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Ni80Nb20, Ni60Nb40, Ni40Nb60, Ni60Nb20Zr20 and Ni60Zr40 amorphous alloys were prepared by
mechanical alloying. The structure and thermal behaviour of the amorphous alloys were
studied by X-ray diffractometry and differential scanning calorimetry and were compared
to corresponding melt spun materials. In Ni-Nb amorphous alloys the mean
nearest-neighbour distance and the thermal stability both increase with increasing Nb
content. Substitution of Nb by Zr in Ni60Nb40 amorphous alloy also increases the mean
nearest-neighbour distance, but reduces the thermal stability.
C© 2002 Kluwer Academic Publishers

1. Introduction
No long range order exists in the amorphous state and
the amorphous solid is characterized by only short-
range atomic order. Amorphous materials exhibit re-
markable properties such as mechanical, catalytic, cor-
rosion and magnetic properties [1, 2]. This combination
of physical and mechanical properties has led to com-
mercial applications, especially in the field of magnetic
materials. Amorphous alloys, whichever way they are
prepared, are metastable, and on subsequent heating
will lower their free energy by crystallization. Crystal-
lization changes the properties of the amorphous alloy
and, it is important therefore to control its thermal sta-
bility before using it in an application.

The aim of the present work was to study the thermal
behaviour of Ni-Nb-Zr amorphous alloys prepared by
mechanical alloying (MA). The results were compared
with those obtained for melt-spun (MS) samples.

2. Experimental procedures
Powder mixtures of elemental Ni (<50 µm, 99.9% pu-
rity), Nb (<110 µm, 99.8% purity) and Zr (<500 µm,
99.9% purity) with compositions of Ni80Nb20,
Ni60Nb40, Ni40Nb60, Ni60Nb20Zr20 and Ni60Zr40 were
mechanically alloyed at room temperature, using a
Fritsch Pulverisette ball mill in an Ar atmosphere with
a ball-to-powder weight ratio of ∼10 : 1. Melt spinning
was performed onto a Cu wheel rotating with a tan-
gential speed of 50 m/s in an inert Ar atmosphere. The
compositions of the samples were determined using
a Cameca Su30 electron microprobe analyzer with a
wavelength-dispersive X-ray spectrometer (WDX) at-
tachment. The results are shown in Table I. For MS
samples the nominal and measured compositions were

close to each other indicating minimal loss of ele-
ments during ingot preparation and melt spinning. MA
samples were slightly contaminated by Fe and Cr due
to wear of the milling media. MA and MS samples
were characterized by X-ray diffraction (XRD) in a
Philips PW1729 diffractometer using filtered Cu Kα ra-
diation (λ = 0.1542 nm), and by differential scanning
calorimetry (DSC) in a TA2200 thermal analyser fit-
ted with a 2010 DSC module using a constant heating
rate of 10 K/min from 150–670◦C under a dynamic
Ar atmosphere. The onset temperature of each DSC
peak was taken as the temperature at which the DSC
signal deviated from the base-line by about 1% of the
maximum peak value. The temperature at which the
exotherm reached its maximum peak value was taken
as the peak temperature. Samples of alloys with an end
temperature of crystallization higher than or close to
670◦C (the limit of the DSC) were annealed in a fur-
nace at 760◦C for 1.5 h to ensure full crystallization. An-
nealing was performed inside glass tubes which were
evacuated to a pressure lower than 1 × 10−5 mbar and
then sealed.

