systems, for example Ni -Nb 
[1], Ni-Ti [2] and several transition metal-Zr sys- 
tems [3], have been investigated. In general, the 
milling is performed in an inert gas atmosphere in 
order to avoid the oxidation of powders. Koch et al. 
[1] prepared amorphous Ni6oNb4o by mechanical 
alloying of the elemental powders in air and helium 
atmospheres. The crystallization features and the posi- 
tions of the maximum of the principal peak in the 
X-ray diffraction pattern differed, due to the different 
oxygen concentrations in the alloys. Mizutani and Lee 
[4] have studied the effect of excessive mechanical 
alloying on glass formation by continuing ball-milling 
beyond the completion of the glass formation for the 
Ni-Zr powders. A partial crystallization took place 
which was attributed to the oxygen Contamination 
and other impurities. However, no detailed reason was 
given. 

In a previous work [5], we reported the influence of 
milling atmosphere on the mechanical alloying of 
elemental Ni6oTL.o powders. The results showed that 
the intermetallic compound Ni3Ti*and titanium oxi- 
des appeared when the powders were milled in an 
argon atmosphere and subsequently milled in an oxy- 
gen atmosphere. More recently, we reported [6] the 
effect of the atmosphere on further milling of the 
mechanically alloyed Ni6oTi4o amorphous powders. 
Here we report in detail the characteristics of mechan- 

ically alloyed amorphous Ni6oTi4o powders after fur- 
ther milling in different atmospheres. 

2. Experimental procedure 
The mechanically alloyed amorphous Ni6oTi4o 
powders were prepared by mechanically alloying ele- 
mental nickel (99.8%, average size 20 rtm) and tita- 
nium (99.8%, average size 10 ~tm) powders in an argon 
atmosphere for 20 h (for details see [5]). Furthermore, 
the amorphous Ni6oTi4o powders were further milled 
in argon, nitrogen and oxygen atmospheres. The sam- 
ples were characterized by X-ray diffraction (XRD) 
using a Rigaku X-ray powder diffractometer in reflec- 
tion geometry with CuKr radiation (X = 0.154 nm) 
and transmission electron microscopy (TEM) with a 
Philips EM420. Specimens for TEM were collected on 
a Copper grid. Differential scanning calorimetric 
(DSC) measurements were carried out using a 
Perkin-Elmer DSC 2 system. The heating was done in 
a sealed gold pan with a heating rate of 20 ~ min-1 
under a flow of purified argon. The amounts of the gas 
elements adsorbed by the powder particles during 
milling were determined by chemical analysis. 

3. Results 
3.1. Further milling in argon or nitrogen 

atmospheres 
Fig. la shows the XRD pattern of Ni6oTi4o elemental 
powder mixtures milled for 20 h in argon gas. A 
typical broad maximum of the amorphous phase 
shows up in the diffraction pattern. This indicates that 
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Figure I X-ray diffraction patterns of (a) Ni60Ti40 milled for 20 h 
in argon gas (Sample A); (b) Sample A further milled for 12 h in 
argon gas and (c) Sample A further milled for 12 h in nitrogen gas. 

the amorphous phase was obtained after mechanical 
alloying for 20 h in argon gas. The amorphous pow- 
ders (Sample A) were further milled in argon or ni- 
trogen atmospheres. No further structural changes in 
the XRD pattern occurred when the amorphous pow- 
ders were further milled for 12 h in argon gas (see 
Fig. lb). There were also no distinguishable structural 
changes in the XRD patterns when the amorphous 
powders were further milled for 12 h in nitrogen gas 
(see Fig. lc). The nitrogen content increased from 
0.23 wt% in the amorphous powders to about 
0.80 wt % in the powders further milled for 12 h in 
nitrogen. 

Fig. 2a shows the DSC curve of Ni6oTi,o powder 
mixtures after milling for 20 h in argon. Two exo- 
thermic peaks can be seen corresponding to the crys- 
tallization which occurred. The broader exothermal 
signal around 470 ~ can be attributed to the forma- 
tion of the amorphous phase in incompletely reacted 
parts of the sample. The exothermic peak at high 
temperature can be attributed to the crystallization of 
amorphous Ni6oTi4o phase. The DSC result is in good 
agreement with Buschow's report [7] on the crystal- 
lization of melt-spun amorphous Ni58Ti42 ribbons. 
For the powders further milled for 12 h in argon, the 
DSC curve exhibits almost no distinguishable change 
compared to the curve shown in Fig. 2a (see Fig. 2b). 
However, the exothermal signal around 470 ~ almost 
disappeared. This indicates that further mechanical 
milling results in complete formation of the amorph- 
ous phase. For the powders further milled for 12 h in 
nitrogen, the positions of the DSC peaks remain 
almost unchanged, but the exothermic peak at high 
temperature exhibits some broadening (see Fig. 2c). 
The nitrogen atoms adsorbed on newly created sur- 
faces on the powder particles will be adsorbed into the 
particles by diffusion down many defects. As the ni- 
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Figure 2 DSC curves of the as-milled powders: (a) Ni60Ti40 milled 
for 20 h in argon gas (Sample A); (b) Sample A further milled for 
12h in argon gas, and (c) Sample A further milled for 12h in 
nitrogen gas. 

trogen atoms are absorbed into the amorphous pow- 
ders, and the materials may become brittle, the tend- 
ency for cold weld decreases, while the rate of fracture 
increases. Thus, the broadening of the DSC curve (see 
Fig. 2c)may be due to the surface effect of powder 
particles and the changes of composition of the 
amorphous phase. 

