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Thermodynamic aspects of materials science
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As materials science studies physicochemical properties of materials, it needs a support of thermodynamics, which predicts
general regularities for physicochemical properties of matter. This survey deals with solid materials the thermodynamic
description of which is especially complicated. The achievements of last years provide better insight in the chemical potential
anisotropy and, on this grounding, in the anisotropy of chemical affinity governing all processes in solid materials. The
survey summarizes novel approaches and thermodynamic equations and then exhibits their use in materials science. As
examples, the solubility, creep and corrosion of materials are analyzed. A newly discovered phenomenon, the strain sign
effect in corrosion under stress (e.g., a difference in the corrosion rate on the opposite sides of a bent metallic plate), is
described and explained thermodynamically. A modern theory of the strength of materials developed during last years is also
presented with the characterization of crack properties, the mechanisms of crack propagation and estimation of the ultimate
stress. The development of this area required the introduction of a novel thermodynamic potential that formed the basis for

the theory of strength.
The bibliography includes 47 references.

Contents

1. Introduction
II. Anisotropy of chemical potential
III. Chemical affinity tensor
IV. Creep of materials
V. Corrosion of materials. Role of surface
VI. Strength of materials
VII. Conclusion

1. Introduction

As a department of knowledge related to materials, modern
materials science is of top-priority applied significance and
seems simply to serve practical needs. What kind of science
can be discussed here and does materials science as a whole
refer to technology? As is known, the subject of technology
is a fabric or product, whereas the subject of science is a
phenomenon. Let us take graphene, the most famous
today’s material, as an example. Of course, graphene itself
is a product out of which many other things can be
fabricated. However, that fact that graphene is a two-
dimensional solid without an energy gap is certainly a
phenomenon. One can say the same about any other
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property. Obviously, the manifestation of properties by a
body is worthy of scientific study. Therefore, it is not
surprising that materials science is often defined as a science
studying physicochemical properties of materials. But what
is a material? Even the natural-scientific understanding of
this term is conditional, not speaking about its multiple
meanings in various fields of human activity. In the author
guide, the journal ‘Nature Materials’ defines materials ‘as
substances in the condensed states (liquid, solid, colloidal)
designed or manipulated for technological ends’. Using such
utilitarian approach, any body needed for technology is
declared to be a material and others to be not. However,
science studies objects irrespective of whether they are
needed or not to someone. Then it follows that materials
science as a pure science is faceless. But the face is resumed
when science is combined with technology. So the standard
term ‘Materials Science & Engineering’ more exactly mirrors
the meaning of the term ‘materials science’. Its technolog-
ical component is principal, and every material scientist is a
chemical engineer first of all. In his/her activity, a materials
scientist deals with various sciences. The goal of this survey
is demonstrating what thermodynamics has made and yields
for materials science.

Naturally, we focus on chemical thermodynamics rather
than thermodynamics in general. Gibbs is rightly considered
to be the father of chemical thermodynamics because he
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introduced the concept of chemical potential, a principal
characteristic of matter and, hence, of any material. On the
ground of chemical potential, there is constructed chemical
affinity determining the direction and rate of all physico-
chemical processes (including chemical reactions). Great
mission of thermodynamics is relating the chemical poten-
tial to the properties of matter. For instance, thermody-
namics creates thermochemistry by coupling the chemical
potential and temperature, mechanochemistry by coupling
the chemical potential and stresses, electrochemistry by
coupling the chemical potential and electric potential, and
surface science by coupling the chemical potential and
surface tension, etc. We can illustrate this relation by
writing a simple fundamental equation for the free energy,
F, of a homogeneous system

dF = —SdT — pdV + > Xydx; + Y wdN; (1
k i

where S is entropy, 7 is temperature, p is pressure, V is
volume, X and x; are the strength of an external field of
kind k£ and a corresponding polarization, y; is the chemical
potential and N; is the number of particles of component i,
respectively. At a proper choice of components as inde-
pendent substances or their combinations, Eqn (1) is the
total differential of free energy. For this reason, the reci-
procity relations follow
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leading to the above interrelations between the chemical
potential and the properties of a system. Eqn (1) also
establishes the interrelations between other parameters of
the system:
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By writing the fundamental equations for other thermo-
dynamic potentials, we can obtain a lot of similar relation-
ships for various variables. Among them, we always can
choose most convenient relationships for solving this or that
problem. Thus, thermodynamics can be useful for materials
science in that respect that makes possible calculating a
given property via another property without resorting to an
additional experiment.

The above example of a fundamental equation refers to
a fluid. Fundamental equations for solids are more compli-
cated, and reciprocity relations are more numerous. How-
ever, this does not change the core of the subject, and the
foregoing holds in any case. As the main kind of a material,
a solid deserves detailed consideration, and we will address
a solid material in this paper.

I1. Anisotropy of chemical potential

A distinguishing feature of a solid is its ability to respond to
a change in the shape. Continuum mechanics assumes every
solid to possess a certain configuration (termed as an
undistorted configuration) a non-orthogonal deformation
of which is detectable using some subsequent experiment
(see p. 191 in Ref. 1).This configuration is a stable (at least,
within a certain timeslot) distribution of particles in space,
which is termed a lattice. A regular lattice corresponds to a
crystalline state. An irregular lattice corresponds to an

amorphous state (although amorphous, for example, glassy
state can be transitional with respect to a solid state on the
scale of large times, it shows all the signs of a solid-like
behaviour). The limiting case of a true solid material is
perfectly elastic body. All particles of such body are firmly
fixed in the lattice sites and are able to move in space only
with the lattice as a whole (in the deformation process), not
counting, of course, the oscillations of the particles around
their average positions in the lattice.

A component forming a lattice with such particles is
called immobile component to distinguish it from ordinary
mobile components capable of migrating. Since the Max-
well velocity distribution is also fully applicable to the
vibrational motion of particles in solids, we can say that
the complete localization of the particles of the immobile
component in the lattice is possible only at absolute zero
temperature (although zero-point oscillations remain, they
are typically unable to break bonds in the lattice). At a real
temperature, a certain fraction of the lattice particles will
inevitably pass to the mobile state. This fraction is the larger
the higher is temperature.

In thermodynamics (where ‘component’ and ‘phase’ are
basic notions), a solid state is defined as a phase. Then we
can formulate the following definition:> a phase is called
solid if it contains at least one immobile component. Recall
that the component and the kind of particles are generally
different notions. A kind of particles may be termed a
component if its concentration is capable of independent
variation. For example, positively charged ions of the
metallic lattice may be qualified as an immobile component
(and the electronic gas as a mobile component) if the
electroneutrality condition is not taken into account under
the terms of a problem. Otherwise the immobile component
will consist of neutral particles including, like metal atoms,
ions and the appropriate number of surrounding electrons.
A solid material can include several immobile components.
If the ratio of the immobile components is firmly fixed, their
independent variation becomes impossible. Then the whole
set of them can be considered as a single material-forming
immobile component (we shall return to this situation
below).

