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PLASTICITY OF MATERIALS DETERMINED
BY THE INDENTATION METHOD

In this review, the development of techniques for determining the plasticity of
materials by the indentation is considered. The development of methods for deter-
mining the plasticity of materials by the indentation is based on the use of funda-
mental ideas of the physics of strength and plasticity. Significant development of
these methods became possible after the introduction of a new plasticity characteristic
8" = ¢,/¢,, where ¢, is the plastic deformation, and ¢, is the total deformation. This
plasticity characteristic corresponds to the modern physical definitions of plasticity,
in contrast to the widely used elongation to failure 6. The new plasticity characteristic
is easily determined by standard determination of hardness by the diamond pyramidal
indenters at constant load P (designated as J,,) and by instrumental nanoindentation
(designated as §,, and &, = §,). A significant advantage of the new plasticity charac-
teristic is the ability to determine it not only for metals, but for materials, which
are brittle at the standard mechanical tests (ceramics, thin layers, coatings, etc.), as
well. In the development of ideas about theoretical strength, concepts of theoretical
plasticity under the dislocation-free and dislocation deformation mechanisms are
introduced. A number of studies have established a correlation of 3, with the elec-
tronic structure of the material and its physical properties. As shown, the Tabor
parameter C (C = HM /o, where HM is the Meyer hardness, and oy is the yield
stress) is easily calculated by the §, value. Therefore, indentation allows currently
determining simply not only the hardness, but also the plasticity and yielding stress
of materials. Thus, indentation became a simple method for determination of the
complex of mechanical properties of materials in a wide temperature range using a
sample in the form of a metallographic specimen.

Keywords: hardness, plasticity, indentation, yield stress, deformation.

Introduction

Methods of determination of the hardness by indentation with a rigid
indenter (ball or pyramid) are simple and extensively used techniques
for characterization the mechanical properties of materials. The hard-
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ness, determined by this method, is undoubtedly a strength characteristic
connected with the yield strength of the material [1]. However, attempts
to determine also a plasticity characteristic by the indentation method
were made for many years (see, e.g., Refs. [2—6]).

An analysis of the indentation process by a ball in determination of
the Brinell hardness enabled the author of Ref. [2] to introduce the no-
tion of the modulus of plasticity of a material and calculate a certain
effective transverse reduction of the area y. In Ref. [3], the evaluation
of two plasticity characteristics, namely, the elongation 6 and transverse
reduction of the area vy, by the indentation method was proposed. In this
work, some local elongation ¢ and local transverse reduction y at the
apex of the pileups around a hardness indent made by a spherical in-
denter are considered. The values of y determined for a number of
steels by the indentation method were close to those determined in ten-
sile tests. The author of Ref. [3] used the developed technique of
determining the plasticity characteristics to optimize heat-treatment
regimes of steels.

However, these investigations did not find an extensive application.
This is evidently due to a substantial difference in the mechanisms of
plastic deformation in indention and in uniaxial tension. Moreover,
indentation by a ball cannot be used for ceramics and other high-strength
materials, which are brittle in standard mechanical tests. In this connec-
tion, the possibility to determine approximately 6 and y by the indentation
method did not generate great interest among researchers.

In Ref. [7], for the first time, the notion of the plasticity index in
contact of two surfaces was introduced. The surfaces are assumed to be
conventionally plane, but their roughness and the crumpling of asperities
on the surface by plastic deformation, which are taken to be spherical
with a [ radius, are taken into account. The plasticity index was

determined as follows:
v = (E'/H)\o/B,

where E' = E/(1 — v?) when the roughness of one surface is taken into
account, E is Young’s modulus, v is Poisson’s ratio, H is the hardness
determined by a spherical indenter, and ¢ are standard deviations of the
asperity-height distribution.

The notion of the region of plastic crumpling of asperities A, is used,
and A is the total contact area. The value of A ,/A was considered in the
range of 0.01-0.50, and, in this case, y belongs to the range of 0.6—1.0.

Results of this work are applicable to problems of friction and wear,
but they were not used for the study of the plasticity of materials by the
method of indentation with a rigid indenter.

In Refs. [4—11], the term plasticity was introduced to describe the
process of plastic deformation in indentation. In these works, the in-

272 ISSN 1608-1021. Prog. Phys. Met., 2018, Vol. 19, No. 3



Plasticity of Materials Determined by the Indentation Method

strumented hardness with recording the ‘load on the indenter P—displa-
cement of the indenter 2’ curve is predominantly considered. However,
in most such works, a plasticity characteristic that enables one to com-
pare the plasticity of different materials is not introduced. In Refs. [4, 5],
the plasticity index determined in instrumented indentation D = A /A,
(where A, is the work of plastic deformation, and A, is the work of total
deformation) was introduced. This extremely interesting approach is
discussed in more detail in the section, which deals with plasticity
characteristic 5, determined in the instrumented indentation.

In Ref. [12], the inconsistency of the extensively used plasticity
characteristics (elongation to fracture 6 and the transverse reduction of
the area to fracture y) with the fundamental concepts of physics of
strength was noted.

In Refs. [12, 13], it is noted that two fundamental properties deter-
mining the mechanical behaviour of materials, namely, their strength
and plasticity, can be distinguished in physics of strength. The strength
of a material is determined by its capability to resist an applied force.
More specifically, the strength of solid bodies can be determined as the
resistance to rupture body into two or several parts [14].

The strength is calculated adequately to these definitions in tensile
tests as the breaking load divided by the cross-sectional area of the spe-
cimen. In this case, the material is assumed to be perfect, i.e., without
cracks and other stress concentrators. However, it should be noted that
the hardness correlates with the yield strength rather than with the
strength in the sense noted above.

The situation with the determination of the plasticity is much more
difficult, if it is desired to obtain a characteristic adequate to the phy-
sical definition of this property. The word ‘plasticity’ comes from the
Greek word ‘mhactikog’, which means suitable for modelling and malleable.
Since the present paper is devoted to the fundamental problems of
plasticity, we present some definitions of the term ‘plasticity’ in physics
of strength.

In physics and engineering, plasticity is defined by the susceptibility
of a material to undergo residual deformations under load [15].

Plasticity is the property of the materials of solid bodies to deform
irreversibly under the action of external forces and internal stresses [16].

Plasticity is the property of solid bodies to retain a part of strain
after removal loads that caused it [17].

The plasticity of crystals is the property of crystalline bodies to
change irreversibly their sizes and shape under the action of mechanical
loads [18].

However, in practice, plasticity is usually characterized by the elon-
gation 6 to fracture in a tensile test or by the transverse reduction in
area to fracture y. These parameters of the material are of great practical
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importance but correspond weakly to the definitions of plasticity
presented above because they determine the conditions of transition
from plastic deformation to fracture and do not always correlate with
plasticity in definitions presented above.

In Refs. [12, 13], it is noted that the parameters 6 and y are deter-
mined by not only plasticity in the sense presented above (the malleability
of the material and the capability to retain strain after removal of load),
but also by at least two conditions: the relationship between the yield
stress and the fracture stress as well as the strain hardening value. The
parameter & usually includes the uniform strain and the strain after
formation of a stable ‘neck’ and localization of strain in it. The strain
¢, at which a stable ‘neck’ nucleates is determined by the condition [19]:

G > 1 (a—ﬁj
1-m Geé

Here, e is the true strain, é is the strain rate and the parameter m
characterizes the influence of the strain rate on the yield stress according
to the expression ¢ = const-é™.

Therefore,  depends not only on the compliance of the material to
plastic deformation and on the degree of strain, which determines the
transition from plastic deformation to fracture, but also on the strain
hardening (0c/0e), and parameter m, i.e., on the rate sensitivity of the
yield stress. It also should be taken into account that the rate of decrease
of the cross-section of the ‘neck; after its formation also depends on the
parameter m. On the other hand, the strain hardening increases the
yield stress and makes the transition to the fracture process more
probable.

The fracture process, like the process of strain hardening, has a
complicated multiform dependence on the test method, structure of the
material, temperature and strain rate. In many cases, the dependence of
the elongation to fracture 6 on a large number of parameters leads to an
inadequate estimate of plasticity. The plasticity of a material in its
physical definition presented above must increase continuously with
increasing temperature because an increase in the temperature facilitates
the dislocation motion in solid bodies (except some intermetallics). Ho-
wever, for most materials, the parameter & changes nonmonotonously
with increasing temperature because the test temperature also influences
on the conditions of fracture (transcrystallite or intercrystallite ones;
brittle, quasi-brittle or ductile fracture [20, 21]) and strain hardening.
For instance, in a number of dispersion-hardened aluminium alloys, &
decreases as the temperature increases above room temperature as a
result of a decrease in the strain hardening and the earlier formation of
a stable ‘neck’. At the same time, for these alloys, an increase in the
temperature leads to a decrease in the hardness and better deformability
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during the metal forming (extrusion, rolling, etc.). In other words, ob-
jectively, the plasticity of the alloy increases.

The transverse reduction of the area y characterizes the cross-
section of a specimen, at which the applied load turns to be sufficient
for fracture. The transverse reduction of the area y can also consist of
two summands: reduction of the area under uniform deformation and
reduction of the area under deformation concentrated in the ‘neck’.
Since fracture occurs after plastic deformation, which occurs with strain
hardening, y (like 0) is determined by the condition of transition from
plastic deformation to fracture and depends on the strain hardening and
the type of fracture of the material.

Thus, both usually used characteristics 6 and y often inadequately
reflect the physical meaning of the term plasticity, though they are con-
venient technological tests that characterize the capability of the mate-
rial to be deformed plastically before fracture during tensile test.

It follows from the foregoing that, if the plasticity is characterized
by the elongation to fracture &, then, the notion of plasticity loses its
clear physical meaning and, hence, ceases to be a fundamental charac-
teristic of the material [12, 13].

