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Boron-implantation-induced crystalline-to-amorphous transition in nickel: An experimental
assessment of the generalized Lindemann melting criterion
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The generalized Lindemann melting hypothesis has recently been used to develop a unified thermodynamic
criterion for melting applicable to both heat-induced melting and disorder-induced crystalline-to-amorphous
~c-a! transformation. The hypothesis stipulates that the sum^m2&Total of the static and dynamic root-mean-
square~rms! atomic displacements is a constant fraction of the nearest-neighbor distance along the melting
curve of a solid. To test this hypothesis, energy-filtered selected area electron-diffraction intensity measure-
ments were used to determine the generalized Lindemann parameterd5A^m2&Total/dnn, in which dnn repre-
sents the nearest-neighbor distance, as a function of boron concentration during implantation of 50-keV B1

into polycrystalline Ni at 77 K. The onset of amorphization was found to occur close to 10 at. % boron, which
is in good agreement with the value predicted byTo curve calculated using the generalized Lindemann
hypothesis. Moreover, the critical value of the generalized Lindemann parameter for amorphization,dCritical

50.11560.01, is within experimental error, identical to that for Ni just below its thermodynamic melting
temperature ofT51728 K, hence providing a direct confirmation for the generalized Lindemann melting
hypothesis.@S0163-1829~99!00326-4#
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I. INTRODUCTION

Crystalline-to-amorphous~c-a! transformations have bee
induced by a variety of solid-state disordering process ra
ing from energetic particle irradiation, multilayer interdiffu
sion, hydrogen charging, mechanical alloying, to the ap
cation of high pressures.1,2 Early studies of radiation-induce
amorphization of intermetallic compounds3–5 revealed a
number of thermodynamic and kinetic parallels between
dinary melting and disorder-induced amorphization, hint
at the intriguing possibility of a simple melting criterion a
plicable to both types of phase transformations. Howeve
major impediment to the development of a unified melti
criterion has been the lack of a suitable disorder paramete
sufficient generality that can be used to characterize b
heat-induced melting and the ever increasing number of
thermal, damage accumulation processes capable of indu
the c-a transformation. Mechanical instability criteria for t
onset of amorphization, based on volume expansion,5,6 criti-
cal strain,7 or atomic level stress8,9 as measures of lattic
stability, have been proposed. Okamoto, Lam, and Re2

recently pointed out that glass formation ranges predicted
such mechanical instability criteria are not consistent w
experimental observations and proposed a simple unive
thermodynamic criterion for the onset of heat-induced m
ing and solid-state amorphization based on the following t
hypotheses:~1! The sum of dynamic and static root-mea
square~rms! atomic displacements along the melting cur
of a solid is a constant fraction of the nearest-neighbor
tance, and~2! all disorder-driven c-a transformations lead
PRB 600163-1829/99/60~2!/800~15!/$15.00
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the formation of an ideal glass having the same entropy
the perfect crystal.

The first hypothesis is a generalization of the original L
demann melting criterion for a perfect crystal10 that consid-
ered only the effects of dynamic, i.e., thermal atomic d
placements. The second is a modification of the Kauzm
principle,11 which stipulates that the entropy of a liquid o
glass cannot be less than that of the perfect crystal. Wi
this conceptual framework, the c-a transformation becom
simply a disorder-driven melting process, albeit one occ
ring below the glass transition temperature, that leads to
formation of the glassy state with the lowest free energy. T
significance of the generalized Lindemann melting hypo
esis is that it leads to a generalized polymorphous mel
curve~i.e., To concept!, in which the onset of amorphizatio
~or melting! depends on the magnitude, but not on the phy
cal origin of the rms atomic displacements. Hence, the g
eralized Lindemann melting criterion should be univers
applicable to isobaric, heat-induced melting as well as
isothermal c-a transformations induced by a wide variety
externally driven, energy dissipative processes. In this pa
we report the first direct experimental evidence confirm
the generalized Lindemann melting criterion for the onset
amorphization induced by boron implantation into nickel.

II. THERMODYNAMICS OF THE c-a TRANSFORMATION

A. Schematic Gibbs free-energy diagram

The thermodynamics underlying the two hypotheses is
lustrated in Fig. 1, which shows schematically the Gibbs f
800 ©1999 The American Physical Society
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energy plotted as a function of temperature for the liquid,
perfect crystal, and two defective crystalline states. A
shown are the free energies of the ideal glass~fully relaxed
glass! and two unrelaxed glassy states~1 and 2! having glass
transition temperaturesTK,Tg2,Tg1 , respectively, withTK
being the ideal glass transition temperature defined u
Kauzmann’s criterion.11 The melting temperatures of the pe
fect and defective crystals,Tm

o and Tm
d , are defined by the

intersections of their free-energy curves with that of the l
uid phase. Figure 1 shows that melting can occur in t
fundamentally different ways. One can melt the crystal
heating it at constant pressure until its free energy beco
equal to that of the liquid at the thermodynamic melti
temperatureTm

o . Alternatively, one can also melt the cryst
at any fixed temperatureTm

d ,Tm
o by introducing enough

static atomic disorder such that the Gibbs free energy of
defective crystal becomes equal to that of the superco
liquid at T5Tm

d . The anticipated decrease in the melti
temperatureTm

d of a defective crystal with increasing dama
level is shown in Fig. 2, in which the static mean-squa
atomic displacement̂m2&Static has been used as a gene
measure for the damage level. As the free energy of
defective crystal approaches that of the ideal glass,Tm

d ap-
proaches the ideal glass transition temperatureTK , so that
the thermodynamic criterion for disorder-induced am
phization becomesTm

d <TK . It follows that the c-a transfor-
mation cannot occur for temperatures higher thanTK .

Figure 1 clearly illustrates the thermodynamics under
ing the second hypothesis. As the glass with the lowest
energy, the ideal glass will be the glassy state most ea
reached from below, that is, from the crystalline state vi
disorder-driven c-a transformation, but the most difficult
reach from above, for example, by annealing an unrela
glass at temperatures belowTk . Figure 1 also indicates tha
there is a limit to the amount of damage which can be ac
mulated in the crystal. This maximum-damage sta
^m2&Static5^m2&Static

Max , occurs when the free energy of a defe

FIG. 1. A schematic Gibbs free-energy diagram showing
relative free-energy change of the various crystal and liquid st
with respect to temperature.
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tive crystal becomes tangent to that of the supercooled
uid. Theoretical considerations12 suggests that the point o
tangency occurs at the ideal glass transition temperature,TK ,
i.e., whenTm

d 5TK as is assumed in Fig. 2. This point o
tangency, denoted byTK and ^m2&Static

Max , defines a critical
point at which the first-order melting transformation b
comes a second-order~continuous! c-a transition. Since a
crystalline state cannot exist for damage levels beyond
maximum-damage state, the melting temperature of the
fective crystalTm

d must drop abruptly at the critical point a
shown in Fig. 2. This drop can occur in two different way
If the free energy curve of the maximum-damaged crystall
state becomes tangent to that of the ideal glass for all t
peraturesT,TK , then Tm

d will drop vertically at ^m2&Static

5^m2&Static
Max . However, if the entropy of the defective cryst

at temperatures belowTk exceeds that of the ideal glass,
shown schematically in Fig. 1, thenTm

d in Fig. 2 will follow
the dashed line, giving rise to the so-called re-entrant mel
curve.13