Unlike liquids, where pressure is uniform according to
the Pascal law, the mechanical state of a solid material can
be anisotropic. The mechanical state is characterized by the
field of the stress tensor Eg and the elementary work is
given by the expression

3 3
Y EdV, =V E,de, ©)

s,t=1 s,t=1

where V, is the volume displacement tensor >3 (see also
p- 266 in Ref. 4) (an analogue of the strain tensor ey, Vi,
yields not a relative but the absolute change in volume). On
going to a mechanically isotropic state (Es = —pdg,
dV,, = dV, where 0, is Kronecker’s delta), Eqn (2) becomes
the term —pdV in Eqn (1).

Now we prove one of fundamental provisions of the
thermodynamics of solids:>3 the anisotropy of stresses
leads to an anisotropy of the chemical potential. Let us use
a proof by contradiction. If —pdV is replaced by the left-
hand part of expression (2) but the terms with chemical
potentials remain in the initial form (as for fluids), Eqn (1)
becomes

3
dF = =SdT+ Y E,dV, + > Xidxe + Y wdN; 3)

s,t=1 k
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For the sake of simplicity, we assume the material to
contain the only immobile component j and external fields
to be absent (X = 0). We also choose such a coordinate
system (1, 2, 3) that transforms the stress tensor to the
diagonal form

E 00
0 E 0
00 E

E, =

where Ej, E> and E3 are the principal values of the stress
tensor. Equation (3) is now simplified to

Assuming that the material is uniform and integrating
Eqn (4) successively along each principal direction at a

given physical state and at fixed boundaries in other
directions, we obtain

F=E VAN
F=EsV+uN,

This result means that the free energy density of a
uniform material

_F

N
depends on the choice of direction of integration at
E, # E> # E3. However, free energy is a scalar quantity
and cannot be dependent on direction. Thus, we have
arrived at an absurd result after assuming that the chemical
potential of a material remains isotropic in the presence of
mechanical anisotropy. Obviously, each value of Ex should
correspond to its own value of pj, and the quantity

= Ext e
should be invariant with respect to the principal directions:
Er 4 mjn¢ = Ex + ¢y = By + 156

where ¢; = N;/V is the concentration (the particle number
density) of component j. In other words, the chemical
potential of an immobile component of a solid becomes a
tensor itself under the influence of the stress tensor. To be
more exact, simply the tensorial nature of the chemical
potential becomes visible (the chemical potential is always a
tensor but is a spherical tensor for mobile components and,
especially, for fluids).

In accordance with the general definition of chemical
potential in chemical thermodynamics (through free energy
in this case), the chemical potential tensor of an immobile
component of a solid is to be defined as >3 (see also p. 41 in
Ref. 4)

oF
Kise) = 571217273 (5)
i (st) (6N/'(Sf)> VN, ( )

where Nj., is the mass displacement tensor that sets the
algorithm of increments of the solid matter from different
sides. The mass and volume displacement tensors are related
to each other as#

Njeny = ¢V

The fact that the derivative in Eqn (5) is taken at a fixed
volume displacement tensor V, (rather than volume as in
the thermodynamics of fluids) means the more detailed
condition of fixing of all the boundaries of the system

(herewith, the volume, naturally, is also fixed). The direct
calculation of the chemical potential tensor via Eqn (5) leads
to the expression 23

:u]'(,)‘t) =V |:(f_ Z Hi Ci)(s.\'t - Es‘t:| (6)

where v; is the volume per particle of an immobile compo-
nent in its lattice, and subscript i refers to mobile compo-
nents (which are free to move throughout the volume of the
lattice and behave like in a fluid phase) if they are present in
the solid.

It follows from Eqn (6) that the chemical potential
tensor becomes diagonal in the same coordinate system
that diagonalizes the stress tensor. For the principal direc-
tions, Eqn (6) takes the form

iy = vi(f = Ex — Zui ¢) (k=1,2,3) (7

The sum of the principal values of the chemical potential
tensor is equal to the sum of its diagonal elements (the trace
of a tensor designated by Tr) in arbitrary coordinates. Then
introducing the chemical potential of an immobile compo-
nent

I 1 1
= 3Ty =3 i =3 ; Hi (k)
s

and, as accepted in the mechanics of continuous medium,
the pressure

1 1 1
p= —3TrEq) - §Z Eyy=— §Z Ey
s k

We obtain from Eqn (7) that
H= Vj(f‘*’P - Zﬂi ¢)

This relationship is applicable not only to a solid in a
fluid medium but also to the simultaneous contact of a solid
with different fluids.

It is appropriate here to remember that Gibbs, consid-
ering the contact of a soluble solid cube simultaneously with
three liquids of different pressures (when only the principal
stresses act in the solid), arrived at the equilibrium con-
dition (see Ref. 5, p. 195)

S+ — Z:uici
I B

¢

=u (k=1,2,3) (8)

Using the mechanical equilibrium condition
pr=—Ex

we can say that the left-hand side of Eqn (8) refers to the
solid. The right-hand side is the chemical potential of the
immobile component of the solid in liquid phase k (where
the immobile component becomes mobile, and its chemical
potential acquires a traditional scalar form). Now, by
comparing Eqns (7) and (8) with taking into account the
obvious relation v; = 1/c¢;, we can formulate the phase
equilibrium condition as

i = 1" ©)
which is the equality of the chemical potential of a solid in a

dissolved state and the corresponding component of the
chemical potential tensor of the solid itself.
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Equation (9) shows that the left-hand side of Gibbs
equation (8) can be interpreted as a principal value of the
chemical potential tensor. Determining the principal values
of a tensor means determining the tensor on the whole.
Thus, we can say that Gibbs, who never used the term
‘tensor’, was the first to exhibit a tensorial nature of the
chemical potential of a solid. In his formulation of Eqn (8),
Gibbs avoided using the term ‘chemical potential’ with
respect to a solid. However, he used this term later (see
Ref. 5, p. 317) when considering the solubility of small solid
particles (a generalization of Gibbs theory for nanopar-
ticles was given®). Gibbs concluded that Eqn (8) [and,
therefore, Eqn (9), too] is valid only for a flat interface
and cannot be fulfilled for small solid particles with a
curved surface. This paradoxical situation should be under-
stood as follows.” The equilibrium condition expressed in
Eqn (9) does hold true even in the case of a curved interface,
but is applicable only to the surface monolayer of a solid.
Because of surface tension and of the action of a curved
surface, the interior of a solid particle passes to a complex
state of stresses and strains. In its turn, this causes a spatial
change of the chemical potential tensor of an immobile
component, which cannot be levelled by diffusion since the
immobile component is incapable of diffusion. As a result,
the normal-to-the-surface component of the chemical
potential tensor inside the particle is different from its
value at the surface and in a coexisting liquid phase. Thus,
we can conclude that Eqn (9) is indeed violated for a small
particle when considered as the phase equilibrium condi-
tion, but remains valid for the equilibrium between a bulk
liquid phase and the solid surface.

