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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 gpf)1o 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 paramet&mz)ma/dnn, in which d,, repre-
sents the nearest-neighbor distance, as a function of boron concentration during implantation of 50-keV B
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 By curve calculated using the generalized Lindemann
hypothesis. Moreover, the critical value of the generalized Lindemann parameter for amorphidgtiey.,
=0.115£0.01, is within experimental error, identical to that for Ni just below its thermodynamic melting
temperature off=1728K, hence providing a direct confirmation for the generalized Lindemann melting
hypothesis[S0163-1829)00326-4

I. INTRODUCTION the formation of an ideal glass having the same entropy as
the perfect crystal.

Crystalline-to-amorphou&-a) transformations have been  The first hypothesis is a generalization of the original Lin-
induced by a variety of solid-state disordering process rangdemann melting criterion for a perfect crystathat consid-
ing from energetic particle irradiation, multilayer interdiffu- ered only the effects of dynamic, i.e., thermal atomic dis-
sion, hydrogen charging, mechanical alloying, to the appliplacements. The second is a modification of the Kauzmann
cation of high pressurés Early studies of radiation-induced principle!* which stipulates that the entropy of a liquid or
amorphization of intermetallic compourids revealed a glass cannot be less than that of the perfect crystal. Within
number of thermodynamic and kinetic parallels between orthis conceptual framework, the c-a transformation becomes
dinary melting and disorder-induced amorphization, hintingsimply a disorder-driven melting process, albeit one occur-
at the intriguing possibility of a simple melting criterion ap- ring below the glass transition temperature, that leads to the
plicable to both types of phase transformations. However, rmation of the glassy state with the lowest free energy. The
major impediment to the development of a unified meltingsignificance of the generalized Lindemann melting hypoth-
criterion has been the lack of a suitable disorder parameter @fsis is that it leads to a generalized polymorphous melting
sufficient generality that can be used to characterize bothurve(i.e., T, concep}, in which the onset of amorphization
heat-induced melting and the ever increasing number of isgor melting depends on the magnitude, but not on the physi-
thermal, damage accumulation processes capable of inducimgl origin of the rms atomic displacements. Hence, the gen-
the c-a transformation. Mechanical instability criteria for theeralized Lindemann melting criterion should be universal,
onset of amorphization, based on volume expansfouriti- applicable to isobaric, heat-induced melting as well as to
cal strain’ or atomic level stre§s as measures of lattice isothermal c-a transformations induced by a wide variety of
stability, have been proposed. Okamoto, Lam, and Rehrexternally driven, energy dissipative processes. In this paper
recently pointed out that glass formation ranges predicted bywe report the first direct experimental evidence confirming
such mechanical instability criteria are not consistent withthe generalized Lindemann melting criterion for the onset of
experimental observations and proposed a simple universamorphization induced by boron implantation into nickel.
thermodynamic criterion for the onset of heat-induced melt-
ing and solid-state amorphization based on the following twal. THERMODYNAMICS OF THE c-a TRANSFORMATION
hypotheses(1) The sum of dynamic and static root-mean-
square(rms) atomic displacements along the melting curve
of a solid is a constant fraction of the nearest-neighbor dis- The thermodynamics underlying the two hypotheses is il-
tance, and?2) all disorder-driven c-a transformations lead to lustrated in Fig. 1, which shows schematically the Gibbs free

A. Schematic Gibbs free-energy diagram
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FIG. 1. A schematic Gibbs free-energy diagram showing thefive crystal becomes tangent to that of the supercooled lig-
relative free-energy change of the various crystal and liquid stateid. Theoretical consideratiotfssuggests that the point of
with respect to temperature. tangency occurs at the ideal glass transition temperalyre,

ie., WhenTﬁ]=TK as is assumed in Fig. 2. This point of
2\ Max ; g
energy plotted as a function of temperature for the liquid, thdangency, denoted b¥y and (u%)siaio defines a critical

perfect crystal, and two defective crystalline states. AlsgP@int at which the first-order melting transformation be-
shown are the free energies of the ideal gldsy relaxed ~COMes a second-ordécontinuous c-a transition. Since a
glass and two unrelaxed glassy stat@sand 2 having glass crys’gallme state cannot exist for o_Iamage levels beyond the
transition temperaturéBy <Ty,<Tg;, respectively, withl mapmum—damgge state, the melting temperature of the de-
being the ideal glass transition temperature defined usinffCctive crystalTy, must drop abruptly at the critical point as

Kauzmann's criteriod! The melting temperatures of the per- Shown in Fig. 2. This drop can occur in two different ways:
d If the free energy curve of the maximum-damaged crystalline

fect and defective crystal§;}, and Ty, are defined by the ;
intersections of their free-energy curves with that of the lig-Sat€ becomes tangentdto that of the ideal glass f20r all tem-
turesT<Ty, then T, will drop vertically at{u)static

uid phase. Figure 1 shows that melting can occur in twd?€"alure . .
fundamentally different ways. One can melt the crystal by={#")s@ic However, if the entropy of the defective crystal
heating it at constant pressure until its free energy becomedf temperatures below, exceeds that of the ideal glass, as
equal to that of the liquid at the thermodynamic meltingShown schematically in Fig. 1, théff, in Fig. 2 will follow
temperaturel®,. Alternatively, one can also melt the crystal the dashed line, giving rise to the so-called re-entrant melting
at any fixed temperatur@%<T2 by introducing enough CUrve:

static atomic disorder such that the Gibbs free energy of the

defective crystal becomes equal to that of the supercooled B. Generalized polymorphous melting curve

liquid at T=Tﬂ1. The anticipated decrease in the melting Figure 2 represents a generalized polymorphous melting
temperaturd f, of a defective crystal with increasing damage (T,) curve for a defective crystal. THE, curve defines the
level is shown in Fig. 2, in which the static mean-squarecritical combination of damage level, as measured by
atomic displacementu?)s4c has been used as a general(,2),. ... and temperatur& at which the Gibbs free energy
measure for the damage level. As the free energy of thef the defective crystal is equal to that of the supercooled
defective crystal approaches that of the ideal gla§sap-  liquid. It is important to point out that this description of
proaches the ideal glass transition temperaliyfe so that disorder-induced melting is independent of the physical ori-
the thermodynamic criterion for disorder-induced amor-gin of the static mean-square displacement. Hence as a ge-
phization become3d<Ty . It follows that the c-a transfor- neric measure of static disordé?) siic Can represent the
mation cannot occur for temperatures higher tian concentration of misfitting solute atoms in an alloy, the
Figure 1 clearly illustrates the thermodynamics underly-amount of Frenkel pairs in a crystal or antisite defects in an
ing the second hypothesis. As the glass with the lowest freerdered intermetallic compound, the average grain size of the
energy, the ideal glass will be the glassy state most easilganocrystals or thin films, or any other form of intrinsic or
reached from below, that is, from the crystalline state via aextrinsic defects. For instance, for point defects or misfitting
disorder-driven c-a transformation, but the most difficult tosolute atoms in a crystalu?) guic< [ X(1— x) ] wherex is the
reach from above, for example, by annealing an unrelaxedtomic fraction of point defects or solute atogor antisite
glass at temperatures beldWy. Figure 1 also indicates that defects in ordered alloy€u?)guic< (1—S?) whereSis the
there is a limit to the amount of damage which can be accuBragg-Williams long-range order parametémnd for poly-
mulated in the crystal. This maximum-damage statecrystalline materials{u?) i< 1/D whereD is the average

