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ABSTRACT

The crystallization of Zr-Ni metallic glasses between 55 and
71 at. %Z Zr has been investigated using differential scanning
calorimetry (DSC), x-ray diffraction (XRD), and transmission electron
microscopy (TEM). Transformation temperatures, effective activation
energies, and enthalpy changes are reported as a function of com—
position. Results of x-ray diffraction patterns taken at different
positions on the DSC traces are presented. A high temperature DSC peak
and x-ray diffraction patterns are presented as evidence for the
occurrence of a previously unreported metastable phase between 57 and
63.5 at. % Zr. Micrographs of the first crystals which form as a func-
tion of composition within the range of this study show different
morphologies corresponding to the two equilibrium phases (ZrNi and
ZryNi) and the metastable phase. The possibility of phase separation
around the eutectic at 63.5 at. % Zr and its relationship to the

metastable phase is discussed.
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CHAPTER I
INTRODUCTION

Since 1960, when William Klement, Ronald Willens, and Pol Duwez
first demonstrated that a metal could be quenched from a molten state to
a glaséy one,1 the interest in metallic glasses has escalated. At
first only an academic curiosity, the combination of good metallurgical
properties and economical production, along with the large number of
metal alloys which can be made amorphous by rapid quenching from the
liquid, makes metallic glasses attractive as engineering materials for
the future.2™ Several articles describing their properties and uses
can be found in the literature,® !l and recently several books dealing
with metallic glasses have been published.l?,13

Given the proper combination of temperature and time, a metallic
glass will crystallize either directly to expected equilibrium phases
(as expressed in an equilibrium phase diagram) or through complex stages
involving intermediate metastable crystalline phases. The mechanical,
magnetic, and electrical properties which were potentially useful in the
metallic glass may be lost upon crystallization. For this reason alone,
the study of the crystallization processes in metallic glasses seems
warranted. However several other things can be gained from such a study:

1. One may acquire a deeper understanding of nucleation and growth
processes in general.

2. A knowledge of the phases which appear upon crystallizing a

metallic glass may aid in the study of the structure of the amorphous

state.
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3. Phases which are unobtainable by crystallizing from the melt
may be discovered, thereby adding information to the equilibrium phase
diagram.

The purpose of this thesis is to investigate the crystallization
processes in the Zr-Ni metallic glass system between 55 and 71 at. % Zr.
This alloy system lends itself well to such a study. It has been shown
that it is possible to produce a glass in this system over a wide range
of compositions, ideally from Zr3¢Ni;o to ZrggNipy (Ref. 14). The com-
position range of this study includes a "deep eutectic”, which is known
to enhance glass forming ability,“»9 and two stable compounds (Zr;Ni at
Zrgg ,7Ni33,3 and ZrNi at ZrggNigg) (Ref. 15). Interest in this system
has increased lately due to the complex nature of the crystallization

process around the eutectic at Zrgj3 gNizg.s.
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CHAPTER 1II
LITERATURE REVIEW
Crystallization Reactions in Metallic Glasses

As—quenched metallic glasses are metastable, not only with respect
to the equilibrium crystalline phases, but with respect to a more stable
glass. Therefore, given enough temperature and time, the glass will
first relax to a more stable glassy state and then at higher tempera-
tures will crystallize to stable equilibrium phases. Upon doing so,
many of the interesting physical, mechanical, corrosion, and magnetic
properties are lost or changed. It 1is therefore important to understand
the crystallization process in metallic glasses, with the view toward
using our knowledge to enhance the properties in which we are
interested. Several investigators have already contributed to our
knowledge of the kinetics and mechanisms of crystallization in metallic
glasses.10721

The annealing behavior of metallic glasses can be divided into two
main topics: low—temperature structural relaxation in which a highly
metastable glass structure relaxes toward a metastable glass structure
of lower energy, and, at higher temperatures, crystallization to equili-
brium phases. Relaxation is assumed to occur either by changes in both
topological and compositional short-range order, by the annealing out of
defects of unknown structure, or by annealing out of excess free
volume.l8,22,23 This low-temperature process does not cause crystal-

lization but does change many of the physical properties of interest
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(e.g. magnetic anisotropy,zu electrical resistivity,25 Curie tempera-
ture,26 diffusivity,27 and ductility28,29). This thesis will not deal
with structural relaxation at low temperatures but will councentrate its
efforts toward studying the crystallization of metallic glasses to the
equilibrium phases.

The mechanisms associated with cfystallization in metallic glasses
are quite complex but can be reduced to three fundamental reactions:
polymorphic, eutectic, or primary crystallization.lss21 All three
proceed by nucleation and growth processes, but the occurrence of each
depends on the glass composition, annealing temperature, and kinetics.
The driving force for crystallization is the free energy difference bet-
ween the glass and the crystalline phase(s) to which it tends to trans-
form. This free energy difference is expressed hypothetically in Fig. 1
as a function of composition for the three types of reactions noted
above.21,30 1In the following paragraphs the three types of reactions
are described.

The polymorphous transformation of a glass to a crystalline phase
of the same composition is the simplest of the three reactions because
no long range movement of atoms is needed. Consequently, this type of
reaction occurs at compositions near pure elements or intermetallic com—
pounds, as shown by reactions 1 and 3 of Fig. 1, or at compositions
where the formation of a metastable phase is thermodynamically more
favorable, such as reaction 2 of Fig. 1. In metal-metalloid systems,
the polymorphous reaction is usually not seen because the glass—forming
regions are restricted to narrow composition regions around eutectics.

However in metal—-metal systems, where the glass—forming ranges are
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wider, polymorphous reactions are more common, often producing phases
well away from stoichiometry.21 Studies on the polymorphous formation
of intermetallic compounds from binary metallic glasses have shown that
crystal growth 1s thermally activated and linear with time.31,32 The
morphologies of the crystals vary from unfaulted equiaxed single
crystals in NizP (Ref. 33) to heavily faulted polycrystals in Zr)Ni
(Ref. 31). Their shape is a function of the crystallographic dependence
of growth rate since the crystals are growing in an isotropic mediﬁm
and no long range diffusion is required.

Primary crystallization of a phase of different composition from
that of the glass is illustrated by reaction 4 of Fig. 1 in which a
supersaturated solid solution phase is formed. As can be seen, the for-
mation of the a phase by this reaction results in an enrichment of the
glass phase in solute. A later decomposition of the enriched glass pro-
duces the equilibrium phases. Morphologies for primary crystals may
range from spherical to dendritic depending on alloy composition. The
growth rate is diffusion controlled and is therefore parabolic with
time. However this assumes that the crystals are spherical and remain
so as growth progresses; if dendritic growth occurs, the growth of pri-
mary arms should be linear with time.2l,3%

The most complex crystallization reaction in metallic glasses is
the eutectic reaction in which two crystalline phases form simulta-
neously (reactions 5 and 6 in Fig. 1). This reaction has a large
driving force and in metallic glasses can occur over large composition

ranges. Consequently it 1s a common reaction in the crystallization of

metallic glasses. Lamellar as well as globular morphologies have been
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observed, lamellar growth being the most common. 18

The growth rate is
linear with time but much slower than polymorphous reactions because of
the diffusion needed to separate into two phases in the reaction front.
The linear kinetics has been confirmed by measurement of eutectic growth
rates in Metglas 2826 (Ref. 35) and FegyB,g (Ref. 36).

One aspect of the study of metallic glasses which relates the
amorphous structure to the crystallization processes, and which has
received much interest lately, is the concept of phase separation.la,21
Phase separation occurs in systems where the free energy of a mixture of
two amorphous phases 1is lower than that of a single amorphous phase.
Relating this to Fig. 1, the curve for the glass, which shows a negative
heat of mixing, would be interrupted in a narrow composition range by a
positive heat of mixing. The first product of crystallization depends
upon whether phase separation occurs. By studying the first products
and relating those phases to the occurrence of phase separation, much
can be learned about the amorphous structure itself. The following evi-
dence for phase separation has already been reported:

1. The presence of two glass transition temperatures (Tg), which
suggest the presence of two different amorphous structures, have been
reported in as—quenched Ni-Pd-P glasses which were studied by differen-
tial scanning calorimetry (DSC) .37

2. Two Tg's were found in DSC studies of Tij,Be,(Zrig. The
morphology of this as—quenched glass, studied by transmission electron
microscopy (TEM), also showed evidence of two amorphous phases.38

3. Two glassy phases have been seen in Fe-B alloys by TEM.3?

4, For Zr-Ni glasses, two superconducting transition temperatures
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(Tc),“o:‘*l two Tg'srin DSC,L’l and two amorphous rings in selected area
diffraction (SAD)“2 have been feported.
5. Small angle x-ray scattering techniques (SAXS) and DSC have
shown evidence of two glassy phases in Pd;,AugSi;g after low temperature

anneals (low enough to cause no crystallization).*3,%%
Kinetics of Crystallization in Metallic Glasses

The kinetics of crystallization for metallic glasses depends on
several parameters including the mode of crystallization, the number of
quenched—-in nuclei, the atomic diffusion coefficients, and the dif-
ference in free energy between the amorphous and crystalline phases.
Interpretation of the kinetics can be done in terms of classical
nucleation and growth theories,*® with certain assumptions being made to
relate the solid amorphous structure to the liquid amorphous structure.
These assumptions include (1) homogeneous nucleation, (2) large under-
coolings, and (3) steady-state nucleation.

The nucleation rate is expressed by a Becker-Volmer equation,
I = I, exp (—NAG./RT) exp (—AEL/RT) , (1)

where I, is a preexponential constant, N is the Loschmidt number, R is
the gas constant, T is temperature in degrees Kelvin, and AE, is the
activation energy for an atom to move from the amorphous matrix to the

embryo. The free energy AG. 1s the energy needed to form a spherical

nucleus of critical size radius,
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where o is the solid-~liquid interfacial energy, T, is the melting point,
AT is the undercooling, Hy is the enthalpy of crystallization, and AG is
the difference in free energy per mole between the glass and the

crystal. For spherical nuclei, where the interfacial energies are

isotropic,
3y2
16 o’V
Bc =3 % FgT &

where Vp is the molar volume. This equation expresses the fact that the
phase which forms first may not be the equilibrium phase with the lowest
free energy AG., but may be a metastable phase which has a lower inter-
facial energy than the stable one, thereby having a lower AG. than the
stable one.l!8 The crystallization of metallic glasses 1s usually
studied at such large undercoolings, AG. << RT, that Eq. (1) can be

reduced to an Arrhenius-type equation:
I = I, exp (—AE,/RT) . (4)

The use of these equations is complicated by the fact that we have
assumed that steady-state nucleation exists for metallic glasses (i.e.,
that a steady-state concentration of embryos exists at all times).
However, this may not always be the case, and at the beginning of
crystallization there may be a finite period during which this steady-
state distribution is being established.“’ Taking this time lag into

account, the nucleation rate equation becomes!®

I=1Ig |1 + 2n§1(—l)n exp [—n? (t/to)]] , (5)
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where Ig. is given by Eq. (1), t is time, t, is the time lag, and n is
an exponent which depends on both nucleation and growth.
The temperature dependence for the rate of crystal growth is given

by
u = u, exp GﬂAEg/RT) [l — exp (—AGg/RT)] R (6)

where u, is a preexponential term, AEg is the activation energy for
crystal growth, and AGg is the change in free energy per mole due to
crystallization. As with nucleation, assuming large undercoolings, the

growth rate can be expressed as an Arrhenius-type equation:

u = u, exp (—AEg/RT) . (7

This means that the growth rate is linear, as in polymorphous crystalli-
zation where the radius of growing crystals is proportional to the time.
However in primary reactions grain growth 1s controlled by volume

diffusion where
r = C /Dyt (8)
and

-1
e pyr 9

=
[}
N -

where C is a constant, D, is the diffusion coefficient, and t is time.l!?
Eutectic crystallization is even more complicated, involving either

volume or interface diffusion, depending on the alloy and heating con-

ditions. However growth by this process is usually reduced to
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ef f '
eff —AE
u < u exp (T) > ) (10)

where ugff is a constant involving the diffusion coefficient and the

interlamellar spacing and AEeff

is the effective activation energy which
is related to the activation energy for diffusion.l?

The overall kinetics of the crystallization processes in metallic
glasses have been explained in terms of the formal theory of transfor-
mation kinetics.*?~53 If one assumes that for crystallization of
amorphous materials

1. 1isothermal transformation conditions exist (so the growth rate
and nucleation rate are constant,

2. there is spatially random (homogeneous) nucleation, and

3. the growth rate is dependent only on temperature and not time

(i.e., linear growth kinetics),

then

:EEEEE) , (11)

x(t) =1 — exp ( A

where x(t) is the fraction of the transformation completed at time t, m
is a constant depending on the growth morphology, and n is a constant
which depends on both nucleation and growth.50 This 1is the
Johnson-Mehl-Avrami (JMA) transformation equation,“®:*7 and is usually

used in the form

x(t) = 1 — exp [—k(t —-to)n] ’ (12)

where k 1s a function of temperature and includes both the nucleation

and growth rates. The temperature dependence of the comstant k is
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expressed by an Arrhenius equation,

k = ko exp (:%%—) , (13)

where k, is a preexponential term and AE is the effective activation
energy for the whole transformation.

The JMA equation [Eq. (12)] can be rearranged as follows:

]

[}

x(t)
1 — x(t)

1 —exp [k(t — t,)

exp [k (¢t — to)“]
(14)
In [1 — x(t)] =—k (t —t)"

In {<ln [1 — x(t)]} = 1In k+ a 1n (t - ty) .

For isothermal conditions a plot of In {—In[l — x(t)]} against ln (t —

ty) can be used to find k and n. By substituting Eq. (13) into Eq.(14),

In {-ln [1 = x(t)]} =In ko —fe+ 0l (t—t5) ,  (I5)

and taking measurements at different temperatures, a value for AE can be
obtained from a plot of In (t — t,) versus T—l at a constant fraction
crystallized, x.

An alternative method for interpreting the kinetics of crystalliza-
tion from data collected by differential scanning calorimetry (DSC) in
which nonisothermal conditions exist was developed by Kissinger and has
become the most used method by present researchers.’* He assumed that
the fraction crystallized with time at constant temperature obeys a

first-order law. Then

(a—x) = k(1 -x) , (16)

ot/
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where x 1is the fraction crystallized and k 1s the rate constant
expressed by Eq. (13). If the temperature 1is also changing with time,
as in using a constant heating rate to crystallize an amorphous metal in.

the DSC, Kissinger was able to show that the rate can be expressed as

dx -AE
= (1 - x) exp ( RT) . (17)
This equation can be used as long as x and T are taken at the same t.

The reaction rate is assumed to be a maximum at the peak in the DSC

curve. At this point

4 (dx) _dx |AE dT _ —AE\] .
dt (dt) dt |RTZ a& Ko °xp (“"RT)] o . (18)

Taking Tp as the temperature at the maximum of the DSC peak,

-—AE)_ AE dT (19)

ko, exp (ET; = ifg-ag ’
where dT/dt is the heating rate used (e.g. the heating rates used could
be 5, 10, 20, 40, 80, etc. K/min). So by heating samples of the same
composition at different rates in the DSC and measuring the temperature

at the peak for each rate, the activation energy can be determined from

a plot of 1ln (dT/dt)/T% versus l/Tp, since

/2
d[1n (T/?P)] _ AE
d(1/Tp) R °

(20)

where T = dT/dt. Kissinger further showed mathematically that Eq. (20)

can also be used for reactions that are not first—order, as long as the

order remains constant through the greater part of the reaction.?"
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This interpretation of nonisothermal results in terms of isothermal
kinetics has been discussed and debated by othef researchers, especially
by Henderson“?>50 and Yinnon and Uhlmann.53 However no better method
has yet been developed to interpret isochronal DSC data. From these
techniques the important parameters necessary for the understanding of
the crystallization process are obtained. These parameters include AE,
n, t,, ky, and the enthalpy change of crystallization AH, which is
obtained by measuring the area under the DSC curve. The AE obtained by
either the isothermal method [Eq. (15)] or Kissinger's method [Eq. (20)]
is an "effective” activation energy which reflects the activation
energigs for both nucleation [AE, of Eq. (4)] and growth [AEg of Eq.
(7)]. Ranganathan and von Heimendahl®2 have shown that they are related

by

. (n4AE4 + n,AE,)
n

s (21)

where n is the total Avrami exponent of Eq. (12) and is equal to the
Avrami exponent for nucleation ny plus the exponent for growth Ny
Although theoretically it has been shown in Eq. (14) that n can be
determined from the DSC data, an unambiguous determination can be
obtained only by microstructural investigations in which nucleation and

growth rates are measured.
Recent Research on Zr-N1 Metallic Glasses

The zirconium-nickel binary system has become a model system for
the study of the production of metallic glasses, the glass structure,

and the crystallization processes of metallic glasses. The phase
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diagram (Fig. 2) shows several eutectics where glass forming ability has
been shown to be enhanced.“»?d Recently the range over which Zr-Ni can
be made glassy has been extended to between 30 and 80 at. % Zr. This
study will concern itself only with the crystallization reactions and
kinetics for the composition range 55-71 at. % Zr, but a short listing
of other studies on Zr-Ni glasses seems in order. Included are several
studies on the electronic propert:i.esl*lsss"59 and density and electrical
resistivity measurements.®? 61 Karkut and Hake®!l report the values for
many structure-related properties, as well as supercoanducting and
electronic properties, for several compositions between 60 and
80 at. % Zr. An extensive study of the structure of amorphous and
crystalline alloys with nominal compositions 63.5, 66.7, and
75.9 at. % Zr was conducted by Frahm, Haensel, and Rabe by means of
extended x-ray absorption fine structure (EXAFS).®2 They studied dif-
ferences in the nearest neighbor environment of the amorphous and
crystalline state and related those differences to the subject of short-
range order.