We now can interpret the chemical potential tensor at
any point of a solid in the following way. Similarly to the
interpretation of stress in mechanics, we have, first of all, to
imagine a flat section of the solid through a given point. If
the orientation of the section plane is given by unit normal
vector n, the scalar product of n and the chemical potential
tensor wjs yields the chemical potential vector p;m) at this
point (Fig. 1). The normal component of this vector w;gm) is
equal to the ordinary chemical potential of species j in a
hypothetical equilibrium adjacent phase where species j is a
mobile component. The adjacent phase can be a real liquid
solution of species j for the principal directions. For other
directions, the adjacent phase should be another solid
containing species j as a mobile component. In this way,
the chemical potential tensor of an immobile component in
a solid can be directly determined from experiment.

As is seen from Eqn (8), applying the normal stress leads
to decreasing the normal component of the chemical poten-
tial tensor. The action of forces in other directions is
manifested through the free energy density, f, which is
known to increase at any strains. If a solid is a perfectly
rigid body, strains are absent, and quantity f remains

Hjmy

Figure 1. Chemical potential vector on an arbitrary section of a
solid with unit normal n.

constant at a fixed temperature. Then all is determined by
the action of the normal stress. If, on the contrary, the
normal stress is absent whereas lateral stresses lead to
certain strains, the normal component of the chemical
potential tensor increases. In more detail, such dependence
can be derived from the fundamental equation for free
energy, which, taking into account all the above, takes the
following form for a solid material:

3 3
dF ==8dT+ Y EqdVy+ Y tndN; + Y g dN; - (10)
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In the particular case of the absence of mobile compo-
nents and of a fixed amount of an immobile component,
Eqn (10) produces the relationship

3
dﬂ.i(nn) = _deT+ VJ{ Z (Eg — g Epn)dey — dEnn:| (11

s, t=1

where s; = S/N; and v; = V/N; are entropy and volume per
particle of the immobile component, respectively. We shall
return to Eqn (11) below.

II1. Chemical affinity tensor

The introduction of chemical affinity was an important step
towards the practical use of chemical potential. For fluid
systems, this concept was suggested by De Donder.?-°
Initially, chemical affinity was related to chemical reactions.
The equation of a chemical reaction can be generally written

as
>_viBi=) viBf
7 7

where B; are chemical symbols, v; are stoichiometric coef-
ficients, the initial substances of the reaction being primed
and the reaction products being double primed. For the
sake of simplicity, the summation is carried out over all
components implying that the absence of a certain sub-
stance on the left- or right-hand side of Eqn (12) is secured
by the zero value of its stoichiometric coefficient. Gibbs
established a very simple rule for formulating the equili-
brium condition for a chemical reaction: it is enough to
replace the chemical symbols by chemical potentials in the
equation of a chemical reaction. Following this recipe, we
can write the condition of equilibrium for Eqn (12) as

N noon
E Vilki = E Vi li
i i

De Donder transferred all the terms to the left-hand side
of Eqn (13) and introduced chemical affinity

A= "wini—viud)
i

(12)

(13)

(14

Now the equilibrium condition can be written as A = 0,
but the chemical affinity can also be used for characterizing
non-equilibrium processes. The chemical affinity sign deter-
mines the direction of a chemical reaction. The chemical
affinity value determines the rate of the reaction or, gen-
erally, of any physicochemical process. The primes have
been retained in Eqn (14) since they can refer to different
parts of space. For example, the chemical affinity of
diffusion of species i is defined as

A= pi— i (15)
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where the single and double primes refer to two fixed points
in space with a given distance between them. Dividing the
right-hand side of Eqn (15) by this distance yields the
chemical potential gradient, which is just the driving force
of diffusion.

On passing to the tensorial formalism of chemical
potentials, the concept of the chemical affinity tensor
appears.”> For the above example of a chemical reaction,
the definition of the chemical affinity tensor is

Ay = Z(Vﬁﬂﬁ-(m =i W)

The chemical potential tensors are symmetrical and the
chemical affinity tensor is a linear combination of the
chemical potential tensors, hence, it should also be sym-
metrical and, therefore, it can be reduced to the diagonal
form. If the solid lattice contains several immobile compo-
nents, their chemical potential tensors are ‘tuned’ by the
same stress tensor in each local area of the lattice. For this
reason, they are easily added and simultaneously diago-
nalizable. If the proportion of immobile components in a
material is strictly determined by stoichiometric coefficients
Vi, V2, V3, .... , the whole set of the immobile components can
be treated as a single material-forming component with the
chemical potential tensor given by

Wisn) = Vilhiesn T Voo sy T V3lz s t oo

In this case, the assumption of the uniqueness of the
immobile component never reduces the generality of the
theory.

Since the particles of an immobile component cannot
leave their sites in the lattice, the mechanism of levelling of
chemical potentials by means of migration does not act in a
perfectly elastic solid. For this reason, although the chem-
ical potential tensor can change from point to point inside a
material even in the equilibrium state, the corresponding
chemical affinity tensor is of no practical significance. A
different situation arises at the material surface where the
immobile component is capable of acquiring mobility. Such
process is governed by the affinity 4

(16)

where (i}, is the normal (to the surface) component of the
chemical potential tensor of immobile species j at the
boundary between solid body « and adjacent phase f
where species j is a mobile component. The simplest
example of such process can be dissolution of a material in
aliquid at A; > 0 or deposition of a substance from solution
at A; <0 when, on the contrary, the mobile particles
become immobilized. In this case, the surface normal n
becomes a principal direction for the chemical potential
tensor when Eqn (7) acts at g, = i, (k=n). If the
process driven by the affinity shown in Eqn (16) ends with
a state of equilibrium, we arrive at the condition*

A= 1y — 1

(17

Equation (17) is equivalent to Gibbs equilibrium con-
dition, Eqn (13), for the case of the process of dissolution/
deposition in a liquid.

Since stresses and strains have a direct impact on the
chemical potential tensor and quantity ,u_f(,,), they also
influence the rate of dissolution. Any strains increase the
free energy density f in Eqn (6) and, as a consequence,
chemical potential ;. As for the direct action of stress
E@y = E(» it can be only the pressure on the side of a liquid,
which is opposite in sign to stress (£ = —p) and, there-

B
-Aj = 07 :u;((nn) = :u//

fore, also works to increase the chemical potential. The
latter causes an increase in the chemical affinity, which, in
its turn, increases the dissolution rate. Thus, we come to the
conclusion that every strain of a material accelerates its
dissolution.

Besides dissolution, various chemical reactions can
occur at the contact of a material with a chemically active
medium. Each reaction is governed by its own chemical
affinity of type of Eqn (14). Both immobile and mobile
components can simultaneously participate in such reac-
tions. Influencing the chemical potentials and affinity,
stresses and strains also affect the rate of chemical reac-
tions. Studying such effects is the goal of mechanochemis-
try, which is very close to and important for materials
science. Below we shall consider the corrosion of materials
as an example of the most important reactions, but now we
are interested in the interaction of mobile and immobile
components.

In this Section, we have traced this interaction at the
material boundary. However, the interaction and mutual
transformation of mobile and immobile components can
also occur in the interior of a material. It is linked to the
appearance of such an important material property as
creep. Below, not touching upon the modern theories of
creep, we shall see what interpretation of this interesting
phenomenon can be expected from chemical thermodynam-
ics.

