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Abstract

Unified mechanics theory (UMT) unifies Newton’s universal laws of motion and the second law of thermodynamics at the ab-initio level.
As a result, governing differential equation of any structural system directly includes entropy generation in the system. The linearly
independent thermodynamic state index axis (TSI) of the unified mechanics theory maps the entropy generation rate at a material point
between zero and one, according to the thermodynamic fundamental equation of the material. Then, the thermodynamic lifespan of any
closed system travels between zero and one along the TSI axis according to the second law of thermodynamics as formulated by
Boltzmann. Because entropy generation is directly included in the differential equation of the structure, there is no need for empirical
dissipation potential obtained by curve-fitting a function to dissipation/degradation test data. However, the thermodynamic fundamental
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2 Unified Mechanics of Metallic Structural Materials

equation of the material must be derived analytically based on fundamental principles of physics and chemistry. In this chapter, some
recently developed models for metallic structural material’s fatigue, corrosion, and hydrogen embrittlement behavior as well as, the
temperature and strain rate-dependent flow stress modeling are presented.

Key Points

Introduction of the unified mechanics theory.

Modeling to predict the fatigue life of structural materials.
Modeling corrosion and hydrogen embrittlement in structural steel.
Modeling temperature and strain rate-dependent flow stress of steel.

Introduction to Unified Mechanics Theory

Coordinate System in Unified Mechanics Theory

Mechanics of metallic alloy structural materials have been studied extensively based on Newtonian mechanics, and various
dissipation, degradation, damage evolution, and fatigue life prediction models have been proposed. However, Newtonian
mechanics does not account for degradation and dissipation in the universal laws of motion. Dissipation and degradation are
governed by the laws of thermodynamics. Therefore, to make laws of Newton thermodynamically consistent, traditionally,
degradation and dissipation are introduced via empirical dissipation and degradation evolution functions. Because the Newtonian
space-time coordinate system does not have an axis for dissipation. These empirical dissipations and degradation functions require
curve fitting to test data to obtain the parameters which have no physical meaning. The dissipation constraint functions in
Lagrangian mechanics are examples of empirical dissipation/degradation functions.

On the other hand, unified mechanics theory (UMT) (Basaran, 2023; Lee and Basaran, 2021) is ab-initio unification of the
second law of thermodynamics and the universal laws of motion of Newton. In UMT dissipation and degradation at a material,
points evolve along the thermodynamic state index axis (TSI) between coordinates of zero and one. TSI is a linearly independent
fifth axis in addition to the Newtonian space-time axes. It is based on Boltzmann’s formulation of the second law of thermo-
dynamics (Boltzmann, 1877), in which entropy is stated to have a logarithmic connection with the disorder and was put into the
final form by Planck (1900)

S = kylnW (1)

where S is the entropy, ks is the Boltzmann constant, and W is the disorder parameter (probability of a microstate) (Boltzmann,
1877; Planck, 1900). The thermodynamic state index ® is a unitless quantity describing the difference in disorder between the
original “ordered” state (or any reference state) and the current “disordered” state,

s= Na kglnW (2)
mS

W - W, (As)ms
A [1 - e"T] (3)
w
where s is the entropy per unit mass (specific entropy), N4 is Avogadro’s number, m; is the molar mass, R is the universal gas
constant, As is the change in specific entropy at a point. In the numerical simulation of fatigue damage evolution, the thermo-
dynamic life reaches “the end” (material fails) when TSI reaches a critical value.

D

Asppg )ms
o= [1 _ i } =, (4)

where @, is the user-defined critical value of the TSI, and Asgg is the cumulative specific entropy at failure (also known as fatigue
fracture entropy) (Naderi et al., 2010). It should be noted that in this chapter, if not otherwise specified, we use capital S for
entropy and lower case s for specific entropy.

Based on Eq. (3), the degradation is mapped between 0, when the entropy generation rate is maximum (entropy is minimum),
and near one, when the entropy generation rate is zero (entropy is maximum), along the TSI axis according to the cumulative
specific entropy production rate of the system. Therefore, TSI provides a physics-based life span prediction metric for any
thermodynamic process without the need for curve fitting an empirical dissipation/degradation function. However, it does require
the analytically derived thermodynamic fundamental equation of the material. TSI is driven by the entropy generation equation,
As. It should also be noted that Eq. (3) is an exponential function; it reaches the value of 1 only when the power is infinite.
Therefore, a critical value of the thermodynamic state index near 1 is usually chosen, as shown in Eq. (4). However, the definition
of failure is application specific. Thus, the value of @, needs to be defined according to the problem at hand. For example, the
failure of an airplane wing cannot be defined by the airplane wing breaking into pieces in the air.
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Fig. 1 Coordinate system in unified mechanics theory (UMT) (Basaran, 2023).

Fig. 1 shows the coordinate system in unified mechanics theory. It is important to emphasize that in the UMT coordinate
system derivative of displacement with respect to entropy is not zero, as it is in Newtonian mechanics, because TSI is a linearly
independent axis. The following example can explain the UMT coordinate system: “A 5-year-old person with a terminal illness and
a 100-year-old sick person would have different coordinates in the time axis. But they have the same coordinate on the TSI axis.
Because in Newtonian space-time coordinate system without a thermodynamic axis, the physical state cannot be defined. On the
other hand, in the unified mechanics theory their physical state is represented by the TSI axis coordinate in addition to the space-
time coordinates. On the TSI axis at ® = 0.999, a 5-year-old person with a terminal illness and a sick 100-year-old man will have
the same thermodynamic state index coordinate. It is shown that they have about the same remaining life on the TSI axis.
Essentially, a person’s age according to the calendar does not give any information about that person’s thermodynamic
physical state.

Laws of Unified Mechanics Theory

Second law of unified mechanics theory

The change of momentum of a body is proportional to the impulse impressed on the body and happens along the straight line on
which that impulse is impressed. Degradation of the input impulse takes place according to the second law of thermodynamics.
The rate of degradation of impulse is directly proportional to the entropy generation rate in the system along the path chosen.

Fdt(1 — ®) = d(mv) (5)

Third law of unified mechanics theory

To every action, there is always opposed an equal reaction. The composition of the initial reaction of a body in response to an
action will change over time as the stiffness of the reacting system degrades over time according to the second law of thermo-
dynamics and its thermodynamic fundamental equation. The reaction will be governed by the third law of the unified mechanics
theory, given by

a4 ,
F21 7F12 = E = duZI |:2 kZl(l (I))u21:| (6)

Dynamic Equilibrium Equation in Unified Mechanics Theory

If there are 'n’ number of different independent entropy generation mechanisms in a system, a general representation of the second
law of unified mechanics theory can be given as follows,

Fdt(1 — @) = d(mil) 7)

Where Fdt is impulse, ®@ is the thermodynamic state index which is the normalized form of the second law of thermodynamics as
defined by Boltzmann, m is the mass, u is the velocity. Laws of thermodynamics govern the dissipative mechanisms, representing
the energy of a system. Newton's laws of motion give the space-time coordinates of a material point.

The dynamic equilibrium equation of a dissipative system can be derived from the Lagrangian using fundamental principles of
finding the local extremum of integrals.
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The action of a material point, over some time, At=t, —t;, can be defined by the following integral,

t
1= / Zdt (8)
t

where . represents the Lagrangian of the system (Marion, 1965). In unified mechanics theory, each material point’s coordinates
are defined in the space-time-TSI coordinate system (see Fig. 1). Hence the material point coordinates are a function of (x,y, z, t, ®).
The additional parameter @, called thermodynamic state index (TSI) of the material point represents the physical state of the
material point. Using the unified mechanics theory, the Lagrangian of the system is written as follows,

L =L(t,u,u,d) (9)
where t,u and u represent the time, displacement, and velocity of a material point, respectively. The term @ represents the
thermodynamic state index of a material point. If the integral function in Eq. (8) attains a local minimum at a point, g and lets {(t)
be an arbitrary function that has at least one derivative and vanishes at the initial time, #; and final time, t,; then for any real
number ¢, close to zero, the following condition is valid,

I(q)< J(e) (10)
where the real-valued function, J is represented as follows,
J(€) =1(q +€£) (11)
The functional ‘I’ is said to have a local minimum at u = ¢, and the function J equivalently has a local minimum at ¢ = 0. Hence
the following equation is valid,
dj L 14y
i = - = 12
|:d€:|c:0 /11 |:d€:|c:0dt 0 ( )

Taking the total derivative of ., we get the following equation, which has an additional extra partial derivative term compared
to the Newtonian mechanics based equilibrium equation,
d¥¢ oLdu o0Ldi 0% dd
de  oude oude 00 de
It is important to point out that in Eq. (13) the derivative of Lagrangian with respect to the TSI axis is non-zero. The
displacement at a point can be given by,