Buschow and Beekmans began investigating the crystallization pro-
cesses in Zr-Ni metallic glasses, along with the magnetic and electronic

properties, in the seventies.®3

Using a differential scanning calori-
meter (DSC), they determined the crystallization temperatures of several
Zr)gg-xNix alloys (where x = 22, 24, 36, 60, 63, 90). From a

more detailed study of the crystallization of Zr;gNi;,, they determined
that this alloy first transforms to a metastable bcc phase. Then, upon

further heating, two stable crystalline phases appear. One of these

they determined to be a-Zr, the other the tetragonal phase Zr,Ni. The




16

ORNL~-DWG 85-7455

1800

1700

1600

1500

1400

TEMPERATURE (°C)
:

——— s e — e T S e s o —

8
|

|
l

I | l [ |
20 30 40 50 60 70 80 90 100
Zr (at. %)

Z0
ol o

Figure 2. Phase diagram for the Zr-Ni binary system. The com~
position region of interest for this report is 55-71 at. % Zr which
includes a eutectic at 63.5 at. % Zr and an equilibrium compound at
66.7 at. % Zr.
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nature of the metastable bcc phase in other high zirconium alloys is
still being investigated by Buschow and co-workers by using x-ray
diffraction and Mossbauer spectroscopy.®"

The first in-depth study of the composition dependence of thermal

stability, crystallization morphology, density, and mechanical proper-

ties was conducted by Dong, Gregan, and Scott.®® Théy reported
crystallization temperatures, activation energies, crystallization
morphologies, densities, Young's moduli, and x-ray diffraction data for
ZrgNi)gg-x where x was from 33 to 42 and from 60 to 78 at. % Zr.
Crystallization was accomplished by heating in a DSC and the kinetics
were interpreted using the Kissinger method-su The morphologies were
studied using transmission electron microscopy (TEM) and x-ray diffrac-
tion (XRD). The authors indicated, however, that the behavior of the
compositions between 60 and 67 at. % Zr was complicated, and, especially
near the eutectic at 63.5 at. % Zr, it was impossible to separate the
processes or interpret the DSC peaks obtained.

Scott, Gregan, and Dong later did a TEM and DSC study of the 63.5,
66.7, 72 and 76 at. % Zr alloys and discussed further the nature of the
transformations to the crystalline state.3! It had been assumed that
crystallization temperatures could be used to describe the thermal sta-
bility of metallic glasses, and that a discontinuity at a eutectic
composition indicated a stable glass structure.®® However Scott et al.
concluded that, unlike in metal-metalloid glasses,®’:%8 maximum stabi-
lity of Zr-Ni metallic glasses was not associated with eutectic com-
positions. Instead, crystallization temperatures for Zr-Ni metallic

glasses fell monotonically with increasing zirconium content through
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eutéctics at 63.5 and 76 at. % Zr. Their study also showed that only
equilibrium phases occurred at various stages of crystallization.

Buschow, Verbeek, and Dirks®? studied the crystallization of the
Zrg3,5Ni3g .5 alloy by DSC, TEM, x-ray diffraction, and electrical
resistivity measurements. They showed that, even though two strong
exothermic effects are observed in the DSC trace, only the higher
temperature effect is associated with crystallization of the sample.
They suggest that the first transition of that alloy involves mainly
short-range atomic rearrangements within the amorphous state. However,
Frahm’ 0 reports different activation energies and a different DSC
behavior for this same alloy.

Recently Altounian, Guo-hua, and Strom-Olsen!* have presented
research which contradicts some of the results of Buschow and co-
workers. Altounian et al. identify the metastable phase present as the
first transformation product of high zirconium alloys (e.g. ZrygNij,) as
being hexagonal w-Zr, not a bcc phase as reported in Ref. 63. They do,
however, support Buschow's findings in Ref. 69 of the absence of any
crystallization due to the first peak in the DSC trace of Zrgj ,Niszg s,
but can give no explanation. This thorough study of the Zr-Ni system
between 30 and 80 at. % Zr resulted in several interesting conclusions.

1. They reported crystallization temperatures, activation
energies, enthalpies, and electrical resistivities as a function of com-
position for the range of compositions studied.

2. They were able to extend the range of glass formation down to

30 at. % Zr.
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3. They reported that at ZrggNi,g and Zrgj3,5 Nijg .5 the first peak
in the DSC represents a change in the glassy structure, not a
crystallization reaction.

4. A new peritectoid phase was confirmed at ZrNi,. This phase had
been studied previously by Polesya and Slipchenko.7l

5. Peaks in the activation energy curve at eutectic compositions
led the authors to speculate that the activation energy for crystalliza-
tion would be a more sensitive measure for stability of the amorphous
structure than the crystallization temperature.

6. Assuming that the enthalpy change on crystallization is almost
entirely a change in internal energy between the glass and the
equilibrium phases, they concluded that the enthalpy change curve could
provide a guide to the crystalline phase diagram. They observed maxima
at compositions corresponding to equilibrium phases (i.e. Zr,Ni, ZrNi,
and ZrNij;), where it would be expected that the transformation from a
metastable amorphous structure to a very stable, low energy, equilibrium
phase would result in a large enthalpy change.

The absence of x-ray evidence for crystallization in the 62 and
63.5 at. % Zr alloys after heating to the top of the first exothermic
peak in the DSC (the DSC traces of these alloys show two and three
peaks, respectively) has caused an increased interest in the nature of
the transformations at these compositions. As noted earlier, Buschow
et al.®? and Altounian et al.l* have suggested that the first DSC peak
represents a transition within the amorphous state and comprises mainly
short range atomic rearrangements. On the other hand, Dong et al.6>

contends that for Zrg,Nizg the first DSC exotherm represents the
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crystallization of ZryNi and the second the crystallization of ZrNi from
the nickel enriched glass. Other research has begun to relate the
phenomena at these compositions to phase separation and chemical short
range ordering (CSRO) in the glass. Van Swijgenhoven, Stals, and
Buschow’ 2 have used TEM to show that as quenched Zrg3Ni3z7 actually has
two amorphous rings in its selected area diffraction pattern (SAD) and
therefore is phase separated into two amorphous alloy phases during the
liquid quenching operation, not on subsequent annealing in DSC.
Crystallization of one of these phases occurs during the first DSC
exotherm, but the phase separation in the glass 1is on such a fine scale
that the complete crystallization of this phase is inhibited, resulting
in an assembly of crystallites too small to be observable by x-ray dif-
fraction. They believe the first crystallites to be ZrNi, but they note
that the d-values determined from SAD patterns do not match exactly
those of ZrNi in the same alloy after complete crystallization. Their
study indicates that the first crystallites may not involve stoichio-
metric ZrNi but a compound somewhat richer in zirconium. They
further note that the SAD rings are not far apart and speculate that the
two amorphous phases are not versr different in composition. They assume
that these phases are precursors to the ZrNi and Zr;Ni equilibrium
crystalline phases, although they infer from values of the interatomic
spacing calculated from the SAD ring radius that the Ni-rich amorphous
phase is somewhat enriched in zirconium as compared to what would be
expected for ZrNi.

Recent work by Schulz, Matijasevic, and Johnson’ 3

reporting a corre-

lation between CSRO and electrical resistivity supports the general
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conclusions of van Swijgenhoven et al. However, Schulz et al. believe
that the precipitation of very fine grained microcrystalline Zr3Ni is
occurring during the first DSC exotherm.

From low-temperature specific heat data on a large number of com-
positions in the range 55 to 75 at. % Zr, Kroeger, Koch, Scarbrough, and
McKameyl“l observed an unusual composition dependence of electronic pro-
perties. Specifically, evidence for two superconducting phases was
observed in a liquid quenched (splat quenched) sample of composition
Zrgp 9gNiz7 1. Low temperature annealing produced a large change in the
volume fraction of these two phases. A glass of 61.2 at. % Zr, which
showed no evidence of phase separation as quenched, did show two phases
after annealing one hour at 200°C. From measurements of the density of
states at the Fermi level, superconducting transition temperatures, and
enthalpy change on crystallization, they concluded that the two phases
have compositions of ZrgoNiyg (2r3Nip) and Zrgg,7Niz3,3 (ZrpNi). The
results of this work were interpreted in terms of an "association model"
for liquid alloys developed by Sommer and Predel in which associations
of atoms with definite stoichiometries exist in equilibrium with unasso-
clated atoms.’4=76

The relationship of chemical short range order (CSRO) to composition
was investigated by Buschow for various Zr-based metallic glasses.’’
Crystallization temperatures and activation energies for the Zr-Ni,
Zr—Co, Zr-Fe, and Zr-Cu systems were presented and discussed in relation
to the occurrence Qi;CSRO- He showed that activation energies for
crystallization AE increased greatly for compositions where CSRO was

suspected to occur, especially around the eutectic at Zrgj3,gNizg,s. He
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relates this increase to a stronger temperature dependence of the con-—

figurational entropy which is expected for compositions with strong

CSRO.
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CHAPTER III
EXPERIMENTAL PROCEDURES
Preparation and Characterization of Specimens

Alloy buttons for twenty-six compositions between 55 and 71 at. %
Zr were made by arc-melting high purity zirconium and nickel in an argon
atmosphere on a water—cooled copper hearth. Before and after casting,
the weights of the alloy buttons were measured on a Fisher Scientific
Co. Gramatic Balance (see Appendix A, Table A-I). The difference in
welghts (less than 0.05%) indicated that the compositions deviated from
nominal values by no more than 0.2 at. %. The ZrggNi,g alloy (ingot
AAF) was analyzed for impurities and the reéults are presented in Table
A-ITI. Total impurities were less than 420 ppm weight, indicating that
the quality of the zirconium and nickel used to make the alloys was very
good.

The amorphous samples were prepared by rapid quenching in an arc-
hammer apparatus which is shown in Fig. 3. This apparatus rapidly cools
a molten sample by "splatting” it between two massive, flat, copper
plates in a process similar to that developed by Pietrokowsky in 1963.78
The piece of alloy to be rapidly quenched is placed on the copper block
inside the chamber which is evacuated and then backfilled with argon.
After striking an arc on the electrode and melting the piece of alloy, a
trigger at the top of the apparatus is released, allowing springs to
propel the hammer and "splat” the sample between the two copper blocks.

A microswitch triggers a timer which records the time it takes the
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Figure 3. Arc-hammer apparatus used for preparation of rapidly-

quenched metallic glass specimens.

See text for a description of use.
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hammer to fall. A velocity of about 8.4 m/sec was calculated for the
Zr-Ni alloys, producing a quenching rate of about 106 K/sec.’? All
splat-cooled samples used in this research were prepared on this appara-
tus using approximately the same conditions: the same springs, the same
power supply at the same voltage, copper quenching blocks, and approxi-
mately the same size piece of alloy for melting. Therefore splats of
the same composition were assumed to possess a similar amorphous struc-
ture after quenching. The 20 to 30 pm thick foils produced were x-rayed
on a Philips Norelco diffractometer using CuKa radiation and no splat

was used which did not exhibit the broad diffuse pattern characteristic

of an amorphous metal (as shown in Fig. 4).
Thermal Analysis of Crystallization Process

A Perkin-Elmer DSC-2 differential scanning calorimeter (DSC) was
used for thermal analysis of the crystallization process. Basically
this instrument records on a strip chart recorder the difference in
power required to maintain the sample at the same temperature as a
reference sample during heating at a constant rate or for an isothermal
anneal. The ordinate then becomes a measure of the change in heat per
unit time, and the abscissa is a measure of time for an isothermal
anneal and both time and temperature for an isochronal anneal. Both
axes are calibrated against known transformation temperatures and heats
for standard samples. For a metallic glass, a typical data strip would
appear as in Fig. 5, from which the crystallization temperature (Ty),
peak temperatures (Tpl’ sz, etc.), glass transition temperature (Tg),

and heat of crystallization (AH) can be measured.




26

ORNL-DWG 85-7456

INTENSITY

DIFFRACTION ANGLE 28

Figure 4. Characteristic x-ray diffraction pattern for an as-
quenched wmetallic glass.




27

ORNL-DWG 85-7457

| Tpy  Tp2

Vo

ENERGY

TEMPERATURE (K)

Figure 5. Characteristic differential scanning calorimeter (DSC)
trace for the crystallization of a metallic glass with constant heating
rate T. Measurements of the glass transition temperature T,, the onset
of crystallization Ty, and the peak temperatures are shown. Measuring
the area under the peaks leads to the calculation of the enthalpy change
AH for the transformation.
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For this project the temperature interval of the calorimeter was
calibrated between the transformation temperatures of indium (429.75 K)
and K,Cr0, (943.7 K) to within #0.5°. Additionally, the temperature of
the melting point of zinc at heating rates of 5, 10, 20, 40, and 80
K/min was determined to #0.2°. The difference between the measured and
actual melting temperature of 692.65 K was used as a correction for all
measured temperatures. The heat given off during the melting of indium
at 429.75 K was used to calibrate the ordinate. Samples weighing 2 to
4 mg were placed in gold pans (or aluminum if not going above 800 K)
and heated at rates of 5, 10, 20, 40, and 80 K/min through the transfor-
mation peaks. The temperature at the onset of crystallization, Ty,
was measured at the intersection of the extrapolated baseline and front
slope of the first transformation peak, as shown in Fig. 5. Peak tem~
peratures were recorded as TPl’ sz, Tp3, and Tyr. Temperatures were
then corrected using the zinc calibration and the corrected temperatures
were used to compute the activation energy for each peak (AE1, AEp, AEj3,
and AEgy) by the Kissinger method.°“ As described in Chapter 2, the
Kissinger method involves measuring the transformation temperature
of a particular DSC peak at various heating rates, i, and after
correcting the temperatures against the melting point of zinc, calculat-
ing In (i/sz) and Tp'l. As an example, this has been done for the
two DSC peaks of ZrsgNi,) shown in Fig. 6. The calculations are pre-
sented in Table I and the slope of a plot of 1n (f/sz) versus Tp"l
(Fig. 7) then gives the activation energy for that peak, AE. The glass

transition temperature, Tg, was not measured in this study because for

most samples it was obscured by the crystallization exotherms.
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Figure 6. Change in crystallization peak temperature with DSC
heating rate for ZrggNi,;. Heating rates of 5, 10, 20, 40, and 80 K/min

were used. The peak temperatures measured from the original DSC trace
are presented in Table I.
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Figure 7. Kissinger plots for the two DSC peaks produced during
the crystallization of ZrggNi,). The slope of the line for each peak
gives the activation energy for crystallization AE as calculated in
Table I.
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To determine the change in enthalpy during crystallization, AH, the
areas under the DSC peaks were measured using a planimeter. The area
for each sample was measured several times to get a good average value,
and since five samples from each splat were annealed in the DSC, each at
a different heating rate, an average of these five values was used to
calculate the reported value of the change in enthalpy XE for each
splat.

Values for the change in crystallization enthalpy (in joules per

mole) were calculated from the equation

area X H/chart square x _molar wt

AH = area/chart square Q specimen wt

Xc , (22)

where the area was measured in planimeter units, H/chart square was
obtained from the range used on the DSC (0.1 to 20 mcal/sec) and the
chart speed, weights were measured in milligrams, C was a conversion
factor to convert calories to joules (4.186 cal/J), and Q (=1) was an
energy calibration constant determined from the ratio of the measured
heat given off during the melting of indium at 429.75 K to the known
value of 6.79 cal/gm. Several of the compositions tested produced more
than one peak in the DSC, but due to the overlap of the peaks, it was
not possible to measure the heat of the individual processes. All the
peaks that occurred close together were measured together. However at
some compositions a high temperature peak occurred as much as 140° above
the lower temperature peaks and could be measured separately. Therefore

the enthalpy change of crystallization was designated as AHpT for the

low temperature peaks, AHyr for the high temperature peak, and AH¢ for
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the total enthalpy change produced on going from the amorphous structure

to the crystalline equilibrium phases.
X~Ray Diffraction Studies

In order to correlate phase transformations with peaks on the DSC
trace, several compositions were selected for study by x~ray diffrac-
tion. Specimens were sealed in a gold pan and heated in the DSC at a
rate of 80 K/min to the desired temperature corrgsponding to a point on
the DSC trace, then immediately quenched to room temperature at
320 K/min (the fastest rate of which the DSC is capable). Using a
Philips Norelco diffractometer with CuKa radiation, x~ray diffraction
patterns were obtained on these specimens to determine which phases were

appearing as the crystallization process proceeded.
Transmission Electron Microscopy

Several of the specimens that were prepared for x-ray diffraction
studies by heating to specific points on the DSC trace were also studied
by transmission electron microscopy (TEM). A JEOLCO 100C microscope
operating at 120 kV was used. The specimens were prepared for TEM by
electropolishing in a Tenupol electropolishing cell using a solution of
600 ml methanol, 495 ml isobutyl alcohol, and 105 ml perchloric acid at
—25°C and 20 V. Very low jet speeds were used due to the fragile nature

of the specimens (they were very thin and brittle after annealing).
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Curve Digitization by Computer

For purposes of presentation, the DSC traces generated in this
research were digitized and redrawn using a personal computer system,
which included an IBM-PC with 512 K memory, a Bausch and Lomb HIPAD
digitizer, an Amdek Amplot II plotter, and an Okidata p92 microline
printer. The digitizing program, which was written by Matt Ferber,89
allows one to digitize the curves, normalize them to the same size
sample and same calorimeter parameters, and then redraw as many as six
curves together on the same figure. The program is included as Appendix
B of this thesis. For all the compositions studied, traces produced at

20 K/min were normalized to that of a 3 mg weight sample.
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CHAPTER IV
EXPERIMENTAL RESULTS
Results of Thermal Analysis of Crystallization Process

The thermal characteristics of splat-quenched Zr-Ni samples of
compositions between 55 and 71 at. % Zr were analyzed on a differential
scanning calorimeter (DSC). The appearance of the exothermic response
produced as the sample was heated through crystallization varied as a
function of the composition. Figure 8 presents the peaks produced at a
heating rate of 20 K/min as a function of temperature for the range of
compositions studied. These peaks have been normalized to a 3 mg weight
sample, so that the total area under the peaks for each composition
represents the amount of heat given off when a 3 mg sample of that com-
position crystallizes at a constant heating rate. This figure makes the
following suggestions:

1. Overall, the beginning of the crystallization process decreases
in temperature as the alloy composition is increased in zirconium.

2. Beginning at the Zrg; ,Ni,; .9 composition and continuing right
up to the eutectic composition at Zrgj gNi3g.s, the DSC pattern is
characterized by a small exotherm which is more than 100° above the main
transformation peak(s). This small peak appears to move toward higher
temperatures as one goes from 57.1 to 59 at. % Zr, then decrease until
it disappears after 63.2 at. % Zr. Likewise, it tends to increase and

decrease in size following the same compositional dependence.
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Figure 8. Differential scanning calorimeter (DSC) traces produced
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20 K/min, shown as a function of composition and temperature. All
samples have been normalized to a weight of 3 mg.
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3. Single sharp symmetric peaks appear as a consequence of the
low-temperature transformation at compositions of 57.7—59 at. % Zr.
Below this composition range, a leading shoulder gradually enlarges
until the DSC peak is definitely asymmetric at 55 at. % Zr. Above
66.5 at. Z Zr the trace again shows only one sharp peak.

4. At ZrgoNi,g a small second peak begins to appear during the
low-temperature transformations. As the composition increases in zir-
conium content, this peak tends to separate in temperature from the
first peak, and it becomes larger in size (as the first peak decreases
in size) until, at 62 at. % Zr, the second peak dominates the total
transformation process.

