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APPLICATIONS OF NONEQUILIBRIUM MELTING 
CONCEPT TO DAMAGE-ACCUMULATION PROCESSES 

Nghi Q. Lam and Paul R. Okamoto 

Materials Science Division 
Argonne National Laboratory, Argonne, IL 60439, USA 

ABSTRACT 
Our recent study of crystalline-to-amorphous transformation led to the successful development 
of a unified thermodynamic description of disorder-induced amorphization and heat-induced 
melting, based on a generalized version of the Lindemann melting criterion. The generalized 
criterion requires that the melting temperature of a defective crystal decreases with increasing 
static atomic disorder. Hence, any crystal can melt at temperatures below the melting point of 
its perfect crystalline state when driven far from equilibrium by introducing critical amounts of 
dsfitting solute atoms and lattice imperfections, radiation damage, and/or tensile stresses. 
This conceptual approach to nonequilibrium melting provides new insight into long-standing 
materials problems such as brittle fracture, embrittlement, and environmentally-induced 
cracking, for example irradiation-assisted stress corrosion cracking. 
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I .  INTRODUCTION 
Recently, we have shown that the themdynamics of crystal-teglass transitions can be 
formally described by a simple theory of melting, based on a generalized version of the 
Lindemann melting criterion [ 1-31. "he central hypothesis is that a defective crystal will melt 
when the sum of the mean-square dynamic (or vibrational) and static atomic displacements 
reaches a critical value, 

with (< p i i  >) being identical to that for melting of the perfect crystal. This generalized 
criterion has profound implications for our notion of melting, since it implies that a solid can be 
melted either by heating to a critical temperature at constant pressure (Le., conventional 
heating) or by introducing a critical amount of static atomic disorder at constant temperature 
&e., disorder-induced melting). 



Within this conceptual framework, the melting temperature of a defective crystal, e, directly 
scales with the thermodynamic melting temperature of the perfect crystal, TZ : 

so that e decreases with increasing static atomic disorder as m e a d  by c ptU >, which 
clearly implies that disorder-induced melting can only occur at sufficiently low temperam 
where diffusional processes are too slow to allow recovery of the static disorder. As a m ~ t t ~ r  
of fact, amorphization, which is simply melting to a glass of a critic@ly-disordered crystal, is 
only observable below the glass transition temperature. 

The real sisnificance of the generalized Lindemann melting criterion is that the critical value of 
c p i t  > for melting is a Illiiterial constant which is independent of how the abornic 
displacements are produced. As such, < pta > can be a measure of the concentration of 
misfitting solute atoms in an alloy, the concentration of Frenkel pairs or antisite defects, 
dislocation density, grain boundaries, or applied tensile stresses. Thus, the concept of 
disorder-induced melting should be applicable to local regions of the crystal, such as high angle 
grain boundaries or highly-strained crack tip regions where static atomic displacements me 
concentrated. In the present paper, we show that this conceptual l?auxwork provides a new 
t hedynamic  approach to describe complex damage-accumulation processes, for example 
brittle hcture, embrittlement, and irradiation-assisted stress corrosion cracking - processes that 
remain thus far poorly underst&. 

2. GENERAL CONCEPT OF DISORDER-INDUCED MELTING 
2 The total mean-square atomic displacement, c ptot >, in Eq. (1) is a generic measure of 

crystalline disorder. Its dynamic component, e &, >, scaling directly with temperature, is a 
measure of the free energy associated with atomic vibrations, while its static component, 
c p& >, is a measure of static atomic disorder stored in the lamce, which gives rise to an 
increase in the free energy and, hence, results in a decrease in the melting tempemure of the 
defective crystal. This effect is illustrated schematically in Fig. l a  where the Gibbs free energy 
is plotted versus temperature for the perfect crystalline phase, the liquid phase, and the glassy 
phase. The intersections of the freeenergy curve for the liquid with those for the perfect 
crystal and the glass define and Tg (the glass transition temperature), respectively. Also 
shown are a few metastable defective crystalline states representing different levels of static 
disordec they intersect the liquid free-energy curve at various T;. The melting curve of the 
defective crystal is schematically shown in Fig. lb. Reflecting the high-temperature pomon of 
the liquid free-energy curve, is a linearly decreasing function of c P : ~  >, up to a critical 
level of disorder, e p: >, at the glass transition temperature. Beyond p: >, Ti drops 
sharply to zero. All disorder states on the right-hand side of the melting curve are liquid states 
at temperatures above Tg or amorphous states below Tg . 

