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The mechanisms of metallic glass formation and competing crystallization processes in
mechanically-deformed Ni—Zr multilayered composites have been investigated by means
of differential scanning calorimetry and x-ray diffraction. Our investigation of the heat
of formation of amorphous Ni,Zr,_, alloys shows a large negative heat of mixing (on the
order of 30 kJ/mole) for compositions near Zrs;Niss with a compositional dependence
qualitatively similar to that predicted by mean field theory. We find that the products of
solid state reactions in composites of Ni and Zr can be better understood in terms of the
equilibrium phase diagram and the thermal stability of liquid quenched metallic glasses.
We have determined the composition of the growing amorphous phase at the Zr interface
in these Ni—Zr diffusion couples to be 55 + 4% Zr. We investigated the kinetics of solid
state reactions competing with the solid state amorphization reaction and found the
value of the activation energy of the initial crystallization and growth of the growing
amorphous phase to be 2.0 = 0.1 €V, establishing an upper limit on the thermal stability

of the growing amorphous phase.

. INTRODUCTION

Single phase amorphous alloys can form at rela-
tively low temperatures (approximately half pertinent
melting temperatures) by means of interdiffusion of
pure, polycrystalline elements.' For instance, upon
heating a multilayered, Ni/Zr diffusion couple at 600 K
for 30 min, amorphous material (with a thickness of ap-
proximately 1000 A) is observed to grow at the inter-
faces between the two metals. Thus a Ni/Zr composite
with equal layer thicknesses of less than 1000 A can be
completely amorphized.* Two requirements have been
proposed for a successful solid state amorphization
reaction, SSAR: (a) the two metals which form the
diffusion couple must possess a large, negative heat of
mixing in the amorphous phase and (b) there must be a
dominant moving species; i.e., one constituent of the
diffusion couple should exhibit a much greater mobility
than the other."”¢ Such a disparity in the mobility of the
atoms in the diffusion couple provides a constraint on
the formation of equilibrium intermetallic compounds
in a given temperature range and time frame, i.e., a ki-
netic constraint. The movement of both constituents is
apparently required to nucleate and grow crystalline
material while the mobility of only one constituent is
required to grow an amorphous alloy.’
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Experimental observations in the Ni/Zr system
have been performed supporting both of these hypothe-
ses. Various diffusion studies indicate that Ni is the
dominant moving species in the SSAR in Ni/Zr diffu-
sion couples.® Differential scanning calorimetry (DSC)
measurements have been utilized to establish that a
negative difference in free energy between the pure ele-
ments and the amorphous phase (8-10 kcal/mol) drives
these solid state amorphization reactions in the Ni/Zr
system.*"""" In this present work we have studied solid
state amorphization reactions in mechanically deformed
Ni—Zr multilayered composites.’>* The compositional
dependence of the heat of mixing has been investi-
gated and various aspects of the Kkinetic processes
controlling these solid state amorphization reactions,
including the competition between crystallization and
amorphization processes, have also been studied. We
find the thermal stability of the growing amorphous
phase can be qualitatively understood in terms of the
thermal stability of liquid quenched metallic glasses of
similar stoichiometries.

ll. EXPERIMENTAL PROCEDURE

Multilayered composites of transition and/or rare
carth metals can be produced in bulk form relatively
easily by means of mechanical deformation, thus facili-
tating a systematic study of solid state reactions. High
purity (99.9%) foils of Zr and Ni metals were arranged
in alternating layers, placed inside a stainless steel
sheath (304 stainless with a number four finish), and
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then mechanically deformed in a rolling machine. The
initial thickness of the composite was generally on the
order of 50 microns. The composites were reduced in
thickness by 50% to 67% by repeated passes through
the rolling mill. A constant rolling direction was main-
tained within approximately 5 degrees. The deforma-
tion process was observed to cold weld the Zr and Ni
foils together, with no apparent adhesion to the stain-
less steel sheath. The composite was removed from the
deformed stainless steel sheath and the procedure was
then repeated (with the deformed sample folded over
on itself) a number of times, depending on the desired
sample configuration (degree of deformation and the
thickness of individual layers).

The foils utilized in this study were purchased com-
mercially from several sources, or were obtained by
cold rolling ingots. No effort was made to anneal or
otherwise treat the foils; consistent results were ob-
served in all aspects of the investigation regardless of
the source of the foils. Foils and composites were rou-
tinely handled in air, with forceps or gloves. Com-
posites were stored under vacuum.