5. At Zrgj 9Nizg g the second peak seems to flatten and separate
into two broad peaks which are difficult to differentiate. From here
through 65.5 at. % Zr there are definitely three peaks present, but it
is difficult to relate them to the two peaks at Zrg,Nizg. As the zir-
conium content increases, the second peak of the 63.2 at. % Zr alloy
moves toward lower temperatures until at 66 at. % Zr it has wmerged with
the first peak of that composition. Meanwhile, the third peak has
decreased in size until it disappears above 65.5 at. % Zr.

6. The appearance of multiple peaks in the DSC trace occur at
compositions which extend to approximately 3 at. % Zr on either side
of the eutectic composition at 63.5 at. % Zr. At compositions near the
equilibrium phase at 66.7 at. % Zr, a single sharp DSC peak is observed.
Although no equilibrium phase has been reported in the 57—59 at. % Zr
composition range, these alloys also show single sharp low-temperature

peaks.
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Calorimetry traces similar to those in Fig. 8 were obtained at 5,
10, 20, 40, and 80 K/min heating rates for twenty-six compositions bet-
ween 55 and 71 at. % Zr. From these traces, temperatures Ty, TPI’ sz,
Tp3, and Tyt were measured. These temperatures are recorded in Table II
and are shown as a function of atomic percent zirconium at a heating
rate of 20 K/min in Fig. 9. At most compositions, more than one splat-
cooled sample was tested, pfoducing more than one data point for each
peak. However, because there were so many data points, and the data
were so reproducible, only an average value was used in Fig. 9. The
error in reading the temperature from the chart strip was estimated to
be less than *2° (see Appendix C). This figure confirms the tendency of
the temperatures to decrease with increasing zirconium content, as was
implied in Fig. 8. The temperatures recorded for the 55 and
56.7 at. Z Zr alloys are believed to be a bit low and are probably due
to crystallites quenched in during the splat-cooling process. During
the TEM study, quenched-in crystals were actually observed in one of the
55 at. % Zr splats. This figure shows the DSC peak temperature of all
peaks at each composition as well as the temperature, Ty, at the ounset
of the crystallization process. The occurrence of the multiple peaks,
as discussed with regard to Fig. 8, is confirmed by this figure.

From the shift in the peak temperature as a function of heating
rate, the effective activation energy AE for each peak was calculated as
described in Chapter III. The AE values thus obtained are recorded in
Table II and are shown as a function of composition in Fig. 10. Again
there are as many as three data points for each peak for particular

alloy compositions, indicating reproducible data values. The open
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Figure 9. Transformation temperatures as a function of composition
for the crystallization of Zr-Ni metallic glasses. The temperatures
were taken from DSC traces in which the heating rate used was 20 K/min.
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symbols represent the low~temperature DSC peaks; the darkened symbol
represents the high—temperature peak. The lines have been drawn to
serve as guides to following the trends in.AE and do not represent any
kind of mathematical fit to the data. Nor does a particular symbol
always represent the same process. For example, as will be discussed
below, the nature of the process represented by the first DSC peak
changes as a function of composition. Several trends of this figure can
be recognized.

1. The activation energy of the first peak, AE,, changes as a
function of composition. Below approximately 56.7 at. % Zr, its value
is ~3.2 eV/atom; between 56.7 and 60 its value exhibits a plateau at
~3.8 eV/atom; there is a broad peak reaching to ~4.65 eV/atom between
61.2 and 66 at. % Zr; from 66.5 to 71 at. % Zr its value has decreased
and leveled off at ~2.65 eV/atom. The reproducibility of the data
points shows that these changes of AE; with composition definitely
exist, and, if one compares these composition ranges with the appearance
of additional DSC peaks in Fig. 8, one can conclude that there are defi-
nite relationships between the appearance of extra DSC peaks and the
nature of the first crystallization process. -It is believed that the
changes in AE), as shown in this figure, indicate compositions where the
process of the first DSC peak changes.

2. The activation energy of the high-temperature peak is about the
same as the low-temperature peak for the 57.1 at. % Zr alloy (~3.6
eV/atom), where it is first discernible. With increasing zirconium,
AEHT decreases approximately linearly until it disappears at the eutec-—

tic composition, where its value is ~2.3 eV/atom.
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3. The second DSC peak, which first appears as a shoulder on the
high temperature side of the large transformation peak of Zrg(Ni,;, has
a AEy of ~3 eV/atom and remains at about this value as one adds zir-
conium until the eutectic is reached. However the alloy at 62.8 at. % Zr
exhibited a slightly higher AE, which could not be explained. At the
eutectic AE, decreased drastically to ~2 eV/atom, exhibiting a decrease
of 33% within a composition change of only 0.5 at. % Zr. From the
eutectic composition to near the equilibrium compound, AE; increased to
~2.7 eV/atom. Only one DSC peak was seen above 66 at. % Zr.

4. The activation energy of the third DSC peak AE3 remains at about
2.7 eV/atom for the composition range where it occurs (63.5-

65.5 at. % Zr).

5. The activation energies of all three DSC peaks seem to come
together at the equilibrium compound Zr,Ni.

The amount of heat given off during a transformation is determined
from a measure of the area under the DSC peak, as was described in
Chapter III. Ideally, one hopes that the area of each peak can be
measured separately giving a AH for each process. However, many of the
samples in this study produced multiple peaks which overlapped making it
impossible to get separate determinations of AH. Instead a AH value
corresponding to the area under all the peaks added together was
obtained and designated as Kﬁi. At the compositions where a high-
temperature DSC peak occurred, Zﬁt is equal to the enthalpy change of
the low-temperature (AHpT) and high~temperature (AHyr) peaks added

together. Where no high-temperature peak occurred, AHy equals AHyg.

These data values are listed in Table III for all alloy compositions
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studied. As noted in Chapter III, the bar over AH indicates that the
enthalpy change recorded for that particular sample is an average of
three to five pieces of that sample which were heated at different rates
in the DSC. Figure 11 shows experimental ZELT values for the low-
temperature transformations of all compositions studied (open circles)
and, where the high-temperature peak occurred, Kﬁt values for both the
low~ and high-temperature peaks combined (dark circles) as a function of
zirconium composition. The line has been drawn in to serve.as an aide
in following the trends of the data and does not represent any kind of
mathematical fit to the data. This figure shows the following features:

l. A small maximum in AH, is seen at compositions of 67 at. % Zr
(near the composition of the Zr,Ni equilibrium phase) and at 57.7 at. %
Zr. |

2. A high plateau in Zﬁ£ exists between 60.6 and 64 at. 7 Zr.

3. 1In the composition region where the high-temperature peak is
observed, there is a minimum near 59 at. % Zr in the AHyp value.

4. The scatter in AH values is larger than for the AE values of
Fig. 10 because of the nature of the determination of baselines for
measurement of the area under the curves. (See Appendix C for deter-
mination of uncertainties in the data.) However for most alloy com-—
position the methods used produced data points of enough reproducibility
to assume that the data trends seen as a function of zirconium content
are real.

Figure 12 shows ZﬁﬁT for the high-temperature peak as a function of

zirconium content. It is seen that the peak is first detected at 57.1
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Figure 12. The enthalpy of the high—temperature peak showing its
composition range and its heat content as a function of composition.
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at. % Zr and increases rapidly to a maximum at 58.4 at. % Zr. The peak

then decreases more gradually until it disappears above 63.2 at. % Zr.
Phase Identification by X-Ray Diffraction

The thermal study by DSC indicated that the crystallization process
for Zr-Ni metallic glasses around the eutectic composition at
63.5 at. % Zr was very complicated. Assuming that each DSC peak repre-
sents a separate transformation, . the totai crystallization process for a
particular composition involves as many as four different transforma-—
tions. Realizing that it was necessary to identify the transformation
represented by each DSC peak, several alloy compositions were selected
for further study by x-ray diffracfion (XRD). Pieces of the samples
were heated at 80 K/min in the DSC to particular points on the DSC
curve. In order to determine the transformation products present at
that stage in the crystallization process, the samples were then
quenched at 320 K/min to room temperature and x-rayed using CuKa
radiation. Figures 13—19 show the compositions studied, their DSC
traces at 80 K/min, and the x-ray pattern produced as a function of the
polnt on the DSC trace to which the sample was heated. As—-quenched and
equilibrium x-ray patterns are also included where space is available,
as well as a bar identifying the x-ray lines characteristic of the two
equilibrium phases to which these compositions transform. The length of
the marks on the bar represent the intensity of the characteristic x-ray
lines for each phase. For some alloys, where one x-ray pattern appeared
and persisted through a range of higher temperatures, only the higher .

temperature pattern, which exhibited sharper lines, is shown. For
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Figure 13. X-ray diffraction patterns obtained for ZrggNi,g as a
function of the progression of the crystallization process. Samples
were heated in the DSC at 80 K/min to temperatures indicated by the
arrows. Dashed lines connect those temperatures to the x-ray patterns
obtained. A scale showing the major x-ray lines for ZrNi and ZroNi 1is
also presented to aid in the analysis of the x-ray patterns.




60

ORNL-DWG 85-1837
s
(4]
-
[] -
Jv: - r4
[ { L\lr';
[] N N o
2 ¢
. §
[} - H
< w °
() v
©
N
w
=4
— o
r
o <
¥ z
=]
H
ik
Q
1 3
o
e
L H
w - a
«+
o -
¢ L
—
S~ -~
~ \\\

i { T T =T
725 750 775 820 825 850 875 S

TEMPERATURE (K>

Figure 14. X-ray diffraction patterns obtained for Zr5y 7Niuo .3 as
a function of the progression of the crystallization process. Samples
were heated in the DSC at 80 K/min to temperatures indicated by the
arrows. Dashed lines connect those temperatures to the x-ray patterns
obtained. A scale showing the ma jor x~ray lines for ZrNi and ZrpNi 1s
also presented to aid in the analysis of the x~ray patterns.
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Figure 15. X-ray diffraction patterns obtained for ZrgyNi,g as a
function of the progression of the crystallization process. Samples
were heated in the DSC at 80 K/min to temperatures indicated by the
arrows. Dashed lines connect those temperatures to the x-ray patterns
obtained. A scale showing the major x-ray lines for ZrNi and Zr)Ni is
also presented to aid in the analysis of the x-ray patterns.
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Figure 16. X-ray diffraction patterns obtained for Zrg,Nizg as a
function of the. progression of the crystallization process. Samples
were heated in the DSC at 80 K/min to temperatures indicated by the
arrows. Dashed lines connect those temperatures to the x-ray patterns
obtained. A scale showing the major x-ray lines for ZrNi and ZryNi is
also presented to aid in the analysis of the x~-ray patterns.
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Figure 17. X-ray diffraction patterns obtained for Zrg3 gNizg,5 as
a function of the progression of the crystallization process. Samples
were heated in the DSC at 80 K/min to temperatures indicated by the
arrows. Dashed lines connect those temperatures to the x-ray patterns
obtained. A scale showing the major x-ray lines for ZrNi and Zr,Ni is
also presented to aid in the anmalysis of the x—ray patterns.
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Figure 18. X-ray diffraction patterns obtained for Zrgs sNizy . as
a function of the progression of the crystallization process. Samples
were heated in the DSC at 80 K/min to temperatures indicated by the
arrows. Dashed lines connect those temperatures to the x-ray patterns
obtained. A scale showing the major x-ray lines for ZrNi and ZroNi is
also presented to aid in the analysis of the x-ray patterns.




65

ORNL-DWG 85-1842

x o

0 ) (4]
[ ~ -
§ ~ ;| 2
1 o 2| o3
3 " N N o
[ 4 s :

£

H ¢
< © —
wn V)
[)]) SEE—
©
et— N
ul
)
[0}
= z
- <

Q
«+ z
’ o
[
-
Q
<
. =1 14
W
W
[l
m—» Q

ﬁ u

L L

l { | | | I 1
650 675 7009 7258 750 775 800

TEMPERATURE (KD

Figure 19. X-ray diffraction patterns obtained for ZrgyNizs as a
function of the progression of the crystallization process. Samples
were heated in the DSC at 80 K/min to temperatures indicated by the
arrows. Dashed lines connect those temperatures to the x-ray patterns
obtained. A scale showing the major x-ray lines for ZrNi and ZryNi is
also presented to aid in the analysis of the x-ray patterns.
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example, Fig. 13 shows that at the top of the one DSC peak for ZrggNi,s
('I'pl = ~740 K at T = 80 K/min), an x-ray pattern indicating the presence
of mostly ZrNi with some Zr,Ni was seen. This pattern sharpened in
other pieces of this alloy which were heated to 750 and 785 K. So, in
order to get the whole figure in the space provided, only the higher
temperature x-ray patterns were included. A summary of the transfor-—
mation products observed by x-ray diffraction as a function of tem—
‘perature for the selected alloys are listed in Table IV. From a study
of this table aﬁd the x-ray diffraction patterns in Figs. 13—-19, the
following observations are made.
1. The one DSC peak of ZrggNi,5 actually represents two processes

occurring at almost the same time. As seen in Fig. 13 (as well as

Fig. 8), the peak 1s asymmetric on the low temperature side, indicating
the presence of another peak underneath the main one. An x~-ray diffrac-
tion pattern of an isothermal anneal at 773 K shows lines for both
equilibrium phases ZrNi and Zr,Ni, but it was not possible to tell which
phase appeared first. So, at this composition, either ZrNi begins to
transform first, enriching the amorphous matrix in zirconium, and thus
allowing the almost simultaneous formation of Zr,Ni, or Zr,Ni transforms
first, followed by ZrNi from the Ni rich matrix.

2. As shown earlier in this chapter, the DSC trace for

Zrgy .7Niyp,3 showed a large exotherm at ~740 K followed by a small high
temperature peak above 850 K. The x-ray diffraction pattern taken

after annealing to the top of the DSC peak at 740 K showed a strong

x-ray line at ~38.9° 20 and a few weaker lines (see Fig. l4). These
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Transformation Products of Zr-Ni Metallic Glasses Heated
in the DSC at a Constant Heating Rate of 80 K/min to Different
Points of the DSC Curve and Analyzed by X-Ray Diffraction

Alloy Temperature to
Composition Which Heated Phases Observed
(at. % Zr) (K)

55 740 Amorphous + ZrNi + Zr)Ni
750785 ZrNi + ZroNi

57.7 740—760 Metastable
860-925 ZrNi + ZroNi

60 725 Amorphous + metastable just starting
735-750 Metastable
850 Metastable + ZryNi
910 ZryNi + ZrNi

62 720 Amorphous
735 Amorphous + metastable just starting
750 Metastable + Zr,Ni
840 Metastable + Zr,Ni
900 Zr)Ni + ZrNi

63.5 710 Amorphous
725 Amorphous + Zr,Ni just starting
750840 Zr)Ni
860 Zr)Ni + ZrNi

65.5 695 Amorphous + Zrp;Ni just starting
705765 ZryNi
850 Zr,Ni + ZrNi

67 685—780 ZroNi
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lines could not be indexed to either of the two equilibrium phases.
This same x-ray pattern persisted as other pieces of the same splat were
annealed to higher temperatures. Only after annealing to or above the
high—temperature peak (860 K or above) were x-ray lines of ZryNi and
ZrNi seen. In order to determine its structure, much more x-ray
diffraction and electron diffraction work is being done on this possible
metastable phase. This work will be published separately.81-83
However, Table V, which lists the x-ray diffraction lines for the
metastable phase (as taken from a CuKg Debye-Scherrer pattern with
Straumanis film arrangement) along with those of the ZrNi and ZryNi
equilibrium phases, and Fig. 20, which shows the x—-ray diffraction pat-
terns of a sample of Zrg(Ni,; which was annealed for 20 min at 430°C to
produce the metastable phase and then annealed at 700°C, indicate that a
metastable crystalliﬁe phase does exist.

3. At ZrggNiyg (Fig. 15) the first crystalline phase to appear is
the metastable phase associated with the first DSC peak. This alloy
has a small second DSC peak at ~740 K, but the x-ray diffraction pat-
terns at 740 or 750 K did not identify it. However, after heating to
850 K, which is just below the high-temperature peak, the diffraction
pattern showed a weakening of the strong line of the metastable phase at
~38.9° 20 and a strengthening of the strong Zr,Ni lines at ~35.5 and
~44.4° 20. This phenomenon indicates that the second DSC peak at 740 K
could represent the forming of Zry)Ni after the initial formation of the
metastable phase. Only after heating to higher temperatures did the
ZryNi crystals become large enough to produce detectable peaks in the

x~ray diffraction pattern. Heating into or above the high-temperature
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Table V. X-Ray Diffraction Lines for the Equilibrium
Phases ZrNi and Zr)Ni as Compared to Lines of
a Metastable Phase Near ZrggNi,g

ZrNi ZryNi Metastable
deg 20 1 (relative) deg 20 I (relative) deg 20 I (relative)
28.49 10 34.18 10 28.96 VW
36.50 100 35.44 100 34.05 M
38.93 20 ©39.43 10 35.15 MW
42.81 18 39.53 30 - 37.11 W
44.35 25 44.23 60 38.59 S
44.94 44 44,38 60 41.97 W

44.35 MW
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Figure 20. A comparison of x-ray diffraction patterns obtained for
ZrggNiyg. The sample was initially amorphous as shown by the bottom
pattern. Heating to just below the high-temperature peak produced the
metastable pattern, followed by the characteristic patterns for ZryNi
and ZrNi after heating through the high-temperature peak.
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peak again produced the equilibrium pattern for this alloy, showing only
lines of Zr,Ni and ZrNi.

4. At ZrgoNizg (Fig. 16) another characteristic enters the crys-
tallization process. The x-ray pattern taken after heating to the top
of the first DSC peak does not indicate that any crystallizatidn has
taken place. Instead, the broad diffuse peak typical of an amorphous
structure is seen. The first crystalline x-ray peak to appear is the
strong line of the metastable phase which occurs after heating into the
trough between the two low-temperature DSC peaks. Just after the second
DSC peak, the two strongest x-ray lines of ZroNi (~35.5 and ~44.4° 20)
appear. Heating to higher temperatures tends to sharpen the Zr,Ni lines
but does not seem to sharpen the strong line of the metastable phase.
After heating to above the high-temperature peak, only Zr,Ni and ZrNi
are seen.

5. Again in the Zrgj gNijzg,5 alloy (Fig. 17), no crystalline x-ray
peaks appearbuntil after heating well into the trough following the
first DSC peak. When this first crystalline peak appears, it is not one
of the peaks of the metastable phase, but is the strong double peak of
ZroNi at ~44.4° 20. From 750-840 K the other Zr,Ni x-ray lines appear
and continue to sharpen. Not until heating to 860 K do the strong lines
of ZrNi appear. There appears to be no high-temperature DSC peak
produced by this alloy.

