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Impurity-induced van der Waals transition during decohesion
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We investigate the thermodynamics of impurity segration between the separating atomic planes of a deco-
hering solid from first principles. We find that the traction curve for decohesion at constant impurity chemical
potential differs qualitatively from that at constant impurity concentration. In fact, for hydrogen and oxygen
segregation between separating~111! planes during decohesion of fcc aluminum, a first-order van der Waals
transition is predicted above a critical impurity chemical potential that results in a dramatic drop in the
maximum stress of decohesion.
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Current understanding of the mechanisms leading to
chanical failure of materials is far from complete. This h
its origin in the immense complexity associated with
event such as fracture in which many phenomena opera
varying length scales. While dislocation nucleation and gl
often play an important role, it is the propagation of crac
that ultimately leads to fracture. Crack growth results in
separation of atomic planes either along grain boundarie
through grains. Hence efforts have been made to relate
atomic-level description of bond breaking to fracture res
tance and cohesion.1–7

The traction curve, a stress versus separation relation
uniform decohesion of a solid along a pair of adjacent ato
planes,2 is one of the key constitutive relations entering in
macroscopic fracture models, in which a cohesive zone c
acterizing the crack region is embedded in a solid descri
by continuum plasticity.3,4 The traction curve describes th
response of the solid within the cohesive zone to stres
exerted by the surrounding medium, allowing crack grow
to naturally emerge in continuum mechanics simulatio
once the maximum stress for decohesion has locally b
surpassed. Such heirarchical modeling schemes are inv
able in elucidating complex materials phenomena that
not amenable to a direct atomistic analysis. The focus of
paper is on the details of modification of the traction cur
by mobile impurities.

It has long been known that impurities or volatile chem
cal species can drastically alter the fracture resistance
solid. Elements such as hydrogen or sulfur are well-kno
embrittling agents of important structural materials such
steel. While the effect of impurities can modify fracture b
havior in several ways, its effect on the traction curve of
cohesive zone are recognized to be of central importanc8,9

For slow to moderate crack growth rates that are of the o
of impurity diffusion lengths, impurities can dynamical
equilibrate at the advancing crack tip.10,11 Under these con-
ditions, crack growth occurs at constant impurity chemi
potential and the concentration of impurities will chan
near the crack as it is stressed. While the importance of
purities in modifying cohesive properties is widely reco
nized, it is not clear how impurities at constant chemi
potential affect the traction curve for decohesion.
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We present a first-principles thermodynamic model
study the effect of impuritiesat constant chemical potentia
on the traction curve of a uniformly decohering solid. W
apply it to decohesion of fcc aluminum along a pair of~111!
planes accounting for the presence of hydrogen or oxy
atoms in the decohering region at constant chemical po
tial. We find that while the tractions at constant impuri
concentration have a form similar to those of previously e
plored systems,1 a constant impurity chemical potential ca
lead to a discontinuity in the relation between decohes
distance and stress. This first-order transition in the stre
displacement diagram, reminiscent of a van der Waals tr
sition, leads to an abrupt drop in the maximal cohesive str
once a critical impurity chemical potential is exceded. I
stead of a gradual change in the resistance to crack gro
with increasing impurity chemical potential, this result ind
cates that an abrupt change in crack growth mechan
should occur at a characteristic impurity chemical potent

The traction curve for decohesion can be obtained as
derivative of the energy of a solid as two slabs of bulk m
terial are uniformly separated along a pair of adjacent ato
planes. This stress-separation relation then serves as a
principles input to describe the resistance to crack growth
the cohesive zone in continuum simulations of fracture3,4

Impurity atoms can segregate between the decohering ato
planes. Calculating the energy of decohesion as a functio
slab separation from first principles is straightforward if t
impurity concentration and arrangement between the sep
ing atomic planes is kept fixed.5–7 Obtaining the traction
curve at constant impurity chemical potential though requi
additional thermodynamic considerations.