The degree of deformation of a composite was char-
acterized with the reduction ratio (RR):

RR = (i/f)” M
with the initial thickness i and final thickness f of the
composite, and n the number of times the composite is
folded over on itself between runs. The reduction ratio
provides a qualitative indication of the individual layer
thicknesses and of the total interfacial area between in-
dividual layers, where ideally, for a given composite, in-
dividual layer thickness varies inversely with RR and
the surface area is proportional to RR. In practice there
is a distribution of layer thicknesses and RR is a quali-
tative indication of the composite configuration.'!*
Composites were characterized by means of x-ray dif-
fraction analysis. A Norelco diffractometer with Ni-
filtered, Cu K, radiation was utilized in a standard 6-20
geometry.

Solid state reactions were monitored with a Perkin-
Elmer DSC-4 differential scanning calorimeter (DSC)
interfaced to an Apple IIE microcomputer. All samples
for DSC scans were hermetically sealed in aluminum
pans by cold welding the pans in an inert atmosphere.
Reactions in diffusion couples were initiated as the
samples were heated above room temperature in the
DSC. The temperature of the sample was precisely con-
trolled over long periods of time; i.e., a precise thermal
history (within 0.1 K) could be imposed. The rate of
heat release, dH/dt, was measured through the course of
a reaction in order to quantify the kinetics controlling
the amorphization process and subsequent processes.
Integration of these data yields the enthalpy change,
AH, associated with a phase or structural transforma-
tion of the sample. In the present study, the tempera-

ture of the DSC was varied at a constant rate. Standard
procedure involved conducting DSC scans for a given
thermal program with empty aluminum pans, in order
to establish a baseline. Baseline scans were followed
immediately by a number of scans (conducted under
identical thermal conditions) with the encapsulated
sample in place. Both the difference between the data
from the second and third sample scans and difference
between the second sample scan and the last baseline
scan were examined to establish the precision of the
measurement. A null difference (within experimental
error) between the second and third sample scans en-
sured that any reaction was complete before the begin-
ning of the second sample scan. Data from the second
sample scan were subtracted from those of the first
sample scan to obtain the rate of enthalpy release ver-
sus temperature associated with a given solid state reac-
tion. No attempt was made to compensate for changes
in the specific heat of the sample after the transforma-
tions undergone in the first sample scan.

lil. RESULTS

The DSC scans™ of different composites of average
stoichiometry NigZr;4 shown in Fig. 1 reveal some ba-
sic features of solid state reactions in the Ni—Zr system.
These scans were conducted at a constant scan rate of
10 K/min from 320 K to 870 K. X-ray diffraction analy-
sis of numerous similar samples and samples of varying
stoichiometries indicates that in general the broad exo-
thermic DSC signal observed below 625 K is associated
with the formation of amorphous material. Specificalily,
an x-ray diffraction (XRD) profile of a similar sample
(RR = 10% heated at 10 K/min in the DSC to 625 K
and quenched to room temperature reveals a broad peak
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FIG. 1. The heat-flow rate as a function of temperature for a heat-
ing rate of 10 K/min, measured by means of differential scanning
calorimetry. The samples were multilayered composites of Zr and
Ni of average stoichiometry NigZrss, produced by means of co-
deformation of the two metals. (a) A sample of reduction ratio of
10% (b) A sample of reduction ratio of 10%,
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centered at 20 = 40 deg, corresponding to an XRD
profile of liquid quenched, amorphous material of a
composition near NigZrs. Examination of Ni—Zr com-
posites of various compositions and reduction ratios re-
veals a correlation between the sharp exothermic peak
at 650 K in DSC scans taken at 10 K/min and the ap-
pearance of Bragg peaks in the corresponding XRD
profile associated with orthorhombic NisZrsy. For ex-
ample, the XRD profile of a sample similar to that of
Fig. 1(a) heated at 10 K/min in the DSC to a tempera-
ture of 675 K and quenched to room temperature indi-
cates that in addition to amorphous material, the
intermetallic orthorhombic compound, NisyZrsy, has
been formed. Such a DSC peak generally signals the end
of the solid state amorphization reaction; subsequent
solid state reaction results in the formation and/or growth
of crystalline compounds. In contrast, the DSC scan
of Fig. 1(b) is for a sample of a relatively high reduc-
tion ratio, i.e., a sample with thin (<1000 10&) layers. In
Fig. 1(b) the solid state amorphization reaction contin-
ues essentially to completion and any peaks observed
in the DSC trace at higher temperatures correspond
simply to the crystallization of amorphous material of
stoichiometry close to that of the composite.