Mechanical tensile tests of smooth specimens occupied a leading po-
sition many decades ago, when plastic materials, namely, steels and
metals with f.c.c. and h.c.p. lattices, were the main structural materials.
However, in subsequent years, radically new materials, which are low
ductile or brittle in mechanical tensile tests at room temperature, were
developed. These are ceramics, quasi-crystals, metallic glasses, inter-
metallics, fullerites, and different composites. Alloys based on refractory
b.c.c. metals, for which the ductile-brittle temperature is usually higher
than room temperature, found extensive application. The cold brittleness
phenomenon, which was known for steels, but usually manifested itself
below room temperature, turned to be typical for most alloys based on
refractory metals with a b.c.c. lattice (Cr, Mo, and W) at room tem-
perature as well. The efficiency of mechanical tensile tests for materials,
which are brittle in tensile tests, is very low, and it is possible to
determine only ultimate strength as a fracture stress. As for the plas-
ticity of these materials in tensile tests, it can be said only that their
elongation is 6 = 0.

Such tests do not give any information on the comparative plasticity
(or brittleness) of materials. At the same time, most materials, which
are brittle in tensile tests, exhibit some plasticity in other ‘softer’ test
methods, in particular, in determination of the hardness with a rigid
indenter [12].

This situation made reasonable the introduction of a new plasticity
characteristic as a fundamental property of a material that satisfies the
physical definitions presented above. Such plasticity characteristic was
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proposed in Ref. [12] in the form of the dimensionless parameter:

5 =Sr g fe 1)

€ €

t t

where €9 €4 and g, are plastic, elastic and total strain, on the contact area
specimen—indenter in the direction load P, respectively, and ¢, = ¢, + ¢,.

This plasticity characteristic (which, as is seen from Eq. (1), is
determined by the fraction of the plastic strain in the total elastoplastic
strain) corresponds fairly well to the physical definitions of plasticity
presented above. Actually, the fraction of plastic strain in the total
strain characterizes the malleability of the material, i.e., its capability
to change its shape (deform) with preservation of strain after removal
of load. The considered plasticity characteristic is universal in the sense
that it can be determined by any method of mechanical tests (tension,
compression and bending) and, as shown in Ref. [12], in indentation.

The plastic and elastic components of strain can be determined from
the curve of deformation in tension in coordinates stress c—strain g,
(Fig. 1), and the plasticity characteristic 6 can be calculated with the
help of these components ¢, and ¢, by Eq. (1).

In uniaxial tension or compression, as it follows from Eq. (1) and
the Hooke law, the plasticity characteristic 8" can be represented in the
form [12] as follows:

- Oy
o =1 s R (2)
where E is Young’s modulus and o, is the yield stress for the achievement
of the strain e,.

From expressions (1) and (2), it is seen that §° depends on the degree
of total strain ¢,. The same can also be said about the value of 3" de-
termined according to Eq. (1) by other methods of mechanical tests.
This dependence follows directly from the definitions of plasticity
presented in the foregoing. Actually, e.g., in tensile tests, in the first
stages of loading, ¢, = ¢,, and plastic strain is absent, even in the ductile
metals, i.e., the material does not preserve a part of strain after removal
of loads. As the critical shear stress is attained, plastic strain appears,
and, subsequently, its fraction rises with increase in the load and ¢, i.e.,
the plastic deformability of a material, and, therefore, 8" increases [12].

It is noted in Refs. [12, 13] that the dependence of the plasticity and
its characteristic 6" on the degree of strain ¢, and a comparison of the
values of plasticity of different materials should be performed at a
certain representative degree of strain g, = const. The condition g, »
~ const is automatically provided in indentation of materials by an
indenter in the form of a pyramid, e.g., a Vickers tetrahedral pyramid
or a Berkovich trihedral pyramid. At the same time, the small volume
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Fig. 1. Decomposition of the total straine, o© A A L~
at the point A into the plastic (¢,) and the
elastic (¢,) components for the calculation
of the plasticity characteristic 8" in a ten-
sile test [22]

of the deformed material and the
specific character of stress fields
reduce the susceptibility to macro-
scopic fracture and decrease abruptly
the ductile—brittle transition tempe-
rature T,. This makes it possible to
determine the hardness and plastici-
ty characteristics of most materials €, = €,
even at cryogenic temperatures e
[28—-26]. A total degree of strain < - >
g, = 8-9% observed in indentation by these indenters is sufficiently rep-
resentative and convenient for comparison of values of plasticity of
different materials.

The plasticity characteristic determined according to Eq. (1) by the
indentation method was denoted by 6, in Ref. [12]. A theory that makes
it possible to determine ¢, and ¢, in indentation and calculate 5, was
developed [12, 13, 24], and experiments on determination of 5, for a
large number of materials, including materials brittle in standard
mechanical tests, were carried out. Values of J, were determined for
different materials: f.c.c., b.c.c., and h.c.p. metals, covalent crystals
and refractory compounds with a large fraction of the covalent component
in the interatomic bond, intermetallics, amorphous metallic alloys and
quasi-crystals [12, 13, 24].

In view of the locality of the indentation method, it is possible to
determine the value of J, for the thin coatings [27].

In the papers [5, 12, 22, 28, 29], the possibility to determine such
plasticity characteristic in instrumented indentation was considered. In
the recently published work [30], methods for determining of the
plasticity characteristics by the indentation method in thin layers and
coatings were considered, and the correlation of the plasticity characte-
ristic with other mechanical properties of these materials was studied.

The work [31] reports on the possibility to calculate the Tabor
parameter C in the relation HM = Cog (where HM is the Meyer hardness,
and oy is the yield strength) from the value of §, and, therefore, to
determine the yield strength og.

The review focused on the introduction and development of notions of
the plasticity characteristic §,, = (plastic strain)/(total strain) and on the
application of 9,, for the determination of the plasticity of materials.

oV

A

»
>

A
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Plasticity Characteristic 6, Determined

by the Indentation Method from the Value
of Microhardness, and Classification

of Materials by the Value of 5,

The plasticity characteristic determined by expression (1) was proposed,
as has been noted, in Ref. [12]. In Ref. [12], the mean elastic strain on
the indenter—specimen contact area in the direction of the applied load

was obtained in the form:
_HM

e

1-vg —2v3), 3)
S

where HM is the Meyer hardness, which is considered as the average
contact pressure (HM = P/S, where P is the load on the indenter and S
is the projection area of the hardness indent on the surface of the
specimen), E4 is Young’s modulus of the investigated material, and v
is its Poisson’s ratio. Expression (3) can be considered as the Hooke law
for the indentation process.

The total strain &, was determined for pyramidal indenters as
follows: .

g, = —In(sinvy), (4)

where v is the angle between a face and the axis of the pyramid.

Then, according to Eq. (1), for a pyramidal indenter, the plasticity
characteristic, determined in indentation, has the form:

HM

5, =1- (1—vg —2V2). (5)

s &
In particular, for the Vickers indenter, with regard for the fact that
HV = HM siny and y = 68°, the following relation was obtained:

8H=1—14.3(1—Vs—2v§)1§1. (6)

S

For the Berkovich hardness, in which a trihedral indenter with an
angle vy = 65° is used, the plasticity characteristic is described by the

formula:

8, =1-10.2(1- v _2V§)P§5M' (7)

S

The theory of determination of the plasticity characteristics 3,, was
further developed in Ref. [13]. In this work, the condition of incomp-
ressibility of a material under the indenter was used only for the calcu-
lation of the plastic part of the strain ¢,, but not for the total strain, as
it was done in Ref. [12]. This is why the results obtained in Ref. [13]
can be used to calculate strains and the plasticity characteristic 5,
for the hard and superhard materials with a large fraction of elastic
strain in indentation.
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For the plastic strain, the following relation was obtained:

2
g, = —1n\/1+(ctgy—%j . (8)

Here, £ = 0.565 for a trihedral and a tetrahedral pyramid, £ = 0.5 for a
conic indenter with an apex angle of 2y, and E” is the effective Young’s
modulus of the indenter—specimen contact pair.

1 1-v2 N 1-v?

E° E, E
The subscripts ‘S’ and ‘i’ correspond to the specimen and indenter,
respectively.

The plasticity characteristic 8, is calculated with the use of relations
(8), (3), and (1). In Refs. [13, 22], it was shown that, for metals, such
calculation gives values of &, coinciding with results obtained by Eq.
(5). Only for the hard and superhard materials, at §,, < 0.3, substantial
differences are observed, and calculations should be performed with
relations (1), (3), and (8).

It is seen from Eq. (1) that the plasticity characteristic 8" is a dimen-
sionless parameter and can change from 0 (purely elastic deformation)
up to 1 (for the purely plastic behaviour of the material). In Ref. [32],
it was shown that the parameter J, correlates to some degree with the
elongation to fracture 6 determined in a tensile test at a temperature
higher than the ductile—brittle transition temperature T',. It is natural
that, at T < T, the elongation to fracture 8 — 0, whereas J, has well
defined values characterizing the plasticity of the material. Figure 2
shows temperature dependences of 6 (obtained in a bending test as the
elongation to fracture of edge stret-

9)

ched fibres) and of the plasticity & 7 Sy
characteristics 6, for a WC—6 mas.%
Co hard alloy [32]. 8y

2.0 - 10.90

In Ref. [12], it was experimen-
tally established that there exists a
critical value 9, . Materials having
8y > 0y, are plastic in standard
mechanical tensile and bending tests
(6 > 0), whereas for 5, < 9§,,., the
elongation in tensile tests & usually

1.5 10.85

0.80

Fig. 2. Temperature dependence of the 0.75

elongation to fracture 6 and of the plastic-
ity characteristic in microindentation &,
for a WC—6 mas.% Co hard alloy with an
average grain size d = 1.3 um [32] 0 400 800 ¢, °C

0.70
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approaches to zero. For pure single-phase materials, J,,, = 0.9, whereas

for composites and particularly coatings, J,,, can be lower.

