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TemaTHKa )KypHaJIa

MexayHaponHblii HaywHbld okypHanm '"Materials Physics and Mechanics"

n3naercs CankT-IlerepOyprckuM — MOJMTEXHUYECKUM

yHuBepcureToM Ilerpa Benukoro B corpynuudectse ¢ MHCTHTYTOM NpodiemM MarinHOBeaeHus: Poccuiickoit Akagemun Hayk B meyaTHOM
BUJIe U dJIEeKTpoHHOU (opme. XKypHan myOnukyer oO30pHBIE M OpPUTMHANIBHBIC HAyYHBIC CTATHbU HA AHTJIMICKOM S3bIKE MO CIJIEIYIOIIIM
TeMaTuKaMm:

e MexaHNKa KOMIO3UIIMOHHBIX U HAHOCTPYKTYPHUPOBAHHBIX MaTEPHAJIOB.

o dy3KKa MPOYHOCTHU U IJIACTUYHOCTH KOMITO3UIIMOHHBIX M HAHOCTPYKTYPUPOBAHHBIX MAaTEPUAJIOB.

e MexaHuKa npoueccoB JedopMaiuy 1 pa3pylieHus B TPAIMIMOHHBIX MaTepHanax (TBEpAbIX Tenax).

o du3pKka NPOYHOCTH M IUTACTUYHOCTH TPAJUIIMOHHBIX MaTEpHAIOB (TBEPABIX TEI).

o Oy3KKa U MEXaHUKa IeEeKTOB B KOMIIO3UIIMOHHBIX, HAHOCTPYKTYPHPOBAHHBIX M TPaJULHOHHBIX MaTepHalIax.

e MexaHuka 1 pU3MKa MaTepHAIOB B CBA3aHHBIX IOJISX.

Penxomierusi mpuHUMaeT CTaThbH, KOTOPbIC HUIJIC paHee HE OMyOJIMKOBAaHbI M HE HANpaBICHBI I OMyOJMKOBAHUS B JIPyrue Hay4dHbIC
n3nanus. Bee mpeacrtaBiseMble B penakuuio okypHaia "MexaHuka M Qu3Mka MarepuanoB" craThbH peleH3upyrotcs. CTaTbd MOTYT
OTIPABJIIATHCS aBTOpaM Ha Jopa®oTKy. He npuHAThIe K 0y0IMKOBaHUIO CTAThH aBTOPaM HE BO3BPALIAIOTCSI.

Kypnan "Mexanuka u ¢puzuxa mamepuanog" (""Materials Physics and Mechanics") éxniouen ¢ cucmemy yumuposanus Web of Science
Emerging Sources Citation Index (ESCI), SCOPUS u PUHI].
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ON CRACKING IN THICK GAN LAYERS GROWN ON SAPPHIRE

SUBSTRATES
M.G. Mynbaeva'?, A.A. Sitnikova', A.N. Smirnov*, K.D. Mynbaev'?, H. Lipsanen®?,

A.V. Kremleva?, D.A. Bauman?, V.E. Bougrov?, A.E. Romanov*?
Yloffe Institute, Polytechnicheskaya 26, Saint-Petersburg 194021, Russia
ITMO University, Kronverkskiy 49, Saint-Petersburg 197101, Russia
®Aalto University, Tietotie 3, Espoo 13500, Finland

*e-mail: mgm@mail.ioffe.ru

Abstract. Self-organization mechanisms promoting elimination of cracks in thick GaN layers
grown on sapphire substrates are considered on the basis of the experimental results on the
fabrication of the layers by Hydride Vapor-Phase Epitaxy on MOCVD-grown GaN/Al;Os
templates. The obtained data support the supposition on the closure of tensile stress-related
cracks via diffusion processes and demonstrate the strong contribution of bulk diffusion in
addition to surface diffusion discussed earlier.

Keywords: GaN, defects, cracking, Hydride vapor phase epitaxy

1. Introduction
Currently, development of IlI-nitride epitaxial technology is aimed at the achievement of the
best possible quality of the material. Despite numerous efforts to commercialize IlI-nitride
homoepitaxy, most of the epitaxial structures for GaN-based devices are still grown on
foreign substrates, mainly on sapphire [1]. Sapphire (0001)Al,O3 substrates are known to be
highly mismatched to GaN layers in respect to both lattice parameter (14%) and thermal
expansion coefficient (30%). It is known that the increase in thickness of heteroepitaxially
grown GaN layers provides the decrease in threading dislocation (TD) density, and this
improves crystalline perfection [2]. At the same time, growth of thick layers often leads to
cracking in both the substrate and the layer due to thermally-induced stress caused by
aforementioned mismatches. When relaxation mechanisms are not taken into account,
calculations predict that the compressive stress in GaN is reduced by over two orders of
magnitude under cooling if the film thickness is increased to 1 mm. Thus, the tensile stress in
sapphire substrate is increased by over two orders of magnitude [3]. Stress calculations for
GaN/Al,O3 with consideration of relaxation mechanisms were performed in Ref. [4]. Three
mechanisms of relaxation accompanied with the formation of structural defects were
proposed for different film thicknesses: (i) pure lattice deformation for films with
thicknesses <4 um, (ii) enhancement of the density of interface defects such as "microcracks"
and/or dislocations (4-20 um), and (iii) generation of "macrocracks” in sapphire (>20 um).
Macrocracks that develop in GaN/(0001)Al,O3 structures are the cause of the mechanical
failure of the entire wafer during post-growth cool-down (an example is shown in Fig. 1(a)).
Yet the failure does not necessarily occur in all cases. For instance, as was shown for
Metal-Organic Chemical-Vapor Deposition (MOCVD) of GaN, cracking could be observed
for 13 um-thick layers, but did not necessarily appear in the layers with the thickness of
30 um [5]. This phenomenon was treated in detail by Etzkorn and Clarke [6]. They have
http://dx.doi.org/10.18720/MPM.4412020_1
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shown that in sufficiently thick GaN layers grown on sapphire substrates, a particular net of
buried cracks, which do not extend to either bottom or top of the film, is formed. Etzkorn and
Clarke argued that this cracking pattern could not be produced under compression. Their
general conclusion was that cracking resulted from tensile stress, which was generated during
the growth when a certain critical thickness of the film was reached. This supposition was
supported by the results of some experimental and theoretical studies (see, e.g., [7-9]). For the
explanation of crack elimination phenomenon, Etzkorn and Clarke considered several
possible scenarios involving diffusion-type processes or non-diffusion crack retraction [6].
Later, Liu et al. [7], who demonstrated formation and healing of buried cracks in thick GaN
layers grown by Hydride Vapor-Phase Epitaxy (HVPE), suggested that the lateral overgrowth
was the predominating process. In this paper, we will discuss our experimental results on
fabrication of thick GaN layers with HVPE using MOCVD-grown templates. Our results are
indicative of the dominance of diffusion (both bulk and surface) mechanism of the crack
closure during the growth.

2. Experimental technique

The initial substrates were 2" (0001)Al,O3 wafers with 3.2 to 4.6 um-thick GaN layers grown
by MOCVD on low-temperature GaN buffer layers. Thick (100-1500 pum) epitaxial layers
were grown in a home-made horizontal HVPE reactor at the atmospheric pressure. The
growth temperature was 1050 °C. Argon with 99.997% purity was used as a carrier gas, while
metallic Ga (99.9999%) and gaseous NHj (99.999%) were used as Ga and N sources,
respectively. Gallium was chlorined with gaseous HCI with 99.999% purity. It appeared that
HVPE-grown layers with thicknesses exceeding 400 um were not necessarily destructed
during the cool-down from the growth temperature to the room temperature. An example of
the appearance of a 1000 um-thick HVPE layer is shown in Fig. 1(b), where it is seen that the
whole structure is undamaged and retains its integrity.

a

Fig. 1. Optical photographs of thick GaN layers grown by HVPE on templates prepared with
MOCVD: a, a layer with thickness <100 pum, this sample experienced destruction right on the
growth pedestal after cooling down to the room temperature; b, a layer with thickness of
1000 pum, which retained its integrity. The diameter of both wafers is 50.8 mm

3. Experimental results

Optical microscopy study was performed with various focus depths from the surface to the
bulk of the material (down to approx. 200 pum). The studies revealed the presence of a set of
crack nets located at a considerable distance from the HVPE layer/substrate interface. The
nets were arranged one above another in the bulk of the layer with crack density decreasing
towards the surface. Figures 2 and 3 show the specifics of crack propagation. Figure 2(a)
shows an image obtained with the maximum focus depth. The observed area does not contain



On cracking in thick GaN layers grown on sapphire substrates 3

any cracks. Figure 2(b) shows the image obtained with the minimum focus depth, which
allowed for observing a buried crack (indicated by arrow) that did not intersect the surface.

Fig. 2. Optical photographs of a thick HVPE-grown GaN layer taken with various focus
depths of the microscope: a, maximum focus depth; b, minimum focus depth. An arrow in
image (b) points to a buried crack

Images presented in Fig. 3 show the evolution of the microstructure of buried cracks
within the bulk of the material. Moving the focus from the layer/substrate interface along the
growth direction, a heavily cracked region was detected. This can be seen in Fig. 3(a), where
a net of cracks with irregular shape is seen with weaker contrast (marked with white arrows).
Also, cracks with good contrast with lower density are seen above them (marked with a red
arrow). Important features of the defect pattern here are spheroid-like voids formed along the
crack trajectory as well as spherical micropores located in the immediate vicinity of the cracks
(Fig. 3(b,c)). The upper portion of the GaN bulk is shown in Fig. 3(d). This image
demonstrates that all the underlying cracks are completely closed and only micropores exist
above them (as seen in the lower left side of the image).

Transmission Electron Microscopy (TEM) studies were performed with the use of
Philips EM—420 (accelerating voltage 80 kV, resolution 5 A) and Jeol JEM-2100F
(accelerating voltage 200 kV, resolution 2 A) microscopes. Specimens for TEM studies were
prepared using standard procedures of mechanical thinning and subsequent etching with Ar*
ions with energy 3 to 4 keV. According to TEM data, the crack-free surface layer in the
investigated sample had a thickness of 10 to 15 um with TD density as low as 4x10” cm™.
TEM results also confirmed the existence of both voids (Fig. 4(a)) and micropores (Fig. 4(b))
in the bulk of the studied layer. The TEM study also showed that the process of evolution of
the shape of buried cracks via formation of voids was accompanied by changes in the
trajectories of TDs, so dislocations got deviated from their typical path along the direction of
the growth. Figure 4(a) shows a TEM image of a cross-section of the layer, where one can see
a buried void and a dislocation that changed its direction near the surface of the void. The
change of the direction of dislocation propagation can be indicative of the existence of
diffusion processes leading to dislocation motion [10].

For accessing the quality of the GaN material, we used Raman and PL techniques.
Horiba Jobin-Yvon T64000 Raman spectrometer (France) was used in these studies. Raman
signal was excited with YAG:Nd laser (excitation wavelength A=532 nm). The results of
Raman spectroscopy performed in backscattering geometry at 300 K revealed low residual
strain value in the studied sample. In Raman spectra (not shown), three allowed lines related
to phonons of E,(low), Ez(high) and A1(LO) symmetry were observed. The Raman shift and
full-width at half-maximum (FWHM) of the E(high) line equaled 567.5 cm™ and 2.1 cm™,
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respectively, and these values were close to those typical of non-deformed GaN (567.8 cm™
and 1.9 cm™, respectively [11,12]). According to the Raman shift of Ay(LO) phonon line
(733.7 cm™), free electron concentration in the sample equaled (5-6)x10° cm™.

Low-temperature (T=10 K) PL spectrum of the layer (not shown) was dominated by
excitonic lines (bound exciton, BE, peaks) and their LO phonon replicas. The high quality of
the material was confirmed by the absence of strong "yellow" PL line (with peak at ~2.2 eV),
which can be often observed in GaN luminescence spectra [13]. This was indicative of low
concentration of point defects that are responsible for the appearance of this line. There was
no indication of the presence of other ‘defect’ lines, such as ‘green’ (with peak at ~2.4 eV)
and blue (with peak at ~2.9 eV) lines that are typical of HVPE-grown GaN even with
relatively high purity [14] either. High-resolution PL spectrum revealed a number of narrow
excitonic bands, which were also indicative of the high quality of the material [15].

Fig. 3. Optical microscopy images illustrating reduction of crack density during HVPE of
the 650 um-thick GaN layer: a, deeply buried cracks; b, spherical micropores located in the
vicinity of the cracks; c, partly closed crack propagated in the overlying section; d, the third

(upper) section that does not contain cracks. Red arrows in images (a), (c), and (d) show
the same crack, which allows for following its propagation, changes in its shape and its
complete closure
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| Growth Void

direction

Fig. 4. TEM image of a cross-section of the thick GaN layer with buried cracks,
which illustrates the interaction between an inner void and a threading dislocation (a),
and a spherical micropore located in the immediate vicinity of the void (b)

4. Discussion

We shall start the discussion with the established fact that cracks in thick GaN layers originate
from the increase of tensile strain during the growth when material reaches a certain critical
thickness and that they remain buried in the bulk of the material [6]. Etzkorn and Clarke
offered some possible scenarios of the formation of buried cracks. One of them was a
diffusion-type process of crack closure. The driving force for this process obviously was the
'desire’ of the system to lower the overall stored energy, which resulted in the decrease of the
surface area of cracks [6]. We believe that the dominating role of the diffusion mechanism is
now supported by our experimental results. On the basis of our data it can be suggested that
the observed formation of multi-layered nets of cracks in the bulk of thick GaN layers
proceeds according to the following scenario. After the layer reaches the critical thickness,
cracks of the first level are formed. Under high temperatures (those of GaN HVPE growth),
surface diffusion occurs at the walls of the cracks while bulk diffusion occurs in their vicinity.
This leads to the evolution of the shape of the cracks, which proceeds till their continuity is
interrupted as a result of the formation of voids along the crack trajectory. Then the cracks
break up into a series of voids via a series of pinch-off events [16,17]. It can be suggested that
the formation of micropores in the vicinity of the voids results from the subsequent process of
void spheroidisation, which completes crack closure. These processes of the formation of
cracks and their diffusion-mediated closure at the first level partly relax the strain that was
generated during the growth. Thus, newly formed net of second-level cracks have lower
density. These cracks undergo similar changes and additionally serve as internal sinks for
micropores that had resulted from the first-level crack closure. As a result of this, the cracks
of the lower level become fully closed, and the voids of the next level have larger mean
diameter as compared to that of the channels of the lower level. With growth strain gradually
relaxing, the density of cracks decreases and they all become closed. The remaining
micropores, which now have no internal sinks, are absorbed by the free surface, which serve
as an external sink, and thus, disappear. This scenario of buried crack evolution is also
supported by TEM observation of the dislocation motion. The change in the direction of
dislocation propagation could be considered as an extra proof of the existence of intensive
diffusion processes, namely, a mass transfer by two counter-fluxes, where vacancies are
moving towards the cracks or voids, which serve as powerful internal sinks for them, while
atoms are moving towards the dislocation. The first flux defines the changes in the shape of
both the crack and voids, while the second flux leads to non-conservative dislocation motion.
As growth of the material proceeds further, the crack/void—containing region gets buried in
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the bulk of GaN and strain-free portion of the material with low TD density is formed above
it, as was confirmed by the results of Raman, PL, and TEM studies presented above.

Conclusion

In conclusion, the results of the study of crack elimination in thick GaN layers grown by
HVPE on GaN/Al,O5; templates prepared with MOCVD showed that non-catastrophic (those
not leading to sample destruction) cracks that form during long growth runs appeared to be an
important structural element, which encouraged additional relaxation processes in the bulk of
thick GaN layers grown on foreign substrates. The suggestion by Etzkorn and Clarke [6], who
postulated that changes in the shape of initial buried cracks result from surface diffusion, were
complemented with our experimental data that were indicative of the existence of
simultaneous processes of bulk diffusion. This provides extra arguments in favor of diffusion
mechanisms of crack closure. The diffusion processes obviously reduce free energy and help
strain relaxation in the growing thick GaN layers.
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Abstract. In this work, we exploit the two-scale homogenization approach to compute
explicitly the band gaps for out-of-plane wave propagation in ternary locally resonant
metamaterials (LRM) with two-dimensional periodicity. The homogenization approach,
recently developed by the authors for binary LRM, leads to the definition of the dynamic
effective mass density, depending on the frequency, that becomes negative near the resonant
frequencies of the inclusions. The intervals of negative effective mass give the band gaps.
These explicit solutions put in evidence the dependence of the spectral gaps on the geometric
parameters of the unit cell and on the mechanical properties of the three constituent materials.
The range of frequency where the asymptotic homogenization approach is equivalent to the
Bloch-Floguet theory is also established and confirmed by numerical simulations.

Keywords: metamaterials, homogenization, effective mass, band gaps, wave propagation

1. Introduction

Sonic and phononic crystals based on the localized resonant principle have been proposed and
studied in the last twenty years. In particular, periodic materials with heavy, stiff inclusions
with a soft coating embedded in a stiff matrix have been demonstrated to have broad spectral
gaps at low frequency, see e.g. [1] with pioneering experimental results on a composite with
lead spheres coated by silicone rubber in epoxy matrix. The intervals of frequency inside
which no waves with real wavenumber can propagate, can have different applications
especially in vibration isolation [2,3] or impact absorption [4,5].

The physical mechanism of local resonance with the corresponding spectral gaps can be
associated with the concept of negative effective mass. This can be well understood with help
of simple discrete mass-spring structures and many works have been performed in this
direction, see e.g. [6,7]. Also in actual continuum composites one can, by different
approaches, define an equivalent, effective mass density. In particular in [8] and [9] quite
complex expressions of the effective mass were derived for ternary composites considering a
single cell with rigid cylindrical or spherical inclusions coated by a soft materials and the
possibility of negative effective mass were demonstrated. However, the limit of validity of
these solutions was not explicitly settled.

The two-scale homogenization approach, first proposed in [10] for high-contrast binary
elastic composite materials in the long wavelength regime, provides a powerful tool to define
equivalent material properties. In [11] the approach was developed for a row of locally
resonant inclusions and recently the authors studied the spectral properties and the band gaps
of binary LRM through homogenization, [12].

http://dx.doi.org/10.18720/MPM.4412020_2
© 2020, Peter the Great St. Petersburg Polytechnic University
© 2020, Institute of Problems of Mechanical Engineering RAS



Two scale homogenization in ternary locally resonant metamaterials 9

In the same line, in the present work, we address the problem of out-of-plane wave
propagation in ternary LRM by the two-scale homogenization approach. The material has
two-dimensional periodicity, with cylindrical inclusions, modelled as rigid, coated by a very
compliant material. In the low frequency regime, under the hypothesis of high contrast
between the stiffness of the coating and of the matrix, homogenization leads to the definition
of the dynamic effective mass density, depending on the frequency, that becomes negative
near the resonant frequencies of the inclusions. The intervals of negative effective mass give
the band gaps. The influence of geometric parameters of the unit cell, such as the filling
fraction or the coating thickness, on the spectral gaps can thus be simply studied. This can be
useful for the design of the metamaterial.

The paper is organized as follows. Section 2 sets the problem and the basic
assumptions. The homogenization approach is developed in Section 3, where a closed form
expression for the effective mass is derived. Results in terms of band gaps for different LRM
are shown in Section 4. Section 5 provides a comparison of the analytical results with the
numerical results obtained on a single cell with Bloch-Floquet boundary conditions; the range
of frequency where the asymptotic homogenization approach is equivalent to the Bloch-
Floquet theory is also established and confirmed by the simulations. Some conclusions are
given in Section 6.

2. Problem formulation

We consider out-of-plane wave propagation in a ternary material endowed with two
dimensional periodicity. The heterogeneous body £2 has a cross section S in the plane x;-x2
and has a length in the direction x3 very large with respect to the heterogeneities, see Fig. 1a.
The unit cell that periodically repeats in the plane x;-x; is composed by a stiff matrix m
containing a cylindrical heavy inclusion (also referred to as fibers, f) coated by a very
compliant material c, as shown in Fig. 1b. The matrix and the coating are isotropic with linear
elastic behavior, while the fiber is considered as rigid. The two dimensional Bravais lattice
has primitive vectors a; and a, which can have different moduli and can be non-orthogonal.

coating
matrix

unit cell

(b)
Fig. 1. Metamaterial with periodically distributed coated cylindrical inclusions: (a) geometry,
(b) unit cell with primitive vectors a,

In this work, we assume that the size a =|a, Aa,| of the in-plane area Y of the unit cell
is small with respect to the considered wavelengths in the matrix material L,
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a=cl, =< [fn, (1)
o\ py

with ¢ a dimensionless small parameter, o the angular frequency of the wave, un, the elastic
shear modulus and pn the mass density of the matrix. The coated inclusion has radius

R{ =¢R, and the heavy stiff core has radius R; =¢R,. The area of the coating and of the

fiber inside the unit cell are Y. and Y/, respectively. The filling fraction ¢ is defined as the

ratio between the area of the coated inclusion and the total area

Yo [+|YS
v )

We further assume that there is high contrast between the stiffness of the matrix and that
of the coating, namely the ratio between the elastic shear modulus of the coating and of the
matrix is of the order of ¢>. We denote by ¢*4 the coating shear modulus, with z of the order
of um, and by py its mass density.

The motion, for a wave of angular frequency @ with out-of-plane polarization, is
described by a displacement field, which has only one component u‘ = us in the direction x3
that depends only on the in-plane coordinates x; and x,. The non-vanishing stress components
o5, and o, are collected in vector o< that reads:

6c = pegraduc in £, (©)

with 2 € equal to . in Y. and uy in Y. In view of the simplifying assumption of rigid
inclusion, the stress in Y[ is only fixed by equilibrium.
The equation of motion is expressed by:
divec + pc w2uc =0 in Q. 4)
The two scale asymptotic method [13], [11] allows to construct the homogenized

equation of motion for the composite material and to derive analytical conditions for wave
propagation and band gaps prediction.

3. Homogenization approach
Let us introduce first the rescaled unit cell Y= Y“/e and a microscopic coordinate y=x/e¢ within
it. The displacement and the stress are expanded in the form:

ue (X) = Uu0(X, X/€) + eut(X, X/€) + e2u2(X, X/€) +... (5)
6 (x) = 6°(x, x/€) + €61(x, X/€) + €262(X, X/€) +... (6)

The fields ue=u<¢(x,y) and o2=62(x,y), «=0,12,.., depend on both the
macroscopic X and microscopic y coordinates and are Y-periodic with respect to .

Accordingly, their spatial partial derivatives are denoted by an index x or y. From (5) and (6)
one obtains:

grad u« (x) = e-igrad, u° +grad ut +grad,u° +(grad, u2 +grad,ut) +... (7)
div 6<(x) = ¢-1div, 60 +div o' +div,60 + ¢(div, 62 +div,6?) +... (8)

The expansions (5-8) are substituted in the governing equations (3-4) and the terms of
the same order in ¢ are then considered.
At order -1 from (3) we get grad uo=0in Yy and Y; , while from (4) we get

div,6® =0 inY . Hence:
u’(x,y) =U2(x) inSxY_; u’(x,y)=U?(x) inSxY, (9)
and
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6’ = 1, (grad U2 +grad u') inSxY,; 6°=0 inSxY, . (10)

The term grad U? in eq. (10) can be interpreted as a constant eigenstrain in the cell.
For any value of grad U?°, one can solve a linear elastic static problem in the matrix only,
with periodic boundary conditions, subject to the additional condition of zero stress at the
boundary with the coating 0Y,. The out-of-plane displacement u* in the matrix can be

expressed as

2 0
)= 2 B (07 () +UF R in <Y, (11)
i=1 Xi
with »' solution of the problem
divgrad, y' =0 iny
Hn(grad, 7' +€;)-n=0 on oY, (12)

' periodic, 4 grad, y' -nanti-periodic  on Y

ei being the unit vector of the axis x;.
The stress in the matrix reads

2 0
0*(x¥) = sty 012, 7 +) T () in $x,. (13)
i=1 i

The homogenized displacement u® in the coating is the solution of the following
problem, obtained by considering the terms of order O in ¢ in equilibrium equation (4) and
those of order 1 in ¢ in the constitutive equation (3):

udivgrad u® + p.w’u® =0 in SxY,
u’=uU? on SxaY, . (14)
u’=uU? on SxoY,

For a given U? and a given w, different from the eigen-frequencies of the coated
inclusion fixed at its boundary oY,, problem (14) admits a unique solution that can be
expressed as:
u’(x,y)=Ug()n(y) in SxY, , (15)
where 7(y) is the solution of

divgrad 7 +k’n=0 inY,
n=1 on oY, (16)
n=Uj/u? on oY,

with: k= &.
\

The displacement of the rigid fiber U? is obtained from the global dynamic equilibrium
of the fiber subject to inertia forces and surface tractions transmitted by the coating
pi|Yi|@?US + [ . grad,n(y) -ndyu; =0. (17)

Y,

For the coated circular inclusion, problem (16)-(17) can be solved in close form and the
solution in polar coordinates (r =[y|) for R, <r <R reads:

KRy (35 (KN (KR, ) Yo (ki) 3o (KR ) + 21, (Yo (kr) 3, (kR ) =I5 (kN)Y, (KR, ))

den (18)

n(y)
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with
den = kR, p; (o (KR)Y (kR ) ~ Y (kR.) 3o (KR, ) + 2,0, (Yo (kR,) 4, (KR, ) = 3, (kR,)Y, (kR, ) ), (19)

where Jo and J; are Bessel function of the first kind and Y, and Y; are Bessel function of the
second kind.

The ratio between the displacement in the fiber and in the matrix reads
Uy 22 (oROLIR) — 3o (KR Y (R,)

Uo 7 den '

The discussion for @ equal to an eigenfrequency of the coated inclusion follows the
same lines of the case of binary metamaterials developed in [12] and is not reported here for
brevity.

Having obtained the above solutions for u’ and o° in the three constituent materials one

can finally obtain an effective equation of motion for the propagation of out-of-plane waves in
the metamaterial. To this purpose, let us consider the expansion of the equation of motion at
order 0:
div el +div,6® + pw2u0 =0 inSxY, (21)
and let us integrate it over Y . The integral of the first term equals the integral on the cell
boundary of the traction forces which vanishes by virtue of the periodic boundary conditions.
The other two terms give

div. M grad U2) + p" (@) ®*U2 =0 in S, (22)
where M is the second order effective stiffness tensor, whose components are given by

(20)

(grad, z' +e;)-(grad, ' +e;)dy, (23)

and p'(w) is the effective mass density. This latter reads
\ARSI\ALCE
T T d 24
Pl (@)= py TI& |Y|U° MIn(y) Y. (24)
Using the expression (18) of 7 one has

[n(y)dy =27(h(R.)-h(R,)) (25)
YC
with

)= kR o (5 (k)Y (KR, ) =Y, (kr) I (KR, ) )+ 20, (Y, (k) J, (R, ) — 3, (kn)Y, (kR ))
"k den

which, lnserted into (24) together with (20), gives the explicit form of the effective mass. For
=0 the integral in (25) is |YC|, and U? =U?, hence the effective mass coincides with the

(26)

static mass density of the composite material oy
Yl |, el il NI
Yl

The effective mass is not defined for the frequencies w, which are roots of den=0
(eqg. 19), it tends to -0 and +oo when wtends to @, from above and from below, respectively.
Therefore, the effective mass density is negative in a countable set of intervals. The values of
@y, Which fix the position of these intervals, depend only on the geometry and material

properties of the coating through the non-dimensional groups kR; and kR. defined for the
rescaled problem in Y. The corresponding real physical quantities in Y* are defined as

(27)

pst:pm
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ke=w |2 R =¢R,, R* =¢R_, (28)
€21,

hence k°R{ =kR; and k‘R{ =kR, and the frequencies intervals determined with the above

analysis remain valid for the physical problem.

In view of eq. (22), waves with frequency @ such that the effective mass density
becomes negative cannot propagate inside the composite material; the interval of negative
effective mass identify then the band gaps. One should remark however that the
homogenization approach applies only to waves with low frequency, as specified by
hypothesis (1). This condition involves the properties of the matrix material and should be
checked for the particular cases considered.

4. Results

Figure 2a shows the variation of the effective mass density, normalized with the static one,
with the frequency /2 for the ternary metamaterial constituted by lead inclusions coated
with rubber and embedded in epoxy matrix. The ratio between the external radius and internal
radius of the coating is 0.2, the filling fraction is ¢=7zR?/[Y|=0.4 and the materials
parameters are listed in Table 1. The effective mass becomes negative in several intervals of
frequency (shaded in the figure) that correspond to band gaps.

Table 1. Materials properties

Constituents E[MPa] v[] p [Kg/m®]
matrix — epoxy 3600. 0.370 1180.
coating — rubber 0.118 0.469 1300.
inclusion — lead 14000. 0.420 11340.
0 Rf 1.0
Pst R,
1.5 0.8
0.6
1.0 -— - -- --
E 0.4
0.5

200 400 600 800 1000 1200

0 200 400 600 800 1000 1200
Frequency [Hz] Frequency [Hz]

(a) (b)
Fig. 2. Ternary metamaterial with filling fraction 0.4: (a) normalized effective mass vs.
frequency for R/ R. = 0.2, intervals of negative effective mass give the first three band gaps;

(b) intervals of negative effective mass in the plane frequency- Rt/ R, the dashed line
corresponds to the case shown on the left
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The influence of the thickness of the coating is highlighted in Fig. 2b, where the regions
of negative effective mass are shown at varying R; /R_. The dashed line corresponds to the

effective mass evolution shown in Fig. 2a. The amplitude of the first band gap increases as the
thickness of the coating decreases since, at fixed filling ratio, this corresponds to an increase
of the resonating fiber mass.

1200 1200
1000 . 1000
R,/R. =067 R,/R. =087
— 800 800
N
L
o
=
2 600 600
1]
3
o
o
LT 400 400
200 200
0 0
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
Filling fraction Filling fraction

(@) (b)

Fig. 3. Frequency intervals of negative effective mass for varying filling fraction: (a) thick
coating Rt/ R;=0.67, (b) thin coating Rt/ R, = 0.87

Since a closed form solution is obtained, one can easily perform parametric studies to
evidence the influence of different geometries on the wave propagation properties.

As an example, Fig. 3 displays the frequency intervals of negative effective mass at
varying fillings fractions for the case of a thick coating (Fig. 3a) and that of a thin coating
(Fig. 3b).

In the first case, two strips are visible since two band gaps are inside the considered
interval of frequency, while for the thin coating only the first band gap is inside the
considered interval. In both cases, as the filling fraction increases, the opening frequency of
the first band gap decreases and the amplitude of the bandgap increases.

5. Discussion and comparison with Bloch-Floquet analysis

The propagation of waves in periodic materials is often studied making use of the Bloch-
Floquet theory solving an eigen-problem for the elementary cell subject to peculiar boundary
conditions. These latter, also called Bloch-Floguet boundary conditions, relate the
displacements of opposite sides of the unit cell and depend on the wave vector k considered.
The dispersion surfaces, a@=a(k) can be numerically evaluated, e.g. by finite
elements [14,15].

