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Research Note

Crystallization Behavior of Ni-Nb
Amorphous Alloys

M.H. Enayati!

The crystallization behavior of Ni-Nb amorphous alloys containing 20, 40 and 60 at.% Nb was
studied with a combination of differential scanning calorimetry and x-ray diffractometry. The
crystallization sequences were analyzed with regard to the free energy versus composition curves
of Ni-Nb system. The crystallization of NiggNbyg and NigNbgg amorphous alloys appeared to
occur with a primary crystallization mechanism. Whereas NiggNbyg amorphous alloy crystallized
with an eutectic crystallization behavior. The NiggNbyg amorphous alloy was found to be the
most stable alloy on heating among three investigated Ni-Nb amorphous alloys.

INTRODUCTION

Amorphous alloys have unique and useful properties
which are not found when the alloy is in the crystalline
state. To some extent, the properties of amorphous
materials are influenced mainly by their short-range
order. Amorphous metallic alloys exhibit high strength
and toughness, low magnetic losses, high corrosion
resistance, low degradation of mechanical properties
in irradiation environments and improved catalytic
properties [1,2). This combination of physical and
mechanical properties in amorphous metallic alloys has
led to commercial applications especially in the field
of magnetic materials. Since the amorphous structure
always has a higher free energy than a combination of
crystalline phases, it is susceptible to crystallization.
The crystallization of amorphous alloys has a number
of practical implications. The loss of many desirable
properties on crystallization imposes a strict limit on
the operating times at elevated temperatures. Addi-
tionally, the partial or full crystallization of amorphous
alloys may lead to novel and useful microstructures,
unobtainable by other routes.

The Ni-Nb amorphous alloys have been success-
fully produced by several techniques such as splat
quenching (3], vapour quenching [4] and mechanical
alloying [5,6]. However, the crystallization behavior
of Ni-Nb amorphous alloys has not been investigated
in detail. Koch et al. [5] studied the crystallization of
NiggNbgg amorphous alloy prepared by melt spinning
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and mechanical alloying. They found that the crys-
tallization of NigoNbgy amorphous alloy occurs in two
stages. Although the crystallization structure in the
first stage was not identified, the final crystallization
products, after the second stage for both melt spun
and mechanically alloyed samples, consisted of NizNb
and NigNb7 phases. Khlyntsev et al. [7] found that the
crystallization of NizgNbgg amorphous alloy produced
by rapid solidification also includes two stages. The
first stage involves the formation of solid solution
crystals of 30-40° A in size. The x-ray diffraction
traces taken at this stage showed no difference from
the amorphous state. This structure decomposed to a
mixture of two equilibrium phases, NizgNb and NigNb;
in the second stage of crystallization. Ruhl et al. [3] also
found the NigNb; and NizNb phases present after full
crystallization of splat quenched NisgNby; amorphous
alloy, although they also observed a complex transition
at the beginning of crystallization.

The aim of the present work was to study the
thermal stability and crystallization sequence of some
Ni-Nb amorphous alloys prepared by mechanical alloy-
ing and melt spinning.

EXPERIMENTAL PROCEDURES

Ni-Nb amorphous alloys containing 20, 40 and 60
at.% Nb were produced by Mechanical Alloying (MA)
and Melt Spinning (MS). To prevent oxidation or
nitridation of materials, mechanical alloying and melt
spinning were performed under an Ar atmosphere.
The details of mechanical alloying and melt spinning
procedures are given elsewhere [8]. The crystallization
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behavior of amorphous samples was studied using
Differential Scanning Calorimetry (DSC) in a TA2200
thermal analyser fitted with a 2010 DSC module using
a constant heating rate of 10 K/min from 150 to 670°C
under a dynamic Ar atmosphere. An oxygen trap was
used to avoid any possible O contamination in the
Ar flow. After each DSC scan a subsequent second
scan was performed, without disturbing the sample, to
obtain a base-line. The onset temperatures of the DSC
peaks were 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
DSC peak reached its maximum value was taken as the
peak temperature.

To determine what structural transitions occurred
during crystallization, samples were heated in the DSC
under identical conditions but were cooled after each
DSC peak and analyzed by X-Ray Diffractometry
(XRD) in a Philips PW1729 diffractometer using fil-
tered CuKa radiation (A = 0.1542 nm).

Those compositions with an end temperature of
crystallization higher than or close to 670°C, which
corresponds to the limit of the TA2010 DSC used here,
were annealed in a furnace at 760°C for 1.5 h to ensure
full crystallization. Annealing was performed inside
glass tubes using a conventional tube furnace. The
glass tubes were evacuated to a pressure lower than
1 x 10~® mbar and then sealed.