6. The DSC trace for the Zrgg ,gNijy,,5 alloy (Fig. 18) shows that
the third DSC peak is almost gone. According to the x—ray diffraction

patterns, ZryNi is the first phase to form, followed by ZrNi. However
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;rystalline x-ray lines are not detected until heating to just above the
first DSC peak.
7. At ZrgyNiz3 only one DSC peak occurs (Fig. 19), which according
to the x-ray diffraction pattern represents the formation of ZryNi from

the glass.
Results of Transmission Electron Microscopy

It was hoped that a transmission electron microscopy (TEM) study of
samples as a function of the DSC anneal each received would accomplish
three things:

1. According to the DSC and XRD results, three different phases
participate in the crystallization processes for the composition range
studied. Transmission electron microscopy may show three different
types of crystals. That is, the morphology of the crystals may be
different, thereby aiding in their identification.

2. 1t was hoped that characteristic selected area diffraction
(SAD) patterns could be obtained for each phase which would alloy one to
follow the appearance and disappearance of each phase as crystallization
progressed. Since the crystals of each phase form in random orientations
with respect to the electron beam of the microscope, the SAD pattern
would appear as a series of rings, the spacing of which would indicate
the d-spacings of the planes of the unit cells of the crystals. The
identification of phases present at any composition and annealing tem-
perature could then be made by comparison of its SAD pattern with those

of the three phases.
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3. As reported in Chapter II, previous investigators of this alloy
system have reported the presence of two amorphous SAD rings instead of
one as evidence for the occurrence of phase separation within the
glass.”2 If this supposition is correct, then a TEM study of the
"as-splat” samples between 55 and 67 at. % Zr would indicate the com-
position range in which the phase separation occurs.

With these objectives in mind, most of the compositions and
annealing conditions discussed in Figs. 13—19, plus as-splat samples of
several other compositions in the range of this study, were looked at in
transmission. It was found that the three phases did indeed exhibit a
different physical appearance. Figure 21 shows the first crystals which
form from splats of ZrsgNius, ZrggNiyg, and Zrgs gNizy, .5 upon heating at
80 K/min in the DSC. The initial crystals from Zr55Niy5 are diamond-
shaped and retained their shape and general appearance through the
entire crystallization process until they impinged upon one another.
Those from ZrggNi,g are needie-shaped with many showing internal
striations in the long direction. These needle~like crystals were the
first crystals to appear in the 57.7, 60, and 62 at. % Zr alloys.
However, after annealing to above the high—-temperature DSC peak, they
were gone (Fig. 22). The first crystals from Zgg 5Nizy .5, which were
also seen at 63.5 and 66.5 at. % Zr, exhibit internal striations and are
only slightly longer in one direction. As will be discussed in the next
chapter, these cryétals match those identified by other researchers as
ZryNi.

The attempts to obtain a characteristic SAD ring pattern for each

phase were not successful. As shown in Table V, the three phases




74

(a)

Figure 21. Transmission electron micrographs of the initial
crystals which form upon heating at 80 K/min in the DSC from (a)

ZrssNiys, (b) ZrggNiug, and (c) Zrgs gNigy 5. All three are printed at
40,000X.



Figure 22. Transmission electron micrograph of Zrgy .7Niu, 3 after
heating in the DSC to 925 K. 40,000X.
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exhibit many x-ray lines at nearly the same Bragg angle. In terms of
SAD ring spacings, this means that many rings are so close as to make it
impossible to determine which phase they represent. In Fig. 23 is shown
the ring patterns for a partially crystallized (DSC anneal to 760 K) and
a fully crystallized (DSC anneal to 925 K) sample of Zrg; ,7Niyp.3. The
rings are so nﬁmerous and, in some cases, so diffuse that accurate
measurement was impossible. It was determined that only with much more
TEM could this approach to phase identification be utilized.

A TEM survey of as-splat samples across the composition range of
this study produced some double ring SAD patterns as shown in Fig. 24
for Zrg,Nizg and Zrgj,5Nijg .5, but results were inconsistent. For
example, Fig. 24(b) shows a single ring for Zrgj ,gNijzg.5, while another
area of the same TEM sample shows the double ring (c¢). Still another
area of the same sample shows two rings (d), but the outer ring is much
more diffuse and the spacing between the two rings is not the same as in
(c). Double rings were also seen in samples of 57.1, 58.4, 59, 61.2,
and 65 at. % Zr, but, as for those in Fig. 24, single rings could be

produced by simply moving the electron beam to an adjacent area.
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(a)

(b)

Figure 23. Selected area diffraction (SAD) ring patterns of
Zrs7 7Niy, 3 after annealing in the DSC to (a) 760 K and (b) 925 K.
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(a) (b)

(c) (d)

Figure 24. Selected area diffraction (SAD) ring patterns for as-—
quenched (a) Zr62Ni38 and (b), (C), and (d) Zr63'5Ni36 .5
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CHAPTER V
DISCUSSION OF RESULTS
Comparison of Results to Previous Investigations

Three groups of investigators have produced the bulk of the data
available on the crystallization of Zr-Ni metallic glasses. These
investigators, whose studies have covered the whole composition range
over which Zr-Ni can be made glassy, are Dong, Gregan, and Scott,3l:55
Buschow et al.,63:59»72’77 and Altounian et al.l% Other investigators
have added data on individual alloy compositions,7°»73 reproducing data
already presented by the three groups cited above. For the purposes of
this discussion, comparison is made to the results of Refs. 14, 65, and
77, where most of the previous results in the composition range of this
study have been presented. It must be borne in mind that all previous
investigators have conducted their studies on melt-spun ribbon, whereas
the samples used in this study were prepared by splat-quenching. No
information is available concerning the comparison of thermal data from
the two methods. Possible sources of any difference could involve the
different quench rates (splat—-quenching is usually considered to be
faster, 10® K/sec compared to l0%* to 10° K/sec for melt spinning), the
degree of superheat (can be higher for the melt-spinning process), or
the amount and kind of contaminants added during the quenching process.
During the melt-spinning process, the melt is held for varying periods
of time in the crucible before being ejected onto the quenching wheel.

The hot melt could react with elements in the crucible material or con-

taminants in the atmosphere (such as oxygen or hydrogen). On the other
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hand, the splat-quenching process involves much smaller charges of
sample and is heated only long enough for melting to occur.

The most often reported data on the crystallization of wetallic
glasses is the crystallization temperature. Table VI shows the DSC peak
crystallization temperatures, Tpl’ sz, Tp3, reported by Refs. 14, 65,
and 77, as a function of the composition range of this study. For com-
parison, the peak temperatures reported in this study are included. For
the most part, they compare quite well. However, because the previous
studies involved such large composition ranges (Dong et al. studied
glasses of 33-42 and 60—78 at. % Zr, Altounian et al. studied the range
from 30 to 80 at. %Z Zr, and Buschow et al. studied the range from 9 to
78 at. %Z Zr), none of the three concentrated their efforts in a small
composition range. It should also be noticed that Dong et al. and
Altounian et al. report data that was taken at a DSC heating rate of 10
K/min, and the data of Buschow et al. was taken at 50 K/min. Only the
50 K/min data would need a noticeable correction for heating rate in
order to compare it to the data of this study (taken at 20 K/min).
Judging from the experience this researcher has had in using the DSC,
the correction should be no more than —5°K. Both Dong et al., who
studied compositions from 60 to 67 at. % Zr, and Altounian et al., who
covered the range from 50 to 70 at. % Zr, show a steady increase in Tpl
with increasing nickel content. The high value reported by Dong et al.
at 60 at. % Zr is probably due to the fact that they experienced dif-
ficulty in producing good quality melt-spun ribbon at this composition.
Altounian et al. reported a maximum in the Tpl at approximately 55 at. %

Zr. The closer spacing of the compositions studied in this thesis also
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indicate a peak in TPl’ but at 57 at. % Zr. Both Dong et al. and
Altounian et al. show temperatures for a seéond DSC peak, sz, which
compare favorably with the results of this study. But again the pre-
vious reports involve only a few compositions and do not report a maxi-
mum in this peak near the eutectic. As seen in the table, Buschow's
data seems to suggest a maximum in both Tpl and sz near the eutectic.
However, the general trend of TPl’ increasing with an increase in
nickel, is the same as that of the other researchers. His study
involved more samples in the composition range of interest and does show
the maximum in sz at the eutectic. Generally his reported values for
VTpliand sz are much higher than the values reported in this study, even
after correcting for the different heating rate. A third DSC peak
occurring between 63.5 and 65.5 at. % Zr is reported in this thesis.
Only Dong et al. previously reported values for a third DSC peak,
which they indicate as occurring at 63.5 and 65 at. % Zr. Their values
for Tp3 are 6 and 35° higher than the values reported here for the same
compositions. Buschow does state in several references that he saw
three DSC peaks in this same composition region,69:77 and Altounian
et al. show a figure of the DSC trace for the 63.5 at. Z Zr alloy which
clearly shows three peaks, although they do not discuss it in their
paper. All the previous researchers agree that multiple DSC peaks occur
in a composition range between 60 and 66 at. % Zr, but no one reports a
high—-temperature peak in compositions between 57 and 63.5 at. %Z Zr such
as the one reported here.

In Table VII is presented a comparison of the effective activation

energies, AE] and AEp, and the enthalpy change on crystallization AH as
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reported in Refs. 14, 65, and 77. In general all the previous
researchers report a maximum in AE) at 62 at. % Zr. None of the struc-
ture as seen in Fig. 10 of this study is seen in their data because they
did not investigate enough compositions in this range. Only Altounian
et al. report values of AH and, again, not enough values for a good com-
parison. However their data values for 60, 63.5, and 67 at. % 2Zr agree
well with the values reported here. They do show a maximum in AH at 67
at. Z Zr and again at 50 at. % Zr, which are the compositions of the
equilibrium crystalline phases for the composition range.of this study.

Dong et al.b% also used x-ray diffraction to associate DSC peaks
with crystallizing phases and TEM to study their morphology. They
report that the single DSC peak near 66.7 at. % Zr corresponds to the
formation of ZryNi. Crystals of the phase showed no preferred shape but
a very fine internal structure which they attributed to microtwinning.
The micrographs which they presented showed crystals like those in Fig.
21(c) of this report. Their attempts at associating DSC peaks with the
formation of phases in the 63.5 at. % Zr alloy (the eutectic composi-
tion) met with the same difficulties as the present study. Three DSC
peaks are presept and it is impossible to tell for sure which phase
belongs to which peak. Dong et al. saw only equilibrium phases after
annealing, although they do not say which phase they observed first. At
62 at. % Zr, they attributed the two distinct DSC peaks to the crystal-
lization of ZryNi and ZrNi, respectively. Contrary to their results,

the XRD results of this thesis indicate that one has to anneal well past

the first DSC peak before any crystalline x-ray lines are seen. The
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first line which appears belongs to the metastable phase, but after the
second DSC peak, lines belonging to ZrpNi appear.

Altounian et al.l“ used x-ray diffraction to identify crystallizing
phases in the 60, 63.5, and 67 at. % Zr alloys. Their results on 67 at.
% Zragree with Dong et al. and with the results of this thesis. At 60
and 63.5 at. % Zr x-ray diffraction patterns taken after heating to just
past the first DSC peak showed only the broad diffuse pattern character-
istic of the glassy phase, in agreement Qith the results of this thesis
and several other studies.®?:72,73 However, they can give no clear
explanation for what process is occurring during this peak. They attri-
bute the second DSC peak in these two alloys as corresponding to the
formation of ZroNi, in agreement with the results of this thesis.

Very few studies of the morphology of the crystals that form during
the crystailization of Zr-Ni metallic glasses have been conducted. With
respect to the composition range of this study, only micrographs of
ZroNi crystals have been published,3l»65 and those micrographs look like
the one presented in Fig. 21(c) of this study. As stated earlier, the
fine internal structure seen in ZrpNi crystals has been attributed to
microtwinning or stacking faults.31,85 This type of structure is common
in crystals grown in metallic glasses.ls’21

Although a eutectic occurs at 63.5 at. % Zr, Scott et al.3! have
shown that this alloy does not crystallize eutectically. Instead
crystals of Zr,Ni with identical morphology to those at 67 at. % Zr
nucleated and grew in the glassy matrix. As stated in Chapter IV of

this thesis, the first crystals to form from the 63.5, 65.5, and
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A67 at. % Zr compositions appeared to have the same morphology (see

Fig. 21(ec)], in support of the results of Scott et al.
Metastable Phase Formation

Since the beginning of studies on the crystallization of metallic
glasses, it has been recognized that metastable phase formation could be
an integral part of the crystallization process-21’76’8”a85 This is
easily imaginable if one considers thermodynamic equilibria and the
necessary diffusion processes for formation of equilibrium crystalline
phases from the liquid-like glass phase. With reference to Fig. 1
(Chapter II), if the concentration of the glass is close to a pure com-
ponent a, an intermetallic phase B, or a crystalline metastable phase Y,
crystallization can take place without a change in composition,
requiring little or no diffusion. However, at the eutectic, long-range
diffusion would be necessary in order to form the equilibrium phases.

If a metastable phase occurs near the eutectic, the thermodynamics aﬁd
kinetics of the system may dictate that crystallization by way of the
metastable phase is easier. By making shorter atomic jumps, the
metastable phase can be formed, thereby lowering the Gibbs free energy
of the system. The success of this process is enhanced if the atomic
configuration in the glass (i.e. short range order of the glass) is
similar to that which exists in the metastable phase.

The classic example of crystallization by metastable éhase for-
mation in metallic glasses is exhibited by the Fe~B system, in which

eutectic crystallization of g—Fe and a metastable tetragonal Fe3B phase

occurs in the concentration range from 17 to 24 at. % B.18,86 The final
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products of crystallization are the stable phases a-Fe and Fe;B.
Certain compositions of many other systems have been shown to
crystallize through the formation of metastable phases, including
Pd-Si,17 Ag-Ge,87 Metglas 2826A,38 zZr-Be,8? zr-si,? and Zr-Cu.?! 1In
these systems, most metastable phases are found at compositions near
eutectics, although this need not always be the case.

In view of the common appearance of metastable phases during the
crystallization of various metallic glass systems, including both the
metal-metal and metal-metalloid systems, one should not be surprised to
find one or more metastable phases participating in the crystallization
of Zr-Ni metallic glasses. 1In fact, Buschow et al. have been studying a
metastable phase at 78 at. % Zr.5"

This study has presented evidence for a metastable phase which
participates in the crystallization process in the composition range
57—63.5 at. % Zr. X-ray diffraction lines which do not belong to either
the ZrNi or ZryNi equilibrium phases appear after the low-temperature
transformations seen in the DSC. Depending on composition within this
57-63.5 at. % Zr range, some of one of the equilibrium phases also forms
during the low-temperature transformations. _However after heating to
above the high-temperature DSC peak, which is more than one hundred
degrees above the low-temperature transformatioms, only ZrNi and Zr)Ni
lines are seen. The high-temperature peak is not believed to represent
an oxidation effect since oxidation would affect all compositions.

Also, it cannot be a quench-rate effect because melt-spun ribbons give

the same response with the same composition dependence. The morphology
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of the crystals shown in Fig. 21(b), which is different from that of
ZrypNi or ZrNi, was seen in samples of 57.7, 60, and 62 at. % 2Zr, all of
which are within the composition range where the high—temperature peak
is seen. Outside the 57—63.5 at. % Zr range the morphology corresponded

to that expected for ZrNi or Zr)Ni.

Phase Separation and Chemical Short-Range Ordering

in the Glass Structure

The modes of crystallization discussed in Chapter II all involve
the nucleation and growth of one or more crystalline phases within the
amorphous matrix. An alternative initial stage observed in sbme.glasses
is the separation of the initially homogeneous glass into two com-—
positionally discrete glassy phases which then crystallize independently.
This process allows an initially single phase glass to lower its free
energy by separating into two glassy phases with compositions given by
the common tangent construction. This process of phase separation is
shown theoretically in Fig. 25, where it is seen that the free energy
curve for the glass is initially concave downward, denoting a negative
heat of mixing. Phase separétion produces a composition range which
exhibits a positive heat of mixing. In this composition range, from Cq4
to Cg in Fig. 25, it has been shown that many glasses decompose by a
spinodal mechz—mism,‘*3 in which sinusoidal fluctuations of composition
appear and grow in intensity at a wavelength which depends on tem-—
perature. From C to Cg and Cg to C°, an activation barrier to phase
separation occurs,?! leading to decomposition by the nucleation and

growth processes discussed in Chapter II.
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Phase separation is well known in oxide glasses, but its existence
in metallic glasses is still being debated. The presence of tﬁo Tg's in
Ni-pd-p,37 Ti;Be-Zr,aa and Zr-Ni*l, two T.'s in Zr-Ni*0»%l, and two SAD
rings for the amorphous structure in Zr-Ni*2? have been taken as evidence
for two glassy phases in these alloys. Microstructures showing two
interconnecting glassy shapes in Fe-B3? and Ti-Be-Zr3® have been
published. According to Chou and Turnbull,*3 SAXS studies on the
Pdg)-xAuySijg system show that the 8 at. % Au alloy is single phase
after quenching, but in the early stages of crystallization (after
annealing near 400°C) the decomposition is by a spinodal mechanism with
composition fluctuations on the order of 20 mm.

The strongest evidence for phase separation in the Zr-Ni system has

‘been reported by van Swijgenhoven, Stals, and Buschow./? Because they

saw a splitting of the principal SAD ring of an as-quenched 63 at. % Zr
alloy, they concluded that Zrg3Ni3z; is phase separated during the rapid
quenching process. Their comparison of d-values from the SAD rings of
amorphous samples with the concentration dependence of the d-values
determined from x-ray diffraction led them to infer that the glass
sample is phase geparated into one glass structure which is a precursor
of the Zr;Ni equilibrium crystalline phase and one which is a precursor
to the ZrNi equilibrium phase. However they note that the glass phase
which crystallizes into ZrNi (the first crystals to form) is richer in
zirconium than expected from their analysis.

