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Unified comprehension of the kinetics of isothermal ceramic processes
under field-free and resonant wave-field conditions
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Abstract

This paper proposes a unified comprehension of the isothermal ceramic process kinetics stemming from mesoscopic irreversible
thermodynamics. Accordingly, a unified process kinetic equation (UPKE) is derived, which predicts that the global isothermal
process rate of any ceramic process is, in general, nonlinearly related both to its activation energy and its affinity. Nevertheless,
for a low-affinity ceramic process conducted either in a field-free or resonant wave-field condition, its global isothermal rate,
according to the proposed UPKE, is approximately linearly related to its affinity in the spirit of Fick’s diffusion law. Therefore, the
rate enhancement of a low-affinity process occurring in any resonant wave-field may be caused either by a reduction in activation
energy, as in microwave-enhanced sintering, or by activation energy reduction along with an affinity augmentation, as in microwave-
assisted glass-crystallization. Conversely, for a high-affinity ceramic process, e.g., a chemical reaction, the ‘degenerate’ UPKE
predicts that its kinetics is exclusively dictated by the activation energy in the spirit of Arrhenius’s rate law. Hence, isothermal rate
enhancements of chemical reactions in ceramic processing under resonant wave-field conditions are believed to predominantly

result from a field-induced reduction in activation energy.

Keywords: irreversible thermodynamics, mesoscopic (meso), total chemical potential, unified process kinetic equation (UPKE),

resonant wave-field (WF), rate (kinetics) enhancement.

INTRODUCTION

In a recent publication [1], this author presented a field-
augmented irreversible thermodynamic approach to semi-
quantitatively describe materials process rate enhancements
under coherent, polarized, resonant (CPR) microwave
irradiation. A linear rate-force kinetics for ceramic
processes under resonant microwaves was thus formulated.
Yet, the rationale accordingly developed was strictly
applicable to the understanding of the enhanced kinetics
of microwave-assisted, low-affinity (diffusion-controlled)
ceramic processes including accelerated isothermal solid-
state powder-sintering and glass-crystallization under
microwaves. This paper presents a refined irreversible
thermodynamic approach stemming from a unique
mesoscopic process-energetic model and develops a unified
comprehension of all isothermal ceramic process kinetics.
Accordingly, a unified process kinetic equation (UPKE) is
subsequently derived for characterizing kinetics of ceramic
processes of both low and high affinities in the presence or
absence of a resonant wave-field.

ISOTHERMAL PROCESS KINETICS - A
MESOSCOPICIRREVERSIBLETHERMODYNAMIC
MODELING

In irreversible thermodynamics, as long as a stationary,
nonequilibrium, macroscopic system complies with the
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local instantaneous equilibrium hypothesis, the ‘local” 2™
law stated in Eq. A holds for any mesoscopic, isothermal,
isobaric, irreversible matter transformation or transport
process occurring within the system [2-5]:

T.0(€) = 0(8).[-0nE)/9E] > 0 (A)

where o(&): the entropy production rate of a meso-volume cell
in the system due to matter flow along any isothermal,, internal
process coordinate, E; T: thermodynamic temperature; Q(&),
W(E): local rate and total chemical potential, respectively,
of the mesoscopic matter process along &; and -du(E)/9&:
conjugate molar force driving the meso-process. According
to Eq. A, 0(§) and -0(&E)/dE must have the same sign. One
may thus apply Onsager’s phenomenological rate law to
describe any mesoscopic materials process occurring within
a global nonequilibrium system as:

0(€) = ME).[-9(E)/9E] (B)

where ME): a E-dependent, (Onsager’s) phenomenological
kinetic coefficient. The validity of Eq. B sustains for
most physical and chemical processes encountered in
ceramic processing; its applicability only fails in domains
of extremely fast processes either with abnormally low
activation energies or driven by very high-frequency/
intensity external fields [1, 2, 6].

