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Crystallization of amorphous Ni;,Nb,,

L. E. COLLINS™, N. J. GRANT, J. B. VANDER SANDE
Department of Materials Science and Engineering, Massachusetts Institute of Technology,

Cambridge, MA 02139, USA

The crystallization of NigNby, metallic glass during continuous heating and isothermal
annealing at temperatures from 845 to 904 K, was studied by differential scanning
calorimetry (DSC), electrical resistance measurements, X-ray diffraction and transmission
electron microscopy. Crystallization occurred in four clearly defined stages. In the initial
stage a metastable phase, with structure similar to the M-phase in the Ni—Nb—Al ternary
system, forms in the amorphous matrix. In the two subsequent stages the remair.ing glass
crystallizes to the NizNb- and u-phases found in the equilibrium Ni—Nb phase diagram.
The M-phase transforms into the equilibrium Ni;Nb- and u-phases only at high tempera-
ture. The crystallization of the M-phase could be described by Johnson—Mehl—Avrami
kinetics with the time exponent n = 1.3 and activation energy £, = 628 kJ mol ™. M-phase
crysta! growth was apparently diffusion controlled and the diffusion coefficient was
estimated to be 4.2 x 1072° m? sec™ . Activation energies for the second and third

stages of crystallization were found to be £, = 446 kJ mol™ and £; = 430 kJ mol!.

1. Introduction

The crystallization of metallic glasses is a topic
of considerable interest. Technologically, the
subject is of importance since the properties of
the glass may be changed significantly by the
onset of crystallization, and the utilization of the
glass is thus limited by the conditions of time and
temperature at which crystallization occurs.
Scientifically, the crystallization of metallic glasses
provides an opportunity to study the nucleation
and growth of crystalline phases under conditions
far removed from equilibrium.

To date, although there have been numerous
studies of crystallization behaviour of metal—
metalloid glasses, few studies of metal—metal
glasses have been reported. The purpose of the
present study was to examine in detail the crystal-
lization of the amorphous NigyNbye alloy. This
behaviour has been treated briefly in previous
papers [1, 2] and the intent of the present work
is to examine in greater detail the structural
changes occurring during crystallization using
Xay diffraction and transmission electron micro-
scopy (TEM). Transformation Kinetics were
determined over a wide temperature range using

electrical resistance measurements and differential
scanning calorimetry (DSC).

2. Experimental details
Amorphous ribbons were prepared by a melt
spinning technique. 10g buttons of the alloy
NigoNbyy were prepared by melting appropriate
quantities of nickel and niobium (99.95% <and
99.9% purity, respectively) in a nonconsummable
vacuum arc furnace. After repeated melting to
ensure chemical homogeneity the buttons were
placed in an alumina crucible through the base
of which a 1 mm pouring hole had been drilled.
The charge was heated by induction in a helium
atmosphere to 1675K and the molten metal was
ejected using a pressure of 55kPa onto the inner
rim surface of a copper wheel rotating at 40m
sec’!. The ribbons produced in this manner
averaged 30 to 40um in thickness and 2mm
in width. X-ray and TEM examinations failed to
reveal any evidence of crystallinity in the as-
quenched ribbons.

Differential scanning calorimetry expcriments
were carried out on a Perkin-Elmer DSC-2 calori-
meter. The temperature scale was calibrated to
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within £ 1 K using K;S0, and K,CrQ,4 standards
and baseline sensitivity of Smcal sec™'. The
samples (typically 4 to 6mg) were contained
in graphite pans; alumina was used as a reference
material. Heating rates from 1 to 80Kmin™
were used.

Annealing kinetics were determined from
isothermal electrical resistance measurements
using a four-point probe system in which platinum
leads were spot welded to the 2 cm long samples.
The assembly was enclosed in a Vycor tube which
was then evacuated prior to heating in a resistance
tube furnace. Once placed in the furnace, the
sample came to temperature in approximately
10 min; throughout the remainder of the experi-
ment the temperature varied by less than + 1.5K.
A constant current of approximately 5mA was
maintained throughout the experiment. A strip
chart recorder was used to monitor electrical
resistance as a function of time during each
of the 13 tests performed at temperatures between
845 and 905 K.