B. Generalized polymorphous melting curve

Figure 2 represents a generalized polymorphous mel
(To) curve for a defective crystal. TheTo curve defines the
critical combination of damage level, as measured
^m2&Static, and temperatureT at which the Gibbs free energ
of the defective crystal is equal to that of the supercoo
liquid. It is important to point out that this description o
disorder-induced melting is independent of the physical o
gin of the static mean-square displacement. Hence as a
neric measure of static disorder,^m2&Static can represent the
concentration of misfitting solute atoms in an alloy, t
amount of Frenkel pairs in a crystal or antisite defects in
ordered intermetallic compound, the average grain size of
nanocrystals or thin films, or any other form of intrinsic
extrinsic defects. For instance, for point defects or misfitt
solute atoms in a crystal,^m2&Static}@x(12x)# wherex is the
atomic fraction of point defects or solute atoms;14 for antisite
defects in ordered alloys,^m2&Static}(12S2) whereS is the
Bragg-Williams long-range order parameter;15 and for poly-
crystalline materials,̂m2&Static}1/D whereD is the average
grain diameter.16 It follows that the generalizedTo curve can

e
es

FIG. 2. A generalized polymorphousTo curve showing sche-
matically the effects of static atomic disorder^m2&Static on the melt-
ing temperature of the defective crystalTm

d .
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be used to obtain conventionalTo curves for the binary phas
diagrams by expressinĝm2&Static as a function of alloy
composition.2,17,18

III. THE LINDEMANN MODEL FOR SOLID-STATE
AMORPHIZATION

In 1910, Lindemann10 proposed that melting of a defec
free crystal occurs when the root-mean-square amplitud
thermal vibrations of the atoms becomes equal to one-ha
the nearest-neighbor distancednn. This original form of the
Lindemann criterion is essentially a mechanical instabi
criterion since the thermal expansion corresponding to s
large thermal displacements would far exceed the crit
volume expansion at which a shear modulus vanishes
most metals.19 The current version of the Lindemann meltin
criterion, due to Gilvarry,20 stipulates that thermodynami
melting occurs when the root-mean-square amplitude of t
mal vibration,^m2&Thermal

1/2 , reaches a critical fractiondCritical

of the nearest-neighbor distance. Gilvarry’s version of
Lindemann melting criterion can be written formally as

^m2&Critical5
9\2Tm

o

MkBuo
2 5dCritical

2 dnn
2 , ~1a!

whereTm
o anduo is the thermodynamic melting temperatu

and Debye temperature of the defect-free crystal, resp
tively, M is the atomic mass,kB is Boltzmann’s constant, an
\ is Planck’s constant divided by 2p. It follows from Eq.
~1a! that

Tm
o 5

MkBuo
2

9\2 ^m2&Critical . ~1b!

Okamoto, Lam, and Rehn2 have pointed out that the c-a tran
sition can be regarded as disorder-induced melting of a
fective crystal occurring at temperatures below the id
glass transition temperatureTk . Melting is assumed to occu
when the sum of the thermal and static mean-square ato
displacements attains a critical value identical to that for
onset of thermodynamic melting of the defect-free crys
This generalized version of the Lindemann melting criter
can be expressed formally by

^m2&Critical5
9\2Tm

d

MkBud
2 1^m2&Static5dCritical

2 dnn
2 , ~2!

whereTm
d is the melting temperature of the defective crys

and ^m2&Static is the static component of the total mea
square atomic displacement associated with defects in
crystal.

The linear region of the generalized polymorphous m
ing curve in Fig. 2 is, in fact, a graphical statement of t
generalized Lindemann melting criterion~GLMC!. This fol-
lows from Eq.~2!, which can be rewritten in a form identica
to Eq. ~1b!, i.e.,

Tm
d 5

MkBud
2

9\2 ^m2&Critical ~3a!

with a disorder-dependent Debye temperatureud
2 given by
of
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25uo

2F12
^m2&Static

^m2&Critical
G . ~3b!

Equation~3a! shows that the linear decrease in melting te
perature with increasinĝm2&Static, shown in Fig. 2, simply
reflects the effect of static atomic disorder on the Deb
temperature described by Eq.~3b!. Sinceud

2 for an elastically
isotropic solid scales linearly with the average shear modu
Gd ,21 the linear decrease in melting temperature should
directly observable as a disorder-induced softening of
average shear modulus having the same functional de
dence on̂ m2&Static as Eq.~3b!. Hence a direct corollary of
the GLMC is that the reduced quantitiesTm

d /Tm
o , ud

2/uo
2, and

Gd /Go all must be equal and have the same functional
pendence on̂m2&Static, i.e.,

Tm
d

Tm
o 5

ud
2

uo
2 5

Gd

Go
5F12

^m2&Static

^m2&Critical
G . ~4!

Equation~4! shows that the GLMC is a ‘‘law of correspond
ing states,’’22 depicting a scaling relationship which corre
lates the changes in the physical properties of the crystal
universal disorder parameter that characterize the state o
disorder relative to a reference state. Within the framew
of GLMC the dimensionless Lindemann parameter,d
5A^m2&Total/dnn, serves as a universal disorder parame
for both disorder-induced c-a transformations and ordin
melting. Hence, a critical test of the GLMC for c-a trans
tions would be to show that the critical valuedCritical for the
onset of the amorphization is the same as that for the ons
the melting. Although values ford for the melting case are
available for many metals,20,22–26 corresponding values o
dCritical for the onset of amorphization have not been det
mined for any metal.

In this paper, we report the first measurements ofdCritical
and the corresponding critical boron concentration associ
with the onset of amorphization of Ni-B solid solution durin
implantation of Ni with 50-keV B1 ions. Energy-filtered
selected-area electron diffraction~EFSAED! ~Ref. 27! was
used to determinêm2&Total from Debye-Waller factors28 ex-
tracted from measured changes in the crystalline peaks in
sities caused by the implantation process. Within the fram
work of the GLMC, the thermodynamic criterion for th
onset of amorphization isTm

d 5TK . Hence if the GLMC is
correct, the critical boron concentrationC* for the onset of
amorphization of Ni-B solid solution will be given by th
intersection of theTo and theTk curves, expressed as a fun
tion of B concentration on the Ni-B binary phase diagra
The generalized form of the conventionalTo curve derived
from Eq. ~4! is given by

Tm
d 5Tm

o F12
^m2&Static

^m2&Critical
G . ~5!