In light of these results, it seems possible that the metastable
phase reported in this thesis may actually be the phase which van

Swijgenhoven et al. reported as the first phase to crystallize in
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Zrg3Niz;. They refer to it as an off-stoichiometric ZrNi which is rich
in zirconium. However it could also be a crystalline phase resulting
from the crystallization of a glass structure which is near a
Zr3Ni, composition. This hypothesis is further supported by the results
of Kroeger et al.%! who reported evidence from low-temperature specific
heat data for two superconducting glassy phases in a splat quenched
62.9 at. % Zr alloy, one phase near 67 at. % Zr and the other near
60 at. % Zr. They interpreted their results in terms of a model of the
glass structure proposed by Sommer and Predel in which "associates™ of
unlike atoms form.”3-76

Other researchers have recognized from investigations of the for-
mation, stability, and properties of some amorphous intertransition
metal alloys that they may represent a special class of glassy metals
whose short-range structure is characterized by a random tetrahedral
close-packing of atoms similar to those in the crystalline

counterparts.??

In other words, these amorphous alloys, which include
Zr-Ni, may have a “"crystal-like"” short-range structure that deviates
from the dense random packing of hard spheres (DRPHS) model proposed by
Bernal?3 and is more like the chemical short-range order (CSRO) of the
crystalline phase. Whether this CSRO occurs in the as—quenched alloy or
is produced by the process of phase separation is not known.

Assuming that CSRO does exist in some binary glass systems, Buschow
has re-evaluated a theoretical model for describing the thermal stabi-
lity of amorphous alloys which he proposed earlier.”’ Without going

into the thermodynamics, the earlier model was based on the kinetic

approach, the crystallization temperature Ty being proportional to the
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activation energy for crystallization AE.3 The activation energy was
taken to be proportional to the formation energy of a hole the size of
the smaller atom. This model was applied successfully to many binary
systems, but some systems did not show the expected Tx-AE relationship.
It was expected that a glass which formed easily (i.e. at a deep eutec-
tic, where the depression of the melting point from the ideal solid
solution liquidus is high) would be more stable, resulting in a maximum
in the concentration dependence of Tp; at the eutectic. This does not
occur in the Zr-Ni system. Instead Tp1 varies linearly with composition
(see Fig. 9). By assuming that the Zr-Ni system exhibits a strong ten-
dency toward CSRO and evaluating the hole model with respect to that
CSRO, Buschow was able to show that the predictions of the hole model
are only slightly affected by the occurrence of CSRO, thus explaining
why the hole model has been applied successfully to so many alloy
systems. However the strong temperature dependence of the con-
figurational entropy expected for alloys with CSRO leads to an increase
in the effective activation energy.77 Buschow concluded that an
increase in AE in certain composition ranges, as at the eutectic in
Zr-Ni alloys, is not an indication of thermal stability, but indicates

the occurrence of CSRO.
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CHAPTER VI
CONCLUSIONS

From a study of the crystallization of Zr-Ni metallic glasses by
means of thermal analysis, x-ray diffraction, and transmission electron
microscopy, the following conclusions can be drawn:

1. From 55 to 57 at. % Zr, the ZrNi equilibrium phase forms first
" from the glassy structure. It probably forms by a primary crystalliza-
tion process, éxpelling zirconium into the amorphous matrix. The Zr,Ni
phase begins forming soon after the ZrNi.

2. Above approximately 66 at. % Zr, Zr,Ni is the predominant crys-
talline phase and presumably forms by a polymorphic transformation.

3. Between 57 and 66 at. % Zr, the crystallization process becomes
quite complicated. Eutectic crystallization does not seem to occur.
Instead the first phase which forms on the low zirconium side of the
eutectic at 63.5 at. % Zr is a crystalline phase which has not been
reported before. The evidence indicates that it has a different morpho-
logy than either equilibrium phase, the x-ray pattern is different, and
it transforms to the equilibrium phases upon fﬁrther heating. The very
sharp narrow DSC peak produced by the formation of this metastable phase
indicates that the crystallization of this phase needs little diffusion
to proceed and may be occurring by a polymorphic transformation similar
to that of Zr,Ni. From 63.5 to 66 at. % Zr the first phase to form is
believed to be Zr,Ni. Since the eutectic composition is so far from the
compound at 66.7 at. % Zr, the crystals at this composition probably

form by a primary crystallization process.
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4., A maximum in the activation energy of the first DSC peak bet-
ween 61.2 and 65 at. % Zr indicates that the first stage of crystalliza-
tion in this composition range is quite different from that of 60 or
67 at. % Zr. It is also in this range that heating into or past the
first DSC peak produces XRD patterns showing only the broad diffuse peak
characteristic of the amorphous structure. It is believed that this
phenomenon is related to the fact that at the eutectic the glass forms
more easily on quenching and produces a glass structure of less order
(the atoms fall into a more random structure) than the structures pro-
duced at 60 or 67 at. % Zr. Since TEM micrographs indicate that eutec-
tic crystals do not form at 63.5 at. % Zr, some type of process has to
occur which involves diffusion of atoms and results in some degree of
ordering of the glass structure before the formation of crystals can
proceed. It has been debated by other researchers whether this phase
separation occurs during the liquid-quenching process or upon heating of
the as—quenched sample. Van Swijgenhoven et al.’2 and Schulz et al.’3
believe the samples are phase separated as—quenched. But these
researchers produced their samples by the melt-spinning process which is
considered to produce a slower quench than splat—-quenching. The results
of this study on splat-quenched samples indicate that, between 61 and
66 at. % Zr, various amounts of ordering in the glass structure occur on
heating in the DSC. Since the eutectic composition is approximately
midway between Zr,Ni at 66.7 at. % Zr and the metastable phase at
approximately 60 at. % Zr, it seems reasonable to assume that it phase
separates into glasses of short-range order similar to those two phases.

The maximum in the activation energy is a consequence of that ordering.
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At 60 and 67 at. % Zr, the as—quenched glass has the short-range order
it needs to proceed with crystallization.
There is much more work which could be done on this system. The
structure of the metastable phase needs to be determined; the nature of
the phase separation should be investigated further; and chemical analy-

sis should be done on the first crystals which form as a function of

composition to add to the information on the crystallization processes.
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Analysis for Impurities in
Ingot AAF, Zrg(Ni,g Alloy

Impurity Element Amount of Impurity

|
Table A-II. Results of Wet Chemistry

\

|

(ppm wt)
H 40
N 2
0 61
Hf 200
In ~5
Cu 7
Co 3
Fe 80
Mn 0.6
Cr 1
v <0.1
Ca 1
K 1
Ccl 1
S 10
Al 3
Mg <1




APPENDIX B

COMPUTER PROGRAM FOR DIGITIZATION OF DSC CURVES
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The following pfogram was used to reduce differential scanning
calorimeter chart strips (DSC tfaces) to a size which could be more
easily used. It was written by M. K. Ferber for use on a IBM-PC
personal computer and allows for the entering of raw data by either
digitization, from a floppy disk, or from the keyboard. After entering
the data, the individual data points can be edited, allowing one to
normalize the curves to the same size sample and the same calorimeter
parameters. The data can be plotted on the CRT screen or up to six
curves can be drawn together on the plotter. On a printer the

individual data points can also be printed out in table form. The data

is stored on a floppy disk.




S30 PRINT "*xx%#xTHIS PROGRAM PROVIDES FOR GRAPHICAL RKEPRESENTATION OF SAW DATA
PR 2T

S40 PRINT™ WHICH IS ENTERED :(¢(1) VIA A DIGITIZATION PROCESS; (2) FROM DISK
S50 PRINT" (in raw form); OR (3) FROM THE KEYEOARD. THE RESULTING GRAPHS *
560 PRINT” {up to B) ARE DRAWN TOGETHER AS COMPLETE PLOT. THESE PLOTS MAY EBE
570 PRINT” STORED ON DISK FOR LATER VIEWING. "

580 PRINT:REEP:PRINT SPACES (15) ;" (PRESS ANY KEY TO CONTINUE ¢ !)"
530 IF INKEY#="" THEN GOTO 590 ELSE CLS
600 CLS:LOCATE 8, 1:PRINT“*#%#*THE FOLLOWING INPUT ORTIONS ARE AVAILABLE**#x%"

610 PRINT:PRINT" (1) ENTER RAW DATA"
620 PRINT" (2) ENTER EXISTING PLOT FROM DISK":PRINT
630 INPUT" ENTER 1 OR 2:%, INOPT%

640 IF INOPT%=2 THEN K=1:G05UR 2650:6G07T0 1180
650 CLS:LOCATE 8, 1:PRINT"###x%ENTER FOLLOWING INFORMATION:**%%#":PBRINT

660 INPUT (1) BENERAL HEADING:",MATLS
670 INPUT (2) Y-AXIS LABEL:", YLAES
680 INPUT (3) X—-AXIS LABREL:", XLAB%
630 INPUT " {4) ENVIRONMENT:", ENVE

700 INPUTY (S) COMMENTS:", COMMT®

710 GOTO 4000

TEO  RE M 545 359 3 3 3 36 3 3 361 63 3 36 396 I 36 A6 3 26 W 36 36 36 3 36 S5 3 Fe 3 3 3 S 36 3 9 3 9 96 I o 33 3 9 I 96 He 46 36 K2 W
730 REM ROUTINE FOR EDITING INDIVIDUAL DATAR POINTS

TF4HC  RE M 39696 396 9 3 36 3 3 3 36 9 3 363 36 H 30 3696 J6 36 3 96 35 3 936 5 3636 I 696 I 36 I 6 A6 B 6 I W WK I WA I B I I
750 GOSUR 6680

760 PRINT: INPUT"” ENTER GRAPH NO.70 EE &DITZD{(zerco tc exit):",NDEL%

770 IF NDEL%=0 THEN GOTO 3720

780 IF NDEL% (0O OR NDELX)NPLTS1% THEN SOUND 180,100:607T0 3720
730 PRINT:PRINT:PRINT" YOU mMAY EITRER (1) ADD OR (2) DELETE DATA."
800 INPUT" ENTER 1 OR 2:",0PT%

810 K=NDEL%:IF ORT%=2 THEN GOTO &30

820 CLS:L0CATE 3,6:INPUT"ENTER NO. OF POINTS TO EE ADDED:",NDEL%
830 J=N% (K)+1:N% (K)=N%(K)+NDEL%

840 FOR I=J TO N%A(K) :PRINT:PRINT

850 INPUT" ENTER X-VALUE:", T!(I,K)
860 INPUT" ENTER Y-VALUE:",EL! (I, X)
870 INPUT" ENTER STANDARD DEVIATION:",SD! (I, K)

880 NEXT 1:6070 3720
830 CLS:LOCATE 10,S5:DIVe="YES"

300 PRINT"DELETING PRCEDURE FOR GRAPH "3K;" WILL NOW BEGIN' '™

310 FOR I=1 TO 1000:NEXT I

IO NPLTSR=K : NUMA=N% (K) : XTYPE%=1:YTYPE%=1: GPT%=0

930 FOR I=1 TO 6:PTYPE%(I)=1:NEXT I

340 CLS:BGOSUE 2830:60SUR 3170:G0SUE 3360:G0SUE 3450:BEEP

950 PPOS%=0

960 LOCATE 1,10

370 PRINT" "

98Q LOCATE i, 12:REEPR:PRINT"USE ARROWS (";CHR$(2E) ") & (";CHR$(27) 3") TO ISALATE
OINT (D-DELETE POINT X~EXIT ROUTINE)”

330 NO%=0

1000 AS=INKEY$:IF As="» THEN GOTO 1000

1010 IF LEN(A$)=& THEN A$=RIGHTS (A%, 1)

1020 IF A%="M"AND PPOSK (NUMX THEN NO%=-1:PP0S%=0p0S%+1:GOSUE Z030:60TC 330
1030 IF A$=“K" AND -PPOS%K)1 THEN NO%=1:PPOS%=PFI5%—-1:30SUR 2030:G0T0 330
1040 IF As="X" THEN BEEP:NO%=0:GOSUR 2030:CLS:60TO 1170

1050 IF As="D" THEN GOTO 1060 ELSE GOTO 330

1060 NO%=0:60SUR 2030:CIRCLE (XT% (PPOSK) , YTH (PBOB%) ), 5,0, ,,2/3

1070 LOCATE 1, 10:PRINT SPACES(70)

1080 IF PPOS%) NUM% OR PPOS% (1 THEN GOTO 360
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1090 IF NUM%-1=0 THEN CLS:LOCATE 5,S:EEEP:PRINT”ALL DATA POINTS ELIMINATED STUPI
Dititv:FOR I=1 TO 100Q:NEXT:G30TQ 3720

1100 LOCATE 1,20:REEP: PRINT" DATA POINT BEING DELETED FOX POSITION:";sP05%

1110 FOR I=1 TO 1000:NEXT I )

1120 NUM%=NUM%—1:IF PPOS%=NUMX+1 THEN PPOS*(=NUM%:G0TO 1150

1130 FOR I=PPOS% TO NUM%

1140 TUCI,KI=T! (T+1,K) sEL! (1, KI=EL! (I+1,K) s XTR(I)=XTAEI+1) sYTA(I)=YT%(I+1):8D! (1
,K)=8D! (I+1,K) :NEXT I

1150 LINE (XT%(PPOSK) -5, YT%(PPOSK) —5) ~(XT4(PPOSK) +S, YTX (PPOSK) +5) , 1, K

1160 GOTO 360

1170 N% (K)=NUM% : NUM%=0:G0TO 3720

1180 DIVs="":K=1:DIV2s="":DIV3s="":EEEP:CLS:LOCATE 8,6

11390 BEEP:PRINT"YOU NOW HAVE THE FOLLOWING CHOICES:"

1200 PRINT:PRINT" (1) IMPLEMENT SPECIAL EDITING FEATURES"

1210 PRINT” (2) INITIATE MATH ROUTINES"

1220 PRINT" (3) DATA PRINTOUT AND CRT PLOTTING OPTIONS"

1230 PRINT" (4) OQUTPUT BGRAPHICAL DATR TO PLOTTER"

1240 PRINT” (5) EXIT WITH DATA STORAGE OPTION":RRINY .
1250 INPUT™ ENTER 1,2,3,4 OR S:",0PT4%:0N OPTa% GOTO 3I720,5730, 1260, 4540, 186

O

1260 CLS:LOCATE 10,6:INPUT”DO YOU REQUIRE TRELE PRINTOUT {Y/N)7™",A$

1270 IF A$="N" THEN GOTO 1230

1880 GOSUB 1410

12390 PRINT: INPUT” DO YOU REQUIRE GRAPHICAL OCUTRUT (Y/N)7".A$

1300 IF A$="N" THEN GOTO 1180 ELSE PRINT:INPUT"” WILL YOU BE DUMPING IMAGE TO
PRINTER (Y/N)?",Al%

1310 NPLTS%A=NPLTS1%4:K=1:XTYRE%=1:YTYPEX=1:0PT%=0

1320 PRINT: INPUT™ DO YOU RERIRE SELF SCALING (Y/N)?",R$:IF As="Y" THEN GQTO
1360

1330 CLS:LOCATE 10,6: INPUT"ENTER X-MIN AND X—-MAX:", XMIN!', XMAX!

1340 LOCATE 12,6:INPUT"ENTER Y-MIN AND Y-MAX:", YMIN!, YMAX!

1350 CLS:GOSUER 4420:G0SUR 2830:6G08SUER 3170:6G0SUR 2340:608UE 3450:607T0 1370

1360 CLS:GOSUR 4420:GOSUB 2830:6G0SUBR 3170:60SUR 3260:G08UB 3450 :

1370 REEP:IF Als="N" THEN 60TO 1400 ELSE LPRINT STRING$ (13Z,11)

1380 IF INKEYs$="" THEN GOT3 1380

1330 LPRINT CHR®(27);CHR$(55) ;CHR$(18) ;CHR$ (27) ;CHR$(85) CHR$ () ;CHRI (Z7) ;CHR$ (S

Q) sCHR$ (12)

1400 IF INKEY$="" THEN GOTO 1400 ELSE CLS:LOCATE 10,6: INPUT"DG YOU WISH 70 RESLD

T DATA ON CRT(Y/N)?",A$:[F A$="Y" THEN CLS:LOCATE 10,1:60T0 1300 ELSE GOTO 1189
1410 REM 565535 33 36 2 3 W Fe 12 e T e e T I I 3 3 3 T I I T e e T3 3 S e U H T e F 36 A H T 6 I 62 96

1420 REM SUBROUTINE FOR PRINTING DARTA!!

1430 REIVAE M3 3 96 3 3 336 H I 5390 336 I I 303 o 3 I I e I A H 3 3 F 0 3 I F I I 2 I e A WA

1440 HEAD$=" GRAPHICAL DATA PRINTOUT" :GOSUER (710

1450 FOR K=1 TO NPLTS1%

1460 LPRINT:LPRINT CHR$(14) 3" DATA FCR GRAPH: " 3#jCHRS (2O

16470 LPRINT CHR®(14) ;" GRAPH NAME: " ;GTITLES (K) jCHRS (Z0) 1 LIRINT

1480 LPRINT:LPRINT CHR$%(27) ;CHR$ (B8) jCHRS () ;STARS )
1430 LPRINT SPACES (S);"DATA" ;SPACES (12) ;" X-AXIS" ;3PACES (18) 1 "Y-AXI3";SEACSE (12) +
*STANDARD"

1500 LPRINT SPACES (6) 3 "NO. " :SPACES (18) ; "VALUE" ;STACE$(13) 3" WALUE " ; SPACTS(13) : "X
VIATION"

1510 LPRINT STARS:LPRINT

1S20 FOR I=1 T3 N%(K)

1530 LPRINT TAB(B) ;13

1540 LPRINT TAE(18) :LPRINT USING "###. ## -~ s T (I, K) 1 L PRINT TAB(37) 1L ORINT L5I
NG “##ts, ##g#~ 1 ELL (I, K) 1 :LPRINT TAR(S54) :LPRINT USING “tudh. waauw """ 13D (1,1,
1550 NEXT I:LPRINT STAR$:LPRINT:LPARINT
1560 LPRINT CHR®(12) sNEXT K




1570
INGS
1580
1530
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CLS:LOCATE 10, 1:INPUT" DO YOU WISH TO ALTER ANY OF THE MAJOR TAELE HEAD
(Y/N)?",Ds$ .