IV. Creep of materials

So as not to obscure the essence of the matter and not be
distracted by such details as lattice defects, grains, etc.
(although they can be important for practice), we confine
our consideration to a solid of an ideal crystalline lattice.
For the manifestation of creep, not merely the presence of
mobile components is important but the presence of mobile
components of the same nature as those in the solid lattice.
To distinguish such mobile components from extraneous
mobile components, we shall call them intrinsic mobile
components. As we already mentioned in the Introduction,
the existence of thermal vibrations of particles in the lattice
sites leads to the situation when a certain fraction of the
particles inevitably goes into mobile state. These are,
evidently, the particles whose kinetic energy exceeds the
bond energy in the lattice. We can calculate the fraction of
such particles with the aid of the Maxwell distribution of
statistical mechanics

_p§+pﬁ+pf>

-~ —3)2
p(p) = (2mnikT) exp( e

where p is the vector of the particle momentum, p(p) is the
probability density in the momentum distribution, m is the
particle mass and k is the Boltzmann constant. At a given
temperature 7, the Maxwell distribution always includes
particles with kinetic energy pi/2 m (pr are the momentum
components, k = x, y, z) larger than the bond energy ¢ in
the lattice. Accounting for the independence of distributions
of the momentum components, the fraction x, of such
particles can be represented by the expression

X L 2[1 &ex - i 3*
32 ) (zka)l/z P 2mkT a

(2me)
L e\
_ —erfd | £
exp ( t)dt} erfc KkT) }

2 o0
= m

(e/kT)'?

(18)
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where p; is any of the momentum components,
lEpk/(zka)l/z, factor 2 appears because we integrate
only over positive momentum values (there is the similar
integral on the side of negative values). Quantity erfc is the
complementary error function, which is related to the
ordinary error function erf as

erfc = 1 —erf

erf(x) = 2 [exp (=1%)dt

19)

The plot of x,, vs. (¢/kT)'/? is shown in Fig. 2. In the
limit of high temperatures when the abscissa becomes zero,
xXm =1, i.e., all particles of the lattice are mobile. This
means that we have no solid, there is a fluid. As the
temperature decreases, the major changes take place within
the interval 0 < ¢/kT <1. We already have x,, = 0.00389 at
¢/kT = 1. With further lowering the temperature, the frac-
tion of the intrinsic mobile component only changes from a
negligible value to still more negligible value. This means
that the model of a perfectly elastic solid can serve as a good
approximation in a rather wide range of temperatures far
from the melting point. Nevertheless, in any whatsoever
amount, intrinsic mobile components are present. Equa-
tions (18) and (19) strictly yield x,, = 0 only at the absolute
zero temperature.

Since creep is related to diffusion, which can involve
only mobile components, the above estimation shows that
the proximity to the melting point is very important for the
manifestation of creep. We now consider a solid material at
a sufficiently high temperature. For the sake of simplicity,
we assume the material to contain only one immobile
component and one intrinsic mobile component. In the
absence of stress, both the components are uniformly
distributed over the volume and are in a mutual equilibrium
according to the above calculation. The equilibrium implies
equality of their chemical potentials in all directions. As a
consequence, the chemical potential tensor of the immobile
component is isotropic to obey the relationship

Wicsty = 1 Ost

L 1 |
0 0.2 0.4 0.6 0.8 1
(&/kT)'>

Figure 2. Fraction of the intrinsic mobile component x,, as a
function of (¢/kT)'/? according to Eqn (18).

Creep strain
Rupture
Err p

1

Time

Figure 3. Typical experimental dependence of the creep strain on
time: (/) primary creep, (2) steady creep, (3) necking and rupture.

where yu; is the chemical potential of the intrinsic mobile
component.

We now imagine that an external force is applied to the
body under consideration. In a classic stretching cylinder
experiment (we assume the cylinder to be oriented in a
direction r, Fig. 3), a stress E,, appears, which has a dual
effect. First, a pure mechanical strain occurs. This is a very
fast process for an elastic body with the final establishment
of mechanical equilibrium. Second, the stress E,, leads to a
decrease in the component of the chemical potential tensor
of the immobile component in the direction » down to a
value pj,. In its turn, this gives rise to the component of
the chemical affinity tensor

A = 1 — ton

which stimulates the transition of matter into the lattice
along the direction r. This affinity is valid everywhere.
However, the lattice is completely filled in the bulk, and
matter is simply unable to enter it. The only places where
the intrinsic mobile component can be incorporated into the
lattice are the ends of the cylinder. Naturally, the intrinsic
mobile component migrates there. The part of the intrinsic
mobile component initially located near the ends is con-
sumed first, and the cylinder slightly elongates. This is the
rapid stage of creep (the primary creep, Fig. 3). The result of
the first stage is an abrupt drop of concentration of the
intrinsic mobile component near the cylinder ends and the
appearance of the concentration gradient in the bulk and on
the lateral cylinder surface. Then the conventional diffusion
affinity, Eqn (15) with 7 =j, comes into effect, and the
increment of the lattice at the cylinder ends develops upon
receipt of new portions of the intrinsic mobile component
by diffusion. This long stationary process forms a slow
creep stage (the steady creep, Fig. 3). In the course of the
second stage, particles from the lateral surface of the
cylinder, after their transition to mobile state under the
influence of thermal motion, join the diffusion flux. As a
result, the cylinder diameter decreases, and the cylinder
length increases. If the stress is not removed, the case ends
with the rupture of the cylinder. Thus, we can conclude that
thermodynamics explains the essence of the creep phenom-
enon and its characteristic features.

V. Corrosion of materials. Role of surface

Every corrosion is a certain chemical reaction or a set of
reactions. In most cases, a solid material reacts with the
surface, which makes important the knowledge of the
chemical potential of matter at the surface. Addressing the
interaction between a solid and a fluid medium, we can
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again use the normal component, .., of the chemical
potential tensor. This quantity appears in the chemical
affinity of a chemical reaction, Eqn (14), which, in this
case, can be represented as

A= + 0 1= ")
i

where the subscript i refers to all other participants of the
reaction. Their state is determined by the fluid medium and
is independent of the state of the solid. Therefore, if the
material is subjected to deformation, this can affect only the
magnitude of pjium. Then we have?

dA = dpyom)

Equation (20) leads to the important conclusion: to
learn how the deformation of a material influences the rate
of a chemical reaction, it is sufficient to study the behaviour
of the normal component, w;un), of the chemical potential
tensor of the material. If ;.. increases, the reaction rate
increases too. If ;.. decreases, the reaction is retarded.

Let us illustrate this with the example of iron corrosion.
The reaction of the anodic dissolution of iron is as follows:

Fe = Fe2* + 2¢

(20)

The corresponding chemical affinity is given by the
expression

@

where ftre(nmy 1s the normal component of the chemical
potential tensor of iron in a solid state on the surface,
Urpe2+ 18 the chemical potential of the iron ion in solution,
and pe is the chemical potential of electron. The quantity
Urex+ 18 determined by the solution composition and is
independent of the mechanical state of a solid sample. As
for the electron chemical potential, it, although refers to a
solid, can be controlled independently of the lattice state
(e.g., by specifying an electric potential) since electrons form
a mobile component of a metal. Thus, only the chemical
potential uge on the right-hand side of Eqn (21) has a direct
influence of the deformation of the sample. The higher the
chemical potential of iron in the solid state, the larger the
chemical affinity and, therefore, the higher is the rate of
corrosion.