(13)

u=q+e (14)
Taking the time derivative of Eq. (14), we obtain the velocity,
i=q+e (15)

Using Eq. (14) and Eq. (15), we obtain the following form of Eq. (13),
¢ 0%, 0%, 0Zd0

i g ey it 1
de 6uC+()u€+6(Dd€ (16)
We can write the following total derivative.
of @ with respect to ¢,
dd _ obdu  obdi (17)
de  odude  0ude
Hence, by substituting Eq. (17) in Eq. (16), we get the following equation,
AP _ (07 0200\, (0% 07 W), (s
de ~ \ou oD ou ou ' oD oi

Therefore, Eq. (12) takes the following form,

bl C[/0F 0% 00 /0L 0F 00\,
el dt = Z =T d o cniliided dt=0 19
I R A 3 S B A [ 12

Integrating the second term on the right-hand side of Eq. (19) by parts, we get the following equation,

5]
LT0F 0%od d (0L 0L D PYARY T
et (e i it it = 2
/“Kau+acbau dt<au+ad>au))4czodt+ H(au*aqnau)gl0}r 0 (20)

By the definition of ¢, the second term in Eq. (20) vanishes at the boundary of the integral domain. Hence, using Eqs. (14) and
(15) in Eqg. (20) and by applying the principle of local state, we get the following equation,

0L 0400 d (03 dfatb)

u o0 ou di\on T od o

=0 (21)

Unlike in the Newtonian mechanics-based Euler-Lagrange equation, Eq. (21) has an additional derivative as a function of TSI.
Using Eq. (14), the variation statement of any function, V¥ in u, is represented as follows.
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v
] = (22)
de e=0
Using Lagrange-d’Alembert’s principle, and representation of variation statement, given in Eq. (22), for an externally applied

force, F,y, we can write the following equilibrium equation,

0% 0% 0D d(aff 0Z 00

9D ou di\ow o0 oi

o T b ow )+Fe’“:0 (23)

Eq. (23) represents the basic form of the dynamic equilibrium equation in the unified mechanics theory. A specific form for a
given system is derived by writing the thermodynamic fundamental equation of the system and the Lagrangian of the system (Bin
Jamal et al., 2021). Unlike in the Newtonian mechanics-based Euler-Lagrange equation, Eq. (23) has an additional derivative as a
function of TSI

Example: analysis of a single degree of freedom system

The single degree of freedom system shown in Fig. 2 is analyzed, (Bin Jamal et al., 2021), using unified mechanics, and Newtonian
mechanics, and then results are compared with test data in this example. The entropy generation mechanism for the kinetic energy
part and potential energy part can be evolving at different rates following the laws of thermodynamics. For this simple example, we
are assuming that the only dissipation in the entire system is due to the friction between the block and the surface. All other
entropy generation mechanisms are ignored for simplicity in this example. The Lagrangian of the mass-spring friction block system
in the unified mechanics theory is given by the following simplified equation,

1 1
(1—®)$:Emu2—§ku2 (24)

Where, & and u are the velocity and displacement, respectively, m is the mass of the block and k is the stiffness of the spring.
Using Eq. (23) in Eq. (24) the following force balance equilibrium equation is obtained,

1o mo 1 dAS\. m, 1 (1, 1 _,\0AS_ (0AS\ .
(17q>)m”+(17q>)k“+(mi(pq))f)wi(lf@) {Ek” ™ }W”(ﬁ) Ffea =0 (25)

The functional, 4 is the summation of all the terms as a function of % . On the other hand, in Newtonian mechanics, the
governing dynamic equilibrium equation for an SDOF is given by

mii + cit + ku = fou (26)
For SDOF sliding friction problem Eq. (26) takes the following form
mii + [pymglsgn(it) + ki = fou (27)

Where g is the Coulomb friction coefficient, m is the mass, g is the gravitational constant, and sgn() is the signum function. The
damping term c in Eq. (26) is represented by the Coulomb friction force. The Eq. (27) does not include any dissipation other than
mechanical work due to friction. However, there are several entropy-generating dissipative processes, that must be accounted for in
the unified mechanics dynamic equilibrium Eq. (25). These additional entropy generation mechanisms are defined in terms of
change in entropy, AS, and can be quantified along the thermodynamic state index axis, ®. Eqgs. (25) and (27) are applied to a
mass-spring single degree of freedom system shown in Fig. 2 and the results are shown in Fig. 3.

In Fig. 3 (a) results from the unified mechanics theory based model and Newtonian mechanics based model and test data are
compared. It is important to point out that in the unified mechanics theory, dissipation happens along the thermodynamic state
index axis. If all dissipation mechanisms are included in the thermodynamic fundamental equation the test data will be simulated
exactly. However, in Newtonian mechanics, the dissipation evolution must be obtained directly from the test data we are trying to
simulate. The minor difference between the test data and unified mechanics simulation is due to the approximate thermodynamic

(a) ufll

p-Coulomb friction coefficient
A-Thermodynamic friction coefTicient

Fig. 2 SDOF mass-spring system subjected to Coulomb friction.
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Fig. 3 (a) Comparison between model predictions and test data (Liang, 2005) for the displacement versus time data, and (b) the response along
the TSI axis (Bin Jamal M et al., 2021).

fundamental equation utilized. The complete description of the thermodynamic fundamental equation for this friction problem is
a very challenging task and is still an active research topic.

In the following sections, some recent models, based on the UMT, related to the mechanics of metallic structural materials are
presented (Lee and Basaran, 2022; Lee et al., 2022a,b, 2023; Bin Jamal et al., 2019, 2022).

Predicting High Cycle Fatigue Life With Unified Mechanics Theory

In this section, we discuss a model to predict the high cycle fatigue life of low-carbon steel. Compared to low cycle fatigue (LCF),
which has repeated plastic deformation during the cyclic loadings, high cycle fatigue (HCF) has cyclic loading in the linear elastic
range only, which results in no macro plastic deformations. Therefore, the entropy generation mechanisms that govern the
thermodynamic fundamental equation of LCF and HCF are different.
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During the high cycle fatigue life of low-carbon steel, six entropy generation mechanisms govern the thermodynamic funda-
mental equation. They are configurational entropy, AS,, vibrational entropy, AS,, (Bin Jamal et al., 2021; Lee and Basaran, 2022;
Lee et al., 2022a,b, 2023; Bin Jamal et al., 2019, 2022; Liang, 2005; Kelly and Knowles, 2012; Reza Abbaschian and Abbaschian,
2010; Fultz, 2010) vacancy diffusion entropy, AS; (Basaran and Lin, 2008; Shidong et al.,, 2009) heat conduction induced
entropy, AS;, internal (Basaran, 2023) friction (scattering) induced entropy, AS;, (Basaran, 2023) and finally the microplasticity
induced entropy, AS,,. (Lemaitre et al., 1999; Doudard et al., 2005; Charkaluk and Constantinescu, 2009; Fan et al., 2018) Because
entropy is an additive property, we can write the thermodynamic fundamental equation for the total entropy production as
follows (Lee and Basaran, 2022)

AS=AS, + ASyp + ASy + AS, + AS, + AS,, (28)
In the derivation of the thermodynamic fundamental equation, the following assumptions were made:

1. Applied maximum stress is below the yield stress of the material, hence no global macroscopic plastic deformation occurs.

2. Point defects such as vacancies, interstitials, and impurities, can be built-in with the original crystal growth or created by energy
input during the fatigue process.

3. Input mechanical energy increases vacancies and dislocation densities. However, the increasing dislocation density only causes
hardening at the micro-level and never induces macroscopic plastic deformation as the maximum applied mean stress is below
the yield stress. The vacancy generation/diffusion and dislocation motions (e.g., cross slip) around inclusions induce irrever-
sibility at a micro-level under elastic cyclic loads (Lemaitre et al., 1999; Doudard et al., 2005; Charkaluk and Constantinescu,
2009; Fan et al., 2018; Callister and Rethwisch, 2020; Marti et al., 2020a; Mughrabi, 2013; Ho et al., 2017; Mughrabi, 2009).

4. A mechanism called micro-plasticity (Lemaitre et al., 1999; Doudard et al., 2005; Charkaluk and Constantinescu, 2009; Fan
etal., 2018) is expected to happen at some micro defects sites such as vacancies, dislocations, and hydrogen solute atoms at the
micro-level due to stress localization.

5. During fatigue loading, the vacancy concentration gradient in the sample results in vacancy diffusion, and the temperature
gradient in the sample results in thermomigration.

6. Temperature evolution in the sample during fatigue loading is determined by microplastic work, internal friction (scattering),
heat conduction, and thermoelastic damping.