The T:-curve in Fig. lb  is equivalent to a generalized polymorphous-melting To-curve, since 
c p,2ta > can represent the concentration of solute atoms in an alloy. The linear region of this 
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Fig. 1: Plots of (a) free energy versus temperature for the perfect crystal, liquid, glassy phase, 
and various defective crystals, and (b) dependence of the melting temperature T$, on mean- 
square static atomic displacement < p& >. Here, < pm > and < pcri > denote the critical 
values of c p:m > for thennodynamic and mechanical melting [2]. 
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curve is a graphical statement of the generalized Lindemann melting criterion, which requires 
that Eq. (1) be obeyed along the curve. It can thus be formally expressed by 

where M is the average atomic mass and ed is the effective Debye tempemure of the defective 
crystal, which scales with e,, the Debye temperature of the perfect crystal, as 

The linear decrease in TA thus results from the 
expressed by Eq. (4). Moreover, since 0; is 

hear behavior of the Debye temperame 
directly proportional to the average shear 

modulus, Gd , in isotropic media [4], the linear decrease in melting temperam during damage 
accumulation should be wdily observable as a disorder-induced softening of Gd . Whether or 
not the melting process itself can be directly observed below depends on kinetic factors 
[3]. In general, disorder-induced melting will only be observable at temperatures below Tg 
where atomic mobility is sufficiently slow to freeze the defective structure. The kinetic 
constraint for glass formation is therefore .Id, I T~. 
The predictions of the generalized Lindemann melting criterion are independent of the physical 
origin of the atomic disorder. Thus, the concept of disorder-induced melting should be 
applicable to both homogeneous and heterogeneous defect structllfes, such as local regions 
around misfitting impuity atoms, grain boundaries, and highly-strained crack tip regions. 

3 . APPLICATIONS TO OTHER DAMAGE-ACCUMULATION 
PROCESSES 

3.1 Stress-Induced Melting 
Despite considerable research effort to understand why and how solids fracture, no generally 
accepted theory of the phenomenon has yet been developed. Although the local stress buildup 
in the immediate vicinity of the crack tip is known to be the primary driving force for fracture, 
the mechanism by which the strain energy stored in the tip is dissipated during propagation is 
not well understood. An intriguing question has been whether this energy can be released via 
local melting of the crack tip. This possibility has been suggested by the present 
thermodynamic approach to disorder-induced melting, and is supported by recent atomistic 
simulations [5,@ and experimental observations [7]. 

Monte Carlo simulations by Lynden-Bell[5] show that hcture of pefiect fcc metals (Ag, Au, 
F’t, and Rh) under uniaxial tension occurs by micrOcaVity formation, in agreement with the 
molecular-dynamics simulation results of Wang et al. [8]. They also show that, prior to 
microcavitation, the crystal undergoes local stress-induced melting at temperatures well below 
the thennodynamic melting temperature of the unstressed crystal. However, the liquid region 
immediately recrystallizes upon formation of the cavity, leaving no evidence that melting has 
occurred. In addition, these computer simulations reveal several important points about the 
failure mode of the crystal under uniaxial tension. First, there exists a critical stress (or strain) 



at which stress-induced melting c m  OCCUI. Second. stress-inc1ucec rneinng is a transient 
phenomenon. And third, the melting temperature of [he srressed q s t a I  decreases linearly with 
increasing applied stress. 