The composition of samples was determined using
a Cameca Su30 electron microprobe analyzer with
a wavelength-dispersive x-ray spectrometer (WDX)
attachment.

RESULTS

NigoNbQo, NisoNb40 and Ni40Nb60 alloys WwWere success-
fully amorphized by mechanical alloying. The amor-
phous powders had a nearly spherical shape and nearly
uniform particle size of 60 ym. By melt spinning,
however, it was possible to produce amorphous struc-
tures only for NiggNbyy composition. Melt spinning
of NiggNbyg alloy resulted in continuous ribbons with
typical dimensions of 20-25 ym in thickness and 1.5 mm
in width. Figure 1 shows XRD traces from NiggNbgg,
NiaoNb40 and Ni40Nb(—;0 amorphous alloys.

As shown in this figure, all samples exhibited a
diffuse halo, characteristic of a fully amorphous struc-
ture, without any indication of additional crystalline
phases. It is interesting to note that in spite of
basic differences in the amorphization mechanism by
mechanical alloying and melt spinning, the structure
of MA and MS NiggNbyy amorphous alloys, as seen by
XRD, are quite similar.

The compositions of NiggNbsg, NiggNbye and
NigNbgy amorphous alloys are shown in Table 1.
For MS NiggNbyy sample the nominal and measured
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Figure 1. XRD traces from a) MA NigoNbgg, b) MA
NigoNbag, ¢) MA NigoNbge and d) MS NigoNbyg

amorphous alloys.

Table 1. Composition of MA and MS amorphous alloys.

Sample Measured Composition (at.%)
Ni Nb Fe Cr Si
MA NiggNbgg | 77.78 | 19.40 | 2.58 | 0.24 -
MA NigoNbgo | 58.30 | 38.81 | 2.62 | 0.27 -
MA NigoNbgo | 38.40 | 58.09 | 3.14 | 0.35 -

MS NiggNbygp | 60.10 | 39.85 - - 0.05

compositions were close to each other indicating min-
imal loss of elements during melt spinning. A small
ameunt of Si impurity was picked up from the SiO;
quartz nozzle during melt spinning. MA samples were
contaminated by Fe and Cr due to wear of the milling
media.

The crystallization behavior of Ni-Nb amorphous
alloys was studied with a combination of DSC and
XRD. Figure 2 shows the DSC traces from NiggNbyg,
NigoNbysg and NiggNbgg amorphous alloys prepared
by mechanical alloying. The DSC traces from melt
spun NiggNby amorphous ribbons are also included
for comparison reasons.

As seen in this figure, the NiggNbgy amorphous
alloy exhibited two crystallization exotherms and the
NiggNbyg and the NiygNbgg amorphous alloys showed
a single crystallization exotherm on the DSC traces
over the temperature range studied. The onset and
peak crystallization temperatures, T, and T}, for each
of the three amorphous alloys are listed in Table 2.
Crystallization products after the first crystallization
exotherm and also after further annealing at 760°C for
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Figure 2. DSC traces from a) MA NigoNbgg, b) MA
NieoNb4o, C) MA Ni4oNb60 and d) MS NisoNb4o
amorphous alloys.

Table 2. Onset and peak crystallization temperatures (T,
and Tp°C) for MA and MS amorphous alloys (errors <
1.5°C).

Composition T, Tpy Tpa
MA NiggNbag 462 494 545
MA NiggNbyg 629 662 -
MA NigoNbgg 630 643 -
MS NiggNbyg 632 658

1.5 h were identified using XRD although several XRD
peaks remained unknown.

For MA NigoNbyg amorphous alloy, the XRD
traces taken after continuous heating in the DSC up
to 515°C (through the first DSC exotherm in Figure
2a) exhibited several crystalline peaks together with
an amorphous halo. The presence of the halo indicated
that the crystallization process was incomplete after
the first DSC exotherm. The low intensity and spread
of crystalline peaks did not allow identification of
the crystallization product at this stage. Continuous
heating through the second DSC exotherm led to a fully
crystallized structure containing the equilibrium NigNb
and NizNb phases and an unknown phase.

For MA NiggNbyg amorphous alloy, the XRD
traces taken after continuous heating in the DSC up to
670°C showed a fully crystallized structure containing
the broadened diffraction peaks of NigNb and NigNb;
along with some unknown peaks. After isothermal
annealing in a furnace at 760°C for 1.5 h the XRD
traces again included mostly the sharp NizNb and
NigNb; peaks, although some of the unknown peaks
vanished and instead several further unknown peaks
appeared on the XRD traces. It is worth noting that
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the crystallization temperatures, as shown in Table 2,
as well as the crystallization products for MS NigoNbag
amorphous alloy were similar to those for MA NigoNbyg
amorphous alloy.