Configurational Entropy Production

The rearrangement and redistribution of atoms in the metal crystal lattice due to input mechanical energy during the elastic cycling
loading result in entropy production (Bin Jamal et al., 2021; Reza Abbaschian and Abbaschian, 2010). The configurational entropy
S; is a concept from statistical thermodynamics that uses the binomial distribution formula P = (N—Ly;)w to replace the disorder
parameter W in Eq. (1), which is written in the following form (Boltzmann, 1877; Planck, 1900; Bin Jamal et al., 2021; Reza
Abbaschian and Abbaschian, 2010):

Sc = kgln (*) (29)

(N - nvac) !nvac!

where N is the number of lattice sites and n,,. is the number of atomic vacancies.

Atomic vacancies and defects result from missing atoms from their original lattice sites, which are rearranged due to the
thermally activated transport. The entropy production due to the variation of configurational entropy AS, from temperature T; to
T, is given by,

N! N!
AS.=kg|/ln|————)—-In| ———— 30
‘ ’ |: ((N - ”vacz)!"mz!) ((N — ”uacl)!nmcl!):| (30)

where 1,4 and n,,, are the number of vacancies at T; and T, respectively.
The thermodynamic equilibrium vacancy concentration C, required for computing the number of vacancies n,,. in Eq. (30) can

be calculated by
M (TAS, — Al
C=5 feXP(T) (31)

where n,, is the number of vacancies, Ahy is the vacancy formation enthalpy which is indistinguishable from the vacancy
formation energy AEy if the volume is kept constant. The vacancy formation energies AE; for different metals are readily available
in the literature, such as (Burton, 1972; Mattsson and Mattsson, 2002).

Vibrational Entropy Production

The vibrational entropy is also a concept from statistical thermodynamics (or physical chemistry) that replaces disorder parameter
W with the phase state of the atoms as they vibrate, which is defined by the momentum and position coordinates (Fultz, 2010;
Atkins et al., 2018; Cahn and Haasen, 1996; Laughlin and Hono, 2014). The vibrational state of the atoms changes when vacancies
are created. There are various molecular dynamics simulation models to precisely calculate vibrational entropies when a certain
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number of vacancies are removed. It is assumed the variation of vibrational entropy is the same when each atomic vacancy is
created (Burton, 1972). Therefore, the total vibrational entropy production in the system is given by

ASm’b = (nvacz - nvacl)ASu (32)

In which 1,1 and n,,, are the number of vacancies at the temperatures T; and T, respectively. AS, is the change in vibrational
entropy when one atomic vacancy is created.

Entropy Generation due to Vacancy Concentration Gradient-driven Diffusion

During the fatigue process concentration of vacancies in the metal is not uniform. As a result, there is a vacancy concentration
gradient, which is the driving force behind diffusion, (Basaran, 2023; Basaran and Lin, 2008; Shidong et al., 2009; Teng et al., 2020;
Basaran et al., 2003; Basaran and Lin, 2007; Yao and Basaran, 2013a,b,c). The concentration of atomic vacancies should be higher
around the circumference and lower at the center for specimens with a round cross-section (for high cycle fatigue, cracks usually
initiate from the surface), hence causing vacancy diffusion.

The entropy generation due to vacancy flux caused by thermo-migration (atoms migrate from the hot region to cold leaving
behind vacancies), and vacancy concentration gradient, AS;, is extensively studied, (Basaran, 2023; Basaran and Lin, 2008;
Shidong et al., 2009; Basaran et al., 2003; Basaran and Lin, 2007; Yao and Basaran, 2013a,b,c). It is given by the following relation.

t1e,D, (Q*VT  kgT _ \?*
ssie [/ [0 (7 M) 5
Jio

kgT? T
where kg is the Boltzmann constant, ¢ is normalized vacancy concentration; ¢=C,/C,, in which C,, is the thermodynamic
equilibrium vacancy concentration in the absence of a stress field, C, is instantaneous atomic vacancy concentration. D, is
effective vacancy diffusivity, T is absolute temperature, Q* is the heat of transport, which is the isothermal heat transmitted by
the moving atom in the process of jumping a lattice site.

Entropy Generation due to Thermal Conduction

During high cycle fatigue, the surface temperature evolution of the sample due to thermal mechanical coupling results in a
temperature gradient. The irreversible heat flow due to the temperature gradient causes entropy generation. The entropy generation
equation is given by Basaran (2023); Basaran and Lin (2008); Shidong et al. (2009); Teng et al. (2020); Basaran et al. (2003);
Basaran and Lin (2007); Yao and Basaran (2013a,b,c),

Y/ VT-VT
AS, = 7/ (khT)dt (34)
to
where k;, is the coefficient of heat conduction, and VT is the temperature gradient. Eq. (34) is essentially the product of
temperature gradient (thermodynamic force) VT and heat flux J, = — &, VT.

Entropy Generation due to Internal Friction (Scattering)

The entropy generation due to internal friction (phonon scattering or self-heating) is given by, (Basaran, 2023; Basaran and Nie, 2004)

t
AS, = / T gt (35)
o0 T

From a microscopic perspective, the temperature is defined by the intensity of atomic vibrations. The heat generation per unit
mass due to internal friction, r, is due to the increasing intensity of atomic vibrations in the crystal from micro-mechanisms such as
the breaking of atomic bonds, fast-moving dislocation, and phonon-phonon scattering, phonon-electron-scattering, electron
scattering (called internal friction) (Huang et al., 2008a; De Hosson et al., 2001; Fan et al., 2021). This term is different than the
heat generated through the macroscopic observable plastic work or thermoelastic source.

Through the molecular dynamics simulation study (Lee and Basaran, 2022), it is shown that the lattice-stretching and atomic
bond breaking does not contribute to entropy production, significantly. As for the dislocation and phonon-dragging mechanisms,
they will be discussed in Section “Modeling Ultrasonic Vibration Fatigue” because they are only activated at high strain rates. In
this model, the focus is the low strain rate behavior of materials.

Entropy Generation due to Microplasticity

The term micro-plasticity is used in two-scale models, which were initially developed by Lemaitre et al. (1999) and then refor-
mulated by Doudard et al. (2005). The fatigue regime in the material is investigated based on an RVE (representative volume
element) and divided into two parts: elastic matrix part and elastic-plastic inclusion part. From the macroscopic view, the material
is deformed elastically during the elastic cyclic loading while from the microscopic view microplasticity is activated due to high-
stress concentration at defects and localized dislocation slip planes (Lemaitre et al., 1999; Doudard et al., 2005; Charkaluk and
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Fig. 4 A representative volume element of the two-scale model.

Constantinescu, 2009; Fan et al., 2018), as shown in Fig. 4, schematically. The law of localization and homogenization is applied
to deduce the relationship between macroscopic stress tensors and the microscopic stress and microscopic plastic strain tensors
(Lemaitre et al., 1999; Doudard et al., 2005; Fan et al., 2018).

Microscopic stress tensor is given by Charkaluk and Constantinescu (2009),

0" =% —2u(1 - b)(1 - fi)e, (36)
where ¢ is microscopic stress tensor, X is macroscopic stress tensor, u is the Lame’s constant, b is a material constant related to u
and bulk modulus, K, f, is the volume fraction of lattice defects experiencing microplasticity, E is a macro strain tensor, and & is a

microscopic plastic strain tensor. If the material experiences the same elastic behavior at the mesoscopic and the macroscopic scale,
the previous relation implies,

g =E—[1=0)(1 - f)le; (37)

where ¢ is the microscopic elastic strain tensor.
A computational scheme for the microplastic strain increment was proposed by Charkaluk and Constantinescu (2009), as
follows

NEIE Ay
e ] 59
Vi -n) —fn +§h)
In which h is the hardening modulus, and A;, |, isgiven by,
2
Ay =dev(Z,) — <2u(1 -b)(1-f,)+ §h> &l + dev(AX) (39)
For the microplasticity model, linear kinematic hardening is utilized as a first approximation. The yield criterion is given by,
f= /(5 —am) - (S8 — o) — \/2]30ly = (40)
and the hardening rule is given by
1 1
ot =he' = (" — o) = h,/2/38 ”” o (o" — o) (41)
30 %y0

where S* is the microscopic deviatoric stress, o*? is the deviatoric part of the microscopic back stress, e is the microscopic
equivalent plastic strain, 050 is the microscopic initial yield stress, (¢* — a*) is the kinematic translation of the microscopic yield
surface under Ziegler’s kinematic hardening rule, h is the kinematic linear hardening modulus defined as the slope of the stress-
strain curve for a finite plastic strain value, h = (6" — 050)/ ghp.