TABLE I Sample compositions (at.%)

Sample Ni Nb Zr Fe Cr Si

MA Ni80Nb20 77.78 19.40 – 2.58 0.24 –
MA Ni60Nb40 58.30 38.81 – 2.62 0.27 –
MA Ni40Nb60 38.40 58.09 – 3.14 0.35 –
MA Ni60Zr40 59.13 – 40.27 0.54 0.06 –
MA Ni60Nb20Zr20 59.34 19.65 19.86 1.04 0.11 –
MS Ni60Nb40 60.10 39.85 – – – 0.05
MS Ni60Zr40 60.67 – 39.21 – – 0.12
MS Ni60Nb20Zr20 60.24 20.39 19.17 – – 0.20
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3. Results and discussion
3.1. Ni-Nb alloys
Ni80Nb20, Ni60Nb40 and Ni40Nb60 alloys were success-
fully amorphized by mechanical alloying. For all three
compositions a fully amorphous structure was obtained
after 85 h of milling time. The details of the struc-
tural evolution of Ni-Nb alloys during MA are given
elsewhere [3]. By melt spinning, however, it was pos-
sible to produce an amorphous structure only for the
Ni60Nb40 composition. Fig. 1 shows XRD traces from
MA Ni80Nb20, Ni60Nb40 and Ni40Nb60 powders after
85 h mechanical alloying and from MS Ni60Nb40 rib-
bons. The MA and MS samples exhibited a diffuse halo
characteristic of a fully amorphous structure. Fig. 2
shows the mean nearest-neighbour distance, r1, for each
of the amorphous alloys, estimated using the approxi-
mate Ehrenfest formula [4];

Figure 1 XRD traces from (a) MA Ni80Nb20, (b) Ni60Nb40, (c) MA
Ni40Nb60 and (d) MS Ni60Nb40 amorphous alloys.

Figure 2 Mean nearest-neighbour distance r1, for MA Ni80Nb20,
Ni60Nb40 and MA Ni40Nb60 amorphous alloys. The dashed line rep-
resents the weighted r1 values for the alloys from elemental Ni and Nb.

2r1 sin θ1 = 1.2λ (1)

where θ1 is the position of the amorphous halo.
The amorphous halo decreased linearly to lower an-
gles, i.e., the mean nearest-neighbour distance in-
creased linearly with increasing Nb content. The mean
nearest-neighbour distance increased from 0.246 nm
for Ni80Nb20 to 0.255 nm for Ni60Nb40 and then
0.269 nm for Ni40Nb60. The r1 value for MS Ni60Nb40
amorphous alloy was 0.254 nm in good agreement with
0.255 nm for MA Ni60Nb40. Taking interatomic dis-
tances for elemental Ni and Nb as rNi

1 = 0.249 nm and
rNb

1 = 0.285 nm [5], the weighted r1 value for amor-
phous Ni-Nb alloy follows the dashed line in Fig. 2.
The weighted r1 values especially for Ni80Nb20 and
Ni60Nb40 alloys are greater than the corresponding val-
ues estimated by the Ehrenfest formula. The r1 values
are in good agreement with the previous results from
the same alloys prepared by different techniques [6–8].

Fig. 3 shows DSC traces from MA Ni80Nb20,
Ni60Nb40 and Ni40Nb60 amorphous alloy powders af-
ter 85 h mechanical alloying and from MS Ni60Nb40
amorphous ribbons. The Ni80Nb20 amorphous alloy ex-
hibited two crystallization exotherms and the Ni60Nb40
and the Ni40Nb60 amorphous alloys exhibited a sin-
gle crystallization exotherm over the temperature range
150–670◦C. The onset and peak crystallization temper-
atures To and Tp for the MA and MS amorphous alloys
are listed in Table II. The onset temperature of crys-
tallization To can be taken as a criterion to compare
the relative thermal stability of the three amorphous al-
loys. Ni80Nb20 has the lowest thermal stability against

TABLE I I Onset and peak crystallization temperatures (To and Tp
◦C) and crystallization products for Ni-Nb amorphous alloys prepared
by MA and MS