Now, using Eqn (20), we shall see how the strain of a
material influences the rate of a chemical reaction. Let us
return to Eqn (11). To apply it, we assume that mobile
components (including intrinsic ones) are absent. This
means that we consider a material in a state far from the
melting point, and the model of a perfectly elastic body does
work. The amount of a material can change in the course of
a chemical reaction. However, for using Eqn (11), we have
to set the material amount constant in that sense that we
compare the reaction rates for a given amount of a material
in non-deformed and deformed states. Because the material
surface is facing the external fluid medium, the term — E,,,
in Eqn (11) is nothing else than the external pressure, which
can be considered constant. Finally, we assume that the
reaction proceeds slowly enough to stay under isothermal
conditions (corrosion refers specifically to such reactions).
Taking into account all the above, in our case, Eqn (11)
takes the form 2

A = UFe(my — UFe+ — 2 e

3
d:uj (nm) = Vj Z (E.\‘t - 5.\'tEnn)de.s't >0

s,t=1

(22

The right-hand side of Eqn (22) is positive, as it is the
work of material strain (per particle in the lattice) per-
formed by additional (to the external pressure) forces.
Accounting for Eqn (20), we then arrive at the conclusion
that any deformation of a solid material accelerates the
corrosion (and, in general, accelerates any other chemical
reaction in which the material plays the role of an initial
substance). It is of note that acceleration of metal corrosion
was observed experimentally for a number of simple types
of strain a long time ago (see, e.g., Ref. 10 and references
therein). As for thermodynamics, it makes a similar pre-
diction for a broad category of materials and reactions.

In the above problem, there are more subtle effects
associated with the surface. More precisely, it concerns
surface tension, which is defined as an excess surface stress.
Continuum mechanics usually ignores the existence of sur-
face tension. However, every body of finite dimensions
possesses surface tension, which forms due to internal
forces. To avoid erroneous conclusions, surface tension
should be taken into account in materials science. For
illustration, we consider this issue as an example of corro-
sion of a bent steel plate. In such a plate, the convex side is
stretched and the concave side is compressed. Let us turn
first to the convex side. Choosing the principal directions 1
and 2 as coordinate axes, we write Eqn (22) for this case as?

Aty =Vi(Endey) + Exndeyy) =vi(E1 — Ky En)de;;  (23)

where the subscript 1 refers to the stretching direction
(Fig. 4) and the subscript 2 refers to the transverse direc-
tion; in accordance with Eqn (22), the stresses Exx (kK = 1, 2)
are now measured from the normal stress E,,, i.e., actually
they are tensions; xy; = — dey,/de;; is the corresponding
Poisson ratio.

Equation (23) is related to particles in the surface
monolayer, where surface tension y acts. To be more exact,
surface tension acts in the entire interfacial region, captur-
ing also the underlying monolayers. But the lion’s share of
the surface tension just falls on the surface monolayer. It
will be this share that will be designated as y in this paper. In
other words, y is the real tension (excess stress) in the
surface monolayer of a material in the absence of strain.
Then we may split each of the quantities £;; and E»; in
Eqn (23) into two terms:?

Eyy =7+ dnnen 24

Ey =7+ nnen (25)

The first term in Eqns (24) and (25) is the initial tension
(assumed to be isotropic for the sake of simplicity) that was
in the surface monolayer of the plate before bending. The
second term is a tension acquired during the deformation.
For an elastic material, this tension is proportional to the
strain e1; (41111 and 4223, are the corresponding components
of the elasticity modulus tensor). As a result, Eqn (23) for
the convex side of the plate becomes

ditj gy =V [7(1 = 121) + 2eyy ] dey (26)

where a specific defined as
A= A1 — K2142211.

We now turn to the concave side of the plate where the
contraction occurs. It is known from the theory of elasticity
that small deformations of stretching and contraction on
the opposite sides of a bent thin plate are perfectly sym-
metrical. Therefore, we can also use Eqn (26) for the
concave side (we shall mark the concave side with a prime)

elasticity modulus is
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Figure 4. Measuring the rate of corrosion of a bent steel plate by
weight (@) and resulting plot for the convex and concave sides of the
plate (b);!1—13

(a) (1) electronic balance, (2) special device for suspending a load,
(3) frame with a bent plate, (4) vessel, (5) corroding liquid medium,
(6) computer for simultaneous recording and processing of the
results (6);

(b) Am is mass loss per unit area, ¢ is time; plate sides: (/) convex,
(2) concave.

by setting e}, = —e;;. Then we obtain for the concave side of
the plate

d:u;'(nn) =Vj[i€11 — (1 - K21)]dell

(27)
where the quantity e;; still refers to the convex side. From
the comparison of Eqns (26) and (27), it is seen that
A ) 7 At} (- Since the expressions for these quantities
differ only in the strain sign, one can say that, in the
corrosion phenomenon (and in the mechanochemistry of

materials as a whole), there exists not only the effect of

strain, but also the effect of the strain sign. From Eqns (26)
and (27), we have?

dm) _ 2eni +y(1 — k1)
d/{ﬂm,) Zerp — (1 —xap)

(28)

Equation (28) gives evidence that it is just surface
tension that is the cause of the mechanochemical effect of
the strain sign: Eqn (28) at y = 0 yields

d:uj(nn)

-1
A1 )

The surface tension is always positive for liquids, but
can be of any sign for solids. This should be taken into
account for analyzing Eqn (28). Thus we can formulate the
following thermodynamic rule:? 3 the corrosion rate should
be higher on the convex side than on the concave side if
surface tension is positive, and, the reverse, the corrosion
rate should be higher on the concave side if surface tension
is negative.

This thermodynamic prediction was confirmed experi-
mentally. The mechanochemical effect of the strain sign in
the phenomenon of corrosion under stress was discovered
quite recently.!! =14 The experiments were carried out with

o
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o 0
0000
o o O

V/jem3 g—!