The work of Lynden-Bell[53 also provides an answer to the important question of the nature of 
the stress-induced melting process. Wang et aI. [8,9] interpreted the failure via microcavitation 
of a perfect Lennard-Jones crystal under homogeneous expansion as mechanical melting of a 
superheated crystal, i.e. violation of the Born criterion. However, calculation of the Landau 
free energy of the stretched crystal shows this is not true [5 ] .  What is actually found is that the 
transient melting occurs when the free energy of the stretched crystal becomes equal to that of 
the liquid phase. Hence, failure by cavity formation occurs at the thermodynamic melting 
temperature of the stretched crystal, in agreement with the Lindemann-thermodynamic criterion 
for melting. Although the mean-square static atomic displacement was not determined as a 
function of strain, the reported atomic configurations show that indeed large atomic 
displacements are associated with the strained state. Hence, stress-induced melting in initially 
defect-& crystals appears to be another example of the generalized Lindemann melting 
hypothesis. 

Stress-induced melting may also occur in the vicinity of crack tips. However, as revealed by 
the atomistic simulations, the local melting is a transient phenomenon at elevated temperatures 
and, hence, will be observable only at temperatures below the glass transition temperature, 
where the liquid phase can persist indefmitely as a glass. Indeed, stress-induced amorphization 
of regions directly in front of moving crack tips has recently been observed in the NiTi 
intermetallic compound during in situ straining in the high-voltage electron microscope 

at temperatures below Tg - 6OOK [7]. Figure 2, for example, shows a dark-field 
image of a typical crack formed during straining at mom temperature. Diffraction patterns 
taken from areas away from the crack-tip region indicate a crystalline structure, whereas the 
patterns from the tip region and along the edges of the crack exhibit diffuse halos, indicating 
that an amorphous phase forms at the tip and remains amorphous as the crack propagates. 
Ripple patterns on the fi-acture surfaces of metallic glasses which fail catastrophically under 
uniaxial tension also suggest that local melting in the vicinity of the crack actually occurs [lo]. 

Fig. 2: Dark-field image and selected-area diffraction patterns showing amorphous phase 
formation in the region ahead of crack tip and along crack edges during straining at 300K [7].  

3.2 Irradiation-Assisted Stress Corrosion Cracking (IASCC) 
There are three contributing factors to IASCC: stress level, materials properties, and 
environmental (corrosion) effects [Il l .  Why and how irradiation damage modifies these 
factors to promote the materials susceptibility to intergranular fracture has been the subject of 
intensive study for more than two decades. In stainless steels, radiation-induced segregation 



(RIS)  at grain boundaries, particularly Cr depletion, and/or Gibbsian-type segregation of tramp 
impurities (there seems to be a long list of suspected impurities such as H, He, F, P, S, and Si) 
have long been thought to be the major material factor underlying IASCC. However, the 
physical mechanism(s) of the intergranular cracking process, the precise role of RIS or 
Gibbsian segregation, and the intertwined effects of irradiation and stress in promoting the 
crack nucleation and propagation remain poorly understood. As a result, no unifying 
conceptual framework cmnt ly  exists for guiding experimental investigations on IASCC, for 
predicting the life and reliability of structural components and for assessing TASCC prevention 
strategies. Such framework is needed to provide a deeper understanding of other forms of 
environmentally-induced intergranular cracking such as corrosion-fatigue cracking, hydrogen- 
embrittlement, and liquid-metal embrittlement. Furthermore, although all exhibit cracking 
kinetics and fractographic features similar to those of IASCC, no unifled description exists to 
link all these embrittlement processes to a common cracking mechanism. However, our recent 
studies hint at the possibility that all forms of brittle &tam may have a common physical 
origin, namely disorder-induced melting of superheated grain boundaries (andor precipitate- 
matrix interfaces), where the role of deleterious impurity segregates is to act as seeds for the 
liquid phase. A unified approach to understand IASCC can thus be founded on the hypothesis 
that tensile stresses, radiation damage, and segregation of insoluble or low-melting-point 
impurity elements, all interact synergistically to lower the melting point of grain boundaries 
sufficiently to induce local melting at relatively low temperatures (-288°C) where IASCC 
becomes a problem in nuclear power reactors. Before examining the various components of 
this model, we should point out that chemical corrosion effects will not be accounted for, the 
reason being that it is not obvious that corrosion plays a dominant role in IASCC failure [12]. 
For example, radiation-induced segregation of Cr, Si and P at grain boundaries could be 
correlated with corrosion rate but not with IASCC susceptibility 1131, and, in a significant 
number of cases, examinations of intergranular fracture surfaces revealed no effect of corrosion 
attack [ 141. 