In order to determine the structural changes
indicated by the observed variations in resistance,
samples were encapsulated in evacuated Vycor
tubes and isothermally annealed for various times
at 871 K. Subsequent to annealing the samples
were examined by X-ray diffraction and TEM.
The thin foils for TEM observations were prepared
by a window technique in which the samples were
electropolished at 54 V in a bath of 10% H,S0, in
methanol at 223 K. The thinned samples were
examined in a Philips EM 300 microscope. A
number of the isothermally annealed samples
were scanned in the DSC to determine if the
structural relaxation expected during annealing
would alter the crystallization process in any
way.

3. Results

3.1. DSC measurements

A typical DSC scan of the as-quenched NigNbyg
is shown in Fig. 1. At a heating rate §=20K
min~! three distinct exothermic peaks are observed
at 940, 980 and 994 K. The initial crystaliization
exotherm obscures the glass transition, but at
higher heating rates a decrease in heat capacity,
typical of the glass transition, was evident prior
to the onset of crystallization. The calorimeter
was limited to a maximum temperature of 1000 K
and consequently the third peak is incomplete.
It is not clear from the DSC results if further
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Figure 1 DSC thermogram obtained at heating rate g =
20K min~*,

transformations would occur at higher temper-
ature.

Using the method of Kissinger [3], the apparent
activation energy for each step of the crystal-
lization process was obtained from the slope of a
plot of log (T2/8) against 1/T (Fig. 2), where T,

4s the peak temperature in the DSC thermogram

obtained at heating rate §. The deviation from
linearity at high heating rates is probably due to

£y =427 kJ mol”!
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Figure 2 Plot of T}/8 against 1/T for the three crystal-
lization peaks observed in the DSC scans of Ni,,Nb,,
samples. Also shown is the temperature of the onset of
crystallization (7).
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Figure 3 The time dependence
J of the normalized resistance
(R/R,) during isothermal
annealing of NiNb,, at 871 K.
Letters a to d mark the times
of the TEM micrographs shown
in Fig. 4.
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temperature lags and peak shape distortions in
the recording system, as has been discussed by
Leake and Greer [4]. For this reason the line
through the data points is drawn to show the
best fit with those points obtained at lower
heating rates. Activation energies for the three
stages of crystallization were F, =626, E, =
446 and E; =427kI mol™!. Also included in
Fig.. 2 is the heating rate dependence of the
temperature at the onset of crystallization (Tx),
which is seen to follow parallel to the results for
the first crystallization peak, suggesting that the
same mechanism is responsible for the rate limiting
step in both the incubation and the growth periods.

3.2. Resistance measurements

Measurement of electrical resistance provided a
very sensitive means of following structural
changes. In order to compare the results of tests
at different temperatures the resistance R was
normalized against the resistance measured at
room temperature prior to annealing (R,) and
results are presented as normalized resistance
R/Ry. The isothermal resistance measurements
at 871 K, shown in Fig. 3, are typical of the results
obtained at all temperatures. The features of the
curve are similar to those observed by Giintherodt
et al [5] in a constant heating rate experiment.
Initially there is a very gradual drop in resistance
which appeared to be linear with log time. Samples
annealed less than 120 min revealed no evidence
of crystallinity when examined by X-ray or
TEM, suggesting that the initial drop was due to
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structural relaxation of the glass. After 120 min at
871K the resistance began to drop more rapidly,
indicating the onset of the first stage of crystal-
lization. X-ray diffraction of a sample annealed
720min at 871K (point C in Fig. 3) revealed
sharp diffraction lines superimposed on the
broad diffraction peak of the amorphous material.
The interatomic spacings of the crystalline phase
are compared in Table 1 with those of the equilib-
rivim M-phase [6] observed in the ternary
Ni—Nb—Al system [7] and are found to be in
good agreement.