While it is not possible to achieve polymorphous melti
directly by heating, measurement of^m2&Static as a function
of implanted B concentration would allow the constructi
of the To curve for the Ni-B binary system using Eq.~5!.
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IV. EXPERIMENT

Quantitative comparison of energy-filtered selected-a
electron diffraction~EFSAED! intensity measurements be
tween crystalline and amorphous phases requires thin
domly oriented polycrystalline thin films as the starting ta
get. Nontextured thin Ni films were prepared by evaporat
99.99% purity Ni onto commercial Bioden™ R.F.A. acet
cellulose film substrates held at room temperature in
vacuum of 331027 Torr. The deposited films were subs
quently dissolved in acetone to obtain Ni films supported
Cu grids. The thickness of the deposited Ni films, determin
by the Rutherford-backscattering~RBS! technique, was 650
Å. Electron-diffraction patterns and bright-field~BF! images
obtained using transmission electron microscopy~TEM!
showed that the thin-film morphology consisted of a nont
tured polycrystalline fine-grain structure with an avera
grain size of 1765 nm. The average lattice constant for t
film, obtained by selected-area electron diffraction~SAED!,
is 3.53 Å, as compared to the bulk Ni value of 3.5238
determined by x-ray diffraction.29

Ex situ ion implantation experiments were performed
the Argonne National Laboratory’s HVEM/Tandem acc
erator facility using 50-keV B1 ions directed at normal inci
dence to the Ni film.TRIM calculations,30 based on a modi-
fied Kinchin-Pease model, indicate that 50-keV B1 ions
would be distributed uniformly over a thickness of about 4
Å centered on the peak implant depth of 830 Å. To produ
a more uniform implantation profile over a wider thickne
range, and to minimize sputtering effects, an energy degr
consisting of 650-Å-thick polycrystalline Ni thin film sup
ported on 100-mesh Cu grids was placed in front of the
get Ni films of the same thickness supported on 300-m
Cu grids. Both the target and degrader films were kep
;77 K during implantation using a liquid-nitrogen co
stage.In situ monitoring of the specimen temperature
Ircon™ infrared pyrometry showed that beam heating of
Ni films was less than the minimum detection limit
100 °C.

TEM specimens with implant doses from 0.4
4.031017B1/cm2 were produced. Thickness measuremen31

using parallel electron energy-loss spectrometer~PEELS!
showed that there were no significant changes to the ta
film thickness during implantation, suggesting that the sp
tering of the target film has been sufficiently compensated
the additional thickness increase due to the addition of bo
solutes and radiation damages. The nuclear reac
11B(p,a)2a technique of Vollmeret al.32 was used to cali-
brate the actual amount of B1 ions implanted in the Ni targe
films. The yield ofa particles emitted from the nuclear re
action of 700-keV incident protons with the11B nucleus
~80.2% natural abundance! was calibrated against boro
standards to provide the boron atomic concentration a
function of incident B1 implantation dose. The resultin
calibration curve shown in Fig. 3 indicates that boron co
centrations measured are within the saturation limit a
hence provides a direct measure of the Ni-B composition
the target film for a given incident B1 implantation dose.

Microstructural characterization of the B1 implanted Ni
films was carried out using a Philips EM420 TEM equipp
with a serial electron energy-loss spectrometer~Gatan Model
a
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607! operating at 100 kV.27,33 Two-dimensional EFSAED
patterns were acquired by computer-controlled scann
~EDAX 9900! of SAED patterns across the entrance apert
of the serial EELS which records the intensities via a pho
multiplier tube. The spectrometer energy window was a
justed to a width of 5;6 eV centered on the elastic peak
the energy-loss spectrum. The electron beam probe use
acquire EFSAED patterns covered a circular area of 15
mm in diameter at a nominal magnification of 18.5 k3 in the
bright-field ~BF! mode. The 100-mesh Cu grids supportin
the Ni energy degrader foil shadowed regions of the fi
target film, thus providing both unimplanted and implant
regions on the same sample. With this configuration, the
fect of sample-to-sample variation in EFSAED measu
ments is minimized by a direct comparison of the implan
and the unimplanted~control! regions on the same sample

V. RESULTS

A. General morphology

The implantation-induced c-a transformation process w
monitored by TEM imaging~Fig. 4! and EFSAED measure
ment ~Fig. 5!. BF @and dark-field~DF!# images showed tha
little or no grain growth occurs during implantation, and th
the c-a transition proceeds via preferential amorphization
high-energy regions~e.g., grain boundaries and grain
boundary junctions! followed by subsequent growth of th
amorphous phase into surrounding crystalline matrix. T
disappearance of smaller grains at low implantation dos
the smearing of grain-boundary contrast, and the diminut
of remaining larger grains when encroached by the surrou
ing amorphous phase, all indicate that amorphization p
ceeds heterogeneously. EFSAED intensity profiles show
Fig. 5 suggests that the c-a transformation, as evidence
the appearance of weak intensity halos near the~111! and
~220! Bragg peaks, begins at a dose of about
31017B1/cm2 which corresponds to 5 at. % boron conce
tration. With increasing dose the diffuse intensity halos b
come more pronounced at the expense of the fcc crysta

FIG. 3. Empirically assessed boron concentration in the Ni
get film as a function of incident B1 implantation dose; Ni-B com-
position determined using nuclear reaction of11B(p,a) with 700
keV protons and 170° detector angle.
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peaks. Complete amorphization of the film, defined as
state at which all Bragg peaks disappear in the SAED p
tern, occurs at about 2.031017B1/cm2, corresponding to 15
at. % boron, and to aTRIM calculated ion damage level of 3
dpa~displacement per atom!. The experimentally determine
boron concentrations for both the initiation and the comp
tion of the c-a transformation are in good agreement with
RBS channeling results of Drigoet al.34 who investigated the
kinetics of 50-keV boron-implantation-induced amorphiz
tion of Ni single crystals at liquid-N2 temperature.

B. Microstructural studies

Because the c-a transition proceeded via a nucleation
growth process, it is important to determine the volume fr
tions of the crystalline and amorphous phases present in

FIG. 4. TEM BF images and the corresponding SAED patte
showing the morphological change accompanying
B1-implantation-induced amorphization in Ni crystals.

FIG. 5. EFSAED intensity profiles as a function of B1 implan-
tation dose, with the initiation and the completion of the c-a tra
formation occurred at 0.7 and 2.031017 B1/cm2, respectively.
e
t-

-
e

-

nd
-
he

implanted region as a function of incident B1 dose. For this
purpose dark-field~DF! imaging and integrated SAED inten
sity normalization techniques were employed to measure
volume fraction of the crystalline phase. Both methods
ploit the fact that the amount of crystalline phase presen
the implanted region is reflected in the total integrated int
sity of its fcc polycrystal rings. In the DF method, the ar
fraction of the crystalline grains illuminated using DF ima
ing of a portion of the polycrystalline ring from the im
planted region, normalized to that of the corresponding c
trol region imaged with the same part of the polycrystalli
ring, gives a measure of the volume fraction of the remain
crystalline phase. An alternative means for determining
relative change in crystalline phase volume fraction is to n
malize the integrated Bragg peak intensity of the implan
region to the corresponding peak intensity of the control
gion. Selected portions of the~220! ring were used for static
DF imaging, mainly because of its prominent intensity a
distinct separation from diffuse intensity halos. The~111!,
~200!, ~220!, and ~311! reflections were used for integrate
SAED peak intensity normalization. Since no extraneous
fraction peaks appeared during implantation, the phase
tribution in the implanted region is taken as a simple su
mation of crystalline (f c) and amorphous (f a) phase volume
fractions, so thatf a is simply given byf a512 f c .