(12 sraic= ( w2) ¥ occurs when the free energy of a defec-grain diametet® It follows that the generalize®, curve can
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be used to obtain conventionB} curves for the binary phase . { ®) static
diagrams by expressingu?)swic as a function of alloy 03= 65 1_## jy (3b)
ritical

compositior?1718

Equation(3a) shows that the linear decrease in melting tem-
lll. THE LINDEMANN MODEL FOR SOLID-STATE perature with increasingu?)siaic» Shown in Fig. 2, simply
AMORPHIZATION reflects the effect of static atomic disorder on the Debye

In 1910, Lindemant? proposed that melting of a defect- f[emper'ature' describeq by E(Gb)'. Sinceeﬁ for an elastically
free crystal occurs when the root-mean-square amplitude d?Otrﬁp'C solid scales linearly with the average shear modulus
thermal vibrations of the atoms becomes equal to one-half dPd.~ the linear decrease in melting temperature should be
the nearest-neighbor distandg,. This original form of the directly observable as a dlsprder—lnduced softe_nlng of the
Lindemann criterion is essentially a mechanical instability@Verage shgar modulus having the same functional depen-
criterion since the thermal expansion corresponding to sucA€Nce O 4%)saic @ Eq.(3b). Hence a direct c2(3r(32IIary of
large thermal displacements would far exceed the criticaln® GLMC is that the reduced quantiti§/Tp,, 63/65, and
volume expansion at which a shear modulus vanishes fdpd/G, all must be equal and have the same functional de-
most metal€® The current version of the Lindemann melting Pendence oiu®)sagc: 1-€-,
criterion, due to Gilvarry® stipulates that thermodynamic

melting occurs when the root-mean-square amplitude of ther- T4 2 o 2

. . 2\ 1/2 . . m d d <Iu’ >Static
mal vibration,{ u*) Trermar F€@ches a critical fractiofigical =2 e A 4
of the nearest-neighbor distance. Gilvarry’'s version of the L o () cittica

Lindemann melting criterion can be written formally as
Equation(4) shows that the GLMC is a “law of correspond-
) 942TY, ) ing states,’®? depicting a scaling relationship which corre-
(m >Critica|=m = é%riticaldnn' (1a lates the changes in the physical properties of the crystal to a
870 universal disorder parameter that characterize the state of the
WhereT?n and 6, is the thermodynamic melting temperature disorder relative to a reference state. Within the framework
and Debye temperature of the defect-free crystal, respe®f GLMC the dimensionless Lindemann parameter,
tively, M is the atomic massg is Boltzmann'’s constant, and = \/<,u2)Tota/dnn, serves as a universal disorder parameter
# is Planck’s constant divided by It follows from Eq. for both disorder-induced c-a transformations and ordinary

(1a) that melting. Hence, a critical test of the GLMC for c-a transi-
tions would be to show that the critical valdgi;ic for the
o M kg 62 ) onset of the amorphization is the same as that for the onset of
Th= 942 (1) critical - (1b)  the melting. Although values foé for the melting case are

available for many metaf®:?2-2¢ corresponding values of
Okamoto, Lam, and Refitave pointed out that the c-a tran- dcyiical fOr the onset of amorphization have not been deter-
sition can be regarded as disorder-induced melting of a demined for any metal.
fective crystal occurring at temperatures below the ideal In this paper, we report the first measurement®@fica
glass transition temperatullg . Melting is assumed to occur and the corresponding critical boron concentration associated
when the sum of the thermal and static mean-square atomigith the onset of amorphization of Ni-B solid solution during
displacements attains a critical value identical to that for themplantation of Ni with 50-keV B ions. Energy-filtered
onset of thermodynamic melting of the defect-free crystalselected-area electron diffractiqgBFSAED (Ref. 29 was
This generalized version of the Lindemann melting criterionused to determinéu?)tq from Debye-Waller factor$ ex-

can be expressed formally by tracted from measured changes in the crystalline peaks inten-
sities caused by the implantation process. Within the frame-
94.21d work of the GLMC, the thermodynamic criterion for the

m
<M2>Criticalzm+</L2>Static= S2ritcadin (2 onset of amorphization i§%=T,. Hence if the GLMC is
correct, the critical boron concentrati@t for the onset of
whereTﬂ1 is the melting temperature of the defective crystalamorphization of Ni-B solid solution will be given by the
and {u?)swic IS the static component of the total mean- intersection of the, and theT, curves, expressed as a func-
square atomic displacement associated with defects in th@n of B concentration on the Ni-B binary phase diagram.
crystal. The generalized form of the conventionig curve derived
The linear region of the generalized polymorphous meltfrom Eq. (4) is given by
ing curve in Fig. 2 is, in fact, a graphical statement of the
generalized Lindemann melting criterig@LMC). This fol-

2 .
lows from Eq.(2), which can be rewritten in a form identical T9=T9 1 M . (5)
to Eq.(1b), i.e., (K% critical
q MkBeg ) While it is not possible to achieve polymorphous melting
Tm= 97,2 (W) critical (39 directly by heating, measurement Q&?) s as a function

of implanted B concentration would allow the construction
with a disorder-dependent Debye temperatﬁf;egiven by of the T, curve for the Ni-B binary system using EG).
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IV. EXPERIMENT 0.30

Quantitative comparison of energy-filtered selected-area
electron diffraction(EFSAED intensity measurements be-
tween crystalline and amorphous phases requires thin ran
domly oriented polycrystalline thin films as the starting tar- i»
get. Nontextured thin Ni films were prepared by evaporating.s _
99.99% purity Ni onto commercial Bioden™ R.F.A. acetyl & 0.15 |
cellulose film substrates held at room temperature in a i
vacuum of 3<10 ' Torr. The deposited films were subse- 010 | /

Y 4

on

0.25 |

soluti
»

0.20 |

Ni-B

10!

trat

quently dissolved in acetone to obtain Ni films supported on
Cu grids. The thickness of the deposited Ni films, determine

o

Boron concen

0.05
by the Rutherford-backscatterif®BS) technique, was 650 i
A. Electron-diffraction patterns and bright-fie{BF) images VS S S B IR B
obtained using transmission electron microscd@EM) 0 1 2 3 4 5
showed that the thin-film morphology consisted of a nontex- Boron implantation dose (10'7 B* cm?)

tured polycrystalline fine-grain structure with an average
grain size of 15 nm. The average lattice constant for the FIG. 3. Empirically assessed boron concentration in the Ni tar-
film, obtained by selected-area electron diffracti@A\ED),  9et film as a function of incident Bimplantation dose; Ni-B com-
is 3.53 A, as compared to the bulk Ni value of 3.5238 A position determined using nuclear reaction*d8(p,a) with 700
determined by x-ray diffractio® keV protons and 170° detector angle.