Due to the nature of the mechanical deformation
process, some information on the geometry of a given
composite is lost. Rather than multilayers of Ni and Zr
of uniform individual layer thicknesses (as generally
obtained by means of thin film deposition'), scanning
electron microscope studies indicate that mechanically
deformed composites display a distribution of layer
thicknesses.'>* This difference in the distribution of
layer thicknesses is reflected in DSC scans; in fact,
comparison of composites produced by means of me-
chanical deformation and by thin film deposition pro-
vides a qualitative illustration of the distribution of layer
thicknesses in the mechanically deformed sample.

We observe a significant difference between the
DSC thermograms of Ni—Zr composites with an aver-
age stoichiometry of NissZr., produced by sputtering as
compared to those produced by means of mechanical
deformation. In Fig. 2, DSC scans are presented for
multilayered composites produced by means of sputter-
ing (from a previous work'®), with Zr metal layer thick-
nesses of 800, 450, and 240 A in Figs. 2(a), 2(b), and
2(c), respectively, and a mechanically deformed sample
in Fig. 2(d). In the sputtered composites, the tempera-
ture at which the maximum heat release occurs varies
monotonically with layer thickness. Assuming a smooth
distribution of layer thicknesses, the average single
layer thickness in the mechanically deformed sample is
expected to correspond roughly to the thickness of in-
dividual layers in the sputtered sample which exhibits
the same peak temperature in DSC scans of the glass-
forming reaction as the mechanically deformed sample
itself. Moreover, the initial large exothermic signal
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FIG. 2. The heat-flow rate as a function of temperature for a heat-
ing rate of 10 K/min, measured by means of differential scanning
calorimetry. The samples were multilayered composites of Zr and
Ni of average stoichiometry NisgZr4,. The data in curves (a)—(c) are
from Ref. 16 and correspond to samples produced by means of
atomic deposition by sputtering while the data in curve (d) corre-
spond to a sample produced by means of codeformation of the two
metals. (a) A sputtered sample with Zr layers of thickness of 300 A.
(b) A sputtered sample with Zr layers of thickness of 450 A ©A
sputtered sample with Zr layers of thickness of 240 A. (d) A me-
chanically-deformed sample with a reduction ratio 5000.

corresponding to the glass-forming reaction is ap-
proximately twice as broad for the mechanically de-
formed samples than for the sputtered Ni/Zr multi-
layers. Data from DSC scans for sputtered multilayered
samples of varying thicknesses can be scaled and
superposed to duplicate the DSC data corresponding
to the mechanically deformed sample, providing a
qualitative estimate of the width of the distribution
of layer thicknesses in the mechanically deformed sam-
ple. Our data indicate that the average single layer
thickness in the mechanically deformed sample is on
the order of 100 A, whereas a calculation of the sin-
gle layer thicknesses assuming uniform reduction with-
out slippage during the deformation process would
suggest a value of 5 A. This qualitative analysis also
suggests there are a significant number of layers with
thicknesses near 1000 A. Our observations made by
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means of DSC are consistent with direct observations
made by means of scanning electron microscopy.™

It is to be noted that the initial stages (e.g., Fig. 2)
of the reactions are generally qualitatively similar for
samples produced both by thin film deposition and by
mechanical co-deformation. Generally a reaction begins
at approximately 420 K and the rate increases with in-
creasing temperature in a monotonic manner. It has been
previously indicated that a degree of disorder is required
at the interface in order for the amorphous phase to
grow at these temperatures and times’ (and that this
amount of disorder is present in Ni/Zr multilayers pro-
duced by sputtering). The larger degree of disorder
which is presumably present at the interface of the
highly deformed composites does not seem to alter dra-
matically the initial stages of these solid state reactions
in the Ni—Zr system. In systems different from Ni—Zr,
where composites prepared by thin film deposition have
a relatively large degree of order at interfaces, differ-
ences in solid state reactions may be observed between
samples prepared by these two methods. That is, in other
systems the expected large degree of disorder present at
interfaces of mechanically deformed composites may
result in significant differences in reaction kinetics.