The second crystallization event appeared to
be associated with the intermediate plateau in
the resistance measurements. X-ray examination
of samples annealed in this region indicated the

TABLE 1 Crystalline interplanar spacings of the
metastable phase observed during stage 1 crystallization
of Ni,Nb,, glass and of the equilibrium M-phase found
in the Ni—Nb—Al ternary system

Observed d M-phase
(nm) (nm)
0.2588 0.2611
0.2469
0.2386 0.2362
0.2290 0.2307
0.2237 0.2241
0.2201 0.2212
0.2158 0.2169
0.2111
0.2058
0.2049
0.1981 0.1989
0.1924




Figure 4 TEM micrographs showing the initial stages of crystallization in Nig Nb,, at 871 K. Values of X calculated
from resistance measurements are indicated. (a) 120 min, X = 0.01, (b) 240 min, X = 0.11, (¢) 720 min, X = 0.60, and

(d) 1000 min.

presence of the NizNb-phase found in the equilib-
rium Ni—Nb phase diagram, forming at the expense
of the amorphous material, while the M-phase
remained unchanged. At the end of the plateau
the structure consisted of the amorphous, NizNb-,
and M-phases.

The third crystallization event, indicated by the
second decrease in resistance, involved the trans-
formation of the remaining glass into the equilib-
rium u(NiNb) phase found in the Ni—Nb phase
diagram at 50 to 54at% Nb. X-ray diffraction
confirmed that the material was completely
crystalline after 2800min at 871K and that
the structure consisted of the M-, NizNb- and
p-phases. The M-phase proved to be very stable
and was only transformed to the equilibrium
phases after annealing at much higher temper-
atures (1050 to 1100 K).

The series of TEM micrographs (Fig. 4) shows

the initial stages of crystallization in greater
detail. After 120min at 871K (Fig. 4a) the
material appears featureless and the diffraction
pattern exhibits only the broad diffuse rings
typical of an amorphous material. It will be noted
that the ribbon was embrittled by annealing
and cracks were often observed in the foils thinned
from annealed material. The embrittlement
phenomena will be examined more closely in a
subsequent paper. At 240min several widely
scattered crystals are evident, ranging in size from
30 to 130nm. At 720 min the number of crystals
has continued to increase and the largest crystals
are between 200 and 250nm in size. Some of
the larger crystals developed a rosette shape
similar to that observed during the initial stages
of dendritic growth [8].

At 720min there is evidence of the hetero-
geneous nucleation of the NizNb-phase at the
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glass-crystal interface of some of the larger M-
phase crystals. After 1000 min large cellular grains
of the NiyNb extend from a large number of the
original M-phase crystals.

3.3. Crystallization kinetics

The isothermal crystallization kinetics were
analysed in terms of the generalized theory of
phase transformations [9] in which the fraction
transformed X(¢) at time 7 is given by

X(t) = 1 —exp(—bt™) §3)

where n is an exponent dependent upon the
nucleation and growth mechanisms and b5 is
a rate constant assumed to obey asimple Arrhenius

law
()

where AH is the activation energy, k is the
Boltzmann constant and T is the absolute temper-
ature.

In the present study it was assumed that X(r)
was directly proportional to the change in resist-
ance and thus

b = bgexp(— AH/KT)

Ro—R

) = ——
X(t) R.—R,

3

where R, is taken as the point at which the
resistance first deviates from the log time kinetics
of the initial relaxation period and R; is the
resistance after completion of stage 3 of the
transformation. Time ¢ = 0 is taken to be the end
of the incubation period.

Activation energies for stages 1 and 3 were
deduced from the temperature dependence of the
time to 25% (fx=o.5) and 85% (ix=o.s5)
crystallization, respectively, (Fig. 5), by rearrange-
ment of Equations 1 and 2 to give

In(tx) = A+ (E/kT) @)

where A is a constant and E is an effective
activation energy £ = AH/n, The times fx.q.,s
and fy._ogs correspond approximately to the
midpoints in the resistance drops associated with
the transformations. The activation energies, as
determined from the slopes of the plots in Fig. 5
(E; =629kImol™! and F; =433kIJmol™!), are
compared to those obtained by DSC measure-
ments in Table II and are seen to be in good
agreement. Due to the small changes in resistance
during the second stage of crystallization it was
not possible to make a reliable estimate of E,
from resistance measurements,
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Figure 5 Plots of In f x5 and In #x.¢ g5 against recipro-
cal temperature determined during isothermal annealing
of Nig,Nb,,.