Crystallization
Sample To Tp1 Tp2 products

MA Ni80Nb20 462 494 545 Ni3Nb, Ni8Nb
MA Ni60Nb40 629 662 – Ni3Nb, Ni6Nb7

MS Ni60Nb40 632 658 – Ni3Nb, Ni6Nb7

MA Ni40Nb60 630 643 – Ni6Nb7

Figure 3 DSC traces from (a) MA Ni80Nb20, (b) Ni60Nb40, (c) MA
Ni40Nb60 and (d) MS Ni60Nb40 amorphous alloys.
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crystallization, with To 462◦C. Increasing Nb content
from 20 to 40 at.% increases To from 462 to 629◦C.
Further increasing Nb content from 40 to 60 at.% does
not influence To significantly although the peak crys-
tallization temperature Tp decreases. These results dif-
fer from those obtained by Barbee et al. [6] for Ni-Nb
amorphous alloys prepared by vapour quenching. Ther-
mal stability was determined by the first appearance of
crystalline phases at high temperatures using in situ
XRD at temperature intervals of 20◦C. The crystalliza-
tion temperature was found to be significantly higher at
around the eutectic composition, Ni60Nb40. These re-
sults agree, however, with those obtained by Petzoldt
[9] who measured the peak crystallization temperature
for a series of MA Ni-Nb amorphous alloys in the
composition range 20–80 at.% Ni. The peak crystal-
lization temperature, Tp was found to vary with com-
position, but in the range 20–60 at.% Ni was nearly
constant, at around Tp 670◦C (at a heating rate of
40 K/min).

The main crystallization products for MA and MS
Ni-Nb amorphous alloys after annealing at 760◦C for
1.5 h are included in Table II. XRD traces after full
crystallization for Ni80Nb20, Ni60Nb40 and Ni40Nb60
alloys exhibited unidentified peaks which increased in
intensity with increasing Nb content. Otherwise, the
final crystallization structure of Ni80Nb20 and Ni60Nb40
amorphous alloys was consistent with the expected
equilibrium structure from the Ni-Nb phase diagram,
containing a mixture of Ni3Nb and Ni8Nb for Ni80Nb20
and a mixture of Ni3Nb and Ni6Nb7 for Ni60Nb40. How-
ever, the fully crystallized structure of Ni40Nb60 amor-
phous alloy did not contain Nb which did not agree
with the phase diagram. The lack of Nb in the crystal-
lization products of Ni40Nb60 is probably related to the
formation of unknown phases.

3.2. Zr alloys
MA of Ni60Nb20Zr20 and Ni60Zr40 alloys led to an
amorphization reaction which was completed after 115
and 300 h milling respectively. The details of struc-
tural evolution during MA are given elsewhere [3].
Ni60Zr40 and Ni60Nb20Zr20 amorphous alloys were also
successfully produced by melt spinning. Figs 4 and 5
show XRD traces from MA and MS Ni60Nb20Zr20
and Ni60Zr40 amorphous alloys respectively. The mean
nearest neighbour distance r1, for MA Ni60Nb40,
Ni60Nb20Zr20 and Ni60Zr40 amorphous alloys is plotted
in Fig. 6 as a function of Zr content. The mean-nearest
neighbour distance r1 increases linearly from 0.255 nm
for Ni60Nb40 to 0.259 nm for Ni60Nb20Zr20 and then
to 0.265 nm for Ni60Zr40 as Nb atoms are substituted
with the larger Zr atoms. The mean-nearest neighbour
distance r1 for MS Ni60Nb20Zr20 and Ni60Zr40 amor-
phous alloys were 0.260 nm and 0.264 nm respectively,
in good agreement with the corresponding MA amor-
phous alloys.

Fig. 7 shows DSC traces from MA and MS Ni60Zr40
amorphous alloys. Both materials exhibited two crys-
tallization exotherms at almost the same temperatures.
The MA and MS alloys crystallization products were
identical, a mixture of Ni10Zr7 and an unknown phase.

Figure 4 XRD traces from (a) MA and (b) MS Ni60Nb20Zr20 amorphous
alloys.

Figure 5 XRD traces from (a) MA and (b) MS Ni60Zr40 amorphous
alloys.