These solid-state amorphization reactions are driven
by a large negative heat of mixing. Previously we di-
rectly measured the heat of formation of amorphous
Zr3Nigg alloy from the elemental metals and found it to
be 35 = 5 kJ/mole.* This measurement was performed
by monitoring a solid state amorphization reaction by
means of DSC. The rate of heat flow, dH/dt, as mea-
sured for a constant heating rate was integrated from
temperatures of 370 K to 720 K. In the present study we
have examined the compositional dependence of the
heat of mixing of amorphous alloys in the Ni-Zr sys-
tem, utilizing a more indirect method. Mechanically
deformed composites of a known average stoichiometry
were heated at a constant rate from a temperature of
320 K to 870 K (Fig. 3). Integration of these data pro-
vided the total enthalpy release, AH, corresponding to
any transformations which the composite underwent.
X-ray analysis was utilized to examine the product of
the ensuing reactions. In general, the equilibrium phase
was found to have formed, with a small amount (less
than 5%) of the composite remaining unreacted. Thus
the measured AH corresponds to a measurement (with
a relatively large error on the order of 10%) of the heat
of formation of the intermetallic compounds (or phase
mixture of intermetallic compounds, as predicted by
the equilibrium phase diagram) at a given stoichiometry
in the Ni-Zr system. The heats of crystallization (i.e.,
the enthalpy release upon transformation from the
amorphous state to a crystalline phase) have been pre-
viously determined for a range of stoichiometries of
amorphous alloys in the Zr-Ni system (generally mea-
suring from 4 to 6 kJ/mole).””™ For a particular stoi-

35 T T L
C (@ | ~:
OO;‘ Zr37le3 ]
) - W
- 1
-35
&~ (b)

ZrsoNiso

.

)
<

Zr54Nise

<

HEAT RELEASE RATE
(Watts/Mole)
4 9

& o
%) o
T

)
it

(d)

ity

- ZrggNizg
e~
_35; | 1 | | -

320 445 570 695 820

TEMPERATURE (K)

FIG. 3. The heat-flow rate as a function of temperature for a heat-
ing rate of 10 K/min, measured by means of differential scanning
calorimetry. The samples were multilayered composites of Zr and
Ni of varying average stoichiometries (as noted in the figure), pro-
duced by means of codeformation of the two metals. All samples
were of high reduction ratio, on the order of 50 000.

chiometry, we subtract the heat of crystallization as re-
ported in the literature from the heat of formation of
the equilibrium phase which we have measured, to yield
an estimate of the heat of formation of the amorphous
phase.”*®® The experimental results are presented in
Fig. 4, along with a calculation of the heat of forma-
tion of the amorphous phase due to Saunders and
Miodownik.”' The data for the heat of formation of the
amorphous phase show a composition dependence which
is in qualitative agreement with mean field theory cal-
culations.”>” The magnitude of the heat of formation
observed is, even upon accounting for experimental
error, less than that observed by means of a solution
calorimeter.”

Except at short times, the growth of amorphous
material by means of solid state reaction in the Ni-Zr
system is diffusion limited.”** Thus a composition
gradient exists in the growing amorphous phase, with
the composition at the endpoints fixed. Analysis of
data obtained previously by means of Rutherford
backscattering indicated that the endpoint composi-
tions are Zrs4Nig at the Zr interface and Zr;;Nigg at the
Ni interface.”® By means of x-ray analysis we investigate
the composition at the Zr interface.

Zr-rich composites of high reduction ratio were
annealed for long times at temperatures such that the
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FIG. 4. Enthalpy of formation versus composition. O: The inte-
grated enthalpy release for the heat-flow as measured by means of
differential scanning calorimetry. The samples were multilayered
composites of Zr and Ni, produced by means of codeformation of
the two metals. All samples were of high reduction ratio, on the
order of 50000. @: The calculated enthalpy of formation of the
amorphous phase. Measured heats of crystallization were subtracted
from measured enthalpies of formation of the equilibrium crys-
talline phases. The line corresponds to a calculation by Saunders
and Miodownik .2