Due to the periodicity and to the symmetries of the unit cell (if any), the description of
the dynamic behavior of the metamaterial for all the possible wave vectors can be obtained by
considering only the first Irreducible Brillouin Zone (IBZ) of the reciprocal lattice.
Furthermore, often only the wave vectors along the boundary of the IBZ are considered, see
[16,17] for details. The frequency of each mode is then plotted as a function of the arc length
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along the boundary of the IBZ. The diagrams thus obtained are called dispersion diagrams
and characterize the transmission properties of the periodic material. The intervals of
frequencies where no real solutions exist define the band-gaps.

In a recent work [12], the authors proved that the asymptotic analysis of the Bloch-
Floquet problem leads to the same effective equation of motion (20) obtained through the two
scale homogenization methods described is Section 3. The two approaches therefore, in the
low frequency range, give the same prediction of the band structure. In the following we
illustrate these results for the ternary material with two dimensional periodicity.

We refer to the material shown in Fig. 1. To perform the numerical analysis, we
consider that the inclusions are distributed on S following a square lattice, characterized by
orthogonal base vectors a; and a, with the same modulus, so that the unit cell is a square of
side a.

Note that the results of the homogenization theory are general, independent from the
actual shape of the unit cell, while of course the numerical analysis of the Bloch-Floquet
problem requires to fix the shape of the unit cell.

Assuming a square primary lattice, the reciprocal lattice of wave vectors is also square
and the Brillouin Zone is a square with side 2n/a. Exploiting symmetries, the IBZ is the
triangle '-X—M, shown in the inset of Fig. 4a. The properties of the constituent materials are
reported in Table 1.

Figure 4a shows the dispersion plot for the metamaterial with a = 21mm, R, = 7.5 mm,
(corresponding to filling fraction of 0.4) and Rf = 5 mm. The band gaps are shaded and the
relative amplitude, defined as the bandwidth divided by the central band-gap frequency, is
also reported. Figure 4b shows the evolution of the normalized effective mass density with
frequency obtained through homogenization (note that this diagram in rotated of n/2 to
facilitate the comparison). The shaded regions correspond to negative effective mass density
and hence give the homogenization-based predictions of band gaps. One can observe an
extremely good agreement of the two approaches for the determination of the first band gap.

1.4 14
Ll
12 L2
N 33%
—
N \Il |I}'{J 1
T 10 \ || -
= X M
o 08 ' Lo08
2 |‘
[11]
g |
& 06 L ‘ L06
0.4 U 0.4
0.2 62.6% 0.2

X M 00 0.5 1 1.5 2
Normalized effective density o */p,

(a) (b)
Fig. 4. Three components metamaterial, filling fraction 0.4, Rt/ R, = 0.67: (a) dispersion plot
with dashed bandgaps, (b) normalized effective mass density vs frequency, shaded areas
correspond to negative effective mass

The opening and the closing modes of the first band gap are shown in Fig. 5a-b, they are
axial symmetric and correspond to different symmetry points of the IBZ, as common for
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band-gaps generated by a local resonant mechanism. The second band gap in the dispersion
plot is actually separated into two smaller bandgaps by the flat modes shown in Fig. 5d, and
Fig. 5e corresponding to local resonances inside the coating characterized by displacement

depending on both the radial and the angular coordinates.
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Fig. 5. Three components metamaterial, filling fraction 0.4, R;/ R;=0.67: (a) opening mode
of first band gap, (b) closing mode of first band gap, (c) opening mode of second band gap,
(d-e) flat modes inside second band gap, (f) closing mode of second band gap
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Fig. 6. Three components metamaterial, filling fraction 0.4, Rs/ R, = 0.87: (a) dispersion plot
with dashed bandgaps, (b) normalized effective mass density vs frequency, shaded areas
correspond to negative effective mass
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The prediction of these flat modes through the homogenization approach would require
to consider more general, not axial-symmetric, solutions. This part is not developed in this
paper. The opening mode of the first part of this second band gap, shown in Fig. 5¢, and the
closing mode of the second part of this second band gap, Fig. 5f, are again axial-symmetric.
From Fig. 5 one can also observe that the displacement is uniform in the internal lead
inclusion, the hypothesis of rigid inclusion is therefore justified.

Another comparison between the two approaches is presented in Fig. 6 for the
metamaterial with inclusions with a thin coating (R = 7.5 mm and Rt = 6.5 mm). The
agreement is very good also in this case, especially as far as the first band gap is concerned.

One should remark that, in both cases considered in Figs. 4 and 6, the first band gaps
fall inside the domain of validity of the homogenization approach, which is based on
hypothesis (1). In fact, using the properties of the epoxy matrix and the cell dimension a, from
(1) one obtains the following Ilimit of validity of the asymptotic analysis:

1

f<< f="— /ﬁ =8kHz ; the frequency of the actual first band gaps are one order of
P

2ra
magnitude lower than fx.

6. Conclusions
Based on the two-scale homogenization approach, we present an analytical expression for the
dynamic effective mass density of a ternary LRM with cylindrical inclusions. The results,
which provide an estimate of the band gaps in the low frequency regime, are independent
from the shape of the unit cell and from the matrix stiffness. On the contrary, the gaps in the
spectral properties strongly depend on the filling fraction and on the thickness and stiffness of
the coating. This dependence is explicitly given in this work.

The range of validity of the homogenization approach is given and the results are also
validated by comparison with those numerically obtained from the Bloch-Floquet theory.

The findings may be useful in designing LRM for specific applications where the
required band gap frequencies are fixed. The extensions to in-plane wave propagation and
spherical inclusions do not bring conceptual difficulties and are currently under development.
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Abstract. In the present work, using the method of a composite piezoelectric oscillator at a
frequency of 99-102 kHz, polycrystalline magnesium was studied under two types of
treatment: deformation and subsequent annealing. The influence of these types of treatments
on changes in the dislocation density and such an important structurally sensitive parameter as
the dynamic Young's modulus has been established. The values of micro-yield stress are
determined. With a longitudinal deformation of 1.7%, at the strain amplitude of 5x10° , its
value decreased from 2.9 MPa to 1.7 MPa; after annealing at 400 °C, it increased to 5.8 MPa.
Keywords: Magnesium, mechanical spectroscopy, dislocation density, Young's modulus,
internal friction, microplastic deformation

1. Introduction

Magnesium (Mg) and alloys based on it are widely used in the aerospace industry,
shipbuilding and mechanical engineering due to its low weight, specific strength and
environmental friendliness [1,2]. The low density of magnesium alloys has motivated the
development of structural Mg alloys for automobiles and aerial vehicle, where weight
reduction is needed to achieve high fuel efficiency [3]. In recent years, there has been a surge
of interest in magnesium and its alloys as revolutionary materials for biomedical
applications [4]. However, the poor plastic properties of Mg-based materials limit their
applications [5]. At present, the development of new and improvement of existing Mg-based
alloys does not stop [6,7,8]. For example, in 2001, rapidly solidified Mg-Zn-Y alloys were
found to have excellent mechanical properties, including maximum tensile yield strength of
~600 MPa and elongation of ~5% at room temperature [7,8].

One of significant aspects of the properties of structural alloys is the study of the
influence of microdeformations. Multiple microdeformations during the operation of the
material lead to fatigue, wear, the formation of microcracks, and finally the fracture of
samples or constructions [9]. The formation of new dislocations in the structure of the
material lead to increase of internal stresses, which are the main reason for the degradation of
materials strength properties. Knowledge of changes in the density of dislocations can be very
useful in the practical applications due to the direct connection of this change with the fracture
and wear of materials [10]. In this paper, we present the results of investigation of elastic and
anelastic properties of pure polycrystalline magnesium using mechanical spectroscopy. The
aim of our work is to study the changes in such a structurally sensitive parameter as the
dynamic Young's modulus (YM) and mechanical damping or internal friction (IF) under
deformation and annealing of magnesium.

http://dx.doi.org/10.18720/MPM.4412020_3
© 2020, Peter the Great St. Petersburg Polytechnic University
© 2020, Institute of Problems of Mechanical Engineering RAS



20 V.V. Kaminskii, Y.V. Lyubimova, A.E. Romanov

2. Method and samples

Polycrystalline magnesium samples with purity 99.99% in the shape of rectangular bars with
characteristic dimensions of 2.5x2.5x24.5 mm were fabricated by casting. To study the
microplastic behavior, the samples were passed through three processing steps:
i) 1.7% longitudinal deformation carried out using a press ii) annealing at 200°C in vacuum
iii) annealing at 400°C in vacuum. The measurements were taken before these processing
steps and after each of them. The grain size in the experimental samples remained in the range
from 10 to 100 pum.

All measurements were conducted using the composite piezoelectric oscillator
technique at a oscillatory frequency about 100 kHz [11]. The size of the samples was
specially selected to ensure resonance of longitudinal oscillation. The temperature range used
in the experiments was from 80 to 300 K. The low temperature range is optimal for studying
dislocation motions since the contribution of thermal vibrations of the lattice decreases. In this
range, the temperature dependencies of oscillation frequency and the IF were measured in the
sample at a fixed oscillatory strain amplitude 10™°. Along with this, the amplitude dependence
of IF was recorded at different temperatures and oscillation frequencies at constant
temperature. Young’s modulus was determined using the resonant frequency of the sample:

E = 4pl*f?, 1)
where f is oscillatory frequency, p is density of magnesium, [ is length of the sample.

The frequency change in these experiments was approximately in 99-102 kHz range.
Internal friction was determined by the change in voltage on the quartz transducer [11].

3. Results

Figure 1 shows the temperature dependencies of YM and IF as a result of heating; in general,
there is a tendency for YM and IF to decrease with increasing temperature. The dependencies
of internal friction at low temperatures after deformation and after annealing at 200°C show
the formation of a Bordoni relaxation peak close to 80 K [10], Fig. 1b. The value of Young's
modulus over the entire range decreases by about 1.5%, as it is shown in Fig. 1a. To verify the
adequacy of the obtained Young's modulus values, we used the traditional method of
estimation of the elastic constants for polycrystals by Voigt — Reuss — Hill averaging [13].
Room temperature Young's modulus found with such averaging for magnesium is 43.2 GPa,
which is close to our values determined before deformation and after annealing. Therefore,
this indicates on the isotropy of the investigated Mg polycrystalline samples, which also
means that the effects of texturing can be neglected [13].

Figure 2 demonstrates temperature spectra of IF on cooling and subsequent heating
before deformation. The amplitude dependencies were measured during cooling at fixed
temperatures, Fig. 3, and during heating the continuous temperature spectra were obtained
(Fig. 1b). Places where the data for amplitude dependencies were taken can be seen from the
curve discontinuities during the cooling processes, see Fig. 2. It also important to note, that
after each event of measuring amplitude dependence (Fig. 3) the level of IF sharply increases
(Fig. 2), which may be associated with an increase in the density of dislocations after each act
of loading. The heating process does not lead to stress relaxation, and the heating curve goes
higher than spectrum for cooling.
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Fig. 2. Temperature dependence of internal friction in the cooling-heating cycle before
deformation: — heating; — cooling; oscillatory strain amplitude is 10

Figure 3 shows the amplitude dependences of the internal friction at various
temperatures divided into 3 groups. For the first group the measurements were conducted
before deformation of the sample, for the second — after deformation, and for the third — after
deformation and deep annealing. Each individual curve consists of two parts: amplitude-
independent internal friction (AlIF), where a change of the oscillatory strain amplitude is not
accompanied by a change in the IF, (up to about 107) and amplitude-dependent internal
friction (ADIF), where a change in the strain amplitude is accompanied by a sharp change in
internal friction (after about 10™") [14]. The amplitude dependences before deformation and
after deep annealing are characterized by a pronounced increase in ADIF. At the same time,
one can notice an increase in the hysteresis value (the difference between the forward and
backward running) for these curves.

Our measurements also allowed us to evaluate the mechanical (or microplastic)
properties of magnesium using stress — strain diagram. We explored the algorithm to calculate
microplastic deformation as it was proposed in [15]. To estimate the contribution of
microplastic deformation, we plotted the dependence of microplastic deformation versus
anelastic strain amplitude for three cases: before deformation; after deformation and after
deep annealing, Fig. 4.
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4. Discussion

A change in the dislocation density of the material directly affects such important structurally
sensitive parameters as the dynamic Young's modulus and mechanical damping: plastic
deformation produces additional (fresh) dislocations and results in YM decreasing and the
increasing of IF. This effect was previously observed on numerous crystalline materials
[12,13,16]. In this paper we show that the reduction of Young's modulus after deformation of
1.7% is accompanied by a thermally activated Bordoni peak, as it follows from Fig. 1. The
basis of this relaxation process is the formation and movement of thermal or geometric kinks
at edge, screw and mixed dislocations [17]. The changes in the elastic modulus under
different treatment are clearly seen in Fig. 1a. A drop in YM during deformation is caused by
a raise of the dislocation density in the material. After annealing the structure relaxes and this
process is accompanied by a decrease in the dislocation density and in the height of the
Bordoni peak until its complete disappearance, and at the same time in a raise in the Young's
modulus, see Fig. 1. The dynamic elastic modulus clearly raises with the annealing
temperature increase; this can be explained by the diffusion of point defects to dislocations
hindering their movement and annealing of the dislocations themselves [18,19]. It is also
worth noting the recovery of the curvature of the elastic modulus graph, Fig. la, after
annealing at 400°C; this indirectly reflects the state of equilibrium of the structure [11].
Investigation of amplitude dependences of IF after different treatments of magnesium is a
clear evidence of a change in the dislocation structure, Fig. 3. These ADIF dependences relate
on the formation of the microplastic regions, in which the damping raises as a consequence of
dislocation multiplication [13]. The motion of dislocations in some cases is controlled by
point defects [18,19]. Figure 3 shows that the deformation of the sample is accompanied by a
sharp drop of the amplitude-dependent part of IF and appearance of strain hysteresis, which is
connected with partial blocking of the dislocation movement. The magnitude of microplastic
deformation at various amplitudes can be seen from Fig. 4. An increase in the dislocation
density leads to blocking the propagation of dislocations, thereby reducing the magnitude of
microplastic deformation. With a strain amplitude about 5x10 the values of micro-yield
stress drop from 2.9 MPa to 1.7 MPa, and after annealing it increases by more than 3 times
reaching the level of 5.8 MPa.

5. Conclusions

We studied the evolution of dislocation density of a polycrystalline magnesium under plastic
deformation and annealing by mechanical spectroscopy at a frequency about 100 kHz. It was
found that micro-yield stress caused by the movement of dislocations is reduced by 1.2 MPa
at a strain amplitude of 5x107° after longitudinal sample deformation of 1.7% due to the
increased dislocation density inside the polycrystal. After annealing the value of micro-yield
stress increased by more than 3 times, which indicates a decrease in stresses inside the
structure due to both the diffusion of point defects to dislocations and the annealing of the
dislocations themselves. At the same time these processes are confirmed by a pronounced
changes in the dynamic elastic modulus.
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Abstract. The interaction of impurity atoms of light elements C, N, O with vacancies and
vacancy clusters in fcc metals Ni, Ag and Al was studied by the molecular dynamics method.
The binding energies of impurity atoms with vacancies, divacancies and stacking fault
tetrahedron (SFT) are calculated. It is shown that the impurity atom in a vacancy is not
located at its center, but is displaced relative to it in the direction of the <100> type. The
changes in the activation energy of vacancy migration upon interaction with an impurity atom
are calculated. When studying the interaction of impurity atoms with a SFT, it was found that
the binding energy of C, N and O atoms for all the considered metals is higher with the SFT
edge (i.e. with partial dislocation) than with the top of the SFT.

Keywords: molecular dynamics, metal, vacancy, impurity, binding energy, divacancy,
vacancy cluster, stacking fault tetrahedron

1. Introduction

Impurity atoms of light elements (primarily the most common ones: hydrogen, oxygen,
nitrogen, carbon) have high chemical activity and already at low concentrations strongly
influence on the properties of metals. Being effective stoppers of dislocations and grain
boundaries, the impurities of light elements significantly increase the strength, hardness,
frictional properties simultaneously, as a rule, with brittleness [1-3]. A high melting
temperature and chemical resistance are typical for many interstitial alloys. Despite the
importance of understanding the mechanisms and processes underlying the effect of doping
light elements on the properties of metals, now there are many questions regarding the
behavior of impurities at the atomic level in the metallic matrix. In particular, the questions of
interaction at the atomic level of various interstitial impurities with defects in the crystal
lattice, especially dislocations and grain boundaries, remain insufficiently studied. In this
case, computer simulation is an effective research tool.

This work is devoted to the study using molecular-dynamic modeling of the interaction
of impurity atoms of light elements C, N and O with vacancies and vacancy clusters in metals
with fcc lattice. As metals, Ni, Ag and Al were chosen. This set of three metals is unique in
that two of them have almost the same radii of atoms, while the other two have almost
identical electronegativities. The radii of atoms: Al — 1.43 A, Ag — 1.44 A, Ni — 1.24 A [1].
Electronegativity (Pauling scale): Al — 1.61, Ag — 1.93, Ni — 1.91 A [3]. Thus, when
obtaining different dependencies for these three metals, the relationship either with the size of
atoms or with electronegativity will be seen.

http://dx.doi.org/10.18720/MPM.4412020_4
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2. Description of the model

The simulation was performed using the molecular dynamics method. The calculation block
of the crystal had the shape of a parallelepiped and contained 8400 atoms. Periodic boundary
conditions were used. Interactions of metal atoms with each other were described by the EAM
tight-binding Cleri-Rosato potentials [4]. In this case, the energy of the i-th atom is found
using expression:

oA e o]

Here 4, p, q, &, r, are the potential parameters; r;; is the distance between the i-th and

J-th atoms. The parameters of the Cleri-Rosato potentials were taken from [4].
To describe the interactions of impurity atoms of light elements with metal atoms and
impurity atoms with each other the Morse potential was chosen:

o(r;) = Dpe *" [pe " —2), )
where «, S, D are the parameters of the potential. Cleri-Rosato and Morse potentials have

proved themselves in numerous calculations performed by the molecular dynamics
method [5-8]. Pair potentials are relatively often used by various researchers to describe
interatomic interactions in metal-impurity systems. Multi-particle potentials are physically
more reasonable, but taking into account the high error of the experimental data on which the
potential parameters are selected, as well as the error of the search methods of the parameters
themselves, the choice of pair potentials is justified.

The parameters of the potentials for describing the interactions of impurity atoms C, N
and O with the metal atoms under consideration were taken from [9], where they were found
taking into account empirical dependencies and known characteristics, such as the melting or
decomposition temperature of the corresponding chemical compound of a metal with a light
element, activation energy of the diffusion of an impurity atom in the crystal lattice of the
metal. In [9], to describe the interactions of impurity atoms with each other in metals, the
potentials proposed by other authors have been taken as a basis. For the C-C bond, the pair
potential from [10] was transformed into Morse potentials. For N-N and O-O bonds,
potentials were taken from [11,12].

3. Interaction of impurity atoms with vacancies

The binding energy of an impurity atom with a vacancy Ep, was calculated as the difference
between the potential energy of a calculation block containing a vacancy and an impurity
atom at such a distance from each other, which eliminates their interaction, and the potential
energy of a calculation block containing an impurity atom inside a vacancy. In both cases,
before the calculation of the energy of the computational block, the structure was relaxed,
after which the calculation block was cooled to 0 K.

When conducting structural relaxation of the calculation block containing an impurity
atom inside a vacancy, it was observed that the impurity atom in the vacancy is not located at
its center, but is displaced relative to it in the direction of the <100> type. In Table 1, in
addition to the binding energy of an impurity with a vacancy, the values of the displacement
of the impurity atom 6 from the center of the vacancy are shown (Fig. 1).

In the literature there is very little information on the binding energy of light-element
atoms with defects of the crystal lattice of metals. For fcc metals, we found only the binding
energy of a carbon atom with a vacancy in y-Fe: 0.67 eV [13] and 0.37-0.41 eV [14]. In [14],
this quantity was found experimentally and with the help of ab-initio calculations; in [13] —
only by the calculations. Of the metals under consideration, the characteristics of y-Fe are
closest to Ni (atomic radii: 1.29 A (y-Fe) and 1.24 A (Ni); differences of electronegativities
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with carbon: 0.72 (Fe) and 0.64 (Ni)). The binding energy of a carbon atom with a vacancy in
nickel, found in our model, turned out to be 0.70 eV, which is close to the values in [13].

Fig. 1. The displacement of the impurity atom 6 from the vacancy center (the vacancy center
is marked with a cross)

Table 1. The binding energy of an impurity atom with a vacancy (eV)

C N 0
Epy 35 (A) Epy 5 (A) Epy 5 (A)
Ni 0.70 0.44 0.39 0.68 -0.05 0.80
Ag 0.05 1.03 -0.25 1.24 -0.59 1.97
Al 0.86 0.95 0.14 1.00 -0.58 1.05

According to the data obtained in the work, the binding energy of impurity atoms with a
vacancy is not always positive. For example, negative values were obtained for the oxygen
atom for all three considered metals. This means that between a vacancy and an impurity
oxygen atom there must be a kind of repulsion, their combination is energetically
unfavorable. The largest values of the binding energy with a vacancy are obtained for a
carbon atom in Ni and Al, which is apparently related to the largest size of carbon atoms
among considered impurities. The smallest values of the binding energy and at the same time
the largest displacements of impurity atoms from the center of the vacancy & were obtained
for Ag. In this case, impurity atoms are shifted almost to the position of the neighboring
octahedral pore.

Thus, vacancies are a "trap” mainly for relatively large impurity atoms, for example,
carbon. For atoms of small size, such as, for example, oxygen, combining with vacancies is
energetically not beneficial.

In this work, we also investigated the effect of impurity atoms on the diffusion of
vacancies in the metals under consideration. The migration energy of a vacancy was
determined by the magnitude of the energy barrier in the migration path of the defect. In
addition to the migration of a "pure” vacancy, the migration energies of a vacancy in the
presence of an impurity atom in it were calculated. To obtain each point on the graph of the
change in the energy of the calculation block, the structure was relaxed, during which the
displaced atom, adjacent to the vacancy, remained stationary. Figure 2 shows the dependences
of the change in the energy of the calculation block AU on the displacement Ar of an atom
adjacent to a vacancy in the case of the vacancy without impurity (graph 1) and with an
impurity carbon atom (graph 2).

The graphs obtained for a vacancy with an impurity carbon atom, as can be seen from
Fig. 2, asymmetric, in contrast to the graphs for vacancies without impurities. Nevertheless,
the extremum is distinct and it is possible to estimate the activation energy of vacancy




Interaction of impurity atoms of light elements with vacancies and vacancy clusters in fcc metals 29

migration with its separation from the impurity atom. It should be noted that the peak at the
2nd dependence in Fig. 2 is located to the right of the peak for the "pure™ vacancy in the case
of Ni and to the left in the case of Al.
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Fig. 2. The change in the energy of the calculation block when an atom adjacent to a vacancy
moves to its place: a) in Ni, b) in Al. 1 —in pure metal. 2 — in the case of the presence of
an impurity carbon atom in the vacancy

Table 2 shows the values obtained in the present work for the migration energy of a
vacancy with and without impurities. These values are obtained for the "separation” of
vacancies from impurities, not for the case of joint movement of vacancies and impurities. For
joint migration of vacancy and impurity, it is necessary to implement an additional
mechanism consisting in the exchange of places of the metal atom and impurity atom adjacent
to the vacancy.

Table 2. The migration energy of a vacancy with and without an impurity atom (eV)

without impurity C N O
Ni 0.90 0.99 0.78 0.52
Ag 0.91 0.81 0.74 0.87
Al 0.38 0.60 0.61 0.26

The obtained values of the migration energy of a vacancy in a pure metal are in
satisfactory agreement with the data of other authors. For example, for Ni, values in the range
of 0.9-1.1 eV are given in [15,16] and 0.4-0.6 eV for Al.

The effect of impurities on the diffusion mobility of a vacancy is consistent with the
previously mentioned binding energies of impurity atoms with a vacancy (Table 1). As can be
seen from the Table 2, carbon atoms, having a positive binding energy, inhibit the diffusion of
vacancies in Ni and especially in Al. In this case, due to the much higher mobility of
vacancies compared to the mobility of impurity atoms [1,9], it seems more correct to say that
impurity atoms are a "trap" for vacancies, and not vice versa. Oxygen atoms, on the contrary,
"accelerate” the migration of vacancies, reducing their activation energy due to the negative
binding energy of oxygen atoms with a vacancy. Nitrogen for different metals has a different
effect on the migration of vacancies: it reduces the energy of migration in the case of Ni and
Ag and increases it in the case of Al.

4. Interaction of impurity atoms with divacancies and stacking fault tetrahedron
Along with the vacancy mechanism, the contribution to diffusion in crystals is made by the
migration of divacancies (bivacancies) — doubled vacancies [15,17]. Even in equilibrium
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conditions in crystals there is a small concentration of them (as a rule, approximately two
orders of magnitude lower than the concentration of monovacancies). Divacancies are unique
in that they are the most mobile among vacancy clusters. In [17], using the molecular
dynamics method, the activation energies of divacancy migration were found: 0.23 eV in Ni,
0.18 eV in Ag, and 0.09 eV in Al. As can be seen, these values are several times lower than
the energies of monovacancy migration (Table 2). With an increase in the number of
vacancies in a cluster, its mobility sharply reduced. The next cluster, trivacancy, has a much
lower mobility than mono- and, especially, divacancy [15].

Table 3 shows the binding energy of impurity atoms with divacancies in the metals
under consideration. It should be noted that they are close to the values for monovacancies,
differing, as a rule, only by the second decimal place. In accordance with these values, as for
monovacancies, the influence of impurity atoms on the diffusion mobility of divacancies
should be expected.

Table 3. The binding energy of an impurity atom with a divacancy (eV)

C N )
Ni 0.76 0.50 0.02
Ag 0.06 -0.23 -0.57
Al 0.89 0.22 -0.28

The role of point defects is not limited to diffusion. With their high concentration in
materials, they have a significant impact on the strength properties. Nonequilibrium high
concentrations of point defects are formed as a result of rapid cooling from high temperatures,
plastic deformation and radiation damage [15,18].

In addition to the defects mentioned above, of interest are unique vacancy clusters in fcc
crystals — stacking fault tetrahedrons (SFT). At present, it is reliably established that small
vacancy clusters in fcc metals are mainly stacking fault tetrahedrons [19,20]. The faces of the
stacking fault tetrahedron (Fig. 3) are oriented along the (111) planes and are stacking faults,
and the edges are oriented along the <110> directions and are partial dislocations with the
1/6<110> Burgers vector [19]. SFTs are formed in all fcc metals, but their critical size, at
which the vacancy disks become energetically more advantageous, depends to a large extent
on the formation energy of the stacking fault in a given metal [21]. SFTs are formed as a
result of radiation damage, rapid cooling from high temperatures, plastic deformation.

In the molecular dynamics model, SFTs were created by introducing "triangular
vacancy disks" (Fig. 3a). To do this, atoms were removed from the region having the shape of
an equilateral triangle in the close-packed atomic (111) plane. For the formation of a SFT
from such a "vacancy disk", additional thermal activation was not required. The mechanism
of the "triangular vacancy disks" in the (111) plane to the SFT consisted in successively
displacing (settling) of groups of atoms in the form of equilateral triangles from the planes
parallel to the "vacancy disk™ plane toward it (Fig. 3a). Because of the peculiarities of the fcc
lattice, the sizes of the shifting groups of atoms of a triangular shape were successively
decreased, as a result of which the free volume of the initial "vacancy disk™ propagated into
the tetrahedral region of the crystal and evenly distributed over the edges of the SFT (Fig. 3b).
In Figure 3b it was used the visualizator of excess free volume, i.e. free volume over that
which is characteristic of a pure crystal. It can be seen, for example, that inside the SFT itself,
the structure corresponds to the structure of an ideal crystal, and all the excess free volume is
concentrated on the edges of the SFT, which, as already mentioned, are partial dislocations.
The faces of a SFT are stacking faults and contain almost as much free volume as an ideal
crystal.
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Fig. 3. Stacking fault tetrahedron in the molecular dynamic model: a) creation of a SFT from
a "triangular vacancy disk" (displacements of atoms in the process of structural relaxation are

shown by segments); b) the distribution of excess free volume in the SFT

Impurity atoms were introduced in two positions: at the top and edge of the SFT. The
values obtained are shown in Table 4. As can be seen from the table, the binding energy of C,
N and O atoms for all metals turned out to be higher with the edge of the SFT (i.e. with
1/6<110> partial dislocation) than with the top. In addition, in all cases the binding energies
are positive, which indicates the attraction of impurities by such dislocations. The highest
binding energy is obtained for a carbon atom with a SFT edge in Al — 1.40 eV. Such a high
value of the binding energy speaks in favor of a relatively strong bond of carbon atoms with
dislocations of this type. The lowest binding energies are obtained for Ag, which is apparently
due to two factors simultaneously: a relatively large lattice parameter and not deep interaction
potentials of impurity atoms with metal atoms. As in the cases of vacancies and divacancies,
the lowest values of the binding energy are obtained for oxygen.

Table 4. The binding energy of an impurity atom with a top and edge of SFT (eV)

C N )
top edge top edge top edge
Ni 0.64 0.77 0.49 0.72 0.27 0.62
Ag 0.10 0.30 -0.03 0.15 -0.34 0.01
Al 0.80 1.40 0.24 0.88 -0.11 0.44

5. Conclusion

The interaction of impurity atoms of light elements C, N, O with vacancies and vacancy
clusters in fcc metals Ni, Ag and Al was studied by the molecular dynamics method. The
binding energies of impurity atoms with vacancies, divacancies and stacking fault tetrahedron
(SFT) are calculated. It is shown that the impurity atom in a vacancy is not located at its
center, but is displaced relative to it in the direction of the <100> type. According to data
obtained, vacancies are a "trap” mainly for relatively large impurity atoms, for example,
carbon. For atoms of small size, such as, for example, oxygen, combining with vacancies is
energetically not beneficial. The changes in the activation energy of vacancy migration upon
interaction with an impurity atom are calculated. It is shown that at the positive binding
energy of an impurity atom and a vacancy, they inhibit the migration of each other during the
interaction. When studying the interaction of impurity atoms with a SFT, it was found that the
binding energy of C, N and O atoms for all the considered metals is higher with the SFT edge
(i.e. with partial dislocation) than with the top of the SFT.
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Abstract. In this study, SiC was deposited on carbon/carbon (C/C) composite substrate using
chemical vapor deposition (CVD) method to investigate the kinetics of the deposition process.
Therefore, the time, temperature, precursor composition (SiCls:N,:CH,) and substrate position
in the reactor were varied to evaluate the deposition rate. X-ray diffraction (XRD) method
was used to characterize the phase composition and calculate the grain size and the texture
coefficient of the coatings. Field emission scanning electron microscopy (FESEM) was
utilized to observe the coating morphology, microstructure and thickness. As observed -SiC
was the dominant phase of the coating with varied preferred growth crystalline planes of
(111), (220) or (311). The coating thickness was 2 um and 5 um for the samples treated at
1000 and 1100°C, respectively.