Changes in the lattice parameter of the crystalline N
solid solution as a function of B concentration were a
determined using an Al thin film calibration standard. T
results in Figure 6 show that the lattice parameter initia
increases by about 0.4%, reaches a flat maximum cent
on 5 at. % boron, then decreases with further B1 implanta-
tion. In Fig. 7 the crystalline volume fraction obtained fro
both DF imaging and normalized SAED intensities was pl
ted as a function of final Ni-B composition. Also shown
the crystalline volume fraction data obtained during the
traction of Debye-Waller parameter~DWP! from the modi-
fied Wilson plots. Linker35 has shown that the DWP ap
proach can be used to extract changes in the crysta
volume fractions via the relative changes in the ‘‘intens
scaling factor’’for the respective SAED spectrum, the ma
nitude of which depends on the amount of crystalline gra
giving rise to the Bragg reflections. The sharp drop in t
crystalline volume fraction at around 5 at. % B, where t

s
e

-

FIG. 6. The change in the lattice parameter of Ni-B solid so
tion as a function of implanted boron concentration determin
from SAED measurements.
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lattice parameter reaches a maximum, suggests that the
tiation of the c-a transformation and the maximum in latt
parameter are correlated, an observation also reported
Linker in his studies of boron-implantation-induced amo
phization of niobium and molybdenum films.35,36

C. Comparison with kinetic models of amorphization

Drigo et al.34 have proposed a statistical model for t
kinetics of ion-implantation-induced amorphization,
which the minimum cluster size (Vc) and the critical solute
concentration for the formation of amorphous clusters (Cc),
can be extracted from the concentration dependence o
amorphous phase volume fraction during the c-a transi
process. In this model the region at the implantation dept
subdivided into small identical volume elementsVc , and
amorphization is assumed to occur when the number o
atoms in a cluster is at leastNc with the mean number of B
atoms in the volumeVc equals toN̄. The amorphous volume
fraction f a for any average B concentrationCB will then be
given by:

f a5 (
N5Nc

`

~N̄!N exp~2N̄!/N!. ~6!

In arriving at the above expression the probability distrib
tion of N ~actual number of B atoms in the volumeVc!

around the mean valueN̄ is assumed to be given by Poisso
statistics. The mean numberN̄ of B atoms in a cluster is
proportional to the elementary volumeVc and to the average
concentrationCB of B in the sample. LabelingCc the critical
average B concentration corresponding toNc , the experi-
mental curve,f a512 f c , can be fitted to Eq.~6! by varying

FIG. 7. The progression of the remaining crystalline volum
fraction f c as a function of implanted boron concentration. Thr
different techniques were employed: SAD for selected-area elec
diffraction, DF for dark-field imaging, and DWP for modified Wi
son plots. The amorphous volume fraction is taken asf a512 f c

based on SAD measurements which exhibits the most consi
trend. The inset shows the fitting results based on Drigoet al.’s
statistical approach for modeling the kinetic of ion-implantatio
induced c-a transformation~Ref. 34!.
ni-

by
-

he
n
is

B

-

the parametersVc andCc as shown in the inset of Fig. 7. Th
best-fit values of the minimum cluster sizeVc and the critical
average concentrationCc in the amorphous clusters for th
current experiment were determined to be 4.52310222cm3

and 8.7 at. %, respectively. These values are in reason
good agreement with the single-crystal channeling result
Drigo et al., who obtained Vc515310222cm3 and Cc
59.3 at. % for the Ni-B system.34 We believe our smaller
value forVc is due to the abundance of grain boundaries
the polycrystal TEM specimen, which provides more nuc
ation sites for amorphous cluster formation than does
single-crystal channeling specimen.

D. Inelastic and multiple-scattering effects

For electron diffraction, inelastic and multiple-scatterin
effects must be considered in any quantitative analysis
diffraction intensities.37 The problem of inelastic scattering
a major source of uncertainty in the extraction of structu
parameters from electron-diffraction intensities, has been
dressed in this study by employing an energy filter to remo
most of the inelastically scattered intensity. The use of a
log and digital signal processing equipment to record
electron intensity directed into the photomultiplier tube a
avoided any nonlinear effects associated with microdens
metry measurements on the photographic SAED negativ

The more difficult problem of multiple~plural! scattering
can be minimized by using high-energy electrons and v
thin samples. Blackman38 proposed the following criterion
for the critical thickness denoting the transition from kin
matic to the dynamic scattering regimes:luFhkl /VuA38
'p/2, wherel is the incident electron wavelength,Fhkl is
the structural amplitude of the reflection denoted by Mil
indiceshkl, V is the volume of the unit cell, andA38 is the
critical thickness for the transition into the dynamical sc
tering regime. A more conservative criterion proposed
Vainshtein39 is luFhkl /VuA38'1. The critical thickness data
obtained using Blackman’s and Vainshtein’s criteria for 1
keV incident electrons into Ni, tabulated in Table I, indica
that for 650-Å-thick Ni thin films used in our experiment
the kinematic approximation for the diffraction intensi
would be justified only at large scattering angles. To corr
for the multiple-scattering effect in the low-Q range, where
Q54p sinu/l, a correction method proposed by Gjønne40

was used to extract the single-scattering intensity from
experimental electron-diffraction curves. In this method t
multiple-scattered intensity is considered as a convolution
single-scattered intensities from a number of layers prop
tional to the number of effective ‘‘single-scattering layers
within the specimen thickness. Employing the PEELS thic
ness measurement together with the elastic mean free
estimated from the relative magnitudes of electron inter
tion cross sections, single-scattered intensities were deco
luted using the Hankel transform technique.41,42 The result-
ing diffraction intensity pattern exhibits relative Bragg pe
intensities in the lowerQ ranges which are comparable to th
single-scattered intensity calculated using the kinemat
approximations.

E. Mean-square atomic displacement

If the instantaneous position vector of an atomn is r n(t)
and its equilibrium lattice position isr n

o , then the mean-
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TABLE I. The critical thickness data for 100-keV electron diffraction in Ni thin films~650 Å thick! computed using Blackman’s an
Vainshtein’s criterion. Noted that the value of critical thicknessA38 , which denotes the transition from the kinematic to the dynam
scattering regimes, increases for higher order Bragg reflections.

Ni’s Bragg
reflections

~111! ~200! ~220! ~311! ~222! ~400! ~331! ~420! ~422! ~511! ~333! ~440! ~531! ~600! ~442!

A38 ~Å!
Blackman

151 171 247 300 318 387 438 454 521 570 570 651 700 716 7

A38 ~Å!
Vainshtein

96 109 157 191 202 246 279 289 331 363 363 415 445 456 4
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square atomic displacement~MSD! is defined as the squar
of the difference between these two position vectors av
aged over an ensemble of alln atoms:43

^m2&Total[^~r n~ t !2r n
o!2&. ~7!