The introduction of the plasticity characteristic §,, made it possible, for
the first time, to classify practically all materials by their plasticity. In
Table 1, which generalizes the results of Refs. [12, 24, 31, 33], such a

Table 1. Classification of materials by the plasticity
characteristic 8, at room temperature [31]

Materials HM, GPa| Eg, GPa Vg Sy
f.c.c. metals Al 0.173 71 0.350| 0.99
Au 0.270 78 10.420| 0.99
Cu 0.486 130 |0.343| 0.98
Ni 0.648 | 210 |0.290| 0.98
b.c.c. metals Cr 1.404 298 [0.310| 0.97
Ta 0.972 185 |0.342| 0.97
A% 0.864 127 10.365| 0.97
Mo (111) 1.998 324 10.293| 0.96
Nb 0.972 104 |0.397| 0.96
Fe 1.512 211 ]0.280| 0.95
W (001) 4.320 420 ]0.280| 0.92
h.c.p. metals Ti 1.112 120 |0.360| 0.95
Zr 1.156 98 0.380| 0.95
Re 3.024 466 [0.260| 0.95
Mg 0.324 44.7 10.291| 0.95
Be 1.620 318 [0.024| 0.94
Co 1.836 211 [0.320| 0.94
Intermetallics (IM) Al Mn, Ti,, (IM,) 2.203 168 |0.190| 0.87
Al Cr,Ti,, (IM,) 3.456 178 10.190| 0.81
ALTi (IM,) 5.335 156 |0.300| 0.76
Metallic glasses (MG) |Fe,Ni;;Mo,B,, (MG,) 7.992 152 |0.300| 0.62
Co,,Ni, Fe,Si;,B,, (MG,) | 9.288 167 |0.300| 0.60
Fey,B,, (MG,) 10.044 171 |0.300| 0.58
Quasi-crystals (QC) Al ,Pd,,Mn,, (QC,) 7.560 200 |0.280| 0.71
Al,Cu,.Fe,, (QC)) 8.024 113 |0.280| 0.48
Refractory compounds | WC(0001) 18.036 700 |0.310| 0.81
NbC(100) 25.920 550 [0.210| 0.54
LaB,(001) 23.220 439 |0.200| 0.50
TiC(100) 25.920 465 [0.191| 0.46
ZrC(100) 23.760 410 |0.196| 0.46
Al,0,(0001) 22.032 323 10.230| 0.41
a-SiC(0001) 32.400 457 |0.220| 0.36
Covalent crystals Ge(111) 7.776 130 |0.210| 0.49
Si(111) 11.340 160 |0.220| 0.42
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classification is presented. As seen from Table 1, f.c.c. metals have the
highest plasticity, b.c.c. and h.c.p. metals ranking next in order of decrea-
sing §,,. For all metals in a highly pure and possible perfect state, 6, >
> 0., and, therefore, they are ductile in tensile tests. The next group
in the Table 1 is intermetallics. Plasticity of intermetallics exceeds the
plasticity of other materials presented in Table 1. However, intermetallics
are brittle at room temperature (5,, < §,,,). Metallic glasses, quasi-crystals,
refractory compounds, and purely covalent crystals usually have an
even smaller plasticity.

Plasticity Characteristic 6, Determined
in the Instrumented Indentation

Note also that the plasticity characteristic J,, can also be determined in
instrumented indentation (which is more often used in determination of
nanohardness), during which loading and unloading curves are recorded
in coordinates ‘load P—displacement of an indenter 2’ (Fig. 3) [22].

In this case, the plasticity characteristic has the form:

A
5, =201 A

4, 4,

where A, A, and A, are the works expended on plastic, elastic and total
deformations, respectively, during penetration of the indenter; A,=A +
+ A,. The ratio A,/A, can be determined from the ratio of areas under
the unloading and the loading curve. The authors of Refs. [4, 5, 29,
34-37], etc., in measurement of the nanohardness, also use the ratio
A /A, for the characterization of the plastic behaviour of materials
and denote it by PI (the so-called plasticity index).

In Ref. [28], it was shown that §, = o, if both §, and 5, are de-
termined by identical indenters under equal loads on the indenter.

In Figure 4, results obtained in
Ref. [28] (with the use of a Berkovich ALoa dp
indenter) in the form of a dependence l
of §, and J,, on the ratio HM (1 — v4—
- v2)/E, (see Eq. (7)) are shown. As
seen, for all metals and most ceramic
materials investigated in Ref. [28], at

, (10)

Fig. 3. Diagram of penetration of a pyra-
midal indenter in coordinates ‘load P-
displacement of the indenter A’; k, and £,
are the elastic and plastic displacement
approaching the indenter and the speci-
men; A, and A, are the elastic and plastic < h,—>]
components of the work of deformation
in instrumented indentation [22] € h—————>

Displacemen't
of indenter &
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1.0 NaCl
KCl
CaF, A8,
BeO O Oy
0.8 Fu MgO
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© WC NbC
0.4+ X B,C
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Si s
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tga = 10.2
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HM (1 - v, - 2V))/E

Fig. 4. Dependence of the plasticity characteristics 5, and §, on the ratio
HM(@1-vg - 2v3)/E,. Values of 5, and 5, were obtained with the use of a Berkovich
indenter under the same load for each material [28]

8, > 0.5, the values of the characteristics 6, and 5, practically coincide
(with considering the error in calculations of the values of HM and E).

In recent years, the plasticity parameter o, is often used for the
determination of the plasticity characteristic by the indentation method
[4, 5, 30, 36, 38]. In this case, different notation of the parameter 9, is
used. In Ref. [4], it is presented as the ductility index D = A, /A,, and,
in Ref. [5], the same parameter is denoted by PI (plasticity index). In
some works, the parameter 5, = ¢,/¢, is also denoted by PI.

For instance, formula (10) was used for the calculation of the plas-
icity in Refs. [4, 5]. In Ref. [5], the following values of 5, were obtained:
0.91 for W, 0.95 for Cu, 0.98 for Al, and 0.52 for Al,O,, which are close
to the results presented in Fig. 4 and Table 1. It should be noted that
Table 1 presents data obtained for single-crystal Al,O,, whereas Ref. [5]
reports on data for polycrystalline AlLO,.

An advantage of the characteristic 8, (or PI) is that, in its calculation,
the preliminary determination of the hardness, Young’s modulus and
Poisson’sratioisnot required that increases the accuracy of determination
of this characteristic.

It is important that §, correlates well with the plasticity parameter
8y, which, as shown above, has a clear physical meaning coinciding with
the physical definition of plasticity.
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Size Dependence (ISE) of the Plasticity Characteristic,,

The plasticity characteristic d, is calculated by formulas (6) and (7) or
with the use of Egs. (3) and (8), into which the hardness HM enters.
Since in determination of the microhardness and particularly nanohard-
ness, HM depends on the size of the hardness indent (and, hence, on the
load on the indenter, P), 5, also must depend on P and the depth of
plastic penetration of the indenter A. The size dependence of the hard-
ness (indentation size effect, abbreviated as ISE) is widely discussed in
the literature: see, e.g., Refs. [38—41]. For the explanation of the ISE,
dislocation notions [39, 40], which lead to a dependence of the type
H?=K(1 + K,/h), where K and K, are constants, were developed [38].

However, in many cases, the difference in mechanisms of plastic
deformation in indentation of different crystalline materials does not
make it possible to use theoretical values of K and K,. Moreover, in
some cases, the dependence H? o« 1/h has a bilinear character.

In Ref. [38], it was shown that a large ISE in measurement of the
hardness of crystalline materials is caused by the fact that, in the case
of using pyramidal indenters, the relation ¢, + ¢, ~ const holds. With
decrease in the size of the hardness indent, plastic deformation is
impeded because of the hindrance of the work of dislocation sources and

€,y 0/0
9.8 ?‘po—o? > —
St
9.6 4 0.6
= &
& 94t 40.4
Fig. 5. Elastic ¢, plastic =«
g, and total &, strains 9.2 i —] 0.2
vs. the applied load P in e
indentation of a copper 9.0 L . . . . . . 0
single crystal (111) [38] 0 20 40 60 80 100 P, mN
6H
1.4 Sy 1 0.98
_—
1.2
& { 0.97
©1.0f
T Fig. 6. Influence of the
0.8 - 4 0.96 load on an indenter P on
the nanohardness H and
0.6 | B & | plasticity characteristic
L ! ! ! ! : : 0.95 8y on a copper single
0 20 40 60 80 100 P, mN crystal (111) [38]
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a decrease in the length of mean free path of dislocations [38]. As a
result, with decrease in the size of a hardness indent or in the load on
the indenter, P, the fraction of the plastic strain g, diminishes, whereas
the fraction of the elastic strain ¢, increases (Fig. 5).

The decrease in ¢, leads to a decrease in the plasticity characteristic
8, according to Eq. (1). The increase in ¢, leads to an increase in the
hardness H according to the Hooke law for indentation (3).

In Figure 6, a decrease in §,, and a rise in the hardness H with dec-
reasing load on an indenter P are illustrated for the case of nanoinden-
tation of copper.

In Ref. [38], for the calculation of the ISE in crystalline materials,
it was proposed to use the empirical Meyer relation in the form:

p=N[£J, (11)
h

0

where N and m are constants and £, is a unit of length in the used
system of units. For nanohardness, it is assumed that 2, = 1 nm.