Ex situion implantation experiments were performed at ) 733 ) )
the Argonne National Laboratory’s HVEM/Tandem accel-607) operating at 100 k¥!** Two-dimensional EFSAED

erator facility using 50-keV B ions directed at normal inci- Pattérns were acquired by computer-controlled scanning
dence to the Ni filmTRM calculations® based on a modi- (EDAX 9900 of SAED patterns across the entrance aperture

fied Kinchin-Pease model. indicate that 50-keVBons  ©Of the serial EELS which records the intensities via a photo-

would be distributed uniformly over a thickness of about 400multiplier tube. The spectrometer energy window was ad-
A centered on the peak implant depth of 830 A. To prOdUCéUSted to a width of 5-6 eV centered on the elastic peak of
a more uniform implantation profile over a wider thicknessthe energy-loss spectrum. The electron beam probe used to
range, and to minimize sputtering effects, an energy degrad@cduire EFSAED patterns covered a circular area of 154.5
consisting of 650-A-thick polycrystalline Ni thin film sup- MM in diameter at a nominal magnification of 185 ln the
ported on 100-mesh Cu grids was placed in front of the tarPright-field (BF) mode. The 100-mesh Cu grids supporting
get Ni films of the same thickness supported on 300-mesH® Ni energy degrader foil shadowed regions of the final
Cu grids. Both the target and degrader films were kept aterget film, thus providing both unimplanted and implanted
~77 K during implantation using a liquid-nitrogen cold régions on the same sample. \_N|_th th_|s configuration, the ef-
stage.In situ monitoring of the specimen temperature by feéct of sample-to-sample variation in EFSAED measure-
Ircon™ infrared pyrometry showed that beam heating of thénents is m_|n|m|zed by a direct comparison of the implanted
Ni films was less than the minimum detection limit of @nd the unimplantedcontro) regions on the same sample.
100°C.

TEM specimens with implant doses from 0.4- V. RESULTS
4.0x 10*'B ™ /c? were produced. Thickness measureménts
using parallel electron energy-loss spectromdREELS
showed that there were no significant changes to the target The implantation-induced c-a transformation process was
film thickness during implantation, suggesting that the sputmonitored by TEM imagindFig. 4 and EFSAED measure-
tering of the target film has been sufficiently compensated bynent(Fig. 5. BF [and dark-field(DF)] images showed that
the additional thickness increase due to the addition of borofittle or no grain growth occurs during implantation, and that
solutes and radiation damages. The nuclear reactiothe c-a transition proceeds via preferential amorphization of
1B(p,a)2a technique of Vollmeret al*? was used to cali- high-energy regions(e.g., grain boundaries and grain-
brate the actual amount of'Bons implanted in the Ni target boundary junctionsfollowed by subsequent growth of the
films. The yield of« particles emitted from the nuclear re- amorphous phase into surrounding crystalline matrix. The
action of 700-keV incident protons with th&€B nucleus disappearance of smaller grains at low implantation doses,
(80.2% natural abundancevas calibrated against boron the smearing of grain-boundary contrast, and the diminution
standards to provide the boron atomic concentration as af remaining larger grains when encroached by the surround-
function of incident B implantation dose. The resulting ing amorphous phase, all indicate that amorphization pro-
calibration curve shown in Fig. 3 indicates that boron con-ceeds heterogeneously. EFSAED intensity profiles shown in
centrations measured are within the saturation limit andrig. 5 suggests that the c-a transformation, as evidenced by
hence provides a direct measure of the Ni-B composition ithe appearance of weak intensity halos near () and
the target film for a given incident Bimplantation dose. (2200 Bragg peaks, begins at a dose of about 0.7

Microstructural characterization of the'Bmplanted Ni X 10'B*/cn? which corresponds to 5 at.% boron concen-
films was carried out using a Philips EM420 TEM equippedtration. With increasing dose the diffuse intensity halos be-
with a serial electron energy-loss spectromé@&atan Model come more pronounced at the expense of the fcc crystalline

A. General morphology
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FIG. 6. The change in the lattice parameter of Ni-B solid solu-
tion as a function of implanted boron concentration determined

FIG. 4. TEM BF images and the corresponding SAED pattern§fom SAED measurements.

showin the morphological change accompanyin the, . . L .
B*-imp?antation-indchd an?orphization ?n Ni crystals. ying implanted region as a function of incident Blose. For this

purpose dark-fieldDF) imaging and integrated SAED inten-

peaks. Complete amorphization of the film, defined as théity normalization techniques were employed to measure the
) ' volume fraction of the crystalline phase. Both methods ex-

state at which all Bragg peaks disappear in the SAED pat- . : ;
tern, occurs at about 20107 B /e, corresponding to 15 ploit the fact that the amount of crystalline phase present in

0 ; the implanted region is reflected in the total integrated inten-
at. % boron, and to @RIm calculated ion damage level of 31 g of its foc polycrystal rings. In the DF method, the area
dpa(displacement per atomThe experimentally determined gaction of the crystalline grains illuminated using DF imag-
boron concentrations for both the initiation and the complejng of a portion of the polycrystalline ring from the im-
tion of the c-a transformation are in good agreement with thgyjanted region, normalized to that of the corresponding con-
RBS channeling results of Driget al.**who investigated the  trol region imaged with the same part of the polycrystalline
kinetics of 50-keV boron-implantation-induced amorphiza-ring, gives a measure of the volume fraction of the remaining

Dose: 1.2 (10') B* cm? Dose: 1.6 (10'7) B* cm® Dose: 2.0 (10'7) B* cmr?

tion of Ni single crystals at liquid-Ntemperature. crystalline phase. An alternative means for determining the
relative change in crystalline phase volume fraction is to nor-
B. Microstructural studies malize the integrated Bragg peak intensity of the implanted

N ] ] region to the corresponding peak intensity of the control re-
Because the c-a transition proceeded via a nucleation ar*gjon. Selected portions of th@20) ring were used for static
growth process, it is important to determine the volume fracDF imaging, mainly because of its prominent intensity and
tions of the crystalline and amorphous phases present in thfistinct separation from diffuse intensity halos. Ttel1),
(200), (220), and (311 reflections were used for integrated
‘ SAED peak intensity normalization. Since no extraneous dif-
conrol 1 fraction peaks appeared during implantation, the phase dis-
Unimplanted tribution in the implanted region is taken as a simple sum-

(531)

@311)
(222)
(331)
(420)
(422)
11y ]

=

=y
Q
Q

mation of crystalline {.) and amorphousf() phase volume
04 (10") B* cm™® fractions, so that, is simply given byf,=1—f..
L 4 Changes in the lattice parameter of the crystalline Ni-B
07 (10") B* em* solid solution as a function of B concentration were also

determined using an Al thin film calibration standard. The
results in Figure 6 show that the lattice parameter initially

- increases by about 0.4%, reaches a flat maximum centered
on 5 at. % boron, then decreases with furthér iBiplanta-

e tion. In Fig. 7 the crystalline volume fraction obtained from
/wm both DF imaging and normalized SAED intensities was plot-
- 1 ted as a function of final Ni-B composition. Also shown is