solid state amorphization reaction was completed but
no equilibrium compounds were formed.” The proper
metastable phase diagram including pure Ni and Zr
metals and amorphous Zr—Ni alloys would indicate that
after such an anneal only Zr metal and an amorphous
alloy at the composition endpoint should exist. At a Zr-
rich stoichiometry such as Zr;sNi,; and a high RR ratio
we expect the thickness of the majority of the individual
Ni layers to be less than 100 A, with only a small per-
centage thicker than 300 A. Previous observation has
shown that composites of Ni-rich stoichiometries with
similar or thinner individual Ni layers are completely
amorphized under similar heat treatments.***® For in-
stance, a multilayered sample produced by means of
sputtering with 300 A individual layer thicknesses is
amorphized upon heating at 10 K/min to 655 K. Thus
upon heating our composites we expect rapid depletion
of elemental Ni. Ni atoms should continue to diffuse
out of the amorphous phase into the Zr metal, as the
growth of amorphous material continues, thereby ho-
mogenizing the amorphous layer until the equilibrium
composition of the amorphous phase at the Zr interface
is reached. A schematic drawing of the steps of these
solid state reactions is presented in Fig. 5. The common
tangent rule applied to a free energy diagram of the
amorphous phase and elemental Zr suggests that the
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FIG. 5. A schematic illustration of a solid state amorphization re-
action in the Zr-Ni system in a Zr-rich diffusion couple. The Zr
concentration is plotted versus length in the amorphous interlayers
between pure Zr and pure Ni metal. (a) The Zr-Ni diffusion couple
as-prepared. (b) The growth of an amorphous interlayer at each
interface is illustrated, assuming a linear concentration gradient.
The compositions at the endpoints of the profile are indicated by
the letter “b” at the Ni interface and the letter “a” at the Zr inter-
face. (c) A sketch of the instant when the Ni metal is depleted every-
where on the interface. (d) The homogenization of the diffusion
couple after the Ni metal has been depleted. (e) A fully homoge-
nized amorphous interlayer, with Zr metal and amorphous alloy.
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driving force for the reaction decreases as the homoge-
nization progresses, but with our relatively short
diffusion distances we would expect to maximize the
homogeneity of the amorphous phase. In the case of
incomplete homogenization, the average composition of
the amorphous layer formed constitutes a lower bound
on the Zr content of the Zr-interface composition.

The determination of the composition endpoint de-
pended on the ability to determine the stoichiometry of
amorphous material by means of x-ray diffraction. It
has previously been observed that amorphous Zr,Ni;_,
alloys (0.2 < x < 0.7) all exhibit similar x-ray diffrac-
tion profiles indicative of the amorphous phase with
the position of the broad, primary XRD peak varying
monotonically with composition x. We utilized the ex-
tensive data from the literature along with similar data
routinely gathered in our laboratory."* In our analysis
the parameter

1.5418
d= 2sinf’

2)

where 8 corresponds to the angle of the maximum of
the first, broad peak in x-ray scans was plotted versus
concentration x and this function was fit with a two-
dimensional polynomial, for Ni concentrations x = 0.2
tox = 0.7. The fitting function can be utilized to esti-
mate from its x-ray diffraction profile the stoichiometry
of an amorphous alloy of composition Zr,Ni;_, with
concentration x between 0.2 and 0.7.

In order to estimate the composition at the amor-
phous layer/Zr metal interface, composite samples of
average stoichiometry Zrz;Niy, with RR = 6 X 10* or
ZresNiss with RR = 10* were heated from 320 K to
635 K in the DSC at 10 K/min, and then quenched to
room temperature for x-ray analysis. Examination of
the x-ray diffraction profile of the ZrssNiss composite
after this heat treatment reveals that the Bragg peaks
corresponding to elemental Ni have essentially vanished,
while a broad peak centered at 20 = 38 deg correspond-
ing to amorphous material of average stoichiometry near
ZrssNiys has appeared. A significant amount of elemen-
tal Zr remains, as evidenced by the Bragg peaks near
26 ~ 36 deg (Fig. 6). The amorphous material formed
in both the Zr-rich composites (ZrsNis, and ZrgsNijs)
is estimated to have a composition of approximately
ZrssNiys, with an estimated error of 4% in the determi-
nation of the stoichiometry. The source of this error is
the inherent difficuity in deconvoluting the Bragg peak
at 26 = 36.5 deg [Zr(101)] from the broad peak corre-
sponding to the amorphous phase. This estimate of the
composition of the amorphous phase at the Zr-rich
boundary of the diffusion couple does agree within ex-
perimental error with the previous estimate, Zrs;Niy,
based upon analysis of Rutherford backscattering data.”