A thermodynamically-based model for materials
process kinetics: according to mesoscopic irreversible
thermodynamics [4], most isothermal solid-state processes,
kinetically, obey Onsager’s phenomenological rate law,
i.e., Eq. B. At the same time energetically, typical matter
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transformations or transports occurring during these
processes would proceed along an activated, Prigogine-
type internal (mesoscopic) coordinate. Consequently,
the total chemical potential, &), along the mesoscopic
process coordinate, &, of any isothermal solid-state process:
converting initial-state o into final-state 3, as demonstrated
in Fig. 1, can be evaluated (see analysis in Appendix I):

M(E) = W(+R Tn(y.c(E)c )+ ©)

where p(a): total chemical potential of any pure solid matter
at its initial state, a; R: universal gas constant; y: activity
coefficient; y=1 for ideal mixings, equals a dimensionless
constant for dilute mixings; c(€), c: concentration of the
transition complex created along the coordinate £ and the
standard-state concentration (=1 M), respectively, both at
the same temperature; Z: activation energy of the isothermal
process. Note: £>RT and is assumed uniform along &.
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Figure 1: A schematic showing the total chemical potential
variation along any isothermal mesoscopic process coordinate, .
The transformation/transport process, converting matter from its
initial-state o into its final-state f3, is envisioned as a diffusion,
transferring the transition complex along & over the activation
energy barrier, Z, through the entire meso-process path-length, 9,
and subsequently into the final-state 3. Note: £>RT.

Deriving a unified process kinetic equation (UPKE):
applying Eq. C, one may first express the concentration of
the transition complex formed along the coordinate, &, as a
function of the total chemical potential, (&), by:

c(®) = (¢ /) {exp{[uE)- VR T)} exp[-A(RD]} (D)

Next, via a direct comparison between the formalisms of
matter fluxes in irreversible thermodynamics and classical
mechanics, one may also relate Onsager’s phenomenological
coefficient, M), as stated in Eq. B, to the concentration of
the transition complex, c(§), by [5]:

AME) =M.c(¥) (E)

where Ul is the molar mobility of the transition complex
created in the process, a material constant at a given
temperature under the standard-state pressure (=1 atm).
Now, combining Eqs. D and E, followed by substituting

the subsequent result of A(§) into Eq. B, one then obtains
a revised version of Onsager’s phenomenological rate law,
which describes the local rate of any isothermal meso-matter
process as:

0(&) = (l.c /y).exp[-E/(R.T)].
exp{[W(E)-W()/(R.T)}.[-0(E)/IE] = (F)
(R.T.c /v).exp[-Z£/(R.T)].
{-0/9&{exp{[WE)-UW)]/(R.T)}}}

Eq. F suggests that the local rate of any isothermal meso-
matter process is neither linearly related to its activation
energy, A&, nor to its driving force, -dW(&)/dE. Since the
local rate of any stationary activated process could be
approximated to be constant everywhere along its meso-path
[4], integrating Eq. F along the meso-coordinate, 0<E<d
(Fig. 1), using the initial state: W(E=0)=w(a), and the final
state: W(E=0)=u(p), one may then express the global steady-
state rate, Q, for any isothermal matter process, o=, as:

0 =R.Tllc/(y.9).exp[-£/(R.T)].
{-exp{[(B)- ) /(R T) }+exp{ [ a)- i) /(R.T)} } =
R.T.c /(y.0).exp[-A/(R.T)].
{1-exp{[(B)-WW)]/(R.T)}} = G)
R.T.c /(y.0).exp[-A/(R.T)].

{l-exp[A .WR.T]} =

R.T.lll.cQ/ (v.9) exp[-ZE/(R.T)].{1-exp[-A/(R.T)]}

where A p=p(p)-p(a): total chemical potential change of the
isothermal process, a=>f, A=-A u: affinity of the process.
Since A u<0 in any spontaneous isothermal, isobaric
process, the affinity, A, of the process is always positive and
finite.