/wz the crystalline volume fraction data obtained during the ex-

traction of Debye-Waller parametédWP) from the modi-

1.0 (10'7) B* cm™

1.2 (10'7) B* cm™

EFSAED Intensity (Arb. Unit)

N\ KOOI B et fied Wilson plots. Linke® has shown that the DWP ap-
2 4 6 8 10 19 proach can be used to extract changes in the crystalline

volume fractions via the relative changes in the “intensity
scaling factor”for the respective SAED spectrum, the mag-

FIG. 5. EFSAED intensity profiles as a function of Bmplan-  nitude of which depends on the amount of crystalline grains
tation dose, with the initiation and the completion of the c-a trans-giving rise to the Bragg reflections. The sharp drop in the
formation occurred at 0.7 and X0A.0'" B*/cn?, respectively. crystalline volume fraction at around 5 at. % B, where the

Diffraction Vector Q=4m(Sin6/A); (A'l)
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the parametery. andC. as shown in the inset of Fig. 7. The
best-fit values of the minimum cluster sizg and the critical
] average concentratio@. in the amorphous clusters for the
] current experiment were determined to be &3D %’cn®
and 8.7 at. %, respectively. These values are in reasonably

] good agreement with the single-crystal channeling results of
Scfz%omf_- Drigo etal, who obtainedV,=15x10 ??cn® and C,
00 R =9.3at. % for the Ni-B systerf. We believe our smaller
[ 000 005 0.0 015 020 0.25] value forV. is due to the abundance of grain boundaries in
0.6 Boron Concentration 7 the polycrystal TEM specimen, which provides more nucle-

- ) 1 ation sites for amorphous cluster formation than does the
04l ] single-crystal channeling specimen.
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Amorphous Volume Fraction
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| @ faveSAD) 1 D. Inelastic and multiple-scattering effects
02| m f,aveDP § —

*  LaveDWP) For electron diffraction, inelastic and multiple-scattering

ool— o v e e e effects must be considered in any quantitative analysis of
0 5 10 15 20 25 diffraction intensities’ The problem of inelastic scattering,

Boron Concentration (at.%) a major source of uncertainty in the extraction of structural
) o _ parameters from electron-diffraction intensities, has been ad-

FIG. 7. The progression of the remaining crystalline volumegressed in this study by employing an energy filter to remove
frgctlon f. as a function of implanted boron concentration. Three,4st of the inelastically scattered intensity. The use of ana-
d!ffereljt techniques were employ_ed: SAD for selected-a_rga ele_ctron)g and digital signal processing equipment to record the
diffraction, DF for dark-field imaging, and DWP for modified Wil- o001 intensity directed into the photomultiplier tube also

son plots. The amorphous volume fraction is takenfags1—f. . . : . : .
: L . voided any nonlinear effects associated with microdensito-
based on SAD measurements which exhibits the most consster?t y

trend. The inset shows the fitting results based on Dagal’s metry measurements on the photographic SAED negatives.

statistical approach for modeling the kinetic of ion-implantation- The more d_|ff|cult prot_>|em .Of multipléplural) scattering
induced c-a transformatiofRef. 34. can be minimized by using high-energy electrons and very

thin samples. Blackmah proposed the following criterion
lattice parameter reaches a maximum, suggests that the if" the critical thickness denoting the transition from kine-
tiation of the c-a transformation and the maximum in latticeMatic to the dynamic scattering regimes{®p/Q[A
parameter are correlated, an observation also reported b“zﬂ /2, where is the incident electron wavelengti® is
Linker in his studies of boron-implantation-induced amor-the structural amplitude of the reflection denoted by Miller

phization of niobium and molybdenum filni&3® indiceshkl, Q is the volume of the unit cell, and; is the
critical thickness for the transition into the dynamical scat-
C. Comparison with kinetic models of amorphization tering regime. A more conservative criterion proposed by

Vainshteir® is | @y, /Q|A;~1. The critical thickness data
obtained using Blackman’s and Vainshtein’s criteria for 100

) L . " in keV incident electrons into Ni, tabulated in Table I, indicate
which the minimum cluster size) and the critical solute that for 650-A-thick Ni thin films used in our experiments,

concentration for the formation of amorphous clust®g)( e kinematic approximation for the diffraction intensity

can be extracted from the concentration dependence of g, 4 pe justified only at large scattering angles. To correct
amorphous phase volume fraction during the c-a transitiog,, e multiple-scattering effect in the lo@-range, where
process. In this model the region at the implantation depth ib:‘m sind/\, a correction method proposed by Gjgrfiles
subdivided into small identical volume elements, and  \ a5 ysed to extract the single-scattering intensity from the
amorphization is assumed to occur when the number of By herimental electron-diffraction curves. In this method the
atoms in a cluster is at leabl; with the mean number of By tiple-scattered intensity is considered as a convolution of
atoms in the volum&; equals tN. The amorphous volume single-scattered intensities from a number of layers propor-
fraction f, for any average B concentrati@y will then be  tional to the number of effective “single-scattering layers”
given by: within the specimen thickness. Employing the PEELS thick-
ness measurement together with the elastic mean free path
estimated from the relative magnitudes of electron interac-
tion cross sections, single-scattered intensities were deconvo-
luted using the Hankel transform technidiié? The result-

In arriving at the above expression the probability distribu-ing diffraction intensity pattern exhibits relative Bragg peak
tion of N (actual number of B atoms in the volumé&) intensities in the lowe® ranges which are comparable to the
around the mean valud is assumed to be given by Poisson single-scattered intensity calculated using the kinematical
statistics. The mean numbét of B atoms in a cluster is approximations.

proportional to the elementary volunvg and to the average
concentratiorCg of B in the sample. Labelin@, the critical
average B concentration correspondingNg, the experi- If the instantaneous position vector of an ataris r ,(t)
mental curvef,=1—f;, can be fitted to Eq(6) by varying  and its equilibrium lattice position is;, then the mean-

Drigo et al** have proposed a statistical model for the
kinetics of ion-implantation-induced amorphization,

f,= > (N)Nexp(—N)/N!. (6)
N=N¢

E. Mean-square atomic displacement
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TABLE |. The critical thickness data for 100-keV electron diffraction in Ni thin fil6&0 A thick computed using Blackman’s and
Vainshtein's criterion. Noted that the value of critical thickness, which denotes the transition from the kinematic to the dynamic
scattering regimes, increases for higher order Bragg reflections.