For MA NiyoNbgy amorphous alloy, the XRD
traces taken after continuous heating in the DSC
up to 670°C showed a partially crystallized structure
consisting of the diffraction peaks of NigNb; phase and
some unknown peaks along with an amorphous halo.
After isothermal annealing in a furnace at 760°C for
1.5 h the amorphous halo disappeared and the NigNb;
peaks became stronger. In addition, several further
unknown peaks appeared on the XRD traces.

The XRD traces after isothermal annealing at
760°C for 1.5 h for NigoNbgo, NieoNb40 and Ni4oNb60
alloys included the same unknown peaks which had
much higher intensity for alloys with higher Nb content.
The unknown phase could not be indexed to any known
oxide or nitride of Ni or Nb. The unknown peaks
appeared not to be related to Fe and Cr impurities,
as the same unknown peaks were observed for MS
NigoNbag sample which excludes these impurities.

Disregarding the unknown phases, the final crys-
tallization structure of NiggNbyy and NigoNbye amor-
phous alloys was consistent with the expected equilib-
rium structure from the Ni-Nb phase diagram. The
fully crystallized structure of NigNbgy amorphous
alloy did not contain the Nb phase which did not agree
with the phase diagram.

DISCUSSION
Crystallization Sequence

The crystallization sequence of Ni-Nb amorphous al-
loys can be analyzed by means of free energy versus
composition curves for different phases as shown in
Figure 3. According to Figure 3, for each of three
amorphous alloys, NiggNbyg, NiggINbyy and NiggNbgg,
there are several possible paths with which amorphous-
to-crystalline transformation can occur. These paths
are summarized in Table 3.

Disregarding the unknown phases, the crystalliza-
tion sequences for three Ni-Nb amorphous alloys were
found to be as follows:

MA NiggNbyg Zﬁg partially crystallized
— NigNb +NisNb,

MS & MA NigoNbso 629°CNizNb + NigNby,

MA NiggNbgg 630__°_C) NigNb7 + amorphous phase
— NigNb.

The MA NiggNbgg amorphous alloy crystallizes in
two stages with an onset temperature of T, = 462°C
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Table 3. Possible paths for crystallization of NiggNbzg, NiggNb4o and NigoNbgo amorphous alloys (“a” refers to

amorphous phase).

Composition Possible Crystallization Sequences
a-NigoNbgo (1) Nit@1 oo primary crystallization
(2) NigNb+az «.ccooovvvrrinnann. primary crystallization
(3) NigNb ...cooeeiinnn. polymorphic crystallization
(4) NigNb+NigNb ...t eutectic crystallization
(5) NigNb+NigNb7 ......oeene eutectic crystallization
(6) Ni+NigNb ... eutectic crystallization
a-NiggNbyo (1) NigNb+ag ..cccooceeiiinnn. primary crystallization
(2) NigNbr+aq .ooooovreniennn primary crystallization
(3) NigNby+NigNb ............... eutectic crystallization
(4) NigNb7+4NigNb ...........c.. eutectic crystallization
a-NiggNbgo (1) Nb4as oo primary crystallization
(2) NigNbz ... polymorphic crystallization
(3) Nb+NigNb7 ..o eutectic crystallization
g E 8 the primary crystallization reaction via path 2 rather
z z Z than path 1.
= =l »f The crystallization of amorphous NiggNbyso alloy
0 o i = ' prepared by MA starts at 7, = 629°C with peak
@ temperature of 662°C. The crystallization products,
after continuous heating in DSC up to 670°C, consisted
1o i : § 1 of a mixture of NigNb and NigNb; phases without
= I : : : any indication of an amorphous phase remaining from
g N a primary crystallization stage. Further annealing
2 ; 1 at 760°C led to the formation of a further unknown
2 20l Amorphous [ NigNb | phase. Nevertheless, the main crystallization products
; remained unchanged. These results suggest that the
o= NiggNbyge amorphous alloy crystallizes with an eutectic
i NigNby ™ L . . .
5 : ;;Nb § crystalhzatlf)n behavior, Le., sunultapeous formation of
.30 . : ) . L . two crystalline phases, Ni3Nb and NigNb~ in one stage
0 0.25 0.50 0.75 1.00 (path 3 in Table 3). XRD analysis showed that the
Nb Cni Ni sequential crystallization behavior of the MS NiggNbyg