Derived from irreversible thermodynamics and
dimensional correctness verified (Appendix II), Eq. G, a
unified global kinetic equation for isothermal materials
processes (UPKE), states that the rate of any matter
transformation/transport is, in general, nonlinearly
related both to the activation energy and the affinity of the
process. Accordingly, if a process is at (thermodynamic)
equilibrium, i.e., A=0, its rate, 0, must also be zero.
On the other hand, a ‘negligible’ rate, @, of any highly-
activated (Z£>>RT) process at temperature does not
necessarily indicate an establishment of equilibrium of
the process if the affinity, A, is not insignificant. Kinetic
perceptions derived from the proposed thermodynamic
modeling are thus consistent with those evolved from
the classical kinetic theories of mass action and matter
transport [2, 3,7, 8].

SIGNIFICANCE OF RESONANT WAVE-FIELDS ON
ISOTHERMAL CERAMIC PROCESS KINETICS

According to classical thermodynamics, the total
chemical potential of a single-component ceramic at a given
temperature, T, and pressure, m, in a field-free (zero-field)
environment is [1, 6]:
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W= i (H)

where p°, u™, and p° are the total chemical potential, the
bulk chemical potential, and the surface chemical potential
of the dielectric ceramic body under any field-free, constant
temperature, and constant pressure condition, respectively.
Resonant wave-fields and their effects on total chemical
potential: effective field-energy used in ceramic processing
is frequently cyclic, coherent, and resonant electromagnetic
or acoustic in nature. As long as the frequencies of these
incident waves, e.g., electromagnetic microwaves or
acoustic ultrasonic waves, are significantly lower than the
thermally-induced molecular/ionic vibrational frequency of
the irradiated system, the local instantaneous equilibrium
hypothesis allows all related intensive thermodynamic
properties to be instantaneously defined at any meso-volume
element (cell) within the overall nonequilibrium system [1,
4, 5]. In scenarios of any linear, isotropic, homogeneous
ceramic dielectric body exposed to a uniform, coherent, and
resonant wave-field, the time-averaged, molar work done by
the resonant wave-field is expected to become as the field-
induced chemical potential of the body, u', as [1, 6]:

W= MV =< wP>+<wM>
=(€2/4) [e_ .(e™-1).E *]+(€2/4).[u .(u,"*-1).H *] (Ta)

for any exposure of the ceramic body to a resonant
microwave field (MWEF); or

p = pUst = <wl> = 272.Q.d (v .§)? (Ib)

for any exposure of the ceramic body to a resonant ultrasonic
wave-field (USF). In Egs. Ia and Ib, <w™>= (€24)[e (g™-1)E?],
<wM>= (U4 (L™*-DH ?], and <wU>= 2°Qd(v§)? are
the time-averaged, resonant molar dielectric, magnetic, and
ultrasonic (acoustic) work done on the body, respectively.
Also,E ,H :amplitudes of the electric and magnetizing fields
of the applied resonant microwave irradiation, respectively,
R §: maximized relative permittivity, maximized
relative permeability, and augmented cyclic molecular
displacement under the resonant electric, magnetizing, and
ultrasonic fields, respectively, v: frequency of the applied
resonant ultrasonic waves, €, d: molar volume and mass
density of the ceramic, respectively, and € , | : permittivity
and permeability of vacuum, respectively.