Table 2. Values of the modulus of elasticity (Young’s modulus) Eg,
nanohardness H and constants m (see No. 11), n (see No. 12) and i (see No. 13) [38]

H H
I f
H 1oy | g i | ath=| ath,=

=100 nm|= 1000 nm

P | E B

. 5 s
No.| Material N GPa iy GPa

1|BeO * 10 | 400 | 181.5| 12.8 | 1.568 | -0.27 | -0.42 | 16.5 6.2
2| TiN ##* 50 | 440 | 394.3|24.6 |1.72|-0.16 | -0.28 | 36.2 18.9
3 |Si,N, #%* 50 | 324 | 415.3|24.3 |1.67|-0.20|-0.33 | 39.0 18.2
4 |NbC * 50 | 550 | 404.8| 25.2|1.82|-0.10|-0.18 | 32.5 21.4
5|NbC * 50 | 550 | 359.3|31.3|1.65|-0.21|-0.35| 48.9 21.9
6|ZrN * 50 | 400 | 400.7| 24.3 |1.65|-0.21 | -0.35 | 39.7 17.6
7| TiB, ** 50 | 540 | 308.2| 44.1|1.63|-0.22 | -0.37 | 66.7 28.6
8| WC * 50 | 700 | 310.6|39.8 |1.59|-0.26 | -0.41 | 63.6 24.5
9| LaB, * 50 | 439 | 336.6| 38.7|1.53 |-0.30 | -0.46 | 68.0 23.3

10 | p-SiC * 50 | 460 | 323.2| 44.3 |1.70 | -0.17| -0.30 | 62.8 31.6
11 | ZrC ** 50 | 480 | 386.0| 26.4 | 1.63 | -0.22 | -0.37 | 43.3 18.6
12 |B,C #** 10 | 500 | 123.3|48.9 |1.64|-0.22 | -0.36 | 52.8 22.8
13 | Al O, * 10 | 409 | 144.9| 33.3 | 1.64 | -0.22| -0.36 | 38.0 16.6

14 | MgO * 50 | 310 | 584.0|9.46 |1.74|-0.15| -0.26 | 15.1 8.2
15|W * 10 | 420 | 301.3| 6.10 | 1.85|-0.08 | -0.15 7.2 5.1
16 | Mo * 50 | 324 | 931.2| 3.21 |1.71|-0.17 | -0.29 6.1 3.1
17|Cr * 50 | 279 |1025.3| 2.63 | 1.66 | -0.20 | —0.34 5.7 2.6
18 | Nb #* 50 | 104 |1460.2| 1.26 | 1.84 | -0.08 | —0.16 1.9 1.3
19 |Ta ** 50 | 185 [1259.2|1.74 |1.75|-0.14 | -0.24 3.2 1.8
20 |Cu *(111)} 62.5 | 170 |2100.8| 0.66 | 1.72 | -0.16 | -0.28 1.6 0.8
21 | Al ** 120 70 | 3148.0| 0.66 | 1.73 | -0.16 | —0.27 1.7 0.9

Here, * — denotes single crystal, ** — polycrystalline, and *** — individual grain.
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Using Eq. (11), the authors of Ref. [38] proposed the following
equation:
H = N,P", (12)
where n =1 - 2/m, and
H = N,h, (13)
where i = m — 2, N, and N, are constants.
Equations (12) and (13) enable us to recalculate the hardness H,
from the load P, and the depth of the indent 2 = A, to the hardness H,
under the load P, and at & = h, according to the expressions:

‘P2 n
H, =H, [?J , (14)

h i
H,=H,|2|. (15)
[%j

The value of the parameter m can be experimentally determined by the
relation P (k). For some materials, values of m, n, and i are presented in
Table 2 according to Ref. [38].

In Ref. [38], to prevent the influence of the ISE on the value of the
hardness, it is proposed to determine the instrumented hardness at a
constant value h = h,, rather than at a constant value of the load P. If
this is impossible, it is proposed to recalculate the values of H for the
fixed value of the depth of plastic penetration, namely, £, = 1000 nm for
metals and 2, = 100 nm for ceramics, refractory compounds, and other
high-strength materials, which are brittle in standard mechanical tests
of materials.

Influence of Structural Factors
on the Plasticity Characteristic §,

The complex physical meaning of the elongation to fracture ¢ in a tensile
test made it impossible to develop a theory of dependence of & on struc-
tural factors, temperature, and strain rate for many years of using this
quantity. The theory of structural sensitivity of 5, was developed in
Ref. [12, 22, 42] with the use of the notion of the structural sensitivity
of the yield strength. Since the new plasticity characteristic §,, is pro-
portional to HM = Cog (where C is the Tabor parameter [1], and &4 is the
yield strength), these problems are easily solved for §,.

In Refs. [12, 22], for the case where the dependence of o4 on the
grain size d is described well by the known Hall-Petch equation o, =
=0, + K,d"'?, the following equation was obtained using Eq. (5):

8, =8, — K,d?, (16)

where SHO denotes the plasticity of a single crystal, and K, = = CK/
Ege, (1 — vg — 2V2).
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d, nm Fig. 7. Dependence of the plasticity
8,0, 400 100 44 25 16 11 86.25 characteristic 5, on the grain size for
T T T T T T T copper and §, for iron according to

Ref. [42]

0.96
0.92 For example, a dependence of
8, on the grain size for nano-
0.88 structured copper (based on data
of the hardness taken from Ref.
0.84 [43]) and a dependence of §, on
0.80 . . . the grain size for nanostructured
0 0.1 0.2 0.3 0.4 iron (calculated with Eq. (6))

d*°, nm°® [42] are shown in Fig. 7.

It is seen from Fig. 7 that
Eq. (16) is well satisfied if d >> 25 nm for Cu and if d > 200 nm for Fe.
For a smaller value of d, the Hall-Petch equation is not satisfied due
to slippage along the grain boundaries.
In Ref. [44], Eq. (16) was confirmed in a study of the influence of the
grain size in a Ni—48.4 at.% Al alloy on the plasticity characteristic J,.
If the dependence of the yield strength on the density of chaotically
distributed dislocations p is described by the reliably established relation
Gy =G, + och\/E , where o, is the yield strength of a dislocation-free
crystal, G is the modulus of elasticity, b is the modulus of the Burgers
vector, and o is a constant, then, according to Ref. [12]:

8y =8y — Kp\lps an
where 8H1 is the plasticity of the crystal at p = 0, and
K, =S990\ _ap).
s €

Itisseen from the presented relations that the plasticity characteristic
8, decreases with increasing dislocation density and decreasing grain
size. It follows from Eq. (5) that 6, decreases also in the case of any
other hardening that leads to a rise in HM.

Influence of Temperature
on the Plasticity Characteristic §,,

An experimental determination of the temperature dependence of the
hardness of materials enables one to calculate and analyze the change in
the plasticity characteristic 5, with temperature [12, 22—24].

Since the hardness measured by pyramidal indenters corresponds to
the yield stress at a certain fixed degree of strain, for the description of
the temperature dependence of the hardness, it is reasonable to use the
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theory that describes the conventional yield strength rather than the
critical shear stress or the lower yield point.

In Refs. [23, 24], the theory of conventional yield strength developed
in Ref. [45, 46] was used for description the dependence 5, (T).

In particular, for the interval of cold deformation, at a temperature
T < T" (where T" is the characteristic temperature of deformation, below
which an intensive rise in the yield strength is observed, and the cold-
brittleness is possible [47]), the following relation was obtained [22]:

AT . M

Sy :SH(O)+ﬁln?, (18)

where 6,(0) is the plasticity at 0 K,

HM (0) Co4(0)

6,0)=1- (1-vg—2vi)=1-

s & s €

1- vy —2v2),

(18a)
A :%(1—VS -2v2),
St
V is the activation volume, ¢ is the strain rate, k£ is the Boltzmann
constant, and M is a material constant.

Temperature dependences of 3,, for different materials are shown in
Figs. 8-11. As is seen in these figures, a linear dependence §,(T) is
observed for most materials at low temperatures according to formula (18).

The strong dependence of the yield stress, hardness and plasticity
characteristic o, on temperature is observed for crystals with a high
Peierls—Nabarro stress (covalent crystals, b.c.c. metals, etc.). It is seen

Nb

0.80

0 , 400 800 1200 1600T, K
0.75 . . 0 I400 800 1200 1600 2000
0 400 800 1200

Fig. 8. Temperature dependence of the plasticity characteristic 5, for Cr, Mo and
Nb. For Mo and Cr, the values of the characteristic temperature T and recrystal-
lization temperature T, are marked [23]
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Fig. 9. Temperature dependence of the plasticity characteristic for aluminium and
copper [23]. Data for the calculation of 3, were taken from Ref. [49] for aluminium
and from Refs. [50, 51] for copper

Fig. 10. Temperature dependence of the plasticity characteristic 3,, for refractory
compounds WC, NbC, ZrC and TiC [23]

in Figs. 8-11 that, in contrast to elongation to fracture J, 9, always
rises with increasing temperature.

In covalent and partially covalent crystals, the linear dependence
8,;(T), which follows from Eq. (18) and, as is seen in Fig. 11, can be
broken in the temperature range adjacent to 0 K due to the semiconductor—
metal phase transition under the pressure of an indenter (Si, Ge) or due
to the fact that the formation of a hardness indent occurs as a result of
brittle fracture rather than through plastic deformation [48].

On the curves of the dependence §,(T), three temperature regions
with different character of the dependence §,(T) can be distinguished.
These are regions of cold, warm, and hot deformation [52, 53]. On the
54(T) curves, these three regions manifest themselves most clearly for
refractory metals with a b.c.c. lattice (Fiig. 9). The characteristic tempe-
rature of deformation T is the boundary between the temperature in-
tervals of cold and warm deformation, and the recrystallization tempe-
rature T, is the boundary between the temperature intervals of warm
and hot deformation. Characteristic features of the behaviour of 5, (T)
in different temperature intervals were discussed in Refs. [23, 24, 33].
The behaviour of the plasticity in the interval of cold deformation (T <
< T7), studied for the first time, turned to be particularly important
because, in this temperature interval, the elongation to fracture tends
to zero (6 — 0) for many materials, whereas J, has well-defined values,
which characterize the plasticity of the material.