3.2.1 Role of temperature 

As pointed out above, disorder-induced melting can be readily observed an amorphization 
process occurring at or below T , where the damage accumulation driving the melting process 

then IASCC should occur in the same temperature range. We therefore believe it is no 
coincidence that IASCC in light-water reactors only occurs below about 300°C. For stainless 
steels, this temperam corresponds to 0.4Tm which lies near the center of the range of Tg 
values of amorphous metallic alloys, including amorphous stainless steels. Systematic studies 
of the upper-limiting temperature for IASCC and grain-boundary amorphization are needed to 
verify that the correlation is a general one. 

cannot anneal out. If intergran U f  ar cracking is due to disorder-induced grain-boundary melting, 

3.2.2 Intertwined effects of irradiation and stress 

The fundamental link between defect-induced melting and the role of stress in IASCC lies in 
the universal form of the shear softening associated with static disorder, heating (thermal 
disorder) and tensile stress, 

In the case of static disorder, ps is < pzu > [1-31; for heating, ps is the thermal volume 
expansion [15]; and for tensile stress, ps is the imposed stress [16]. For all three cases, pc is 
the critical value of these variables at which the shear modulus vanishes. This equivalence 
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between static disorder and stress in reducing the shear modulus suggests that the generalized 
Lindemann melting criterion naturalIy leads to the following scaling relationship: 

where the sum X ps/pc includes the ratio for tensile stress. Hence, if local melting of grain 
boundaries is the physical origin of cracking, the equivalent effects of static disorder and stress 
on the melting temperature provide a simple explanation why radiation damage mimics the 
effects of stress in the IASCC phenomenon. This key point can be verjfied by in situ studies in 
the HVEM to determine whether the application of tensile stress alters the behavior of 
preferential amorphization of grain boundaries induced by irradiation. Any tendency for 
preferential amorphization to occur predominantly for boundaries aligned normal to the applied 
tensile stress would be strong evidence for stress-induced melting of the boundaries. Liquid 
metal embrittlement is caused by wetting of grain boundaries by the liquid phase of low- 
melting-point elements. Preferential wetting of grain boundaries aligned normal to the stress 
axis would provide further supporting evidence of stress effects. 

3.2.3 Role of misfitting impurities 

A misfitting impurity atom, which displaces atoms off equilibrium lattice sites, can lower the 
melting temperature of a host material. This effect is well understood thedynamically and, 
in the dilute impurity limit, is described by ATm = (Tz)’(Cs -CL)/Lf [17]. Here, Cs and 
CL are the equilibrium concentrations of the impurity in the solid and liquid phases, 
respectively, at temperature %+ATm, and Lf is the heat of fusion of the pure host. In 
general, Cs < CL, so that ATm will be negative with the steepest decrease in the melting 
temperature occurring for insoluble impurities, i.e., Cs = 0. In the context of the generalized 
Lmdemann hypothesis, the lowering of the melting temperature is due to < p$ > of the host 
atoms surrounding the impurity, so that in the vicinity of the impurity, the critical value for 
melting will be reached at a lower temperature than the average, implying that melting will be 
initiated around impurities. 

Evidence for local pre-melting about impurity atoms can be found in the literature. For 
example, XAFS measurements [18] on pure Pb and dilute solid solutions of Hg in Pb showed 
that, starting at -180 OC below the bulk melting tempture of the alloy, the regions around 
Hg impurity atoms exhibit noncrystalline behavior. The mean-square atomic displacement in 
the vicinity of the Hg atoms saturates at the Lindemann critical value for melting and the 
apparent coordination number decreases from the crystalline to the bulk-liquid value as the bulk 
melting temperature is approached. The size of these liquid-like regions also increases with 
increasing temperature. Other evidence includes Mossbauer studies which suggest that pre- 
melting of the Ag sublamce in superionic Ag2Se occurs around Sn impurity atoms [ 191. 