The effect of thermal vibrations of atoms on the intensity
crystalline reflections is given by the Debye-Waller tempe
ture factor exp@22M#.28 Assuming that the static atomic dis
placement follows a Gaussian distribution, the total MS
^m2&Total determined from the experimental Debye-Wal
factor will be the sum of the thermal and static MSD co
ponents. Strictly speaking, if a crystal contains more th
one kind of atom, there will be a separateMn factor for each
atomic speciesn given by the expression28

Mn58p2^m2&n sin2 u/l2, ~8!

where^m2&n is the MSD component along the direction no
mal to the planes of reflection~for an isotropic material the
total MSD is three timeŝm2&n!. However, for our experi-
ment we have obtained an averaged valueMAvg because mo-
lecular dynamic simulations of defect-induced c-a transf
mations in complex crystalline compounds have shown
it is the average mean-square atomic displacement w
must be used in the applications of the generalized Lin
mann melting criterion.44

Two methods are generally used to extract the Deb
Waller temperature factor from integrated peak intensit
Warren’s method,28 which yields the absolute value of th
Debye-Waller parameter, and James’ method,45 which gives
the relative change in the Debye-Waller parameter relativ
some reference state. In Warren’s method, the sample is
sumed to be free of texture and the reduction in the in
grated peak intensity with diffraction wave vector is given

lnS 1000I hkl

Fhkl
2 mhkl

D 5 ln~K !22B
sin2 u

l2 , ~9!

where I hkl is the integrated intensity of thehkl reflection,
Fhkl

2 and mhkl are, respectively, the square of the structu
factor amplitude and the multiplicity factor for thehkl reflec-
tion, K is a constant which scales with the incident intens
and diffracting volume, and the last term22B sin2 u/l2

comes from the Debye-Waller factor exp@22M# in which the
total MSD is related to the factorB by the relationB
5(8p2/3)^m2&Total. For polycrystalline samples with pre
ferred orientation, James’ method can be used to avoid
r-
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texture problem by taking the ratio of Eq.~9! for successive
damaged states relative to a reference state~assuming that
texture remains unchanged!:

lnS I Implant

I Control
D5 lnS K Implant

KControl
D22~BImplant2BControl!

sin2 u

l2 .

~10!

It is clear that from Eq. ~10! that a linear fit of
ln(IImplant/I Control) with sin2 u/l2 ~using the modified Wilson
plot! would give the difference between the Debye-Wal
parameters for the implanted region relative to the refere
~unimplanted! region of the same sample. Since all EFSAE
experiments were performed under similar illumination co
dition with approximately the same incident intensity, t
ratio (K Implant/KControl) derived from they intercept would
represent the reduction in crystalline volumes giving rise
the Bragg reflections, thus providing an additional meas
of the change in crystalline volume fraction with B1 implan-
tation dose.

Using single-scattered intensity profiles extracted via
Hankel transform technique, peak intensity information
each Bragg reflection have been obtained by performin
simultaneous fitting of multiple Lorentian peak profiles s
perimposed on a third-order polynomial background fit. F
ure 8 shows the modified Wilson plots for each implantat
dose. These plots show that^m2&Total, represented by the
linear slope fit in accordance with Eq.~9!, increases as more
boron is implanted into nickel. Figure 9 shows the variati
of ^m2&Total as a function of implanted boron concentratio
obtained by combining the averaged results of Warren
James methods. The average absolute value for all the in
reference states~i.e., all control samples!, is ^m2&Total
50.039 Å2. This value for^m2&Total is significantly larger
than the range of 0.010–0.016 Å2 derived from the specific-
heat measurements of bulk Ni crystals at 293 K.46 The larger
initial value of ^m2&Total for our thin-film samples relative to
the bulk samples may be due to the combination of mu
finer grain size, greater surface-to-volume ratio, and the h
concentration of nonequilibrium defects typically produc
by the vapor deposition process. Figure 9 shows t
^m2&Total increases very slowly up to a dose
1.031017B1/cm2 ~7.7 at. % boron!. From there it rises
sharply to a value of 0.083 Å2 at a dose of 1.6
31017B1/cm2 ~12.4 at. % boron!, where the last observabl
remnants of the crystalline phase contributed to the peak
tensities. Hencêm2&Total50.083 Å2 is taken as the value o
the MSD in the crystalline phase just prior to the onset
amorphization, i.e., the critical value for melting as defin
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by the GLMC. The corresponding value of the neare
neighbor distance based on the lattice parameter measur
this dose is 2.50 Å. Consequently the critical value of
Lindemann parameter for the onset of implantation-indu
amorphization is dCritical5A^m2&Critical/dnn50.11560.01,
with the experimental error range given by the standard
viation of two independent measurements.

FIG. 8. The modified Wilson plots for each B1 implantation
dose plotted in accordance with Eq.~9!. The values of linear slope
fits progressively steepens as more B1 were implanted into Ni,
indicating a corresponding increase in^m2&Total .
t-
at

e
d

e-

VI. VERIFICATION OF THE GENERALIZED
LINDEMANN MELTING HYPOTHESIS

A. Experimental assessment of the critical Lindemann
parameter

The GLMC assumes that the critical Lindemann para
eter dCritical for a crystal at the onset of disorder-induce
amorphization is identical to that for ordinary heat-induc
melting. This hypothesis rests on the implicit assumption t
the defect structure introduced by the disordering proces
effectively frozen. The process of implanting B atoms in
Ni polycrystalline thin films at liquid-nitrogen temperatur
constituted an effective way of producing a high supersa
ration of ‘‘permanent’’ defects in Ni in the form of misfitting
solute atoms without inducing precipitation of equilibriu
phases. The critical Lindemann parameterdCritical for the on-
set of amorphization determined from the implantation e
periment is listed in Table II, along with values ofdCritical
reported for heat-induced melting in Ni and other selec
fcc elements. All thedCritical values reported in Table II for
melting are either theoretical values or experimental val
determined indirectly from elastic constant measureme
The scarcity of empirical-based values fordCritical for ordi-

FIG. 9. The variation of̂ m2&Total as a function of implanted
boron concentration. The absolute magnitude of^m2&Total is taken as
the sum of the averagêm2&Total for the initial reference state~0.039
Å2! plus the corresponding change in the relative magnitude
tained for each successive implantation dose using James’ me
2

2
9

TABLE II. Tabulation of the critical Lindermann parameterdCritical for the onset of solid-state amorphization~from this experiment! and
those reported for melting of Ni and other selected fcc elements obtained using theoretical calculations.

Selected
fcc
elements

Tm
0 a

~K!

