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In the 17" century, Robert Hooke, an English physicist,
proposed Hooke’s law. Since then, the theory of elastic
deformation in metals has been restricted to a macroscopic
frame that is normalized by Hooke’s law. From the start of the
215 century, Xu has established a microscopic theory of elastic
deformation based on Hooke’s law to describe the reaction
and movement of vacancy and solute atom in metals under
elastic tensile stress [1,2].

In this microscopic theory [1,2], vacancies in the matrix
can be absorbed into grain boundaries and dislocation regions
which work as a trap of vacancies under elastic tension stress
atatemperature. Moreover, the migrating vacancies may drag
solute atoms in the form of vacancy-solute atom complexes
towards the grain boundaries and dislocations, to create an
excess concentration of solutes there. At the same time, a
concomitant but reverse diffusion of solute atoms away from
the boundaries and the dislocation takes place along the
established solute concentration gradient. Accordingly, an
elastic stress aging time or an Elastic Deformation Time (EDT)
must exist at which the backward solute diffusion balances
the forward complex diffusion, and the solute concentrations
at the grain boundary and dislocation reach a maximum value.
This EDT is called the critical time of elastic deformation at
the temperature T expressed as t(T). In the case of grain
boundary, ¢ (T) is given by

tC(T):rzln(DC/Di)/[é(Dc-Di)] )

where D,(T) and D (T) are the diffusion coefficients for
solute atoms and complexes in the matrix, respectively, and
both are affected by the elastic deformation; r is the grain
radius; and 6 is a numerical constant, given by 6 = 6K? where K
=r/L, L is the diffusion length of solute during the critical time
at temperature T. In the case of dislocation, ¢ (T), is given by

2

t,(T)="L ln(Dc/Di)/[6(DC—Di)] @

The maximum concentration of solute under stress
equilibrium in the grain boundary and dislocation regions

Cooen) I formulated as equation (3).
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Coio-0) = Ch(o0) * (Ko/2 /EngV (3)
where €, is the equilibrium concentration of solute

atoms at grain boundaries and dislocations at a temperature
in the absence of stress, o is the tensile stress, Egb is the elastic
or Young's modulus at grain boundary or dislocation, F, is the
formation energy of a vacancy in the boundary and dislocation
region and K is a geometric constant.

Based on Equations (1), (2), and (3), the kinetic equations
are formulated to describe the solute concentration C,(t)
varying with the EDT at the grain boundary or dislocation at a
temperature. For the segregation phase, i.e., when the EDT is
shorter than the critical time, the kinetic equation is

[Ch(® ~ Cp(=0) ]/[Cb(a=0') = Ch(o=0)] 4)
—1-

exp(4 Dct/azdz)en‘c[Z(Dct)l/z /ad]

For the desegregation phase, i.e., when the EDT is longer
than the critical time, the kinetic equation is

[Cy (1) - Cg1/ICy (1)~ Cy]

= (1/2)ferf[(d/2)/[4D; (t~ )]

12 1/2 (>)
1-erf[(~d/2)/[4D; (t - )1 "1}
Where C, is the concentration of solute within the grains,
a=Cy,.,/C,and dis the width of the concentrated layer at the
grain boundary and dislocation [1,3].

The kinetic equations under the action of elastic

www.advancechemjournal.com m


https://crossmark.crossref.org/dialog/?doi=10.29328/journal.aac.1001027&domain=pdf&date_stamp=2022-07-27

A reaction and movement of vacancy and solute atom in metals under elastic tensile stress

tensile stress, (4) and (5), describe the variation of solute
concentration at grain boundaries and dislocations with EDT,
and the variation of metallic micro-structure with the time
of tensile stress action. Hence equations (4) and (5) are state
functions describing the variation of microstructure with EDT
at the atomic level of metals [1,3].

The measurement uncertainty of tensile testing results
influenced by test temperature and strain rate variations is
a widespread characteristic of impurity-containing metals.
The measurement uncertainty results, in general, in current
testing results determined at a given temperature and strain
rate deviating from the original properties of the specimens
possessed before testing. Since the time of Galileo, the results
of tensile testing have been incorrectly interpreted as the
original mechanical properties of specimens, thereby forming
a paradox in the system of tensile testing [3,4].

Based on the microscopic theory of elastic deformation,
the equations (1), (2), (3), (4), and (5), the changes in micro-
structure induced by elastic deformation have been described
at the atomic level so that the concentration of impurity atom
at grain boundaries and around dislocations varies with the
EDT. Different testing temperatures and strain rates induce
different EDT, leading to different impurity concentrations
at grain boundaries and around dislocations, and therefore
different mechanical properties. This is the mechanism for the
measurement uncertainty of mechanical properties in metals.
Hence a new technology system for tensile testing is proposed
by using a curve of “mechanical property-tensile strain rate”
ata given temperature, such as Figures 1,2 the “yield strength-
-tensile strain rate”’curve, and the “reduction of the area --
tensile strain rate” curve [3,4].

The curves and equations (4) (5) establish a relationship
of one-to-one correspondence between the micro-structure
state and macro-mechanical property for the tested metals.
Consequently, the mechanical properties of metals, including
the original mechanical properties, the service mechanical
properties, and the mechanical properties during processing
deformation, these new concepts in metallic mechanics, can
all be characterized through these curves, although these
three kinds of mechanical properties are not identical to each
other [4].
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Figure 1: The “yield strength— tensile strain rate” curve of high-entropy TaNbHfZrTi

alloy at 1073 K. Reprinted with permission from ref [4].
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Figure 2: “Reduction of area -- tensile strain rate” curve for Fe-17Cr steel

determined at 923 K (C) and 873 K (D). Reprinted with permission from ref [4].

A method of measuring original mechanical properties is
given in reference 4 that the faster the tensile strain rate is,
the closer the property on the“mechanical property-tensile
strain rate” curve is to the original mechanical property.
There must be a strain rate that is fast enough to determine
the original mechanical property of the tested metal on the
curve. As shown in Figure 1, for high-entropy TaNbHfZrTi
alloy at 1073 K that the yield strength increases from 285 to
535 MPa when the tensile strain rate increases from about
10%s?t to 103s?, showing the measurement uncertainty of
yield strength relative to the variation of strain rate. With
further increasing strain rate from from 102s*to 10!s! the
yield strength maintains at about 543 to 550 MPa, implying
that the strain rate from 10?s? to 10! s!is high enough to
obtain the original yield strength for the alloy, being about
550 MPa at 1073K [4].

In references 1 and 4, for the first time, a relationship of
one-to-one correspondence between the microstructure and
the macro-mechanical property is established in metals.
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