The effects of layer thickness on solid state amor-
phization reactions in Ni-Zr multilayer composites
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FIG. 6. X-ray diffraction profile (Cu K. radiation) for a mechani-
cally deformed Zr-Ni composites of average stoichiometry ZrgsNiss
which had been heated from 320 K to 635 K at a rate of 10 K/min
and cooled rapidly to room temperature.

were investigated. A composite was mechanically de-
formed in the rolling mill and samples were removed
from the composite at various stages of deformation for
study. A series of DSC thermograms of samples (all of
average stoichiometry Zr;Ni,;) mechanically deformed
to various degrees (reduction ratios from 130 to 57 000)
are displayed in Fig. 7. Upon heating samples similar to
those utilized to produce the data in Fig. 7 to tempera-
tures below 600 K, quenching to 320 K, and performing
x-ray analysis, a broad peak associated with amorphous
material along with sharp Bragg peaks associated with
unreacted Ni and Zr are observed. Repeating this pro-
cedure with heating to temperatures above 600 K gener-
ally results in the observation of additional Bragg peaks
associated with intermetallic compounds. Both DSC
and x-ray diffraction data indicate that as the sample is
deformed and the average layer thickness decreases, a
larger fraction of the sample reacts at temperatures be-
low 600 K. That is, more amorphous material is formed
in DSC scans at 10 K/min. Such an observation sup-
ports the previous contention that layer thickness is a
dominant parameter in determining the efficiency of a
solid state amorphization reaction in the Ni—Zr system:.

The data of Fig. 7 indicate that upon heating a Ni—
Zr diffusion couple with layers of thickness greater than
about 1000 A, the intermetallic compound NisZrsp is
formed, followed by the formation of Zr,Ni at higher
temperature. Previous study has shown that the crystal-
lization temperatures of liquid quenched metallic glasses
in the Ni—Zr system decrease monotonically with increas-
ing Zr content in the stoichiometric range in question.
Therefore the most Zr-rich amorphous material in the
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FIG. 7. The heat-flow rate as a function of temperature for me-
chanically deformed multilayered composites of Ni and Zr, as mea-
sured by means of differential scanning calorimetry. The samples
are all of average stoichiometry ZrzNi. All differential §canning
calorimetry scans are at a constant heating rate. The samples are of
various degrees of deformation, as reflected in the differing reduc-
tion ratios, RR, with RR = 57000 corresponding to the most de-
formed sample. Exothermic peaks which have been correlated with
the formation of particular crystalline compounds are indicated
for the data depicted in (c).

growing diffusion couple, which is in fact in contact
with crystalline Zr, would be expected to be the least
thermally stable. The growth of orthorhombic NisgZrsg
at the Zr interface in a diffusion couple has in fact been
previously observed by means of transmission electron
microscopy in the Ni-Zr system (in multilayered com-
posites produced by means of thin film deposition). By
scanning similar samples in different DSC runs at
10 K/min to various high temperatures corresponding
to the various features of the observed peaks, quenching
to room temperature and performing structural analysis
by means of x-ray diffractometry the peaks observed at
temperatures >600 K in the DSC scans in Fig. 7 can be
correlated with structural changes in the sample. X-ray
diffraction data indicate that the first peak (at a tempera-
ture of ~650 K) in the DSC thermograms Figs. 7(a)-7(d)
corresponds to the formation of NisyZrs, while the sec-

ond peak (at a temperature of ~685 K) corresponds to
the formation of NiZr,. This is evidenced by the x-ray
diffraction profiles of Figs. 8(a)-8(c), which reveal the
presence of the above-mentioned intermetallic com-
pounds only after the sample has been heated to tem-
peratures at which the associated DSC peak has been
observed. It is noted that the crystalline phases formed
tend to be textured. These particular data which corre-
late certain DSC peaks with the nucleation and growth
of specific crystalline phases are representative of those
gathered at different quench temperatures, as well as
for different stoichiometries and reduction ratios in the
Ni~Zr system.