Lattice
parameter at
298 Ka ~Å!

dCritical

amorphization
ion implantation

dCritical

meltingb

Cho ~adjusted!

dCritical

meltingc

Shapiro

dCritical

meltingd

Guptaet al.

dCritical

meltinge

Singhet al.

dCritical

meltingf

Gilvarry

dCritical

meltingg

Cartz

Al 933 4.05 0.0566 0.072 0.1082 0.1044 0.0664 0.110
Ni 1728 3.524 0.11560.01 0.0576~0.080! 0.077 0.0933 0.0959 0.0847 0.1144
Cu 1356 3.616 0.0598 0.069 0.1077 0.1054 0.0792 0.118
Au 1336 4.07 0.0590 0.075 0.0922 0.1054 0.108

aReference 47. eReference 26.
bReference 23. fReference 20.
c
Reference 24. gReference 22.

dReference 25.
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nary melting is due mainly to the difficulties involved i
making accurate scattering measurements at such high
peratures. ThedCritical values reported by Singh and Sharm
~1968!,26 Gupta and Sharma~1968!,25 and Shapiro~1970!
~Ref. 24! were calculated from lattice dynamics based on
treatment of the frequency spectrum analyses. ThedCritical
values of Cartz~1955!22 and Gilvarry~1956!20 were obtained
by performing analyses using the Debye-Waller theo
More recently Cho~1982!23 derived an analytical Lindeman
fusion relationship based on a combination of the atom
model of the lattices and the simple theory of harmonic
bration of atoms in the crystal. The large difference betwe
Cho’s values and the others in Table II is due mainly to
definition of the critical Lindemann parameter,dCritical

5A^m2&Critical/(dnn
w-s/2), which normalizes the root-mean

square amplitude of the atomic vibrations with respect to1
2

of the nearest-neighbor distancednn
w-s, with dnn

w-s defined using
Wigner-Seitz cellular method. If Cho’s maximum vibration
amplitude for Ni at fusion,̂m2&Critical

1/2 50.2030 Å, is normal-
ized to the conventional nearest-neighbor distancednn as de-
termined from thermal expansion data@dnn~Ni!52.55 Å at
Tf51728 K#,47 the resulting value,dCritical50.08, is in much
better agreement with other values reported for Ni. T
dCritical values reported by Cartz, including the one for Ni, a
significantly larger than all the others because he used ro
temperature values of lattice constant and Debye tempera
in his evaluation. In this respect, Gilvarry’s values are pro
ably more accurate than Cartz’s since he evaluated the c
cal Lindemann parameter using the physical and thermo
namic properties at the fusion pointTf51728 K. Robbins,
Grest, and Kremer~1990! pointed out that the effect of finite
system size used for lattice-dynamics calculations
molecular-dynamics simulations tends to underestimate
magnitude of MSD by about 10;20% for system sizes rang
ing from 500;1000 particles.48 Correcting for this effect
would makedCritical for heat-induced melting of Ni crysta
averaged over all reported values equal to 0.09560.013,
which is about 20% smaller than the experimentally m
sured dCritical value of 0.11560.01 for B1 implantation-
induced amorphization in Ni.

The discrepancy between the critical value of the Lind
mann parameter determined empirically for amorphizat
and the theoretically derived values for melting is mostly d
to the use of simple harmonic approximation for^m2&Thermal
employed in the theoretical calculations. For a harmonic D
bye solid the temperature dependence of^m2&Thermal is given
by43

^m2&Thermal5
9\2T

MkBuo
2 @F~uo /T!11/4~uo /T!#, ~11a!

whereF is the Debye integral function:

F~x!5
1

x Eo

x z

ez21
dz; F~x!512S x

4D1S x2

36D
2¯ ~ for small x!. ~11b!

At high temperatures (T@uo) the integral factor@F(uo /T)
11/4(uo /T)# in Eq. ~11a! can be neglected, leading to th
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linear relationship between̂ m2&Thermal and temperature
given by Eq. ~1a!, the form used in most evaluations o
dCritical for the fusion point. Equation~11a! can be compared
with Fig. 10, which shows experimental values of^m2&Thermal

obtained by x-ray diffraction measurement for temperatu
up to ;800 K.49,50 Assuming a direct proportionality be
tween ^m2&Thermal and temperatureT(K), linear extrapola-
tions based on Simerska´’s ~1962! ~Ref. 49! and Wilson,
Skelton, and Katz’s data~1966! ~Ref. 50! for temperatures
up to; 1

2 Tm
o of Ni give ^m2&Thermal50.081 Å2 and 0.105 Å2

at Tm
o 51728 K, respectively. Indeed by using the Deb

temperature ofuo5390 K for pure Ni, Eq.~11a! gives an
excellent fit to the low-temperature values of^m2&Thermal.
However, the increasing departure of^m2&Thermal from a lin-
ear temperature dependence indicates the increasing im
tance of anharmonic effects on the vibrational amplitude
atoms as the crystal approaches its melting point. To ob
an estimate for̂m2&Thermalat Tm

o , a second-order polynomia
fit to the low-temperature data up to 800 K was used
extrapolate the curve to the melting point. This proced
yields a value of ^m2&Thermal50.145 Å2 as compared to
^m2&Thermal50.085 Å2 obtained using the simple harmon
Debye model. Extrapolation of the experimental temperat
dependence of lattice spacings obtained by Esser, Eilen
and Bungardt~1938!51 to the melting temperature givesdnn

52.55 Å for pure Ni atTm
o 51728 K. This value ofdnn,

together with the critical valuêm2&Thermal at Tm
o , leads to

dCritical50.114 in the harmonic ordCritical50.149 for the an-
harmonic case using extrapolated empirical data. Based
this analysis, the empirically determineddCritical of 0.115
60.01 for the onset of boron implantation-induced am
phization of Ni is, within experimental error, in quite goo
agreement with thedCritical values for the onset of heat
induced melting. This agreement is the first direct confirm
tion of the generalized Lindemann melting hypothesis
solid-state c-a transformation phenomena.

FIG. 10. The temperature dependence of^m2&Thermaldetermined
using x-ray diffraction results from Simerska´’s ~1962! ~Ref. 49! and
Wilson et al.’s ~1966! ~Ref. 50! works. Also shown aredCritical val-
ues obtained by the linear~harmonic! and the quadratic~anhar-
monic! extrapolations to Ni’s melting point.
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B. Compositional dependence of static MSDŠµ2
‹Static

In Fig. 9 the empirically measured̂m2&Static is seen to
increase approximately parabolically with boron concen
tion x, with a gradual upward-concaving trend starting a
;8 at. % boron. This result seems to contradict the expe
tion that ^m2&Static should possess a downward-concavi
parabolic dependence on the solute concentrationx because
of its direct proportionality tox•(12x) term.14 The compo-
sitional dependence of^m2&Static obtained from Linker’s ex-
perimental studies on the amorphization of niobium films
boron implantation appeared to agree with thex•(12x)
parabolic dependence;35 furthermore, his data suggested th
the maximum in thêm2&Static coincides with the peak of the
lattice parameter dilatation. By contrast, our results show
Fig. 9 indicate that the maximum in̂m2&Static is not achieved
at the peak of the lattice-parameter dilatation, but rather
layed until near the completion of the c-a transition proce

These apparent inconsistencies can be resolved by e
ining the compositional dependence of^m2&Static. For binary
cubic alloys, Shirley and Fisher14 have derived the following
expressions for̂m2&Static:

^m2&Static50.385x~12x!g2a2~115.93a111.74a214.53a3

1¯ ! ~ fcc!, ~12a!