As seen in Figs. 8—11, for all materials, except covalent crystals shown
in Fig. 12, in this temperature interval, an abrupt decrease in 9§, is
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Oy

SiC

Fig. 11. Temperature dependence of the plas-
ticity characteristic 6, for Si (the plane (111)),
Ge (the plane (111)), and SiC (the plane
(0001)) single crystals [23]. The extrapola-
tion of &,(T) from the region of the disloca-
tion mechanism of deformation was perfor-
med to determine temperatures, at which
3, = 0 in the absence of a phase transition in
Si and Ge in the indentation process. For
SiC, the low-temperature region, on which
fracture is a leading mechanism of forma- ol ¢
tion of an indent, is not taken into account I

0 400 800 1200 1600T, K

observed as the temperature decreases. Note that, in the temperature
region adjacent to 0 K, the dependence §,(T) has a linear character.
According to Refs. [562, 54], in the interval of cold deformation, a
chaotic distribution of dislocations is typical. Here, dislocation stoppers
are unstable due to a high level of external stresses, and dislocation
boundaries practically do not form. The strain hardening is caused by
the interaction of mobile dislocations with forest dislocations and is the
strongest in this interval. The mobility of dislocation in crystals with a
substantial fraction of the covalent component in the interatomic bond
is predominantly determined by the thermally activated overcoming of
Peierls barriers and diminishes with decreasing temperature. This is why,

O [ Cold | 5,

deformatio
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deformation
Fig. 12. Scheme of the
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of the plasticity 3, in
e uiaxggnsEquiaxeé: the regions of cold,

warm, and hot deforma-
tion. The change in the
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3,(0) T T granular and disloca-
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Temperature matically [55]

ISSN 1608-1021. Usp. Fiz. Met., 2018, Vol. 19, No. 3 289



Yu.V. Milman, S.I. Chugunova, 1.V. Goncharova, and A.A. Golubenko

with decrease in the temperature, plastic deformation decreases, the
hardness HM increases, and the plasticity characteristic d, decreases.

From equation (18), it follows that, near low temperatures, the
characteristic o,, must rise linearly with increasing temperature, which
is observed in practice. In this case, dé,/dT « A/VE, i.e., Young’s
modulus E and the activation volume V are the most important para-
meters, which cause the rise in §, with increasing temperature.

At higher temperatures, near the characteristic temperature of defor-
mation T, o, decreases exponentially as the temperature increases,
whereas J,, exponentially rises with increasing temperature T [45, 55].
In the interval of warm deformation, a cellular dislocation structure
forms, and the dependence §,(T) is very weak in this interval. For most
crystalline single-phase materials, J,, attains the value 0.9 and somewhat
exceeds it in this temperature interval [55]. In the temperature interval
of hot deformation, §, increases, attaining the maximum value §, = 1,
but, even for most plastic metals, remains slightly smaller than 1 [55].

Theoretical Plasticity of Materials

The notion of theoretical plasticity was introduced into the development of
the knowledge of theoretical strength [55]. Theoretical plasticity is
considered as the plasticity of an ideal crystal upon attainment of the
theoretical shear strength, and the dislocation-free mechanism of shear
deformation is assumed. The introduction of the notion of theoretical
plasticity seems to be rational because both characteristics, namely, strength
and plasticity, can adequately characterize the mechanical behaviour of
materials. The insufficient development of the physical knowledge of
plasticity at cryogenic temperatures and the absence of the notion of
theoretical plasticity until the publication of Ref. [55] are explained by the
imperfection of the extensively used plasticity characteristics 6 and v.

In Ref. [65], theoretical plasticity was considered with regard for
the fact that a solid body deforms purely elastically until the attainment
of the theoretical strength o, ., and then plastic deformation develops
without strain hardening.

In Ref. [56], for the calculation of the theoretical plasticity 0. ...
the following expression was obtained:
=1_22.801t (1—vs—2v2). (19)

H theor
E S

S

Here, C is the Tabor parameter: C = HM/3,. The value of C can be
calculated according to the Johnson theory (see section about relationship
between the plasticity characteristic 9,, and Tabor parameter C). Values
of the theoretical shear strength t, for different materials were taken
from the book [57].
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Values of the theoretical plasticity 6,,,..,, are presented in Table 3 in
comparison with values of §, at 20 °C and §, at 0 K at the dislocation
mechanism of deformation (see section on plasticity at 0 K) if 5, is
determined with the use of a Vickers indenter.

As seen from Eq. (19), the theoretical plasticity is determined by
three parameters: the value of t,, Young’s modulus Eg and Poisson’s
ratio vg. In this case, a reduction in 1, and an increase in Eg and v4 lead
to a rise in the theoretical plasticity.

The results presented in Table 3 show that, for all studied crystals
Spineor < 04(0), which is natural, because, in the case of the dislocation
mechanism of deformation even without the help of thermal oscillations
of atoms, the plasticity must be larger than that in the case of the
dislocation-free mechanism (see the physical understanding of §,(0) in
the section about plasticity at 0 K).

It is seen from Table 3 that f.c.c. metals have the largest theoretical
plasticity. However, even for these metals, 8., < 0. (except gold),
i.e., in tensile tests, in the case of the dislocation-free deformation
mechanism, their elongation to fracture 6 will be equal to zero at 0 K.

The theoretical strength of crystals decreases as the temperature of
deformation rises, and, at room temperature, it can be less by a factor
of two than the presented estimates [567]. This is why, in Ref. [55], it
was suggested that f.c.c. crystals presented in Table 3 would have plas-
ticity in tensile tests at room temperature in the case of the dislocation-
free mechanism of deformation. For b.c.c. metals (Fe and W), §,,,.,. is
substantially lower than 6, and, in the case of the dislocation-free
deformation mechanism in tensile tests, 6 for them will be equal to zero.

All the more, this situation extends to covalent crystals.

It is seen from the analysis of expression (19) that an increase in the
theoretical strength and t, leads to a decrease in the theoretical plasticity

Table 3. Hardness HM, Young’s modulus E, Poisson’s ratio vy,
plasticity characteristic 9, (at temperatures of 20 °C and 0 K),
theoretical strength t, and theoretical plasticity o,,,..,

. am E 5 5 T
Material | at 20 °C, Glg:a Vg at 26 oC at 6’ K Glga O trtheor
GPa
Al 0.16 70 0.35 0.988 0.976 0.90 0.78
Cu 0.90 130 0.343 0.961 0.935 1.20 0.85
Ag 0.03 29.5 0.38 0.995 - 0.77 0.76
Au 0.05 78 0.42 0.998 - 0.74 0.91
Zn 0.06 110 0.231 0.995 - 2.30 0.44
w 5.63 420 0.28 0.900 0.850 16.50 0.50
Fe 1.34 200 0.28 0.950 0.880 6.60 0.58
Al O, 22.04 325 0.23 0.400 0.250 16.90 0.21
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Opimeors This is why all formulated conditions of choosing high-strength
materials with a high theoretical strength (see, e.g., Ref. [57]) should be
discussed with regard for a decrease in the theoretical plasticity 0.,
with increase in r,.

Plasticity at 0 K, ,(0)

In Ref. [23], it was shown that the plasticity characteristic at 0 K 5,,(0)
is also a fundamental characteristic of materials. The §,,(0) is determined
under the same conditions of plastic deformation as the Peierls—Nabarro
stress o, y, which is required for a dislocation to overcome potential
barriers of the crystal lattice without the help of thermal oscillations of
atoms, i.e., at 0 K. o,_, is practically the theoretical strength in the case
of the dislocation mechanism of deformation, and 3,,(0) can be considered
as the theoretical plasticity in the case of the dislocation mechanism of
deformation. As has been noted, for most real materials, the value of
8,;(0) can be determined by extrapolation of the temperature dependence
of &, to 0 K, because the linear character of the dependence &,(T) [23]
was shown theoretically (Eq. (18)) and experimentally (Figs. 8—11).

It is very important to note that Young’s modulus Eg, which is the
most important parameter that determines the theoretical strength of
crystals [57], enters also into expression (18a), and an increase in Ej
leads not only to an increase in the theoretical strength, but also to a
rise in the plasticity 6,(0).

It is seen from Table 1 and in Fig. 9 that, in f.c.c. metals (Al and
Cu), the value of 3, at room temperature exceed substantially the critical
value of §,,,, and, as is known, these metals have a high plasticity to
fracture 6 not only at room temperature, but also at cryogenic tempe-
ratures, including the temperature of liquid hydrogen and even the
temperature of liquid helium [49, 50]. It is interesting that the values
of 3 in these metals usually even increases as the temperature decreases
below room temperature. This can be explained by an increase in the
strain hardening with decreasing temperature. The increase in the strain
hardening, as has been noted, extends the stage of uniform deformation
before formation of a stable ‘neck’, but does not cause the transition to
brittle fracture in these metals because the yield strength in them in-
creases fairly weakly with decreasing temperature and remains lower
than the fracture stress. Estimates show that, for these metals,
6,(0) > 3, also at 0 K. The plasticity reserve in these metals is so
substantial that, even in the case of grain refinement down to 1 pm,
8;(0) > 5,,.. not only at room temperature, but also at 0 K. However, in
nanostructured copper, at a grain size d ~ 0.25 nm, already at room
temperature, 6, < 9, (see Fig. 7), and the plasticity to fracture d is
only 1-2% [50].
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In highly pure single crystals of b.c.c. metals, the inequality d, > &,
also holds at room temperature, i.e., they have some plasticity also in
tensile tests. However, with decrease in the temperature, due to the
substantial fraction of the covalent component in the interatomic bond
and a high Peierls—Nabarro stress, in these metals, the yield strength
and hardness increase abruptly [25], whereas the plasticity characteristic
8, decreases sharply (Fig. 8), and at 0 K, 5,(0) < &, i.e., in these
metals, as the temperature decreases below room temperature, the
ductile—brittle transition occurs. In commercially pure b.c.c. metals and
alloys based on them, the ductile—brittle transition temperature can also
be higher than room temperature [25] (particularly, in the group VIA
metals: Cr, Mo and W) and, hence, at room temperature, 5, < &,,,.