Keywords: chemical vapor deposition, boundary layer, deposition rate, SiC coating,
C/C composite

1. Introduction

Carbon/carbon (C/C) composites have recently attracted much interest due to their unique
physical, mechanical and chemical properties. Some advantageous properties such as low
weight, good high-temperature strength, high thermal conductivity, resistance to thermal
shock and resistance to high-temperature erosion make C/C composites more useful [1-6].
The most important defect of these composites is oxidation at temperatures higher than
500°C, which could be prevented by applying an appropriate coating on them. Silicon carbide
(SiC) is the most applicable coating for C/C composites due to the low thermal expansion
coefficient and high adhesion between coating and the substrate [7-12]. Chemical vapor
deposition (CVD) is an attractive and efficient coating method for applying SiC coating on
C/C composite. This method is based on the decomposition of a gaseous reactant in an
activated environment and the formation of solid products. The thermodynamics and kinetics
of CVD process could be used for identification of the process and reactions. Thermodynamic
calculations could be employed to investigate the feasibility of the reaction, while kinetics
study could be used to determine the controlling factor in deposition procedure. To obtain a
uniform coating with a certain morphology and expected properties, an exhaustive
investigation should be carried out on the deposition process to determine the controlling
factors [13-18]. The aim of this research is to study the relationship between boundary layer
theory and deposition kinetics of B-SiC coating on a C/C composite by CVD method.
Therefore, the influences of various parameters on the deposition rate were studied.

http://dx.doi.org/10.18720/MPM.4412020_5
© 2020, Peter the Great St. Petersburg Polytechnic University
© 2020, Institute of Problems of Mechanical Engineering RAS
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2. Material and methods
C/C 2D bi-directional structured samples was obtained from Jiao company. The modulus of
elasticity, thermal conductivity and density of the composite were about 180 GPa,
100 W/m-K and 1.8-10%kg/m3, respectively. Cubic specimens with dimensions of
10 mmx10 mmx10 mm were cut from the bulk C/C composite by means of wire-cutting
method. The samples were ground with emery silicon carbide papers of 400-1300 grits.
Thereafter, the ground specimens were cleaned ultrasonically in acetone and ethanol for
15 min followed by drying in the oven at 200°C for 2 h. Low pressure chemical vapor
deposition (LPCVD) process was carried out by means of a setup with horizontal reactor
(NSSG, Iran).The deposition was performed using pure Sicl, (Merck, Germany) and CH, as
well as N, as dilution and carrier gas. The schematic diagram of the CVD setup is shown
in Fig. 1.

To evaluate the deposition rate, deposition parameters varied as follows; temperature:
900, 1000 and 1100°C, time: 1, 2 and 3 h, SiCls:N2:CH4: 2:100:100, 4:100:100 and
6:100:100 (sccm). Furthermore, the samples were deposited at different positions in the
reactor to study the effect of sample position.

Fig. 1. The schematic diagram of the CVD setup

Deposition rate of the SiC coating were calculated utilizing the following equation:
W =W,
R= 2, 1
At @)
where, W, and W are the weight of the sample before and after CVD process, respectively,

A is the sample surface area and t is the deposition time.

X-ray diffraction (XRD) (Bruker, Germany, Cu K,=1.54 A) was used to characterize
the phase composition and measure the grain size and texture of the coatings. Field emission
scanning electron microscopy (FESEM) (Tescan, Czech Republic) was utilized to measure
the thickness and investigate the morphology of the coatings.

3. Results and discussion

X-ray diffraction analysis. Figure 2 illustrates XRD pattern of SiC coating applied on a
C/C composite by CVD method. It can be seen that B-SiC is the major phase of the coating
and also one carbon peak is observable.
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Fig. 2. XRD pattern of B-SiC coating applied on C/C composite by CVD method
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The intensity of the carbon peak for the coatings produced at 1100°C is lower than that
of the coatings produced at 900 and 1000°C. This carbon peak is related to the C/C substrate
as X-ray beam can penetrate through 30 pum thick coatings [19]. As can be seen in FESEM
cross-sectional images (Fig. 3), the thickness of the coatings produced at 1000 and 1100°C
was about 3 and 5 pm, respectively. Therefore, the carbon peak rises from substrate.
Furthermore, with increasing deposition temperature, the intensity of B-SiC diffraction peaks
enhanced. From the X-ray diffraction patterns, the texture coefficient (TC) of the coatings
could be measured. The TC represents texture and preferred orientation of the crystal surface.
The lower the TC value for certain (h k I) plane, the weaker the growth for that plane and vice
versa. The TC and preferred growth orientation depend on the deposition conditions and on
the deposition kinetics. The TC of (111), (220) and (311) crystal planes in polycrystalline SiC
coating can be calculated using Harris method [19-20]:

TC = '/' )

(¥n)x Z('/I )

where, I, is the measured relative intensity of a (h k I) plane and 1, is the standard intensity

of the plane (taken from ASTM standard intensities) and n is the number of reflections. TC
values for (111), (200) and (311) crystalline planes are shown in Fig. 4. It can be observed
that at 900 and 1000°C, the TC of (200) and (311) is higher than (111) plane. At 1100°C, the
TC of (111) direction is higher than that of (220) and (311). Hence, with increasing
temperature, preferred orientation changes from (220) and (311) to (111) and at higher
temperatures B-SiC tends to grow through densely-packed atomic planes.
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Fig. 3. Cross section of SiC coated C/C at different temperatures of 1000 and 1100°C
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Fig. 4. Texture coefficients of B-SiC coating at different temperatures

The SiC coating grain size was calculated using the Debye-Scherer formula, as given in
Equation (3) [21]:
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D=2 ©
pcosé
where, D is the grain size of the crystallite, 4 is the wavelength of the incident X-ray, £ is

the width of peak in the middle of maximum intensity and &€ is the related point on the
horizontal axis. Table 1 presents the average crystal size of the SiC coating deposited at
different temperatures. As it can be seen, the grain size of coating increases from 70 to
350 nm as the deposition temperature increases from 900 to 1100°C.

Table 1. Calculated average grain size of coating at different temperatures

Deposition temperature (°C) Average grain size (nm)
900 70
1000 145
1100 350

Effects of different parameters on deposition kinetics. In general, the CVD process
involves the following seven key steps [22]:

1. Transport of gaseous species in to the reactor.

2. Formation of intermediate species from reactant gaseous species.

3. Diffusion of intermediate species through the boundary layer to the substrate surface.

4. Adsorption of these species on the surface.

5. A single-step or multi-step reactions on the substrate surface.

6. Desorption of by-product species from the substrate.

7. Forced exit of un-reacted gases and by-product species from the reactor.

The schematic illustration of CVD steps during the deposition is shown in Fig. 5.
Steps (1) and (7) are mass transport-controlled processes. Rate of step (1) is controlled by
experimental conditions and flow rate of the precursors in the reactor. In addition, step (7) is
controlled by the gas flow rate in the reactor and the power of vacuum systems. Step (5) is
consisting of the intermediate gas reaction in the surface. Steps (3) and (6) show mass
transport through the boundary layer. The rate of these steps can be determined by Fick's first
law. In general, the steps in this model can be classified into two categories; the mass-
transport-controlled steps (1, 3, 6 and 7) and the surface-reaction-controlled steps (2, 4 and 5).
Amongst, the slowest step determines either the process is a mass-transport or surface-
reaction controlled [18,22]. Thus, various parameters were studied to determine the Kinetics
of coating process.
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Fig. 5. Schematic diagram of the mechanistic steps of CVD process [20]
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Temperature. Figure 6 illustrates the deposition rate of coating as a function of
temperature. It can be seen that the deposition rate increases with deposition temperature due
to overcoming the thermodynamically-formed barriers. However, at elevated temperatures,
the consumption rate of the reactants at the surface of furnace hot wall is high too and it has a
destructive effect on the deposition rate which can be clearly seen in Fig. 6. Thus, increasing
the deposition temperature can be assumed as a positive and negative factor in SiC deposition.
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Fig. 6. Deposition rate of coating versus temperature

For determination of deposition kinetics in CVD process, an accurate knowledge of
boundary layer is necessary. According to boundary layer theory [11], mass transport through
boundary layer could be pursued utilizing Fick's first law [22].

D, dC,

= ’ 4
A RT dx @)

where, J, is the diffusion flux of specie A, D,; is diffusivity of reactants, C, is

concentration of specie A, R is gas constant, T is temperature and x is the direction
perpendicular to the substrate surface. In boundary layer theory of a CVD process, x is the
thickness of boundary layer. The average boundary layer thickness as a function of
temperature is given as [22]:
é‘ZE I-/umix ’ (5)
3\ pu

where, L is the length of the substrate, x,,, is the viscosity of the gas mixture, p and u are

the density of the gas and the linear velocity of the gas in reactor, respectively. The density
and velocity of the gas are function of temperature. The density is estimated by ideal gas law
and the viscosity is estimated by some models [23]. Calculated results of the average
boundary layer are shown in Fig. 7. As it is illustrated, an increase in temperature causes an
increase in the thickness of boundary layer. Increasing the temperature causes the viscosity
enhancement of the gas in reactor. With increasing gas concentration, the velocity of reactants
in the reactor decreases. Thus, according to Eg. 5, the boundary layer will get thicker. With
more thickening of the boundary layer, the growth kinetics will be controlled by mass
transport. When the deposition rate is controlled by mass transport, the particles pass through
the boundary layer thickness and reach to the substrate surface and the coating has enough
time to grow. As can be seen in Fig. 4, the preferred orientation for growth of the crystals at
high temperatures is (111) crystalline plane. Thus, it can be concluded that at elevated
temperatures, the boundary layer thickness increases and the deposition process is controlled
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by mass transfer. Due to having enough time for being ordered, crystals grow in high density
orientation.
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Fig. 7. Calculated boundary layer thickness at different temperatures

Precursor composition. The effect of composition of precursor on deposition rate of
coating is shown in Fig. 8. The results indicate that the deposition rate increases with
increasing the amount of SiCl, in the gas composition. Increasing SiCly, as precursor from 2 to
4 sccm has a meaningful effect on deposition rate, but increasing it from 4 to 6 sccm has a
lower effect on deposition rate. When SiCl, amount is 2 sccm, the concentration of active
particles containing Si is very low in comparison to the active particles containing C, thus the
deposition rate is very low. With increasing SiCl, up to 4 sccm, the concentration of
Si-containing particles on the surface increases and the deposition rate increases severely.
However, with increasing SiCl, content up to 6 sccm, the deposition rate slightly increases. In
this case, the excessive concentration is the controlling factor of the deposition process.
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Fig. 8. Deposition rate of SiC coating versus SiCl, concentration

Time. The deposition time is one of the most important and controlling parameters in
the nucleation and growth of SiC on C/C composite. Figure 9 shows the effect of time on
deposition rate of SiC coatings. It can be seen that the deposition rate is low at first hour,
followed by a significant increase especially when the deposition time increased to 3 hours.
When the deposition time is low, SiC nucleates on the surface of C/C composite.
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Fig 9. Deposition rate of SiC coating versus deposition time

Position of the samples in the reactor. Position of substrate in the CVD reactor is one
of the effective parameters on deposition rate. In different parts of the reactor, temperature,
pressure and gas flow input is sometimes different. Figure 10 illustrates substrate positioning
in the CVD reactor and its effects on deposition rate. As it is obvious, the deposition rate is
higher in position 2 than that in positions 1 and 3. Thermocouples of the CVD reactor furnace
are located close to this location and displayed temperature is the temperature of this position.
In this position, since the distance from the inlet and outlet of reactor is high, the temperature
is higher and mass transfer is easier. Thus, the activated particles suspended in the reactor
react readily on the substrate surface. However, around position (1) and (3) due to the
closeness to input and output gates, the temperature is lower and the deposition rate is less.
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Fig. 10. (a) Schematic illustration of substrate position in reactor, (b) deposition rate of SiC
coating versus substrate position
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Controlling factors of deposition. To determine the factors controlling the deposition
rate, its changes versus temperature is plotted in Fig. 11. The resulted curve can be divided
into two regions. Due to the changes in region (a), the slope of the curve is constant, but in
region (b), a noticeable decrease of the slope could be clearly seen. From the calculated slope,
it could be noted that chemical reactions, mass transfer and surface migration, network
integration and byproducts desorption from surface are the controlling factors in region (a).
The surface processes strongly depend on deposition temperature and the processes speed up
with temperature enhancement. Also, it could be mentioned that deposition could be
controlled by mass transport of the activated particles in the boundary layer in region (b).
Hence, there is a limitation in mass transport and deposition rate, which are slightly dependent
on temperature. In fact, at high temperatures, surface processes are accelerating, thus fewer
particles could reach the surface. Therefore, the growth mechanism of the deposit also
changes. The change in mechanism of the crystal growth was also observed by calculation of
the preferred orientation of crystals. The (111) crystalline plane is more compact than (220)
and (311) crystalline planes and Si and C atoms, are arranged in this plane in compressed
mode. It can be concluded that, at low temperatures, deposition is controlled by chemical
reaction and particles can easily reach the surface at lower speeds. When the surface reaction
is carried out at lower speeds, the particles deposit in irregular form and may be stacked with
little compression. In this state, the texture coefficient (TC) of (220) and (311) planes are
more than that of (111). When the deposition rate is controlled by mass transport, the transfer
of activated particle to surface is done slower and atoms have adequate time to be arranged
and compressed. The crystals grow in plane (111) with the lowest surface energy. Certainly,
there is a little information about the details of the surface process mechanisms, but the
relationship between temperature and activation energy can be defined by the following
Arrhenius formula [18]:

R:Aexp[— :Tj (6)

where E is the activation energy, A is a constant; R and T are the gas constant and
temperature, respectively. The activation energy could be obtained from the slope of the
Fig. 11. Results of the activation energy calculation showed that the activation energies in
regions (a) and (b) are 69 kj.mol™ and 18 kj.mol™, respectively.
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Fig. 11. The deposition rate curve versus inverse temperature

Region (a) represents a region that is controlled by chemical reaction and the activation
energy in this area is much greater. The high activation energy indicates that deposition takes
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place with difficulty and barriers ahead of deposition process are high. Therefore, it is
expected that the formed coating has a low thickness. In region (b), the activation energy is
lower. Deposition has a lower dependence on temperature in this region. Hence, SiC deposits
more easily.

FESEM images of coatings. Figure 12 demonstrates surface morphology of
C/C composite before and after SiC deposition. As it is observed, C/C has a laminate
configuration due to the flake-like structure of C/C, which acts as a template for further SiC
growth. As it is seen from the figure, SiC crystals grow according to flakes of the substrate
and are not capable of growing on the surface porosities of C/C surface. Therefore, deposition
time needs to be extended. On the other hand, since the temperature is an effective parameter,
it also needs to be elevated to prepare adequate energy for SiC particles to grow in porosities.

SEM HV: 10.0 KV WD:te09mm || i SEM HV: 10.0 KV
View field: 9,54 pm Det; SE 2 View field: 7.64 pm

SEM MAG: 20.0 kx  Date{midly): 02110/14 SEM MAG: 25.0 kx | Date{midy): 0211014

Fig. 12. Surface morphology of C/C composite (a) before and (b) after SiC deposition

Figure 13 presents EDS analysis of SiC coating. As it is seen, the coating is consisted of
high percentage of C and Si. Presence of O in composition of coating indicates that some
areas of SiC have undergone oxidation. However, as the amount of oxygen is low, oxidation
cannot be widespread on the coating.
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Fig. 13. EDS analysis of SiC coating on C/C substrate




44 H. Aghajani, N. Hosseini, B. Mirzakhani

Figure 14 shows FESEM images of SiC-coated C/C with two different magnifications.
As it is observed, at 900 and 1000°C, the generated clusters are very small and by increasing
temperature, they start to grow and become bigger and bigger. At 1100°C, many crystals
could grow and in some cases, crystal size has even reached 300 um.
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Fig. 14. FESEM images of SiC coated C/C with two different magnifications at
900 and 1000°C

Effect of deposition time on growth morphology of coating. Figure 15 presents
FESEM images of the applied SiC coating in different periods of times. As it is observed, by
increasing deposition time, the crystallized grains on the surface of C/C have grown and their
size have increased. When the deposition time is less, crystals nucleate and if they reach
critical radius, begin to grow. As can be observed in the figure, during 1 h, small particles
have been generated on the surface of the composite. By increasing deposition time up to 2 h,
the same particles exist on the surface. However, they had the sufficient time to absorb more
Si and C atoms to be enlarged and reach the diameter of 100 nm. When the time was further
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allocated, initial nucleation and growth both occurred at the first hour of deposition. However,
the main growth happened at the last hour of deposition and crystals have been able to reach
themselves to the diameter of 200 to 300 nm homogeneously. From above mentioned
discussion, it is concluded that SiC crystals grow in an Island-type manner.

Fig. 15. FESEM images of the applied SiC coatings in different periods of times

4. Conclusions
From the above-mentioned results, the following conclusions could be drawn;

1) Phase characterization of SiC coating applied at different temperatures shows that the
B-SiC phase in crystalline planes (111), (200) and (311) grows on the surface of C/C
composite and the phase peak intensity increases with increasing temperature.
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2) Texture coefficient calculation results using XRD analysis revealed that crystal
preferential orientation at 900 and 1000°C were (311) and (200) and at 1100°C, preferred
orientation of crystalline plane was (111).

3) Grain size calculation by utilizing XRD analysis revealed that grain size of the
coating applied at 900, 1000 and 1100°C were 70, 145 and 350 nm, respectively.

4) With increasing temperature, the amount of SiCl, in precursor, and placement of
sample in middle position of reactor, deposition rate of SiC on C/C composite increases.

5) Kinetics studies show that at 900 and 1000°C, controlling factor is the chemical
reaction and at 1100°C, it is mass transport.
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Abstract. In the current paper, the characteristic factor g =[1+0.904(c, /o,)-(1-0,/0,)] is

extracted from the analytical solution of the bending moment for a rectangular strain-
hardening beam first. Thereafter, the characteristic factor g is transplanted into the
previously proposed assessment of the critical buckling strain for rigid-perfectly plastic
bending pipe by analogy method, thus an extended expression of the critical buckling strain
for a pipe plastic bending including strain-hardening effect is developed,
6, =019%. 1+t
r 1.78r
check the suitability of the extended expression. The results show that the extended
expression is reasonable to reveal the effect of Hollomon type strain-hardening behavior on
the critical buckling strain of pipe plastic bending.
Keywords: plastic bending, buckling, critical strain, strain-hardening, pipe

)-[0.096 +0.904/(1—n)*]. Moreover, available test data is employed to

List of symbols

M, critical bending moment of a pipe

r : cross-sectional radius of a pipe

t: thickness of a pipe

E : Young's modulus of a pipe material

v : Poisson's ratio of a pipe material

D, : cross-sectional diameter of a pipe

M : bending moment of a pipe

x . bending curvature of a pipe

K, = t/D02

AD : change in diameter of a pipe

o, - yielding strength of pipe material

P : internal pressure of a pipe

P, =20,t/D,

o, - critical buckling stress of classical (elastic) solution for Donnell equation for circular
shell

g,. - critical buckling strain of classical (elastic) solution for Donnell equation for circular
shell

p; - maximum internal design pressure

p, : minimum external hydrostatic pressure
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E, =207GPa
F,: effective specified minimum yield strength

on: Characteristic hoop stress
ay: maximum yield to tensile ratio;

a,, - 9irth weld factor

C : longitudinal curvature of the pipe during bending

C.: critical longitudinal curvature C

y : dimensionless parameter to reflect the ovalization of the cross section of the bending pipe
v, . critical value of »

k : the intensity factor of metal
n: hardening exponent of metal
o, ultimate strength

R =0, /0, ratio of yield strength to ultimate strength
g, uniform elongation

M, =bh’c /4

b : width of a beam

h: height of the beam
M : bending moment of the rectangular strain- hardening beam

p=[1+0.904(c,/0,)-(1-0,/0,)]: factor characterizing strain -hardening effect on bending
moment of a beam as compared to the ideal plastic one

1. Introduction

Buckling failure is a common phenomenon in pipe production and service conditions
involving bending. This kind of failure is fatal due to the loss of load capacity. However, the
assessment of critical strain of plastic bending pipe at buckling is still insufficient.

In general, buckling initiation can be used to define the failure of pipeline. During pipe
bending, the cross - section shape of pipe changes from a round to an oval one gradually, and
the bending load or moment increases at the beginning stage; however, the bending load or
moment could no longer increase or even suddenly decreases when the pipe bending exceeds
certain degree, which is defined as buckling failure of the bending pipe.

Early in 1927 [1], Brazier proposed an elastic solution to correlate the bending moment
and critical state at the limit point. His work showed that when an initial straight pipe is bent
uniformly, the tension and compression in longitudinal direction in the pipe resist the applied
bending moment, at the same time the cross section of the pipe tends to ovalize or flatten
elastically, which in turn reduces the flexural stiffness of the member as the bending curvature
increasing. He showed that the flexural stiffness has a maximum value which is defined as the

critical instable moment, M, = 0.987Et°r /(1-v*)"?, where r and t are the cross-sectional

radius and thickness of a pipe, E is its Young's modulus and v is the Poisson's ratio,
respectively.

Similar to Brazier, Chwalla studied the flattening of pipe cross-section due to pipe
bending in 1933 [2]. It diminishes the bending resistance of pipes progressively due to the
production of a certain curvature, and the bending moment for an oval section is smaller than
that of a round one. This nonlinear effect leads to instability [3]. The theoretical flexural limit
moment of cylindrical shells in considering section flattening (ovalization) is with a high
critical value [4]. Seide and Weingarten studied the bifurcation of bending cylindrical shell, a
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linear pre-buckling state and a Ritz-type bifurcation solution were assumed [5]. Their results
indicated that the buckling stress of a finite length simply supported cylindrical shell bending
is similar to the pure compression shell. Reddy observed the wave - like ripples on the
compression side of bending pipes ahead of collapse with steel and aluminum specimens [6].
Kyriakides and Ju studied the instability of cylindrical aluminum shells in pure bending [7,8],
the ratio of diameter to thickness of the cylindrical aluminum shells was 19.5 ~ 60.5, and the
length to diameter ratio was 18.1 ~ 30.1; the appearance of wave - like ripples was observed
on the compression side of the bent pipes once more before collapse. Libai and Bert [9],
Tatting et al. [10], Stephens and Starnes [11] also investigated the dependence of bifurcation
instability on Brazier's flattening effect.

In these decades, massive work has been done to study the stability of circular pipe
bending due to the needs of safety assessment of pipeline and behavior of nano-pipe.

As to the buried pipeline, it might suffer from complex and changeable environmental
conditions, which could induce deformation and strain or even lead to pipe failure, the critical
value of strain for a bending pipe at buckling might be rationally taken as a parameter in
pipeline design in nowadays [12-15]. However, the assessment of critical buckling strain is
still on the way, though some formulae have been proposed [13-15]. Till now some formulae
are either short of physical meaning or unreasonable. The prediction of classical analytical
solution is far from experimental results due to its elastic feature though it is with clear
physical meaning [13,14], other regressive or fitted formulae are short of physical meaning or
unreasonable [15], see the analysis in next section in detail. This situation indicates that the
assessment of the critical strain of plastic bending pipe at buckling is still an important and
open problem.

In 2006, Khurram Wadee et al. proposed a variational model to formulate the
deformation localization of bending round thin-walled pipes in elastic status [16]. The results
are compared to a number of case studies including nano-pipe, but it is in elastic case.
Philippe Le Grognec and Anh Le van studied the theoretical aspects of elasto-plastic buckling
of plates and cylinders under uniform compression in 2009 [17]. 3-D plastic bifurcation
theory assuming the J, plastic flow with von Mises yield criterion and a linear isotropic

hardening are involved in the analysis. The critical loads, the buckling modes and the initial
slope of the bifurcated branch are obtained for the rectangular plates under uni-axial or biaxial
compression (-tension) and cylinders under axial compression. Poonaya et al. analyzed the
plastic collapse of thin-walled round pipe bending in 2009 [18]. The oblique hinge lines along
the longitudinal pipe within the length of the plastic deformed zone were introduced in the
3-D geometrical collapse mechanism analysis. The internal energy dissipation rates, the
inextensional deformation and perfect plastic material behavior were assumed in the
derivations. Gianluca Ranzi and Angelo Luongo proposed an approach to illustrate the
cross-section change in the context of the generalized beam theory (GBT) in 2011 [19]. The
semi-variational method was employed to formulate the problem.

In 2012, Christo Michael et al. studied the effects of ovality and variable wall thickness
on collapse loads of pipe bending in-plane by finite element limit analyses with
elastic-perfect plastic material model [20]. It showed that ovality affects collapse load more
significantly than thinning in the pipe bending process. They proposed a regressive
mathematical equation to include the oval effect for their finite element analysis results.

Currently, Gayan Rathnaweera et al. studied the performance of aluminum / Terocore
hybrid structures in quasi-static three-point bending by experiment and finite element
analysis [21]. They observed two failure modes in their study, i.e., the top surface failure
(compression) from structures made of AA7075 T6 and the bottom surface failure (tensile)
from structures with higher percentage volume of foam.

Wrinkling is an accompanying phenomenon in pipe bending [22,23]. Guarracino



Strain-hardening effect on critical strain assessment of pipe plastic bending at buckling 51

pointed out that the growth of ripples on the compressed side of the pipe has a softening effect
on the overall response of the bent pipe [22]. Lamam et al. studied the inelastic wrinkling and
collapse of stainless steel (SS) 321 pipes with a D, /t about 52 under combined bending and

internal pressure experimentally [23], where D, and t are the diameter and thickness of the

pipe. Their results indicated that the moment (M ) — bending curvature («) response M —x
can be characterized by an initial linear elastic regime during which the pipe underwent a
small amount of ovalization. Then the elastic regime eases into a smooth moment knee caused
by the onset of inelastic action. The knee is followed an essentially linear "hardening" regime,
which continues to a relatively high curvature. The increase of the change rate in diameter
AD indicates a growth of ovalization accompanied by a net plastic circumferential expansion
of the pipe. Meanwhile, pockets of small amplitude wrinkles were observed on the
compressed side of the pipe soon after the moment knee. Under zero pressure condition, the
wrinkles were short lived, which developed on the compressed side of the pipe and soon
thereafter one of them localized, it results in a sharp local inward kink. This is a sudden event
that is associated with the sharp loss of rigidity at the end of the M —x response, which
corresponds to the appearance of maximum moment. This phenomenon implies that the limit
carrying capacity of the pipe could be characterized by M —« response at the buckling
though small amplitude wrinkles were observed on the compressed side of the pipe [23].

While, in the presence of internal pressure the moment—curvature response M — « after
the knee becomes stiffer and follows an early linear path that is higher than that of the pure
bending test [23]. The bulging led to the drop in moment observed at the termination of the
M-x response indicating that the structure started collapsing. The collapse point of the pipe is
defined at the curvature corresponding to the maximum moment. As the pressure increases the
response after the knee maintains approximately the same slope but gradually moves down
with pressure. The zero pressure case is seen to have a different post-yield slope than the rest
due to the significance of the pipe cross section ovalization [23].

In summary, the limit carrying capacity of a bending pipe could be characterized by
M —k response at the buckling regardless of the presence or absence of internal pressure.

In 2015, Ji and Zheng et al developed an analytical approach for assessing critical strain
of plastic bending pipeline at buckling with the cross section ovalization and rigid-perfect
plastic material models [24]. The available test data from Ref. [13,14] was employed to check
the validity of the assessment, good agreement was obtained. However, strain-hardening
effect of pipeline material was not included in such approach, which is a shortcoming of the
work, see the analysis in next section in detail.

In this paper, an expression including strain-hardening effect on assessment of critical
strain for plastic bending pipe at buckling is developed; the cross section ovalization model
and the Hollomon type strain-hardening behavior of the pipe material are employed.

2. Typical approaches for assessing critical buckling strain of bending pipe
Elastic solution (classical solution). The classical (elastic) solution for Donnell equation of
circular shell is [25,26],

o, =t 1 1)

T sa-vy
in which, r, and t are the radius, and thickness of the circular shell, respectively; E is elastic
modulus of the circular shell; o is the uniform stress on the circular shell along its axial
direction.
For common metallic material, such as steel, its Poisson's ratio is v =0.3, while for
aluminium and copper, their Poisson's ratio is v =0.34 [27], EqQ. (1) reduces,
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o, =0.605E % , for steel; (2)
O, = 0.614E£, for aluminium and copper. (2"
r
The corresponding critical strain is
Ey = 0.6051, for steel; (3)
r
Eqy = 0.6141, for aluminium and copper. 3"

r

For a bending circular shell, it gives the same results as Egs. (3) and (3").

The experimental data shows that Egs. (3) and (3) give more significant
overestimations than the test results [24].

In general, the value of radius-thickness ratio r/t for a practical pipeline, is about
30 ~ 50, which results in a higher ¢, =1.21% ~ 2.02% from Eq. (3), it exceeds the usual

elastic limit strain of the pipeline steel so much, says, about 0.2% [24]. This phenomenon
indicates that the prediction of Eq. (3) exceeds its actual application scope for a practical
pipeline seriously, so it isn't valid for practical pipeline.

Other expressions. Some other empirical approaches have been proposed to predict the
critical strain of bending pipe at buckling, such as [24],

Sherman (1976): ¢, =16(t/D)?;

Stephens (1991): &, = 2.42(t/ D)"*.

However, the comparison of their results with experiments indicates the non-
reasonability of these formulae [24].

Available codes in industry.

(1) CSAZ662-07

CSAZ662-07 code C.C6.3.3.3 gives an assessment of local critical buckling strain
including primary loads, secondary loads, or both [24],

&, = 0.5-1 — 0.0025 + 3000 (P=P.JD) (P.=PID 4, D> p,, 4)
D 21E, 2F,
04F.\ (p —
¢ =05+ _00025+3000 ~ox | (P=PID g, 5)
D E. 2F,

in which, ¢, is the ultimate compressive strain capacity of the pipe; t is the wall thickness of
the pipe, mm; D is outside diameter of pipe, mm, p, is maximum internal design
pressure, MPa; p, is minimum external hydrostatic pressure, MPa; E, = 207GPa,
F, = effective specified minimum yield strength, MPa.

(2) DNV-0S-F101
DNV-0OS-F101 clause 507 supplies the characteristic compressive bending strain
capacity, &, . as [24],

£y, = O.78(%—0.01)(1+ 5%)R’1'5agw, (6)
o, = P(%j (7)

in which, t and D represent the thickness and diameter of the pipe; o, is the characteristic
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hoop stress; o, is the yield strength of material; R is ratio of yielding strength to ultimate
strength; «,, girth weld factor (=1 for specimen with no weld); P is the internal pressure.

However, studies show that the accuracy of predictions of both two codes is also
limited [24].

3. Cross section ovalization model for assessing critical buckling strain of pipe plastic
bending

Ji and Zheng et al proposed an analytical assessment for critical strain of pipe plastic bending
at buckling, which considered the cross section ovalization during bending and rigid-perfect
plastic material models [24].

In the derivations, the energy rates of cross section ovalization and the oval pipe
bending were established, which were combined to derive the macro bending moment of pipe.
Furthermore, the maximum of macro bending moment of the pipe at buckling is yielded, and
the assessment for critical buckling strain of the plastic bending pipe is then obtained.