Ni's Bragg (111)) (200 (220 (31) (222 (400 (331 (420 (422 (511 (333 (440 (531 (60O (442
reflections

AL (A) 151 171 247 300 318 387 438 454 521 570 570 651 700 716 716
Blackman
A A 96 109 157 191 202 246 279 289 331 363 363 415 445 456 456
Vainshtein

square atomic displaceme(¥ISD) is defined as the square texture problem by taking the ratio of E€Q) for successive
of the difference between these two position vectors averdamaged states relative to a reference stassuming that

aged over an ensemble of allatoms®*3 texture remains unchanged
2 = —r9)2 IImplant KImplant Sir? ¢
(4= ((Fa(D) =T, @ '”(| ] S B Bonro) e
. . . . Control Control
The effect of thermal vibrations of atoms on the intensity of (10)

crystalline reflections is given by the Debye-Waller tempera-, . : .
ture factor exD—ZM].ZBAssuming that the static atomic dis- It is clear that from Eq.(10) that a linear fit of

placement follows a Gaussian distribution, the total MSDIn(I'mp'am/ICO”‘f"D with S.inz 6/\* (using the modified Wilson
(1) 70 determined from the experimente{I Debye-Waller plot) would give the difference between the Debye-Waller

. ; arameters for the implanted region relative to the reference
factor will be the sum of the thermal and static MSD com- P2~ . .
ponents. Strictly speaking, if a crystal contains more tha {unimplanted region of the same sample. Since all EFSAED

. : r}experiments were performed under similar illumination con-
one k'md of qtom,_there will be asepgrm factor for each dition with approximately the same incident intensity, the
atomic species given by the expressiéh

ratio (Kimpiant/ Kcontro) derived from they intercept would
represent the reduction in crystalline volumes giving rise to
the Bragg reflections, thus providing an additional measure
of the change in crystalline volume fraction with” Bmplan-
tation dose.

Using single-scattered intensity profiles extracted via the

M =872 u?), Siré 6/\2, (8)

where(u?), is the MSD component along the direction nor-
mal to the planes of reflectioffor an isotropic material the

total MSD is three time€u?),,). However, for our experi- kel f hni K o inf ion f
ment we have obtained an averaged valg,, because mo- Hankel transform technique, peak intensity information for
9 each Bragg reflection have been obtained by performing a

lecular dynamic simulations of defect-induced c-a transfor-_. - : . ;
. : . imultaneous fitting of multiple Lorentian peak profiles su-
mations in complex crystalline compounds have shown thal

it is the average mean-square atomic displacement WhiCHerimposed on a third-order polynomial background fit. Fig-
9 q P ure 8 shows the modified Wilson plots for each implantation

must be used in the applications of the generalized Lmdeaose. These plots show th&t2)7y,, represented by the

. . . 4
mann melting criterioft: linear slope fit in accordance with E), increases as more
Two methods are generally used to extract the Debyepqron js implanted into nickel. Figure 9 shows the variation

Waller temperatuge fa_ctor _from integrated peak intensitiesy¢ ()70 @S a function of implanted boron concentration
Warren’s method? which yields the absolute value of the gpained by combining the averaged results of Warren and

Debye-Waller parameter, and James' metfiosthich gives  3a 65 methods. The average absolute value for all the initial
the relative change in the Debye-Waller parameter relative toatarence stategi.e., all control samplés is {u?) 1o
.e., otal

some reference state. In Warren’s method, the sample is as-q y39 22 This value for (%) o is significantly larger

sumed to be free of texture and the reduction in the intes 1 the range of 0.010—0.016 Merived from the specific-
grated peak intensity with diffraction wave vector is given by oo+ measurements of bulk Ni crystals at 29%Rhe larger

) initial value of ( u?) 1o for our thin-film samples relative to
| (100(]hk, _ _ sin? 0 the bulk samples may be due to the combination of much
n{ — =In(K)—2B ——, 9 . e . .
FhkMhk A finer grain size, greater surface-to-volume ratio, and the high
concentration of nonequilibrium defects typically produced
where |, is the integrated intensity of thiekl reflection, by the vapor deposition process. Figure 9 shows that
Fﬁk, and my,, are, respectively, the square of the structure{u?)ry increases very slowly up to a dose of
factor amplitude and the multiplicity factor for thkl reflec- 1.0 10''B*/cn? (7.7 at.% boroh From there it rises
tion, K is a constant which scales with the incident intensitysharply to a value of 0.083 A at a dose of 1.6
and diffracting volume, and the last term2Bsir? 0/A°> X 10'B™/cn? (12.4 at. % boroy) where the last observable
comes from the Debye-Waller factor éxf2M] in which the  remnants of the crystalline phase contributed to the peak in-
total MSD is related to the factoB by the relationB  tensities. Hencéu?) q=0.083 A2 is taken as the value of
=(8m213){ u?)1ora- FOr polycrystalline samples with pre- the MSD in the crystalline phase just prior to the onset of
ferred orientation, James’ method can be used to avoid themorphization, i.e., the critical value for melting as defined
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Y % 0.05 |- .
2F 04 (1017) B* em™ 8 I ]
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Z4E L
é=4_ 07(1017)B+Cm~2 0'02|||I-|.I:‘.I.|<!w‘|I|<\lJ|;l.
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E Op—————+— E Boron Concentration (at.%)
= P a ° E
g 6 Te M .o - FIG. 9. The \_/ariation OF %) 1ot S a function of implanted
2 boron concentration. The absolute magnitudéu) o is taken as
£ 2F 10 (1017 B+ em? - the sum of the averagg.?) o, for the initial reference stat®.039
0 : : — | 3 A?) plus the corresponding change in the relative magnitude ob-
6: 3 tained for each successive implantation dose using James’ method.
3 L] [ =
4:—.‘*.-"\'.\: VI. VERIFICATION OF THE GENERALIZED
2F 121017 Brem?2 - LINDEMANN MELTING HYPOTHESIS
n 1 l + i I L N 1 + | N + + . . )
oF e ' E A. Experimental assessment of the critical Lindemann
6F o ; i E parameter
3 6 (1017) B* e " .
§3 HO 0T BT em The GLMC assumes that the critical Lindemann param-
E : eter dcriiical fOr @ crystal at the onset of disorder-induced
o o o s o amorphization is identical to that for ordinary heat-induced

Sin2(6) / 32 A-2 melting. This hypothesis rests on the implicit assumption that
the defect structure introduced by the disordering process is
FIG. 8. The modified Wilson plots for each"Bmplantation  effectively frozen. The process of implanting B atoms into
dose plotted in accordance with E§). The values of linear slope Nj polycrystalline thin films at liquid-nitrogen temperature
fits progressively steepens as more Bere implanted into Ni,  constituted an effective way of producing a high supersatu-
indicating a corresponding increase(ia)roal- ration of “permanent” defects in Ni in the form of misfitting
solute atoms without inducing precipitation of equilibrium
by the GLMC. The corresponding value of the nearestfhases. The critical Lindemann paramefgfic for the on-
neighbor distance based on the lattice parameter measureds@t of amorphization determined from the implantation ex-
this dose is 2.50 A. Consequently the critical value of thePeriment is listed in Table II, along with values 6triica
Lindemann parameter for the onset of implantation-inducedeported for heat-induced melting in Ni and other selected

amorphization is Scriiea= m/dnn: 0.115+0.01, fcc elements. All theSqiica Values reported in Table Il for

with the experimental error range given by the standard der_nelting are either theoretical values or experimental values
viation of two independent measurements determined indirectly from elastic constant measurements.

The scarcity of empirical-based values &k, for ordi-

TABLE II. Tabulation of the critical Lindermann paramet&s,;., for the onset of solid-state amorphizatifrom this experimentand
those reported for melting of Ni and other selected fcc elements obtained using theoretical calculations.