In covalent silicon and germanium crystals, already at room tempe-
rature, 8, < §,,. In these crystals, the sharpest increase in the yield
strength is observed as the temperature decreases. However, in a wide
temperature range adjacent to 0 K, in these crystals, indentation is
accompanied by the semiconductor—metal phase transition, and the
hardness has a nearly constant value and does not reflect the yield
stress any longer [568—60]. This is why, to evaluate §,, in these crystals
in the case of the dislocation mechanism of deformation, the extrapola-
tion of the dependence §,,(T) can be performed only from the more high-
temperature region, where the mechanism of deformation has a dis-
location character. Such extrapolation showed that, in these crystals,
the value 5, = 0 is attained at a certain temperature T, that is much
higher than 0 K (see Fig. 11). It follows from Fig. 11 that T is 200 °C
for germanium and 400 °C for silicon. In the considered covalent crystals,
8,;(0) will be equal to O in the case of the dislocation mechanism of
deformation, but, actually, because of the phase transition, 6,(0) is
substantially higher. In refractory compounds with a substantial frac-
tion of the covalent component of the interatomic bond (Al,O,, TiC, ZrC,
NbC and WC), the inequality §, < J,, holds already at 20 °C, and a
further reduction in §, is observed with decrease in the temperature
(Fig. 10), so that 5,(0) is very low for most of these crystals. Note that
tungsten carbide WC has a higher value of 3, than the other considered
carbides both at room temperature and at 0 K that can be explained by
a large value of Young’s modulus E4 and a smaller ratio HM/E,.

In silicon carbide SiC, the low-temperature athermal segment on the
dependence H(T) and 6,(T) is caused by a change in the deformation
mechanism, namely, at low temperatures, fracture rather than plastic
deformation becomes the leading mechanism of formation of an indent
in indentation [48, 61].

As is seen from the presented results, the plasticity 6,(0) differs
substantially for materials with different types of the interatomic bond
and different atomic structures: from extremely high values for f.c.c.
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metals to zero value for covalent crystals. The 6,(0) characterizes the
plasticity in the case of the dislocation mechanism of deformation, but,
in the absence of thermal oscillations of atoms, it can be considered, as
has been noted, as a fundamental characteristic of materials [23, 55].
In Ref. [23], for the consideration of the dependence of the plasticity
at 0 K on the parameters of the thermally activated dislocation motion,
melting point, and Young’s modulus, on the basis of Eq. (18), Fig. 12,
and results obtained in Ref. [46], the following relation was obtained:

U T, In(M /%)
VE

S

85(0) = 8,y — , (20)
where U is the activation energy of dislocation motion, T, is the melting
point, J,, is the plasticity in the temperature interval of warm defor-
mation (see Fig. 12), d,,, = const, M is a material constant (see Eq. (18)
and Ref. [46]), and

_CR(L-vg—2V2)
g~N21E?

Expression (20) relates d,(0) to the parameters of thermoactivated dis-
location motion U and V. From this expression, it follows that an increase
in height of potential barriers U and a reduction in their width V leads to
a decrease in 6,(0). An increase in the melting point T, also decreases
8;(0). A rise in the modulus of elasticity Eg leads to an increase in 5,(0).

B

Relationship between the Plasticity
Characteristic 6, and Tabor Parameter €

At present, the physical relationship between the hardness HM and the
yield stress cg rather than the relationship between the hardness HM
and the strength of the material can be thought to be justified [1]. This
relationship is usually investigated in the form of the simple relation:
HM = Cog, (21)

where C is the Tabor parameter.

For steel and a number of other structural alloys, the Tabor parameter
lies in the rather narrow interval C = 2.8-3.1. However, for pure f.c.c.
metals, C can be much higher, whereas for ceramics, C approaches to unit.

The physical meaning of the parameter C was revealed in Ref. [31].
In this work, the improved Johnson inclusion core model of indentation
was used [62, 63]. The scheme of interaction of the indenter under a
load P with the surface of a specimen in the improved inclusion core
model is shown in Fig. 13 [31].

As we can see in Fig. 13, in the inclusion core model, a core of de-
formation with a radius ¢, in which purely plastic deformation occurs,
and a zone of elastoplastic deformation with a radius by are considered.
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Indenter

v

Fig. 13. Scheme of inter-
action of an indenter and
a specimen under a load
P in a spherical coordi-
nate system {0rOy}, HM =
= P/(nc?) [31]

Undeformed
indenter

In this model, three transcendental equations with three unknowns
were obtained. These are the yield stress oy, the relative size of the
elastoplastic zone x = by/c and z = ctgy, where 2y is the angle at the
apex of the conic indenter under the load P.

z= cot y =coty,-2HM/E,, (22a)
(- 0504) (x” — o) = 2B /0y, (22Db)
(2/3+2Inx)- HM /o4 = 0. (22¢)

In these equations, 2y, is the apex angle of the conic indenter without

load,
sZZ(I_ZVS)’ B, - E, and eS:2(1—2vs)’ E - Eiz-
3(1-vy) 6(1-vy) E, 1-v;
The equations of system (22) enable to calculate all three indicated un-
knowns from the value of the hardness HM and the elastic characteris-
tics Eg and vq.

In Ref. [31], using the system of Egs. (22) and Eq. (6) for the deter-
mination of the plasticity characteristic §,,, the authors obtained the
equations, which relate the size of the zone of elastoplastic deformation
x and Tabor parameter C to the plasticity characteristic 3, (formulas
were obtained under the condition 6,0, << 1, which is satisfied well for

metals):
2.212(2/3 + 2In x) ’
_ o

5, -1 . (23)
x° — oy
where
hg=1TVs s g 9 Vs gng 5, —1- 22120k gy
1—VS 1—Vs e’ — Ys

In Figs. 14 and 15, experimental data obtained in Ref. [31] and
theoretical dependences 5, = f(x) and §,, = f(C) calculated by formulas
(23) and (24) for z = 0.38 and vg = 0.27 are presented. For these values

ISSN 1608-1021. Usp. Fiz. Met., 2018, Vol. 19, No. 3 295



Yu.V. Milman, S.I. Chugunova, 1.V. Goncharova, and A.A. Golubenko

C = HM /o,

L L L L 0 L L L
0.4 0.6 0.8 1.0 &y 0.4 0.6 0.8 1.05,

Fig. 14. Relation between the Tabor parameter C = HM /o4 and the plasticity char-
acteristic §,. Experimental results and theoretical curve based on Eq. (24) [31]

Fig. 15. Relation between the Tabor parameter C = HM /o4 and the plasticity char-
acteristic o,,. Experimental results and theoretical curve based on Eq. (24) [31]

of the parameters vy and z, the standard deviations of experimental
results from theoretical curves have a minimum value.

As we can see from Eqgs. (23) and (24), along with Figs. 14 and 15,
there exists a clear correlation between the plasticity characteristic d,,
relative size of the zone of elastoplastic deformation x, and Tabor
parameter C.

The larger the plasticity o, the greater the values of x and C. Thus,
in Ref. [31], it was shown that the values of x and C are determined by
the value of the plasticity characteristic 6,, according to universal
regularities (23) and (24), which hold for all homogeneous materials
with different types of crystal lattices and different character of
interatomic bonds.

The presented results of Ref. [31] enabled to explain for the first
time the physical nature of the Tabor parameter C.

The results of Ref. [31] show that as the plasticity of a material rises,
the size of the zone of elastoplastic deformation x increases, and, therefore,
the pressure on the indenter p = HM must provide plastic deformation
in the increasing zone of elas-toplastic deformation with a radius by.
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In this connection, the excess of the pressure p above the yield
strength o, must rise with increasing x, i.e., with increasing plasti-
city &,.

Thus, the plasticity characteristic J, acquires universal meaning.
The value of the parameter J,, enables one to explain not only the plastic
characteristics of a material, but also the relationship between the
hardness and the yield strength.

Since the parameter C is unambiguously related to the plasticity
characteristic 9, its value, as is seen from Ref. [31], can be used as
plasticity characteristic. In this case, the greater parameter C, the
higher plasticity of the material. In Figure 15, it is seen that a critical
value C,, = 2.5 (which corresponds to J,,, = 0.9) can be introduced, and,
therefore, materials with C < C,. are brittle in standard mechanical
tensile tests.

Thus, it is possible to formulate clearly the dual nature of the
hardness HM, which was assumed in a number of works: [2, 3, 5], etc.
The HM is proportional to the yield strength o4, which is a strength
characteristic of the material. However, the proportionality coefficient,
namely, the Tabor parameter C = HM /o, is determined by the plasticity
of the material and can even be used as a plasticity characteristic.

Note also that, in practical terms, if the plasticity characteristic J,
has been determined by formula (6), then it is possible to determine the
Tabor parameter C by expression (24) or from Fig. 15, and calculate the
yield strength o4 by formula (21) [31].

The knowledge presented in Ref. [31] makes it possible to raise the
efficiency of study of the hardness of materials. The indentation method
enable one not only to determine the hardness of the material (which is
an important strength characteristic of the material), but also to deter-
mine easily the plasticity characteristic 6,, Tabor parameter C (from
Fig. 15 or Eq. (24)) and yield stress of the material c.

Examples of Using the Plasticity
Characteristic Obtained by Indentation

In Refs. [12, 64], it is noted that it is reasonable to perform the cal-
culation of the characteristic 6, in any investigations of the influence
of the chemical composition, heat treatment, metal forming and struc-
tural state on the hardness and mechanical properties of materials. The
use of the combination of the strength characteristic H and plasticity
characteristic 9§, makes it possible to characterize more completely the
mechanical behaviour of the material than the use of only the hardness
H. Moreover, as is seen from the section deals with plasticity at 0 K, it
turns out that, from the known value of §,, it is easy to calculate the
yield stress og. It is also important that modern techniques of measuring
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the hardness make it possible to determine the microhardness and
plasticity characteristic §, in a wide temperature range, from cryogenic
temperatures close to 0 K to a temperature of 1000 °C with the use of a
diamond indenter and to 1350 °C with the use of an Al,O, indenter.

The use of the characteristic §, allows one to explain the phenomenal
properties of WC—Co hard alloys because, as has been noted, WC is
characterized by hardness sufficiently high for tool materials in combi-
nation with a plasticity 9,, very high for refractory compounds. Repeated
attempts to replace WC by the harder carbides ZrC and TiC were not
successful because these carbides have a substantially lower plasticity 9,,.

An analysis of §, values (see Table 1) allows classifying groups of
materials (including new low-plasticity and brittle materials) by plasticity
8. Thevalue of 6, decreases in the order as follows: metals—intermetallics—
metallic glasses—ceramics—quasi-crystals—covalent crystals.