The longitudinal curvature of the pipe during bending is expressed by C, which could
be used to characterize the instant status of the bending pipe [24].

For a thin-wall circular pipe [24], t<<r, if a standard ellipse is employed to
characterize its ovalized cross-section shape due to bending, a dimensionless parameter y

could be introduced to reflect the ovalization of the cross section, thus the lengths of the
longer and shorter half axis of the ellipse could be written as, a=r(l+y) and b=r(1-y),
respectively. The dimensionless parameter ¥ depends on the longitudinal curvature C of the
bending pipe, which could be seen in [24] for details. Besides, the material of the pipe
behaves as a rigid - perfect plastic one.

Instability of the bending pipe occurs when the curve of bending moment M with
respect to y reaches to the peak. Thus the critical value of y. is derived, it obtains

7. =0.11 [24].
Furthermore, it derives the critical longitudinal curvature C. of the bending pipe by
completing the complicated integral calculations in [24],

C, =o.2131rt—2:o.8524§. (8)

Correspondingly, the apparent strain of the outer-fiber-line for the bending pipe at
buckling is derived [24]:

., =[r(1-y)+l]cc = 1(0.89+-)-0.2131 5 = 0,19 - (L+
2 2r r r

1.78r)' ®©)

Eq. (9) is the expression of apparent strain of the outer-fiber-line of the bending pipe at
buckling geometrically. In the derivation, a rigid-perfect plastic material model and cross
section ovalization are involved.

The factor 0.19 in Eq. (9) is close to the most experimental results [24].

In Ref. [24], the available test data from Ref. [13,14] was employed to check the
validity of the predictions of cross section ovalization model for plastic bending pipe, good
agreement was obtained.

Obviously, strain-hardening effect of pipeline material was not included in the above
proposed model, which is the main shortcoming of the work.

4. Extension of critical buckling strain assessment to include strain-hardening effect on
plastic bending pipe
Function of strain-hardening on critical buckling strain of plastic bending pipe. Strain
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hardening or deformation strengthening ability of metallic material is one of the most
important properties of metals, and the most commonly used relationship describing this
ability is the Hollomon formula [28],

o=ke&", (10)
in which, o and & present the true stress and true strain, respectively; k is the intensity
factor; n is the hardening exponent of metal.

Okatsu et al. conducted buckling experiments for small scale linepipes of Hollomon
type material with different strain-hardening exponent n [29]. Their results showed that
higher strain-hardening exponent n obviously corresponds to higher critical buckling strain
&, for pipes with different diameter to thickness ratio, D/t see Fig. 1 [29]. Their results also

indicated that high deformability linepipe "JFE - HIPER"” is with superior resistance to
buckling, which is developed by multiphase micro - structural control from X52 to X100
grades. The stress-strain curves in the longitudinal direction are round-house type for all
pipes, and high n - value (low Y/T ratio).
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Fig. 1. ¢, vs D/t for small scale Fig. 2. &, vs Rfor X70, X80, and X90
linepipes [29] steels [30]

With the development of pipeline steel from X65 to X100, the ratio of yielding strength
to ultimate strength, R =0,/ 0o, , increases from 0.80 to 0.90 ~ 0.93 or higher. Excessive ratio

of yielding strength to ultimate strength leads to a decrease in the strain - hardening property
of the steel pipe, which is harmful to the safe service of the pipe structure in a large
displacement environment. Meanwhile, the increase of the yielding strength to ultimate
strength ratio results in a decrease in the uniform elongation, &,.

Ji LK. et al. studied the tensile behaviors of X70, X80, and X90 steels. Tensile
specimens were cut longitudinally [30]. The rectangular tensile specimens with 50 - mm gage
length, 38.1 - mm width, and full wall thickness were used to carry out their tensile tests on
SHT 4106 machine according to ASTM A370. The tensile performance of the five specimens
is shown in Fig. 2. It can be seen from Fig. 2 that the tendency of uniform elongation &, for

the line pipe steels decreases with the increasing of the yielding strength to ultimate strength
ratio, R. This phenomenon has been reported for various structural steels as well [30].

In addition, the deformability of the steel pipe decreases as the structural size D/t
increases. Due to the use of high-strength pipeline steel, the wall of the steel pipe is thinned,
which further limits the ultimate plastic deformation ability of the pipeline. As to the
two-phase structure steel, its features of low yielding strength to ultimate strength ratio, high
uniform elongation and strain strengthening exponent ensure the safety of pipeline structures
in service, especially under strain-controlled load condition.

In fact, strain-hardening exponent is an important material parameter of pipe, which
reflects the strengthening behavior of material during deformation. The value of
strain-hardening exponent equals to the maximum uniform strain of material in principle [31],
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which represents the ability of the material to perform strain hardening so as to make
deformation uniformly before necking. Hu et al proposed a relationship to correlate the
strain-hardening exponent n and the ratio of yielding strength to ultimate strength for
Hollomon type material [32],
n=1-(oc, /o, )1/2. (11)
Hu et al. also collected many experimental data to check the reasonability of Eq. (11)
[32], which are shown in Fig. 3. It can be seen from Fig. 3 that good agreement is obtained.
These results indicate that the strain-hardening exponent n is the rate of the increase of
strength or hardness of Hollomon type material during deformation process. It reveals the
internal relationship between strength and plasticity. Higher o, /o, corresponds to lower n.

Jaske C.E. also studied the correlation of strain - hardening exponent n and o, /o, , the
variation of strain-hardening exponent n vs o, /o, for typical pipeline steels with Hollomon
type is shown in Fig. 4 [33].

From Figure 3 and Figure 4, the result of higher o, /o, corresponds to lower critical
buckling strain &, reasonably.

X46
X635

0.15
/ X60
L2

X80

L I 0 I I 1 1 i
0.4 0.5 0.6 0.7 0.8 0.9 1.0

n ' Os/Tb
Fig. 3. Variation of o, /o, with n[32] Fig. 4. n vs o,/ o, for typical pipeline
steels [33]

Extraction of the characteristic factor g from bending moment of a rectangular

strain-hardening beam to specifically characterize the strain-hardening effect on plastic
bending beam. The effect of hardening exponent on pipe bending was once studied by
Murata et al. with both FEM (Finite Element Method) and experiment [34]. In their FEM, the
tube is axial symmetry, and therefore a quarter part of tube was analyzed, the strain-hardening
behavior of pipe material is Hollomon type. The hardening exponent changed with n = 0.1,
0.3, 0.5 and 1.0. A commercial finite element code ELFEN was employed to conduct the
3D explicit analysis for the press bending process of circular, and shell element was
employed. ELFEN is a widely used code for the analysis of metal forming developed by
Rockfield Software Limited, Swansea [34]. The results showed that the increasing of
hardening exponent significantly resists the flatness of pipe cross section during bending due
to its action for deformation uniformity.

Yang investigated the strain-hardening effect on bending moment of a rectangular
strain-hardening beam [35], an analytical expression was developed. The strain-hardening
behavior of the material is Hollomon type.

Yang's analytical result showed that the bending moment of the rectangular
strain-hardening beam could be written as [35]:

M, ~ bh’c, -[1+0.904(c, /0,)-(1~0,/0,)]/4=M,-[1+0.904(c, /5.)- L~ 0,/ 5,)], (12)
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in which M, ~bh’c, /4 represents the bending moment of the beam with ideal plasticity
property and yielding strength o; b and h represent the width and the height of the beam,

respectively.

Obviously, Eqg. (12) indicates that a specifically characteristic factor g can be extracted
from the expression, which reflects the effect of strain-hardening behaviour on bending
moment of the beam as compared to the ideal plastic beam, i.e.
p=[1+0904(c,/0,)-1-0,/0,)]. (13)

Extension of critical buckling strain assessment to include strain-hardening effect
for plastic bending pipe at buckling. On the other hand, recalling to the two cases of elastic
buckling condition, i.e., the 1* one is the classical (elastic) solutions for critical moment and
strain of circular shell at bending buckling [36,37],

M. = 72Et°r I[31—v*)]['? =0.577Et’r [(1-v?)"?, (14)
g, = (r/R)/[BL-v*)"* =0.577(r IR) I(L—v?)"?, (15)
in which the cross-section shape of the elastic circular shell keeps completely round.

While the 2" one is the Brazier solution, which involves the cross-section shape of the
elastic circular shell changing into an ellipse during bending, in this case the critical moment
and strain of circular shell at bending buckling are,

M,, = 0.3147Et%r I(L-v?)"?, (16)
& =0.366(r / R) /(1—v?)"2. (17)

Compare Egs. (14) and (15) with Egs. (16) and (17), it yields two significant
conclusions: 1) the numerical factors in the classical (elastic) solutions for critical moment
and strain are identically all bigger than those in Brazier solutions, which is due to the
consideration of out-round of the pipe cross-section shape in Brazier mode. This phenomenon
clearly indicates that pipe with better roundness of cross-section shape will have bigger
critical buckling moment and strain at the same time during bending; 2) the numerical factors
are almost the same for the critical moment and strain at buckling.

Meanwhile, the previous section states that the action of strain hardening is to make
deformation uniformly before necking, and it may retain the roundness of cross-section shape
of pipe during bending. Therefore, as to the Hollomon type strain-hardening material and
bending moment problem, the specifically characteristic factor g extracted from bending

moment of a rectangular strain- hardening beam could be employed and transplanted into the
expression for assessing the critical bending moment and strain of bending pipe at buckling to
reflect effect of strain-hardening effect due to the similarity of the problem.

On the other hand, recalling to the three cases of elastically bending buckling condition
of pipe, i.e., the 1% one that is the classical (elastic) solution of the bending pipe retaining the
cross-section shape perfect round, the Brazier’s solution which involves the cross-section
shape changing into an elliptical one during of pipe bending, and Li’s solution considering the
cross section ovalization of pipe due to elastic bending [24], the corresponding critical
moment and strain of above models for bending buckling are shown in Table 1.

From Table 1, it results in a significant consequence that the numerical factors in the
classical (elastic) solutions for critical moment and strain are all greater than those in Brazier
solution and Li’s solution, which is due to the consideration of out-round of the pipe
cross-section shape in Brazier and Li models. This phenomenon obviously reveals that pipe
with better roundness of cross-section shape exhibits greater critical buckling moment and
strain at the same time during bending, and ratio of the numerical factor ¢, to M are all not

far from 1.0 in the above three examples.
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Table 1. Solutions of critical moments and strains for initially circular pipe bending at
buckling corresponding 3 elastic models [24]

Elastic Classical (elastic) Brazier solution Li's solution
model solution
M MC = MC = MC =
¢ 0.5777Et%r [(1—v?)"? 0.3147Et°r /(1—v?)Y? 0.3887Et°r /(1—v?)"'?
80 80 gC
fe =0.577(r/R)/A-v*)¥? | =0.366(r/R)/(1—-v*)"? | =0.461(r /R) /(L—v?)"?
Ratio of
numerical
factor 1.000 1.166 1.188
& to M,
Shape of
pipe
cross-section Perfect round Ellipse Ovalization
during
bending

Meanwhile, the previous section indicates that the function of strain hardening is to
ensure deformation uniformly before necking, and it may retain the roundness of cross-section
shape of pipe during bending. Therefore, as to the Hollomon type strain-hardening material
and the bending moment problem, the characteristic factor g separated from bending moment
of a rectangular strain-hardening beam could be transplanted into the representation for
assessing the critical buckling moment and strain of a bending tube to reveal the effect of
strain-hardening effect due to the similarity of the problem.

Referring that Eg. (9) is the estimation of the critical buckling strain of the
outer-fiber-line of a rigi -perfectly plastic bending tube due to cross section ovalization, which
is a complete geometric one without considering the action of strain-hardening.

Therefore, Eq. (9) could be extended to contain the action of deformation uniformity of
strain-hardening effect by the specifically characteristic factor g reasonably, thus it yields

£, =0195 1+ — ). =019 . (14— ) .[1+0.904(c, / 0.)-(—0. / 5,)] =
r 1.78r r 1.78r (18)
_019%. (1+—1).(0.096+0.9045, / 5,).
r 1.78r
In the light of Eqg. (10), Eq. (18) becomes,
g, =0.191. (1+ —).[0.096 +0.904 /(L— n)?]. (19)
r 1.78r

Eq. (19) is the extended expression of the critical buckling strain assessment containing
the strain - hardening of plastic bending pipe.

Ishikawa N. et al. collected the variation of &, with respect to nfor some pipes with
different D/t =40 to 44 and 62 [38]. These data is redrawn in Fig. 5 to check the validity of

Eq. (19), and it takes the average value 42 for the D/t = 40 to 44. Figure 5 represents the
reasonability of Eq. (19) obviously.
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— — D/t =62, predicted
04 r + Di/t=62, tested
D/t =42, predicted
A& D ‘r=‘42, tested

0 0.05 0.1 0.15 0.2

Fig. 5. Variation of ¢, vs nfor Hollomon type pipes different D/t

5. Conclusion
By extracting the characteristic factor ,8:[1+ 0.9040, /o, (1-0, /o-b)] from the analytical

solution of the bending moment for a rectangular strain - hardening beam, the Hollomon type
strain - hardening effect on plastic bending moment of beam can be characterized specifically.
Furthermore, by analogy method the critical strain assessment for strain - hardening pipeline
plastic bending at buckling is developed. The result shows the reasonability of the developed
expression for the critical buckling strain assessment of pipe with Hollomon type
strain-hardening behavior.

Acknowledgements. No external funding was received for this study.

References

[1] Brazier LG. On the flexure of thin cylindrical shells and other thin sections. Proc. Roy.
Sot. Series A. 1927;116(773): 104-114.

[2] Chwalla E. Reine Biegung schlanker, dinnwandiger Rohre mit gerader Achse. Zeitschrift
fir angewandete Mathematik und Mechanik. 1933;13(1): 48-53.

[3] Singer J. Buckling experiments: experimental methode in buckling of thin-walled
structures. New York: Wiley; 2002.

[4] Imperial FF. The criterion of elastic instability of thin duralumin tubes subjected to
bending. MS Thesis. University of California; 1932.

[5] Seide P, Weingarten V1. On the buckling of circular cylindrical shells under pure bending.
J. Appl. Mech. ASME. 1961;28: 112-116.

[6] Reddy BD. An experimental study of the plastic buckling of circular cylinders in pure
bending. Int. J. Solids Struct. 1979;15(9): 669-683.

[7] Kyriakides S, Ju GT. Bifurcation and localization instabilities in cylindrical shells under
bending. I. Experiments. Int. J. Solids Struct. 1992;29(9): 1117-1142.

[8] Ju GT, Kyriakides S. Bifurcation and localization instabilities in cylindrical shells under
bending. Il. Predictions. Int. J. Solids Struct. 1992;29(9): 1143-1171.

[9] Libai A, Bert CW. A mixed variational principle and its application to the nonlinear
bending problem of orthotropic tubes-11: application to nonlinear bending of circular
cylindrical tubes. Int. J. Solids Struct. 1994;31(7): 1019-1033.

[10] Tatting BF, Girdal Z, Vasiliev VV. The Brazier effect for finite length composite
cylinders under bending. Int. J. Solids Struct. 1997;34(12): 1419-1440.

[11] Stephens WB, Starnes Jr JH. Collapse of long cylindrical shells under combined bending
and pressure loads. AIAA J. 1975;13(1): 20-25.

[12] Li HL. Development and application of strain based design and anti- large- strain
pipeline steel. Petroleum Sci. & Tech. Forum. 2008;27(2): 19-25. [In Chinese]

[13] Dorey AB, Murray DW, Cheng JJIR. An experimental evaluation of critical buckling
strain criteria. Proceedings of the Biennial International Pipeline Conference, IPC. 2000;1:



Strain-hardening effect on critical strain assessment of pipe plastic bending at buckling 59

71-80.

[14] Dorey AB, Murray DW, Cheng JJ. Critical buckling strain equations for energy pipelines
— A Parametric Study. Transaction of the ASME. 2006;128(3): 248-255.

[15] Vitali L, Bruschi R, Mork KJ, Verley R. Hotpipe project-capacity of pipes subjected to
internal pressure, axial force and bending moment. In: Proceedings of the 9th International
Offshore and Polar Engineering Conference. Brest: The international Society off Offshore
and Polar Engineering. 1999. p.22-33.

[16] Wadee MK, Wadee MA, Bassom AP, Aigner AA. Longitudinally inhomogeneous
deformation patterns in isotropic tubes under pure bending. Proc. R. Soc.: A. 2006;462(2067):
817-838.

[17] Le Grognec P, Le Van A. Some new analytical results for plastic buckling and initial
post-buckling of plates and cylinders under uniform compression. Thin Walled Struct.
2009;47(8-9): 879-8809.

[18] Poonaya S, Teeboonma U, Thinvongpituk C. Plastic collapse analysis of thin-walled
circular tubes subjected to bending. Thin Walled Struct. 2009;47(6-7): 637-645.

[19] Ranzi G, Luongo A. A new approach for thin-walled member analysis in the frame work
of GBT. Thin Walled Struct. 2011;49(11): 1404-1414.

[20] Michael TC, Veerappan AR, Shanmugam S. Effect of ovality and variable wall thickness
on collapse loads in pipe bends subjected to in-plane bending closing moment. Eng. Fract.
Mech. 2012;79: 138-148.

[21] Rathnaweera G, Ruan D, Hajj M, Durandet Y. Performance of aluminium / Terocore
hybrid structures in quasi-static three — point bending: experimental and finite element
analysis study. Mater Des. 2014;54: 880-892.

[22] Guarracino F. On the analysis of cylindrical tubes under flexure: theoretical
formulations, experimental data and finite element analyses. Thin-Walled Struct. 2003;41(2-
3): 127-147.

[23] Limam A, Lee LH, Corona E, Kyriakides S. Inelastic wrinkling and collapse of tubes
under combined bending and internal pressure. Inter. J. of Mech. Sci. 2010;52(5): 637-647.
[24] Ji LK, Zheng M, Chen HY, Zhao Y, Yu LJ, Hu J, Teng HP. Apparent strain of a pipe at
plastic bending buckling state. J. of the Brazilian Soc. of Mech. Sci. & Eng. 2015;37(6): 1811-
1818.

[25] Donnell LH. Stability of thin-walled tubes under torsion. National Advisory Committee
for Aeronautics, NACA. Report number: 479, 1933.

[26] Hoff NJ. The accuracy of Donnell's equations. J. Appl. Mech. 1955;32(3): 329-334.

[27] Zheng XL. Mechanical behaviors of engineering materials. Northwestern Polytechnic
University Press; 2004.

[28] Hollomon JH. Tensile deformation. Transaction the Metallurgical Society, American
Institute of Mining, Metallurgical and Petroleum Engineers. 1949;16: 268-290.

[29] Okatsu M, Shinmiya T, Ishikawa N, Kondo J, Endo S. Development of high strength
linepipe with excellent deformability. In: 24th Inter. Conf. on offshore Mechanics and Arctic
Engineering: OMAE2005-67149, V. 3. Halkidiki, Greece; 2005. p.63-70.

[30] Ji LK, Li HL, Wang HT, Zhang JM, Zhao WZ, Chen HY, Li Y, Chi Q. Influence of
dual-Phase microstructures on the properties of high strength grade line pipes. Journal of
Materials Engineering and Performance. 2014;23(11): 3867-3874.

[31] Toyoda M, Koi M, Hagiwara Y, Seto A. Effects of yield to tensile ratio and uniform
elongation on the deformability of welded steel frame structures. Welding Inter. 1991;5(2):
95-101.

[32] Hu Z, Cao S. Relation between strain — hardening exponent and strength. Journal of
Xi'an Jiaotong University. 1993;27(6): 71-76.

[33] Jaske CE. Development and evaluation of improved model for engineering critical



60 M. Zheng, ZM. Li

assessment of pipelines. In: Proceedings of International Pipeline Conference. New York:
ASME; 2002. p. 1459-1466.

[34] Murata M, Kuboki T, Takahashi K, Goodarzi M, Jin Y. Effect of hardening exponent on
tube bending. Journal of Materials Processing Technology. 2008;201(1-3): 189-192.

[35] Yang Z. Plastic limit analysis of beams considering hardening effect. Journal of Huagiao
University (Natural Science). 2006;27(3): 277-279.

[36] Yudo H, Yoshikawa T. Buckling phenomenon for straight and curved pipe under pure
bending. J Mar Sci. Technol. 2015;20(1): 94-103.

[37] Karam GN, Gibson LJ. Elastic buckling of cylindrical shells with elastic cores. I:
Analysis. Int. J. Solids Struct. 1995;32(8/9): 1259-1283.

[38] Ishikawa N, Okatsu M, Endo S, Kondo J. Design conception and production of high
deformability linepipe. In: Proceedings of IPC2006 6th International Pipeline Conference.
Canada; 2006. p.215-222



Materials Physics and Mechanics 44 (2020) 61-65 Received: July 29, 2019

HOMOGENEOUS HORIZONTAL AND VERTICAL SEISMIC
BARRIERS: MATHEMATICAL FOUNDATIONS AND DIMENSIONAL

ANALYSIS

V.A. Bratov*?", A.V. llyashenko®, S.V. Kuznetsov*, T.-K. Lin®, N.F. Morozov?
YInstitute for Problems in Mechanical Engineering RAS, Bolshoj pr. 61, St Petersburg, 199178, Russia
2GSt Petershurg State University, 13B Universitetskaya Emb, St Petersburg 199034, Russia
*Moscow State University of Civil Engineering, Yaroslavsckoe sh. 26, Moscow, Russia
*Ishlinsky Institute for Problems in Mechanics RAS, Prospekt Vernadskogo 101-1, Moscow 119526, Russia
*National Chiao Tung University, Hsinchu, Taiwan, 300

*e-mail: vladimir@bratov.com

Abstract. The concept of a vertical barrier embedded in soil to protect from seismic waves of
the Rayleigh type is discussed. Horizontal barriers are also analyzed. The principle idea for
such a barrier is to reflect and scatter energy of an oncoming wave by the barrier, thus
decreasing the amplitude of surface vibrations beyond the barrier. Numerical FE simulations
of a plane model are presented and discussed.

Keywords: seismic protection, seismic barrier, Rayleigh waves, Lamb problem

1. Introduction

Ground vibrations generated by the external sources, such as earthquakes, blasts, railroads,
etc. can affect structures and cause their damage. During recent few decades, several
approaches were suggested to mitigate effects of the ground vibrations inside the protected
regions by introducing barriers of different nature; see [1-11].

Most of these works concern with vertical barriers filled by an acoustically softer
material than the one of the ambient soil. However, as observed in [8], horizontal barriers
filled by acoustically stiffer material than the ambient soil can produce even stronger
protective effect against vibrations. The discussed effect relates to Chadwick's theorem
[12,13] stating that no Rayleigh waves can propagate over a clamped surface of a halfspace or
a halfplane.

Herein, different materials for filling in the vertical barriers are analyzed with respect to
their ability to mitigate ground vibrations beyond the barrier. The main attention is paid to
Rayleigh waves, as the major factor causing ground surface vibrations at regions sufficiently
distant from the buried dynamic sources [14].

2. Basic notations
The starting point for the analysis of interaction of surface acoustic waves (in the considered
case of a homogeneous halfplane the surface waves are reduced to Rayleigh waves) with the
vertical barrier, is analysis of the equation of motion

. o%u
cpVdivu—cg rotrotu :at_z : (1)

http://dx.doi.org/10.18720/MPM.4412020_7
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where u is the displacement field, cp and cg are velocities of the longitudinal and transverse
bulk waves respectively:

A2
Cp = ':)H’ CS:\/E. (2)

In (2) A and p are Lamé constants and p is the material density.

Due to Helmholtz decomposition, the displacement field can be represented in terms of
scalar (@) and vector (%) potentials

u=Vao +rot¥. (3)
The potentials are assumed harmonic in time

D(x,t) = D' (x)e', w(xt)=P(x)e. 4)
Substituting representation (4) into Eq. (1) yields two independent Helmholtz equations

(Aw—:]cp':o, (A+‘°—§j‘1”=0. (5)
Cp Cg

To define plane waves and to simplify the analysis, the splitting spatial argument is
needed

X=(x-n)n+(x-v)v+(x-w)w, (6)
where n is the unit wave vector, is the unit normal to the median plane of the plate, and
W=nxv.

The further assumption relates to the periodicity of the potentials in the direction of
propagation

O'(x)=9(x")e", ¥'(x)=y(x")e", 7)
where the dimensionless complex coordinates x" and x" are
X'=irx-n, x"=irx-v. (8)

In (8) i =+/~1 and r is the wave number related to the wavelength | by
2T

T 9)

Substituting representations (7) into Eq. (5) results in the decoupled system of two
ordinary differential equations

2 2 2 2
d P 1= le=0, d—‘g+ 1-2 v =0, (10)
dx” Cp dx” C§

where the phase speed c relates to the frequency and the wave number by the following
relation

c=—. (11)
r

The boundary surface is x-v =0 assumed free from the surface tractions:
tvE(ktr(Vu)l+p(Vu+Vut)).v:O, x-v=0. (12)

Substitution representation (3) into boundary conditions (12) yields boundary conditions
written in terms of potentials ¢” and "

(xAQD’I + ZM(VVCD' +%(V rotV' + (V rot‘P')t))j -v=0, x-v=0. (13)

The equation (13) is one, we are looking for; it describes propagation of Rayleigh
waves along free surface of a halfspace/halfplane.
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Equation (13) should be supplemented with equation of motion for the barrier,
analogous to Eqg. (1), and boundary conditions at the interface between barrier and soil. The
ideal mechanical contact is imposed at the interface:

Upar = Usoil
Yo = Tvg interface

In the next section the FE approach for solving the considered equations will be
developed, allowing us to analyze the interaction of Rayleigh waves with the vertical seismic
barrier.

(14)

3. FE modeling of a system **soil-vertical barrier™

Herein, some results based on numerical modeling of seismic waves propagation as well as
their interaction with vertical seismic barriers are presented. The shown results are received
utilizing an explicit FE code.

Basic Remarks. The analysis has shown that similarly to the horizontal barriers [8],
vertical barriers should satisfy several important conditions in order to protect the given area
from seismic waves effectively: (i) height of the barrier should be comparable with the
lengths of the waves which it protects from; (ii) material of the barrier should have larger
Young's module and density than the ambient soil has (iii).

2D Model. In connection with the complexity of this problem, 2D model was used in
order to simplify the subsequent studies. These are models consisting of a symmetric plate
with sizes which were chosen lest the waves reflected from the boundaries of the model
should return to the points of observation during the calculation time. The condition of
symmetry (3) is applied on the left edge of the plate while, the lower and the right edges were
fixed. The source of waves was simulated as a harmonic load (1) applied on the upper edge in
the center of the plate (on the top of the axe of symmetry). Vertical barrier (2) was created at a
distance from the axe of symmetry so that the wave picture might stabilize. Figure 1
represents the picture of wave propagation in the model.

Comparing the kinetic energy of a piece of the plate beyond the barrier with the energy
of the same area without barrier provides us with the information on the efficiency of this
barrier. The same comparison may be carried out with the magnitudes of displacement of the
observation points behind the barrier.

Fig. 1. Finite element model with a vertical round-shaped barrier. 3D model (left) and cross
section (right)
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Similarly, Figure 2 shows a finite element model of a horizontal barrier. The latter
utilizes Chadwick'’s theorem on non-propagating Rayleigh waves in a clamped halfspace. In
view of this theorem, the modeled horizontal barrier had either larger Young's modulus than
the halfspace, or larger density, or both. The latter case, as numerical computations reveal,
appears the best in terms of reduction vibrations behind the barrier: Rayleigh waves are
almost completely eliminated in the protecting zone.

Step

Fig. 2. Finite element model with a horizontal round-shaped barrier. 3D model (left) and cross
section (right)

4. Dimensional analysis
In accordance with the n-theorem [15] which states that physical law does not depend on the

form of units, the kinetic energy field E;2" of an area A beyond the barrier can be described
by the following group of dimensionless parameters:

i;@; d xzh ’g’é’ wﬂ’SOil Vbar;vsoil ! (15)
Esoil psoil ﬂ“ h )“ Esoil /psoil
where index soil marks the ambient material of the half-space, while index bar corresponds to
the parameters of the barrier; A is the wavelength of the Rayleigh wave in a half-space (this

wavelength can be solved from the Bergmann-Victorov's equation); E, ,E, are the
corresponding Young's moduli; v, v, are the Poisson's ratios; p,.., 0. are the densities;

d and h are the thickness and the height of the barrier accordingly; @ is the circular
frequency of the exciting load (here it is always equal to the wave circular frequency).

According to the analyses performed in [8] as well as this research, both Poisson's ratios
almost do not have the influence on the kinetic energy field of the area, therefore, we can
eliminate both Poisson's ratios. Apart from that, the frequencies of considered waves remain
constant (because the applied harmonic load has a constant frequency). That is why the
expression (15) can be simplified to the following:

ar Ear. ar.dxh.d
E:in ( Eb ’ pb 1] 2 i_] . (16)
soil psoil ﬂ“ h

bar
Ekin

s0il

5. Conclusions
It was demonstrated that seismic barriers can be utilized to successfully protect areas from
oncoming seismic waves significantly reducing amplitudes of vibrations and surface
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accelerations. Further research is required in order to establish best possible geometry and
material for the barriers. The developed approach can be verified experimentally on both the
laboratory scale and outdoor experiment.
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HYPERBOLIC TWO TEMPERATURE FRACTIONAL ORDER ONE
DIMENSIONAL THERMOELASTIC MODEL HEATED BY A PULSE
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Abstract. The behaviour of an isotropic homogeneous thermoelastic semi-infinite medium is
investigated based on the acceleration of conductive and thermodynamic temperatures. A
half-space x > 0, under stress-free boundary condition at the near end, is considered. At this
near end, a laser pulse decaying exponentially with time is applied. In the framework of
fractional order generalized thermoelasticity theory, a one-dimensional coupled model is
reduced using Laplace transform and corresponding thermally-induced temperature, stress
and strain distribution functions are determined in the Laplace domain. Different inverse field
functions are investigated numerically through a complex inversion formula of Laplace
transform. The behavior of the field functions with different parameters are studied and
presented graphically. Comparisons with the classical two temperature model are discussed.