IF D$="N" THEN RETURN

CLS:LOCATE 10, 1:PRINT" ENTER DESIRED ALTERATIONS FOR FOLLOWING HERDINGS

" PRINT" (leave blark if ro charnges are necessary)”

1600

1610
1620
1630
1640
1650
1660
1670
1680
1630
", D%
1700
1710
1720
1730
1740
1750
1760
1770

PRINT : INPUT" GENERAL HEADING:",D#:IF D$="" THEN GOTO 1610 ELSE MATL$=D$

INPUT™ ENVIRONMENT: ", Ds: IF D$="" THEN GOTO 1680 ELSE ENV$=D$

INPUT" Y-LABEL:",D$:1F D&="" THEN GOTO 1630 ELSE YLAE$=D®

INPUT" X—LABEL:",D$: IF D$="" THEN GOTO 1640 ELSE XLAE®:=D%

INPUT" COMMENTS: ", D$:IF D$="" THEN GOTO 16350 ELSE COMMT$=D%$

FOR I=1 TO NPLTS1X:PRINT" GRAPH "3l INPUT ":",D%

IF D$=+" THEN BOTO 1670 ELSE GTITLE$(I)=D%

NEXT I

1IF DIV3s="YES"” THEN RETURN

CLS:LOCATE 10, 1:INPUT" DO YOU RERUIRE PRINTOUT OF mMODIFIED TABLE 2(Y/N)

IF D$="Y" THEN GOTO 1410 ELSE RETURN

RIS V6 36 3363636369636 36 3 96363696 T 3 I T I J I J I F I H T TN IR S R e
REM SUEBRROUTINE FOR HEADING PRINTOUT!!'!!

FRE V26 96 36 96963 e 663 36369696369 A6 0 Fe He AT 66T Fe T T T T T T TR e
CLS:LOCARTE 10,1 :BEEP:PRINT" TURN CN PRINTER AND THEN PRESS ANY K=y ¢!

As=INKEY®:1F As="" THEN G60TO 1750 EL85= CLS
LPRINT CHR$ (27) ;CHR$(78) ;CHR$(10) :CLS
STRRE ' W 2 30336363696 9 J 0 B30T 6396 T 96T H I 3 3T T I TN N I

P96 969 ¥ W9

1780
1730
1800
1810
1820
1830
1840

1850
1860
1870
1880
1830
1300
1310
1320
1330
1340
1350
1360
1970
1980
1930
SNO%
2000
2010
2020
2030
2040
2050

LPRINT CHR#(27) ;CHR%$ (88) ;CHR® (1) ;CHR$(14)

LPRINT ChHR% (14) ;HEADS ;CHR® (20) s LPRINT

LPRINT" HEADING: " ;MATLS$

LPRINT " ENVIRONMENT : " ; ENVS

LPRINT " X—-AX1S LAEREL:" jXLAES

LPRINT ¥ Y-AXIS LABEL:";YLARS

1F COMMT$="" THEN RETURN ELSE LPRINT" ADDITIONAL COMMENTS: " ;COMMTS

RETURN
RS IV 2 346 16 496636 H A I I I T BT e 03I T I I TN 06NN

REM SURRGQUTINE FOR WRITING DATAR FILE

RS IV 3 2 3636 6 63 46 36 360606 06T T I I HE AT 30 3 A H I AT FEIETE I I I IETE NI
CLS:EEER:LOCATE 10, 1: INPUT" DO YOU WISH TO SAVE DATA (Y/N) 7", Als

IF Als="N" THEN GOTO 2070

CLS:REEP:LOCATE 10,56:PRINT"INSERT DATA DISK INTO SIDE B!!!'”

PRINT" (PRESS ANY KEY 7O CONTINUE ') "

IF INKEY$="" THEN GOTO 1330

PRINT: INPUT" DO YOU WISH TO VIEW FILES (Y/N)?" Al%

IF A1$="N" THEN GOTO 19230

CLS:LOCATE 1,6:PRINT"THE FOLLOWING FILES ARE PRESENT:”

FILES"EH:#. #" 3PRINT" PRESS ANY KEY TO CONTINUE!"

IF INKEY®s="" THEN GOTQ 1380

CLS:LOCATE 10,6: INPUTPENTER BOTH NAME OF STORAGE FILZ AND DISC NO.:",A13,DI
sFLANM2$=RA1$

OPEN "E:"+Al1% FOR OUTPUT AS #1

NRITE#I,MQTLS,ENV%,YLQEi,XLQE%,CDMM‘,NDLTSI%

FOR J=1 TO NPLTS1%

WRITE#1,N%(J),GTITLES(J)

FOR I=1 TO N%(J) :WRITE#1, T (I, J),EL (I, T),8D! (I,J):NEXT I:NEXT J

CLOSE#!L




’

2060 GOSUER 1720:LPRINT::LPRINT::LPRINT” DATR STORED IN FItLE:"jFLNME%;” D
ISK NUMBER:" ;DISNO%:LPRINT SPACE®(15) ;"DATE=";DATE$:LPRINT CHR$(12)

2070 CLS:LOCATE 12,6:INPUT"DO YOU WISH TO RESTART PROGRAM (Y/N)?2", A%

2080 IF As="Y" THEN GOTO S20 ELSE SYSTEM

FOTC RE M6 5 369 3 B3 T 23 e T 36T 2 e e T U e Fe I T e U A H U U He A e T A H T U e A F B e e A I H H 3
2100 REM SUBROUTINE FOR SCANNING DATA POINTS!!

21 10 RE VA3 A 26 3T 636 T 3 3 A3 2 e B 2 DA T B 6 U B BT 3 U I T e 3 e 0 DA B F e F 3 M F S B F e 26 3
2120 IF NO%=0 THEN GOTO 2160

2130 LINE (XT%(PPOSK) -5, YTX(PROSAK) —5) = (XTR{PPOSAL) +3, YTAR(PFOS5%4)+5), 1, B

2140 IF PPOS%=1 AND NO%=-1 THEN GOTO 2180

2150 IF PPOS%=NUM% AND NO%=1 THEN GOTO 2180

2160 LINE (XTY(PPOSKR+NOX) =S, YT%(PPOSK+NOK) =5) = (XT% (PPOS®+NO%K) +5, YTAL (PPOS%+NO®) +5
),O0, R

2170 CIRCLE (XTR(PPOSKR+NOK) , YTA(PPOSA+NDKR) )y 34,44 42/3

2180 RETURN

S190  RE M S35 e e 2 303 T I e T 3 3 H M A H B I I F 33 H e I P B A I T T I B e BN e e BN e N AN
2200 REM SUBROUTINE FOR DIGITIZING DATA

SE 10 RE MW A3 3169 53 2 TS Fe 3 AT Ao F U A 30T A St T 6 I 3 A I 2 A Fe B F 3 B HEF NS NI
2220 OPEN “Com2:4800,0,7,1,CS,DS"ASHL

2230 CLS:LOCATE 2, 1:BEEPR

240 PRINT"»##%x%#DIGITIZE LOWER LEFT REFERENCE POINT®%%%%"

250 INPUT#l,TMD%:XLL#=VQL(MID$(TMD$,2,5)):YLL#=VQL(MID$(TMP$,B,S))

2E60 PRINT I INPUTY ENTER X-VALUE AT THIS POINT:",MV1#
2270 INPUT" ENTER Y-VALUE AT THIS POINT:",RZ1#

2280 LOCATE 12, 1:BEEP

2230 PRINT"##%###DIGITIZE UPPER RIGHT REFERENCE POINT®®#xx"

2300 INPUT#1, TMP$: XUR#=VAL (MID$ (TMP$, 2, 5) ) : YUR#=VAL (MID% (TMP$, 8, 5))

2310 PRINT:INPUT" ENTER X-VALUE AT THIS POINT:",MVI#

2320 INPUT" ENTER Y-VALUE AT THIS POINT:", REZ#

2330 DEF FNXLOCH (X#)=((MVSH=-MV1IH) / (XURH=XLLH) ) # (XH=XLL#) +MV1H

2340 DEF FNYLOCH# (Y#)=((RES#-RE1#)/ (YUR#-YLL#)) * (Y#—-YLL#)+RE1{F

2350 CLS:BEEP:LOCATE 2, 1:PRINT " ##x##xex#YQU MAY NOW DIGITIZE DATA**®*#exxx'

2360 PRINT® USE WHITE BUTYON FOR DATA ENTRY"

2370 PRINT" USE RED BUTTON FOR DATA REMOVAL"

2380 PRINT" USE GREEN BRUTTON TO EXIT ROUTINE"

2390 PRINT" USE YELLOW EBUTTON TO INPUT STANDARD DEVIATION"

2400 PRINT:PRINT

2410 PRINT” X—=YALUE Y-VALUE STANDARD DEV. DA
TA NG. "

2420 PRINT” e o3 IS PR 2L 2 EEE SR %
Pr2 22y

2630 INPUT#H1, TMP$: X#=VAL (MID$(TMP%, 2,35) ) : Y#=VAL (MID$ (TMP%, 3, 5) ) : DTCP$=MID% (TMP$%,
1,1)

2440 IF LOF (1) (100 THEN SOUND 330, 3:SOUND 150, 3

2450 SD! (NUM%X+1, K) =0

2460 IF DTCP$="b" THEN GOTO 2600

2470 X#=FNXLOCH (X#) 1 YH#=FNYLOCH# (Y#)

2480 IF DTCP$="R" THEN GOTO 2550

2490 IF DTCP$="B" THEN NUM%=NUM%—1:GOTO 2510

2S00 NUMA=NUMA+1 3T ! (NUM%, K) =X#3:EL ! (NUM%, K) =Y#

2510 LOCATE 12,1

2520 PRINT SPACE$(80) :LOCATE 12,1

2530 PRINT TABR(3) ;T! (NUMX, K) s TAE(24) jEL! (NUM%, K) 3 TAR(47) 8D ! (NUM%, K) 3 TAE{70) 5 NUM

2540 EBEEP:G0TO 2430

2550 CLS:LOCATE 8, 1:PRINT”%x###YOU NOW HAVE THE FOLLOWING GPTIONS**#®x"
2560 PRINT:PRINT” (1) RESET DIGITIZING LIMITS"

2570 PRINT” (2) EXIT DIGITIZING ROUTINE"
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2580 PRINT:INPUT" ENTER OPTION NO. 2", DIGOPTX

2550 IF DIGOPT%=1 THEN GOTO 2130 EL.SE CLOSE #1:RETURN

SE00 REM ryvgravgppggnpepvppgaepe i T TS TR SRS S 2 2 2L LS AR AR S S L S S b bl Rkt it
2610 REM ROUTINE FOR INPUTING STANDARD DEVIATION

2620 REM ravprgepepnpgegrgugereser e S SRR R 2 2 2 S 8L S8 AR A LA AL bt b bbb L b i i
2630 SD!(NUM%,K)=ABS(FNYLDC#(Y#)—EL?(NUM%,K))

2640 GOTO 2510

2650 REM******************u**********&**************************************
2660 REM SURROUTINE FOR READING DATA FILE

2670 REM***************************l***************************************
2680 CLS:BEER:LOCATE 10, 6:PRINT”INSERT DARTA PDISK INTO SIDE R!!'!"

2690 ORINT” (PREBS ANY KEY TO CONTINUE D"
2700 IF INKEY$="" THEN GOTO 2700
2710 PRINT: INPUT™ DO YOU WISH TO VIEW FILES (Y/N)?",R1$

2720 IF Ats$="N" THEN GOTO 2760
2730 CLS:LO0CARTE 1,6:PRINT"THE FOLLOWING FILES ARE PRESENT:”

2740 FILES"B:w. »" :pPRINT” PRESS AMY KEY TO CONTINUE!'™
2750 IF INKEY®="" THEN GOTC 2730

2760 CLS:LOCATE 10,6: INPUT"ENTER NAME OF DATA FILE:",Als

2770 OPEN "E:"+A1% FOR INPUT RS #1

2780 IF DIve="YES" THEN BGOTO 2830

2793 IF DIVER="YIZIS" THEN INﬂUT#l,D$,D$,D$,D$,D$,NDLTSI%:GGTO 810

2800 INPUTNI,MQTL*,ENV%,YLQB*,XLRE%,CDMMi,NDLTSI%

2810 IF DIVEs="YIE5" THEN NPLTS1%4=NPLTS1%4+K-1

2830 IF NPLTS1%)6 THEN CLB:LOCATE 4, 6sNLPTSI%=NPLTS1%=K+1:PRINT"LIMIT ON NO, QF
GRACHS EXCESDED! NEW GRAPHS NOT ADDED ! " : CLOSE#1 : SOUND 200, 100:607T0 3720

2830 FGR J=K 70 NPLTSi%: INPUTHL,N%(J),GTITLES ()

840 FOR I=1 7O N%(T) s INPUTHL, TH(I,J),EL (I, J),8D! (I, Ty :NEXT I:NEXT J

2850 NUM%=NO%:CLOSE #1:CLS:LOCATE 12,6: INPUT”"DO YOU WISH TO SAVE THIS FILE (Y/N)
2, ASE

=860 IF AS$="Y" THEN RETURN ELSE KILL A1$: RETURN

2870 REM e A AT U U U BT T TN T T T F I T I N e T T T I T e e B HH S e B F I N T e N
2880 AEM SUBROUTINE FOR FRAMING!'!!!

2830 REmM [pvepvppgprpegvere S SRR TN F R 2 L 2 2 AR AR R R RSl L L AL b bl L AR R S

2300 KEY OFF:CL3:LINE (75, 20) - (685, 300), { B:LINE (76,21) (626, 301), , B RETURM
2510 REM yrppvpvpepeppprgvanar s VR E X AR R S S S R Al R R R R SR R Sl b bt R
2920 REM SURROUTINE FOR SCALING!!!!

2930 REM [rspepepvpegepvgprgveprae R ST SRR L 2 AR 2 2 S L L B D A R Rk kb Sk R b S S i SRt

2940 IF YMAX!=O THEN YMX%=-3333:G0TC 2960

2950 YMX%A=INT (LOG(ARS(YMAX 1)) /LOGL{1M)

2860 IF YMIN'=0 THEN YrN%=-3%533 :G507C 2980

25970 YMN%=INT(LOB(RES{YMIN!)) /LOG(10))

2380 IF YMX%Z(YMNY% THEN YI%=YMN%A ELSE YI%=YMX%

2930 IF XMAX!'=0 THEN XMX%=-3393:G070 3010

3000 XMX%=INT (LOS(ARS(XMAX 1)) /LOG(10))

3010 IF XMINt'=0 THREN XMN%=-32333:60T0 3030

3020 XMNA=INT(LCE (RES(XMIN!)Y) /LOG(10))

2030 I XMX%XANY THEN XI%A=XMN% ELSE XIA=XMX%

3040 XIA=XIA-0PT%:YI%=YI%-0PT%

3050 YMAX T I =YMAX L/ (10°YIA) sYMIND t=YMIN!/C10™YIA)

Z050 XpAX L T=XMAX !/ (L0™XI%) s XMINL I=XMIN!/ (10°XI%)

3070 IF DIV3s="YEZ3" THEN RETURN

3080 STP!=(YMHX1!—YMINI!)/lO:YL!=YMIN15:TICY%=300

3090 02 I=i TO 11:LGCATE (26—2#1),4:PRINT USING"H##.##" 1YL 1YL =YL I+8TR! 1 TICY®R=3
QO-(I-1)#28:LINE (7S,TICY%)—(BS,TICY%)=NEXT I

3100 STD!=(XMQX1!—XMIN1!)/10:XL!=XM1N1!:TICX%=75

3110 FOR I=1 TO 11:L0CATE 23, (7+6% (I=1)) :PRINT USIMG"##. 48" ;XL s XL ! =XL!+STP!:TIL
XA=7S+(1—1)*#55: LINE (TICX%,SOO)—(TICX%,&BS):NEXT 1



FILE:",AHi
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3120 XSC$="(XiO“"+STR$(XI%)+“>":YSC$="(XIO“"+5TR$(YI%)+“)”

3130 LOCATE 1,1:PRINT YSC$:LOCRTE 24, 71 :PRINT X5C%;

3140 RETURN

3150 REM *******{*******************i*k**é*****l****i************f&****
3160 REM SUBROUTINE FOR AXIS LAEELLING!!!'!

3170 REM pravgrpepegegepgegegvpegapego R P T B Y DR R L L DL L L L Ll L L L h S S b b A
3180 XLEN%=LEN(XLQB$):YLEN%=LEN(YLQB$):HLEN%=LEN(MQTL$)

31390 LOCATE I,AO—INT(HLEN%/E)=QRINT MATLS

2200 LOCATE 24,40—INT(XLEN%/E)=DRINT XLABS

3210 YPOS%=11-INT(YLEN®%/2) :LOCAYE YPOS%, 2

3220 FOR I=1 TO YLEN%:LOCATE YPOS%+(I-1),2:PRINT MID® (YLABS, I, 1) s NEXT I
3230 RETURN

TEHE HEM W MA AR A3 AN T T BN TN AN Fe TN NI TN B e 3R NN
3250 REM SUBRGUTINE FOR SELF SCALING!!'!!!

SIE0 REM 09604642 A S AR IS NN I AN I A AN SR AR MR R TR R R AR R AR
3270 XMIN5=T5(I,K):XMQXf=T5(1,K)}YMIN5=EL!(l,K):YMQX!=ELf(Z,K)

3230 FOR J=K TO NPLTS%

3290 FOR I=1 TO N%(F)

3ZO0 IF TH(I, D) yXmAX! THEN XmAx!'=T!{I,J) .
IZ10 IF TI(I,J) (XMIN' THEN XMIN!=T!(I,J)

3320 IF EL!(I,J)2YMAX! THEN YMAX!=EL! (I, J)

3330 IF EL! (I,J) CYMIN! ThEN YMIN!=EL!'(I,])

3360 NEXT I:NZXT J

3350 IF XTYPE%=2 THEN GOTO 3380
3360 TMﬁ1!=(XMQX!—XMIN!):TMDE!=10“INT(LDG(TMp1!)/(LDG(!O)))

3370 XMIN!=(CINT(XMIN!/TMPE!)—.5)*TMDE!:XMQX!=(CINT(XMQX!/TMPE!)+.5)*TMDE!
380 IF YTYPEx=2 THEN GOTO 3410

3330 TMplE:(YMQX!—YMIN!):TMDE!=10“INT(LDG(TMP1!)/(LDS(IO)))

3400 YMING=(CINT (YMIN!/TMPZ! )~ 5) #TMBZ! 1 YMAX {=(CINT (YMAX!/THPZ 1) +. 5) *Tmp2!
3410 IF DIVI®="YES" THEN SOUND 300, 3:RETURN

3429 GOSUR 2940

3430 RETURN

TLL0r REM kR AR I KNI NI ST ARSI TN T RN RS FE R WA MR
3450 REM SUEKROUTINE FOR PLOTTING DATA!! !

THED REM H0AA R A BRI N AT TET TN H SIS SNSRI R MR
3470 SCX!=550/(XM9X5-XMIN!):SCY!=EBO/(YM9X!—YMIN!)