As shown in Ref. [65], for superplastic materials, the determination
of the temperature dependence of 3,, enables one to determine the optimal
temperature of superplastic deformation.

It is well known that the deformed (work-hardening) metals usually
have a smaller plasticity than annealed metals (except for the case where
deformation reduces the ductile—brittle transition temperature T,,).

In contrast to metals, for quasi-crystals, it was shown (with the use
of the plasticity characteristic) that plastic deformation reduces the
hardness H and increases the plasticity characteristic §,,, whereas annea-
ling increases H and decreases o, [66].
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Fig. 17. Variation in relative wear rate @ 17—
in high-performance stamping of mag- 43 E 0.8l
netic steels with plasticity index (5,) for : o
different cemented carbide grades [30] s § 0.6
..
After publication of Ref. [12] = C: 3
and introduction of the plasticity E % o . . . ©

index PI = 9§, [4, 5], the plasticity 0.68 0.72 0.76
characteristics 6, or 6, = PI were
extensively used in works of many
researchers.

For instance, in Ref. [67], the character of plastic flow in two slip sys-
tems of a MoSi, single crystal ({110}(001) and {101}(010)) was studied. The
plasticity characteristic &, was determined, and it was shown that 5, = 0.72
and 0.80 and that the larger value 6, = 0.80 corresponds to the ‘soft’ ori-
entation {101}(010), which agrees well with data obtained in a study of
the slip systems by the transmission electron microscopy (TEM) method.

It is interesting to note that, in Ref. [68], a correlation dependence
of the surface energy of metals and carbides on their plasticity o, was
established.

With increase in the plasticity of materials J,, an increase in the
energy of surface tension is observed (Fig. 16). This regularity is obser-
ved for metals and refractory compounds.

In Ref. [30], it was shown that the plasticity characteristic J,
correlates with the wear rate of magnetic steels with different sizes of
cementite grains (Fig. 17).

According to Ref. [30], the value of §,, correlates with the fracture
probability of Al-Ti—N intermetallic coatings. The fracture probability
decreases with increase in .

It is known that, in metals with a b.c.c. lattice, a correlation between
the electronic structure and plasticity of the materials is observed: a
decrease in the covalent component in the interatomic bond leads to an
increase in the plasticity [25, 26, 69].

For covalent crystals with the diamond lattice, it was impossible to
perform an experimental investigation of the relationship between the
electronic structure and plasticity 6 because, for all these crystals, the
plasticity 6 determined in tension is equal to zero. The introduction of
the plasticity characteristic §,, determined by the indentation method,
made it possible to perform such investigations. In Ref. [70], it was
shown that the plasticity J,, rises for these crystals with increase in the
concentration of free electrons (Fig. 18).

In Ref. [71], it was also shown that the increase in the value of the pseu-
dopotential W, for covalent crystals with the diamond lattice correlates
with the plasticity characteristic §,: the greater the value of W, ,, the

Plasticity index
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less is the value of the plasticity (Fig. 19). These results agree well with
the modern knowledge of the influence of the electronic structure on the
mobility of dislocations in these crystals [72-74].

The plasticity characteristic 6, turned to be sensitive and informative
in the investigation of the mechanical properties of microlaminates [75].
It was shown that, for Nb,Si,/Nb microlaminates, depending on the
method of their preparation, the values of §,, vary in the wide range
from 0.373 to 0.824.

The authors of Refs. [60, 51, 76] used extensively the plasticity
characteristic §,; in the investigation of the micromechanical properties
of nanocrystalline materials at cryogenic temperatures. For instance,
for nanocrystalline titanium, 6, =0.76 and J,, = 0.83 at 77 K and 300 K,
respectively [50]. The value of §, for nanocrystalline titanium is much

smaller than that for Ti in

B the polycrystalline state (5, =
0.70 = 0.973).

In investigation of the

0.60 effect of the microstructure

on the plastic deformation of

0.50 copper at a temperature of

295 and 77 K, the authors of

0.40 Ref. [50] -calculated the

0.30 plasticity characteristic o

8 11

10 10 10" n,ecm® and showed that, indepen-

Fig. 18. Plasticity index (5,,) vs. room-temper- dently of the grain size and
ature concentration of free electrons for cova- temperature, 5, = 0.93—-0.96

lent crystals [70] that testifies to the high
plasticity of copper under an

Sy indenter at low temperatures.
0.7 F These values of §,, are typical
%IHAS of metals with an h.c.p.

lattice [23].

In Ref. [77], the tempe-
rature dependence of the hard-
ness and plasticity characte-
ristic &, of the Fe—28Al-3Cr
0.4l intermetallic in the tempe-
GaP® rature range 300-1273 K
was investigated. At 300 K,
8, = 0.85, 9o, rises with
increasing temperature, and
only at a temperature above
Fig. 19. Plasticity index (§;) vs. pseudopoten- 800 K, &, > 0.9, i.e., the
tial, W,,, of covalent crystals [71] material becomes ductile.

0.6

0.5

0.3 1 1 Il 1 1
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2W,,,|, eV
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In Refs. [78, 79], by the example of a group of ceramic coatings, the
efficiency of using the developed technique of determining the plasti-
city characteristic o, of coatings for application in engineering prac-
tice was shown.

It was shown that the investigated coatings could be arranged in the
order of increasing plasticity characteristic d, as follows: carbides of
group IVA metals, iron borides, carbides of the group VA and VIA
metals, titanium nitride TiN, and silicides of refractory metals.

On carbide coatings, the influence of the temperature on the
plasticity characteristic §, was studied. In Refs. [78, 79], differences
in the change of the plasticity characteristic §, for coatings with
increasing temperature were associated with different mobility of dis-
locations in carbides of the group VA and VIA metals. It was shown
that, for ceramic coatings with a high hardness HV ~ 20 GPa, which are
used in cutting and upsetting tools, the plasticity characteristic must be
at a level §,, > 0.45.

Thus, thin coating can be efficiently used at values of the plasticity
characteristic much lesser than the critical value 6,, = 0.9 for massive
materials. This is explained by the small thickness of coatings, at which
bending deformation has a purely elastic character that reduces the risk
of brittle fracture of coatings.

In all works where the values of §,, or PI = §, were determined, their
values agreed well with the values of J, presented in Table 1 and Refs.
[12, 22, 31].

In the development and application of a wide class of functional
materials (thin coatings, films, gradient materials, etc.), the necessity
of determining the mechanical properties of these new materials arose.
These problems can be successfully solved with the use of the nanoin-
dentation method, which enables one not only to determine the hardness,
Young’s modulus, etc., but also to calculate the plasticity characteristic
0, (plasticity index) by the technique proposed in Refs. [5, 22, 29] (see
section covers plasticity characteristic 6, determined in the instrumen-
ted indentation).

Note also that the operation and the control of hardness-testing in-
struments for instrumented indentation can be performed remotely,
which makes it possible to determine the plasticity characteristic,
hardness, and yield stress for the purposes of nuclear power enginee-
ring with the use of simple specimens in the form of metallographic
specimens practically without damaging them in the process of measu-
rement [64].
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Conclusion

The development of the technique of determination of plasticity by
the indentation method for two last decades [5, 12, 13, 22-24, 28,
29, 31, 55, 64] extended substantially the possibilities to characterize
the mechanical properties of materials by the simple highly efficient
indentation method.

A new technique of determination of plasticity by the indentation
method became possible due to the successful solution of the more
general problem, namely, the introduction of the universal dimensionless
plasticity characteristic of materials 6" = ¢,/¢,, i.e., the ratio of the plas-
tic part of strain ¢, to the total strain ¢, This plasticity characteristic
corresponds to the physical understanding of the plasticity of materials
in the physics of strength. In the present review, the technique of
determination of the plasticity 6" by the indentation method, which has
been developed in recent years, is considered (in this case, the notation
of the new plasticity characteristic by 3,, was adopted). Undoubtedly, in
the future, the development of a technique of determination of 6" with
the use of other methods of determination of mechanical properties, in
particular, in tensile tests, will be possible.

The following developments may be the main results of the intro-
duction of the plasticity characteristic d,, or plasticity index PI =3,.

The characterization of all materials (including metallic glasses,
quasi-crystals, and other materials brittle in standard mechanical tests)
by their plasticity is possible in a wide temperature range, including
cryogenic and elevated temperatures (up to 1000 °C with the use of a
diamond indenter and up to 1350 °C with the use of an Al,O, indenter).

There is the possibility to characterize the plasticity of coatings and
thin layers of different materials, including ceramic and other brittle
coatings.

The theory of the influence of structural factors (grain size and
dislocation density), the temperature and strain rate on the plasticity 5,
has been developed.

The notion of theoretical plasticity has been introduced, and a
technique of its determination has been developed. In this case, the
theoretical plasticity, like the theoretical strength, is considered for the
case of dislocation-free deformation of a perfect crystal in the absence
of thermal oscillations of atoms, i.e., at 0 K.

The notion of theoretical plasticity in the case of the dislocation
mechanism of deformation, but without the help of thermal oscillations
of atoms has been introduced. This plasticity characteristic has been
defined as the plasticity &, at 0 K. The §,(0) is determined under the
same conditions as the Peierls—Nabarro stress (stress required for the
motion of dislocations through potential barriers of a crystal lattice
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without the help of thermal oscillations, that is practically the theoretical
strength in the dislocation mechanism of deformation) and, hence, gives
additional necessary data on the dislocation mechanism of deformation
under the indicated conditions.

In choosing the basic material for operation under specific conditions,
the possibility to take into account not only its high theoretical strength,
but also the necessity of a combination of a high theoretical strength
with a sufficient theoretical plasticity appears. The choice of a basic
element with a high Peierls—Nabarro stress for high-strength materials
is more practice-oriented; in this case, the combination of a high Peierls—
Nabarro stress with a sufficient plasticity characteristic §,(0) is
necessary. The use of the characteristic §, in development of real high-
strength alloys and coatings, which must combine a high strength with
a sufficient plasticity in a wide temperature range, is even more practice-
oriented.