The unknown phase could not be matched to any known
compound of Zr-O, Zr-N or Ni-Zr-O.

DSC traces from MA and MS Ni60Nb20Zr20 amor-
phous alloys are shown in Fig. 8. Both materials exhib-
ited two overlapping crystallization exotherms at al-
most the same temperatures. Lack of XRD data for the
ternary Ni-Nb-Zr system prevented identification of the
crystallization products.

Table III lists the onset and peak crystallization tem-
peratures of MA and MS Ni60Nb40, Ni60Nb20Zr20 and
Ni60Zr40 amorphous alloys. A comparison of crystal-
lization temperatures for this alloy shows that substi-
tution of Nb with Zr reduces the thermal stability. The
decrease in thermal stability is shown by a significant
decrease in onset crystallization temperature of approx-
imate 35◦C as the concentration of Zr increases by
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T ABL E I I I Onset and peak and crystallization temperatures (To and
Tp

◦C) and crystallization products for Ni60(NbZr)40 amorphous alloys
prepared by MA and MS

Crystallization
Sample To Tp1 Tp2 products

MA Ni60Nb40 629 662 – Ni3Nb, Ni6Nb7

MS Ni60Nb40 632 658 – Ni3Nb, Ni6Nb7

MA Ni60Nb20Zr20 596 – 630 –
MS Ni60Nb20Zr20 593 – 623 –
MA Ni60Zr40 480 507 583 Ni10Zr7

MS Ni60Zr40 476 509 581 Ni10Zr7

Figure 6 Mean nearest-neighbour distance r1, for MA Ni60(NbZr)40

amorphous alloys versus Zr content.

Figure 7 DSC traces from (a) MA and (b) MS Ni60Zr40 amorphous
alloys.

20 at.% from Ni60Nb40 to Ni60Nb20Zr20. The thermal
stability decreases much more sharply, with a decrease
in onset crystallization temperature of over 110◦C as
the concentration of Zr increases a further 20 at.% from
Ni60Nb20Zr20 to Ni60Zr40.

Figure 8 DSC traces from (a) MA and (b) MS Ni60Nb20Zr20 amorphous
alloy.

There are different previous reports about the crys-
tallization characteristics of amorphous Ni60Zr40. Dong
et al. [10] reported that crystallization of MS Ni60Zr40
amorphous alloy occurred in two stages. The peak
crystallization temperatures were 554 and 594◦C at
10◦C min−1. XRD traces after the first exotherm were
indexed as Ni10Zr7, and after the second exotherm
showed the presence of Ni10Zr7 and a second phase
which could not be identified. In contrast Altounian
et al. [11] found that the MS Ni60Zr40 amorphous alloy
exhibited only one crystallization exotherm with a peak
temperature of 487◦C at 10◦C min−1. The crystalliza-
tion product was Ni10Zr7. Haruyama and Asahi [12] as
well as Eckert et al. [13] prepared Ni60Zr40 amorphous
powders by MA and observed only one crystallization
exotherm on DSC traces. The peak crystallization tem-
peratures were reported to be 580◦C (at 10◦C min−1)
and 620◦C (at 40◦C min−1) respectively. The discrep-
ancies in crystallization data between the present study
and those reported in the literature can be due to differ-
ent levels of oxygen and nitrogen impurities introduced
during sample preparation.

4. Conclusions
– Mechanical alloying can produce Ni-Nb amor-

phous alloy structures over a wider composition
range than by melt spinning.

– In spite of basic differences in the amorphization
mechanism by mechanical alloying and melt spin-
ning, the structures as seen by XRD as well as the
thermal behaviour during heat treatment are quite
similar.

– In MA Ni-Nb amorphous alloys the mean nearest-
neighbour distance and thermal stability both in-
crease with increasing Nb concentration.

– Substitution of Nb by Zr in Ni60Nb40 amorphous
alloy increases the mean nearest-neighbour dis-
tance, but reduces the thermal stability.
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