Therefore, the entropy generation due to microplasticity is given by

t gt - gk
ASpp = / QfVTpdt (42)
to

During the microscopic plastic deformation, some plastic work is stored as dislocation stored energy. This stored dislocation
energy is accounted for in the hardening of the material, which is included in Eq. (41). The reason to incorporate the TSI value ®
into microplastic work is to account for the increased probability of micro defects that are created in the specimen during the
fatigue process.

In Egs. (36-39), (42), f, is the ratio of the activated volume of the micro-defects in the region Vp, to the elastic matrix Vi
(Charkaluk and Constantinescu, 2009; Cugy and Galtier, 2002). f, is also defined as the maximum percentage of dislocation
planes that can be activated. Assuming (Doudard et al., 2005; Charkaluk and Constantinescu, 2009; Cugy and Galtier, 2002) that
the percentage of the active slip bands’ area in the center of the gauge section is close to the volume fraction of defects (dis-
locations) in the matrix, then this value can be determined by scanning electron microscopy (SEM).
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Fig. 5 (a) Accumulated total entropy production versus the number of cycles for various mean stress amplitudes (b) TSI evolution versus the
number of cycles for various mean stress amplitudes.

Fatigue Life Estimation for Conventional High Cycle Fatigue

Conventional high-cycle fatigue implies that the loading frequency is less than 100 Hz. From the numerical study and order of
magnitude comparison given in Lee and Basaran (2022), for conventional high cycle fatigue entropy generation due to micro-
plasticity is at least two orders of magnitude bigger than other mechanisms. Hence, from Eqs. (3) and (42) we conclude that the
TSI equation for this HCF problem can be given by

t YU it
D=1 —exp(—%/ <I>f,,6p'T8” dt) (43)
to

Eq. (43) is exponential; hence, it never reaches unity. In practice, we determine a critical value @, as a threshold. We consider
the specimen is failed when ® reaches @, = 0.995, since the probability of reaching maximum entropy at this state is 99.5 %.
Fig. 5 (a) shows the microplasticity entropy production, and (b) shows the TSI evolution, for 3 different mean stress amplitudes in
DP600 steel. In Fig. 5 maximum entropy value reached failure is independent of the cycling mean stress applied during fatigue
loading. This maximum entropy is usually referred to as fatigue fracture entropy, (Naderi et al., 2010).

Fig. 6 shows the stress versus the number of cycles to failure (S-N) curves based on simulations and experimental data.

Modeling Ultrasonic Vibration Fatigue

Typically, there are two types of high-cycle fatigue testing. One is the conventional high-cycle fatigue testing performed using a
servo-hydraulic machine with a cycling frequency below 100 Hz. The other is the ultrasonic vibration fatigue testing conducted
under an ultrasonic vibration machine that generates harmonic sinusoidal longitudinal vibrations with a frequency of 20-30 kHz
in the axial direction of the sample. The degradation and failure mechanisms in ultrasonic vibration fatigue are different from the
conventional high cycle fatigue due to the high strain rate loading that leads to phonon scattering and rapid temperature rise in the
material (Lee et al., 2022a).

The high cycle fatigue (HCF) model presented in the previous section can not predict the ultrasonic vibration fatigue life of the
test sample. It is shown in the previous section that there are more than half a dozen entropy generation mechanisms during the
high-cycle fatigue process. It is verified that mechanisms such as vacancy configuration, vacancy formation, and vacancy diffusion
are negligible compared to other entropy generation mechanisms (Lee et al., 2022a). Therefore, this model focuses only on the 3
mechanisms that govern entropy generation during ultrasonic vibration fatigue. The thermodynamic fundamental equation for the
total entropy production during the ultrasonic vibration fatigue can be written as follows

AS=AS; + AS, + AS, (44)

Where AS; is entropy generation due to thermal conduction, AS; is entropy generation due to internal friction (scattering), and
AS,; is the entropy generation due to microplastic work.
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Fig. 6 Comparison of fatigue data and model predictions for tension-compression fatigue tests on dual-phase DP600 steel without any pre-strain.
(The experimental S-N curve is obtained from Torabian ef al. (2017)).

Entropy Generation due to Thermal Conduction in Ultrasonic Vibration Fatigue

The temperature gradient in the sample causes an irreversible heat flow during fatigue loading, leading to entropy generation, see
Eq. (34). This term becomes non-negligible in ultrasonic vibration fatigue because the temperature rises rapidly even if the sample
is subjected to ambient temperature forced-air cooling, compared to conventional HCF where the temperature change in the
sample is negligible. Fig. 7 shows the surface temperature distribution in the sample, where it is observed that the temperature in
the middle of the sample reaches 150 °C near the end of the test (start of macro cracking).

Entropy Generation due to Internal Friction in Ultrasonic Vibration Fatigue

The heat generation per unit mass due to internal friction, , mentioned in Section “Predicting High Cycle Fatigue Life with Unified
Mechanics Theory” can be derived analytically. It has been shown in the literature (Huang et al., 2008a; De Hosson et al., 2001; Fan
et al., 2021; Blaschke, 2019; Blaschke et al., 2019; Galligan et al., 2000; Parvin and Kazeminezhad, 2016) that the rate of internal
heat generation is composed of two mechanisms: (1) the drag (friction due to scattering) process involves phonon drag, electron
drag, and radiation drag (De Hosson et al., 2001; Blaschke, 2019; Galligan et al., 2000), and (2) the dislocation motion during the
plastic deformation (Huang et al., 2008a; Parvin and Kazeminezhad, 2016). The internal heat generation equation for these two
mechanisms is given by

prdmg = gBdmgv v (45)
dis __ l b2 . b .
prit = S pub*e — anpby/e (46)

where p is the mass density, B and v represent the effective drag coefficient and velocity of dislocation, respectively. The terms g,
b, 0, and oy are the shear modulus, the magnitude of Burger's vector, total dislocation density, and Taylor’s hardening parameter,
respectively. In Eq. (45), the velocity of dislocation is related to the applied shear strain rate, y as follows,

7

Y 47
onb (47)
where ¢, is the density of mobile dislocations. Hence, the entropy change due to internal friction can be given by
¢  (eB¥ 8y v + L ub?p — oy by /07
Asr:/ﬂdtz/ (e 300 — b /@) (48)
w T o T

Entropy Generation due to Microplasticity in Ultrasonic Vibration Fatigue

The microplasticity entropy generation can be given by the following equation:

¢ ot g
Asmp:/ll'f of, T P )de (49)

to
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(b)

Fig. 7 Temperature distribution on the surface of the specimen at a) Start of the test; b) Near the end of the test (start of cracking). For the
mean stress amplitude of ¢ = 400 MPa.

1, if f,<100Hz (typical servo — hydraulic machine)

={ 100
¥r= ——, if f, is in the order of kHz (ultrasonic vibration)or less (50)

fo

where ¥y is a frequency coefficient, used to relate the loading frequency, f,, with entropy generation rate. As the frequency of
cycling loading increases microplasticity and its entropy generation decrease. The entropy source from this frequency effect can be
attributed to the time-dependent screw dislocation cross-slip involved in the persistent slip band (PSB) formation, which results in
microplasticity. Eq. (50) is based on the cross-slip probability, which assumes that the time duration to activate dislocation cross-
slip is inversely related to the loading frequency. The cross-slip probability P is given by (Marti et al., 2020b),

16t Tess — TosR
—p_= s eR 51
rP= Lt exp ( Tl V) (51)

where f is a normalization coefficient ensuring that 0 < P < 1, I/l is the ratio of the length of a screw dislocation segment to a
reference length Ip = 1 mm, 6t/ is the ratio of the considered time to a reference time, V is the activation volume associated with
cross slip, (tes — Ter) compares the resolved shear stress 7. on the cross-slip system to a threshold critical shear stress 7.z required
to activate cross slip, kg is Boltzmann'’s constant, and T is the absolute temperature.
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Fig. 8 Surface temperature evolution at the gage center during ultrasonic vibration versus the number of cycles under various stress amplitudes
based on Eq. (53), compared with test data.

It should be noted that Eq. (50) only applies to fatigue problems where slip band formation dominates the crack initiation
process (surface initiation). If the mean stress level is below the fatigue limit, microplasticity becomes negligibly small, hence, it
can be ignored.

