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ABSTRACT

A generalized version of the Lindemann melting criterion has recently been used to

develop a unified thermodynamic description of disorder-induced amorphization and heat-

induced melting. This concept of amorphization as a melting process is based on the fact that the

melting temperature of a defective crystal driven far from equilibrium will decrease relative to

that of its defect-free equilibrium state. The broader view of melting provides a new perspective

of damage-accumulation processes such as radiation damage, ion implantation, ion beam mixing,

plastic deformation, and fracture. For example, within this conceptual framework, disorder-

induced amorphization is simply polymorphous melting of a critically disordered crystal at

temperatures below the glass transition temperature. In the present communication, we discuss

the application of the concept to two specific cases: amorphous phase formation during ion

implantation and solute segregation-induced intergranular fracture.
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1. Introduction

Recently, we have shown that the crystal-to-glass (c-g) transition can be viewed as a

disorder-induced melting process, based on the generalized Lindemann melting criterion [1-3].

The central hypothesis of this criterion is that a defective crystal will melt when the sum of the

mean-square dynamic or vibrational ( c ~& >) and static ( < ~& >) atomic displacements

reaches a critical value ( c ~~ >),

with < p~ti > being identical to that for melting of the defect-free crystal. This generalized

melting criterion implies that melting can occur in two fundamentally different ways: (i) by

isobaric heating the defect-free crystal to its thermodynamic melting temperature (i.e., ordinary

melting), or (ii) by introducing isothermally a critical amount of static atomic disorder such that

the free energy of the defective crystal becomes equal to that of the supercooled liquid or glass

(i.e., disorder-induced melting). Within this conceptual framework, the melting temperature of a

defective crystal,

relationship [1-3]

T:, decreases with respect to that of the perfect crystal, T;, according to the

(2)

Hence, disorder-induced amorphization can be regarded as melting of a critically-disordered

crystal at temperatures where diffusional processes are too slow to allow recovery of the static

disorder, i.e., below the glass transition temperature.

The significance of the generalized Lindemann melting criterion is that the critical value

of c &t > for melting is independent of how the atomic displacements are produced. Thus, it

can be a measure of a critical concentration of rnisfitting solute atoms in an alloy, or of lattice
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defects like Frenkel pairs, anti site defects, dislocation density, etc . . . . Moreover, the concept of

disorder-induced melting can be applied to local regions of the crystal where static atomic

displacements are concentrated, such as at high-angle grain boundaries or strained crack tip

regions. In the present work, we show that this disorder-induced melting concept provides a new

perspective of implantation-induced amorphization and solute segregation-induced intergranular

fracture.

2. General concept of disorder-induced melting

The total mean-square atomic displacement, < ~~ot >, in eq. (1) is a generic measure of

crystalline disorder. Its dynamic component, < ~~ib >, scaling directly with temperature, is a

measure of the thermal free energy associated with atomic vibrations, while its static component,

< p~ta >, is a measure of the free energy increase due to damage accumulation in the crystal that

gives rise to a decrease in its melting temperature, T:. This is illustrated schematically in Fig.

l(a) which displays the Gibbs free energy versus temperature for the perfect crystalline phase,

the liquid phase, and the glassy phase. Also shown are a few metastable defective crystalline

states representing different levels of static disorder. The melting temperatures of the perfect and

defective crystals, T: and T:, and the glass transition temperature, Tg, are defined by the

intersections of their respective free-energy curves with that of the liquid. As the free energy of

the defective crystal approaches that of the glass, T$ approaches Tg, so that the thermodynamic

criterion for glass formation becomes T$ = T~. It follows that the c-g transition cannot occur for

temperatures higher than T..c

As shown in Fig. l(b), T: decreases linearly with increasing < p~~a> up to a maximum

level of static disorder, < p: >, where the free energy curve of the defective crystal becomes
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tangent to that of the liquid. Because a defective crystalline state cannot exist for damage levels

d drops sharply to zero as < y& > approaches < W: >. The T: -curve inbeyond < Vi >, Tm

Fig. l(b) represents a generalized polymorphous-melting curve for defective crystals. All

disorder states on the right-hand side of the melting curve above T~ are liquid states and those

below T~, amorphous states. The linear region of this curve is a graphical statement of eq. (l),

which can be written in the following form [1-3]:

(3)

Here, M is the average atomic mass, k is the Boltzmann constant, h is Plank’s constant divided

by 2R, and fl~ is the effective Debye temperature of the defective crystal given by

(4)

with 60 being the Debye temperature of the perfect crystal. The linear decrease in T: with

increasing < ~~ta >, shown in Fig. l(b), simply reflects the dependence of 6d on < l-& > in eq

(4). In elastically isotropic media where El: is directly proportional to the average shear modulus

[4], G~, the linear decrease in melting temperature described by eq. (3) should be readily

observable as a disorder-induced softening of Gd.