The time exponent for the first stage of crysal-
lization n may be determined by rewriting
Equation 1 in the form of the Johnson—Mehl—
Avrami equation:

m{-lm(1-—X] =lh@)+ah@ 6)

Plots of In [—1n (1 — X)] against In (¢), as shown
in Fig. 6, are linear for X S04. At X>04
deviation from linearity occurs due to the onset
of the second stage of crystallization. The values
of the time exponent, given by the slopes of the
plots, are listed in Table III. The values are
independent of temperature and average n = 1.3
0.1.

The application of resistance measurements

TABLE 11 Comparison of activation energies deter-
mined by DSC and resistance measurements

Method

Activation energy (kJ mol™!)

El EZ EB
DSC 626 446 427
Resistance 629 — 433
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to the determination of crystallization kinetics
hinges on the assumption that the fractional
change in resistance is directly related to the
fraction of the glass which has crystallized. Such
an assumption is particularly questionable in a
glass such as NigyNby, where more than one
phase is formed during crystallization since each
phase is likely to effect the resistance differently.
Such a consideration is unimportant in the deter-
mination of activation energies where it is not
necessary to know the fraction transformed
provided it may be assumed that, for a given
fractional change in the resistance, the fraction
transformed is fixed. This same assumption is
made in determining activation energies from
DSC experiments using the Kissinger analysis
[10] and the good agreement between the results
obtained by the two methods supports the validity
of the technique.

TABLE III Time exponent (7) measured during the
injtial stage of crystallization of Ni,,Nb,,

Temperature n
X)

845 1.19
858 1.23
871 1.50
874 1.21
874 1.29
878 1.45
882 1.29
884 1.02
895 1.30
899.5 1.27
904 1.46

Average 1 = 1.30

In order to determine the value of the time
exponent 7 it was necessary to be able to calculate
X at any time ¢; the assumptions used are some-
what questionable in view of the obvious phase
dependence of resistance. It is noted, however,
that the values calculated for X appear to give
reasonable estimates of the fraction transformed
during stage 1 as seen in Fig. 4. It is also noted
that the slope of the In [—In (1 —X)] against
In (¢) plot is quite insensitive to the actual value
of X provided that X is proportional to the frac-
tional change in resistance; thus an error of 50%
in the values of X results in a difference of only
0.1 in the value determined for n. As will be
seen in the subsequent discussion, such a dif-
ference will not significantly alter the interpre-
tation of the process mechanism.

3.4, Crystal growth

Growth rates for the M-phase may be determined
from the series of TEM micrographs in Fig. 4.
The time dependence of M crystal size is shown
in Fig. 7. The size (S) is the largest dimension
of the largest crystal observed at time ¢. It is
assumed that smaller crystals nucleated later in
the transformation. For diffusion-controlled
growth of a spherical particle Aaron ef al [11]
have shown that the radius S is related to the
time ¢ by the expression

S = a(D)'” (6)

where D is the apparent diffusion coefficient and
« is a dimensionless parameter determined by the
composition at the particle interface, the com-
position of the crystallizing phase, and the initial
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Figure 7 Plot of $? against time for the initial stage of
crystallization of NioNb,,, where S is the crystal size.

composition of the glass. It is apparent from
Fig. 7 that this relation is applicable to the present
study.

From the slope of the plot of S? against ¢ it is
possible to obtain an order of magnitude estimate
of the diffusion coefficient. If it is assumed that
the interface composition is 25at% Nb (this
composition is indicated by the subsequent
nucleation of NisNb) and that the crystal com-
position is 48at% Nb (in agreement with the
composition of the M-phase), & is estimated in
the manner of Aaron et al. to equal 3.0. The
diffusion coefficient is then found to be D=
42 x107® m?sec™!. Although the -equations
used are strictly applicable for growth of a spherical
particle, the error, introduced through the value
assigned to «, is likely sufficiently small that
the value obtained is a reasonable estimate of
the order of magnitude.