Figure 3. Free energy versus composition diagram for
Ni-Nb system at 350°C (after Bormann and Busch [9]).

and peak temperatures of 494 and 545°C. The crystal-
lization products after the first DSC exotherm could
not be identified, making it impossible to characterize
the amorphous-to-crystalline transition during the first
crystallization exotherm for this alloy. Nevertheless,
the presence of an amorphous halo on correspond-
ing XRD traces, taken after the first crystallization
exotherm, suggests that the crystallization of this alloy
occurs with a primary crystallization mechanism. As
shown in Table 3, there are two possible primary
crystallization reactions for the NiggNbgy amorphous
alloy, paths 1 and 2, which incorporate Ni and NigNb
phases respectively. The structure after second crys-
tallization exotherm, however, consists of NigNb and
NizNb phases without any traces of Ni, suggesting
that the amorphous NiggNbgg alloy crystallizes with

amorphous alloy is similar to that for MA NiggNbyg
amorphous alloy.

The MA NiyoNbgo amorphous alloy crystallizes
at T, = 630°C with a peak temperature of 643°C.
The crystallization appeared to occur with a primary
crystallization mechanism (path 1 in Table 3). XRD
traces, taken after continuous heating in the DSC up to
670°C, include an amorphous halo remaining from an
incomplete crystallization together with NigNb; peaks
and several unknown peaks. After further annealing at
760°C a fully crystallized structure consisting mainly
of NigNb; was obtained without any indication of
Nb. The formation of the NigNb; compound as a
product of the primary crystallization is, however,
not predicted from Figure 3. This phase may arise
from a subsequent second crystallization exotherm,
at temperatures higher than 670°C, which overlaps
with the first crystallization exotherm. During this
second stage of crystallization the remaining amor-
phous matrix transforms to Nb and NigNb; phases.
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The lack of Nb in the structure after the first and
second stages of crystallization is also not in agree-
ment with Figure 3. As pointed out in the previous
section the fully crystallized structure of all three
investigated Ni-Nb alloys contained same unknown
phases which were more pronounced for higher Nb
content compositions, indicating that Nb is the main
participant in these unknown phases. The lack of
Nb in the crystallization products of NigNbgg is
likely related to the formation of these unknown
phases.

Thermal Stability

Table 2 shows the onset and peak crystallization
temperatures (7, and Tp) of NigogNbag, NiggNbyg and
NiggNbgy amorphous alloys. As seen the eutectic
composition NigoNbygp has the highest peak crystalliza-
tion temperature among the three alloys. The onset
temperature of crystallization (T,) can be taken as a
criterion to compare the relative thermal stability of
these three amorphous alloys. NiggNbsg has the lowest
thermal stability against crystallization. Increasing Nb
content from 20 to 40 at.% increases thermal stability
significantly. However, further increase in Nb content
to 60 at.% appears to have little effect on thermal
stability, although the peak crystallization temperature
Tp decreases. This is in contrast to the results given by
Barbee et al. {4] for Ni-Nb amorphous alloys prepared
by vapour quenching. Thermal stability was deter-
mined by the first appearance of crystalline phases at
high temperatures using in-situ XRD with temperature
intervals of 20°C. The crystallization temperature was
found to be significantly higher around the eutectic
composition, NiggNbyg. Obviously this method does
not give accurate data as the temperature intervals
of 20°C are not small enough to determine the onset
of crystallization. Petzoldt [6] measured the peak
crystallization temperature for a series of MA Ni-
Nb amorphous alloys in the composition range of 20-
80 at.% Ni. The peak crystallization temperature,
Tp, was found to be a steep function of composition.
In the range between 20-60 at.% Ni it was nearly
constant around 670°C (at heating rate 40 K/min).
The crystallization temperature dropped by 100°C in
composition range of 70-80 at.% Ni The behavior of Tp
reported by Petzoldt is similar but not exactly the same
as the present study, which shows a slight Tp decrease
as the Ni concentration increases from 40 to 60 at.%.
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CONCLUSIONS

The crystallization behavior of NiggNbsg, NigoNbyg and
NigoNbgy amorphous alloys prepared by mechanical
alloying and melt spinning was studied with a combi-
nation of DSC and XRD. The results showed that the
crystallization of NiggNbgg and NiggNbge amorphous
alloys occurs with a primary crystallization mechanism.
Whereas NiggNbyy amorphous alloy crystallized with
an eutectic crystallization behavior. The sequential
crystallization behavior of the mechanically alloyed
and melt spun amorphous alloys was found to be
very similar. The eutectic composition NiggNbyy had
the highest stability against crystallization among the
three Ni-Nb amorphous alloys.
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