3. Applications to melting processes driven by critical solute accumulation

3.1 Ion implantation-induced amorphization

C(l-c),

For alloys in which the mean-square static atomic displacement is of the form < ~~ta > =

with c being the solute atom fraction [5], the T: -curve shown in Fig. l(b) will simply be
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the conventional polymorphous-melting TO-curve. This curve represents the stability limit for

the crystalline state, beyond which the alloy melts to a supercooled liquid for temperatures above

T~, or to a glass below T~. This prediction has been experimentally verified by Liu et al. [6,7]

who investigated the kinetics of the c-g transformation in Ni-B alloys during 50-keV B+

implantation into polycrystalline Ni films at 77 K. Transmission electron microscopy and

energy-filtered selected-area electron diffraction measurements were employed to determine

values of < ~~ta(c) > and < ~~n > from Debye-Wailer factors extracted from modified Wilson

plots. The resulting TO-curve calculated with the measured <p& > values using eq. (3) is

shown superimposed on the Ni-B phase diagram in Fig. 2(a). The TO-curve lies between the

solidus and Iiquidus lines, and plunges nearly vertically to OK as the B concentration approaches

10 t 2 at.%. According to the generalized Lindemann melting criterion, this is the critical B

concentration beyond which the crystalline solid solution becomes unstable relative to the

amorphous state.

The volume fraction of the amorphous phase, fa, formed during 50-keV B+ implantation

is shown in Fig. 2(b), as a function of B concentration [6,7]. The data were analyzed using a

model [8] based on Poisson statistics for the formation of amorphous clusters during

implantation. The values of the minimal cluster size VCand critical solute concentration cc

required for amorphization derived from the best fit are 4.5x10-22 cm3 and 8.7 at. ‘%o, respective y,

B implantation-induced amorphization of single-crystal Ni at 77 K was also investigated by

Drigo et al. [9], using RBS/channeling techniques. Their results shown in Fig. 2(b) (open

circles) give best-fit values for VCand CCof 1.5x10 -21cm3 and 9.3 at.%, respectively. The critical

B concentration for amorphous phase formation during B implantation into Ni determined by Liu
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et al. is thus in good agreement with that obtained by Drigo et al., and both are identical, within

experimental error, to the critical value for polymorphous melting predicted by the To-curve.

Further confirmation of the generalized Lindemann melting concept is provided by

studies of the c-g transformation during P+ implantation [8] and, most recently, S+ implantation

[10,1 1] into Ni. The results of the latter study are illustrated in Fig. 3. Although the To-curve for

the Ni-S system has not been determined experimentally as in the case of Ni:B, it can be

approximated by the locus of midpoints between the Iiquidus and solidus curves, as shown by the

dotted line in Fig. 3(a). The critical S concentration for polymorphous melting below T~ is about

18 at.%. The values for VCand CC,derived from the best fit of the fa curve [Fig. 3(b)] to the

statistical model of Cohen et al. [8], are 2.4x 10-2[ cm3 and 14.2 i 3.3 at.%S, respectively. The

latter value is in good agreement with the prediction from the estimated To-curve for the Ni-S

system.

3.2 Solute segregation-induced intergranular fracture

Many studies [12-16] show that S segregation to grain boundaries increases the

susceptibility of Ni to intergranular fracture and that the transition from ductile to brittle behavior

requires a critical grain-boundary S concentration. However, why and how S weakens the grain

boundaries and why a critical S concentration is needed for intergranular fracture to occur remain

poorly understood. An explanation based on the disorder-induced melting concept was proposed

by Heuer et al. [10,11]. They pointed out remarkable similarities between the structure and the

chemistry of high-energy grain boundaries and metallic glasses. Structurally, the atomic

configuration of high-energy grain boundaries can be described in terms of the same polyhedral

packing schemes [17] used to characterize the atomic disorder in metallic glasses [18].
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Chemically, the compositions of metal-metalloid glasses are similar to those found at metalloid-

segregated grain boundaries in corresponding dilute alloys. And even more interesting is the fact

that these metalloid concentrations (15-20 at.%) are also similar to those needed to arnorphize

metallic targets during low-temperature metalloid implantation [3]. Taken together, these

similarities suggested the intriguing possibility that the thermodynamics and kinetics of

segregation-induced intergranular fracture may be closely related to that of implantation-induced

amorphization.