3.5. Isothermal annealing

No significant changes were noted in the DSC
thermograms of samples previously annealed at
871K for t<tx. The peak positions remained
constant for all heat treatments. For annealing
times ¢>fx the magnitude of the first peak
gradually decreased as crystallization proceeded.
The first peak was almost completely eliminated
at #= 1000min which corresponds to the time
at which the resistance measurements indicate
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Glass

Glass + M

Glass + M + Ni3Nb

M+ Ni3Nb+ u

High Temperature
Ni3Nb + U

Figure 8 Crystallization sequence of Nig,Nb,,. The u-
and Ni,Nb-phases are equilibrium intermetallic phases
in the Ni—Nb binary system. The M-phase is metastable
and decomposes at high temperature.

that the first stage of crystallization is complete,
thus providing further verification that the resist-
ance and DSC measurements are sensitive to the
same structural changes.

4, Discussion
4.1, Crystallization
The sequence of crystallization events in
NigoNbgo is summarized in Fig. 8. In the past
there was some question as to the structure of
the first phase to crystallize. Although formation
of a tetragonal phase with lattice parameters
a=0.1106nm and ¢ = 02664 nm similar to the
Ni,Ta phase found in the equilibrium Ni—Ta
system has been reported [12], the present results
support the initial findings of Ruhl et al. [1] in
which the structure of the metastable phase was
identified as being similar to that of the equilib-
rium M-phase in the Ni—Nb—Al system. In that
system the odike M is found over a range of low
aluminium (£ 20at%) compositions containing
a constant niobium content of approximately
48at% [7]. Under the nonequilibrium conditions
present during the crystallization of the NigNbyg
glass a metastable extension of the ternary M-
phase region to the binary Ni—Nb system is
observed. .

In order to understand better the crystal-
lization reactions in the Ni—Nb system it is useful
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to consider a schematic diagram of the free energy
of the various phases against concentration as
shown in Fig. 9. Included in the diagram are free
energy plots for the equilibrium NigNb- and
p-phases, the metastable M, and the amorphous
alloy. Based on the position of the M-phase
field in the Ni—Nb—Al system, the free energy
plot for M might be expected to exhibit a broad
minimum centered at approximately 48at% Nb.
The dotted tangents indicate possible metastable
equilibria.

It is evident from Fig. 9 (Sequence II) that the
free energy of NigNbsy glass may be reduced by
the formation of M and a Nirich glass (A").
Although the free energy change in the formation
of M may be small compared to that for the
formation of the equilibrium phases (AGy <
AGNyNb, AG,) consideration of the critical free
energy AG™ for homogeneous nucleation [13]

_ 16wg?

40" = Sae &

suggests this phase may be kinetically favoured
because it presents an interface of lower surface

60

energy oy 4 than either of the equilibrium phases,
ie. oma <ONi,Nb,A, Op,a. In the DSC thermo-
grams there is little overlap of the first and second
peaks indicating that the reaction A—> A"+ M
goes to completion prior to the onset of stage 2.

‘Transformation of the remaining glass A” to a

metastable equilibrium between the NizNb and
M-phases further reduces the free energy. It is
apparent from the overlapping of the second
and third peaks of the DSC thermograms that
this transformation does not go to completion
prior to the onset of stage 3. Although further
nucleation of M is expecied to accompany for-
mation of NizNb, transformation to the y-phase
is observed. At this point u may nucleate hetero-
geneously at Ni;Nb/glass interfaces and is thus
able to form 'preferentially to the less stable M.
The transformation of M to the equilibrium phases
at high temperature has not been studied in detail
and it is not clear whether M simply undergoes
a polymorphous transformation to the u-phase of
the same composition, or whether the transfor-
mation of M is a more complex process involving
the formation of both the u- and NizNb-phases.
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TABLE IV Comparison of activation energies and crystallization temperatures (T'x) of various glasses

Glass Activation energy Tx Reference
(kI mol™*) x)

NiNb,, 629 927 -

Ni, P, B Al, 649 700 [18]
CuoZr,, 560 785 [16]

Fe, o Ni, P, B, 367 694 [17,19]
Pd,Si,, 334 690 [20]
Fe,,Ni;;Cr,,P,,B, 286 656 [19]
Fe,oB,0 241 693 4]
TisoBeoZi;, 269 683 [21]