At increasing reduction ratios of composites of aver-
age stoichiometry ZrsNiz,, DSC scans of the composites
reveal that the DSC peaks corresponding to the forma-
tion of NisyZrsy and NiZr, begin to overlap and at a
RR ~ 60000 are indistinct. This observation apparently
reflects a change only in the kinetics of nucleation and
growth of the crystalline phases; the solid state amor-
phization reaction remains dominant at temperatures
below 600 K in DSC scans at 10 K/min for all RR’s. The
phase diagram for the Ni—Zr system indicates that at
a composition of ZrsNiz,, crystalline Zr and the equi-
librium compound Zr;Ni should coexist. The fact that
the equilibrium compound ZrsNis, forms first in this
solid state reaction reflects the fact that the composi-
tion of the amorphous material at the interface between
the growing amorphous Ni—-Zr material and the crys-
talline Zr is close to ZrsNisy, as well as possible differ-
ences in the kinetics of the formation of these two
compounds. The nucleation and growth of NiZr, in
equilibrium concentrations require a transformation of
the existent NisyZrs; compound as well as diffusion of
Ni atoms into crystalline Zr. As the average layer thick-
ness decreases with increasing RR, the diffusion dis-
tance required to form Zr,Ni decreases and at a given
temperature this equilibrium compound forms more
rapidly. The DSC peak associated with the nucleation
and growth of Zr,Ni increases in magnitude with in-
creasing reduction ratio (i.e., with decreasing layer thick-
ness) until the peak associated with NisgZrsy nucleation
and growth is no longer distinguishable [Fig. 7(¢)].

Upon heating these Ni—Zr composites at a constant
rate from room temperature to high temperatures a solid
state amorphization reaction ensues, followed by—de-
pending on the thickness of the layers—the nucleation
and growth of certain crystalline compounds. Unless the
Zr metal is consumed at low temperature, orthorhombic
ZrsNisg is the first intermetallic compound to form
from the amorphous phase, forming at the Zr interface.
This observation is supported by a large amount of data,
including the DSC scans of Fig. 7 at various scan rates
for a composite of average stoichiometry ZrsNiyy and
for the DSC scans of Fig. 3 of 10 K/min for composites
of various stoichiometries. For thin layered composites
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FIG. 8. X-ray diffraction profiles (Cu K. radiation) for mechani-
cally deformed Zr-Ni composites of average stoichiometry Zr:sNiz,
which had been heated from 320 K to various temperatures at a
rate of 10 K/min and cooled rapidly to room temperature. (a) X-ray
diffraction profile after heating to 665 K. (b) X-ray diffraction pro-
file after heating to 695 K. (c) X-ray diffraction profile after heating
to 870 K.

(layer thicknesses < 1000 A) the product of the solid
state reaction reflects the relative abundance of crys-
talline Ni and crystalline Zr. That is to say, either the
Ni or the Zr metal is consumed at a relatively low tem-
perature. Intermetallic compounds of stoichiometries
rich in a metal which has been consumed are less likely
to form at the expense of a compound closer to the
overall stoichiometry of the composite. For the Ni-rich
composite in Fig. 3(a) and the composite of stoichiome-
try NisyZrsy in Fig. 3(b), the DSC peaks observed at
higher temperatures correspond to the formation of
Ni-rich compounds. The equilibrium phase diagram
is relatively complicated in this composition region,
with numerous compounds observed. The distinct DSC
peak in Fig. 3(a) observed near 820 K corresponds
to the singular crystallization peak in DSC scans of
liquid-quenched amorphous Zr;,Nig. X-ray diffraction
analysis of both liquid quenched metallic glass and
mechanically deformed composites of similar stoi-
chiometries which were heated to 870 K at 10 K/min
and quenched to room temperatures resulted in simi-
lar diffraction profiles. The products of solid state
reactions in composites of Ni and Zr can be better
understood in terms of the thermal stability of liquid
quenched metallic glasses and the equilibrium phase
diagram.