Keywords: hyperbolic two temperatures, fractional order strain, fractional order equation of

motion, laser short pulse, thermal loading, generalized thermoelasticity

List of symbols

@ : the conductive temperature in the hyperbolic two-temperature model

¢° : the conductive temperature in the classical two temperature model

o . principal stress component in the case of hyperbolic two-temperature model
o°: principle stress component in the classical two temperature model

e : cubic dilatation in the hyperbolic two-temperature model

e®: cubic dilatation in the classical two temperature model

C. : specific heat at constant strain

c, - longitudinal wave speed

T : absolute temperature

T, : reference temperature

t: time

u, : components of the displacement vector

a > 0: two temperature parameter

a; - coefficient of linear thermal expansion

¢ : the dimensionless mechanical coupling constant
6 : thermodynamical temperature

A, - Lame's constants
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p : body density

7, . relaxation time parameter

A the fractional-order parameter

I' : Gamma function

s : a complex parameter related to Laplace transform
K : thermal conductivity

=T —T,: increment such that 6/T, <1

| : power intensity
o : absorption coefficient
Q: pulse parameter

1. Introduction

In thermoelasticity, the heat conduction in deformable bodies arises from the conductive and
thermodynamic temperatures [1-3]. It is seen that in the case of the time-dependent situation,
when there is no supply of heat, the two temperatures are the same, whereas, in the case of the
time-dependent situation, the two temperatures are different. Some more details of such
studies can be found in [4-5]. Indeitsev and Osipova [6] investigated optical excitation of
acoustic pulses in conductors through a two-temperature model, where the energy of optical
pulses transferred to long-wavelength phonons. It is shown that excited acoustic pulse by laser
in conductors can be presented as a convolution of the laser pulse envelope and the transfer
function. Shi et al. [7] studied the laser heating and phase change process and inferred that the
rise in temperature and the rate of surface melting is proportional to the laser power intensity.
Yilbas and Kalyon [8] introduced a closed-form solution for laser evaporative heating process
for pulses varying exponentially and introduced an expression for the evaporation front
velocity in their analysis. Their analysis gave good results compared with experimental
findings limiting the temporal variations of the laser pulse to exponential form. Othman et al.
[9-11] studied the behavior of thermoelastic, linear, isotropic material with voids subjected to
laser pulse heating in the presence of different parameters in the context of G-N theory of type
[1-111. They reported that the amplitudes of the field functions depend strongly on the initial
stress and rotation.

Youssef established the variational principle and the uniqueness of the initial boundary
value problem in generalized thermoelasticity with two temperatures in different
cases [12-14].

There is a paradox admitting infinite speeds for propagating signals in the classical two
temperatures thermoelasticity theory. Youssef improved the two-temperature generalized
thermoelasticity theory based on the conductive and thermodynamic temperature. He
considered a hyperbolic form of the two temperatures equation [15].

The concept of derivative and integral have been generalized to a non-integer order and
studied by many researchers [16-23]. Various physical processes and models have been
implemented through the application of fractional-order derivatives. Applications of the
fractional-order theory and many other contributions have been published by many
researchers [24-29]. The fractional-order thermoelasticity becomes more realistic when it
relies on the fractional-order operator because the presence of the fractional-order derivatives
permits the differential equations of the system to take into consideration the effects of the
intermediate as well as the previous states to express the present and the next states of the
medium.

One of the most famous definitions of fractional order was introduced by Riemann-
Liouville and given by [23]:
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t
D/ ()_ )Io(t—r)”‘ﬁ‘lf(r)dr], n-1<g<n. (1)
The second definition was presented by [23] and given by:
1 d"f(z)
D/ f(t)=———|(t—-7)""'——Zdr, n-1 n. 2
<D () F(n—ﬂ)l( 5 <p< 2)

These two definitions are the same if f(0)=0. For more details about the comparison
between the two definitions of the fractional-order time derivative introduced by Riemann-
Liouville and that of Caputo and various definitions and works of fractional order, derivatives
were reported in [25].

Based on the new theory of the hyperbolic two-temperature generalized thermoelasticity

by Youssef [15], the present work can be considered as a generalization to the application
studied in [15] and more realistic as the present model contains fractional-order derivatives in
both equations of motion as well as the heat equation. In the present work we will use the
following equation:
LAD/ fO}=sV"L{f" (0} n-1<f<n, (3)
as in [19] to investigate the behavior of a thermoelastic isotropic and homogeneous half-space
in the presence of a short pulse of a laser beam, which is decaying in an exponential manner.
In Eq. (3), s denotes the complex parameter related to Laplace transform.

2. One dimensional thermoelastic model

We consider here the following one-dimensional fractional-order system of equations, which
is capable of describing the overall behavior of a semi-infinite one-dimensional homogeneous
isotropic material occupying the half-space x>0 and subjected to laser short-pulse heating
exponentially decaying pulse type. The three-dimensional forms of this system can be found
in our previous work Bassiouny et al. [25] and Youssef [15]. The medium is subjected to a
Gaussian pulse of laser uniformly at the near end. All the field functions are initially set at
zero. We also assume that there is no body force applied to the medium. Hence, the
generalized thermoelastic one-dimensional coupled system of partial differential equations, in
the absence of inner heat sources, body force and free charge assume the following system of
equations:

the heat equation'

K(52<"(X s ii)(pcge(x,t)+Toy(1+rﬁDf)e(x,t»—(1+ro%)Ilée““*% (4)

the equatlon of motion:

2 2
2 ea(f D (h+2u )(1+rﬁDﬂ)a e(x H_,0 ‘Z)(:z(’t) , )
the constitutive equations can be wrltten in the forms:
o(xt) =L+ 7”DF) (A +2u)e(x,t) -y O(x,t), (6)
and
e(x,t) = Y. (7
OX

Instead of the classical two temperature relation between the heat conduction ¢ and the

thermodynamical temperature 6 given by:
2

o°p
0=qp— , 8
p-a—; (8)

we used the following hyperbolic relation as given in[15]:
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0’0 d’p y o’p
ot? ot ox*

(9)

3. Dimensionless system of equations in Laplace domain

For converting the previous system of Egs. (4)-(9) into a dimensionless system we used the
set of dimensionless variables as in [15] and dropping the primes for convenience, we get the
following non-dimensional system of equations:

the non-dimensional heat equation:

lo(x,t) 0 o? s
% = (E +7, F)(@(X,t) + é:gl(l'i' TﬁDtﬂ)e(X,t)) —-&, |158 (@trox) ) (10)
the non-dimensional equation of motion takes the form:

o%e(x,t) aze(x t)  9°(x,t)
2 1+ DF) —w P (11)
the constitutive equatlons take the following forms:
o(x,t)=(1+7"Df)e(x,t) —wO(x,t), (12)
and
e(x,t) = Aux.t) : (13)
OX
the hyperbolic two temperature non-dimensional equation becomes:
2 2 2
ﬂgo_&@_aﬂgo (14)

ot ot T oxt
where E=ylpC., o=yT [(A+2u), g, =y’ K1 pC(A+2u) and
& =1,01-7,Q)/c,nK are non-dimensional constants.
Applying the Laplace transform defined by:

L{f(t)}= ]Oe-st f (t)dt (15)

together with Caputo's definition (3) to the system of Egs. (10)-(14) and eliminating &(x,s),
we get the following non-dimensional system of equations in the Laplace domain [9]:
|

_ e’le, 5_p -
*p(X,s) ( s+Q +S(1+STO)(‘91§(1+S Je(x,s) +o(x, 5))j

ox: s+ a(L+570) ’ (16)
o008 = 0+ 5e (6 9)- 2 (5 g ) - -2y (18)
and the relation between the two types of temperature.

0(x,s) = p(X,8) - s’ 82(/>(x S)) (19)
ﬁmbining Egs. (17) and (18) gives:
Tol4s) _ atxs). (20)

OX

The system of Egs. (16)-(20) represents the one-dimensional fractional-order
thermoelastic model in the light of generalized fractional-order thermoelasticity with a
hyperbolic two-temperature equation.
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4. The solution in the Laplace domain
Eliminating &(x,s) between the Egs. (16) and (17), we get the following fourth-order non-

homogeneous differential equation:

2 4
Np(xs)—M 2 co(>2<,s) L9 co(f,s) — He >, (21)
OX OX

where:
s? (a +(rﬂsﬂ(Sro +1) +1)(§a)51 +1) +s(z, (a + Swe, +1) +1))

M= a(r’s” +1)(sz, +1)(Ewe, +1) '
B s*(st, +1)
ot +1) (s, +1)(Ews, +1)

and

1, 56,8 (32 ~5*(’s” +1))
Ca(sr+)(s+Q) (7 +1)(Cwe, +D)

According to the present formulation of the problem, the most general solution of (21)
takes the form:

2 ‘
p(x,5)=>.Ce™ " +ye™, (22)
i=1

where
w=-H/I(N-Ms&*+5%), C, are coefficients depending on s whose values can be evaluated
by using the given boundary conditions and +k; are the roots of the characteristic equations
corresponding to the Eqg. (21), which is:
N-Mk?+k*=0.

After some manipulations to the system of Egs. (16)-(19) we get the following general

solutions of the physical quantities of the present model in the domain of Laplace.
The thermodynamical temperature assumes the form:

2 2 2
0(x,s)=>_C, e*kiX(l—%) +e o (1- 0‘52 ). (23)
= S S
The stress and the strain in the domain of Laplace take the forms:
2
D Ce [-s*(1+ 57, )L+ éw) +k. (s + a(l+ 57, )1+ g éw)] - f, (s)e ™
o(x,8) ="

3 : (24)
e é(L+s7,)(s+Q)

e(x,s) = 1 22: Ce ™ *[-s(@+s7,)+k*(s+a(l+sz,))]- f.(s)e™, (25)

s’e,E(L+s7,) 3
where f_(s) and f,(s) can be evaluated by using the given boundary conditions.

The Egs. (22) and (23)-(25) represent the complete solution of the system (16)-(20) in
the Laplace transform domain.

5. Determination of the Parameters
To determine the previous parameters, we assume that the medium is initially at rest and has
reference temperature T, so that the initial conditions are given by;

»(x,0) =0, e(x,0) =0, o(x,0)=0,

26
0p(x,0)/ 8t =0, de(x,0)/8t=0, oc(x,0)/t=0, (26)
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we also assume that the medium is subjected to the following boundary conditions at the near
end x=0:

»(0,t)=0, o&(0,t)=0, (27)
while the boundary conditions x = oo are given by:
¢(0,t)=0, , o(o,t)=0, 0<t<oo. (28)

Using the dimensionless variables listed in [9] and applying Laplace transform to the
boundary conditions (27)-(28) and dropping the primes we obtain:
»(0,s) =0, 5(0,s) =0, @(,8) =0, o (0,8)=0. (29)

Similarly, the dimensionless initial conditions in the domain of Laplace can be obtained.
By applying these conditions to the Egs. (22)-(25), the parameters C,, f.(s) and f_(s) can be
obtained as given below:

le,s+(k*—6%)b

C = (K2 KD) i=12, (30)

fa (S) — l//[((1+ STO)(SZ ;aaz)(1+ ‘C"léra)) B 552))(5 + Q)] , (31)
s (1+s7,)(s+Q)

and

f(s)= |,se, +[(A+57,)(s* +56% +a %) (s + Q)y] | (32)

se,E(L+st,)(L+s777)
where b =s+a(l+sz7,)(1+ ¢ éw).
After substituting with the parameters given by the Egs. (30)-(32) into the Egs. (22)-

(25) we obtain the complete solution of the non-dimensional field functions, temperature,
stress, and strain in the Laplace domain.

6. Numerical inversion of the Laplace transform

The physical quantities ¢(x,t), 8(x,t), o(x,t) and e(x,t) can be obtained by inverted the
system of Eqgs. (22)-(25) back to the time domain. Therefore, we use a numerical formula
based on Fourier expansion. In this technique any function f(s) is inverted back to the
original function f (t) in the time domain according to the following formula:

f(t) = %(Ct)[%?(c) +€R(i?(c +”:—”exp(ikTﬁ)], 0<t, <2t, (33)

where R is the real part, i is imaginary number unit and N is a sufficiently large integer
representing the number of terms in the truncated Fourier series chosen such that:

exp(ct)R ?(c + ”\tllﬂ) exp(iNtlm)} <g, (34)

where ¢ is a small positive number that represents the degree of accuracy required. The
parameter c is a positive free parameter that must be greater than the real part of all the
singularities of f(s) . The optimal choice of ¢ was obtained according to [31].

7. Numerical Results and Discussion
For numerical computations, we used the physical constants of the Copper material used in
[16]. We investigate the distributions of the field functions, that is ¢, 8, o and e for

different values of the parameters 6, g and t compare their behavior with the corresponding
physical quantities ¢°, o° and e®. The results are presented in three groups of Figures; each
group presents the effect of one of the mentioned parameters on the physical quantities.
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Fig. 1. Effect of fractional order parameter g on ¢, o and e for Q =6x10%, t=0.3,
7, =0.02: (a) hyperbolic conductive temperature; (b) parabolic conductive temperature;
(c) the hyperbolic and parabolic conductive temperature at 5 =0.5;

(d) stress in the hyperbolic case;
(e) stress in parabolic case; (f) hyperbolic and parabolic stress at 5 =0.5;

(9) strain in hyperbolic case; (h) strain in the parabolic case;
(i) hyperbolic and parabolic strain g =0.5

Figure 1 illustrates the effects of the fractional-order parameter B on the field
functions. In Figures 1 (a) and (b) we noticed that both of the hyperbolic ¢, and parabolic
conductive temperature ¢°, is inversely proportional to the variation of the fractional-order
parameter g, with the peaks occurring at the same point regardless of the value of s, such

behavior may be attributed to an increase of the fractionality parameter induces dissipation
effects in the medium. Figure 1 (c) shows the comparison between the two types of heat

conduction; ¢ and ¢°. It is also noticed that the hyperbolic heat conduction ¢ is
asymptotically stable, while the heat conduction in a model with classical two temperatures
¢° has local asymptotic stability. Figures 1 (d), (e), and (f) show the effects of fractional
order parameter g3 on the stresses o and o°. Figures 1 (d) and (e) show that the absolute
value of the magnitude of the stresses varies inversely with the variation of g, this in
accordance with the fact that thermal stress is related to the temperature gradient. In
Figure 1 (f), it is seen that the absolute value of the amplitude of the stress o is less than the
stress in the classical two-temperature model &° and the stress o attain its equilibrium state
before &°.
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Figures 1 (g), (h) and (i) illustrate the effects of the fractional-order parameter on the
strain. Unlike the effect of s on the stresses, a direct proportion between the absolute value
of the amplitude of the strains and the variations of B can be noticed in Fig. 1 (d) and (e).

Figure 2 presents the effects of variations of the pulse intensity € on the behavior of
the physical quantities ¢, o and e. Figures 2(a), (d) and (g) show that the value of the pulse
intensity Q is directly proportional to the absolute value of the amplitude of the physical
quantities ¢, o and e. Figures 2(c), (f) and (i) show significant changes in the amplitude of
the field functions ¢, o and e respectively with the two types of heat conduction.

We also noticed a significant change in the absolute value of the amplitude of the field
functions ¢, o and e in the two types of heat conduction.
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Fig. 2. Effect of pulse parameter 2 on ¢, o and e for =05, t=0.2, 7, =0.02:
(a) hyperbolic conductive temperature; (b) parabolic conductive temperature;

(c) the hyperbolic and parabolic conductive temperature at Q=4x10%;
(d) stress in the hyperbolic case;
(e) stress in parabolic case; (f) hyperbolic and parabolic stress at Q=4x10°;
(9) strain in hyperbolic case; (h) strain in the parabolic case;

(i) hyperbolic and parabolic strain at Q=4x10?

Figure 3 represent the variations of the field function under the changes of time t. We
noticed that the field functions changes significantly with the variation of time t. All the field
functions are in direct proportion with the variation of t. Figure 3 (a) and (b) shows that the
peaks of the temperatures occur at different points and move away from the near end x=0.
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Figures 3 (g), (h) show that the strain resembles the behavior of the stress. Figures 3 (c), (f)

and (i) show that the ¢, o and e attain their equilibrium before ¢°, o° and e°,
respectively.
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Fig. 3. Effect of time t on ¢, o and e for Q=10°, p=0.5, r, =0.02:

(a) hyperbolic conductive temperature; (b) parabolic conductive temperature;
(c) the hyperbolic and parabolic conductive temperature at t =0.2;
(d) stress in the hyperbolic case;
(e) stress in parabolic case; (f) hyperbolic and parabolic stress at t =0.2;
(9) strain in hyperbolic case; (h) strain in the parabolic case;
(i) hyperbolic and parabolic strain t =0.2

Conclusions
In summary, it is found that the field functions ¢, o and e have asymptotic stability in the

hyperbolic case (i.e., in contrast to the classical two-temperature model, where they have local
stability). Increasing the strength of the laser pulse leads to an increase in the absolute values
of all the field functions magnitudes. The strain resembles the same behavior of the stress
with any parameter. Stress and strain tend to equilibrium state rapidly than temperatures. The
effect of time on the field functions is more significant than the effects of the other
parameters. Increasing the time and the strength of the pulse, pumping more energy into the
system, leads to an increase of the absolute values of the amplitude of field functions.
Increasing fractional-order parameter, which Increases dissipation, results in decreasing the
absolute values of the amplitude of ¢, o and e.
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Abstract. The composite panel test were made of gypsum, pumice powder, and glue with
composition of 1:2:1/2 and coconut fiber with volume fraction variation of 10%, 15%, 20%,
25%, and 30% by using Hand lay-up technique. The sound absorption panel was tested for
acoustic and mechanical characteristic using test standard with ASTM E1050, ASTM D256,
and ASTM D790, respectively. The result of data analysis was presented graphically and the
bounding of composite materials was analysed by using SEM photograph. From the data
analysis for 10mm thickness of composite with 30% fiber volume fraction gained the highest
sound absorption coefficient, the highest impact strength occurred on composite with 25%
fiber volume fraction. Meanwhile, the strength and modulus of bending occurred on
composite with 15% fiber volume fraction. Sound absorption coefficient for composite with
15mm thickness was higher than 10mm for 10% fiber volume fraction.

Keyword: pumice waste, coconut fiber, gypsum, acoustic and mechanic

1. Introduction

Comfortable and soundproof room is highly needed in the factory, hotel, office or in private
room. Soundproof material has an important role to absorb sound so it will decrease the sound
resonance intensity to the ears so there will be more comfortable for the user.

The soundproof material is in form of porous material, resonator and panel [1]. Type of
the existing soundproof material is a porous material such as foam, glass wool, Rockwool,
and resonator. These material usage is relatively expensive and could not be exposed because
resulting irritation on skin and respiration.

Development of soundproof with natural material becomes the best choice because it is
environmental friendly by improving the usability of wasted material. Some researches on
soundproof have been conducted by [1], who develops soundproof from recycled polyester
material.

Abundant pumice waste becomes economic consideration to engineer this rock to be
more useful material. Pumice has porous structure which is the same with the existing
soundproof material. This rock has characteristics of porous structure, light, easy to be gained
and cheap but fragile. The abundant pumice waste comes from the result of pumice sieve of
unused pumice since the size does not fulfil the criteria of packaging to be marketed
(aggregate size of pumice waste less than 10 mm).

Coconut fiber waste is also abundant but it is used for mat, or becomes traditional firing.
Coconut fiber is a Lignocellulosic fiber, brittle and possibly modified chemically, non-toxic
[2,3] and biodegradable, low density, not abrasive on the tool to work it [3]. Moreover, the
coconut fiber waste does not impact the environment. It has holes in the fiber axis [4] so it is
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suitable for soundproof material and decrease the density type of the formed material [5].
Research about multi-layer coconut fiber with little latex binder as soundproof shows sound
absorption coefficient of 0.7-0.85 for frequency 500-2500Hz which is competitive with the
marketed material such as rock wool and other fiber synthetic [6].

This research reviews how pumice hybrid and coconut fiber as amplifier and gypsum as
the binder could absorb sound well so it can be applied as acoustic wall.

2. Purpose of the Research
The use of industrial waste is one of the good ways to maximize the existing natural resources
so it can be beneficial for human life. The abundant pumice and coconut fiber wastes in
Indonesia are highly potential to be developed for composite material of soundproof. This
research has specific purposes as follows:
a. Determining the acoustic characteristic of sound absorption of the pumice-coconut fiber
hybrid composite as the effect of coconut fiber volume fraction variation.
b. Determining mechanical strength of impact load and flexibility of the pumice-coconut
fiber hybrid composite as the effect of coconut fiber volume fraction variation.

3. Research Method

The research procedures are firstly the pumice was cleaned by pure water to get clean
particles; secondly it was heated with 65°C for 24 hours to get dried pumice. The pumice was
sifted to get < Imm pumice size. The coconut fiber treatment was done by cleaning coconut
fiber, boiling the coconut fiber to remove the dirt and then it was dried in 70°C for 24 hours.
The fiber was cut off into 10-15mm in length. The fiber was treated by 5% NaOH
concentration in 50°C for 2 hours and then cleaned. The fiber was dried in 70°C for 24 hours.

The composite moulding process was done by using hand lay-up method, with 200mm
in diameter of mould with 10mm and 15mm thickness. The mould surface was cleaned from
any dirt by using tissue and tinner to reduce impurity factor and then covered by glycerine.
Afterward, mixed gypsum with glue, and then the pumice was mixed into this mixture. The
coconut fiber was poured into this mixture to be hybrid composites in container based on
composition of gypsum mixture: pumice: glue 1:2:1/2. Meanwhile, volume fraction of
coconut fiber was varied on percentage of 10%, 15%, 20%, 25% and 30%.

Testing of specimen sound absorbtion coefficient was done by using test machine of
impedance tube standing wave method with specification of Measuring Amplifier Briel &
Kjer type 2636, Sine Generator Briiel & Kjer type 1054. The test was done on frequency
120-4000 Hz (ASTM C 423-66). Impact and bending test was done by using Impact (Charpy
Type) test and bending test of Tensilon Universal Testing Machine with type RTG 1310. The
data analysis was done by using graphic analysis. The final result was in form of data trend
which was plotted to be a frequency graphic (Hz)-Coefficient sound absorption (a).

4. Result and Discussion

Based on Figure 1 of relationship diagram of frequency with sound absorption coefficient for
composite 10%, 15%, 20%, 25% and 30% coconut fiber with 10mm thickness, there are no
trend since the data are random and fluctuating. It is caused by the effect of back cavity depth
on sound absorption characteristic of all composite samples. It can be seen that the pick sound
absorption happened in some certain frequencies which is possibly caused by back cavity
depth, which is similar with the research result of other researchers [7,8]. However, sound
absorption coefficient from all specimens had sound absorption coefficient (o) > 0.8, which
means that the sound absorptions are excellent.
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Fig. 1. The effect of frequency on sound absorption coefficient for composites 10%, 15%,
20%, 25% and 30% coconut fiber with 10mm thickness

Coconut fiber addition on the composite improved the sound absorption coefficient.
This condition is caused by the absorber characteristic of the fiber and micro pore structure of
pumice and gypsum. Besides that, addition of fiber could increase the number of micro empty
spaces among the fibers or improving composite porosity so it can improve interaction
between sound wave and composite material which causes friction improvement which
finally increase the change of sound energy to be lost heat energy [9].
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Fig. 2. Comparison diagram of sound absorption coefficient for composite of 10mm and
15mm thickness for 10% fiber volume fraction

Figure 2 shows that thicker composite has bigger sound absorption coefficient than
thinner composite. It is because of the thicker of the composite the more spaces or micro
spaces owned so the bigger sound energy that could be absorbed. But the addition of
thickness will increase the weight of the material and narrow the space. So that future
research, how to make thin material with high sound absorption will be done.

Figure 3 shows that the highest impact strength occurred on specimen of 25% volume
fraction and then followed by 15% and 20% of fiber volume. It occurred because the matrix
binds almost all fiber surface as shown by Figure 4c in which the matrix still fully attaches on
the fiber while on the 15% fiber volume fraction the matrix still attaches on the fiber but
mostly detached (Fig. 4a), as well as on 20% fiber volume fraction the matrix does not attach
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on the fiber well (Fig. 4b). From the data, there is possibility that 25% volume fraction is the
highest limit of volume fraction to get the highest specimen impact strength. This explanation
is supported by SEM photo of Fig. 4c in which the matrix is still intact binding fibers.
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Fig. 3. The effect of coconut fiber volume fraction on composite impact strength
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Fig. 4. SEM Photo of composite fraction with fiber volume fraction:
a) 15%, b) 20% and c) 25%

Figure 5 shows that the highest bending strength and modulus bending occurred on
specimen of 15% fiber volume fraction and the lowest score gained by 25% volume fraction.
It is caused by bending behavior in which in this specimen, the matrix bonding rigidity with
pumice takes the most important role which is different with impact in which matrix and
pumice are fragile so the fiber takes more roles on it. In other words, bending strength and
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modulus bending increases with the decreasing fiber volume fraction of coconut fibers. As a
result, the increase of gypsum and pumice stone that has more rigid properties than fiber on
the composites were concluded to enhance bending strength and modulus.
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Fig. 5. The effect of coconut fiber volume fraction on composite bending strength

5. Conclusion

This study aimed the investigation of the effect of fiber volume fraction and panel thickness
of hybrid acoustic panels which are made of gypsum, pumice powder, and glue with
composition of 1:2:1/2 and coconut fiber with volume fraction variation of 10%, 15%, 20%,
25%, and 30% on sound absorption, impact strength and bending strength. According to this
study and analysis, that can conclude that the sound absorption coefficient (o) is bigger than
0.8 for all specimen which means that the sound absorption is categorized as excellent, since
good material for sound absorption at least a=0.3. The thicker the composite, the sound
absorption coefficient increases as well. For mechanical properties, the highest impact
strength occurred on composite with 25% fiber volume fraction. The highest bending strength
and modulus bending specimen occurred on 15% volume fraction. Thus, optimum volume
fraction for composite pumice/gypsum/glue to have high sound absorption coefficient, high
impact strength and high modulus bending is 15%.
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Abstract. Sub-atomic Dynamic simulations have been carried out on some single-crystal
hexagonal metals, HCP nanowires (Cd, Co, Mg, Ti, and Zr) upon application of uniaxial
tension with a speed of 20 m/s and to investigate the nature of deformation and fracture. The
deformation corresponds to the direction <0001> plane. A many-body interatomic potential
for HCP nanowires within the second-moment approximation of the tight-binding model (the
Cleri-Rosato potentials) was employed to carry out three dimensional MD simulations.
A computer experiment is performed at a temperature 300K. The stored energy diagrams
obtained at various time by the MD simulations of the tensile specimens of these metallic
nanowires show a rapid increase in stress up to a maximum followed by a gradual drop to
zero when the specimen fails by ductile fracture. The feature of deformation energy can be
divided into three regions: quasi-elastic, plastic and failure. The nature of deformation,
slipping, twinning and necking were studied. Stress decreased with increasing volume and the
breaking position increases. The results showed that breaking position depended on the
nanowire length. From this, it appears that Cleri-Rosato potentials make good represent for
the deformation behavior of HCP metallic nanowires.

Keywords: molecular dynamics, uniaxial tension, Cleri-Rosato, nanowires, tight-binding and
failure

1. Introduction

Physical and mechanical properties of the substances in condensed matter physics depended
on size and structure: With decreasing size of the elementary particles that make up the
material, increase the strength and feature of plasticity changes were studied in [1]. In the past
ten years, special attention has been given to the studied the properties of metallic nanowires
and nanofilms and another nano-objects [2]. Nanowires referred to as materials, which are in
the cross-section size is not more than 100 nm and significantly extended in length. Other
important systems include metallic nanostructured and alloys, which have unique properties,
and can be used as structural or functional materials [1]. First of all, this is due to the fact that
they have been studied and has accumulated extensive experimental data. Of particular
interest in terms of the choice of the object of study are those metals and alloys, in which,
first, has the longest period of nanosize. Second, the weak-stable to external influences
(temperature, load, doping and so on.). Third, there is a range of structural states near the
boundary of stability loss, and these states are in equilibrium or near-equilibrium.

These requirements are responsible, in particular, ordered alloys and intermetallic
compounds which contain long periodic structure (LPS). From the normal ordered systems
with a simple superstructure, they differ in that the alloys of this class ordered arrangement of
atoms periodically or quasi-periodically broken antiphase boundaries (APB). Normally, in
ordered alloys and intermetallic compounds APB energetically favorable, however, in
http://dx.doi.org/10.18720/MPM.4412020_10
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systems with long-period equilibrium nanostructure APB are elements of the structure. Given
that the mechanisms of structural-energy transformations at various load conditions, in
particular uniaxial strain, help to explain the abnormal strength properties of long-period
metal alloys (LPMA), ie the properties of LPMR resist destruction and irreversible change in
the shape, the task of studying the mechanisms of structural-energy transformations occurring
during high uniaxial strain tension of HCP metallic (Cd, Co, Mg, Ti, and Zr) nanowires,
containing LPS. Because of the strong anisotropy of the structure, defects in HCP metals and
alloys have a number of features that is of great interest to them and requires detailed
consideration. In an ideal HCP — structure each atom is characterized by 6 sets [1|4]|2|1] and 6
sets [1|4|2|2]. The ability of metals to form alloys with specific physical and mechanical
properties is crucial for the technical application. Because of the strong anisotropy of the
structure, defects in HCP metals and alloys have a number of features that is of great interest
to them and requires detailed consideration.

Currently, the many-body potentials of the embedded-atom method (EAM) [1,2],
Finnis=Sinclair [3] potentials and the second-moment approximation (SMA) of the tight-
binding (TB) method [4-9] were studied. According to [4,5], the TB-SMA expression of the
total energy of a metallic system is based on a small set of adjustable parameters, which can
be determined by adjusting to experimental data [9,10] or ab-initio results [1,10-13]. The
author of [12], was studied the features of structural transformations of HCP metallic Ti
nanowires using Cleri-Rosato potential at low temperature. In [13-17] the mechanical
properties of Ni nanowires were studied in detail. There were other representations [18-20].

Thus, the present work, with the assistance of molecular dynamics simulation (Cleri-
Rosato potential), structural-energy transformations in HCP Mettalic (Cd, Co, Mg, Ti, and Zr)
nanowires, under high-speed deformation of uniaxial tension been processed using
mathematical modeling. To the study structural-energy transformations, under high-speed of
deformation (10'° s™) were applied on pure metallic nanowire (Cd, Co, Mg, Ti, and Zr). This
material has a positive temperature dependence of yield stress. The deformation in such alloys
can be a combination of structural and superstructural changes, which entails various effects.

Finally this article discusses the results of Molecular Dynamicsimulation to HCP phase
in metallic nanowires, obtained using the interatomic potential of strong coupling (tight-
binding).

2. MD simulation methodology
MD is a simulation technique where the time evolution of an interacting atoms is followed by
integrating their equation of motion. It consists of integrating Newton's second law for each
atom present in the system by discretization of time. In general, it is difficult to obtain an
analytical solution that precisely describes the atoms' trajectories. Therefore, the equations of
motion are solved numerically using a time-discredited finite difference methodology such as
the Verlet method or the velocity Verlet method, which incorporate the velocities explicitly
into the integration scheme. The initial atomic positions for metallic systems are defined on
the crystal lattice of the metal, while the initial velocities are assigned according to the
Boltzmann distribution at the given simulation temperature. The validity and accuracy of MD
simulation results depend on the accuracy of the interatomic forces used as inputs, which rely
on the selection of an efficient underlying interatomic force-field potential. For modeling
metallic systems, the most

Modeling considered atomic systems was carried out in the framework of multiparticle
tight-binding potential Cleri-Rosato. The repulsive part of this potential is short-range
repulsive pair potential Born-Mayer and the attractive part arises from the so-called tight-
binding (TB) method second-moment approximation to the electronic density of state in
which the ion-ion interaction is described by the band terminology [6]. The uses of these
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potentials are well established in a number of studies [7-10]. This potential has been used in
several studies of bulk and cluster systems transition and noble metals [1,6-7,13].