3.2. Further  m i l l i ng  in an oxygen  
a tmosphere  

Fig. 3 shows the X-ray diffraction patterns of amorph- 
ous Ni6oTi4 o powders which were further milled in 
oxygen for different milling times. The oxygen con- 
tents of as-milled powders are shown in Fig. 4. After 
milling for 2 h and 4 h, the X-ray diffraction patterns 
of the powders showed no distinguishable changes, 
compared with the pattern shown in Fig. la (see 
Fig. 3a and b). The oxygen content increased to about 
2.1 wt % O after milling for 4 h (see Fig. 4). The 
oxygen atoms may be absorbed in the amorphous 
powder particles. Compared with the previous work 
[5], the powders milled for 6 h in argon (partial 
amorphous phase) were also further milled in oxygen 
for 2 h. The oxygen content increased from 0.3 wt % 
to about 4.9 wt %. This means that the resistance to 
oxidation of the amorphous powders is higher than 
that of the partially amorphous powders. After further 
milling of the amorphous powders in oxygen for up to 
8 h (accumulative), it was surprising to find that the 
amorphous phase had almost crystallized (see Fig. 3c). 
The intermetallic compounds Ni3Ti and Ti2Ni ap- 
peared. The nickel saturat ion solution, as well as 
titanium oxides (TiO z and Ti203) also appeared. Fur- 
ther milling in oxygen for up to 12 h (accumulative) 
produced only nickel saturation solution and titanium 
oxide (TiO2) (see Fig. 3d). From this result, we can 
infer that the crystallization and decomposition occur- 
red during further milling of the amorphous Ni6oTi4o 
powders in oxygen. 

Fig. 5 shows the TEM image of amorphous powder 
milled in oxygen gas for 4 h. The existence of amorph- 
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Figure 3 X-ray diffraction patterns of Sample A further milled in 
oxygen gas for (a) 2h, (b) 4h, (c) 8h and (d) 12h. ((3) Ni, 
(~) Ni3Ti , (~) Ti2Ni , (m) TiO 2 and (8) Ti203. 
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Figure 4 The oxygefl content in Ni6oTi4o powders (Sample A) 
milled in oxygen gas, plotted as a function of milling times. 

ous phase can be clearly seen. From the TEM image, 
particles with very small size can be seen in the 
amorphous  matrix. These may be the oxides of tita- 
nium or nickel. However, from the XRD and TEM 
diffraction patterns, the existence of these oxides can- 
not be determined. Polk et al. [8] reported the effect of 
oxygen upon the glass-forming ability, the glass trans- 
ition behaviour, the ductility of the glasses and their 
crystallization products. For the Zro.5o_x/2Cu5o_x/20 x 
alloys, glasses were obtained with up to 8 a t% oxygen 
using the arc-melting quench unit. However, for the 
Tio.667Nio.333 alloys, repeated attempts to produce 
fully amorphous T i - N i - O  samples containing even 
only 1 or 2 at % oxygen by using the arc-melting 
quench unit wereunsuccessful. In the present case, we 
can obtain the amorphous  T i -N i  phase which con- 
tains some amounts of oxygen (less than 2.1 wt % O). 

DSC measurements were also taken in order to 
characterize the thermal properties of the amorphous  
Ni6oTi4o powders which contain different oxygen con- 
tents. For  the powders further milled for 2 h in oxygen, 
the DSC peaks were similar to that of the as-milled 
amorphous  Ni6oTi4o powders (see Fig. 6a), indicating 
that there is no influence on the thermal behaviour of 
amorphous  powders by an increase of the oxygen 
content up to 1.4 wt %. For  powders further milled for 
4 h in oxygen, the DSC curve exhibits an obvious 
change (see Fig. 6b). The first exothermic peak at low 
temperature in Fig. 6b can be attributed to the crystal- 
lization of amorphous  phase, which is similar to the 
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Figure 5 YEM images of Sample A further milled in oxygen for 4 h. 
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Figure 6 DSC curves of Sample A further milled in oxygen gas for 
(a) 2h, (b) 4h and (c) 8 h. 

amorphous  phase free of oxygen. The second exo- 
thermic peak at high temperature in Fig. 6b may be 
attributable to the oxidation reaction due to the exist- 
ence of some amount  of oxygen atoms. For  powders 



further milled for 8 h in oxygen, there is almost no 
exothermal peak in the DSC curve (see Fig. 6c). This 
indicates that the amorphous phase almost crystal- 
lized. The result is in good agreement with the XRD 
results. 