Selected Lattice 5Critical 5Critical 5Critical 5Critical ‘SCriticaI ‘SCriticaI 5Critical

fcc T%2  parameter at amorphization melting® meltind  melting melting  meltind  melting?
elements  (K) 298 K2 (A)  ion implantation Cho (adjustedd Shapiro Guptaetal. Singhetal. Gilvarry Cartz

Al 933 4.05 0.0566 0.072 0.1082 0.1044 0.0664 0.1102
Ni 1728 3.524 0.1150.01 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 0.1182
Au 1336 4.07 0.0590 0.075 0.0922 0.1054 0.1089
aReference 47. ‘Reference 26.

bReference 23. 'Reference 20.

‘Reference 24. 9Reference 22.

dReference 25.
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nary melting is due mainly to the difficulties involved in |inear relationship betW@e"(M2>Therma| and temperature
making accurate scattering measurements at such high teljiven by Eq.(1a), the form used in most evaluations of
peratures. Th@ciica values reported by Singh and Sharma s, for the fusion point. Equatiofil1g can be compared
(1968,”> Gupta and Sharmél968,™ and Shapiro(1970  yith Fig. 10, which shows experimental values o) thema
(Ref. 24 were calculated from lattice dynamics based on theypiained by x-ray diffraction measurement for temperatures
treatment of the fregzuency §pectrum ar;oalyses. $@,§‘,0a| up to ~800 K“*%° Assuming a direct proportionality be-
\k;alues of Cgrtz(1955 and Gl_lvarry(195® were obtained tWEEﬂ(M2>Therma| and temperaturd(K), linear extrapola-
y performing analysezs3 using the Debye-Waller theory‘tions based on Simerska(1962 (Ref. 49 and Wilson,
More recently Chdq1982“° derived an analytical Lindemann )
fusion relationship based on a combination of the atomicSkeIton’ and Kat.zs. datel96§ (Ref. 50 for temperatures
. : . ~3T0 2 ~0.081 A2 and 0.105 &

model of the lattices and the simple theory of harmonic vi-YP t?) 2 Tm Of Ni give (u)thema=0.081 A" an

bration of atoms in the crystal. The large difference betweet Tm=1728K, respectively. Indeed by using the Debye
Cho's values and the others in Table Il is due mainly to histemperature off,=390K for pure Ni, Eq.(11a gives an
definition of the critical Lindemann parametefici.q  €Xcellent fit to the low-temperature values QE2)thermal-

= (1D el (d%52), which normalizes the root-mean- However, the increasing departure(@f?)hema from a lin-
square amplitude of the atomic vibrations with respec} to ear temperature dependence indicates the increasing impor-
of the nearest-neighbor distand®, with d?:* defined using tance of anharmonic effects on the vibrational amplitude of
Wigner-Seitz cellular method. If Cho’s maximum vibrational atoms as the crystal approaches its melting point. To obtain
amplitude for Ni at fusion(x2)¥2..,=0.2030 A, is normal- an estimate fot ) themaiat Ty, @ second-order polynomial
ized to the conventional nearest-neighbor distatiges de-  fit to the low-temperature data up to 800 K was used to
termined from thermal expansion ddta,(Ni)=2.55A at extrapolate the curve to the melting point. This procedure
T;=1728K],* the resulting valuediicy=0.08, is in much  Yields a value of(u?)thema=0.145A% as compared to
better agreement with other values reported for Ni. The{?)therma=0.085 A% obtained using the simple harmonic
Scritical Values reported by Cartz, including the one for Ni, areDebye model. Extrapolation of the experimental temperature
significantly larger than all the others because he used roonglependence of lattice spacings obtained by Esser, Eilender,
temperature values of lattice constant and Debye temperatuesd Bungard(1938°! to the melting temperature gives,,

in his evaluation. In this respect, Gilvarry’s values are prob-=255A for pure Ni atT,=1728K. This value ofd,,,

ably more accurate than Cart_z’s since he_evaluated the Criftogether with the critical valuéu?)therma at TS, leads to

cal Lmdemann parameter using the physical and thgrmody3Critica|:0_114 in the harmonic 08¢;iicy= 0.149 for the an-
namic properties at the fusion poifit=1728K. Robbins, harmonic case using extrapolated empirical data. Based on
Grest, and Kreme1990 pointed out that the effect of finite {his analysis, the empirically determineicy Of 0.115
system size used for lattice-dynamics calculations and- 01 for the onset of boron implantation-induced amor-
molecular-dynamics simulations tends to underestimate thghjzation of Ni is, within experimental error, in quite good
magnitude of MSD by about +020% for system sizes rang- agreement with thedc,yicy values for the onset of heat-
ing from 500~1000 particles® Correcting for this effect induced melting. This agreement is the first direct confirma-

would make dcyiical for heat-induced melting of Ni crystal tion of the generalized Lindemann melting hypothesis for
averaged over all reported values equal to 0:00®13, ggjid-state c-a transformation phenomena.

which is about 20% smaller than the experimentally mea-
sured Sqyiicay Value of 0.1150.01 for BY implantation-

. . . . . 0.20 T
induced amorphization in Ni. o o (Smerskatscd)
The discrepancy between the critical value of the Linde- . “2 e ' T 1728 K
mann parameter determined empirically for amorphization Sy (WilSON et 2l 1966) "
and the theoretically derived values for melting is mostly due 0.15 T Simple Harmonic Approx.; € =390K 0.145 A7
to the use of simple harmonic approximation {@r*)thermar T Anharmonic (2" Order Polynomial) R
employed in the theoretical calculations. For a harmonic De-< 7
bye solid the temperature dependencé ©f) rhermalis given T3 7
by43 5 0.10F -
£ / )
£ _.-10.085 A?
= ./ o
/.' > ot
2 9h*T 0.05 g ' 8
<,LL >Thermal:m[q)(00/-r)+1/4( 6,/T)], (11a Protas
BY%0 “n‘g‘/ﬂ
where® is the Debye integral function: . o
1 (x 2 O'000 ‘ 500 ‘ ‘ 1000 1500 ‘ 2000
@(X):_f Ldz @(X):l— i + X_ Temperature (K)
xJoe?=1"" 4] " \36

FIG. 10. The temperature dependencé @f)rnema determined

—-+-- (for small x). (11b using x-ray diffraction results from Simerskd1962 (Ref. 49 and

Wilson et al’s (1966 (Ref. 50 works. Also shown aréc,iica val-

At high temperaturesT> 6,) the integral factof ®(6,/T) ues obtained by the linegharmoni¢ and the quadrati¢anhar-
+1/4(6,/T)] in Eg. (118 can be neglected, leading to the monic extrapolations to Ni’'s melting point.
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B. Compositional dependence of static MSH{P?) siaic curve beyondk=0.2 would dominate the resultings?)ggic