In resonance physics of matter, the maximized relative
permittivity, €™, and maximized relative permeability, ™",
in a resonant microwave field, as well as the augmented cyclic
displacement of molecules, §, in a resonant ultrasonic wave-
field, could be orders of magnitude higher than their non-
resonant counterparts. It is thus anticipated that under a resonant
microwave or ultrasonic wave-field, the field-created chemical
potential, uF, could be comparable to typical solid-state molar
bond-energy [1, 6, 9]. Consequently, if any one-component
ceramic body is exposed to a uniform, resonant wave-field at a
given temperature and pressure, the total chemical potential of
the body, u*F, may be augmented and expressed as:

Y = o = )

Since pF is a significant positive quantity, uVF, the total
chemical potential of the ceramic body under a uniform
resonant wave-field, as per Eq.J, may be considerably greater
than the total chemical potential of the same ceramic under
its field-free condition, p° [1, 6]. Consequently, a resonant
wave-field could significantly promote the total chemical
potential of a ceramic even at a condition of constant
temperature, pressure, and composition as illustrated in Fig.
2: p°(a) is promoted to p () in the initial-state a of the
ceramic; u°(P) is elevated to () in the final-state [3 of
the ceramic. Both potential augmentations occur due to the
applied resonant wave-field, WF.
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Figure 2: A schematic showing the total chemical potential
variations along the mesoscopic paths of the isothermal ceramic
processes under field-free and WF conditions. These two matter
processes, both converting a ceramic from its initial-state a into
its final-state {3, are envisioned as individual diffusion processes,
transferring transition complexes along a mesoscopic process
coordinate, &, over the activation energy barriers, £° and £"F,
respectively, through the entire process-path-length, O, and
subsequently into the final state. Note: both E° and E"" >RT.

Enhancements of ceramic processes in resonant wave-
fields - a unified comprehension: promotion of total chemical
potential of a ceramic system in a resonant wave-field
may not only augment the isothermal thermodynamics
(instability) of the system but may also enhance the
isothermal kinetics of any macro-process occurring within the
affected nonequilibrium ceramic body. Two measurable and
controllable process kinetic factors (variables) accordingly
affected in a resonant wave-field are the activation energy,
Z, and the affinity, A. Referring to Fig. 2, field-modified
activation energy is expressed as AEV'=/AE°-p-(a). Since
Wi(a)>0, £V is always lower than its field-free counterpart,
Z°. Alternatively, the field-augmented affinity is expressed
as  AVT=A°-[WF(B)-wW(a)]. For any thermodynamically
favorable process converting a ceramic from an initial-state
o into its final-state 3, the condition of pf(B)<p"(c) usually
holds. Therefore, the affinity of a field-assisted process,
AV at a given temperature may be either greater or equal
to that of its field-free counterpart process, A°. In general,
the scenario of A""=A° applies to non-reactive sintering and
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grain growth processes, whereas the scenario of AV'>A°
most likely applies to physical phase transitions and
chemical (compositional) transformations. Consequently,
if one employs the knowledge of EVF<AE° and AVF=A°
in conjunction with the proposed UPKE, i.e., Eq. G, one
may readily optimize and accelerate the global rate of any
ceramic process at a given temperature by applying a proper
resonant wave-field.

CHARACTERIZING ISOTHERMAL CERAMIC
PROCESS KINETICS UNDER FIELD-FREE AND
RESONANT WAVE-FIELD CONDITIONS

The global steady-state process rate of any isothermal
ceramic process, Q, predicted by the proposed UPKE (Eq.
G), is nonlinearly related to two key process factors: the
activation energy and the affinity. These two factors, on the
other hand, are experimentally controllable and measurable.
Hence, one could directly use the equation to characterize
the kinetics of all types of isothermal ceramic processes. Yet
to effectively apply the proposed UPKE to daily processing
investigation, one may further categorize common ceramic
processes into two main types, then characterize their
kinetics individually using an appropriately simplified form
of the UPKE as derived in Appendix III.