Fatigue Life Estimation for Ultrasonic Vibration Fatigue

Finally, the thermodynamic state index for ultrasonic vibration fatigue can be written as

! ot gl "(eB™MSy v+ L ub%p — apub,/07) Y/, VT-VT
®=1—exp|—m /l{f of, —L dt+/ : dt—/ (k 7>dt 52
P{ (to f<f T > lo pT Jo \ T 52

In Eq. (52), the temperature cannot be assumed as constant because the high strain rate in ultrasonic vibration fatigue loading
induces high temperature in the material. The temperature evolution at a material point can be derived from the classical thermal-
mechanical coupling equation (Basaran, 2023; Basaran and Nie, 2004), as shown in Eq. (53),

11 .
~opuby/@hAL. (53)

Omb pev 2

ATy = — Log(Ty — To) + L {cbf (aﬂ ej‘)]At 4L optes <ﬁ—“>2m + L gy, -
Ceg\1ln 0 pcy v n+16p ﬂCVQ N pcv2u Ont1

where ¢y is specific heat capacity, 7, = At/7eq and pcy L = — k, VT is responsible for the thermal conduction in the material.
Fig. 8 shows the temperature evolution on the surface of the gauge center of the sample, for the test data and simulation. Fig. 9 (a)
shows the total entropy production for different mean stress amplitudes. All mean stress levels reach the same total entropy value
at failure. This critical entropy value is called fatigue fracture entropy (FFE) (Naderi et al., 2010). Fig. 9 (b) shows the TSI evolution,
for different fatigue mean stress amplitudes. Fig. 10 shows the comparison between the simulated S-N curve and the
experimental data.

Stress versus the number of cycles data from the experiments is scattered in a band. Unified mechanics theory prediction is in
the middle of this band. Because Boltzmann has shown that the disorder will evolve following an exponential function, however,
individual states will be scattered around this function. We can explain this with the following example, if we flip a coin an infinite
number of times it will have a 50 % possibility of a head and a 50 % possibility of a tail. However, the first 5 times can be all head.
But the equilibrium average will be a 50 % chance of being head, see Fig. 11.

Modeling Fatigue of Pre-Corroded Body-Centered Cubic Metals With Unified Mechanics Theory

Corrosion of steel in the presence of sodium chloride (NaCl) is a common degradation problem in reinforced concrete structures
due to the inherent porosity of concrete. Using UMT, this section presents a model to estimate the ultrasonic vibration fatigue life
of pre-corroded low-carbon steel that has a bcc lattice structure. To validate the model, a series of corrosion tests were performed
on A656-grade steel samples in 5 wt% NaCl aqueous solution at a pH level of 7. The corrosion measurements were made with a
potentiostat. Then, a series of fatigue tests were conducted on these corroded samples at a cycling frequency of 20 kHz.
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Fig. 9 (a) Accumulated total entropy production versus the number of cycles for various mean stress amplitudes (b) TSI evolution versus the
number of cycles for various mean stress amplitudes.

The thermodynamic fundamental equation for pre-corroded steel subjected to ultrasonic vibration is given by,
AS = ASeorr + ASpec (54)

where AS is the total entropy generation, AS,,,, is the entropy generation due to corrosion, and AS,, is the entropy generation due
to mechanical loading, discussed thoroughly in Sections “Predicting High Cycle Fatigue Life with Unified Mechanics Theory” and
“Modeling Ultrasonic Vibration Fatigue”. The corrosion entropy production can be further divided into four mechanisms,
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AScorr = Asact + Asreact + AScam: + ASq (55)

Where AS,; is the entropy generation due to electrochemical overpotential, AS,,; is the entropy generation due to reaction
overpotential, AS,, is the entropy generation due to diffusion overpotential, and ASq is the entropy generation due to ohmic loss.
In this section, the focus is only on the first two entropy generation mechanisms (AS,; and AS.:) because the latter two are
negligible when the NaCl solution is well mixed there is a very low chemical concentration gradient and when the electrolyte has a
strong conductivity, respectively (Imanian and Modarres, 2015).

Entropy Generation due to Electrochemical Activation Overpotential

The entropy generation equation for metal corrosion has been extensively studied based on the theory of chemical kinetics and
fundamentals of irreversible thermodynamics. The entropy generation during the corrosion process is computed using the mul-
tiplication of thermodynamic forces (chemical affinity) and fluxes (corrosion current densities).

For a redox reaction, it is
Mo M 4 ze™
- (56)
O+ze” <R

where M represents the species being oxidized, O represents the species being reduced, z is the number of valence electrons
involved in the reaction. Imanian and Modarres (2015), extended the work of Gutman (1998) and Lu and Luo (2006), to
formulate entropy generation in corrosion in a more comprehensive formulation
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Fig. 12 (a) Schematic illustration of the electrochemical cell; (b) photograph of the electrochemical cell.
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t
ASue = %/ []M,aaMAM +]M,c(1 — MM)AM +]O,a5x()AO +]O,c(1 - OCO)/?‘O]dtam (57)
to

where Jy, and Jy . are the irreversible anodic and cathodic activation fluxes (thermodynamic fluxes) for oxidation reaction, Jo,
and Jo are the anodic and cathodic activation fluxes (thermodynamic fluxes) for reduction reactions, respectively. oy and o are
the charge transport coefficients for the oxidation reaction and reduction reaction, respectively. Ay, and A are the electrochemical
affinity (thermodynamic force) for oxidation and reduction reactions induced by the electrochemical potential, respectively. The
chemical affinity A is defined as A = zyF = zF(E — E,o,) (Gutman, 1998). F is Faraday’s constant, 7 is the overpotential defined as
 =E — Ecory, in which Eg,, is the equilibrium electrode potential (corrosion potential), and E is the potential applied on the
working electrode (steel sample). Finally, ¢, is the corrosion time.

The activation fluxes can be calculated based on the Butler-Volmer equation, given by Lim (2014); Page (2007); Popov (2015),

. oM, AM . —0M, AM
I =haa-+ = e (205) 1| <2 exp(THe) 1 (58)
. %0440 . —t0.Ao
Joa=Joa+Joc =] [eXP (R”—T) - 1] — IR {QXP (T%) - 1} (59)
In the above equations, j, is the exchange flux which is a function of the concentrations of the reduced and oxidized species:
jo=F(k:Co)" (kaCr)" (60)

where I, and k, are the anodic and cathodic reaction rate constants, respectively. Co and Cy are the concentration of oxidized and reduced
species, respectively. To compute the entropy production numerically using Eq. (57), the charge transfer coefficients, corrosion potential,
and corrosion current densities must be obtained from the potential (V) versus current (A) Tafel test measurement.

Entropy Generation due to Electrochemical Reaction Overpotential

The entropy production due to chemical reaction overpotential is given by

l t
ASTeact = T/ (Z;: 1 I)]'Aj)d[wn' (61)

to
1

’

where r is the number of chemical reactions involved, T is the absolute temperature, v; is the chemical reaction rate in units of mol s~
and A; is the chemical reaction affinity in the units of kJ mol 1.

Typically, the contribution of chemical reaction overpotential is smaller than the activation overpotential mechanism if only a
few chemical species interact in the corrosive environment. The calculation of Eq. (61) requires the determination of chemical
reaction rate and chemical affinity. In this model, entropy production due to corrosion focuses only on the simple redox reaction
when metal is submerged in the salt solution, as follows.

On the anode side, loss of electrons occurs

Fe <> Fe?" + 2¢~
On the cathode side, the evolution of dissolved oxygen
0, + 2H,0 + 4e”«—4(OH)~ (62)

Therefore, the number of chemical reactions involved r in this case is equivalent to 2. We use the chemical reaction rate v and
electrochemical affinity A of metal dissolution and dissolved oxygen reduction to estimate entropy production. However,
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Fig. 13 Tafel plot of the 16 samples (after corrosion immersion for 20 days) in 5 wt% NaCl solution.

calculating the reaction rate v, requires parameters such as reaction rate constants k,, k., and the concentration of oxidized and
reduced species Cp and Cg, respectively (Lim, 2014; Page, 2007; Popov, 2015).

Electrochemical Corrosion Tests

The corrosion reaction measurements are required for determining some electrochemical material constants. They are measured by a
potentiostat (Fakhri et al., 2019; Refait et al., 2020; Eyu et al., 2016; Komalasari et al., 2020), which is a three-electrode system composed of
a reference electrode (RE), a counter electrode (CE), and a working electrode (WE). Fig. 12 shows the setup of the electrochemical cell, in
which the central test specimen (A656 grade steel) is the working electrode (WE), a rolled-up stainless steel wire mesh encircling the test
sample is the counter electrode (CE), and a saturated copper-copper sulfate electrode (CSE) is the reference electrode (RE) (Zhang et al,,
2021; Roberts, 1954; Bard et al.,, 2022). Fig. 13 shows an example of the potential vs. current Tafel plot, measured after the sample is
corroded in the salt solution for 20 days. Table 1 shows an example output from the potentiostat.

Fatigue Life Estimation for Pre-Corroded Samples Subjected to Ultrasonic Vibration Fatigue

The thermodynamic state index for a pre-corroded sample subjected to ultrasonic vibration fatigue can be written as

O =1 — exp[—m(Asact + ASpeact + Asy + Asy + Asyp) /R] (63)

Fig. 14. shows the entropy generation and TSI evolution for the corrosion process, respectively. Fig. 15 shows entropy gen-
eration and TSI evolution for the following ultrasonic vibration test, performed using the pre-corroded samples, respectively.