Thermodynamically, the decohering region can be cons
ered as a subregion of the solid characterized by excess
tensive quantities8 as in the standard thermodynamic descr
tion of surface properties. The excess internal energy for
decohering region per unit area~of the separating atomic
planes! u is related to the other excess extensive quanti
according to

du5Tds1sdd1mdG, ~1!

wheres is the excess entropy andG is the excess number o
impurity atoms on the separating atomic planes per unit a
©2003 The American Physical Society01-1
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The extent of decohesion,d, is the elongation of the deco
hering solid in excess of the elongation of each separa
slab assuming that this elongation is homogeneous.T, s, and
m refer to the temperature, the stress perpendicular to
decohering atomic planes, and the impurity chemical pot
tial, respectively.~We neglect work modes that stretch th
decohering planes in their own plane as a result of the P
son effect during elongation of slabs!. The excess energyu,
with its natural variabless, d, andG is an impractical ther-
modynamic potential and a more appropriate potential w
natural variablesT, s, andm can be defined by successiv
Legendre transforms. The relevant potential at constantT, s,
and m, conditions that specify the state of a decohering
gion in an actual solid, is the grand-force potential,f5u
2Ts2sd2mG.

In this work, we used first-principles total-energy calcu
tions to parametrize a lattice model Hamiltonian12,13 that de-
scribes the energy of different impurity configurations on
decohering atomic planes as a function of the distanced,
between these planes. Solving the lattice model Hamilton
within the mean-field approximation or with Monte Car
simulations yields a Gibbs free energyg ~per unit area of
decohered planes! as a function of impurity concentratio
and d. The relation betweeng and the physically relevan
thermodynamic potentialf can again be obtained with Leg
endre transforms according tof5g2sd2mG.

We considered the effect of hydrogen, an important e
brittling agent of metals, on the decohesion of adjacent~111!
planes in fcc aluminum. In bulk aluminum, dilute hydrog
energetically prefers the tetrahedral sites~within the local-
density approximation, LDA!6 that in the fully decohered
state, become the fcc surface sites that rest above a tria
of aluminum atoms of the exposed~111! plane. Between
adjacent~111! planes, the tetrahedral sites form an undul
ing honeycomb lattice formed by a pair of interpenetrat
two-dimensional triangular lattices.

We used a lattice model Hamiltonian that includes
nearest-neighbor and second-nearest-neighbor interac
on the honeycomb lattice between the pair of decohe
aluminum ~111! planes. We obtained numerical values f
the interaction parameters at each separationd by requiring
the Hamiltonian to reproduce first-principles total-ener
values of four different hydrogen arrangements between
decohering~111! planes. These energies were calcula
within the local-density approximation14 with ultrasoft
pseudopotentials15 using a periodic supercell of fcc Al. Th
supercell consisted of a slab of 12~111! planes, the periodic
images of which were separated by a gap with a widthd that
was systematically varied. The~111! planes of adjacent slab
that define the boundaries of this gap constitute the deco
ing planes andd is a measure for the extent of decohesion.
these calculations, the hydrogen atoms between the pa
decohering planes were allowed to relax, though, the alu
num atoms within the slabs were held fixed. We found t
while relaxations in the slabs affect the total energy of
system considerably, its effect on the excess properties o
decohering region are small.

The nearest-neighbor pair interactions for the latt
model Hamiltonian are small for all separations, never
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ceeding 10 meV, and favoring hydrogen-vacancy order
~i.e., the interactions are positive within the Ising formalism!.
At room temperature, the hydrogen atoms between the d
hering planes exhibit solid solution behavior and we fou
that the mean-field approximation at this temperature es
tially yields the same results as the more accurate Mo
Carlo simulations.