The kinetics of the initial formation of crystalline
material in the growing diffusion couple (i.e., of the nu-
cleation and growth of orthorhombic ZrsNis)) have
been examined.’ The temperature of the formation of
orthorhombic Zrs;Nisy, 7., was evaluated as a function
of DSC scan rate, s. The values of T, were determined
from the maximum of exothermic DSC peaks which
had been correlated with the formation of orthorhombic
ZrsNisy by means of x-ray diffraction analysis for a se-
ries of DSC scans of heating rates varying from 0.2 to
200 K/min (Fig. 9). In order to determine the activation
energy, E., for the initial formation and growth of
orthorhombic ZrsNis, these data are plotted in Fig. 10
in the form In [s/7.%] vs 1/T,, as dictated by Kissinger’s
method.”® In this Kissinger analysis, the slope of this
plot is proportional to —E./R, where R is the gas con-
stant. A simple least squares fit to the data is performed.
Thus we determine the activation energy of this crystal-
lization process to be E, = 2.0 = 0.1 ¢V/atom.

The observed value of E. is significantly higher
than the activation energy, E,, for interdiffusion of Ni
and Zr atoms in the early or middle stages of the grow-
ing amorphous phase’ (E, = 1.1 = 0.1 €V). The ob-
served value of E. is less than the reported activation
energy, E,, for crystallization of liquid-quenched metal-
lic glass of composition close to Zrs4Nis, the composi-
tion at the interface between the growing amorphous
phase and the Zr metal, £, = 3.5 €V for liquid quenched
ZrssNigs (activation energies of 2.4 €V and 2.9 €V have
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FIG. 9. The heat-flow rate as a function of temperature for me-
chanically deformed multilayered composites of Ni and Zr, as
measured by means of differential scanning calorimetry. The
samples are all of average stoichiometry Zr,;Nis. The heating rate,
s, for each differential scanning calorimetry scan is indicated in
the figure.

been reported for liquid quenched metallic glasses of
stoichiometry ZrsNisy and ZrgNis, respectively'”™).
The data which we have obtained for the slowest DSC
scan rates (0.2-2.5 K/min) overlap the kinetic region
(time and temperature) of previous isothermal anneal-
ing experiments which utilized transmission electron
microscopy to characterize structural changes.”” Previ-
ous study has shown that in this kinetic region ortho-
rhombic ZrsNis, grew at the interface between the
amorphous phase and the Zr metal and that the growth
was into the Zr metal, with only limited consumption
of the amorphous phase.””® These observations are
consistent with nucleation and growth of orthorhombic
Z15Nisg at the Zr interface of the diffusion couple. The
value of the activation energy, E., may reflect a hetero-
geneous crystallization process involving some rear-
rangement of Zr atoms. This would explain why E. is
less than E,, as the crystallization of liquid quenched
metallic glass may be closer to a homogeneous process.
The fact that E. is greater than E, probably reflects
the fact that the interdiffusion involved in the solid
state amorphization reaction is dominated by the move-

-15 1 i
1.4 1.7

1/T, x10° (K™Y

FIG. 10. The natural logarithm of the heating rate, s, divided by
the square of the crystallization temperature, T, versus the.inverse
crystallization temperature. The solid line is a least squares fit to
the data.

ment of Ni atoms while the formation of orthorhombic
Zr5Nisy requires some movement of Zr atoms at a
higher activation energy. The thermal stability of the
amorphous phase at the Zr interface determines an
upper limit on the thermal stability of the amorphous
Zr/Ni diffusion couple.

IV. CONCLUSIONS

We have found that multilayered composites of
transition metals can be produced in bulk form rela-
tively easily by means of mechanical deformation, thus
facilitating a study of solid state amorphization reac-
tions in the Ni—Zr system. Our investigation of the heat
of formation of amorphous Ni,Zr,_, alloys shows a large
negative heat of mixing (on the order of 8-10 kcal/mole)
for compositions near ZrssNiys with a compositional de-
pendence qualitatively similar to that predicted by mean
field theory. We find that the products of solid state re-
actions in composites of Ni and Zr can be better under-
stood in terms of the equilibrium phase diagram and the
thermal stability of liquid quenched metallic glasses.
We have determined the composition of the growing
amorphous phase at the Zr interface in these Ni-Zr
diffusion couples to be 55 + 4% Zr. We investigated
the kinetics of solid state reactions competing with the
solid state amorphization reaction and found the value
of the activation energy of the initial crystallization
and growth of the growing amorphous phase to be
2.0 = 0.1 eV, establishing an upper limit on the thermal
stability of the growing amorphous phase.
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