Commonly used potential is the semi-empirical embedded atom method (EAM)
potential. The parameters of EAM potential are generally obtained by fitting cohesive energy,
equilibrium lattice constant, elastic constants, unrelaxed vacancy formation energy, bond
length, and diatomic bond strength. Since its introduction, the ability and viability of EAM in
modeling metals have been extensively analyzed and tested The classic EAM method is not
suitable for describing systems in which covalent bonds are present, such as carbon (in
diamond or graphite structures), because the EAM description does not account for the
angular dependence of the interatomic interactions. To account for angular dependence, as in
the case of the HCP lattice where it is important, a modified embedded atom method was
proposed. The total energy U in a system of N atoms in the EAM framework can be
written as:

U, =Z(EiR +EP), 1)
whereI
E' = YU, ()= Aexpl-p(L-1)] @

is the two-body term, and

EiB == /Z(D(I’U), (3)

(p<n,-)=;2.exp[2q(%—1)], 4

0
is the many-body term. Where A, p, q, ¢, I, - are adjustable parameters governing the

interaction between those atoms, r; - the separation between atoms i and j. The values of

Potential parameters Cleri-Rosato were taken from [21]. Table 1 gives the parameters of tight-
binding potentials for HCP metals used in this work [21].

Table 1. Parameters of tight-binding potentials for HCP metals [21]

A (eV) ¢ (eV) p q B
Cd 0.1420 0.8117 10.612 5.206 1.8856
Co 0.0950 1.4980 11.604 2.286 1.6232
Mg 0.0290 0.4992 12.820 2.257 1.6335
Ti 0.1519 1.8112 8.620 2.390 1.587
Zr 0.1934 2.2792 8.250 2.249 1.5925

The model can be used to describe quite well elastic, plastic, defect and mechanical
properties of a wide range of FCC- and HCP-metals. Verlet algorithm used to determine the
velocities of atomic motion in the simulation were. Cleri-Rosato potentials which were
proposed by [21] have already worked well in HCP nanowires studies.

The use of such a cutoff radius ensures that the calculations will not consume large
amounts of computational time in evaluating the forces that are near zero. The MD
simulations require the solution of 6N (N-total number of atoms) simultaneous, coupled, first-
order deferential equations of motion. This solution is obtained using a fourth-order
Runge-Kutta algorithm. Integration accuracy is monitored using back-integration and energy
conservation requirements with the velocity reset procedure turned off. The MD simulations
were carried out till separation occurs in the tensile specimen.
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3. Results and discussion

Since the deformation and fracture of HCP nanowires are of main interest in this work
(Table 2). The specimen used for the studied section is a nanowire of 12a,x12a9x12c,. The
total number of atoms used in the simulations equal 1928 according on the crystal structure.
The crystal was set-up with a hexagonal orientation and the uniaxial tensile force was applied
along the [0001] direction. The feature of deformation, slipping, twinning and necking were
studied.

Table 2 gives the measured tensile strength and strain to fracture of the various
materials used in this work. As can be expected, Zr exhibits the highest strength (yield
strength of =23GPa) while Mg exhibits the lowest strength (yield strength of =4GPa). The
strength of Ti was estimated to be=14GPa. The strength of Co was estimated to
be =22.5GPa. The strength of Cd was estimated to be =6 GPa. Cadmium showed an earlier
fracture while Cobaltshowed the maximum strain before fracture.

Table 2. MD results for calculating of HCP nanowires at 300 K including yielding time,
yielding stress and breaking time

i Yielding point Breaking time
HCP Nanowire o (GPa) T Ps t Ps
Cd 6 10 135
Co 22.5 8 170
Mg 4 8 140
Ti 14 4 150
Zr 23 4 140

Three stages deformation. The experiments were obtained plots of the stored energy
of deformation at various times, reflecting the processes in the HCP nanowires during
deformation. There are three stages of deformation: the quasi-elastic deformation (I), plastic
deformation (11) and the breaking (failure) (I11).

For all HCP nanowires, in the first stage there was almost linear increase in stress. The
initial stage quasi-elastic area there is only relative displacement of atoms and there are no
defects. Therefore, in this region the energy stored varies periodically. This stage is completed
at 8 Ps, 8 Ps, 4 Ps, 4 Ps for Mg, Co, Ti and Zr nanowires, respectively. The sharp fall takes
place only at the point of transition from the first to second stages of deformation (Fig. 1).

Analysis of the graphs in Fig. 1 shows that the average duration of the first stage of
deformation for nanowire, The duration of the plastic deformation step is 210, 160, 165,
115 Ps, for Mg, Co, Ti and Zr nanowires, respectively.

The value of the stored energy at the peak of deformation schedule at the end of the first
stage for the reduced nanowires equals 0.05, 0.07, 0.05 and 0.045 eV / atom, respectively. The
levels of stored energy at the end of the plastic deformation steps are equals 0.065, 0.145,
0.115, and 0.112 eV / atom, respectively. The neck of the HCP nanowire forms after the slips
happened, and the deformations have been carried mainly through the elongation of the neck.
Through further analysis, we find that the last stage of plastic deformation of the neck is
formed; deformation develops mainly due to the reconstruction and rebuilding of the neck
area. Outside this area, the HCP nanowires ordered structure is retained and there are
significant changes. Beyond the neck region, atomic structures have no significant changes.
The atomic rearrangements in the neck region induce the zigzag increase—decrease in stress as
the strain is increased. The atoms, close to the narrowest region of the neck, are highly
disordered.
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Fig. 1.The dependence of the energy stored by the deformation time of the experiment at
300 K at various time of uniaxial loading for Mg, Co, Ti and Zr nanowires

At the point of breaking, we observe a one-atom thick. With further pulling of the HCP
nanowires, the bond between the two atoms lying in the one-atom breaks and then the rupture
happens. As can be expected Zirconium exhibits the highest ultimate strength (=26 GPa),
while the ultimate strength of Titanium nanowire was estimated to be 18 GPa.

Structure transformation of HCP metallic nanowire. The MD simulation plots of the
XOY plane of the tensile specimens at various stages of uniaxial tension are shown in
Figs. 2-5 are for the HCP materials, Cd, Co, Mg, Ti and Zr, respectively, It may be noted that
the discussion of the results presented here is based not only on the MD simulation plots of
the various stages presented here but also on the detailed study of the animation of the
process [12].

Figure 6 shows a small compressive bulge of the specimen after the relaxation at time
4 Ps for Zr. A similar situation is found for the other HCP metals investigated, namely, Cd,
Co, Mg and Ti. Considerable disorder in the XOY plane of the crystal was observed during
the early stages of deformation for all HCP metals (up to 50 Ps as in Figs. 2-5).

As the HCP nanowires was extended, necking area can be seen at times 135 Ps, 170 Ps,
150 Ps, 140 Ps for Cd, Co, Mg and Zr nanowires, respectively, (Figs. 2-5). Since Co is a
highly ductile material, the atoms hold together under larger strain before the dislocations
formed during the elastic and plastic deformation dislocation and form a ductile fracture.
Towards the end of plastic deformation, the neck is elongated almost linearly to a very large
strain (Fig. 2). On subsequent pulling, the necked region separates in the failure at 170 Ps.

The radius of the neck was found to increase with increase in the deformation of the
nanowire and to decrease with decrease in the ductility. Thus, the radius decreases as we go
from Co to Zr to Co to Mg. The region of disordered material as well as the extent of vacancy
formation was also found to decrease with decrease in the ductility of the wire.
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Initially, dislocations at =35° were observed in the MD data for the case of Zr but due to
the high disorder, further dislocation propagation can be observed. Based on the results, as
well as the MD simulations at first stage of deformation (Figs. 2-5), the strain to fracture was
observed to the HCP nanowires. This can be observed by comparing Figs. 2-5 which shows
the variations in the strain to fracture of various nanowires. In the case of HCP nanowires, the
work material was disordered from the early stages of necking till the end of the experiment.

8[1010]
0.0 Ps :

.....

.....

to= 135 Ps ®

- [0001]

LN, 0,0, 0 %
e s

[0001]

[0110]

Fig. 2. MD simulation plots of the gage section of a tensile specimen at various time of
uniaxial loading for Cd nano-wire in plane [1010] right and in plane [0110] left
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Fig. 3. MD simulation plots of the gage section of a tensile specimen at various time of
uniaxial loading for Co nanowire in plane [1010] right and in plane [0110] left
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Fig. 4. MD simulation plots of the gage section of a tensile specimen at various time of

uniaxial loading for Mg nanowire in plane [1010] right and in plane [0110] left
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Fig. 5. MD simulation plots of the gage section of a tensile specimen at various time of
uniaxial loading for Zr nanowire in plane [1010] right and in plane [0110] left

4. Conclusions

The process of formation of defects in the dynamic deformation of HCP metallic (Cd, Co,
Mg, Ti, and Zr) nanowires under uniaxial tension at 300 K have been studied using MD
simulation. Structural differences between the structural and energy transformations were as
follows: As a result of studies of structural and energy transformations during tensile
deformation of HCP metallic (Cd, Co, Mg, Ti, and Zr) nanowires at 300 K, identified three
stages of structural and energy transformations: the quasi-elastic, plastic(flow), and fracture.

1. The first stage of structural and energy transformations in the deformation process
ends with formation sliding on the substructure of HCP metallic (Cd, Co, Mg, Ti, and Zr)
nanowires. At the first stage of deformation, we can see rotation the central portion of
nanowire and C-domain formation in the second stage of deformation. The first stage of
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structural and energy transformations ends quickly for all of them and tack values 4 Ps for Ti
and Zr, 8 Ps for Co and Mg and 10 Ps for Cd. As can be expected the ultimate strength of the
HCP nanowires equals 23, 22.5,14,6 and 4 for Zr, Co, Ti, Cd and Mg nanowires, respectively,

2. It was found that the features of structural and energy transformations for HCP
metallic nanowires in the second stage of deformation affects the orientation of the axis of
tension. In the second stage occur collective atomic bias, the formation of dislocations and
grain boundaries. As shown in Fig. 2 the period of the plasticity was tacked largest period of
time for Co and Ti and smallest for Zr and Mg.

3. The value of the stored energy at the peak of deformation schedule at the end of the
first stage for the reduced nanowires equals 0.07 eV/atom for Co and 0.045 eV/atom for Zr.
The levels of stored energy at the end of the plastic deformation steps are equals
0.065 eV /atom for Mg and 0.112 eV /atom for Zr.

4. The neck area occurs in the third stage of structural and energy transformations.
Stored strain energy in that period varies only slightly.

5. The nature of the destruction of blocks corresponds to brittle fracture at 300 K. After
fracture of nanowire for all nanowires, found planar defects such as twins and packing
defects.
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Abstract. In this paper, we consider the adequacy of the use of the straight normal hypothesis
in the applied theory for the calculation of a cantilever-type piezoelectric generator that takes
into account the incomplete piezo-element coating of the substrate, which was obtained
earlier, and a numerical optimization procedure for piezoelectric generator is given, taking
into account critical failure stresses.
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1. Introduction

It is known that piezoelectric materials are widely used as actuators, sensors and generators in
the engineering and aerospace field for monitoring the state of structures, shape control, active
suppression of parasitic vibrations, noise suppression, etc. Such wide application is achieved
due to their good electromechanical properties, flexibility in the design process, ease of
production, as well as high energy conversion efficiency in the direct and inverse piezo effect.
When using piezoelectric materials as actuators, deformations can be controlled by changing
the magnitude of the applied electric potential. In the sensors, deformation measurement is
also performed by measuring the induced potential. In the field of energy harvesting by means
of piezoelectric materials, the free mechanical energy that is present in the environment is
converted into electrical, and then converted into a suitable for low-power device. A detailed
survey is given in [1-3]

In recent years, research has been actively developed in the area of piezoelectric
transducers of mechanical energy into electrical one. This type of transducers was called
piezoelectric generators (PEG). The basic information about PEG, as well as the problems
arising at the development stages of energy storage devices, were given in the review
papers [3-5], as well as in the fundamental monograph [6].

Typical actuators, sensors and generators, working on bending, are a multi-layered
structure consisting of several layers with different mechanical and electrical properties. The
traditional design, consisting of two piezoelectric layers, glued to the substrate or to each
other is called a bimorph.

http://dx.doi.org/10.18720/MPM.4412020_11
© 2020, Peter the Great St. Petersburg Polytechnic University
© 2020, Institute of Problems of Mechanical Engineering RAS
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Most of the works are devoted to the study of the characteristics of the bimorph
cantilever type PEG. There are several ways of modeling PEG: mathematical model with
lumped parameters, mathematical model with distributed and finite element (FE) model.

Works [7-9] are devoted to the construction of PEG models on the basis of oscillations
of a mechanical system with lumped parameters. The use of such systems is a convenient
model approach, since it allows obtaining analytical dependencies between the output
parameters of PEG (potential, power, etc.) and electrical, mechanical characteristics and
resistance of the external electric circuit.

Simulation using lumped parameters gives an initial idea of the problem, allowing
simple expressions to be used to describe the system. However, this simulation method is
inaccurate and limited to only one mode of oscillation. In addition, the approach does not take
into account important aspects of the related physical system, for example, information on the
dynamic form of the oscillation mode and accurate information on the distribution of
deformation and its effect on the electrical response of the system.

Another type of simulation is modeling using distributed parameters. Based on the
Euler-Bernoulli hypotheses for a beam, analytic solutions of the related problem were
obtained in [10,11] for various configurations of the cantilever type PEG. Explicit expressions
for the output voltage across the resistor for harmonic oscillations of the cantilever beam were
obtained. In addition, the authors studied in detail the behavior of PEG with short-circuited
and open-circuit electrical circuits and the effect of the electromechanical coupling
coefficient. However, in these studies, the case where the piezoelectric element (PE) does not
completely cover the substrate has not been considered.

Works [11-14] are devoted to the FE modeling of cantilever PEGs of various
configurations. The case where the PE does not completely cover the substrate is also easily
solved by the FE method. Nevertheless, obtaining a numerical-analytical solution for the case
of incomplete coating of the substrate by a PE is of some interest.

The above brief analysis of known works has shown that the problem of modeling PEG
using analytical methods in full is not yet solved, although it is very relevant.

In previous works, we presented a numerical analytical model based on the Kantorovich
method [15], confirmed by FE modeling and a series of experiments [16], and also carried out
a FE analysis of the improved model of cantilever PEG [17].

In this paper, we consider the adequacy of the use of the straight normal hypothesis in
the applied theory for the calculation of a cantilever-type PEG that takes into account the
incomplete PE coating of the substrate, which was obtained earlier in [15], and a numerical
optimization procedure for PEG is given, taking into account critical failure stresses.

2. Mathematical modelling of the cantilever PEG
The simplest bimorph design of cantilever PEG is presented in Fig. 1. The cantilever bimorph
PEG consists of two PEs (Fig. 1, points 1 and 3) glued to the substrate (Fig. 1, point 2), which

is clamped from one end. Electrodes are applied to large sides perpendicular to the X; axis.
The electrical voltage v(t) is measured on the resistor R.

Piezoelectric elements are polarized in thickness. In this paper, we consider a parallel
circuit for connecting PEs to a common electric circuit (see Fig. 1); therefore, it is assumed

that the polarization vectors are aligned with the positive direction of the Xx; axis.

The excitation of oscillations in the PEG shown in Fig. 1 occurs through the movement
of the clamp relative to a certain plane, so the absolute displacement of the cantilever along

the coordinate x; will consist of the displacement of the clamp w,(t) and the relative
displacement of the cantilever w(x,t).
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Fig. 1. Bimorph cantilever PEG: 1 and 3 - PEs, 2 - substrate

To analyze the problem of forced oscillations of a cantilever bimorph PEG in [15], we
used the Kantorovich method [18]. It is based on the idea of the expansion of the
displacement of the beam in a row:

W(x,t) = Z??i (0 (x), @)

where N is the number of vibration modes to be considered, 7;(t) is unknown generalized
coordinates, ¢ (x) are known test functions that satisfy the boundary conditions.

Earlier, in [15], applied numerical theories were constructed to simulate the
performance characteristics of a cantilever type PEG. Simulation took place on the basis of
the Hamilton principle within the framework of the Euler-Bernoulli hypotheses:

Mij(t) + Dq(t) + Kn(t) - Ov(t) = p,

C,V(t) + O™ qi(t) +%) =0, 2)

where D=uM+yK is the Rayleigh-type damping matrix, and the remaining coefficients
are:

b L * L 1/ " L "
; 2 9%, K;; =IEI¢3 (o1 ) (xw) doxa, o =_[Jp¢i(x1)dx1,
p 0

L L : 3)
Mi = [ md ()¢ (x)dx, — pi =i (t){ | mmxl)dxl},

where Mj; is the elements of the mass matrix, Kj; is the elements of the stiffness matrix, v(t)
is the voltage across the resistor R, C, is the electrical capacitance, & is the elements of the

electromechanical coupling vector, p; is elements of the effective mechanical load vector.
Next we will consider PEG, the substrate of which has the following characteristics:
geometric dimensions Lxbxh, 108x10x1 mm?®, density p, 1650 kg/m®, elastic modulus

Cs 15 GPa. PEs have the following characteristics: geometric dimensions L, xb, xh,,
56x6x0.5 mm?®, density p, 8000 kg/m° elastic modulus ¢, 7.5 GPa, relative permittivity
&5, &0 5000, piezoelectric modulus ds; 350 pC/N. The excitation in the system is given by
the harmonic displacement of the base w. = W.e', whose amplitude is W, =0.1 mm.

The damping coefficients x and y for the natural frequencies @, and «; are found
from the solution of the following equation [19]:

Yo o|flu &
EL'/COJ' “’JHV}_{Q}’ (4)

where & and &, are the modal damping coefficients, which are selected for reasons of
agreement with the experimental data. In this work, the modal damping coefficients for the
first two modes were set equal to & =&, =0.02 in accordance with the results of earlier
experimental studies of cantilever PEGs [16].

Cp:
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3. Adequacy of the hypothesis of a straight normal

The Euler-Bernoulli hypotheses assume that the beam is uniform in thickness. In our case, we
have a three-layer beam (Fig. 2). Moreover, the modulus of elasticity of the substrate (inner
layer) is 3.8 times smaller than the elastic modulus of the PEs (outer layers). This fact may
indicate a break in the normal when the beam is bent. This in turn can lead to inaccurate
results when using the theory based on the Euler-Bernoulli hypotheses in the calculation of
such a construction. With the help of the FE calculation, we analyze the deformations in the
cross section of the beam and compare them with theory.

For the analysis, a model of cantilever bimorph PEG, shown in Fig. 2, was chosen.

7 L'rj -‘1 L-lr" -

L

‘“‘\\ ~

s

Fig. 2. Cantiliver type PEG

In order to take into account the incomplete covering of the piezoelectric substrate by
the generator shown in Fig. 2, the function ¢ (x) should be specified as follows:
A (%), % < Lo
¢(X1)= ﬁ(z)(xl),Lo<X1SLo+Lp. (5)
¢ (%), % >Lo+Lp
In this case, the specific mass m, for the cross section shown in Fig. 2, is calculated as
follows:
mZpSSS +2ppSp, (6)
where ps is the density of the substrate, p, is the piezoceramic density, Ss =hb is the cross-
sectional area of the substrate, and S, = hyb, is the cross-sectional area of the PE.
The flexural rigidity EI for this construction is calculated as follows:

El =c{ﬂ x2dS + ” x\%ds}rcS ngds, (7)

Spup Splow
where ¢, and ¢, are the moduli of elasticity of piezoceramics and substrates, respectively,
and Sy, and Sy are the cross-sectional areas along which integration is performed for the
lower and upper PEs, respectively.
The function J, in the electromechanical coupling vector is:

Jpzehs'—jm x3d3+jj xgds]. (8)

S pup S plow

The boundary conditions and the conjugation conditions necessary for finding the
functions ¢ (x) for a given construction will be as follows:
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¢|(l) (O)=0, ¢I(2)”(LO+Lp)_ =1 ¢|(3)"(L0+Lp),
1)r 2)m EI @ 3)m

ﬂ()(O)ZO, ﬁ() (LO+L’)):E|(2)¢() (Lo+|-p),

4O (L) =g (L), A (Lo Ly) =40 (Li+Ly), ®

B ()= (L), (L L) =4 (Lo L),

(2)

# (L) =S d (L), " (L) =0

Qm EI(Z) 2)ym (3)ym
4" (L) =S d® (L), 4" (L)=0.

where EI® is the bending stiffness of the segment without a PE, and EI® with a PE.

A similar problem was modeled in the ACELAN FE package. With a certain
indentation to the right at three points near the left edge of the PE, the longitudinal strain
distributions along the thickness were obtained (see Fig. 3).
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Fig. 3. Strain distribution along the thickness in the vicinity of the left edge of PE

—0,5mm

Strain

The FE calculation showed that, in the vicinity of the first resonance frequency, the
deflected mode of the three-layer structure is well described by the hypothesis of a single
normal, with the exception of the edges of the PE, and the size of this region does not exceed
the thickness of the packet. Thus, in Fig. 3, the plots of the longitudinal strain distribution
along the beam thickness for distances from the left edge of the PE 0.5, 1 and 2 mm are
shown for the model shown in Fig. 2. A similar distribution is also found at the right edge of
the PE. Considering that the PE length in calculation is 56 mm, the applied theory of
oscillations of a three-layer beam is described with a high degree of accuracy on the basis of
the hypothesis of a single normal.

50
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Fig 4. Stress distribution in the cantiliver transducer anlong the length of transducer on the
upper surfaces of layers
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Comparison of the results of the calculation of the stress-strain and electric state of
cantilever transducer according to the applied theory and the FE model in the framework of
the deflected mode with the condition of an open circuit at a frequency in the neighborhood of
the first resonance shows a good qualitative coincidence of the characteristics
(Fig. 4 and 5). In guantitative terms, with a relative deflection difference of 9%, the relative
difference in maximum stresses at the free boundaries of the PE in their middle part along the
length did not exceed 10%. In addition, a comparison was made with the known FE model,
built in the ANSYS package, according to which the relative error in determining the resonant
frequencies and the output electric voltage was 6%.

8
6 <> —FE
g 4 ———-Th
s, eory
g 0
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Fig 5. Stress distribution in the cantiliver transducer anlong the thicknes
in the middle point of PE

4. Numerical optimization
Of particular interest is the study of the influence of geometric parameters on the output
characteristics of PEG, taking into account the critical stresses for each material. We
introduce the strength limit in the following form
o, =ko,, (10)
here, o is the maximum permissible value of the mechanical stress, k is the safety factor,
and o, is the critical value of the mechanical stress at which the material is broken.

For substrate and PE materials [20], let us take the critical values of o, for the case of

tension equal to 150 and 66 MPa, respectively. Safety factor is k =0.5.
For optimization, a bimorph cantilever PEG model with an attached mass, which is
located at some margin on the free end of the beam, was selected (see Fig. 6.).

al

NSNS S

Fig. 6. Cantilever type PEG with poof mass

In order to take into account the incomplete covering of the piezoelectric substrate by
the generator shown in Fig. 6, the function ¢ (x,) should be given as follows:
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¢ (%), x <L,
¢ (%)=162 (%), L, <x<Lu. (11)
¢ (%), % > Lu
Adding an attached mass to the design requires consideration of its influence in the
system of differential equations, since it is an additional inertial load that affects the kinetic
energy. Taking into account the attached mass, the expressions for the components M;; and

p; vary as follows:

Mj = Im;é (X1) ¢ (Xa)dX. +Mogh (Lm )i (Lu ),
L (12)
i =~ (t) | M (%) + Mogh (L),

where Ly is the position coordinate of the attached mass. In this case it is the free end of the

beam.
The boundary conditions and the conjugation conditions for finding & (x.) will be as

follows:
#(0)=0 4" (L) =4 (L),
¢(1)r (O) _ 0 (2)m ( ) ¢I(3)"' (I—M )_ aﬂ4¢|(2) (LM )’
¢ (Lp) =6 (L), ¢(2)(|— ) A7 (Lw),
¢I(1), ( p) ¢E(2| ) ( ) ¢I(2)' ( M )= ¢I(3)' (LM )’ (13)
" ()= 87 (L), 4 (1)=0,
Vm El 2Ym 3)m
4" (L) = o " (L), 47 (1)=0,

where @ =M /mL, £ is an eigenvalue, EI® is the bending stiffness of a segment covered
by a PE, and EI® is without a PE.
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Fig 7. Dependences of the maximum mechanical stresses arising in the clamp of PEG on the
relative length | of PE for two configurations
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Investigations of the efficiency of various types of structures from geometric parameters
with allowance for the critical tensile stresses for a piezoceramic layer and a substrate are
carried out. Thus, for the model shown in Fig. 6, the dependence of the output parameters on
the PE's length was compared in the presence of (I) and the absence (Il) of the attached
mass My .
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The results of the research showed that, in the presence and absence of My, mechanical
stresses begin to exceed the permissible stress limits o, beginning with a certain value of the
PE's length (see Fig. 7). It turned out that there is an interval of frequencies (82-94 Hz) where
the first resonance frequencies in the case of the presence (I) and absence (1) of the attached
mass coincide. The maximum power that can be obtained in the presence of M (1) was about
31 mW at a frequency of 88 Hz with the relative length of PE . =L, /L, equal to 0.85 (see

Fig. 8). The same output power can be obtained in the absence of My (1) at a frequency of
131 Hz for a length I.=0.63.

5. Conclusions

It is shown that the developed applied theory based on the single normal hypothesis
satisfactorily describes the deflected mode in the internal part of the PEs. An exception to this
is the small vicinity of the ends of piezoelectric layers, but the effect of this feature on the
integral characteristics of piezoelectric is not significant.

An example of optimization of a cantilever-type PEG is shown taking into account the
critical mechanical stresses for PEG materials. The optimization results showed that there is a
frequency interval where the first resonant frequencies of the PEG with the attached mass and
without coincide, but the PEG model without the presence of mass can not work in this
interval, since the threshold of critical stresses is exceeded.
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Abstract. It is shown that a single-walled carbon nanotube based on a carbon monolayer
(graphene) rolled up into a cylinder is a nanoscale quantum system characterized by the
presence of electron crystals, like graphene. In contrast to the extremely unstable graphene
quantum system, the nanotube quantum system is stable at a certain curvature of the carbon
skeleton. The curvature causes the redistribution of = electrons between internal and external
electron crystals accompanied by the formation of additional one-dimensional or quasi-one-
dimensional crystals of pairs of n* electrons excited into a higher 3s2p, energy state and
located on the nanotube external side. The stability of the nanotube quantum system and its
unusual physical properties are due to these crystals of ©* electron pairs.

Keywords: carbon nanotubes, electron crystals, nanoscale quantum systems, ballistic
conductivity

1. Introduction

The interest to single-walled carbon nanotubes is caused by a number of properties that
promise their widespread use in electronics based on quantum systems, including the systems
based on carbon and its compounds. Of practical interest are the following properties of
carbon nanotubes: the tendency to form bundles from individual tubes [1,2], an almost
complete absence of defects [2], high emission currents at a relatively low voltage
accompanied by light emission in the red and near infrared regions [3,4], ballistic
conductivity at room temperature and achievement of intrinsic contact resistance close to a
half of the quantum limit (h/4e?) at low temperature [5,6,7], high Josephson supercurrents [8],
and also induced and intrinsic superconductivity [9]. The natures of all these phenomena are
still unknown. 1t is not clear even why electrical properties of tubes, such as armchair and
zigzag ones, differ from each other, though the only difference between them is in the
hexagon orientation relative to the tube axis [7]. The nature of high Schottky barriers at
contacts with metals [10] and the nature of the inhomogeneities of electron and light
emissions from the tube surface [3,4] also remain unclear.

Since attempts to explain the above phenomena in the approximation of weakly
interacting particles were unsuccessful, an attempt will be made to explain them in the
approximation of strongly interacting electrons, i.e., in the approximation used earlier for
graphene [11]. It was shown in [11] that a strong exchange interaction (resonant = binding)
and strong Coulomb interaction between = electrons at neighboring atoms in graphene led to
the localization of = electrons on carbon atoms and their strongly correlated state which
manifested itself in the formation of two spin-polarized = electron crystals located on opposite
sides of the carbon skeleton.

http://dx.doi.org/10.18720/MPM.4412020_12
© 2020, Peter the Great St. Petersburg Polytechnic University
© 2020, Institute of Problems of Mechanical Engineering RAS
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Since the nanotube is a carbon monolayer rolled up into a cylinder and resonant «
binding and Coulomb interaction between = electrons are preserved, the formation of electron
crystals should be also expected in it. The only difference is that both electron crystals
(external and internal with respect to the carbon skeleton) must also have a cylindrical shape.
However, it was also noted in [11] that a slightest disturbance in the carbon monolayer
flatness (for example, a displacement of a = electron at polarization) causes significant
changes in the monolayer quantum system. It is evident that monolayer rolling up must also
lead to changes in the nanotube quantum system.

The goals of our study were, first, to consider the features of quantum systems of the
armchair and zigzag nanotubes and, second, to show how the unusual properties of these
nanotubes can be understood in the approximation of strongly interacting electrons.

It is known that carbon nanotubes are divided into single-walled and multi-walled ones.
We consider only single-walled ones, since & electron interactions between neighboring tubes
should be taken into account in multi-walled tubes along with interactions between n-
electrons in each tube (like in graphite). Therefore, the properties of multi-walled and single-
walled tubes can differ considerably.

It is also known that single-walled nanotubes differ in the orientation of carbon
hexagons relative to the tube axis (chirality). For the sake of brevity, we consider only two
cases of hexagon orientation, which corresponds to two types of tubes, i.e., zigzag and
armchair ones.

2. On preferred diameter of single-walled nanotubes

In order to carry out a comparative analysis of two types of nanotubes (armchair and zigzag),
we consider the tubes with the same number of hexagon rows parallel to the nanotube axis
and determine their diameters. Then we cut out rings five hexagons wide each and draw a
projection of these rings on a plane. Fig. 1 (a, b) shows the projections of such tube rings
containing 12 rows of hexagons each.

The choice of tubes with 12 hexagon rows is not random. As will be shown below, it is
dictated by the conditions of stability of this carbon modification. The diameter of the
selected nanotubes is easily calculated if we know the C — C bond length. As the first
approximation, we can assume that all bonds in the hexagon are similar and their lengths are
equal to the bond length in graphene (1.41 A). Under these assumptions, the tube diameter
with 12 hexagon rows is in the range 8-9 A (or, more precisely, 8.08 A and 9.33 A for the
armchair and zigzag tubes, respectively). Note that these diameters are close to those obtained
experimentally in [12], where the highest peak in the distribution of single-walled nanotubes
in diameter was observed for a diameter of 10.5 A and a lower peak was observed for a
diameter of 8.5 A.

It is clearly seen from the projection of the armchair tube that the number of rows in
these tubes can be only even, since every next row of hexagons is shifted with respect to the
preceding row. Further consideration will show that the even number of hexagon rows is also
important for zigzag tubes. There is another limitation on the number of rows common to both
types of tubes. It is a consequence of the multiplicity of bonds in graphene equal to
1.33 (1o + 0.33x) corresponding to the maximum binding energy in it. To achieve such a
multiplicity of coupling, it must be possible drawing of 9 resonance structures of the Kekule
type.