Figure 1~a! illustrates traction curves calculated at fixe
hydrogen concentrationu5G/Gs (Gs is the excess concen
tration when the hydrogen sites between the pair of deco
ing aluminum~111! planes are fully saturated by hydroge
atoms! for a range ofu values~thin lines!. As the hydrogen
concentration increases, the maximum stress decreases
equilibrium width between decohering planes~determined
by s50), and the values ford at whichs peaks, increases
with u. The maximum cohesive stress ranges from 12 GP
the absence of hydrogen to'4 GPa when the region be
tween decohering planes are fully saturated with hydroge

At fixed hydrogen chemical potentialm, the hydrogen
concentrationu changes with separationd. At very low m,
the hydrogen adsorption is negligible and the traction cu
closely follows that foru50. For higherm, u increases with
d. Figure 1~b! illustrates, for an intermediate value ofm, a
surge in hydrogen concentration in a narrow interval ofd.
The rapid change inu causes the stress to follow a trajecto
in the shape of a double-humped camel’s back as illustra

FIG. 1. ~a! Traction curves calculated at different hydrogen co
centrationsQ ~thin lines!. Q is indicated along the traction curve
Superimposed is the traction curve at constantm ~thick dashed line!
greater thanmc . The thick solid line corresponds to the part of th
traction curve with minimal grand-force potential.~b! Variation of
Q with slab separationd for a constant chemical potential abov
mc .
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by the dashed line in Fig. 1~a!. This trend persists as th
chemical potential increases further, though the onset of
sudden rise inu occurs for lowerd. Not all portions of the
s-d traction curves of Fig. 1~a! are thermodynamically
stable. A straightforward stability analysis shows that
crack region is thermodynamically stable with respect to
finitesimal fluctuations ind in regions for which (]s/]d)T,m
is positive. Hence, the constant chemical potential trac
curve at intermediate to high chemical potential has t
stable segments. These correspond to the initial stage
each hump for which (]s/]d)T,m.0, i.e., betweena-b and
c-d in Fig. 1~a!. When the decohering region of the solid
in a state betweena-b, we refer to it as in thedilute
cohesive-zone~DCZ! phase, while if it is in a state betwee
c-d, we refer to it as in thesaturated cohesive-zone~SCZ!
phase.

A state that is thermodynamically stable is not necessa
the one that will appear in thermodynamic equilibrium
Some states may bemetastable. True equilibrium at constan
T, s, andm is characterized by a minimum off. The evo-
lution of f with s for the traction curve at constantm of Fig.
1~a! ~dashed curve! is illustrated in Fig. 2. The concav
down-portions correspond to the stable branches of
humps of the traction curve. At low impurity chemical p
tential, the DCZ phase is thermodynamically favored for
forces, while the SCZ phase is metastable. Above a crit
impurity chemical potentialmc , the grand-force potentialf
for the SCZ phase (c-d) dips belowf for the DCZ phase
(a-b) at a stresss t significantly below the maximal stres
alonga-b as illustrated in Fig. 2. This crossover inf signi-
fies a first-order phase transition~van der Waals transition! at
constant stress, during which the DCZ phase transform
the SCZ phase. Hence, during this phase transition, dec
sion progresses under constant applied stress, wherebydi-
lute decohering phase transforms to asaturateddecohering
phase.

The significance of the first-order phase transition is t
the maximal stress for decohesion is no longer that of
first hump alonga-b in Fig. 1~a!, but the significantly lower
maximal stress of the second hump alongc-d corresponding
to full saturation by hydrogen of the decohering planes.
m,mc , the first-order phase transformation does not oc
ands tracks the first hump to maximal stress. The existe