In Fig. 16, it is shown that the corrosion degradation of the steel results in a decrease in fatigue life. According to the simulation,
when the stress amplitude is at 400 MPa, the fatigue life decreases from 2.79-10° cycles to 1.58-10° cycles due to the corrosion
degradation, which is around a 40 % reduction in fatigue life. The corrosion degradation also changes the fatigue failure fracture
mechanisms. For uncorroded samples, ductile fracture happens at high fatigue stress amplitude while brittle fracture only happens
at low-stress amplitude. For the pre-corroded sample, brittle failure was found at all mean stress amplitudes. A more detailed
fractographic analysis of the pre-corroded sample based on SEM images can be found in Lee et al. (2022b).
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Table 1 Example output from the Tafel test
Set Corrosion time Pa (V/decade) pe (V/decade) lcorr (uA) Ecorr (mV) Corr rate (upy)a
3 40 days 0.1140 0.0789 65.6692 —706.3846 473.2154
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Fig. 14 Cumulative entropy production (left) and TSI evolution (right) versus days during the 40-day corrosion immersion,
overpotential and chemical reaction overpotential. The three branches in each graph show the lower bound and upper bound of the entropy
production because the electrochemical constants used in the model are mean values of 16 samples tested.
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Fig. 15 Cumulative entropy production (left) and TSI evolution (right) for the corroded sample during ultrasonic vibration fatigue. It should be
noted that both the entropy and the TSI do not start from zero, because pre-corrosion induces entropy production and TSI evolution before the

fatigue test.

Modeling Fatigue Life and Hydrogen Embrittlement of BCC Steel With Unified Mechanics Theory

The reliability of metallic alloys operating in hydrogen-rich environments such as hydrogen pipelines, hydrogen-burning internal
combustion engines, etc. is important. Studies in the past 40 years have shown that the diffusion of hydrogen into steel and other
metals causes various chemical reactions, hydrogen-material interactions, and microstructural changes. These physical-chemical



Unified Mechanics of Metallic Structural Materials 19

S.. MPa
o (log scale)
3-10%
390
ol . N =57-101
380
o8- N=9.7-10%
370
360
—experimental fatigue curve (corroded)
O experimental fatigue data (corroded)
calculated fatigue curve (corroded)
350 calculation results (corroded)
—experimental fatigue curve (uncorroded)
. N, cycle
—calculated fatigue curve (uncorroded)
: ; ) (log scale)
34D —confidence interval for exp. fatigue curve (corroded)
100 000 1000 000 10 000 000 100 000 000

Fig. 16 Comparison of experimental data with model simulations of the mean stress vs. the number of cycles (S-N) curves for the pre-corroded
and uncorroded samples.

changes in the material include hydrogen embrittlement (HE), and hydrogen environmentally assisted cracking (HEAC). In
particular, hydrogen embrittlement mechanisms, such as hydrogen-enhanced localized plasticity (HELP) and hydrogen-enhanced
decohesion (HEDE) can have synergetic effects in steel depending on the hydrogen concentration level. At concentrations above
and below the critical hydrogen concentration level, HEDE and HELP dominate the embrittlement process, respectively. Different
HE mechanisms result in distinctly different fracture modes, both ductile and fully brittle. In this section, modeling the ultrasonic
vibration fatigue life of bcc steel with a ferrite-pearlite microstructure pre-charged with hydrogen at different concentrations is
presented based on the UMT. The synergetic interaction of hydrogen embrittlement mechanisms in steel and other metallic
materials, i.e., HELP and HEDE at different hydrogen concentrations (HELP + HEDE model of HE) is also presented. Modeling
the synergetic effects between ultrasonic vibration fatigue life and synergistically active hydrogen embrittlement mechanisms in
low carbon bcc steel (S355J2 + N, equivalent to ASTM A656), according to the HELP + HEDE model for HE, using UMT is
presented.

Based on the UMT, the degradation in hydrogen pre-charged steel during ultrasonic vibration is quantified by the thermo-
dynamic state index. The entropy production mechanisms for hydrogen pre-charged steel subjected to ultrasonic vibration can be
classified into three distinct categories (Lee et al., 2023):

1) ASin, is the entropy production due to the electrochemical reaction with hydrogen during the hydrogen pre-charging,

2) AS)uc, is the entropy production due to mechanical loading (ultrasonic vibration),

3) ASy., is the entropy production due to hydrogen-enhanced mechanisms (the synergy of HELP and HEDE mechanism of HE
according to the HELP + HEDE model) and other types of hydrogen-metal interactions and hydrogen damage mechanisms.

The focus of this section is on ASp,, which is composed of five entropy generation mechanisms.
Ashe = Asmp + Ashede + ASdl + Ashl + AShcoup (64)

Where AS,p, AShedes ASai, ASy;, and ASy,yy are entropy generations due to hydrogen-enhanced localized microplasticity (HELMP),
the HEDE process of HE, work of hydrogen-induced lattice dilatation, hydrogen transport, and the coupling of microplastic strain
with transient hydrogen concentrations, respectively. In the following subsections (“Entropy Generation Due To Hydrogen-
enhanced Micro-plasticity (HELMP)"- “Entropy Generation Due To Hydrogen-enhanced Decohesion”), the formulation for two
ASy,  entropy generation mechanism, i.e., AS,,, and ASy,,, are discussed in detail. The other three terms presented in Eq. (64) are
omitted because they have negligible entropy generation contributions (Lee et al., 2023).

Entropy Generation due to Hydrogen-Enhanced Micro-Plasticity (HELMP)

The hydrogen-enhanced microplasticity model used here has the same form as Eq. (49) with a different microplastic strain
increment scheme than Eq. (38). The activated lattice defect sites that lead to stress localization during ultrasonic vibration are
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Fig. 17 lllustration of the synergy of hydrogen-enhanced microplasticity (HELPM) and hydrogen-enhanced decohesion (HEDE) (Lee ef al., 2023),
HELP + HEDE model for HE (Djukic ef al, 2019, 2015, 2016a; Wasim et al., 2021), during high cycle fatigue.

inclusions, vacancies, and dislocations. In the presence of hydrogen, the term “defect” also includes the interstitial and trapped
hydrogen atoms. For the HELP mechanism of HE, the increasing concentration of hydrogen at trapping sites specifically in the
Cottrell field of the dislocation decreases the activation energy for dislocation motion, increasing the deformation in localized
regions near the fracture surface (Robertson et al., 2015; Martin et al., 2019). Assuming the microplastic strain &; is enhanced by the
hydrogen concentration through the same function proposed by (Novak, 2009; Novak et al., 2010), the hydrogen-enhanced plastic
strain rate &, can be expressed by the following relation:

. - P P
&h = &osinh {‘P (~ ¢ 1) } — (65)

i at

Where ¥ is a positive dimensionless slip activation energy parameter as a decreasing function of hydrogen concentration, which is
used to account for the effect of the activation energy required for dislocation motion. £, is a reference strain rate, ¢ is the von
Mises effective micro-stress, ¢ is the deviatoric micro-stress tensor,and y is the initial micro-yield stress of the material, as a
function of hydrogen concentration. n is the hardening exponent, and «* is the microflow stress over and above the initial micro-
yield stress. The evolution of the flow stress is given by

k'=[H-R- K“]é‘; (66)
where H is the hardening coefficient and R is the dynamic recovery coefficient, both are functions of hydrogen concentration.
The material parameters as a function of hydrogen concentration in trapping sites, Cr in Egs. (65) and (66) are assumed to
have the following linear relations (Novak, 2009; Novak et al., 2010),

P(C) =W (1 . wﬁ); 7(C) =Y0<1 +yﬁ); f1(c) =H0(1 mﬁ) (67)
CO CO C0
where Cr/Cy is the normalized hydrogen concentration in trapping lattice sites, Cy is the maximum possible range of Cr. V.,
v, and H, are positive dimensionless constants representing the hydrogen-induced plastic softening, the blocking of Frank-Read
dislocation sources by hydrogen, and the hydrogen-assisted hardening, respectively (Novak, 2009). They can be experimentally
measured by pre-charging a test sample to Cr = C, level, then obtaining H, = (H — Hy)/H, when Cr = C,.
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Fig. 18 lllustration of the HEDE interaction between hydrogen and dislocation, adapted from Novak, 2009; Novak et al., 2010; Li et al., 2020).