In glassy alloys of high niobium content,
X > X,;, a polymorphous transformation of the
glass to the metastable M (Sequence IIT) would
be expected; in fact it has been observed [14, 15]
that amorphous NigoNbs, transforms completely
to M prior to transformation to the equilibrium
p. In alloys of low niobium content, X < X,,
there is no free energy advantage in the formation
of M and alloys will transform to the equilibrium
phases (Sequence I) without initial formation of
M. In confirmation, recent work [15] has shown
that NigNbss glass crystallizes to the equilibrium
phases by a two-stage process in which a large
fraction of the glass transforms to NizNb prior
to the transformation of the remaining Ni-depleted

glass (A to u.

4.2. Crystallization kinetics

The effective activation energy for the first stage
of crystallization (£, = 628 kJ mol™!) determined
by both DSC and resistivity experiments is some-
what larger than the value of 600kJImol™ deter-
mined by Pratten and Scott [16] in constant
heating rate DSC experiments. These results are
judged to be in good agreement in view of the
fact that the present results have shown that the
measured value of E; in DSC experiments is
somewhat dependent upon the heating rate,
probably due to temperature lag in the recording
system. The use of isothermal resistivity measure-
ments to determine activation energy eliminates
the effects of temperature lag found in DSC
results, and thus should give the better estimate
of activation energy.

It is evident from Table IV that the effective
activation energy (E, = 628kJmol™*) for the
crystallization of the M phase in NigNby, is
among the highest of any of the metallic glasses
studied to date and is an indication of the high
thermal stability of this alloy. The effective
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activation energy of crystallization is determined
by both nucleation and growth processes, each of
which is likely to exhibit a different temperature
dependence. Since both nucleation and growth
clearly occur simultaneously during the formation
of M crystals in the NigyNbyo glassit is not possible
to attach physical significance to the value of the
activation energy. It is noted that the value is
much larger than that expected for a simple
diffusive process or viscous flow, and the large
value of E, may be taken as an indication of the
complexity of the crystallization kinetics on which
such factors as diffusion, nucleation mechanisms
and interface processes may exert an influence.
The activation energies for stages 2 and 3 of the
crystallization process are similar in value and
significantly lower than £, . The M-phase (stage 1)
appears to nucleate homogeneously whereas there
is clear evidence that NizNb (stage 2) nucleates
heterogeneously at the M/glass interface (Fig. 10).
Heterogeneous nucleation will significantly reduce
the activation energy for nucleation and is probably

wr
e
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Figure 10 Bright field TEM micrograph showing nucleation
of the Ni,Nb phase at the M/glass interface, (1000 min at
845K).



responsible for the lower value of F,. Although
the nature of the third stage of crystallization has
not been experimentally determined, it seems
probable that the low value of the stage 3 acti-
vation energy is also a consequence of the hetero-
geneous nucleation of the u-phase.

The value of the Avrami exponent n = 1.3 for
the crystallization of M is much smaller than the
n values of 3.0 to 4.0 observed during the crystal-
lization of many metallic glasses [22]. Values of
n=1.3 to 2.2 have been reported in Fegy(B, P)yg
alloys [23-26], n=1.5 for the crystallization
of PAd—Ni—P glasses [27], and n=1.7 for the
initial stage of crystallization of Fes;NisgCri4P12Bg
[28]. The crystallization of Fegy(B, P),o alloys
is a complex process involving the formation of
spherulites containing platelets of Fe3;B and a-Fe
[29] and is not directly comparable to the results
of the present study which involves the formation
of a single phase. Values of n =15 are often
indicative of the diffusion-controlled growth of
crystals of negligible initial dimensions [30] as
is the case for the formation of fine fcc crystals
in Pd—Ni—P alloys [27]. Ham [31] has shown
that values of n between 1.0 and 1.5 satisfy the
kinetics of a process governed by the diffusion-
controlled growth of species of non-negligible
initial size. Such a model does not fit the observed
microstructural changes in the present study.
Clearly nucleation continued throughout the time
span of the observations and it was apparent
that the fraction transformed during stage 1 is
governed by both nucleation and growth rates.