Let us explain this statement. Since only two double bonds out of six are possible in
each hexagon of any resonant structure of a carbon monolayer, a multiplicity of = bond equal
to 0.33 can be achieved when each bond is a double one in three resonant structures. Hence,
the number of structures must be 9. This pattern of 9 resonant structures for both types of
tubes is possible if the number of hexagon rows is a multiple of three. If we take into account



Single-walled carbon nanotube as a nanoscale quantum system 105

the even number of rows noted above, the number of rows in the tubes must be a multiple
of 6. The tubes with 12 hexagon rows satisfy this condition.
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Fig. 1. Projections of nanotube rings containing 5 hexagons in width and 12 hexagon rows in
perimeter of a circle for the armchair (a) and zigzag type tubes (b). Resonant = bonds are
shown by the thin lines, stationary «* bonds are shown by the double lines and the single
bonds are shown by the dash lines. The dot-and-dash lines with two arrows show the thin
strips containing one carbon atom chain highlighted by shading. Three 1D crystals of «*
electron pairs are shown in (a) and two quasi-1D crystals are shown in (b). The line with two
arrows on the ends shows the tube axis direction

The tube diameter calculated above is the carbon skeleton diameter. However, to
characterize the tube, the diameters of the external and internal = electron crystals, which are
at a distance equal to the carbon atomic radius (0.91 A) from the carbon skeleton, are also
important. The diameters of the electron crystals calculated with due account for the atomic
radius turned out to be 9.90 A and 11.15 A (external) and 6.26 A and 7.51 A (internal) for the
armchair and zigzag tubes, respectively. Note that electron diffraction studies of the nanotube
diameter (for example, by transmission electron microscopy) give the diameter of the external
electron crystal with which the electron beam interacts rather than the carbon skeleton
diameter. Therefore, the experimental data should be compared with the diameter of the
external electron crystal. Note that the calculated average (for both types of nanotubes)
diameter of the external electron crystal (10.5 A) is in good agreement with the experimental
data [12].
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A comparison of two types of tubes with the same number of hexagon rows shows that
the diameter of the carbon skeleton of the armchair tube is noticeably smaller than the zigzag
tube diameter (8.08 versus 9.33 A). This means that the curvatures of the carbon tube skeleton
estimated as 1/r, where r is the skeleton radius, are different. The curvature of the armchair
tube is greater than that of the zigzag tube (0.24 versus 0.21).

3. Curvature of carbon skeleton and number of excited = electrons

Let us consider the effect of curvature of the nanotube carbon skeleton on the & electron state
in them. The rolling up of a carbon monolayer into a tube leads to an expansion of the
external electron crystal and a compression of the internal one. Such changes should be
accompanied by changes in the exchange interaction between & electrons, an increase in the
Coulomb interaction in the internal electron crystal and its weakening in the external one.

However, to provide stability of a quantum nanotube system, it is important to maintain
the equality of electron densities of the external and internal electron crystals, since only
when these densities are equal all Coulomb interactions between r electrons are balanced
inside and between electron crystals.

Apparently, the condition in the quantum nanotube system can be satisfied due to the
transition of a part of = electrons from the internal electron crystal to the external side of the
nanotube, i.e., transition of a = electron from the lower lobe of its 2p, state to the upper one.
However, such a transition will encounter a strong Coulomb repulsion from the external
electron crystal. The result of such repulsion, as shown in [11] for graphene polarization, can
be a change in the hybrid state of the carbon atom to which this & electron belongs from
sp® + 2p, to sp® + 3s2p; state and excitation of the x electron from the 2p; state into one of two
3s2p, hybrid states located on the external side of the nanotube. To distinguish such a excited
electron from a = electron in the 2p, state, we denote it as n*electron.

A change in the hybrid state of carbon atom will be accompanied by a loss of its
resonant © binding with three nearest neighboring atoms. Three resonant « bonds will be
replaced by two single bonds with two neighboring atoms and one stationary (non-resonant)
7* bond with the third neighboring atom which is closer to the excited atom than the other
two (Fig. 2).

Fig. 2. Formation of four single bonds (1-4) and a stationary 7* bond by a pair of 7* electrons
excited into the 3s2p, state. The dot-and-dash line shows the tube axis direction

This point requires some explanation. A monolayer rolling up can be accompanied by a
decrease in the distance and the bond length between carbon atoms. This decrease will depend
on the bond orientation relative to the tube axis. So, if the length of the bond parallel to the
tube axis remains unchanged at a monolayer rolling up, the length of the bond located at an
angle to the axis decreases, and the length of the bond perpendicular to the axis also
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decreases, but in a greater degree. Therefore, the hexagons are deformed, and the distances
between atoms in the hexagon become different (Fig. 1).

The bonds perpendicular to the tube axis are present only in the armchair tubes, and the
bonds parallel to the axis are present only in the zigzag ones. Therefore, the m*electron
excited into the 3s2p, state in the armchair nanotube does not have an alternative when
choosing an atom with a & electron of which it can be paired. It will be the & electron of the
carbon atom closest to the excited atom because its « electron is redundant in the system of
two  electron crystals (it does not have a pair in the internal electron crystal after the excited
electron leaves it). Since the number of electrons in the quantum system in the internal and
external electron crystals should be the same, the extra electron will also be pushed out of the
external electron crystal and excited into the 3s2p, state, but of its own atom. As a result, two
adjacent closely spaced carbon atoms will be in the same hybrid 3s2p, state, and their ©*
electrons can be paired, thus forming a stationary n* bond (Fig. 2). Such pairing is
energetically favorable for a quantum nanotube system, since it partially compensates for the
energy loss of two resonant = bonds of three ones.

To evaluate the number of & electrons migrating to the external side of the tube and the
type of their ordering, we separate the projections of both tube rings into separate very narrow
strips with a width equal to one carbon chain (Fig. 1 a, b). Each such strip in a nanotube
corresponds to a thin ring containing only one carbon atom chain. Obviously, such a chain
will be a sequence of atoms located in an armchair array for an armchair-type nanotube, and it
will be a zigzag array for a zigzag-type nanotube.

The number of & electrons migrating to the external side of such a thin ring can be
calculated from the condition of electron density equality on the external and internal sides of
the nanotube. This equality suggests that the ratio between the numbers of electrons on two
sides of a thin ring is inversely proportional to the ratio between curvatures of the n electron
crystals.

The calculations showed that only three & electrons (from 24 & electrons ) migrate to the
external side of the ring in each thin ring of the armchair tube, while only two = electrons
migrate to the external side in the thin ring of the zigzag tube. This is because the curvature of
the zigzag carbon skeleton is less than the curvature of the armchair carbon skeleton. Thus,
the difference between the number of & electrons on the external and internal sides of the thin
ring containing one carbon chain will be six electrons for the armchair tube and four for the
zigzag tube, or three and two n*electron pairs, respectively (Fig. 1).

As a result, when a monolayer rolls up into an armchair tube, one fourth of = electrons
change their state from the 2p, to the 3s2p, one, while only one sixth of = electrons change
their state in the zigzag tube. Then the concentration of = electrons in the 2p, state in the
armchair tube decreases from 4x10" to 3x10™ electrons per cm?, and it decreases to 3.3x10"
electrons per cm? in zigzag tubes. The average concentration of 7* electron pairs in the
armchair tubes is estimated to be 5x10™, and it is 3.5x10™ electron per cm? in zigzag tubes.

However, the concentration of the electron pairs is not so important for the conductivity
of nanotubes, as the type of their ordering on the nanotube surface.

First, we consider the ordering of electron pairs of =* bonds in one thin ring. Owing to
the Coulomb repulsion between pairs, they are apparently distributed in the ring at equal
distances from each other, i.e., the thin ring perimeter is divided into three equal parts for the
armchair tube and two parts for the zigzag tube.

Let us consider ordering of w* electron pairs between neighboring thin rings. n*
electron pairs in a quantum system with = electron crystals can be regarded as defects. Since
defects in any crystalline structure tend to ordering, which reduces the system free energy, we
can assume that they are ordered in nanotubes as well. As the t*electron concentration is low,
ordering is possible only in the form of 1D or quasi-1D crystals.
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Since only three w*electron pairs are formed in each thin ring of the armchair tube, there
must also be three 1D crystals of n* electron pairs. They will be located at equal distances
from each other equal to three hexagon rows. The crystals will be oriented along the tube axis,
since the shortest bonds in the armchair tubes perpendicular to the tube axis are located along
it (Fig. 1a).

Only two quasi-1D crystals of pairs can be formed in a zigzag tube. They will also be
located parallel to each other, but already at the distance determined by five hexagon rows. (It
becomes clear why the zigzag tube should have an even number of rows). Since the shortest
bonds in these tubes are oriented at an angle to the tube axis, the quasi-1D crystals will be
located at the same angle to the tube axis and will embrace the tube in a spiral. Since the
shortest bonds in each hexagon in the zigzag tubes are neighbors with an angle of about 120°
between them, the spiral direction can be either clockwise or counterclockwise (Fig. 1b).

It can be seen from the above that, when a quantum system of graphene is rolled up into
a nanotube, two spin-polarized electron crystals of 2p, electrons are preserved, but with a loss
of some of & electrons. In this case, 1D or quasi-1D crystals of pairs of =* electrons excited
into the 3s2p, state arise in the nanotube quantum system. The number of 1D crystals in the
armchair and zigzag tubes is different due to different curvatures of their carbon skeletons.
The orientations of these crystals relative to the tube axis are also different, but due to
different orientations of stationary =* bonds.

4. Effect of 1D electron pair crystals on nanotube properties

The presence of 1D crystals of excited «* electron pairs on the tube external side must lower
the ionization potential of the nanotube and decrease the electric field threshold at which
electron emission begins. In addition, the electron emission may be accompanied by the
emission of electron pairs, pair breaking, and the release of n* binding energy. The «* binding
energy is unknown. Only the energy of a = bond in carbon compounds is known. It is about
1.5 eV. The n* bond energy should be slightly higher, since the 3s2p, state is characterized by
a volume larger than the 2p, state, and the lateral overlapping of electron states can be a little
larger. An energy of 1.5 eV and slightly higher correspond to radiation in the red and near
infrared. The radiation emission accompanying the electron emission precisely in this range
was obtained experimentally [3,4], where a very narrow emission band (0.022 eV) with a
maximum of about 1.85 eV was observed. Perhaps, this energy corresponds to the «* binding
energy.

Since emission from nanotubes is associated with 1D crystals, it can be expected that it
will be strongly inhomogeneous over the nanotube surface, which was also observed
experimentally.

As for the conductivity of armchair nanotubes, it can be assumed that it occurs through
tunneling of 1D crystals of pairs as a whole through gaps between adjacent =* bonds. The
geometric gap between the pairs is about 2.5 A, but if we take into account the volume of two
3s2p, states, it proves to be less than 1 A. (Note that direct overlapping of these states is
impossible because of their occupation by electron pairs). Since such tunneling occurs
without resistance, it can be regarded as a mechanism of ballistic conductivity accomplished
by electron pairs.

Tunneling of quasi-1D crystals of pairs is impossible in zigzag tubes, since the field
applied along the tube axis cannot provide a spiral motion.

Note also that in the case of conductivity by pairs, the problem of contacts with metals,
where there are no pairs, arises. An ideal contact for this case would be a superconductor.
Perhaps, the absence of electron pairs in metals is responsible for the high Schottky barrier
observed experimentally [10].
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The 1D crystals of pairs create a strong inhomogeneity of the electric field on the
nanotube surface in the form of negative charge strips protruding from the nanotube surface.
Therefore, when the tubes approach each other, the Coulomb interaction can arise between
them. As a result, they will be ordered relative to each other. Perhaps, the tendency to form
bundles is explained by this Coulomb interaction.

5. Conclusions

It is shown that when a carbon monolayer (graphene) rolls up into a single-walled nanotube,
the graphene-based system retains its quantum character, but with significant changes in it. In
addition to the conservation of the system of = electrons in the 2p, state forming two spin-
polarized electron crystals strongly coupled to the carbon skeleton and providing resonant x
binding between atoms, a second system of * electrons arises. It is a set of 1D or quasi-1D
crystals of pairs of n* electrons excited into the 3s2p, state and forming stationary n* bonds
between excited carbon atoms. It has been shown that it is these 1D or quasi-1D crystals of ©*
electron pairs that ensure the cylindrical nanotube shape stability and are responsible for the
nanotube unusual physical properties.
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Abstract. A physical method of receiving nanoporous films of the silicon dioxide (SiO;) and
tantalum pentoxide (Ta,Os) in vacuum conditions is brought forward in this work. The
structure and properties of nanoporous films received as a result of self-organization at
magnetron spattering of a compound target are researched in it. Correlations of the quantity
and size of pores, the structure and properties of nanoporous films are determined, as well.
The self-organization process proves to form spatially spattered pores, to change
electrophysical properties of dielectric films and it enlarges their functions.

Keywords: nanoporous oxide films, carbon, self-organization process, magnetron spattering

1. Introduction

The study of nanoporous dielectric films has been set a new impulse of late as a result of
substantially enlarged sphere of their practical use. Such films can be used both in
microelectronics as insulating stuff with low dielectric permittivity, and they can be used in
photonics as anti-reflection coating in optoelectronic devices [1,2]. The nanoporous dielectric
films can be also used as basic material for receiving nanomembranes and selective gas-
sensing, sensor devices [3,4]. A number of methods of receiving nanoporous dielectric
structure were worked out — anodizing, zol-gel method, matrix template synthesis are among
them [2,5,6]. All the enumerated methods are chemical which makes it difficult to use them
when producing micro — and nanoelectronics devices.

The purpose of the given research is to work out the integral schemes of the formation
methods of nanoporous films of the silicon dioxide (SiO,) and tantalum pentoxide (Ta,Os)
basing on the technological modes of forming films with their structural and electrophysical
properties.

2. Experiment and measurement methods

The basis of the suggested method is the self-organization principle proceeding in the plasma
glow discharge which is formed by DC magnetron spattering source, compound spattering
targets Si:C (graphite) or Ta:C (graphite) being its cathode [7]. The graphite area on the
compound spattering target expressed in percentage - S¢ varied in such a case, which resulted
in changing the pore quantity and size. Spattering was done in the oxygen atmosphere with
the pressure in an evacuated vessel equal to 4x10™ Pa. Such are the conditions under which
dielectric films of the silicon dioxide (SiO;) and tantalum pentoxide (Ta,Os) are received, and
injecting carbon is to make a sound nanoporous structure. The given method was patented
earlier and it was used for receiving the films SiO, with low dielectric permittivity [8]. This
method, however, is supposed to be applied to other oxide films used in micro — and
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nanoelectronics, in Ta,Os in particular. The pore formation in this process is explained by
gaseous compounds CO or CO, which on educing, make the film friable forming in it open
pores and gas inclusions.

The thickness of the dielectric films which were researched in the electrophysical
operations was 100 nm. The films Al, about 100 nm thick, were used as electrodes at
electrical measurements. These films were made by means of thermal evaporation in vacuum.
Condensing structures Al-SiO,-Al and Al-Ta,Os-Al were formed like matrixes with the active
area of 1x1 mm on the ceramized substrates of 60x48x0.6 mm in size.

The determination of the pore quantity and size was done by means of electrochemical
copper jumping. The width of the Tauc gap (Et) was defined by the extrapolation (ocE)ll2
dependence on the photon energy E in the range of the wave lengths of 200-1100 nm [9]. The
spectral dependence of the film absorption index (o) was defined by transmission and
reflection spectrums with the help of spectrometer USB2000. The determination of the
thickness and dielectric film refraction index was stated by means of a spectral ellipsometric
complex. The microanalysis was done with the help of the Bruker Quantax 50 EDX
microanalyzer as a part of an electron microscope Hitachi TM-1000. The spectral analysis of
the researched films was done by using an IR —spectrometer in the range of the frequencies of
500 — 5000 sm™,

3. Experiment results and analysis

Electric properties. The research of the electric capacity of the structures Al-SiO,-Al and
Al-Ta,0s-Al has revealed the general tendency of dielectric permittivity changing and that of
angle tangent of dielectric losses with the increase percentage of graphite content on the
compound target when S; < 40%, however, at great values of S; the qualitative type of
dependences differed. At the same time the dependence of electric strength on S, was similar,
and it decreased gradually for the both structures (Fig. 1, Fig. 2)

£ —o— (25 tgd x10°  Ea.MV/sm

1 | | 1 | 1 1 | | 1 |
0O 10 20 30 40 350 60 70 0O 10 20 30 40 50 60
Sp‘ % Sc. %
a) b)
Fig. 1. Dependence of dielectric permittivity &, tangent losses tgo (a) and electric strength Ed
on S¢ (b) for the structure Al-SiO,-Al

It is evident that the reduction of dielectric permittivity for films SiO; can be explained
only by the formation of gas inclusions, because all the other possible ways (the formation of
chemical bonds of silicon with carbon, the formation of carbon injections) would lead to an
opposite result. The tangent reduction of the dielectric loss angle is supposedly connected
both with the gas inclusions, having a considerably smaller tangent of loss angle, and also
with the reduced film defect because of the chemical reactions which are supposed to be more
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intensive in the places of defect localization. The growth of these values at S > 40% is caused
by the oxygen deficit and formation of films SiOy, in which x proceeds to 1 which can result
in the formation of local regions containing underoxidized silicon and, hence, can enlarge
tangent of dielectric loss angle. This is verified by the microanalysis, Auger electron
spectroscopy (AES) and IR-spectroscopy data. Electric strength reduction is quite
characteristic of nanoporous films that have heterogeneous structure, and probably, it is
connected with penetration of the material of the upper electrode into the dielectric film [10].

£ —c—1gd tgd <107 Ea. MV/sm
6

-2
|

14 1 L L 1 1 1 L 1 I 1 I
0O 10 20 30 40 30 60 70 0O 10 20 30 40 50 60
\L % "‘aL %
a) b)
Fig. 2. Dependence of dielectric permittivity &, tangent losses tgo (a) and electric strength Ed
on S, (b) for the structure Al-Ta,Os-Al

On the analogy of the previous account, the same changes are supposed to occur in the
films Ta,Os, however, the dependence type in them is somewhat different, which can be
explained by the chemical properties of Ta, itself.

Optical properties. The research of physical properties of dielectric films SiO, and
Ta,Os has revealed the change of the refraction index n and the width of the optical
gap Et (Fig. 3).

—o—n —o— Lt Et.eV —o—n —o— Ft Et. eV

1
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70

a) b)
Fig. 3. Refraction index dependence n (at the wavelength A=632 nm) and that of the width of
the optical gap Et on S for the structure Al-SiO,-Al (a) and Al-Ta,Os-Al (b)

The behaviour of the refraction index correlates with the change of dielectric
permittivity, which is quite conformable to the theory. Reduction of the width of the optical
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gap can be connected both with the electronic structure change of dielectric films, themselves,
and the presence of gas in the pores.

Structure of surface. The research of the dielectric film porosity illustrated quite even
distribution of the pores over the dielectric area. Small mesopores with the diameter of less
than 10 nm and larger ones with the diameter of more than 50 nm can be visually
distinguished [11]. The porosity of the film SiO, considerably rises with the value growth of
Sc reaching its peak at S¢ ~50%, then the growth is replaced by the saturation area (Fig. 4).
The qualitative dependence type for the films SiO, and Ta,Os is equal, at that. Porosity was

determined by capacitance method [12]. The structure of the surface also undergoes
considerable changes (Fig. 5).
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Spectral analysis. The analysis of the structure of the researched films SiO, done by a
microanalyzer revealed some rise of oxygen content with the growth of Sc, the same
concerned the films Ta,Os. Moreover, IR spectrums of the researched films proved a sharp
growth of absorption at the wavelength v=2350 sm™ corresponding to oscillations of bonds
C-0. There are also changes in the area: v; =3000 Sm'l, v, =3400 Sm'l, vz =3600 Sm'l, and
also some changes of peak v, =935-940 sm?. Peaks v1, V2, v3 are usually referred to as
OH - groups and H,0 molecules, peak v, refers to Si-O-Si bond (valency oscillations) [13].

Supposedly, it can be explained by the presence of water in the pores owing to the
capillary effect, and also to the reaction products — gases CO or CO,. It can occur, as well,
owing to the adsorption of gases CO or CO, from the atmosphere [14]. The given peak
amplitude rises with the growth of Sc, which can be connected with the occurrence of oxygen
vacancies in the silicon and negative charge. The occurrence of the effective negative charge
on the silicon atom adds to a better adsorption capacity. Thus this resulted in the stimulated
adsorption. The preliminary experiments have already proved the selectivity of hydrocarbons
and gas CO adsorption, and also of organic compounds with different functional groups.

4. Conclusions

1. The experiments proved that the carbon injection into the process of the formation of
the films SiO, and Ta,Os leads to the formation of self-organized nanoporous structure. The
size and density of the pores is determined by the quantity of the injected carbon.

2. Electrical and optical parameters of the films SiO, and Ta,Os are largely defined by
the porosity and they have similar tendencies in some intervals, however, the general
dependence type is stated by the chemical properties of the spattered material, itself.

3. Common tendencies in the change of electrophysical properties and in the surface
structure of the films SiO, and Ta,Os with the carbon injected into them, make it possible to
assume that analogous changes will be developed in other oxide dielectrics which are formed
in the plasma of the glow discharge, though the qualitative dependence type will be different.

4. The formation of the nanoporous structure contributes to the rise of the selective
adsorption capacity of the researched dielectrics, mainly, owing to capillary condensation in
mesapores and also stimulated adsorption, which can serve the basis of creating gas-sensing
sensor devices [15].
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Abstract. In the present work, the pair interaction of coaxial circular prismatic dislocation
loops (PDLs) arbitrary placed in elastic solids with free spherical surfaces is considered. The
analytical solutions for the pair interaction energies of PDLs in an elastic sphere, an elastic
medium with a spherical pore and a spherical layer are given in the form of double power
series and illustrated by energy maps built in the space of the normalized PDL radii and axial
positions. The results can be used for analyzing the theoretical models of stress relaxation
processes in bulk and hollow core-shell nanoparticles and pentagonal particles, which occur
through the formation of dislocation ensembles.

Keywords: prismatic dislocation loops, dislocation ensembles, stress relaxation

1. Introduction

Dislocation loops are typical defects in solids, which play a significant role in the physics and
micromechanics of crystalline materials [1,2]. In particular, the formation of prismatic
dislocation loops (PDLS) is one of the main mechanisms of elastic strain and stress relaxation
in solid-state structures containing inhomogeneities and pores. For instance, the ensembles of
concentric PDLs lying in the same plane and encircling the highly compressed precipitates in
gadolinium gallium garnet crystals were examined by optical microscopy in [3,4].
Subsequently, this mechanism was theoretically described in [5] for the case of generation of
a single PDL encircled spherical inclusion. The generation of a misfit PDL at the interface of
the dilatational spherical inclusion was theoretically investigated in [6]. Another relaxation
mechanism is the punching of ensembles of coaxial PDLs by the inclusion to the matrix. It
was observed experimentally in [7-9] and then studied by analytical calculations [10] and
dislocation dynamics computer simulations [11]. The generation of satellite PDLs as the
effective relaxation mechanism in GaAs films containing As-Sb clusters subjected to one-
dimensional dilatation eigenstrain was experimentally [12,13] and theoretically [14,15]
investigated.

To analyze the critical conditions of PDL formation, the authors of the aforementioned
theoretical models [5,6,10,14,15] used the well-known solution for the strain energy of a PDL
in an infinite homogeneous elastic medium, given by Dundurs and Salamon [16], in which
case the image force effects on the relaxation processes were neglected. This limitation could
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be overcome by using strict analytical solutions of relevant boundary-value problems in the
theory of elasticity for PDLs in solids with spherical surfaces/interfaces.

By now, some strict analytical solutions describing the elastic fields and energies of
circular PDLs in an infinite medium [16-18], near a flat free surface [19] and a planar
interface [16,20], in thin plates [21,22], in homogeneous [23-25] and heterogenous core-shell
[26] cylinders as well as in solids with spherical boundaries [27-31] have been fairly well
discussed. The displacement field of a circular PDL in an elastic sphere was first presented
in [27]. The elastic fields and energy of a circular PDL coaxial to the spherical pore in an
infinite medium were obtained in [28] that allowed to analyze a critical condition for
punching of a single PDL by the bubbles (pores under pressure) and verified these results
with experimental observations of PDL ensembles in irradiated materials containing helium
[32,33] or hydrogen [34] in bubbles. Recently, similar solution has been suggested to use in
dislocation dynamics computer simulations [31]. The case of dislocation emission induced by
the spherical pore under remote loading was also studied by molecular dynamics
simulations [35,36].

The displacement field of a circular dislocation loop occupying an arbitrary position
inside an elastically inhomogeneous core-shell spherical particle was found in [29]. The
solution was given in the form of double series of vector functions with unknown coefficients
which have to be determined by solving an infinite system of algebraic equations. The authors
of [29] demonstrated their analytical results with a numerical calculation of the image force
acting on a PDL symmetrically placed in the core that seems difficult to use in physical
applications.

A more applicable solution, from our point of view, is presented in [30] where the stress
field of a circular PDL is obtained in terms of the Legendre polynomials series for the
following cases: an elastic sphere, an infinite elastic medium with a spherical pore, and an
elastic spherical layer with free surfaces. The corresponding solutions have been applied for
analyzing the initial stages of stress relaxation processes through the formation of individual
PDLs in bulk [37] and hollow [38] core-shell nanoparticles, in icosahedral [39] and
decahedral [40,41] small particles (see also a brief review [42]). These theoretical models give
results which are in good agreement with experimental data [43,44].

Thus, the aforementioned strict analytical solutions have been used for analyzing the
critical conditions of stress relaxation through generation of individual PDLs. However, both
the experimental examinations and computer simulations show that, in many real structures, a
number of similar PDLs can nucleate and behave in tight interaction with each other, which
requires the development of suitable mathematical means for studying these situations. One of
such means is the energy of pair interactions between PDLs.

In the present work, we consider the interaction of two coaxial circular PDLs arbitrary
placed in different elastic bodies with free spherical surfaces such as an elastic sphere, an
elastic medium with a spherical pore, and a spherical layer. Using the strict analytical solution
of the boundary-value problem for a circular PDL in an elastic sphere [30], we find an
analytical form for the interaction energy and illustrate this result by energy maps built in the
space of the normalized PDL radii and axial positions. In our further work, we are going to
use these results in analyzing theoretical models of stress relaxation processes in core-shell
nanoparticles and pentagonal particles, which occur through the formation of various
dislocation ensembles.

2. Model

Consider an elastically isotropic spherical layer with inner and outer radii a, and a,
respectively, containing a pair of interstitials (for definiteness) circular PDLs which are
characterized by the following plastic distortion component [45]:
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Y =bHA-r/c)d(z-2), k=1,2, (1)
where by is the Burgers vector magnitude of the PDL-k, H(t) is the Heaviside function,
o(z—z¢) is the Dirac delta function, c¢ is the radius of the PDL-k, and z is its
coordinate (see Fig. 1).

The interaction energy W.:*between PDL-1 and PDL-2 in the spherical layer can be

int

determined as the work spent to create the PDL-1 in the stress field o of the PDL-2:
W2 = jv BY2dv =b j HA-r/c)5(z—2)0PdV =b j o?|,, dS =27b, j o@rdr, (2)
where r is the polar radius; & = 0 in the case when the PDL-1 plane does not intersect the inner

spherical surface, i.e. when z; > a,, and &=,/a’ -z’ in the case when the PDL-1 plane

intersects the inner spherical surface, i.e. when z; < a,.
According to [30], the axial stress ¢'? of PDL-2 in the elastic layer can be presented as

a sum of the axial stress 0-‘2) of PDL-2 in an infinite elastic medium and an additional term
o which provides the fulfillment of the boundary conditions on the free spherical surfaces:

Fig. 1. A pair of interstitial circular PDLs in a spherical layer. The corresponding coordinate
system is located in the center of spherical surfaces

c? ="c? 4 ¢?, (3a)
NI iJ(101) 12221 51,0,2) |, (3b)
2(1 v)|cC c’

%) = op, COS? 9+a,,93|n 0 -0y, Sin26, (3¢c)
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where G is the shear modulus, v is the Poisson ratio, J(m,n;p) are the Lipchitz-Hankel
integrals defined as J(m,n; p):jome(zc)Jn(Kr/cz)exp[—Idz—22|/c2];<pd;c, Jn(x) and

Jn(x ricy) are the Bessel functions, A®, B?, C®  and D!? are the coefficients determined in

[30] from the boundary conditions on the free inner and outer spherical surfaces, and Py(t) are
the Legendre polynomials determined by the following explicit formula

Pn(t)_ Z( 1) ( )(Zn ZS)tn 25 (4)

Here t = cosé, [n/ 2] gives the greatest integer less than or equal to n/ 2, and (2) are

the binomial coefficients.
Substituting (3a) to (2), we obtain after integration

vz _ GhD, rJ (1,1;1)} =5
1-v) r=¢
Then one can simplify equations (3c-f) for ‘o by using the following recurrence

relations for the Legendre polynomials [30]:
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where P'(t) = —J1-t*dP, (t)/dt.

Substituting recurrence relations (6) to (3c), after some algebra we finally find
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With Eq. (7) and taking into account that, for z =z;, the relations cosf =z; /R and
r dr =R dR hold, integral (2) gives
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Here (=271 ifz1>a,, and (= ap if 23 < &y,

Thus, the interaction energy W1'? for PDL-1 and PDL-2 in the spherical layer
is given by
W2 = W2 4 Wi (10)

where "W is determined by Eq. (5) and ‘W*? by Egs. (8) and (9).

3. Results
To illustrate the results obtained, consider an example of the pair interaction between PDL-1,
which has arbitrary radius c¢; and axial position z;, and PDL-2 with fixed radius c, = 100b,

and axial position z =0. Figures 2a-d show the maps of the interaction energy W’ in
normalized coordinates of radius ci/c, and axial position z;/c, of PDL-1 in (a) an infinite
medium, (b) an elastic sphere of radius a = 1.5¢;, (¢) an infinite medium with a spherical pore
of radius a, = 0.5c,, and (d) a spherical layer of radii a, = 0.5¢c; and a = 1.5¢c,. As is seen, the
interaction energy of PDLs strongly depends on their radii and positions in the elastic body.
Moreover, it is highly sensitive to the presence of the inner and outer free surface in the case
when at least one of the PDLs is localized near the surface. It is worth noting that, in this case,
the outer free surface makes a greater effect on the interaction energy than the inner free
surface. The most evident and interesting manifestation of the outer surface effect is the
region of negative values of the interaction energy near the equator and the outer free surface
(at the right bottom corner of the maps in Figs. 2(b,d). It means that PDL-1 of radius
0.9a < ¢y <a s attracted to immobilized PDL-2 in this region, while in all the remaining area
of the body, where the interaction energy is positive, PDL-1 is repulsed of PDL-2. In contrast,
the inner free surface does not give such effect.
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Fig. 2. The maps of pair interaction energy W,-> for PDL-1 with arbitrary radius c; and
position z; and PDL-2 of radius c; = 100b,, placed in plane z; = 0 in (a) an infinite medium,
(b) an elastic sphere of radius a = 1.5¢5, (c) an infinite medium with a spherical pore of radius
ap = 0.5¢,, and (d) a spherical layer of radii a, = 0.5¢c, and a = 1.5c¢;.