The effect of grain-boundary S segregation on the fracture mode in Ni was investigated,

using a combination of Auger electron spectroscopy (AES) and slow-strain-rate tensile tests

[10,1 1]. The S concentrations at grain boundaries were systematically varied by time-controlled

annealing of dilute Ni-S alloys at 625 “C. Grain-boundary compositions were measured by AES

after fracture of notched specimens under ultrahigh vacuum, and their effect on the mechanical

properties of the alloy was determined by tensile testing at a strain rate of -10-6 s-l. The resulting

fracture surfaces were characterized by scanning electron microscopy. The percentage of

intergranular fracture is shown as a function of grain-boundary S concentration in Fig. 4. The

critical S concentration for ductile-to-brittle transition (i.e., for 50?Z0intergranular fracture) is

found to be 15.5 t 3.4 at.%. This value is, within experimental error, equal to the critical S

concentration of 14.2 f 3.3 at. % required to induce 50?t0 amorphization of Ni by S+ implantation

[see Fig. 3(b)]. This similarity suggests that segregation-induced intergranular cracking is also a

disorder-induced polymorphous melting process occurring at grain boundaries. Moreover,

present approach leads naturally to the requirement of a critical solute concentration for

intergranular embrittlement.

the
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4. Conclusion

The concept of disorder-induced melting has been applied to provide a new

thermodynamic approach to understand amorphous phase formation during ion implantation and

solute segregation-induced intergranular fracture. In all three cases discussed - B+, P+, and S+

implantation into Ni - statistical analyses of the amorphous volume fraction yield values of

critical solute concentrations for amorphization consistent with the predictions of the

polymorphous melting TO-curves based on the generalized Lindemann melting criterion. In the

Ni-S system, this critical concentration is also equal to the critical solute concentration at grain

boundaries required to induce intergranular fracture of Ni. This suggests that both solute

implantation-induced arnorphization and solute segregation-induced intergranular cracking can

be treated simply as a disorder-induced polymorphous melting process occurring below the glass

transition temperature.
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Figure Captions

Figure 1. (a) Gibbs free energy versus temperature for the perfect crystal, liquid, glass, and

various defective crystals. Indicated are: T;, the thermodynamic melting

temperature of the perfect crystal; Tg, the glass transition temperature; and T:, the

melting temperature of the defective crystal. (b) Dependence of the melting

temperature T: on mean-square static atomic displacement < w~ta>. Here, < ~~ >

and c ~~ri > denote the critical values of <y& > for thermodynamic and

mechanical melting [2,3].

Figure 2. (a) Polymorphous melting To-curve experimentally determined for the Ni-rich side of

the Ni-B phase diagram [6]. (b) Volume fraction of the amorphous phase formed

during B+ implantation into Ni at liquid-nitrogen temperature. Data shown by the

solid circles are taken from Liu et al. [6,7], and those shown by the open circles are

from Drigo et al. [9]. The solid curve represents the best fit of Liu et al.’s results to

the statistical model of Cohen et al. [8].

Figure 3. (a) Polymorphous melting To-curve estimated for the Ni-rich side of the Ni-S phase

diagram. (b) Volume fraction of the amorphous phase formed during 150-keV S+

implantation into Ni at Iiquid-nitrogen temperature [10]. The best fit of the data to

the statistical model of Cohen et al. [8] is represented by the solid curve. The critical

S concentration for amorphization is indicated.

Figure 4. Dependence of the percentage of intergranular fracture on grain-boundary S

concentration in dilute Ni-S alloys [10]. The best fit of the data using Poisson
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shown by the solid curve. The critical S concentration for ductile-to-brittle transition,

i.e. 50% intergranular fracture, is indicated.

12



.

glass

““-
(a)

defective
11s

/

II I I 1 I 1 1, I I 1

Temperature

(b)

w A

T: ---

CRYSTAL
------------

\\ \\ GLASS
\ \

b

<~:> <~:n>



,,
. .

2100

1900
1700

1500

1300

1100

900

700

500

300

100

Ni 10 20 30 40 50 60 70 80 90 B

1.0

0.8

0.6

0.4

0.2

0.0

B concentration (at.%)

1’”’”’’”””””” 1 I

(b)

{

o

0

0

0

Liu et al. (1999)
Drigoet al. (1987)

1! . . .. $...L ,

0 5 10 15 20 25

B concentration (at.%)

3%.!-



1800 L t ! i I I i I I I J

,4

>’

1600

1400

1200

1000

800

600

400

200

0

H

cri
● c~ = 18 at.%

●

●

●
,’ i

●

●

●

●

J
.
●

●

●
(a) :

! ● I t [ I 1

Ni 20 40 60 80 s

S concentration (at.%)

1

0 !,~..:..i .....1.2...33=..1%.....33.....%.
o 10 3020

S concentration (at.%)

40

Fiq,3

l-iA@lcm’Gto+ &u.v-



.—

100

80

60

40

20

0

I I I I 1 I

Y
1

1

T A 1
Cn

c~ = 15.5 & 3.4 at.%
I 1 1 I 1

0 10 20 30 40

S concentration (at.%)

Fij.4
Lx., OLMA() + +-leLe.y-

@.8’)