Entropy Generation due to Hydrogen-enhanced Decohesion

If hydrogen concentration in the sample is above the critical value, such that the HEDE mechanism takes place and becomes
prevalent, we assume that the HELP and HEDE mechanisms happen simultaneously (HELP + HEDE) at the same defect sites (i.e.,
vacancies, inclusions, dislocations cross-slips, or hydrogen solute atoms) (Novak, 2009; Novak et al., 2010; Li et al., 2020). Fig. 17
illustrates the two-stage model for the formation of the microplasticity region (stage I), and the synergy of hydrogen-enhanced
microplasticity (HELPM) (Lee and Basaran, 2022; Lee et al., 2022a,b, 2023) and hydrogen-enhanced decohesion (HEDE),
according to the HELP + HEDE model for HE by Djukic et al. (2019); Popov et al. (2018); Djukic et al. (2015, 2016a); Wasim
et al. (2021); Wasim and Djukic (2020); Djukic et al. (2014, 2016b) (stage II) during high cycle fatigue (Lee et al., 2023). The stress
in the microplastic region is below the macroscopic yield stress.

According to HELP mediated HEDE model for HE (Robertson et al., 2015; Martin et al., 2019), hydrogen facilitates dislocation
movements due to the HELP mechanism and leads to high-density dislocation pile-up (Novak, 2009; Novak et al., 2010; Nagao
et al., 2018). As a result of hydrogen-enhanced dislocation movement, the hydrogen trapped and transported by dislocations
increases hydrogen concentration at the carbides (Novak, 2009; Novak et al., 2010), as shown schematically in Fig. 18, grain
boundary (Nagao et al., 2018) and other defect sites acting as dislocation barriers, leading to the interface decohesion due to HEDE
activation (Djukic et al., 2019; Popov et al., 2018; Djukic et al., 2015, 2016a; Wasim et al., 2021; Wasim and Djukic, 2020; Djukic
et al, 2014, 2016b), see Figs. 17 and 18. Therefore, the synergistic effect of HELP and HEDE mechanisms leads to the brittle
hydrogen-assisted fracture and microstructural evolution under intergranular fracture (Robertson et al., 2015; Martin et al., 2019;
Novak, 2009; Novak et al., 2010; Djukic et al., 2019; Popov et al., 2018; Djukic et al., 2015, 2016a; Wasim et al., 2021; Djukic et al.,
2014, 2016b; Nagao et al., 2018).

The decohesion entropy generation due to the hydrogen-enhanced decohesion (HEDE) mechanism of HE ASy,,, is given by the
following relation,

. iy
Ashede: / (vaha/u/Tpdt (68)
to

Where, @ is the thermodynamic state index, f,is the volume fraction of activated micro defects, ha/v is the surface area to volume
ratio, used to convert the entropy unit from J/(K-m?) to J/(K-m?) and 7p is the rate of plastic work of the decohesion process, T is
the absolute temperature. Assuming the carbide particles that result in decohesion at a carbide/matrix interface are all spherical,
hayy = 4.84. 7, is a function of interface hydrogen coverage as well as thermodynamic parameters. A detailed discussion of y;, can
be found in Lee et al. (2023), therefore we do not repeat the mathematical derivation here.

Fatigue Life Estimation for Hydrogen Embrittled Steel Subjected to Ultrasonic Vibration Fatigue

The thermodynamic state index evolution for ultrasonic vibration fatigue of pre-hydrogen embrittled steel can be given by
m
®=1—exp [ff (Asorr + ASyec + Ashe)] (69)

In which As,,, is the specific entropy generation due to elastic fatigue loading discussed in Sections “Predicting High Cycle
Fatigue Life with Unified Mechanics Theory” and “Modeling Ultrasonic Vibration Fatigue”, As., is the specific entropy generation
due to corrosion discussed in Section “Modeling Fatigue of Pre-Corroded Body-Centered Cubic Metals with Unified Mechanics
Theory”, and Asy, is the specific entropy generation due to hydrogen-enhanced mechanisms, i.e., simultaneously active HE
mechanisms such as HELP and HEDE (HELP + HEDE) discussed in Section “Modeling Fatigue Life and Hydrogen Embrittlement
of BCC Steel with Unified Mechanics Theory”. Fig. 19 shows the contribution of entropy generation from elastic fatigue loading
and hydrogen embrittlement, mechanisms. It is verified that hydrogen-enhanced entropy production mechanisms other than due
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Fig. 19 The entropy contribution percentage of each mechanism under different vibration mean stress amplitudes, considering Cr = 0.5G,.

to the HELP (HE microplasticity) and HEDE (HE decohesion) mechanisms of HE are negligible (Lee et al., 2023). The entropy
generation due to internal friction and thermal conduction, in the category of elastic fatigue loading, are also as important as HELP
and HEDE. Fig. 19 does not include corrosion entropy production because the corrosion mechanism is not activated concurrently
with elastic fatigue loading and hydrogen embrittlement. [it is assumed that the sample is pre-corroded and then subjected to
cycling fatigue loading]. However, corrosion entropy generation is non-negligible since it gives initial TSI evolution before the
elastic fatigue and the hydrogen embrittlement.

Based on the TSI evolution equation for the pre-hydrogen charged sample under ultrasonic vibration, we can establish the
simulated S-N curve, as shown in Fig. 20. From Fig. 20, we observe that the fatigue life of hydrogen pre-charged steel is reduced
compared to the reference sample (no pre-corrosion or pre-HE). The fatigue life reduction from the reference sample to Cr = 0.05C,
sample mainly results from the decrease of microscopic yield stress due to corrosion damage during hydrogen pre-charging. As for the
comparison between three hydrogen-charged samples at different H-trapping concentrations (Cy = 0.05,0.25,and 0.5Cy), the
reason for fatigue reduction is because of the increasing trapped hydrogen concentration Cr induces greater hydrogen-enhanced
localized microplastic strain (HELMP), according to Eq. (67). However, meanwhile, the hardening modulus H and yield stress j are
slightly increased due to higher C; that cause the material to become more brittle and less ductile. Therefore, higher trapped
hydrogen concentration does not lead to fatigue life reduction, particularly at fatigue stress amplitudes below 395 MPa, see S-N
curves for higher Cr = 0.5Cyvs Cr = 0.25C, shown in Fig. 20.

It should also be emphasized that this result only applies to ultrasonic vibration fatigue, which operates at 20 kHz cyclic
loadings within the material’s linear elastic range. Because according to the presented model, the density of hydrogen trapping sites
at dislocations is assumed to remain constant at various fatigue stress amplitudes (Lee et al., 2023). This assumption lowers the
contribution from the HEDE mechanism of HE, compared to low cycle fatigue, where material experiences microplasticity.

Low Cycle Fatigue Life Prediction

Material degradation is a manifestation of internal energy dissipation. In Newtonian continuum mechanics, degradation evolution
is modeled using empirical functions obtained by curve fitting a function to degradation test data. Using such an approach, the
thermodynamic consistency is lost and also, and the models become case specific, (for example the degradation evolution
function/potential obtained from a low-frequency loading does not apply to high-frequency loading). Empirical evolution
functions often require dozens of curve-fitting parameters with no physical meaning as the number of dissipative mechanisms
increases.

The rate-independent stress-strain response of metals undergoing plastic deformation can be formulated as follows. In the
absence of kinematic hardening, the following additive decomposition of the Helmholtz free energy function is assumed,

Y (e, ;0) = PE(e5,@) + P! (h, D) (70)
where, WP is the elastic strain energy and P! is the free energy from the isotropic hardening. In Eq. (70), the hardening flux
parameter h evolves with plastic strain. Using Eq. (70), Eq. (79), and generalized Hooke's law, the following form of free energy is
obtained,

1 1 .
W(ef, ;®) = E(1 - @)(isfcksfnm + 2/1&5,3;) +(1- Q))?Khrﬂ (71)
A power-law model for isotropic hardening is assumed, where K, and r, are the isotropic hardening material parameters, @ is

the thermodynamic state index, 4 and u are the lame’s constants, ¢° is the elastic strain tensor. The material model used in this
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Fig. 20 Unified mechanics theory-based simulated ultrasonic vibration fatigue S-N curves for the hydrogen pre-charged S355J2 + N steel
samples (HELP + HEDE model) at different hydrogen trapping concentration levels Cr compared to the reference sample.

numerical model is independent of the strain rate and the temperature and hence the strain rate hardening behavior and
temperature effects, including the thermal dissipation are not considered. The conjugate force is given by
a
=p—Y 72
o=p2 (72)
Where ¢ is the stress tensor, p is the mass density. The following yield function is used for the example titanium alloy Ti-6Al-4 V
simulated here

7”(0‘,H;(I)):0';q— (oy, +H) (73)
where, aeq are the Von-Mises equivalent of stress, g, represents the initial yield stress and H represents the hardening stress. Using
the normality rule, the plastic strain rate ¢” is given by the following equation.