In Fig. 9 the empirically measurefu?)g.ic is seen to  curves if the lattice-parameter maximum is shifted fram
increase approximately parabolically with boron concentra=0.5 to x=0.2. In contrast toy?, the variation of the lattice
tion x, with a gradual upward-concaving trend starting at 7parametera® term is so small that its effects ofu?)saiic
~8 at. % boron. This result seems to contradict the expectanagnitude can be approximated by a scaling constant. The
tion that (u?)gwic should possess a downward-concavingCowley-Warren short-range-order parameter, defined;as
parabolic dependence on the solute concentratibacause =1—pg(ri)/Xg(r;) wherepg(r;) is the probability of find-
of its direct proportionality toc- (1—x) term1* The compo- ing a B atom as a&; neighbor of am atom, will be negative
sitional dependence dfu?)sic Obtained from Linker's ex-  if there is a greater tendency for short-range ordering or posi-
perimental studies on the amorphization of niobium films bytive if there is a greater tendency for clustering of like
boron implantation appeared to agree with thg1—Xx) atoms?® Studies done using complete solid solutiSrsug-
parabolic dependenc&jurthermore, his data suggested that9est the maximum amplitude o#, | for the nearest-neighbor
the maximum in the 4?) g Coincides with the peak of the ;hell is about 0.168 0.16, which is much less than 1 and thus
lattice parameter dilatation. By contrast, our results shown irikely to be overwhelmed by the effect of thé term. Hence
Fig. 9 indicate that the maximum {?) i is not achieved for a bmary solld_ solution with large atomic size mismatch
at the peak of the lattice-parameter dilatation, but rather de2mong its constituent elements, the effect of tfeterm
layed until near the completion of the c-a transition processmMust be considered along with (1—x) when determining

These apparent inconsistencies can be resolved by exartle composition dependence @f)satc-

ining the compositional dependence(@f?) .. For binary In Fig.212 we have plotted/=d Ina/dx and the product
cubic alloys, Shirley and Fish¥rhave derived the following X(1—X)y* as a function ofx for Ni-B system based on a
expressions fof u2) saic: second-order polynomial fit to the empirical composition de-

pendence of lattice parameter shown in Fig. 6. The minimum
(1) saic=0.385%(1—X) y2a2(1+5.93x; + 1.74a,+ 4.53x5 N ¥* occurred ak=0.05 whered In a/dx equals zero, hence
a sharp increase in the produgtL — x) 2 did not begin until
+--+) (feo), (129  the implanted B concentration exceeded 5 at. %. The experi-
mentally observed upward-concavifig?) guictrend actually
(42 raic= 2.836(1—X) y2a2(1+0.75x, +0.500,— 0.86x;  reflects the effect of a(1—x)y* minimum occurring near
the B concentration where the lattice-parameter maximum is
+-++) (bco), (12b  attained. This result, the minimum 6f.%) guaic 0CcCurs when
the change in lattice parameter reaches a maxirfarmini-
mum), is in direct contrast to the previous assertion made by
Linker2®> Whereas Linker's data suggested a maximum in
2) qratic OCCUITing near the lattice-parameter maximum, we

wherex denotes the solute concentrati@nis the lattice pa-
rameter,a;’s are the Cowley-Warren short-range-order pa-
rameters, and/=d In a/dx=(da/a)/dx provides a measure of
the composition dependence on the atomic size mismatch. |

of (u*)siaic: For a complete solid solution or alloy with Tpis’is pecause the damage induced is statistically distrib-
large solubility limits where atomic size mismatch is small, uted throughout the lattice, so that when making experimen-
(1?)staicwould vary withx in the form given by the product 5" measurement of %) siaiic from the Bragg reflections,
x-(1—x), with the peak of the parabolic curve centered onypat is heing measured is only the average from those crys-
x=0.5 and crossing the axis atx=0 andx=1 (top dia- {515 which still do not possess the necessa)criica for
gram. However, for cases similar to Ni-B system where the, o rphization. It is only near the completion of the c-a trans-
solubility of B in Ni is severely limited, the rate of the formation that the averag<ﬁbz>5taticVa|Ue of the crystalline

Iattice-paran;eter change withcan lead to a significant de- o nants approaches the act(af)cyica Value needed for
parture of( )St_aticfrom thex- (1—x) _dependence. Ahypo-  ihe onset of the amorphization.
thetical parabolic dependence of lattice parameter a on solute

concentratiorx, incorporating the dilatation magnitude and
Ax range similar to the results shown in Fig. 6, has been VIl. POLYMORPHOUS MELTING T, CURVE

constructed to illustrate the effect of various parameter Equations(3a) and (3b) can be used to construct a poly-
changes. As shown in Fig. 11, the presence of a maximurgorphous meltingr, curve for the Ni-B system using the
(or minimum in lattice parameter means the sloga/dx  \5jyes ofScriicar @aNd compositional dependence(@f2) saic

. 2 et
would go to zero, causing the produgfl —x) y* to exhibita  getermined from this work, together with the following
minimum at the respective lattice-parameter peak positionyg|ationships3

The rate of the lattice-parameter change with composition,

with respect tox-(1—x)’s peak p05|t_|on,2 then determines M=(1—x)My+(X)Mg,
the relative magnitudes of the resultifig ) siaiic curves. A
shift in the lattice parameter maximum from=0.5 to X
_ ; : 2 1 (1-x (X

=0.8 with the sameAx range results in &u*)gaic CUrvVe =t —,

dominated by a large parabolic curve belaw 0.8, as the b O\ 05

product ofx- (1—x) and (da/dx)? peaks before the lattice

parameter maximum. For the same reason a large parabolic dpn=(1=X)dpnnit (X)dpn g, (13
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FIG. 11. A graphical illustration of the effect a{1—x) andy= 1/a(da/dx) on the compositional dependence(pf) s described in

Eqg. (12). The top diagram shows the basic functional fornx¢f—x) versus the solute concentratianThe diagramgin each colump
below shows how the difference in the position of lattice parameter peak affects the form of the prfbiuot)(da/dx)? via the
corresponding changes i &/ dx).

wherex denotes the atomic concentration of boron. It is im-and B is estimated to be less than 2% for temperatures up to
portant to recognize that the calculat&g curve based on T(Ni)=1728 K*" Krivoglaz (1969 has calculated Debye
Egs.(3a), (3b) and(13) contain several simplifying assump- temperatures for Al and Cu based on a semiphenomenologi-
tions. First, the anharmonic effect for the temperature depertal vibration model, and concluded th&g for fcc lattices is
dence of u?)themailS NOt taken into account, and secodly,  only weakly dependent on the temperatti@he variation
andd,, are assumed to be temperature independent. Ignoringf ( u2) g with boron concentration was obtained directly
the anharmonic dependence(@?)therma ON temperature is  from the modified Wilson plot analysis, while the values of
expected to lead to an underestimate of the rate of change ¢fi2),ica and dcyiicas Were taken from the experiment for
T9 with (u?)swic in the high-temperature regime. The error the onset of solid-state c-a transition. The nearest-neighbor
due to the negligence of the thermal expansiod,gffor Ni distance for Ni and B were set to a value averaged over the
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FIG. 12. The compositional dependence(pf)gic predicted
using Eqg. (12 with the empirically measured lattice-parameter
change obtained from Ni-B syste(fig. 6): (a) a plot of the em-
pirical compositional dependence ¢ffor Ni-B solid solution;(b)
the theoretical( u?) g relation with the boron concentration
given byx(1—x) 2.