4. Discussion 
From the above DSC results, it can be seen that the 
exothermic peak corresponding to the crystallization 
of the amorphous phase does not shift to  a lower 
temperature with increasing oxygen content. Thus the 
thermal stability of the milled amorphous Ni6oTi4o 
powders cannot be affected by the oxygen content (less 
than 1.4 wt % O). 

Bakker et al. [9] reported results for ball milling of 
crystalline alloys containing zirconium or lanthanum as 
one of the components. Some of these alloys amorphize 
(Ni-Zr, Co-Zr, V-Zr, Pd-Zr and La-Au), and some 
seem to decompose into the constituent elements 
(Cr-Zr, La-Ag, La-Co and La-Ni). They concluded 
that these phenomena contributed to the high energy 
(50 kJ mol-1) introduced by the ball milling. 

In our experiments, the structure shows no change 
during further milling for 12 h in argon (see Fig. lb). 
The enthalpy of formation of the amorphous phase is 
31kJmo1-1 [2]. Thus the increase of enthalpy is 
about 30 kJ mol- 1 in our apparatus under the present 
experimental milling conditions. Therefore, the 
amorphous phase cannot be crystallized or decom- 
posed by the energy introduced by the apparatus 
under these milling conditions. In the case of nitrogen, 
no traces of nitrides of nickel or titanium were found 
in the XRD pattern, indicating that the nitrogen was 
adsorbed by the surfaces of the amorphous powder 
particles and that no nitrogenation of nickel and 
titanium occurred during milling. 

In the case of oxygen, the condition is different from 
that above in argon or nitrogen gas. It is common 
knowledge that the crystallinity value obtained by 
X-ray analysis is 4 % _  3% at the limit of detection. 
For amorphous Ni6oTi4o powders milled for 20 h in 
argon gas, some amount of unreacted crystalline 
nickel and titanium in the as-milled powder is found. 
Owing to the inhomogeneity of composition during 
mechanical milling, the surfaces of one part of the 
amorphous powders may be enriched in titanium. The 
oxygen atoms were adsorbed in the surface of 
amorphous powder particles or the surface of un- 
reacted titanium powder particles during the first few 
hours of milling (up to 4 h). With increasing milling 
time (up to 8 h), oxygen atoms adsorbed on newly 
created surfaces on the powder particles will be ab- 
sorbed into the particles by diffusion down many 
defects. Owing to the high local reaction temperature 
and newly created surfaces during collision, the oxy- 
gen will react with the titanium. Oxidation reaction 
will release a large amount of heat which will intro- 
duce some amount of energy. The oxygen content of 
powders further milled for 8 h in oxygen is about 
8.6 wt % O (see Fig. 4). The following assumption can 
be made: one part of oxygen is adsorbed in the 
intermetallic compounds and nickel saturation solu- 

tion; another part of the oxygen reacts with titanium, 
which is determined to be 6.0 wt % O, and exists as 
oxides. A crude estimation can be given as follows: the 
mole fraction of oxides (TiO,, 1.5 ~< m 4 2, m = 1.75) 
is taken to be x, that of the powder matrix (Ni6oTi4o) 
to be (1 - x). Thus, the mole fraction of the oxides is 
calculated to be 0.089 in the final powders. 

The enthalpies of formation of TiO2 and Ti203 are 
- 943.8 and -- 759.7 kJmol - t  [10], respectively. 

The average enthalpy of formation is -851.75 kJ 
mol- t and the mole fraction of oxides in the final 
powders is 0.089. Thus, the average heat released due 
to oxidation can be estimated as - 75.8 kJ mol- ~. As 
mentioned above, the increase in enthalpy is about 
30 kJ mo1-1 in our apparatus under the present ex- 
perimental conditions. The average enthalpy during 
the milling process in oxygen gas may reach 100 kJ 
mol -~. This may lead to crystallization of the 
amorphous phase due to a rise of the actual temper- 
ature during milling to values above the crystalliza- 
tion temperature. The crystallized products of 
amorphous NiaoTi4o alloy obtained by melt spinning 
are Ni3Ti and NiTi phases in sequence [11]. However, 
no existence of NiTi phase can be seen in Fig. 3c. 
From the Ni-Ti phase diagram [12], we suggest that 
the NiTi phase may demix into Ni3Ti and Ti2Ni 
phases due to a rise of the actual temperature. The 
nickel saturation solution may also be obtained by 
demixing of Ni3Ti or Ti2Ni phases due to a rise of 
local temperature. After further milling in oxygen gas 
for up to 12 h, nickel saturation solution as well as 
titanium oxides can be seen. Thus we can infer that the 
crystalline alloys Ni3Ti and Ti2Ni decomposed into 
the constituent elements due to the high energy intro- 
duced by the oxidation of titanium. Because of the 
reaction of titanium with the oxygen, the existence of 
elemental titanium cannot be found. 

5. Conclusion 
We can conclude that the structure exhibits no dis- 
tinguishable change when the amorphous Ni6oTi~o 
powders were further milled in argon or nitrogen 
atmospheres. When the amorphous powders were 
further milled in oxygen, however, the amorphous 
phase crystallized into intermetallic compounds and 
subsequently decomposed into the constituent ele- 
ments due to the heat released during the oxidation 
reaction between titanium and oxygen. 
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