1 3 S’,,

2P ij
&= — 74
g (1-0)2 JBJ (74)

where, I" is the consistency parameter, S is the deviatoric stress tensor. We write the norm of the plastic strain rate to quantify the
consistency parameter, I,

2 1
P Pﬂ
KN A F(17<1>)

We can define the following relationship between i and ég, which stipulates that isotropic hardening will decrease as degra-
dation increases according to the second law of thermodynamics.

h—s"(lftb) (76)

During low-frequency low-cycle fatigue loading there are six entropy generation mechanisms. Under low strain rate loading at
low cycle fatigue loading the largest entropy generation is generated by the plastic work. Other entropy generation mechanisms’
magnitudes are smaller by orders of magnitude. Accumulated specific entropy at the n" strain increment is computed as follows,

n:%2 (77)

Where, As, is the accumulated specific entropy, p is the mass density, T is the temperature, ¢ is the stress, and &P is the plastic strain.
In Eq. (77), the incremental TSI is calculated as follows,

D =D, [l — exp<fAsi %ﬂ (78)

Where, @ is the critical TSI value. The constitutive relation in simplified form can be written as follows,

(75)
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Where, g5, and &, are the stress and strain tensors in indicial representation. The tangential constitutive tensor %y, is related to the
virgin state of the material.

Using ABAQUS user-defined material model subroutine option, Eq. (72) through Eq. (76) are solved. The constitutive model is
implemented to simulate monotonic stress-strain responses as shown in Fig. 21 for the Ti-6Al-4 V alloy ASTM standard-size
sample.

Using a three-dimensional model, the low cycle fatigue life of Ti-6Al-4 V alloy is simulated. Total strain amplitude versus the
number of cycles is shown in Fig. 22 for the test data, 1-D analytical model, and 3-D model simulation results. The 3D model’s
number of cycles to the failure simulation data point is not shown for the total strain of 0.008, because of the extensive
computation time required. Details of the simulation are given in Bin Jamal et al. (2019).

Single Crystal Plasticity-Based Thermodynamically Consistent Flow-Stress Model

Consider a single crystal body # as the reference configuration whose material point is 2, then the motion of the material point is
defined by,
x=y(X,t) (80)

Where, X and x are the material coordinates of the body, B in the reference configuration and current configuration, respectively.
The slip, Sj in the single crystal lattice is defined by the Schmid tensor as follows,

St = s, Qmi (81)
Where, s and mg are the slip directions and slip plane normal, respectively, for slip plane o, where o= 1, 2, 3... N number of slip

systems with each local slip rate, 7", Using the elastic-plastic decomposition of the deformation gradient, and Eq. (81), the
following equation is obtained for the velocity gradient, L of the deformation.

N

L=1°+F° (Z (Sg®mg)/rot> Fe—l (82)
a=1

Where, F¢, and L° are the elastic part of the deformation gradient and velocity gradient tensors respectively. The total internal

power is given by,

‘aj)im = gfm + ‘aj)fnt (83)

Where, #5 and #} represent the internal elastic power and internal plastic power, respectively. The 5, can be assumed to be
independent of dissipation. This assumption is not true in the strict sense of the second law of thermodynamics. However, because
the elastic process dissipation is smaller than the plastic process dissipation by orders of magnitude, therefore, it is acceptable to

ignore it. The external power is given by,

P = / t(n) da + /fb.y‘dv (84)

Where, t(n) and f, represents surface traction acting on the differential element area, da, and the body force acting at differential
volume, dV at the macro level, respectively. For a virtual displacement, y, the following equation is obtained using Eq. (82).
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o=1
Where,
F=vy (86)

Hence, the total internal virtual power in Eq. (83) is given by,

- le N o [0}
P = /s@:F dv+/2(1fq>“)x”y ‘dv — /Z “’Y“d v (87)

a=1 a=1
The principle of virtual power states that, Pint = Pex. For a virtual displacement, )7, such that, ’}~’Z = 0, the principle of virtual
work is applied to the single crystal system. Using the frame invariance principle, the following equation is obtained for internal
virtual power,

%mf/Te EdV-i—/Z(l—(D“ 'y ZE) P\ (88)

Where, E¢, T¢, and x* are the Green-Lagrange strain, Cauchy stress, and shear strength of each crystal slip system,o, respectively.
Superscript « indicates the parameter is for a specific slip system in a single crystal. Using the principle of virtual work, the force
balance equation in terms of Cauchy stress can be written as follows,

(det(F)(Vi.T))+f,=0 (89)
The single crystal flow rule can be given by the following relation.
do”
o _ o _/ oL I
T —(1 () ar );{ szgn(Y ) (90)

The macroscopic equilibrium Eq. (89) is to be solved using an appropriate time integration scheme, along with the micro-flow
stress rule in Eq. (90) for each slip system. Using averaging scheme for Eq. (90), a single-crystal average flow stress model is derived
for the high strain rate dependent mechanical response, as follows.

T=(1-0)x sign(T) (91)
Where,”Y, 7, ®, and ¥ are the single-crystal average shear strain rate, the single-crystal average shear stress, the single-crystal average
thermodynamic state index, and the single-crystal average shear resistance, respectively. The single crystal flow stress break-down in
the post-yield regime is given by Voyiadjis and Abed (2005b),
T = Ty + Tath (92)
Where the terms 1y, 7y, T4 represents the total flow stress, the thermal component of flow stress, and the athermal component of
the flow stress, respectively. Dislocation generation, motion, annihilation, and interaction with grain boundaries have been
considered, and an average micromechanics scale shear resistance model for x has been reported by Voyiadjis and Abed (2005a,b).
This model is utilized here. To calculate the average TSI, @, in Eq. (91), various entropy generating micro mechanisms are
considered at high strain rate. There are six dominant entropy generation mechanisms, in the single crystal’s thermodynamic
fundamental equation given below.
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As; = piT (A + A" + Auty” + A 4 A= + A, ) (93)
Where, p and T are the mass density and temperature (K), respectively. The change in specific entropy, As; includes energy
dissipations due to dislocation mobility, Aw™; mobile dislocation generation, Awt"; immobile dislocation generation,Awt.;
dislocation annihilation, Aw™"; change in vacancy concentration due to diffusion, Aw}"*; and internal heat generation, Aw™ . At
high strain rates, there is considerable internal heat generation. At KHz loading frequency entropy generation due to internal heat
generation (phonon scattering) is comparable to plastic work or can be bigger. Hence the thermo-mechanically coupled equations
must be used. Using unified mechanics theory, a micromechanics-based model the fully coupled thermo-mechanical equation is
derived. To estimate the energy dissipation, Awi", , change in temperature needs to be calculated. The change in temperature can

be calculated using the unified mechanics theory based thermo-mechanical equation, as follows,

drag , [1yP 2 2
Td 5 B (T 1 b oppb  _op
AT=—Y" At+— +——A0——— Y At — Z,5(T — T 94
pey pey <me) 20000 ooy V@ ea(T = To) ©4)

Where, AT is the change in temperature, 7, is the crystal average shear stress, p is the mass density and ¢ is the dislocation density
in a single crystal, cy is the specific heat capacity, ¢, is the mobile dislocation density in a single crystal, T, is the initial
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temperature, oy is the Taylor hardening coefficient, b is the magnitude of Burgers vector, u is the shear modulus, and 7, = 4t

the time factor to characterize the local heat loss. !

This model also introduces entropy generation due to vacancy diffusion at high strain rates which is generally neglected in
dislocation plasticity-based models. The model is validated for mild steel test data for a wide range of strain rates. Engineering
stress-strain predictions are shown in Fig. 23 (a) and the internal heat generation predictions are compared with Taylor-Quinney
empirical model predictions as shown in Fig. 23 (b).

is

Conclusions

The central focus of this chapter was to provide simple examples of using unified mechanics theory for modeling metallic
materials’ response without relying on empirical dissipation/degradation functions/potentials obtained from test data by curve-
fitting. The dynamic equilibrium equations in unified mechanics theory do not involve any ad-hoc damping term “C”. The energy
loss is automatically included in the governing equations using a thermodynamic fundamental equation. The equilibrium
equation in the unified mechanics theory is a function of the entropy generation, as a result, there is an additional derivative with
respect to entropy that does not exist in Newtonian continuum mechanics.

Thermodynamic fundamental equations for the low cycle, high cycle, ultrasonic vibration fatigue, electrochemical corrosion,
and hydrogen embrittlement metal structural materials have been derived and validated against test data,

It is shown that the thermodynamic state index can be used both at the micromechanics and continuum levels. It is shown that
the TSI can be applied at different lengths and time scales.
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