Type I - matter-transport-controlled processes (physical/
structural transitions): most matter-transport-controlled
processes in ceramics are operated by slow solid-state
diffusion mechanisms, which are typically driven by a
very low affinity [6, 10], i.e., A/(RT)<10?. Examples are
isothermal non-reactive sintering and related processes [11-
15], and glass-crystallization [16, 17] under field-free and
resonant wave-field conditions. Characterizing the kinetics
of these processes may therefore use the approximated form
of the UPKE or Eq. 7 derived in Appendix III:

Q" =M.c /(v.5) exp[-AE/RT)|. A=K exp[-E/RT).A (Ga)

where QT is the global steady-state rate of any isothermal
matter-transport-controlled process in a ceramic, and
K'=llc /(yd) is a material constant for the transport
process at a given temperature. Eq. Ga suggests that the
process rates of these Type I ceramic processes are linearly
related to their corresponding affinity in the spirit of
Fick’s mass diffusion law. The experimentally measurable
process factors, A and A, both determine the kinetics of
these processes (Fig. 3). Any process rate enhancement
in a resonant wave-field in this scenario is, therefore,
attributable to one of the following two reasons: i) a sole
reduction in activation energy of the process induced by
the resonant field [1] as experimentally demonstrated in
microwave sintering of oxides [13-15], e.g., ZE of sintering was
observed to reduce from 575 kJ/mol (conventional heating) to
160 kJ/mol (microwave heating) in high-purity alumina, also
from ~500 kJ/mol (conventional heating) to ~200 kJ/mol
(microwave heating) in yttria-stabilized zirconia, or ii) a
field-induced activation energy reduction accompanied by

field-augmented affinity during the process [1] as observed
in microwave-assisted lithium disilicate glass-crystallization
- the glass, in microwave heating, completely crystallized
within 2 min at 600 °C, whereas in conventional heating, full
crystallization required a significantly higher temperature
(680 °C) and considerably longer time (100 h) [16, 17].
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Figure 3: Not-to-scale schematics demonstrating key process
factors which characterize and control isothermal kinetics of
ceramic processes under field-free and resonant wave-field
conditions: a) activation energy, &, for all types of processes, and
b) affinity, A, particularly for relatively low-affinity processes with
A/(RT)<10.

102 0+

Type Il - reactions  (chemical/compositional
transformations): most isothermal solid-state (chemical)
reactions in ceramic processing, including those occurring
under resonant wave-fields, possess a high affinity [6, 10],
i.e., A/(RT)>10. The kinetics of this type of processes may
thus be described by the degenerate form of the proposed
UPKE or Eq. 8 derived in Appendix III:

o*=R.TllLc /(y.0).exp[-A/(R.T)] = KR exp[-£/(R.T)] (Gb)

where QR is the global steady-state process rate of an
isothermal, high-affinity reaction occurring in a ceramic,
and K*=RTlllc /(y.0) is a process constant for the reaction at
a given temperature. Eq. Gb predicts that the rate of any (high-
affinity) Type II ceramic process is generally independent of
its affinity, as demonstrated in Fig. 3b. Consequently, its rate
is solely governed by a negative exponential function of its
activation energy in the spirit of Arrhenius’s reaction rate law
as illustrated in Fig. 3a. As a matter of fact, reducing activation
energy using an appropriate resonant wave-field is a widely
recognized procedure in achieving isothermal kinetics
enhancements of solid-state reactions in ceramic processing.
Using microwaves, for example, the isothermal kinetics of
CuO reduction reaction was reported to be greatly enhanced
solely due to a field-induced decrease in the activation
energy of the process from 328 kJ/mol (conventional
heating) to 117 kJ/mol (microwave heating) [18, 19]. On
the other hand, enhanced rates of the solid-state reaction in
the Fe,0,-Li,CO, system conducted under ultrasonic waves
between 400 and 500 °C were also demonstrated to result
merely from a field-induced activation energy reduction
from 120 kJ/mol (without ultrasonic waves) to 65 kJ/mol (in
an ultrasonic field) [20].
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CONCLUDING REMARKS