3480 FOR I=K 7O NPLTS%

3490 FOR J=1 TO N4A(I)

3500 SD1%=INT({(SD! (J,1)*SCY!))

3510 X1%=INT((T!(J, I)~XMIN!)#*SCX!)+75

3S30 Y1%=INT((YMAX!—EL! (J, 1)) *5CY 1) +20

ISZO XTALI) =X1%:YTA(T)=Y1%

3540 IF DIVS="YES" THEN CIACLE (X1%,Y1%),3,,,,2/3:60T0 3630

3550 IF I=1 THEN CIRCLE (X1%,Y1%),3,,,,2/3:80T0 3630

3550  IF 1=2 THEN CIRCLE(X1%,Yi%),3,,,,2/3:PAINT (X1%,Y1%),1:60T0 3630

3570 IF I=3 THEN LINE (X1%—-2,Y1%)=(X1%+Z,Y1%) sLINE (X1%, Y1%+3) = (X1%, Y1%=2) :B0TO
3630

3330 IF I=4 THEN LINE (X1%+Z, Y1%+2) = (X1%=2, Y1%-2),,B:G60T0 3630

3590 IF I=5 THEN LINE (X1%+Z,Y1%+2)-(X1%-Z, Y1%=2),,EF:B0TQ 3630

3600 1T I=6 THEN LINE (X1%+3, Y1%—2) = (X1%-Z,Y1%~2)

3610 IF I=6 THEN LINE (X1%+2,Y1%=8)-(X1%, Y1%+Z)

3620 IF I1=6 THEN LINE (X1%-32, Y1%=32) = (X1%, Y1%+32)

3630 IF SDi%=0 THEN S0TC 3660 ELSE LINE (X1%,Y1%=SD1%)~(X1%, Y1%+5SD1%)

3640 LINE (X1%+6,Y1%+SDI%)—(X1%—E,Y1%+SD1%)

3630 LINE (X1%+6,Y1%—SD1%)—(X1%—E,Yl%—SDl%)

3250 IF PTYRE%A(I)=1 OR PTYFE%{I)=3 THEN GOTO 2690
3670 IF J=1 THEN GOTO 3630

3680 LINZ (XL%,YL#®)—{Xi%,Y¥Y1%),1




3690 XL#A=X17%Z:YL%U=Y1X:NEXT J

3700 IF PTYPE%(I)=3 THEN GOSUB SS70

3710 NEXT I:RETURN

DTEC R M5 162 A I A I 6T 16T I J 3B I H U e S F 3663036 H A A I H HE A J 2T A B U e
3730 REM SPECIAL EDITING ROUTINES

T4 RE VI3 246 2 He 3 6 46 3 36 3 3 3 A 3 H e 3T T H T H I H AT T A NI A I BT K e
3750 DIVe="“:DIVE8%="":K=1:CLS:LOCATE 2,6:DIV3s=""

3760 PRINTVkxkexwetaNUMEER CGF GRAPHS IN MEMORY= " ;NPLTS1%;"¥esxxskursx”1t OCATE 8

6

b

3770 PRINT”THE FOLLOWING ARE THE SPECIAL EDITING ROUTINES:" :PRINT

3780 PRINT” (1) EDIT INDIVIDUARL POINTS FOR ERCH GRAPH"

3730 PRINT" ’ {2) DELETEZ AN INDIVIDUAL GRAPH"

3800 PRINT” (3) ADD AN INDIVIDUAL GBRAPH"

3810 PRINT" (4) ADD TWO GRAPHS TOGBETHER"

3820 PRINT" (5) MERGE STORED PLOT WITH ONE IN MEMORY"”

3830 PRINT" (&) EXIT SPECIAL ROUTINES AND RETURN TO 9AIN MENU":PRINT
3840 INPUTY ENTER 1,2,3,4,5 OR 6:",0PTS%X:0N OPTS%A GATO 720, 3850, 4000, 4150, 4&
70,1180

3850 REM*-l-*{-*d-***********************************************************{-**
3860 =M ROUTINE FOR DELETING GRAPH

TETO 5D ARt T I TR e B U U H NI A A I FEIE B KNI H WA
3880 GOSUR 6680

3830 INPUT" SNTER GRAPH NO.TO Bz DELEZTZD{zerc to exit):" ,NDZ_L%A

3900 IF NDEL%=0 THEN GOTO 3720

3910 IF NDSL% (O OR NDELAR NPLTS1% THaEN S0UND 180, 100:6070 3720

3320 IF NPLTSi%=1 THEN CLS:LOCATE 8,6:PRINTYLASYT GRAPH DELETED!':!”:FOR I=1 TO
QOINEXT I:NPLTS1%=0:607T0 2070

3330 NPLTS1%A=NPLTS1I%-1

3940 IF NPLTS1%+1=NDEL% THEN GOTO 3980

3950 FOR I=NDEL% TO NDLTSl%:N%(I)=N%(I+1):GTITLE$(1)=BTITLE$(I+1}

3960 FOR J=1 TO NA{(I)

3870 TH{(J, D)=T'{J, I+1):ELI(J, D)=L (J, I+1):8D! (J, ID)=6D"'(J, I+1) sNEXT J:nEXT I
3980 PRINT:PRINT" GRAPH " ;NDEL%;" DELETeD !t

3990 FOR I=1 70 1000:NEXT I1:607T0 372¢

L0000  REM M 31 33326 3 5 WA 2 I A H 3 396 3 36 I 36 I W 306 3 e W F 3 F T e P I T BT A F I B F e e e F AT e e P F e 9 e
4010 REM RCUTINE FOR ADDING GRAPH

LO2Q  RE MM 9269 N 2 e e 3 3P 36 Je F6 S 3 3 I 3 3696 96 B 3 1636 96 36 96 6 363 96 96 I 96 36 3696 3 36 I K 6 96 36 4 3 B 6 H 336 T e He A H KN
4030 CL3:L0CATE 8,6

4040 IF NPLTS51%=56 THEN SOUND 18¢, 100:PRINT"MAXIMUN NO. CGF GRAPHS ALREADY PRESINT

t1eraFQR I=1 7O 1QOO:NEXT 1:80T0 3720
4050 GOSUE 6E30:NPLTS1%=NPLTS1%+1: PRINT

4060 PRINT" GRAPH "3NPLTS1%;" WILL NOW BE ADDED!":PRINT

L4070 INPUT" ENTER GRAPH NAME:",GTITLES (NPLTS1X) : PRINT

4080 INPUT"Y CHGOSE DATA ENTRY METHOD(l-gigitization,2—-disk cr 3—-keydcara):'
OPT% :

]

4030 K=NPLTS1%: NUmM%=0

4100 IF OPT%=S THEN DIVS$="YES":G0SULER I6350:X=1:60T0C 3720

4110 IF QPT%=3 THEN N% (MPLTS1%)=0Q:K=NR_T81%4:60T0 80

41320 PRINT"DIGITIZATION CF GRAPH "jNOLTS1%;" WILIL. NOW BEGIN®

4130 FOR I=1 TO O:NEXT I

4140 GOSLE S130:N%K)=NUMK:GOTO 3720

PR T R 1ot L e R e e L e R e R S D R R T T T T Py
4160 REX RGUTINE FOR PDDING TWO GRAPHS TOGETRER

I o e R R e S L T 2 2 3
4180 GCSUR B6E£80

4130 PRINT:INPUT" SNTER NUMBZIRS OF 2 GrAZ-S TO BE ADDED{zeraos ta exit):”,5PT

%, OPT1%
4200 15 OPT%=0 OR 0PTi%=0 THEN GOTC 3750
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4210
4220
4230
4240
L4250
4260
4270
4280
45230
4300
4310
4320
4330
4340
4350
4360
4370
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NUM%=N% (OPT%) +1 s N%Z (GST%) =N% (OPT%) +N% (OPT1%) sm=1

FOR I=NUM% TO NX(OPT%)

TI(I,0RPTA)=T!' (M, 0PT1I%)

EL! (I,0PT®)=EL!' (M,0PT1%)

SD' (1,0PT%®)=5D! (M, OPT1%)

m=mM+1:NEXT I:NDEL%=0RT1%:G0TQ 3310
REM**‘l‘************************************‘I‘****l**i***********%********
REM ROUTINE FOR MERGING STORED PLOT WITH EXISTING ONE

BT rvgepegngvgrpnpgvpersaran el IR R R 8 2 e e e e T S L
DIVE2$="YES" : K=NPLTS1i%+1:808SUR 2€T0:60T0 3720

FRE IV 3 3 369696 36 9696 H 036063696 346 2T 3T 305 T A A ST 93T T I I T A I I3

REM ERROR CHECKING FGOR DIGITIZATION PROCESS
REM*********h*****i-i'*f**i***i************************* P2 2 2 R 2 2 2 0 2 X 2 2 L 2 % L 2
SOUND 171, 10:LOCATE 13, 3:PRINT " *saaxrxua®*ERROR ENCOUNTERED ! ! #aesssssns’
IF ERR =69 THaEN PRINTT BUFFER GCVERFLOW!" ELSE GOTC 4330

FOR I=1 TO LOOO:NEXT I

CLOSEH#1 :0PEN "COME:4800,0,7, 1,C8,DS"ASH#1 :LOCATE 20, i : PRINT SPACZ$ (E0) : RESUM

E 2350

4330
4330
44H00
L4410
4420
4430
L4460
44T0
4460
4470
4480
4430
4500
4510
4520
4530

4540
4550
4560
4570C
4580
4550
4600
4610
LHEZD

4630

4640
4650
4860
L4870
4680
4630
L4700
4710
47320
473
4740
4750

iIF ERR=3 THEN PRINT" TOO MANY DATA FSOINTS ENTERED!":CiLOSE#1:G0T0 4400
PRINT" UNKNOWN ERROR! ! " :CLOSE#!1

FOR I=1 TO 1000:NEXT

RESUME 1180

LT e L e L L e e At
REM SUERCOUTINE FOR CHOGSING CURVE TYPE

PR PP R T S Y A S e aa R R L R e R R

CLS:LOCATE 6,6

PRINT"YOU HAYE THE FOLLOWING PLOTTING CRTIONS:"

PRINT : PRINT"” (i) DRAW POINTS ONLY”

PRINTY (Z) CONNECT POINTS WITH STRAIGHT LINE"

PRINT" (3) DRAW POLYNOMIAL CURVE THROUGH POIMTS"

ARINT" (¥curve sarameters are entered using math routines)”

ARINT: PRINT:PRINT

FOR I=i TO NPLTSi%

RPRINTY C-D0SE 1,8 DR 3 FOR GRAPH "3I13:INPUT ", PTYPER(I) :NEXT I:RETURIN

T T T P vpuappapepans s VR R R YT 2 e s R R S R L R el s S R R R L
REM SOUTINE FOR DUMPING GRAPHICAL DATA TO PLOTTES

R IV 3 3646 36 36 36 76 36 9 6 6 3 06 336 T 3 3 0o 3T T T U e I F 2 e T A F T e U e 4 T T TN F e e B T e FH e Fe B e e 2 e
CLS:LOCATE 3, 3:BEEPRP

PRINT " ##%x%%#YQUR DATA WILL NOW BEE DRAWN ON X-Y PLOTTER !'”

PRINT:PRINT" YYBET SWITCH 7O PLOTTER AND LORD PENS '

PRINT™ (press any key to continue)”

IF INKEY$="" THEN GQTO 4610

LORINT "Z":PRINT:PRINT" »YLORD PAPER AND THEN ScLECT DESIRED ORIGIN '
PRINT" (press any key to contivue)”

IF INKEYS$="" THEN GOTO 4640

CARINT"E” :LPRINT"J1" :CLS:LOCATE 3,6
BRINT"A FAXIMUM ALOT SIZE OF 7(y) HY 10(x) INCHES IS USED FOR 100% SCALING.

DRINT: INPUTY ENTER SCRLING FACTOR FOR X—-AXIS (20-100%):", PSX*%
PRINT : INPUTY ENTER SCALING FACTOR FOR Y-AXIS (Z0-100%) :", PSY%

AXMAXA=INT (2S60%#PSX%A/ 100) : PYMAXA=INT (1 780%PSY%/100)

LERINT"MO, O" :LPRINT"D" § PXMAXK; ", Oy " ; PXMAX% ", " s PYMAXK; ", O, " ; PYMAX%; ", O, 0"
CL5:.0CATE 3, &

PRINT"THE FOLLOWING AXES TYPES ARE AVAILABLE:"

PRINT:PRINT" (1) LINZAR"

PRINT" (2) LOG (ceamman)”

PRINT: INRPUT" ENTER X-AXIS TYPE (1 QR 2):", XTYPE%




4760 INPUT? ENTER Y-AXIS TYPE (1 OR &):",YTYPEX

4770 PRINT:PRINT: INPUT" DO YOU WISH TO MODIFY ANY OF THE MAJOR HEADINGS (Y/
N):",D$

4780 DIV3s="YES":IF D#="Y" THEN GOSUE 1530

4730 CLS:LOCATE 3,6

4800 INPUT"DO YOU REQIRE SELF SCALING (Y/N)?",D$:IF Dé="Y" THEN GOTO 4830

4810 INPUT" ENTER X-MIN AND X-MAX:", XMIN!, XMAX!

4820 INPUT" ENTER Y~MIN AND Y—MAX:”, YMIN!, YMAX:!

4830 IF D$="Y" THEN K=13:NPLTS%=NPLTS1%:G0SUR 3240

4840 IF XTYPE%=2 THEN XMIN'=INT(XMIN!)3XMAX'!=INT(XMAX!)+1

4850 IF YTYPE%=2 THEN YMIN!=INT(YMIN!):YMAX'!'=INT(YMAX!)+1

4860 DEF ENPX%(X#) =INT (DXMAXY%* (X#—XMIN'!) / (XMAX ! —=XMIN?))

4870 DEF FNPYZ(Y#)=INT (PYMAX%* (YH#—~YMIN!) / (YMAX I-YMIN!))

4880 H=10:1F XTYDE%=Z THEN K=XMAX!'-XMIN!

4830 LPRINT"MO, 0" sLPRINT”XZ, " ; PXMAX%; ", " 1K

5900 TN1%=FIX (PSXA%3S/100) :TN%=INT (TN1%/1.8) s:LPRINT"S” 3 TN1%; ", » ; TNa%

4310 IF XTYPEx=2 THEN GOTO S1S0

5920 CLS:LOCATE 3, 1:PRINT" #w#%#%ENTER FOLLOWING INFORMATION FOR X—AXISwxw**":1.0C
ATE €,6

4930 INPUT"NO. OF DIGITS TO BE DISPLAYED TO LEFT OF DICIMAL (1-4):",0PT%

4940 OPT%=0PT%—1:60SUR 2320

4950 PRINT:INPUT” NO.OF DIGITS TO EE DISPLAYED TO RIGHT OF DECIMAL (0-2):",0
PT1%

4960 OPT3%=0

4970 STPU=(XMAX1'=XMINI!)/10:NUM%=INT (PXMAX%/K) s0PTS®U=FIX (—SO*PSX%/ 100)

4380 LPRINT"M";0PTS%;", ";FIX(~1460%PSX%/100)

4390 K=K+1

S000 FOR I=1 TO K

5010 IF XMINi!' (O THEN A$="-" ELSE As=""

S020 R$=A$+STRS (ABS(FIX (XMINL ) ))+", "

5030 IF OPTi% O THEN OPTA=AES(CINT ((XMINI{~FIX(XMIN1!))*10"0RT1%))

S040 IF GPTi%}O THEN A$=As+MIDs (STR$ (OPT%), 2, OPT1%)

5050 LARINT”P" :A%: XMIND (=XMINL I +STP!

5060 IF OPT3%=1 THEN A$=STR$ (FIX (OPT4%))

S070 IE OPT3%=1 THEN LPRINT"R™;-TN2%3;". " ;FIX(TN1%*.3) :LPRINT"P" ;A% :0PT4%=0PT4%+1

5080 K=NUMX*I+0PTS%

S030 LPRINT"n" 143", "3FIX (~140%PSX%/100) sNEXT I

5100 IF XI%=0 THEN A$="" ELSE A$="X10""+STR$(XI%)

5110 XLEN%=LEN (XLARS) : XLENK=PXMAXK/Z-XLENA*TNZ®*, 75

5120 LPRINT"M" s XLENK3", "3FIX (—230%PSX%4/100) :L PRINT"P" ; XLAERS

5130 LPRINTR”3F IX (PXMAX%/10) 3", 0" :LPRINT"P" ;A%

5140 GOTO J160

5150 XIX=0:XMINI!'=10:XMAX1!=10:0PT3%=1:0RT1%=0:0PTH4X=XMIN' :B0TO 4370
5160 K=10:IF YTYPE%=& THEN K=YMAX!-YMIN!

5170 LBRINT"MO, 0" :LBERINT"X3, "3 PYMAXA; ", "5H

5180 IF YTYPE%=Z THEN GOTO S410

5190 CLS:LOCATE 3, 1: PRINT " #exx#*ENTER FOLLOWING INFORMATION FOR Y—AX IS*#wws": OC
ATE 6,6

Sz00 INPUT"NO. OF DIGITS TO EE DISPLAYED TO LEFT OF DECIMAL (1-4):",0PT%
5210 OPT%=0PT%—1:GOSUR 2320

5220 PRINT:INPUTY NO.OF DIGITS TO BE DISPLAYED TO RIGHT OF DECIMAL (0-2):",J
PTi%

5230 OPT3%=0

5240 STP!=(YMAX1 ! =YMINIL!)/10:NUM%=INT (PYMAXX/K) :OPTSL=FIX (~SO%08Y%/ 100)
5250 LPRINT"M" ;0PTS%*ss " 0"

S260 K=K+1

5270 FOR I=1 TO K




5280
5230
5300
S310
S30
5330
5340

5350
5360
S$5370
S380
5330
S4H400
S410
T420
5430
S440
54530
S460
S470
y 1))
5480
I+1y
5490
5500
5510
5320
5530
540
5550
5560
5870
280
5530
S600
S610
S620
S630
640
S50
5660
S670
Se80
S630
5700
S710
5720
s5730
5740
F750
S760
S770
5780

IF YMINL! (O THEN As="-"
AS=AS+STRS (ABS(FIX (YMIN
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ELSE As=""
1))+,

IF OPT1%)C THEN OPT4=ABS(CINT((YMINI!=FIX (YMINI 1)) *10°0PT1%))

IF OBT1%)0 THEN As=A%+M
LPRINT"P" ;A% 1 YMINL t =YMI
IF OPT3%=1 THEN A$=STR$

ID$ (STR$ (OPT%) , &, OPT1%)
N1 t1+STR!
(FIX (OPT4%))

IF OPT3%=1 THEN LPRINT"R“;-TN2%3", "3FIX (TN1%*.3) :LPRINT"P" ;A$: OPTHR=0FTH%+1

LPRINT"M" ;OPTS%*435", " 5N
IF YI%=0 THEN A%="" ELS
YLEN®X=LEN (YLAB$) : YLEN%=

UM%#I s NEXT I
£ AE="X10""+STRE(YI%)
PYMAXK/2-YLENR*TN2K*, 75

LPRINT Q1" sLPRINT"M” 3F IX (~300%PSYX/100) 3, " sYLENA:LPRINT"P" ; YLAES

LPRINT"RO, " sFIX (PYMAX%/
6070 S420

10) sLPRINT"B" ;A%

YI%=0:YMINL {=10:¥YMAX1 ! =10:0RPT3%=1:0PT4%=YMIN! :OPT1%=0:6G0T0 5240

K=1:sNPLTS%=NPLTS1%:LPRI
GOSUE 4430:0PTS%=FIX(TN
FOR I=K TO NPLTS%:LPRIN
LARINT"M" sFNPXA(T! (1, I)
FOR J=1 TO N%(I)

IS PTYPE%{I)=1 OR PTYPE%X(I)=3 THEN LPRINT"M” jFNPX%A(T! (J, 1))

sLPRINTON";I+15", "3 TN1%

NT”Q0" :SOUND 18Q, 10
1%%. 4)

TNJ’II ; I

Y3, "3FNPYA®(EL! (1, 1))

-«
L] a

P IFNPY®R(EL ! L

o

IF PTYPER(I)=2 THEN LPRINT"D"iFNPXA(T! (J, 1)) 35", "sFNPYLLEL! (J, 1)) s PRINT"N" 3

"y TNL%

IF SD!(J, 1)=0 THEN GOTO
LPRINT"IO, " ;FNPY%(SD! (J
LPRINT"M" ;FNPX% (T ! (J, 1)

LPRINT"IQ, " sFNPY%(-SD! (J, 1)) ;", ";-0PTS%;", 0" ;2%0RTI%;", 0

LPRINT"M" sFNPX%(T! (J, I)
NEXT J

S540
s 1)) 5", #5—0PTS%R; ", 0" ;E%0PTS%: ", O
Y3, "3FENPYX(EL! (I, I3

Y3, "IFNRY%(EL! (J, 1))

IF PTYPEXA(I)=3 THEN GOSUE GSS570

NEXT I:LPRINT"JO":G0TO
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P.EM**********************************************************i—*******

REM ROQUTINE FOR POLY

NOMIAL PLOTTING

RS IV 36 46 46 96 96 3636 963 36 4 AT 36 0 I A6 36 I A 6 36 I T H I HE I AU I I H T NN I I I H I A I I
IF NC%(I)=0 THEN RETURN

TMPRPY(=T!(1,1I):TMPRI=TMP
FOR M=1 TO N%(I)
IF T, 1) (TmPL! THEN T

1!