^m2&Static52.836x~12x!g2a2~110.75a110.50a220.86a3

1¯ ! ~bcc!, ~12b!

wherex denotes the solute concentration,a is the lattice pa-
rameter,a i ’s are the Cowley-Warren short-range-order p
rameters, andg5d ln a/dx5(da/a)/dx provides a measure o
the composition dependence on the atomic size mismatc
Fig. 11 we have illustrated how the atomic size misma
term g2 can dramatically alter the composition dependen
of ^m2&Static. For a complete solid solution or alloy wit
large solubility limits where atomic size mismatch is sma
^m2&Static would vary withx in the form given by the produc
x•(12x), with the peak of the parabolic curve centered
x50.5 and crossing thex axis atx50 andx51 ~top dia-
gram!. However, for cases similar to Ni-B system where t
solubility of B in Ni is severely limited, the rate of th
lattice-parameter change withx can lead to a significant de
parture of̂ m2&Static from thex•(12x) dependence. A hypo
thetical parabolic dependence of lattice parameter a on so
concentrationx, incorporating the dilatation magnitude an
Dx range similar to the results shown in Fig. 6, has be
constructed to illustrate the effect of various parame
changes. As shown in Fig. 11, the presence of a maxim
~or minimum! in lattice parameter means the slopeda/dx
would go to zero, causing the productx(12x)g2 to exhibit a
minimum at the respective lattice-parameter peak posit
The rate of the lattice-parameter change with composit
with respect tox•(12x)’s peak position, then determine
the relative magnitudes of the resulting^m2&Static curves. A
shift in the lattice parameter maximum fromx50.5 to x
50.8 with the sameDx range results in âm2&Static curve
dominated by a large parabolic curve belowx50.8, as the
product ofx•(12x) and (da/dx)2 peaks before the lattice
parameter maximum. For the same reason a large para
-
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curve beyondx50.2 would dominate the resultinĝm2&Static

curves if the lattice-parameter maximum is shifted fromx
50.5 to x50.2. In contrast tog2, the variation of the lattice
parametera2 term is so small that its effects on̂m2&Static
magnitude can be approximated by a scaling constant.
Cowley-Warren short-range-order parameter, defined asa i
512pB(r i)/xB(r i) wherepB(r i) is the probability of find-
ing a B atom as ar i neighbor of anA atom, will be negative
if there is a greater tendency for short-range ordering or p
tive if there is a greater tendency for clustering of lik
atoms.28 Studies done using complete solid solutions52 sug-
gest the maximum amplitude ofua1u for the nearest-neighbo
shell is about 0.10;0.16, which is much less than 1 and th
likely to be overwhelmed by the effect of theg2 term. Hence
for a binary solid solution with large atomic size mismat
among its constituent elements, the effect of theg2 term
must be considered along withx•(12x) when determining
the composition dependence of^m2&Static.

In Fig. 12 we have plottedg5d ln a/dx and the product
x(12x)g2 as a function ofx for Ni-B system based on a
second-order polynomial fit to the empirical composition d
pendence of lattice parameter shown in Fig. 6. The minim
in g2 occurred atx50.05 whered ln a/dx equals zero, hence
a sharp increase in the productx(12x)g2 did not begin until
the implanted B concentration exceeded 5 at. %. The exp
mentally observed upward-concaving^m2&Static trend actually
reflects the effect of ax(12x)g2 minimum occurring near
the B concentration where the lattice-parameter maximum
attained. This result, the minimum of^m2&Static occurs when
the change in lattice parameter reaches a maximum~or mini-
mum!, is in direct contrast to the previous assertion made
Linker.35 Whereas Linker’s data suggested a maximum
^m2&Static occurring near the lattice-parameter maximum,
believe it is the maximum^m2&Static value prior to the
completion of the c-a transformation that should be used
the evaluation of the critical Lindemann parameterdCritical .
This is because the damage induced is statistically dist
uted throughout the lattice, so that when making experim
tal measurement of̂m2&Static from the Bragg reflections
what is being measured is only the average from those c
tals which still do not possess the necessary^m2&Critical for
amorphization. It is only near the completion of the c-a tra
formation that the averagêm2&Static value of the crystalline
remnants approaches the actual^m2&Critical value needed for
the onset of the amorphization.

VII. POLYMORPHOUS MELTING To CURVE

Equations~3a! and ~3b! can be used to construct a poly
morphous meltingTo curve for the Ni-B system using th
values ofdCritical and compositional dependence of^m2&Static
determined from this work, together with the followin
relationships:53

M5~12x!MNi1~x!MB ,

1

uo
2 5

~12x!

uNi
2 1

~x!

uB
2 ,

dnn5~12x!dnn,Ni1~x!dnn,B, ~13!
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FIG. 11. A graphical illustration of the effect ofx(12x) andg51/a(da/dx) on the compositional dependence of^m2&Static described in
Eq. ~12!. The top diagram shows the basic functional form ofx(12x) versus the solute concentrationx. The diagrams~in each column!
below shows how the difference in the position of lattice parameter peak affects the form of the productx(12x)(da/dx)2 via the
corresponding changes in (da/dx).
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wherex denotes the atomic concentration of boron. It is i
portant to recognize that the calculatedTo curve based on
Eqs.~3a!, ~3b! and~13! contain several simplifying assump
tions. First, the anharmonic effect for the temperature dep
dence of̂ m2&Thermalis not taken into account, and second,uo
anddnn are assumed to be temperature independent. Igno
the anharmonic dependence of^m2&Thermal on temperature is
expected to lead to an underestimate of the rate of chang
Tm

d with ^m2&Static in the high-temperature regime. The err
due to the negligence of the thermal expansion ofdnn for Ni
-

n-

ng

of

and B is estimated to be less than 2% for temperatures u
Tf(Ni) 51728 K.47 Krivoglaz ~1969! has calculated Debye
temperatures for Al and Cu based on a semiphenomeno
cal vibration model, and concluded thatuo for fcc lattices is
only weakly dependent on the temperature.15 The variation
of ^m2&Static with boron concentration was obtained direct
from the modified Wilson plot analysis, while the values
^m2&Critical and dCritical were taken from the experiment fo
the onset of solid-state c-a transition. The nearest-neigh
distance for Ni and B were set to a value averaged over
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applicable temperature range, givingdnn~Ni!52.5139 Å and
dnn~B!51.9060 Å, respectively.47 The Debye temperature
for the constituent elements were chosen based on the c
rion of best-fit results to the respectiveTm

o from among re-
porteduo range; this givesuo(Ni) 5390 K ~reporteduo rang-
ing from 375;476 K! and uo(B)51365 K ~reported uo

ranging from 1250;1480 K!.46

In Fig. 13, theTo curve calculated using GLMC from th
available experimental data has been superimposed on
Ni-B equilibrium phase diagram54 with a solid line drawn to
serve as a guide. The initial decrease inTm

d follows the liqui-
dus curve fairly closely but drops abruptly as the boron c
centration approaches;10 at. %. This sharp plunge inTm

d is
due to the inherent constraints imposed by the GLMC t
^m2&Static cannot exceed̂m2&Critical obtained for the onset o
melting/amorphization. The qualitative features of theTo
curve constructed using the semiempirical GLMC is cons
tent with the thermodynamics-based theoretical predictio
Using the equality condition of Gibbs free energies for t
partitionless melting and assuming no equilibrium pha
separation, Fecht, Desre´, and Johnson have derived a diffe
ential form of the generalized Clapeyron relation that defi
the polymorphous melting surfaceTo(P,C) for a metastable
binary solid solution as a function of compositionC and
pressureP:12

FIG. 12. The compositional dependence of^m2&Static predicted
using Eq. ~12! with the empirically measured lattice-paramet
change obtained from Ni-B system~Fig. 6!: ~a! a plot of the em-
pirical compositional dependence ofg for Ni-B solid solution;~b!
the theoretical̂ m2&Static relation with the boron concentrationx
given byx(12x)g2.
te-

the

-

t

-
s.

e

s

~]Tm /]C!P52Am /DSm

~ isobaric partitionless melting!, ~14a!