Based on mesoscopic irreversible thermodynamics, a
unified comprehension of isothermal materials process kinetics
was first developed, followed by the derivation of a unified
process kinetic equation (UPKE). The proposed UPKE affirms
that the global rate of any isothermal materials process is, in
general, a nonlinear function of both the activation energy
and affinity of the process. Further, perceptions and rationale
evolved from this UPKE are consistent with those developed
from the classical kinetic theories of mass action and mass
transport. Accordingly, one may use an aptly simplified form
of the proposed UPKE to properly understand, characterize,
and optimize the kinetics of most ceramic processes conducted
under field-free and resonant wave-field conditions. For a
low-affinity, matter-transport-controlled (Type I) process, the
global isothermal process rate, as advised by the approximated
form of the proposed UPKE, is simply linearly related to its
affinity. Hence, the kinetics enhancement of a low-affinity,
diffusion-controlled ceramic process conducted in a resonant
wave-field is expected to be caused either by a reduction in
activation energy, as widely accepted in microwave-sintering
of oxides, or by activation energy reduction together with
affinity augmentation, as revealed in microwave-assisted glass-
crystallization. Conversely, global kinetics of any isothermal,
high-affinity (Type II) process, as per the degenerate form of the
UPKE, is primarily controlled by the activation energy of the
process. Hence, process rate enhancement of any high-affinity,
reaction-controlled ceramic process under a resonant wave-
field is considered to result directly from reduced activation
energy attributable to the field-induced promotion of the total
chemical potential of the initial-state matter during the process.
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MAJOR SYMBOLS

A: affinity

A°: field-free affinity

AWF: resonant field-augmented affinity

/B: activation energy

/ZE°: field-free activation energy

ZEVF: resonant field-modified activation energy
c,: standard-state concentration

c(§): transition complex concentration along §
T: thermodynamic temperature

o initial or reactant state

[: final or product state

v: activity coefficient

0: length of a meso-process-path

\: phenomenological kinetic coefficient

u: total chemical potential

u°: total chemical potential under a field-free condition

W resonant field-induced chemical potential
WVF: total chemical potential in a resonant wave-field
E: isothermal, mesoscopic/internal process coordinate
I pressure

0: global, isothermal, steady-state process rate

0(&): local or mesoscopic, isothermal process rate
o(&): entropy production rate of a meso-volume cell

I: molar mobility
APPENDICES

1) Evaluating total chemical potential along a mesoscopic
process coordinate - a thermodynamic analysis: originally
proposed in [6], this analysis is now revised and completed as
follows: at constant pressure (st) conditions, change in total
chemical potential of a (pure) solid component (substance)
with respect to temperature is:

(OW/aT), = - (1)

where u: total chemical potential, s: molar entropy, and T:
thermodynamic temperature. Now, considering an isobaric
process: converting the component from its initial-state o
into a final-state 3 along any mesoscopic process coordinate
(path), &, one may express the total chemical potential
change during the process as per Eq. 1:

{[nE)-W)/aT} = -[s(E)-s()] @)

where W(E), W(a): total chemical potentials of the transition
complex (the ‘transient-state’ component) along the process
path, §, and the component at its initial state, a., respectively;
s(€), s(a): molar entropies of the transition complex and the
initial-state component, respectively. On the other hand,
given that the chemical potential of any component in an
isothermal and isobaric environment is:

pw=p +R.T.Ina 3)
where a is the activity and p_is the standard-state chemical

potential. Applying Eq. 3 to Eq. 2, d[l(E)-(a)]/dT may now
be written as:

I[E)-W))/aT = 9{R.T.In[a€)/a(c)]}/dT = -[s(€)-s(x)] (4a)
or simply:
Runa(§) = -[s(§)-s(w)] = -As (4b)

where a(§), a(a)=l: activities of the transition complex
along § and the pure a-state component, respectively.
Furthermore, referring to Fig. 1, the total chemical
potential change of the isothermal, isobaric process,
a—>[3, along the mesoscopic coordinate, &, as per Gibbs’s
formalism, is:

H(E)-p(@) = [h(E)-h(a)]-T[s(§)-s()] 5
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where h(§), h(a): molar enthalpies of the transition
complex and the initial-state o component, respectively.
Given that activation energy/enthalpy ZA(E)=[h(E)-h(a)]
and A(E)=A=constant >RT in the domain of 0<E<d as
illustrated in Fig. 1, one, in conjunction with Eq. 4b, may
rewrite Eq. 5 as:

WE)-w(a) = £-T.[s(E)-s(a)] = £+R.T.Ina(§) (6)
Since a(§)=y.c(§)/c,, one may thus express Eq. 6 as:

HE)- ) = A+R.TIn[y.c(E)/c ] (6a)

Via a subsequent term-rearrangement, the total chemical
potential of the transition complex along the mesoscopic
process coordinate, £, may be stated as:

WE) = W()+R Tn[y.c(E)c |+& (6b)

where ¢(§): concentration of the transition complex
along &; c¢=1 M=1 kmol/m’ at a given temperature
under the standard-state pressure (1 atm); and y: activity
coefficient.

1) Verifying dimensional correctness of the proposed
UPKE (Eq. G): 1) Dimensions and units: 1) SI units of
relevant primary dimensions: length (L): m; time (t): s;
amount of matter (N): mol; temperature (T): K; ii) ST units
of relevant derived (nonprimary) dimensions: universal
gas constant (R): J.mol' K'; molar mobility (II): mmol.s' N';
concentration (¢): mol.m?; activation energy (&£): J.mol';
affinity (A): J.mol'. 2) Dimensional correctness verification
of therate, 0, inthe UPKE (Eq.G).Given that the exponential
functions, exp[-Z/(RT)] and exp[-A/(RT)], in the Eq. G are
dimensionless, the dimension of the rate, 0, symbolized as
[o], is thus solely determined by the dimension of the factor,
(RTlc )/(y0),symbolized as [(RTlllc )/(y0)], where yis a dimensionless
constant: [ ]=[@mol! K"K (mmols' N")molm?)m'}, considering
J=N.m, [g]=[mol.m?s"']. Consequently, the rate, @, in
the UPKE has a dimension measuring amount of matter
transformed or transported per unit area in a unit of time.

II1) Deriving simplified forms of the UPKE for
daily-encountered ceramic process characterization:
in order to effectively apply the UPKE, i.e., Eq. G,
proposed in this paper to characterize ceramic process
kinetics, one may first categorize daily-encountered
ceramic processes into two main types, then analyze
their individual kinetics using an aptly simplified form
of the equation as suggested below. 1) Approximated
UPKE for Type I low-affinity process kinetics: for any
low-affinity ceramic process with A/(RT)<102, the process
rate, 0, predicted by the UPKE can be effectively
approximated as:

o= R.T.lll.co/(y.é).eXp[—fE/(R.T)].{ I-exp[-A/(R.T)]}
=RTllc/ (v.0).exp[-£/(R.T)].{1-[1-A/(R.T)]} (7
=llc /(y.0).exp[-A£/(R.T)].A

Therefore, Eq. 7 suggests that the rate of a low-affinity
ceramic process such as sintering or glass-crystallization
is linearly related to its affinity in the spirit of Fick’s mass
diffusion law. 2) Degenerate UPKE for Type II high-affinity
process kinetics: in scenarios of high-affinity ceramic
processes with A/(RT)>10, the UPKE ‘degenerates’. Hence
mathematically, it may be simplified to:

o= R.T.lll.co/(y.f)).eXp[—/E/(R.T)].{l—exp[—A/(R.T)]}
=R.Tllc /(y.0).exp[-&E/(R.T)].(1-0) 8
=R.Tll.c /(y.0).exp[-A£/(R.T)]

As aresult, Eq. 8 predicts that the rate of a high-affinity
ceramic process, e.g., a chemical reaction, is virtually
independent of its affinity. Instead, its kinetics is solely
governed by its activation energy in the spirit of Arrhenius’s
reaction rate law.
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