0.06 1
0.05 [
0.04 -
0.03 [
0.02

0.01

1 1 1 1 1 1

0 2 4 6 8 10

t /min

Figure 5. Measuring the rate of corrosion of a bent steel plate by
the hydrogen volumetry («) and resulting plot for the convex and
concave sides of the plate (b);!! 13

(a) (I) three-stage burette with hydrogen bubbles, (2) acidic
corroding medium, (3) frame with a bent steel plate; b: V' is volume
of the gas, ¢ is time; plate sides: (/) convex, (2) concave.
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bent steel plates in aqueous solutions of hydrochloric and
sulfuric acids. The rate of corrosion was measured either
directly via the plate weight (Fig. 4) or with the aid of the
hydrogen volumetric technique (Fig. 5). Both the methods
showed that corrosion proceeded faster on the concave side
at the initial stage. However, the reversal of the situation
occurs in the course of time, and the corrosion becomes
faster on the convex side of the plate . This fact is trivial and
obviously related to the phenomenon of cracking of the
convex side of the plate, the typical companion of corro-
sion. As a result of cracking, the surface roughness and the
effective contact area with the solution increase for the plate
convex side. Correspondingly, the density of the flux of iron
ions from the visible surface to solution increases too, which
makes the convex side prevailing. It is of note that imple-
mentation of the phenomenon of the reversal of behaviour
of the convex and concave sides of a bent steel plate depends
on what kind of an alloy steel is used. Stainless steel (e.g.,
austenite steel) where the process of corrosion develops very
slowly, can exhibit the prevalence of the concave side of a
bent plate for a long time as is shown in Fig. 5.

At the initial stage of corrosion, we deal with a smooth
surface. As it follows from the comparison of the corrosion
rate on the convex and concave sides of the plate, the initial
surface tension at the contact of the flat plate (before
bending) with solution is negative. This is easily explained
by the formation of the electrical double layer that is
composed of the negatively charged metal surface and
positive iron ions adsorbed from solution. Likely charged
ions of the electric double layer, both in the solid lattice and
in the adsorbed layer, repel each other, and this creates a
negative surface tension.

VI. Strength of materials

Strength is one of the most important properties of materi-
als. Beginning from the first work by Griffith '3 and up to
the present time, the theory of strength has been based on
three pillars: mechanics, thermodynamics and surface sci-
ence. Mechanics is needed for calculating the elastic energy
of a loaded material with a crack, especially the distribution
of elastic energy near the crack, because the crack growth
and the fracture of a material partly proceed at the expense
of elastic energy. Griffith considered the contribution of
elastic energy of Hookean nature as a positive quantity.
However, it is not the strain work itself but an excess of
elastic energy with respect to a crack that is needed for
calculations, and such a quantity is negative. This mistake
was corrected by Sack,'® who considered a circular (‘penny-
shaped’) crack. Summing up the results of Sack and Griffith
(for a rectilinear crack), we can write the excess elastic
energy per unit crack length for a body loaded with stress P
normally to the crack plane as

w= —bP2c? (29)

where ¢ is the crack depth (the crack radius in the case of a
circular crack) and b is an elastic constant:
for a circular crack,
2
A1)
3nY

and for a rectilinear crack,
Ty

b=—

2Y

(Y is the Young modulus and v is the Poisson ratio).

After comparison of these two important cases, one can
say that Eqn (29) with an appropriate constant b seems to
be applicable to a crack of an arbitrary shape.

Surface science is also needed since cracking is the
formation of a new surface. We considered surface tension
7 as an excess stress per unit surface area in the preceding
section; y can also be interpreted as the work of stretching
the surface area by unity. The work of creating a unit new
surface (o) by cracking is also often called surface tension.!?
For liquids, ¢ =y but these quantities are different for
solids. Thermodynamically, ¢ is strictly defined as the
excess grand thermodynamic potential per unit surface.!”
Since y is a pure mechanical quantity while ¢ follows a
thermodynamic definition, they can be termed as the
mechanical or thermodynamic surface tension, respec-
tively.!8-19 Every crack has not only surfaces, but also the
front line, which is characterized energetically by line
tension. This quantity is also defined in two manners: as
the work of stretching an already existing old line by unit
length (mechanical line tension, 7) or as the work of creating
a new unit-length line (thermodynamic line tension, ).
Evidently, both the thermodynamic surface tension ¢ and
the thermodynamic line tension x are needed for formulat-
ing a full theory of cracking.?0-23

Thermodynamics plays a central role in constructing a
theory of material strength. The goal of thermodynamics is
calculating the work of cracking as a function of the crack
depth for a solid under load. This work passes through a
maximum point, which corresponds to the ultimate
strength. This means that a crack even only slightly exceed-
ing the crack depth at the maximum point will grow
spontaneously. In turn, this leads to the fracture of the
material. The situation very much resembles the thermody-
namics of phase transitions where the work of formation of
a new-phase embryo passes through a maximum, after
which the embryo spontaneously grows to a macroscopic
phase.

How is work calculated in thermodynamics? Griffith
seemed not to be acquainted with thermodynamics or, at
least, with Gibbsean thermodynamics. He dealt with general
physical quantities, such as energy or potential energy.
Meanwhile, Gibbsean thermodynamics claims that every
work can be found as an increment of a certain thermody-
namic potential. Which of thermodynamic potentials
should be used depends on external conditions. In the 20th
century, five thermodynamic potentials were most popular:
energy U, free energy F, enthalpy H, Gibbs energy (free
enthalpy) G and grand thermodynamic potential Q2. Equa-
tions (30) —(34) show how these functions are defined and
under the constancy of what external parameters (shown in
parentheses) they become thermodynamic potentials (other-
wise they remain to be ordinary thermodynamic character-
istic functions):

U (S VS[7]Vj(SI)7Ni) (30)
F=U—=TS (T,V, Nj),Ny) (31
H=U+pV (SN N) (32)
G=U—TS+pV=F+pV=H-TS (T,p,Nyy,N) (33)

Q=U-TS=> wNi=F=> wN; (T,Vy,Nisyo1ty) (34)
i i

All these quantities originate from the thermodynamics
of fluids. In particular, the definition in Eqn (34) includes
only mobile components. As applied to solids, this means
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that we deal, in reality, with a hybrid function (designated
as Q) that is grand thermodynamic potential only with
respect to mobile components, but is free energy with
respect to the immobile component of a solid.?* However,
a rigorous definition of the true grand thermodynamic
potential Q of a solid is also possible by adding the term
—wimN; to Eqn (34).'7 Similarly, the origin from the
thermodynamics of fluids is shown by using only pressure
(not the stress tensor) in Eqns (32) and (33). As applied to
solid materials, p can be understood as an external pressure
in these definitions.

A typical strength test consists of loading a solid.
However, none of Eqns (30)—(34) is suitable for this case.
Indeed, the constancy of the volume displacement tensor,
Vs in Eqns (30), (31) and (34) prohibits any deformation
but strain accompanies loading of a real solid by necessity.
Therefore, strictly speaking, energy, free energy and grand
thermodynamic potential cannot serve as thermodynamic
potentials in any strength theory. The two remaining
thermodynamic potentials, enthalpy and Gibbs energy,
correspond only to the simplest case of loading, namely, a
uniform external pressure, and cannot serve as thermody-
namic potentials, say, in the case of uniaxial loading. Thus,
we can conclude that the classical thermodynamic poten-
tials are insufficient for constructing a theory of strength.
For this reason, some novel thermodynamic potentials were
suggested.