3.2.4 Role of grain boundary segregation 

Recent computer simulation studies [6] have shown that the melting temperature of model 
nanocrystals decreases linearly with increasing c p:m >, indicating that the generalized 
Lhdemann melting criterion can be applied locally to grain boundaries where all the static 
disorder is concentrated. A free-energy analysis of the atoms in the system showed that, for 
certain combinations of grain size and temperature, the free energies of grain boundaries and 



grain-boundary junctions can exceed that of the supercooled liquid at the same t e m p e ~ ~ ,  
even in the unstressed state. These "clean" superheated grain boundaries, though highly 
metastable, do not melt due to the constraints imposed by the adjacent thermodynamically- 
stable grain interior regions. The existence of these "clean" superheated grain boundaries 
strongly suggests that the effects of stress, static disorder, and grain boundary segregation in 
promoting IASCC and other forms of intergranular cracking can be understood very simply as 
an acceleration in the rate of disorder-induced melting of superheated grain boundaries. 

That "clean" superheated grain boundaries do not melt also suggests an explanation why some 
form of impurity segregation to grain boundaries is necessary for cracking to occur. The role 
of these impurities may be to simply trigger melting of a superheated grain boundary by acting 
as seeds for the liquid phase. Thermodynamically, this effect would appear as a lowering of 
the melting temperam, as discussed in Sec. 3.2.3. Hence, cracking via local melting of grain 
boundaries can be expected to initiate around the impurity atoms, particularly insoluble ones. 

Direct evidence exists in the literature to show that radiation damage can indeed cause grain 
boundaries and other types of extended lartice defects to become superheated and to undergo 
preferential melting at some critical damage level. This evidence is pmvided by numerous 
observations of preferential amorphization of grain boundaries, dislocations, stacking faults, 
anti-phase domain boundaries, and precipitate-matrix interfaces in intermetallic compounds 
[20-243, and of grain boundaries and grain-boundary junctions in silicon during charged- 
particle irradiation at low temperatures [25]. 

One can ask what type of grain boundaries are most prone to superheating and what kind of 
impurity segregates are particularly deleterious in promoting pre-melting of grain boundaries. 
We know, for example, that the presence of hydrogen greatly enhances the susceptibility of 
intermetallic compounds to radiation-induced amorphization [26] and, hence, is likely to have a 
very deleterious effect on intergranular cracking as well. One can further ask whether 
synergistic connections exist between the critical level of stress, radiation damage, and 
concentration of impurity segregates required for pre-melting of grain boundaries, and how 
these connections are influenced by grain size and temperature. In situ HVEM-ion irradiation 
studies on unstressed polycrystalline Si samples have shown that preferential amorphization of 
grain boundaries occurs between 150 and 225°C during irradiation with 1.5-MeV Xe ions, and 
that the growth rate of the amorphous phase is higher for high-energy grain boundaries than for 
low-energy boundaries [24]. Similar in situ investigations have recently been performed on 
polycrystalline Si under Mode-I (tensile) loading [27]. Irradiations carried out at 175°C on 
stressed and unstressed samples showed that i n d d  the applied stress causes a substantial 
increase in the growth rate of the radiation-induced grain-boundaq amorphous phase. 

4. CONCLUDING REMARK 
The concept of disorder-induced melting can be applied to many damage-accumulation 
processes, including brittle fracture, embrittlement, and irradiation-assisted stress corrosion 
cracking. In particular, we believe that the simple picture of intergranular cracking as local 
melting of superheated grain boundaries offers a new, thermodynamically-based approach to 
IASCC in which the role of impurity segregates is to promote the melting prucess by acting as 
seeds for the liquid phase. A grain boundary can be driven into a superheated state via internal 
stresses and/or static atomic disorder, and the critical values of these parameters for pre-melthg 
at grain boundaries will depend not only on the temperature but also on grain size and 
orientation. Since real polycrystalline materials have a distribution of grain sizes and 
orientations, it follows that for any given temperature, state of stress and damage level, only a 
fraction of the grain boundaries will be susceptible to IASCC. Thus, the problem of 
intergranular failure will be inherently statistical in nature. This approach to IASCC, though 
admittedly unconventional and certainly over-simplified, is sufficiently flexible to provide a 
badly needed conceptual framework to guide both experiments and modeling studies. 
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