~]Pm /]C!T5Am /DVm

~ isothermal partitionless melting!, ~14b!

~]Pm /]T!C5DSm /DVm

~ isoconcentration partitionless melting!, ~14c!

where Pm is the melting pressure,DSm and DVm are the
entropy and volume change upon melting, andAm , termed
‘‘partitionless melting state affinity,’’ is a function of the
chemical potential ofA andB constituents in the liquid and
crystalline states. If the constituentsA and B in the binary
solid solution with negative enthalpy of mixing have diffe
ent crystal structures,Am cannot be zero and must increa
with decreasing temperature. Together with Kauzmann’s
terion that a supercooled liquid must undergo thermo
namic transition to the ideal glass atTK to avoid having the
entropy of the supercooled liquid lower than that of the cr
talline phase,11 Eq. ~14a! shows that the melting temperatu
of Ni-B solid solution as a function of solute concentratio
will plunge sharply with a slope equal to2Am /DSm and,
beyond the triple pointTK whereDSm5DGm5DHm50, the
To curve will drop abruptly to zero. This sharp plunging
To curve at the thermodynamic metastability limit of th
crystal~represented byTK! is the key feature of theTo curve
based on GLMC. Instead of relying on the extrapolated th
modynamic data of supercooled liquid for temperatures
low the melting point, GLMC uses the more accessib
^m2&Static and ^m2&Critical to provide a measure for the the
modynamic stability of the metastable solid solution, th
providing a more reliable and self-consistent means of
tending theTo curve below the eutectic temperature.

The To curve also provides an alternative verification f
GLMC through the determination of the critical compositio
C* at whichTm

d 5TK . Within the framework of GLMC,C*
represents the minimum solute concentration required
melt ~or amorphize! the crystal, thus defining the limits o
the ‘‘glass formation range’’~GFR!. It is important to com-
pare the value ofC* determined by GLMC with that pre
dicted by the mechanical instability criterion for amorphiz
tion proposed by Egami and Waseda.7 Based on their
analyses of the local strain effects arising from the differen
in atomic sizes of solvent~B! and solute~A! atoms, the mini-
mum solute concentrationCA

Min necessary for glass formatio
by rapid quenching from melt is given by7

CA
Min>0.10

VB

uDVu
50.10

RB
3

uRB
32RA

3 u
, ~15a!

where uDVu denotes the absolute difference in the atom
volumes of the constituent elements, andV and R are the
atomic volume and radii ofA and B atoms, respectively
More recently, Egami~1997! suggested for solid-state amo
phization the composition limits of the amorphous phase f
mation should be modified as55
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FIG. 13. To curve obtained using GLMC for the Ni-rich side of B-Ni binary phase diagram. The position of theTo curve is calculated
using empirically determined compositional dependence of^m2&Static. The glass transition temperatureTK;Tg is taken as roughly one-hal
of the eutectic temperature~Ref. 57!. The critical solute concentration as given by the intersection ofTo andTk curves is estimated to be
0.1060.02.
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Using the atomic radii of B50.920 Å and Ni51.246 Å,47

the minimum B solute concentration for glass formation
rapid quenching would be 16.7 at. %, whereas for solid-s
amorphization the minimum B solute concentration requi
would be 27.9 at. %~with composition limit extrapolated to
T5300 °C!. In contrast, the steeply plungingTo curve based
on GLMC predicts 1062 at. % to be the minimum B solut
concentration needed to induce solid-state c-a transitio
Ni crystal. It is evident that the actual position ofTK will not
affect this estimate ofC* sinceTo curve is almost vertica
for Tm

d , 2
3 Tm

o . Moreover, this value of 10 at. %B for the
onset of c-a transformation in Ni-B system is consistent w
that derived from the statistical analyses of amorphous ph
volume fractions, namelyCc58.7 at. % for the current ex
periment and Cc59.3 at. % from the RBS/channelin
results.34 The agreement between the kinetically determin
values ofCc and the value ofC* predicted by theTo curve
provides further validation of the GLMC. The somewh
higher critical solute concentration predicted by the Ega
Waseda criterion is consistent with the fact that the criter
is based on the topological mechanical instability of the cr
talline phase. In contrast, GLMC is based on a thermo
namic criterion for melting and thus requires a smaller sol
concentration for amorphization. The agreement between
perimentally determinedCc and that predicted byTo curve
te
d

in

h
se

d

t
i-
n
-
-
e
x-

(C* ) also indicates that it is the implanted solute, rather th
radiation damage, that is the primary cause for the instab
of the crystal during the ion-implantation process. This co
clusion is consistent with the empirical findings that the
appears to be no strong ion-mass dependence of critical
for implantation induced amorphization, as well as the o
servations that self-ions and noble-gas implantations
metals do not result in amorphous phase formation.56

VIII. CONCLUSIONS

The objective of this study is to assess the hypothesis
solid-state amorphization as an extension of thermodyna
melting within the framework provided by the generaliz
Lindemann melting criterion. A natural consequence of
GLMC approach has been the selection of the Lindem
parameter,d5A^m2&Total/dnn, as a universal disorder param
eter whose magnitude is linearly related to the direct su
mation of thermal and static mean-square displacement
the respective transition process. Boron-implantation
duced amorphization of polycrystalline nickel at 77 K co
stitutes an effective way of ‘‘melting’’ the nickel solid solu
tion by supersaturating the crystal with solute atoms wh
avoiding equilibrium phase separation. It is found emp
cally that the critical Lindemann parameterdCritical for the
crystal at the onset of amorphization agrees, within exp
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mental error, to that for the onset of melting. This is the fi
direct confirmation for the generalized Lindemann melti
hypothesis, suggesting that the conditions governing the
stabilization during the thermodynamic melting should
equally applicable to the solid-state c-a transition. A po
morphous To curve has been constructed based on
GLMC using the empirical relation found between the sta
disorder introduced into the crystal and the implanted bo
concentration. The statistical analyses of the amorphous
ume fraction yield a critical solute concentration value co
sistent with the prediction of theTo curve, further underscor
ing the notion that ion-implantation-induce
s
v

st
g
e-
e
-

he
ic
on
ol-
-

amorphization is simply the polymorphous melting of a d
fective crystal below the ideal glass transition temperatur
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