The first step was introducing directed partial quanti-
ties.>3 Here the term ‘directed’ does not mean that a
quantity becomes a vector. All directed thermodynamic
potentials remain scalars, but their definitions are related
to a certain direction in space. For example, directed Gibbs
energy G, is defined as

G,=F—E,V (35)

where r is the direction of loading and E,, is the loading
stress. This is a simple case since E,, is a tensile stress, and
Eqn (35) is an analogue of the conventional definition of
Gibbs energy given in Eqn (33). More complex definitions
were discussed in the literature?! but remain far from
practical use. The definition expressed in Eqn (35) corre-
sponds to uniaxial loading. We confine our consideration to
this case.

Taking then G, as a thermodynamic potential and
accounting for the elastic energy, Eqn (29), and the thermo-
dynamic surface and line tensions, ¢ and x, we write an
expression for the work of the crack growth as?0-23

daG, _ adA" n Ld(K +w)

de de de

dL
+ (k+w) i (36)

where c¢ is the crack depth, 4. is the crack surface area, and
L is the length of the crack front line. Using the geometrical
relationships

dA.=2Lcos¢pdc
and
dlnLi 1

de R

(2¢ is the tip angle of the crack, R is the local curvature
radius of the crack front line), Eqn (36) is rearranged to the
form

da, =L (Za cos ¢ + % + 37
¢

k+w dk
de

R T dc

The criterion of brittle fracture requires that

4G,

i <0

Using Eqns (37) and (29) with dw/dc = — 2bP?c we can
write the criterion of brittle fracture as

W d
K+lt+_K <0

20 cos¢p — 2bPc +
de

(38)

The value of the derivative dx/dc in Eqns (37) and (38)
depends on the mechanism of the crack growth. Two
particular mechanisms were qualified in the litera-
ture 2! ~23.25 as conformal and depth growth of a crack.
The conformal mechanism corresponds to the constancy of
the crack tip angle when the crack remains geometrically
similar to itself at all stages of its propagation (Fig. 6 ). In
this case, the thermodynamic line tension is sensitive to the
crack depth only at nanoscale, unless the distance between
the crack lips exceeds the length of action of molecular
forces. Beyond this range, the condition

dkx
de ™ 0
is fulfilled both for microscopic and macroscopic cracks.
The mechanism of the depth growth implies the constancy
of the distance between the crack lips. In this case, the tip
angle of a crack monotonically decreases with increasing the
crack depth (Fig. 6b). As a consequence, the molecular
force fields of the crack walls overlap to an increasing
degree, and the thermodynamic line tension changes (being
typically negative, increases in its absolute value) so that

dr
de

Griffith neglected the line tension, but we see that x also
disappears from Eqn (37) when the crack front line is
rectilinear (R = o0) and the crack propagates conformably
(then dk/dc = 0 as it was noticed first by Hatzitrifon and
Gdoutos.?° In this case, Eqn (38) is simplified to

gcosp —bP>c <0 39)

For cos ¢ = 1 (Griffith considered an infinitely narrow
crack with ¢ = 0) Eqn (39) corresponds to Griffith’s crite-
rion. Thus, we see that, despite neglecting the line tension,
Griffith’s result for the ultimate strength

1/2
g
b= (17)

Figure 6. Conformal (¢) and depth (b) mechanisms of the crack
growth.
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remains valid for the conformal growth of a crack beyond
the nanoscale.?® However, the thermodynamic analy-
sis21-22:25 shows the conformal growth to be energetically
unfavourable. It can be seen from Fig. 6 on comparing
cracks with the same initial width (the distance between the
crack lips) and with the same final depth that the crack of
the depth mechanism always lies inside the crack of the
conformal mechanism. Therefore, the former requires
smaller work for its propagation than the latter. So it is
most probable that a crack grows more in depth than in
width. Then accounting for the derivative in Eqns (37) and
(38) becomes mandatory in a rigorous theory and leads to
the criterion

£ 20 cos ¢+ dr/de 1/2
T 2be

As for the practical aspect, the correction related to the
line tension is, naturally, small for macroscopic cracks, but
can be of significance for nanocracks 2! ~23 the presence of
which is important for the problem of strength of materials.

The above thermodynamic potentials are well suitable in
the case when cracking occurs in a vacuum or in the air. If
the air contains some vapours, capillary condensation can
occur in a crack. A symmetrical phenomenon, capillary
evaporation,?’ 3! develops when cracking of a solid hap-
pens in a non-wetting or slightly wetting liquid. In both the
cases, a phase transition occurs in a crack.3? As a result, two
phases, o and f, coexist inside a crack with an interface off
between them and the contact angle 0 characterizing the
wettability of the crack walls (Fig. 7).

The theory of capillarity requires that, in any case, the
aff interface should be convex with respect to the crack tip
and the following angular relationships should be ful-
filled:3?

0 < g — ¢ (capillary condensation)
0> ng ¢ (capillary evaporation)

Although the two cases are symmetrical, the lack of
coincidence of these inequalities is explained by the proce-

Figure 7. Loaded material with a wedge-shaped rectilinear crack
containing phase o as a surrounding medium and phase f as a
result of capillary condensation (if o is a gaseous phase) or capillary
evaporation (if o is a liquid phase).

0 is the contact angle for the case of capillary condensation (it
would be m—0 in the case of capillary evaporation), 2¢ is the tip
angle of the crack, H is the distance between the crack lips and E is
the loading stress.

dure that the contact angle is always measured on the side of
a liquid. If the condition

H r

27 [1+tg(rx—0+¢)]"

(r 1s the curvature radius of the «ff interface and H is the
maximum crack width, Fig. 7) is satisfied, a liquid meniscus
as a whole penetrates the crack interior. For us, this is the
third case when the fracture of a material takes place in a
wetting liquid that completely fills a crack.

All the three cases are characterized by the condition
that the components of a liquid medium can retain their
chemical potentials inside the crack. This means that one
more novel potential, similar to grand thermodynamic
potential, is needed for describing the process of cracking
in a liquid medium. Such a potential has been recently
introduced and named J-potential.?3 In our case of uniaxial
loading, the corresponding J-potential (J,) is defined as

J,=Q—E,V=F—E, V= N, - N, (40)

where the superscript o refers to the solid phase. This
definition uses the normal component of the chemical
potential tensor of the immobile component of a solid as a
variable. This can be inconvenient in some cases. For this
reason, proceeding from the hybrid grand thermodynamic
potential 5, the hybrid J-potential (J~) was also intro-
duced,3* which looks in our case as

5 =Q —EV=F-E,V =Y wN, (41)
i

(only the chemical potentials of mobile components are
retained). The potential J, acts as grand thermodynamic
potential with respect to mobile components and as free
energy with respect an immobile component of a material.
For a one-phase fluid homogeneous system, considering
that Q = —pV, Eqns (40) and (41) yield

In other words, the J-potential does not exist for such
simple systems. But it simplifies the description of more
complex systems, such as solid or heterogeneous (compo-
site) materials.