applicable temperature range, gividg,(Ni)=2.5139 A and
dny(B)=1.9060 A, respectivelf’
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(0Tl IC)p=—AnlAS,
(isobaric partitionless melting (149
(P W1dC)r=AnlAV,
(isothermal partitionless melting (14b)
(P W/dT)c=AS,/AV,,

(isoconcentration partitionless melting(140

where P, is the melting pressureAS,, and AV,, are the
entropy and volume change upon melting, ag, termed
“partitionless melting state affinity,” is a function of the
chemical potential ofA and B constituents in the liquid and
crystalline states. If the constituen#dsand B in the binary
solid solution with negative enthalpy of mixing have differ-
ent crystal structured,, cannot be zero and must increase
with decreasing temperature. Together with Kauzmann'’s cri-
terion that a supercooled liquid must undergo thermody-
namic transition to the ideal glass Bt to avoid having the
entropy of the supercooled liquid lower than that of the crys-
talline phasé! Eq. (14a shows that the melting temperature
of Ni-B solid solution as a function of solute concentration
will plunge sharply with a slope equal te A,/AS,, and,
beyond the triple poinTx whereAS,,=AG,,=AH,,=0, the

T, curve will drop abruptly to zero. This sharp plunging of
T, curve at the thermodynamic metastability limit of the
crystal(represented by ) is the key feature of th&, curve
based on GLMC. Instead of relying on the extrapolated ther-
modynamic data of supercooled liquid for temperatures be-
low the melting point, GLMC uses the more accessible
{ ®) static @A { u?) criticas tO provide a measure for the ther-
modynamic stability of the metastable solid solution, thus
providing a more reliable and self-consistent means of ex-

The Debye temperatures tenging theT, curve below the eutectic temperature.

rion of best-fit results to the respectiié, from among re-
portedé, range; this give®,(Ni) =390 K (reportedd, rang-
ing from 375-476K) and 6,(B)=1365K (reported 6,
ranging from 12561480 K).*6

In Fig. 13, theT, curve calculated using GLMC from the

GLMC through the determination of the critical composition
C* at WhichT%:TK. Within the framework of GLMCC*
represents the minimum solute concentration required to
melt (or amorphize the crystal, thus defining the limits of
the “glass formation range'(GFR). It is important to com-

available experimental data has been superimposed on tipare the value oC* determined by GLMC with that pre-

Ni-B equilibrium phase diagrarfiwith a solid line drawn to
serve as a guide. The initial decreasdfhfollows the liqui-

dicted by the mechanical instability criterion for amorphiza-
tion proposed by Egami and Wased#@ased on their

dus curve fairly closely but drops abruptly as the boron conanalyses of the local strain effects arising from the difference

centration approaches10 at. %. This sharp plunge iR, is

in atomic sizes of solver(B) and solutgA) atoms, the mini-

due to the inherent constraints imposed by the GLMC thafnum solute concentratioBy"™ necessary for glass formation

{ 1®) static cannot exceedu?) o iical Obtained for the onset of
melting/amorphization. The qualitative features of thg

curve constructed using the semiempirical GLMC is consis-
tent with the thermodynamics-based theoretical predictions.
Using the equality condition of Gibbs free energies for the

by rapid quenching from melt is given by

Qg RS
0.10—/———=0.10—7—"==,

C'\A/IinE 3 53
|AQ| |Rg—Ral

(153

partitionless melting and assuming no equilibrium phasevhere |AQ)| denotes the absolute difference in the atomic
separation, Fecht, Desrand Johnson have derived a differ- volumes of the constituent elements, afiddand R are the
ential form of the generalized Clapeyron relation that definestomic volume and radii oA and B atoms, respectively.

the polymorphous melting surfadg(P,C) for a metastable
binary solid solution as a function of compositi@ and
pressureP:12

More recently, Egam{1997 suggested for solid-state amor-
phization the composition limits of the amorphous phase for-
mation should be modified 2
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FIG. 13. T, curve obtained using GLMC for the Ni-rich side of B-Ni binary phase diagram. The position df tkarve is calculated
using empirically determined compositional dependenogudjs.ic. The glass transition temperatufe~ T, is taken as roughly one-half
of the eutectic temperatuf@®ef. 57. The critical solute concentration as given by the intersectiofi,0fnd T, curves is estimated to be
0.10+0.02.

R3 (C*) also indicates that it is the implanted solute, rather than

(15b radiation damage, that is the primary cause for the instability

of the crystal during the ion-implantation process. This con-

clusion is consistent with the empirical findings that there

appears to be no strong ion-mass dependence of critical dose

for implantation induced amorphization, as well as the ob-
ervations that self-ions and noble-gas implantations into
etals do not result in amorphous phase formatfon.

CN"=0.25——7=0.25 :
N O s0 T R

Using the atomic radii of B:0.920A and Ni=1.246 A%
the minimum B solute concentration for glass formation via
rapid quenching would be 16.7 at. %, whereas for solid-stat
amorphization the minimum B solute concentration require
would be 27.9 at. %with composition limit extrapolated to
T=300"°Q0. In contrast, the steeply plungifg, curve based
on GLMC predicts 162 at. % to be the minimum B solute
concentration needed to induce solid-state c-a transition in
Ni crystal. It is evident that the actual positionBf will not
affect this estimate o€* sinceT, curve is almost vertical
for Tﬁ1<§Tﬁ1. Moreover, this value of 10 at.9B for the The objective of this study is to assess the hypothesis of
onset of c-a transformation in Ni-B system is consistent withsolid-state amorphization as an extension of thermodynamic
that derived from the statistical analyses of amorphous phaseelting within the framework provided by the generalized
volume fractions, namel{.=8.7 at. % for the current ex- Lindemann melting criterion. A natural consequence of the
periment and C.=9.3at. % from the RBS/channeling GLMC approach has been the selection of the Lindemann
results®* The agreement between the kinetically determinecbarameters= \{ u?)toaf dnn, as a universal disorder param-
values ofC. and the value oC* predicted by thel, curve  eter whose magnitude is linearly related to the direct sum-
provides further validation of the GLMC. The somewhat mation of thermal and static mean-square displacements in
higher critical solute concentration predicted by the Egamithe respective transition process. Boron-implantation in-
Waseda criterion is consistent with the fact that the criteriorduced amorphization of polycrystalline nickel at 77 K con-
is based on the topological mechanical instability of the crysstitutes an effective way of “melting” the nickel solid solu-
talline phase. In contrast, GLMC is based on a thermodytion by supersaturating the crystal with solute atoms while
namic criterion for melting and thus requires a smaller soluteavoiding equilibrium phase separation. It is found empiri-
concentration for amorphization. The agreement between exally that the critical Lindemann parametég,;c., for the
perimentally determine€. and that predicted by, curve  crystal at the onset of amorphization agrees, within experi-

VIIl. CONCLUSIONS
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mental error, to that for the onset of melting. This is the firstamorphization is simply the polymorphous melting of a de-
direct confirmation for the generalized Lindemann meltingfective crystal below the ideal glass transition temperature.
hypothesis, suggesting that the conditions governing the de-
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