FIG. 2. Grand-force potentialf for the traction curve of Fig.
1~a!. Bold portions of the curves denote thermodynamically sta
states.
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of a criticalm5mc , above which a transition occurs leads
a discontinuity in the maximal stress for decohesion a
function of chemical potential. This is illustrated in Fig.
which shows the maximal stress along the traction curve
function of the chemical potential. Figure 3 also illustrat
the result of a similar analysis for oxygen segregation
tween the pair of decohering~111! planes of aluminum. The
pair interactions between oxygen atoms between the d
hering planes favor phase separation~i.e., island formation!
which is qualitatively different from the interactions betwe
hydrogen atoms. For both hydrogen and oxygen segrega
to the decohering region, the critical chemical potent
~which is impurity specific! was arbitrarily set to zero. Even
for m,mc , hydrogen reduces the maximum stress while t
is not the case for oxygen. The effect of oxygen is mo
pronounced in reducing the maximal stress than hydrog
reducing it by a factor of almost 10.~It is difficult to estimate
the partial pressures corresponding to the critical chem
potentialsmc since LDA makes large errors in relative ene
gies between a molecular state and the solid state. This c
plicates the comparison between calculated impurity che
cal potentials on a solid and in molecular form in the g
phase.!

Our results indicate the following picture for decohesi
under constant impurity chemical potential abovemc . Stress
builds up in the solid ahead of the crack tip with only a ve
small increase in impurity concentration. Once the critic
stresss t ~for that given impurity chemical potential! is
reached, the atomic planes near the crack can further sep
at constant stress by influx of impurities. At this poin
growth of the crack is limited by the supply of impuritie
The heavily saturated crystal planes are then further se
rated to full decohesion, but at a stress significantly low
than is required in the absence of the impurity.

The predicted van der Waals transformation during de
hesion constitutes a mechanism by which impurities can
brittle a solid. This transition can be viewed as a stre
induced phase transformation in the presence of mo
impurities. In the present model, the new phase is restric
to form between the pair of decohering planes, but in r

e

FIG. 3. Critical stress as a function of chemical potential relat
to mc ~arbitrarily set to zero!. Solid line is for hydrogen and dashe
line is for oxygen.
1-3



om
en
he
w
di

m
de
th
h
nd
e
rit
n

th
r

i-
h
e
lu
n

old
of

ion
-

ity
s. In
ove
c
ase
al

how
ck
he-
nge
he

A.
o.
F
-

r.

RAPID COMMUNICATIONS

A. VAN DER VEN AND G. CEDER PHYSICAL REVIEW B67, 060101~R! ~2003!
materials, the new phase could also encompass many at
planes. Above a critical stress and impurity chemical pot
tial, it becomes thermodynamically more favorable for t
metal to fill interstitial sites with impurity atoms. The ne
phase with interstitial sites saturated by impurities has a
ferent cohesive stress.

Whether a crack separates under constant impurity che
cal potential or under constant impurity concentration
pends on the rate of impurity transport as compared to
mechanical loading rate. While impurities can diffuse to t
crack from the bulk, impurity supply from the faces behi
the crack tip is probably more relevant. In essence, th
surfaces, when saturated, behave as a reservoir of impu
for the growing crack at relatively constant chemical pote
tial. Dislocations offer another rapid impurity diffusion pa
to the crack tip. Hydrogen diffusion coefficients in metals a
difficult to measure experimentally.16 Nevertheless, first-
principles calculations of hydrogen mobility in bulk alum
num and on aluminum~111! surfaces predict that the lengt
scale for hydrogen diffusion is of the order of a micron p
second.6 Hence, for crack growth rates less than this va
~i.e., state I and II of stress corrosion cracking in moist e
,
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vironments and fatigue cracking in the near thresh
regime10,11!, decohesion should occur under conditions
constant impurity chemical potential.

In conclusion, this work demonstrates that the tract
curve at constant impurity chemical potential differs in im
portant ways from that calculated for a constant impur
concentration segregated on the decohering atomic plane
fact, a first-order van der Waals transition is predicted ab
a critical impurity chemical potential for decohesion of fc
aluminum in the presence of hydrogen or oxygen. This ph
transformation leads to a dramatic reduction of the maxim
stress for decohesion and offers significant insights as to
impurities can embrittle solids for regimes of slow cra
growth. The sudden drop in the maximal stress for deco
sion above a critical chemical potential means that a cha
in the environmental conditions could significantly alter t
crack growth mechanism.
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