Let us see how the theory of the ultimate strength of
materials is formulated in this case. For the sake of
simplicity, we consider the case of a uniaxial stress under
atmospheric pressure. This means inclusion of two forces:
the uniform external pressure p and a loading stress E= E,,
in direction r perpendicular to the mean crack plane
(Fig. 7). Then, combining the definitions expressed in
Eqns (33) and (35), we have for J. in this case

=Q +p"V—EV

=~

(42)

where the phase superscript o refers to the surrounding
medium and, naturally, the stress E is measured from the
outer pressure. The potential J, would be again zero if the
material contained only a homogeneous solid phase. How-
ever, we have, in addition, a crack in the solid and two fluid
phases, o and f, inside the crack. Introducing superscript s
for the solid part of the system and phase volumes

Vs+ve+ V=1
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we can write Eqn (42) explicitly as

L=+ " = p" W p ot o AP 4yt kL (43)

where ¢* and ¢ are the macroscopic values of thermody-
namic surface tensions of the crack walls in contact with
phases o and B, 4* and AP are the total contact areas, y
(= ¢*P) is surface tension at the boundary off (the surface
tension of the meniscus), and 4*f is the meniscus surface
area. It is of note that only the volume of phase ff remains in
Eqn (43); the volume of phase o (which can extend outside
the crack limits) is already of no significance.

The potential J, yields the work of a process under the
condition that temperature, mass and loading of the solid
and the external pressure and chemical potentials of mobile
components are constant. Applying this potential to the
process of the crack propagation, we have

dJ, = dJ: + (p* — pPYdV?P + 6*dA* 4+ 6Pd AP + ydA*P +d(kL)

In this process, an external loading and the correspond-
ing state of the bulk phase of the solid do not change. The
only object of change is a complex stress state near the
crack, which can be characterized by an excess value
JS = wL on the side of the solid bulk phase where w is the
corresponding work per unit length of the crack front line.
Putting dJ° = dJ® and assuming the crack to be rectilinear
for the sake of simplicity (then the crack length L does not
change in the course of the crack growth), we arrive at the
expression

dJ, = (p* — pPHdv? + 6*da* + 6PdaP + yda*P+
+Ld(k 4+ w)

(44)

Introducing the total area of the crack walls

A=A+ AP
and replacing the pressure difference by y/r according to the
Laplace equation transforms Eqn (44) to

dJ, = %dV” — (0% — o")daP +7da*’ 4 o"dA + (45)

+ Ld(k +w)

Since the crack depth c¢ is the main parameter of the
crack growth, we choose it as a principal independent
variable. We also simplify Eqn (45) by dividing it by the
constant L. This results in
dat  da*?

—( =) Gt e

dJ, ydv’?
de ~ r de

,dA4 n dx n dw
de de  de

(46)

where all extensive quantities are taken per unit length of
the crack front line (V# now has the dimensions of area
whereas 47, A4*f and 4 have the dimensions of length).
Geometrically, they are given by the expressions

2
Vﬁ:r2(cos 0—sin0cose—f+e+¢) (47)
tgo 2
2
AP =2 (C?gsqbefsm(i)
A“ﬁ:2r<g707¢)
4= 2¢

where 0 is the contact angle for the case of capillary
condensation (0 is replaced by n—0 in the case of capillary
evaporation).

Equation (46) is the main thermodynamic equation for
constructing the theory of strength of materials. To make
further steps, we have to adopt a certain mechanism for the
crack propagation. The simplest variant is a conformal
crack growth when angle ¢ is maintained (not to speak
about the constancy of r and 0). Then the quantities V5, 4#
and A*# would be be constant and their derivatives in
Eqn (46) become zeros. As for the total area of the crack
walls, Eqn (47) yields

d4  2c
dc ~ cos¢

It is typical for the conformal growth of a rectilinear
crack that thermodynamic line tension k is dependent on
the crack depth ¢ only at the nanoscale and shortly takes a
constant macroscopic value for a given angle ¢.35 For this
reason, for a sufficiently developed crack, we can set that

dk
=0

de
(the crack under consideration just belongs to this category
because it contains a meniscus). Then Eqn (46) takes the
form

ds,\ 20" +dw

de ¢7cos¢ de
Since there is no contact angle 6 in this relationship,
Eqn (48) is equally applicable to the cases of capillary

condensation and capillary evaporation.
After substituting Eqn (29) in Eqn (48), we have

<%> = 20° —2bE*c
de J, cos¢

(48)

(49)

Equating the right-hand side of Eqn (49) to zero produ-
ces the ultimate strength E; as

o 1/2
E d
! <bccos¢>

Differentiating Eqn (49) and substituting Eqn (50) yields

&7, 20° 0
(dc2 ></> T T ccose

Inequality (51) defines the type of extremum of the
thermodynamic potential J, (on passing to an unstable
state and the failure of a material), so that the criterion
given in Eqn (50) really determines the ultimate strength.
Interestingly, of two thermodynamic surface tensions ¢*
and ¢f only ¢* appears in Eqn (50), which corresponds to
the wider part of the crack. At ¢ = 1, Eqn (50) changes to
Griffith s criterion for an infinitely narrow crack.

We have considered above the case of the conformal
growth of a crack as an example. The case of the depth
growth of a crack is considerably more complicated. The
detailed analysis of that case and the derivation of the
ultimate strength can be found in the literature.3°

(50)

(51
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VII. Conclusion

Of course, the above consideration is not comprehensive.
Chemical thermodynamics is a wide area, and almost each
part of it is applicable to materials. For example, such a well
known surface property of a material as wetting is of great
practical importance and is entirely governed by thermody-
namic factors, the thermodynamic surface tension (surface
work) ¢ and the contact angle 0. In this paper, we touched
upon the role of these factors in the strength of materials,
but wetting has many other interesting aspects. Since o is
physically a scalar quantity, effects related to directions
seem to be quite impossible in wetting. The more surprising
was the discovery of anisotropy of wetting, the dependence
of the contact angle of a wetting liquid on the direction on a
solid surface.?”-3® This phenomenon refers to materials with
low elasticity modulus like rubber and typically to elastic
polymers (elastomers) for which wetting is accompanied by
visible strain. Correspondingly, the explanation of the
phenomenon is based on the theory of wetting deformable
bodies.?*~4* To induce the anisotropy of wetting, a sheet of
rubber should be stretched to cause the orientation of long-
chain molecules along the direction of stretching. This
makes the sheet anisotropic so that placing a liquid drop
on the sheet is accompanied by different works at the three-
phase contact lines parallel and perpendicular to the direc-
tion of stretching. As a result, the contact angle becomes
smaller in the direction of stretching.

Dealing with nanomaterials, a great attention is also
paid to nanothermodynamics, which was already reviewed
by the author.> Among nanomaterials, a special interest is
related to newly discovered two-dimensional solids: gra-
phene, silicene and germanene. The thermodynamics of
such materials was recently formulated by example of
graphene.® It is also worthy to say about the thermody-
namics of phase transitions. This field became attractive for
material scientists long ago*® and now affiliates to the
thermodynamics of nanomaterials in constructing the
theory of growth of nanoparticles.*” However, it holds
great promise for extension of thermodynamic theory tak-
ing into account the influence of anisotropy of chemical
potential on the process of phase transition in a non-
hydrostatic stress field.

This work was supported by Saint Petersburg State
University (Grant 0.37.179.2014) and the programme
‘Leading scientific schools of the Russian Federation’
(Grant NS-2744.2014.3).
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