MO1 =Tt (M, 1)

IF T!M, I)XTMP2¢ THEN TMR2!=T! (M, I}

NEXT ™

TMREE ! =(TMP2 ! =TMPL 1) /100
FOR M=1 TO 1Ql:Y#=0

FOR L=1 TO MNCACD)

YH=Y#+PNCH (L~1) #TMP1 !~ (L~1) s NEXT L

I7 DIV3$="YES"” THEN GOT
X1%=INT ((TMP1-XMIN') *SC
Y1%=INT ( (YMAX ' =Y#) #5CY !
IF m=1 THEN GOTQ 5750

LINE (XL%, YL —(X1%, Y1%)
YLA=Y 1%k XLA=X1%:G0T0 S7

IF M=1 THEN LPRINT"M"iFNPX%(TMPL!) 3", "sFNRY%(Y#) :60T0 5780

LPRINT“D" FNPXA(TMPL1!) ;
TMP1 '=TMPR1 ' +TMP2 ! sNEXT

0 3760
X)) +75
) +20

.1
80

uL N ENPYR (YH)
Mz RETURN




5730
S800
5810
5820
3830
S840
5850
5860
5870
S880
5890
O, 12
F900
310
5920
5330
5340
5950
5960
5370
5980
5990
6000
6010
B6OED
6030
€040
€050
6060
60790
[=3el: 1]
6090
€100
6110
6120
6130
6140
6150
6180
6170
5180
6130
6200
6210
E220
6230
6240
6250
63260
6270
6280
630
€300
6310
6320
6330
6340
6350
6360
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RE I 96 96 996 36 364 36 36 9636 46 36 3 36 3 6 34 e A e F T A H A H T F I H I T A e e 26U U A A F I e e e Fe N e
REM SPECIAL MATH ROUTINES ! !!

RIS IV 4696063 6 3 936 U366 T A A 31 0 I 0 B TN 26 3B 32 T 36 F U U 36 T 3 F e 33 e
CL5:LOCATE 3,6

PRINT"THE FOLLOWING MATH ROUTINES ARE AVAILABLE:”

PRINT:PRINT" (1) ENTER POLYNOMIAL CURVE PRRAMETERS"

PRINT" (2) MATHEMATICAL MODIFICATION OF X OR Y VALUES"

PRINT" (3) DETERMINE AREA UNDER THE CURVE"

PRINT® (4) HORIZONTALLY ALIGN GRAPHS (based orn y-minimum”

PRINT" (S) RETURN TO MAIN mMEMU"

PRINT  INPUTY ENTER 1,2,3,4 OR S:",0PT%:0N OPT%4 GOTO S5300, 8000,6370, £50

a0

B L L X X 3 e e e AR Al S h s
REM ROUTINE FOR DEFINING POLYNOMIAL PARAMATERS

[RET IVE e 46 2 236 H U0 A B U BT 3T IS AT I A 36 e eI B H U T e FE I e N
CL3:LOCATE 6, 1:IF NPLTS1% (=0 THEN SQUND 180, 3:607TQ 5790

FOR I=1 TO NPLTS1%

PRINT" ENTER NO.CF COEFFICIENTS FOR GRAPH "31j

INOUT" (0=3):",NC%A(I):PRINT:IF NCA(I)=0 THEN GOTO 3330

FOR L=1 TO NCA(I) :PRINT" ENTER COEFFICIENT "3L—-13:INPUT":", ENCH(L-1)
NEXT 4L

PRINT: PRINT::NEXT I1:6070 S730

S STravavppgep g SRR R SR L e X S L L e R R R R A
REM ROUTINE FOR MATHEMATICAL MODIFICATION OF X OR Y VALUES

IS VA A A H B U T T T F A W U B e F A U AT T e T I B H e A HE I A H U6 B A I e
CLS:LOCATE 4,6

PRINTYTHERE ARE CURRENTLY "3;NPLTSix%3" GRAPHS IN mMEMORY. "

PRINT: INPUT" ENTER GRAPH NO.TO EE MODIFIED (zerc to exit):",NDEL%
IF NDEL%=0 THEN GOTO S730

IF NDEL% (O OR NDEL%)NPLTS1% THEN SOUND 180, 100:5070 5730

FRINT : INPUT” SNTER PARAMETER TO BE MODIFIED (X OR Y):",D#%

L S:LOCATE 2,6

PRINT"THE FOLLOWING MODIFICATION OSTIONS ARE AVAILARLE:”

PRINT: PRINT® (1) ADD CONSTANT VALUE "

PRINT" (2) MULTIPLY BY CONSTANT”

PRINT" (3) TAKE LOG(base 10)"

BRINT" (4) TOKE LOG(base e)"

PRINT® (S5) TAKE INVERSE LOG(base 10)”

PRINT" (6) TAKE INVERSE LOG(base e)":PRINT

INPUT" ENTER 1,2,3,4,5 OR 6:",0PT%

15 OPT#)6 OR OPT#(1 THEN SOUND 180, 3:G0TO 6000

IF OPT%=2 OR OPT%=1 THEN PRINT:INPUT" ENTER VALUE OF CONSTANT:", X#

F0R I=) TO N%{(NDEL#®)

IF Da="VY"” THEN Y%:EL}(I,NDEL%):YS#=SD!(I,NDEL%):GDTD 6240
IF D$="X" THEN Y#=T!(I,NDEL%):G0TO 6240

SOUND 180, 4:60T0O 6000

IF D$="X" QR SD!(I,NDEL%)=0 THEN YSi=1

1IF OPT%=1 THEN Ys=YH#+X$#

IF DOPT%=Z THEN VY#=Y#xXi#: YSH=YSH#eX#

15 ORT%=3 THEN Ys#=_0G(Y#) /LOG(10) :YSH#=LOG(YI#H) /LOG (10}
I OPT%=6 ThEN Y#={ OB (Y#) : YSH=LDOG(YS#H)

IF OBT#4=S THEN YH#=10"Y#:YSH=10"YSH

IF OPT%=6 THEN Y#=EXP (Y#) s YSH=EXP(YS#)

I 8D' (I,NDEL%) =0 THEN YS#=0

IF D$="X" THEN T!(I,NDEL%)=Y“:SD!(I,NDEL%)=V5#

IF D="Y" THEN EiL!{I,NDEL%)=YH

NEXT I:CLS:LO0CATE 8,6

INSUT"DO YOU RESUIRE FURTHER MODIFICATION (Y/N)?",D$
IF D$="Y"” THEN GOTO 6000 ELSE GOTO S73¢




e370
6380
6330
64Q0
6410
6420
6430
6440
6450
6460
6470
6480
6430
6500
6510
6520
6530
6540
8550
8560
6357¢C
6580
6530
6600
6610
6620
6630
6640
€650
6660
6670
5730
6680
6630
8700
E£710
8720
6730
8740
6730
6760
6770
6780

RRET IV 30466 A6 A A9 9 AT 36 I I T A F I I M2
REM ROUTINE FOR DETERMINIG AREAS
REM***&********i******i***#**************i***********i********i*******
GOSUER €680

PRINT: INPUT" ENTER GRAPH NO.TO BE ANALYZED (zerc tc exit):”,NDEL%
IF NDEL%=0 THEN GOTO S730

IF NDEL%(<O OR NDEL%)NFLTS1% THEN SOUND 180, 100:G0T0 $730
M=NDEL % :SUM!=0

FOR I=2 TO N%{(M)

SUM!'=SUM! + (T (I, M) =T (I=1, M I (EL! (I, M)+EL! {I-1,M>/ZINEXT I
PRINT:PRINT:BEEP:PRINT" AREA=" ; SUM!

PRINT:PRINT:PRINT" (oress arny key to continue)”

IF INKEY$="" THEN GOTQ 6430 ELSE GOTO S730

R Y16 9696 963646 96 361U 0966 336936 366 H 0o 9 1636363 T T 96 A6 T I A I I F NI T 2 e N
REM ROUTINE FOR HORIZONTALLY ALIGNING GRAPHS
REM*‘****************************i**********************************-i‘
CLS:LOCATE 8,6

BRINT"ALIGNMENT PROCEDURE UNDER WAY!!"

AVE =0

FOR I=1 TO NPLTS1%:LOWA(I)=1:YMIN'=EL! {1, 1)

FOR J=1 TO N%(I)

IF EL'(J, I) <YMIN! THEN LOWA(I)=J:YMIN!=EL!(J, 1)

NEXT J

AVE ' =AVE 1 +T ! (LOW% (1), I) :NEXT I

AVE !=AVE'! /NPLTS1%

FOR I=1 TO MPLTS1#%

TMR!=T ! (LOWA(I), I)

FOR J=1 TO N&(D)

T (I, I)=(AVE!=TMP ) +T! (J, I}

NEXT J:NEXT I

PRINT:PRINT:PRINT" AL IGNMENT COMPLETE! ! '”:FOR I=1 TO 1000:NEXT 1:6070

RE IV A6 4626 9636 A H 3 3T 336N 36T F TG 36T I TN I I 3o B I B TN Fe BTN
REM ROUTINE FOR LISTING GRAPHS

RIS YA 3 39 T 3T 2 6 660 T A I e o T I e 00T AR FE A F e H I A S AN Yo A A
CLS:LOCATE 4,6

PRINT"THERE ARS CURKRENTLY “3NPLTSI%;"GRAPHS IN MEMORY!”

LOCATE 6,1

PRINT" GRAPH NO. GRAPH NAME"

PRINT" P e K e RN
PRINT:FOR I=1 TO NPLTS1%:PRINT TAR(11) 313 TAB(34) 38TITLES (1)
NEXT I

PRINT:RETURN




APPENDIX C

ANALYSIS OF ERRORS IN THE REPORTED THERMAL DATA
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The thermal data reported in this thesis, which include transfor-
mation temperatures, activation energies, and enthalpy changes for
crystallization, were obtained on a Perkin-Elmer DSC-2 differential
scanning calorimeter. Before use the temperature interval for the
calorimeter was calibrated between the transformation temperatures of
indium (429.75 K) and potassium chromate (X,Cr0,) (943.7 K) to within
#0.5°. Additionally, the temperatures of the melting of zinc at heating
rates of 5, 10, 20, 40, and 80 K/min were measured to #0.2° and the
difference between the measured and the actual temperature (692.65 K)
were used to correct the measured sample temperatures. The energy axis
was calibrated using the heat_given off during the melting of indium
(6.80 cal/gm).

For the purposes of assessing the error in measuring temperatures
off the DSC curves, the composition range of this study was further
divided into regions of similar DSC peak character. The very sharp
peaks, for example those at 59 or 67 at. % Zr, were measurable to within
0.2°. Near the eutectic at 63.5 at. % Zr, however, the peaks were
broader and it was estimated that the temperatures were only measurable
to within +2°. This procedure, when used across the whole composition
range of this study, produced Table C-I, where the estimated errors in
reading the different peak temperature 1s presented as a function of
composition.

To determine the uncertainty in the reported activation energy
data, it was recognized that the error 6q of a function calculated from

a measured quantity y with its uncertainty 8y 194




Table C-I.
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Estimated Errors in

Measured DSC Peak
Temperatures

Composition Estimated Error
(at? % Zr) Peak No. (X)

55-60.6 1 0.2
57.1 HT 2.0
57.7-62 HT 0.5
61.2-62 1 0.5
2 0.2
62.8 1 0.5
2 1.0
3 2.0
HT *1.0
63.2 1 0.5
2 2.0
3 *1.0
HT 2.0
63.564.6 1 0.5
2 2.0
3 0.5
65 1 0.5
2 1.0
3 0.5
65.5 1 0.5
2 *1.0
3 *1.0
66 1 0.5
2 *1.0
66.5—71 1 0.2
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d
6q = E% Sy .

From eq. 20 (Chapter II), replacing R by k to determine values per atom

instead of per mole,

. = d[1n(T/T2)] _ AE/k

d (1/T)
and
| d(q)/aT| =2 .
Therefore
8 (AE) = 2k&T

where k is Boltzmann's constant (8.6164 x 10™° eV/atom K) and 8T is the
error in the measured value of the temperature. Using the maximum esti-
mated uncertainty in the measurement of the temperature (+2°), the
uncertainty in AE is calculated to be *3.4 x 10~% eV/atom.

An accurate determination of the uncertainty in the enthalpy change
on crystallization AH was much harder to calculate. The enthalpy change
1s a function of the area under the DSC curve and the mass of the speci-
men. Masses were determined by weighing on a digital microbalance and
could be measured to within #0.003 mg on a 2 mg sample. However, to
measure the area under the DSC peaks, the baseline of the DSC trace had
to be determined. This could not always be done unambiguously, espe-
clally near the eutectic at Zrgj3 5Nijzg, g where several broad peaks

appear over a fairly large temperature range. At compositions which
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show sharp DSC peaks, the baseline is straight and the error can be
determined as a function of the error in the area and weight measure-

ments from®"“

8 (AH)/AH =/ (8A/A)2 + (8W/W)2

where the fractional uncertainty in the area A (as measured in units of
DSC chart squares) is estimated to be #0.05 and in the weight W is
$0.002. The fractional error in AH is then #0.05. The largest AH
reported in this thesis is at 67 at. % Zr. where AH is 5.8 kJ/mole.
Therefore the error at this composition is #0.3 kJ/mole.

If one can assume that the baselines were always determined
correctly, the fractional uncertainty of #0.05 could be applied at all
compositions and no error would be larger than #0.3 kJ/mole. However
this assumption can not be made for those composition which exhibit
broad multiple peaks and one must turn to statistical methods for
determining the error in this situation. Since samples of each splat
were annealed in the DSC at each of four or five different heating rates
(5, 10, 20, 40, and 80 K/min), each of the DSC traces produced can be
used to determine an enthalpy change. For a splat of a particular com-
position, one can therefore report a AH value which is an average of
four to five experimental values. The AH values reported in Table III
of this thesis were determined in this way and are the mean values of

four to five measured values. The standard deviation of the mean UKﬁ
]

also included in Table III, represents the uncertainty in the mean

value. Two sample calculations for the mean enthalpy change AH and its
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standard deviation OxE are presented in Tables C-II and C-III, one for
a Zr-Ni composition which gives a sharp DSC peak (59 at. % 2Zr) and
another for ome which gives a broad multiple peak pattern (63.5 at. %
Zr).

Analyzing the errors by the methods just discussed has resulted in
unbelievably small uncertainties for AE (<4 x 10™* eV/atom) and large
uncertainties in AH at certain compositions. These uncertainties
apply to individual data points in Figs. 10—12. However, two or three .
data points were taken at each composition, and the repeatability of the

values is considered to reflect the accuracy of the methods used to

gather the data.
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Table C-II. Calculation of AH and M for the Low-Temperature
DSC Peaks at 59 a&. % Zr

Heating Rate Measured AH Deviation

2
(K/min) (kJ/mole) from AH, d d
5 4,408 -0.141 1.988 x 1072
10 4.510 —0.039 0.152 x 1072
20 4.582 +0.033 0.109 x 1072
40 4,667 +0.118 1.392 x 1072
80 4,580 +0.031 0.096 x 1072
AH = 4.549 vd2 = 3.737 x 1072
°Au2 = $7d2/N-1 = 9.34 x 1073
OAH = 9.66 x 1072
g
OFE = 22 = 4.32 x 1072
YN
AH = 4.55 + 0.04 kJ/mole
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Table C-III. Calculation of AH and SR for the Low-Temperature
DSC Peaks at 63.5 at. % Zr

Heating Rate  Measured AH Deviation

2
(K/min) (kJ/mole) from AH, d d
5 5.350 —0.058 0.336 x 1072
10 5.155 —0.253 6.401 x 1072
20 5.391 —0.017 0.029 x 10~2
40 5.450 +0.042 0.176 x 102
80 5.695 +0.287 8.237 x 1072
AH = 5.408 £d? = 15.179 x 1072
2 = 2 /N-1= -2
Orq £d? /N-1= 3.79 x 10
OAH = 0.195
g
dgﬁ=—f‘:}1= 8.72 x 1072
/N

-+

AH = 5.41 + 0.09 kJ/mole
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