It has been shown that the plasticity characteristic ¢, (Plasticity
Index) that can be determined in instrumented indentation is
approximately equal to o, (3, =~ 9,), if indentation is carried out by
identical indenters and under equal loads on an indenter. In this case,
for the determination of §,, only areas under loading and unloading
curves of an indenter in coordinates ‘load on an indenter P—displacement
of the indenter A’ are used, and the necessity of determining Young’s
modulus and Poisson’s ratio v, disappears. It seems reasonable to
introduce the definition of the plasticity characteristic in nanoindentation
into the standard of nanohardness testing method [80].

It has turned to be possible to understand the dual nature of the
hardness HM, which depends both on the strength characteristic,
namely, the yield strength o4, and on the plasticity of the material. The
hardness HM is proportional to the yield strength o4, but the pro-
portionality coefficient, namely, the Tabor parameter C, is determined
by the plasticity characteristic 3, of the material.

For the first time, the possibility to establish the correlation between
the plasticity of materials, which fracture in a brittle manner in standard
mechanical tests, with their electronic structure and different physical
properties has appeared.

The introduction of the plasticity characteristic §,, made it possible
for the first time to determine easily the Tabor parameter C for single-
phase materials and calculate the yield strength o, from the simple
expression oy = HM/C. As a result, the possibilities and efficiency of
the indentation method, which now includes the determination of the
hardness, plasticity, and yield strength, have been substantially extended.

Remotely controlled instrumented hardness with the determination
of the hardness H, plasticity, Young’s modulus E and yield strength o
can be used in the nuclear power industry and space research.
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IIJIACTUYHICTE MATEPIAJIIB,
1O BUSHAYAETBHCA METOOOIO IHOEHTYBAHHS

Y maHomy OTJIsAAi PO3TJIAHYTO PO3BUTOK METO] BUBHAUEHHS IJIACTUUYHOCTYU MaTepifIiB
ingenTyBaHHAM. P03po0JsieHHA CHOCO0iB BUBHAUEHHS IJIACTUUYHOCTH MAaTepifiB 3a
IOTIOMOTOI0 METOAM iHAEHTYBaHHS 3aCHOBAHO Ha BUKOPHUCTAHHI (pyHZAMEHTAJIbHUX
yABJNeHb (Hi8UKKM MIITHOCTH Ta ILJIACTUYHOCTHU. ICTOTHUI PO3BUTOK IIUX CIIOCOOIB CTaB
MOSKJIMBUM MiCJIA BBeIeHHA HOBOI XapDaKTEPUCTUKHU IJIACTUYHOCTH §° = ¢,/¢,, /e €, —
IIacTu4Ha gedopmMmarnis, a €, — 3aranbHa Jedopmanisa. Isg xapakTepucTHKA MJIACTHY-
HOCTHU BiAmoBizae cydacHuUM (hiSMUYHMM BU3HAUEHHAM IJIACTUYHOCTU HA BiAMiHY Bixg
TIOJOBXKEHH [0 PYHHYBAHHA 0, AKe IITNPOKO BUKOPUCTOBY€EThCcA. HoBa XxapaKTepUCTUKA
IJIACTUYHOCTY JIeTKO BUBHAUYAETHCSA TPU CTAHZAPTHOMY BHU3HAUEHHI TBEPIOCTU
aJIMa3HUMU IIipaMifaJbHUMU iHAEHTOPAMHU 34 CTAJIOTO HaBaHTaKeHHsA P (o3HavaeTh-
ca J,) 1 mpu iHCTpyMeHTaTbHOMY HAHOIHJEHTYyBaHHI (IIO3HAYAETHCA J,); IPU IBOMY
Sy = O,. IcToTHOIO IIepeBarol HOBOI XapaKTEPUCTUKHU IIACTUYHOCTH € MOXKJIHBICTH
BUBHAUEHHSA il AK [IJId METaJiB, TaK i AJA KPUXKUX MPU CTAHZAPTHUX MEXaHiuHUX
BUIIPOOYBAHHAX MaTepisjiB, BKJIOUAIOUN KepaMiKy, TOHKi ITapu Ta MOKPUTTSI. Y
PO3BUTOK YSBJIEHb PO TEOPETUYHY MiI[HiCTh BBEJEHO YABJEHHS IPO TEOPETUUHY
IJIaCTUYHICTh pU 0e3AUCIOKAIIHOMY Ta AUCJIOKAIliiHOMY MexaHidMax aedopmarrii.
VY pazni pobiT BCTaHOBIEHO KOPEJIAIio §, 3 eJIEKTPOHHOIO OyZOBOIO MaTepisaxy Ta Horo
(isrmunmmu BracrusBoctamu. Ilokasano, mo napamerep Teit6opa C (C = HM /oy, ne
HM — TBepgnicts 3a MeiiepoM, G — MeKa INIMHHOCTH) JETKO PO3PAXOBYETHCA 32 O
Tomy iHIEHTYBaHHS YMOJKJIMBJIIE HUHI AOCTATHBO IIPOCTO BUBHAYUTHU HE TiJIbKU
TBEPAICTb, a U IJIACTUYHICTH i MeXXy IJIMHHOCTU MaTepianiB. Takum ymHOM, iHIEH-
TYBaHHS CTAJIO IIPOCTOI0 METOLOI0 BUSHAUEHHA KOMILJIEKCY MeXaHiYHUX BJIACTUBOCTEM
MaTepifANiB y IIUPOKOMY TeMIIePATyPHOMY iHTEpBai 3 BUKOPUCTAHHAM 3pasKa y
BUTJIAAL MeTajsiorpadivuoro muriga.

KarouoBi cioBa: TBepzicTh, NIJIaCTUYHICTh, iHIEHTYBaHHS, MeiKa IIJIMHHOCTU, mIe-
dopwmairid.
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IINIACTUYHOCTH MATEPUAJIOB,
OIIPEOEJIIEMAA METOOOM MHOEHTHNPOBAHU

B mamrOM 0630pe paccMOTPEHO Pa3BUTHE METOAUK OIpeneeHNs MIaCTUYHOCTU MaTe-
pUaoB MHAEHTUPOBaHWEM. PaszpaboTKa cIoco00B OompefesieHns IJIACTUYHOCTA MaTe-
pUAaJI0OB METOIOM WHIEHTHPOBAHUS OCHOBAHA HA MCIIOJB30BAHUU (DyHIaMEHTAJILHBIX
mpecTaBIeHNT GUBUKYU MPOUYHOCTH U ITacTuuHOoCcTU. CyIlllecTBeHHOE Pa3BUTHE JTHUX
CII0COOOB CTaAJI0O BOBMOJKHBIM IIOCJIE BBEJEHUS HOBOM XapaKTEPUCTUKU IJIACTUYHOCTHU
8" = ¢,/¢,, TAE €, — MIacTudecKas Aedopmanusd, a g, — obmiaa nepopmanua. dra xa-
PaKTEPUCTUKA MJIACTUYHOCTUA COOTBETCTBYET COBPEMEHHBIM (hU3UUECKUM OIpPeeeHU-
SIM IJIACTUYHOCTU, B OTJAWYUE OT IITUPOKO MCIIOJB3YEeMOTO YAJUHEHUS O Pa3PYIIeHUs
0. HoBasa xapakTepuCTUKa IJIACTUUYHOCTU JIETKO OIPEAesIseTCs MPU CTaHAaPTHOM
OIIpe/ieIEHUM TBEPAOCTU aJIMa3HBIMU MUPAMUIAIbHBIMU WUHIEHTOPAMH IIPU ITOCTOSH-
HOH Harpyske P (moxyumia o6o3HadeHUE O,) U IPU WHCTPYMEHTAJIHHOM HAHOWHJEH-
tupoBaHuu (obo3HaueHme J,); IpU dTOM O, =~ J,. CyIIeCTBEHHBIM NIPEUMYIIECTBOM
HOBOII XapaKTePUCTUKU ILJIACTUYHOCTU SBJAETCA BO3MOKHOCTDH €€ OompelesieHns KaK
IS MeTaJlJIOB, TaK W [JIA XPYNKUX MPUA CTAHZAPTHBIX MEXaHWUYECKUX MCIBITAHUSIX
MaTepuaoB, BKJIOUAS KEPAMUKY, TOHKNE CJIOU U MOKPBITUsS. B pasBuTue mpeicTas-
JIEHU# O TeOpeTUUEeCKO MPOYHOCTU BBEAEHBI IIPEJCTABICHUS O TEOPETUUECKOH ILia-
CTUYHOCTU TPU 0e3[MCIOKAIMOHHOM ¥ AUCJIOKAIIMOHHOM MeXaHuU3Max AedOopMalinu.
B pazne pa6or ycraHOBIeHA KOPPEJNANUA O, C DJIEKTPOHHBIM CTPOEHMEM MaTepuasia U
ero (pusuueckuMu cBoiicrBamu. ITokasano, uro napamerp Teit6opa C (C = HM /o, THE
HM — tBépnocts o Meiliepy, a 6y — IIpejiesl TEeKy4eCcTH) JIETKO PACCUNTBIBAETCSA II0
8. ITosToMy MHIEHTHpPOBaHUE IIO3BOJIAET B HACTOHAIEEe BPEMA [JOCTATOYHO IIPOCTO
OIIPeIeINTh He TOJBKO TBEPJOCTh, HO U IJIACTUYHOCTD, U IIPeJes TeKYyUecTH MaTepua-
n0B. TakuM o06pasoM, WHIAEHTUPOBAHNE CTAJIO IIPOCTHIM METOJOM OIIpeneeHUs KOM-
IJIeKCa MeXaHUYeCKUX CBOMCTB MaTepPUaJiOB B ITMPOKOM TEMIIEPATYPHOM HHTEPBAJE C
HCIIOJIb30BaHMEM o0pasila B Buje MeTajaorpadhuyeckoro mnuinda.

KaioueBbie cioBa: TBEPAOCTDb, IIJIACTUUYHOCTb, WHIEHTUPOBAHUE, IpeHes TeKydecTH,
nedopMmamusd.
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