The crystallization of the primary a-phase in
Fe3NizgCrisPisBg most closely resembles the
crystallization of M in NigyNbye. In that system
o particles continued to nucleate at a constant
rate and their growth appeared to be diffusion-
controlled. In interpreting the observed value of
n=1.7 in that system [28, 32] attention was
drawn to the calculations of Ilschner [33] whose
refined model of the Avrami kinetics predicts
1<n<1.2 for parabolic growth and zero
nucleation rate and n = 1.7 for parabolic growth
with a constant nucleation rate. In view of the
similarity of the observed crystallization behaviour
in FeypNizgCrisPyBg and NiggNby,, and con-
sidering the calculations of Ilschner, it does not
seern unreasonable to suggest that the value of
n=1.3 determined for the crystallization of M
in NigNbyy is indicative of a process involving
the diffusion-controlled growth of crystals

nucleating at a decreasing rate with time, Unfor-
tunately thin foils for TEM examination could not
be prepared with sufficiently uniform thickness
to allow determination of the nucleation rates.
However, the observation of parabolic crystal
growth (Fig. 6) does support the suggestion that
growth is diffusion-controlled.

4.3. The diffusion coefficient

Based on the assumption of diffusion-controlled
growth, the diffusion coefficient in NigyNby, was
estimated tobe D =42 x 1072 m? sec™!. Although
some error is introduced into the calculation due
to uncertainty of the actual composition of the
matrix phase at the interface and of the M-phase,
and due to the nonspherical shape of the crystal-
lites, the calculated value is believed to be a
reasonable order of magnitude estimate.

In the only other metal-—-metal glass in which
such a calculation has been reported, Freed and
Vander Sande [34] obtained a value of D=
53x 10 m?sec™ in CuseZrys glass. The
equation which they used in determining D differs
slightly from Equation 6 used in the present study.
If an appropriate correction is made, their value
Deuzy =159 x 107 m? sec™ is in good agree-
ment with the present results.

Diffusion measurements in metal--metalloid
glasses appear to indicate different mechanisms
for the diffusion of small metalloid atoms and
the larger transition metal atoms [35]. As nickel
and niobium atoms are of similar size the present
results are best compared with data for the dif-
fusion of the larger metal atoms in metal—metalloid
glasses. Although all reported diffusion experi-
ments have been performed at lower T/Tx than in
the present study, it is interesting to note that extra-
polation of results in other systems to 7/Tyx =
0.95 (as used in this study) suggests values of D
between 107*° and 107 m?2 sec™, also in good
agreement with the present results.

Recent measurements [35] of the diffusion of
boron in NisgsNbygs give values of D almost
three orders of magnitude larger than the values
obtained here. This large difference in diffusion
rates lends support to the suggestion that the
smaller metalloid atoms diffuse through the
structure by a different mechanism than the
larger metal elements.

5. Conclusions
Crystallization of NigNby, glass appears to occur
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in a 4 step process. The rapidly quenched glass
partially transforms to a metastable microcrystal-
line phase with structure similar to that of the
M-phase in the Ni—Nb—Al ternary system. During
two subsequent crystallization events the remaining
glass is transformed to the equilibrium Ni;Nb-
and p-phases. The M-phase remains stable to
high temperature (=~ 1050K) before transforming
to the equilibrium phases. A similar crystallization
sequence was observed over a wide range of tem-
peratures and was unchanged by prior heat treat-
ment of the glass.

Crystallization of the M phase could be described
by Johnson--Mehl—Avrami Kinetics with the time
exponent n = 1.3 and activation energy E, = 628
kImol™! . Crystal growth was apparently diffusion
controlled and the diffusion coefficient was esti-
mated to be 4.2 x 107 m?sec™! at T/Tx = 0.95.

Activation energies for the second and third
stages of crystallization were found to be E, =
446kImol™ and E;=430kIJmol™!. The lower
activation energies for stages 2 and 3, as compared
to stage 1, may be a consequence of the hetero-
geneous nucleation of the NigNb- and u-phases
whereas M apparently nucleated homogeneously.
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