The energy is given in units Gb;b,c;

4. Conclusions

The phenomenon of pair interaction of circular PDLs in solids with spherical boundaries such
as an elastic sphere, an infinite medium with a spherical pore, and a spherical layer with free
surfaces is studied in detail. An explicit formula for interaction energy of two coaxial circular
PDLs is obtained in the form of double power series. This result is illustrated by maps of the
interaction energy in the space of PDL radii and axial positions. It is shown that the
interaction energy of PDLs is strongly screened by free spherical surfaces when at least one of
the PDLs is localized near the surface. The outer free surface makes a greater effect on the
interaction energy than the inner free surface. In particular, there is a region near the equator
and the outer free surface, where the interaction energy changes its sign. The inner free
surface does not give such effect. Our results give an opportunity to analyze stress relaxation
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processes through the generation of PDL ensembles in porous materials as well as bulk and
hollow core-shell nanoparticles and pentagonal particles.
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Abstract. The influence of a delay time at the maximum temperature on the number of cycles
for the macrocrack initiation for two thermal loading programs was investigated for two
single-crystal nickel-based superalloys VIN3 and ZhS32. An analytic approximation of a
delay time influence was proposed. Comparison of computational results and analytic formula
on the base of constitutive equations with the experimental data was performed for considered
single-crystal superalloys and showed a good accuracy. Influence of several mechanical
constants of nickel alloy on thermal fatigue strength is presented and discussed. The influence
of crystallographic orientation of the corset sample on the thermal fatigue durability with
delay times for various thermal loading programs and different single-crystal nickel
superalloys was investigated.

Keywords: thermal fatigue, single-crystal nickel-based superalloy, deformation criterion,
corset sample, crystallographic orientation, finite element modeling, analytic approximation

1. Introduction

Single-crystal nickel-based superalloys [1] are used for production of gas turbine engines
(GTE) [2]. These materials have a pronounced anisotropy and temperature dependence of
properties. Cracking in the turbine blades is caused often by thermal fatigue [3,4]. For
investigation of thermal fatigue durability under a wide range of temperatures with and
without delay times the experiments are carried out on different types of samples, including
corset (plane) specimen [3] on the installation developed in NPO CKTI [5] (see Fig. 1). Fixed
in axial direction by means of two bolts with a massive foundation the corset sample (see
Fig. 2) is heated periodically by passing electric current through it. The fixing of sample
under heating leads to the high stress level and inelastic strain appearance. The FE simulation
is required for the computation of inhomogeneous stress and inelastic strain fields.

The aims of the study are: (I) to study numerically a stress-strain state of the sample
during cyclic heating and cooling due to its clamping, (1) to study systematically the effect of
delay at maximum temperature on the thermal fatigue durability on the base of the four-term
deformation criterion [6-8] of thermal-fatigue failure for single crystal superalloys using the
results of finite element (FE) simulation of full-scale experiments and results of analytical
formulae and (I11) to study systematically the effect of crystallographic orientation on the
thermal fatigue durability. The results of simulation and their verification are obtained for
different single-crystal nickel-based superalloys: VIN3 and ZhS32.

http://dx.doi.org/10.18720/MPM.4412020_15
© 2020, Peter the Great St. Petersburg Polytechnic University
© 2020, Institute of Problems of Mechanical Engineering RAS
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Fig. 1. Testing setup for thermal fatigue experiments
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Fig. 2. Geometrical parametérs of the corset sample

2. Results of thermo-elasto-visco-plastic analysis

The axial fixing of the corset specimen under heating leads to the high axial stress and
inelastic strain appearance. The numerical simulation is required for the computation of
inhomogeneous stress and inelastic strain fields in sample. Modeling and simulation of
inelastic cyclic deformation of corset samples has been performed by means of the
FE programs ANSYS and PANTOCRATOR [9], which allows to apply the micromechanical
(microstructural, crystallographic, physical) models of plasticity and creep for single crystals
[10-14]. The micromechanical plasticity model accounting 12 octahedral slip systems with
lateral and nonlinear kinematic hardening [10,15] is used in the FE computation for the
simulation of single crystal superalloy behavior under cyclic loading. The Norton power-type
law is used to describe creep properties.

Modeling of inelastic deformation in the corset samples has been performed with taking
into account of the temperature dependence of all material properties, anisotropy of
mechanical properties of single-crystal sample, inhomogeneous nonstationary temperature
field, mechanical contacts between bolt and the specimen, between specimen and foundation,
friction between the contact surfaces, temperature expansion in the specimen. The viscous
properties are taken into account because of high temperature despite of a quick time of
heating and cooling of the corset samples.

The two FE formulations for the thermo-mechanical problem have been considered:

* FE model with taking into account equipment;

* FE model without taking into account equipment (simplified formulation [16] for the
sample only).

Using of the second formulation provides significant saving computational time due to
reduction in the number of degrees of freedom and refusal to solve a contact problem. It is
very actual for the numerous multivariant computations for different regimes of loading and
the crystallographic orientations. The validity of the simplified formulation is based on the
comparison with the results of full-scale formulation (with taking into account equipment), as
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well as on the comparison with the relative displacements of two markers measured in
experiments.

In the general case there is no symmetry in the problem (Fig. 3a) due to anisotropy of
mechanical properties of single crystal sample. However in the important for practice case of
[001] crystallographic orientation of sample the symmetry in respect to planes xz and yz (see
Fig. 3a) can be introduced. Equipment and bolts are modeled by linear elastic material (steel),
and for the sample elasto-visco—plastic model of material is used. The problem is solved in a
three-dimensional quasi-static formulation. As boundary conditions the symmetry conditions
are set: zero displacements on the y-axis on the xz plane and zero displacements on the x-axis
on the yz plane. On the lower side of the equipment zero displacements along the x and z axes
are set. On the bolt cap the pressure of 100 MPa has been applied that is equivalent to the
tightening force of the bolt. The temperature boundary conditions are set from the
experimental data at maximum and minimum temperature with linear interpolation in time.
The results of finite element heat conduction simulations [17] consistent with experimental
temperature field distributions. The mechanical properties for the alloy VIN3 are taken from
the paper [18] and for the alloy ZHS32 from [19] are summarized in Tables 1 and 2. The
mechanical properties of bolts are taken for pearlitic steel [20].

Table 1. Mechanical properties of VIN3 used in simulations [18]

T °C 20 500 700 900 1000 1050
Ewi| MPa | 126000 | 110000 | 104000 | 89000 80000 75000
v - 0.39 0.41 0.42 0.42 0.425 0.428
a /K 112110° | 1.33-10° | 14-10° | 15-10° | 1.57-10° | 1.6-10°
o' | MPa 555 800 930 910 645 540
n - 3 3 3 3 3 3
A | MPas* | 1.107 8-10" | 23:10% | 65-10™ | 3.5-10"° | 810"
Table 2. Mechanical properties of ZHS32 used in simulations [19]
T °C 20 500 700 900 1000 1050
Ew. | MPa 137000 | 110000 | 105000 | 99800 94800 92300
v - 0.395 0.4248 0.4284 | 0.4317 | 0.4347 0.4361
a UK 11.24-10° | 16-10° | 1.7-10° |1.81.10° | 2.22-10° | 2.42-10°°
o' | MPa 919 904 901 895 670 580
n - 8 8 8 8 8 8
A |MPa"s* | 1.10% |25-10% |85:10% | 2.10%® | 6-107 7-107%

In simplified formulation of the problem (see Fig. 3b) we consider only the sample
without equipment, in which zero displacements on the symmetry planes xz and yz are set, the
outer face of the sample parallel to the symmetry plane xz was fixed in the direction of the
axis x. To exclude solid body motions, a number of points on this face are also fixed in the
direction of the y and z axes.



128 A.V. Savikovskii, A.S. Semenov, L.B. Getsov

sample

equipment  bolts

Fig. 3. FE models of the corset sample for thermo-elasto-visco-plastic problem solution:
a) model (Y2 due to symmetry) with taking into account of equipment,
b) simplified model (Y4 due to symmetry) without taking into account of equipment

Figure 4 shows distributions of plastic strain intensity field for two nickel superalloys
and three different temperature modes after 7 cycles (for VIN3 the effective length of the
sample is 42 mm, for ZHS32 is 50 mm) [17] obtained with using the FE model (¥2 due to
symmetry) without taking into account equipment (Fig. 3b).

o 0.03 0.056 © 0.041 0.083

0 0.044 0.087 0 0.045 0.085
c) d)
Fig. 4. Plastic strain intensity field distributions in the corset sample after 7 cycles for:
a) superalloy ZhS32, loading regime 150+900°C;
b) superalloy ZhS32, loading regime 500+1050°C;
¢) superalloy ZhS32, loading regime 700+1050°C;
d) superalloy VIN3, loading regime 500+1050°C

Table 3 shows the equivalent (effective) length of the sample for the simplified
formulation for different alloys, which has been found by the comparison with full model
using the condition of equality of the inelastic strain ranges. In the FE simulations with
acceptable engineering accuracy can be used the value 40 mm. Effective length takes into
account the compliance of equipment and its variation in considered range has no appreciable
on the results.
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Table 3. The equivalent length of the corset sample for different alloys

VIN3

ZhS32

38—-46 mm

40-52 mm

3. Influence of the delay on the thermal fatigue durability

FE computations are carried out for a part of a corset sample (simplified FE model with
effective length of sample equal 40 mm, see Fig. 3b). The temperature fields are set from the
experimental data at maximum and minimum temperature cycle phase with using linear
interpolation in time.

The influence of the delay at maximum temperature on the number of cycles to the
formation of macrocrack is analyzed in the range from 1 min to 1 hour for the cyclic loading
regimes with:

» maximum temperature of 1050°C and minimum temperature of 700°C;

* maximum temperature of 1050°C and minimum temperature of 500°C;

» maximum temperature of 1000°C and minimum temperature of 500°C;

* maximum temperature of 900°C and minimum temperature of 150°C.

The heating time in the cycle is 10s, the cooling time is 16s for VIN3. The heating times
in the cycle are 15s, 15s, 10s, 25s, the cooling times are 15s, 15s, 14s, 75s for ZhS32. The
mechanical properties for the alloy VIN3 were taken from the paper [18] and for the alloy
ZhS32 from [19] (see also Tables 1 and 2).

The problem is solved in a quasi-static 3-dimensional formulation. The FE model is
shown in Fig. 3b. The boundary conditions are zero displacements in the direction of the x-
axis on two side faces of the sample with the normal along the x-axis. To exclude rigid body
motions, a number of points on these faces in the direction of the y and z axes are also fixed.

Temperature evolutions in central point of sample with and without delay for loading
regimes 700+1050°C, 500+1050°C, 250+1000°C and 150+900°C are presented schematically
in Fig. 5.
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entations of temperature evolutions in central point of sample for

loading regimes with and without delay time:

a) 700+1050°C; b) 500+1050°C; c) 500+1000°C and d) 150+900°C
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Damage calculation and estimation of the number of cycles for the macrocrack
initiation are made on the basis of four-term deformation criterion [6-8,14]:

A Aé v ;
Z ( gEQI) z ( eql) 4 max geq + max geq ’ (1)
CT) & C,(T) 0atct gP(T)  05tstu £°(T)

where the first term takes into account the range of plastic strain within the cycle, the second
term deals with the range of creep strain within the cycle, the third term is unilaterally
accumulated plastic strain (ratcheting), the fourth term is unilaterally accumulated creep
strain. The number of cycles to initiate macrocrack N is determined from the condition D = 1.

The equivalent strain for single crystal is defined by maximum shear strain in the slip system
with normal to the slip plane n,,,;, and the slip direction l

011)

Eeqg =Ny € Loy - (2)

. . 5 k
Usually it takes in (1) the values of constants:k=2, m=-, C, = (er). C,=(3¢F)",
where ¢ and & are ultimate strains of plasticity and creep under uniaxial tension. In the

FE computations the values of ultimate strains & =&’ =18% are used the same for all

considered alloys. Improvement of the prediction accuracy of the delay time influence on
durability can be achieved by the refinement of the constant strains € on the basis of data
without delay.

Analytic approximation [21] is offered to enter for describing of delay time influence on
thermal fatigue durability. The additive strain decomposition [22] is used for the small strain
case under uniaxial relaxation at constant temperature and total strain:

E=g, e, TEtE =8, 3)

where ¢ is the total strain, ¢, :% is the elastic strain, ¢, is the plastic strain, ¢ is the creep
strain and ¢, is the thermal strain, &, is constant. Differentiating (3) and using &, :%

(where H is the hardening modulus), Norton law ¢, = A" with taking into account notation
E, = (E‘1 +H ‘1)_1 for the tangent modulus it can be obtained equation:
o "6 =-AE,. (4)

Using result of integration of differential equation (4) from t, to t for o(t) in the

relation £, = Ac" allow us to introduce differential equation for creep strain:

¢ =Al o, " +(N-DAE (t —to)]ﬁ . (5)

Result of integration of (5) from t, to t has the form:

1 1 1
Ag, =—— T T [ (6)

[0, +(N-DAE; (t-t,) -0 (o)
which can be rewritten as following:

_ “Tn
Ag, =% 1—[1+mAao”‘l(t—to) : (7)
E. o,
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Using simplified two-term deformation criterion with taking into account creep strain
terms:

gaccumul + N [Agc j :1, (8)

& &

where &, is the ultimate strain of creep under uniaxial tension, N is the number of cycles of
macrocrack initiation we obtain:

N = i . .(1_Mj. (9)

o (n-1)E T o
oy [1+ AT }
E; o,

In the simulations we use: o= (1 *Tax = Qo1 Tin) " Er 10.9, @y and ayg ¢

are the coefficients of linear thermal expansion, E, =9.48-10"/9.98-10*MPa,
A=2.10%/6-10"MPa™s™, ¢, =0.18 for alloy ZhS32, A=8-10"MPa"s™, ¢ =0.18 for

alloy VIN3. Multiplier 1 Laumil g picking up to correlate one point with experiment.

r

Comparison of results of FE simulations, experiments and analytical approximation (9)
concerning the effect of the delay time at the maximum temperature on the thermal fatigue
durability for single-crystal superalloys VIN3 and ZhS32 for four temperature modes is given
in Fig. 6.
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Fig. 6. Comparison of results of FE simulations, analytical approximation and experimental
data for alloys: a) ZhS32, loading regime 150+900°C, heating time is 25, cooling time is
75s; b) ZhS32, loading regime 500+1000°C, heating time is 105, cooling time is 14s;

c) ZhS32, loading regime 700+1050°C, heating time is 155, cooling time is 15§;
d)VIN3, loading regime 500+1050°C, heating time is 10, cooling time is 16 s
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Figure 7 shows creep strain intensity field distributions for nickel superalloys ZhS32
and VIN3 in case without delay time and with delay time 5 minutes after 10 cycles.

‘ 5.2e-2
8.4e-2
2e-20

Fig. 7. Creep strain distributions:
a) ZhS32, loading regime 150+900°C, without delay time; b) VIN3, loading regime
500+1050°C, without delay time; ¢) ZhS32, loading regime 150+900°C, with delay time
5 minutes; d) VIN3, loading regime 150+900°C, with delay time 5 minutes

c)

Several material parameters appearing in the analytic formula (9) and calculations such
as A, nand &, are more complicated to obtain and to find in open sources. Influence of these

constants on thermal fatigue durability for nickel alloys ZhS32 and VIN3 and two
temperature loading regimes is investigated. The results of parametrical analysis are presented

in Fig. 8 with varied values of A, nand ¢, .

Numerical simulations show that parameters n and &, influence stronger, then

parameter A on thermal fatigue durability.

In gas turbine blades direction of mechanical, thermal and other loadings may not the
same as crystallographic orientation (CGO) of single-crystal blade. CGO of gas turbine blades
and the samples have an effect on creep rate and thermal fatigue durability. Influence of CGO
on thermal fatigue strength is important to predict behavior and damage of single-crystal
alloys. Influence of crystallographic orientation (CGO) on thermal fatigue strength for
superalloys ZhS32 and VIN3 for four temperature modes is presented in Fig. 9.
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Fig. 8. Influence of material parameters of nickel-based alloys on thermal fatigue durability:
a) Influence of parameter A, ZhS32, loading regime 500+1000°C, ¢, =0.18, n=8;

b) Influence of parameter A, VIN3, loading regime 500+1050°C, &, =0.18, n=3;
c) Influence of parameter n, ZhS32,loading regime 500+1050°, ¢, =0.18, A=6-10""MPa™s"
d) Influence of parameter n,VIN3, loading regime 500+1050,
£, =0.18,A=8-10"°MPa"s™;
e) Influence of parameter ¢, , ZhS32, loading regime 500+1050°C, n=8,
A=6-10"MPa™s™;
f) Influence of parameter &, , VIN3, loading regime 500+1050°C,n =3, A=8-10"°MPa™s"
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Fig. 9. Influence of crystallographic orientation on
thermal fatigue durability for single-crystal nickel-based superalloys:

a) ZhS32, T = 150+900°C, heating time is 25s, cooling time is 75s, &, = 0.18;
b) ZhS32, T = 500+1000°C, heating time is 10s, cooling time is 14s, &, =0.18;
c) ZhS32, T = 700+1050°C, heating time is 15s, cooling time is 15s, ¢, =0.18;
d) VIN3, T = 500+1050°C, heating time is 10s, cooling time is 16s, &, =0.18

The reason of the superiority of thermal fatigue durability for samples with CGO <001>
over CGO <011> and <111> is associated with lower values of Young's modulus for CGO

<001> (E,, / gy = 2.4, Eypy / E ) =1.4 at 1000°C).

111) 111 011)

4. Conclusions

Computational results of thermal fatigue durability showed a good agreement with the
experiments, which suggests that finite-element modeling and analytical approximation (9) in
combination with deformation criterion (1) can be used to predict thermal-fatigue strength of
single-crystal nickel-based superalloys.

Investigation of material parameters influence show that creep exponent n and tensile
rupture strain &, affect more stronger that creep parameter A on thermal fatigue durability of
single-crystal nickel based superalloys. Constants n and &, should be more accurately
obtained from experimental data.

The thermal fatigue durability of corset samples from superalloys ZhS32 and VIN3 with
CGO <001> exceeds the thermal fatigue durabilities of CGO <011> and <111> (Fig. 9) for all
considered loading programs and alloys.

Comparison analysis of superalloys ZhS32 and VIN3 showed that superalloy ZhS32 has
thermal fatigue strength higher than superalloy VIN3 for the same considered loading
program.
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YIPYTI'UE CBOMCTBA, IOBEPXHOCTD HAT'PY ) KEHUS U

KPUTEPUH TEYEHUS HAHOIIOPOIIKOBBIX KOMITIAKTOB

I'.I1. BonTaqu*, E.A. Yunruna, H.b. Boakos, K.E. JIlykbsimuun
Wucrutyt anekrpodusuku YpO PAH, Amynacena 106, EkarepunOypr, Poccust

*e-mail: grey@iep.uran.ru

AHHOTanusi. MeTonoM TpaHyJISpHOM JUHAMMKU HCCIEAYIOTCS pa3IN4HbIE IPOLECCHI
KOMIIAaKTUPOBAHUS HAHOPA3MEPHO TpaHyIMPOBAHHOM CHCTEMBI, KOTOpas COOTBETCTBYET
HAHOIMOPOUIKY Ha OCHOBE OKCHJAa altoMuHusA. 1 BCeX NpPOLECCOB: pacCUUTAHbl KPUBBHIE
VIUTOTHEHUSI «IJIOTHOCTH — JIaBJICHHE) MOPOIIKOBOIO KOMITAKTa, U3 CyMMAapHOU aedopmanuu
BBIJICJIEHBl YINPYIHMA W IUIACTHYHBIA BKJAIbl, B MPUOIMKEHUH M30TPOMHOTO Marepuaia
onpezeNieHbl yINpyrue MOAYJAM Teda. YCTaHOBJEHA HEAOCTAaTOYHOCTh MPUOIMKEHUS
M30TPONHOCTU. B mpocTpaHCTBE MHBAPUAHTOB TEH30pa HAIPSKEHUI MOCTPOEHA IIOBEPXHOCTh
Harpy>k€Husi HAHOPAa3MEPHOro TMOpOUIKa. BpIsBIEHa HEMPUMEHHUMOCTh TPATUIIMOHHOTO
ACCOIIMMPOBAHHOTO 3aKOHAa K ONHCAHUIO MPOLECCOB Ae()OpMUPOBAHUS  OKCHUIHBIX
HAHOTIOPOUIKOB, U MPEIJIOKEHO aTbTEePHATUBHOE MPABUIIO TUIACTUYECKOTO TEUCHHUS.
KuroueBble ¢j10Ba: HAHOOPOULIOK, IOBEPXHOCTh HAaIPy»KEHNUs1, aCCOLIUUPOBAHHBIN 3aKOH

1. BBenenue

B cdepe mpousBoiacTBa HOBBIX MATEpUATIOB C YHUKAIHHBIMH CBOMCTBAMH 3aMaHYHBBIMU
NEepCreKTUBaMH  O0JIalaloT OKCUIHBbIE KepaMUYEeCKHe MaTepualbl Ha OCHOBE TaKHUX
coeZIMHeHUH, KaK okcua amomunus [1-8], okcun urrpust [7,9,10], u T.1. Okcua aaroMUHUS, B
YaCTHOCTH, OO0JaJlaeT BBICOKOM TEIUIONPOBOAHOCTHIO M MPO3PAUYHOCTHIO, YTO JAENAeT €ro
NEPCIICKTUBHBIM KaHAMIATOM B KauecTBE paboueil cpeibl Ui TBEPAOTEIbHBIX Ja3epoB [4],
BBICOKMMHM TPOYHOCTHBIMU XapaKTEPUCTUKAMU, XUMHYECKOH M >KapONPOUYHOCTHIO, YTO
00yClIaBIMBaeT €ro BOCTPEOOBAHHOCTh KaK KOHCTPYKIMOHHOTO Mmarepuana [1,2].
[ToBbIlIeHNE MPOYHOCTHBIX CBOMCTB, KaK M YIYy4IlIEHHE TPO3PAYHOCTH, TPEOYET YMEHbIICHUS
CpeIHEro pa3Mepa 3€peH B M3TOTABIMBAEMOUN KepaMUKe BIUIOTH 10 BeMW4HH mopsaka 10 am
[3,6]. B cBsi3u ¢ sTHM B mociaemHee BpeMsi OOJBbIINME YCHIIHS HampaBiIeHbl Ha pPa3BUTHE
HAHOTEXHOJIOTUH, W B YACTHOCTH, IPOU3BOJCTBO HAHOCTPYKTYPHUPOBAHHBIX KEPAMHK
METOJaMH TIOPOIIKOBON MeTaurypruu [6-15]. OgHuM W3 4acTo HMCHOJB3yeMBIX ATaloB
JAHHBIX METOJIOB SIBJISIETCS XOJIOJHOE TMPECCOBAaHME HAHOPA3MEPHBIX MOPOIIKOB. B oTnmuune
OT TIOPOILIKOB MHKPOHHOTO W OoJyiee KPYIHBIX pa3MepoB HAHOIOPOIIKK 00JadaroT PsSaOM
HEOXHJIAaHHBbIX CBOMCTB [11,16-18], BiusomMX Ha WX NPECCOBAHUE M IOCICAYIOIICEe
criekanue. B mepByro ouepenb, 3TO SAPKO BBIPAKEHHBIN pa3MepHBIA dPGEeKT: 4eM MEHBIIe
pasMep dacTUIl TOpOINKa, TEM TpPYAHEEe €ero mpeccoBarh. JlOCTHKEHHE HEOOXOIMMBIX
TUIOTHOCTEH OKCHAHOTO HAHOMOPOIIKA HA CTaJUU XOJOJHOTO MPECCOBaHUS Moa4ac TpedyeT
naBineHuii B Heckoiapko ITla [11,15-18]. Ilommmo »3Toro, kak ObUIO HEAABHO
oOHapy>xeHO [16-18], HaHOMOPOILIKK OKCHAHBIX MAaTEPUAIOB CIIa00 YYBCTBUTEIBHBI K CXEME
MIPECCOBAHUS — Pa3IMyMsl MO MJIOTHOCTH B MPOIECCaX BCECTOPOHHETO CXKATHUS U OJIHOOCHOTO
KOMIIAKTUPOBaHUA He mpeBbimaiT 1%. Takum o00pa3om, HaHOpa3MEpHBIE MOPOIIKH II0
CBOMM MEXAaHMYECKHM CBOWCTBaM MPUHIUIHUAIBHO OTJIMYAIOTCS OT OOBIYHBIX MOPOLIKOBBIX
TeN.

http://dx.doi.org/10.18720/MPM.4412020_16
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BbypHoe pa3BuTHe 3KCIEpUMEHTANBHBIX METOAUK U albHEHIINI ycrex B MPOU3BOJCTBE
HAHOCTPYKTYPHPOBAaHHOW OKCHUIHOW KEepaMUKH TPEeOYIOT COOTBETCTBYIOIIETO pPa3BUTHUS
TEOPETUUECKUX MPEACTABICHUI 0 MEXaHMYECKUX CBOMCTBAaX HAHOMOPOIIKOBOTO KoMNakTa. B
MPOCTPAHCTBE MHBAPHAHTOB TEH30Pa HAMIPSDKEHUN MTOBEPXHOCTh HATPY>KEHUS HAHOTIOPOIITKOB
UMeeT BBIMYKIyI0 (opMmy aunThdeckoro tuma [12-19], uto mpenamonaraer B KadecTBe
KOHTHHYaJTbHOTO TOJXOAA JJs ONHCAHHWS CBOWCTB HAHOIMOPOIIKA HCIOJIb30BaHUE
MOUGHUIMPOBAHHBIX BapUAHTOB TeopuH Iiactuanoctu [12-15,19,20]. Ilpu 3TOM, KOHEYHO,
PAI TOJOXKEHUH W TEPMHHOJOTHS TEOPUU MPHOOPETAIOT JOBOJIBHO YCIOBHBIN XapakTep: B
YaCTHOCTH, IUIACTUYHOCTh IOPOIIKOBOTO Tejla CBA3aHa He C Jedopmanuei OTAETbHBIN
YacTHIl, a C MPOIECCaMU B3aMMHOTO MPOCKAIB3BIBAHUS, IepeynakoBkoi. OcoOeHHOCTH
HAHOTIOPOUIKOBOTO Tejla TPeOYIOT CEphe3HOM PEBU3UM OCHOBHBIX IOJIOXKEHHH TEOpHUH U
BEepUPUKALIUU €€ PE3yJIbTaTOB OTHOCHTEIHHO CBOMCTB OMUCHIBaeMOro oOwnekTa. HarypHbrit
SKCIIEPUMEHT HE MOXET JaThb BCECTOPOHHIOI HWHGOPMAIMI0O O XapaKTepUCTHKaX
MOPOILIKOBOM CUCTEMBI U U3MEHEHHM €€ CBOWCTB B IIPOILIECCAX KOMIIAKTUPOBaHUA. 1'opasno
Oosiee mMoPOOHYI0 MH(POPMAIIUI0O MOXKHO TOJYYUTh B PaMKax PEaTM30BAaHHOTO B JTAHHOM
WCCJICIOBAaHUH MHKPOCKOITUYECKOTO PAaCCMOTPEHHsI, T.€. KOMIIBIOTEPHOTO MOJIEITHPOBAHUS
MOPOIIIKa METOIOM I'paHyJIsIpHON AuHamMuku [16-18,21-25].

B kadecTtBe 00beKTa HCCIEIOBAaHUS BBICTYNAET MOHOIMCIEPCHAS (IMaMETp YaCTHI
dy =10 HM) MonenbHas CHCTEMa, COOTBETCTBYIOIIAs HAHOIOPOIIKY OKCHIA ATIOMHHUS C
CWIBHOM CKIIOHHOCTBIO K arfioMepupoBaHHI0. PealbHble TMOPOIIKA TaKOro THIIA
npou3BosTcss B UDD YpO PAH (ExarepunOypr) meromamMu 3JIEKTPUYECKOTO B3phIBA
npoBOMHUKOB [26] u nasepHoro wucnapenuss wmwmieHed [9,27]. OTaenbHBIC YaCTHIIBI
XapaKTepu3yroTcs chepuyeckoil popmMoil U BBICOKUMHU MPOYHOCTHBIMU XapaKTEPUCTHUKAMHU.
CdepuyHOCT, YACTHII W WX BBICOKAS MPOYHOCTh, HEMOJBEPKEHHOCTh IUTACTUYECKOMY
CMSTHIO, JAENAI0T METOJ TPaHyISIPHON AMHAMHUKN OCOOEHHO MEpPCHEKTUBHBIM U aJIeKBATHBIM
WHCTPYMEHTOM TEOPETHUECKOTO aHAIIM3a.

2. OnucaHue YN CJIEHHBIX IKCICPUMEHTOB

MopenbHas sueiika uMeer (GopMy HPSMOYTOJIBHOIO MapajieleNunesna ¢ pasMepamMu X,

Ve B Zgg - JJIs T€HEpaUK HavajabHBIX 3aCHINOK UCIONb3YETCS aarOpUTM, ONMCAaHHBIA B

[16], xoTOpBIi MMO3BOJSIET CO3/1aBaTh HM30TPOIHBIE W OJHOPOAHBIC CTPYKTYphl B BHUJE
cessHoro 3D-mepuonmueckoro kmacrepa. KommuectBo wuactun Ny = 4000, HavanbHas
IIOTHOCTD po = 0.24. Tloa TMIIOTHOCTBIO p MOAPAa3yMEBAETCS OTHOCUTEIBHBIN 00BbeM TBEpIOH

dasel, T.6. p=(7/6)N pdg IV

cell » — 00BEM MOIEIBHOMI

e d, — jgumamerp wactun, Vo,

aueiikn. Ha Bcex CTOpOHax sMEHKHM HCIOJIB3YIOTCA NEPUOAUYECKHE I'DAHUYHBIC YCIOBHS.
JedopmupoBaHue CHCTEMBI OCYIIECTBISCTCS OAHOBPEMEHHBIM H3MEHEHHEM BBIOPAHHBIX
pa3sMepoB  MOJEIbHOM  slU€HKM M IPONOPLHMOHAIBHBIM  IEepeMacIITaOMpOBAHUEM
COOTBETCTBYIOIIMX KOOpAWHAT Bcex dactuil. Ilocie kaxmoro akra aehopMUPOBaAHHSA
OIPECIIAETCS HOBOE PAaBHOBECHOE IOJIOXKECHHME 4acThll. J[aHHas mpouegypa COOTBETCTBYET
BO3/CUCTBUIO HA MOPOLIOK B KBA3HCTATHUECKUX YCIOBHUSAX. T€H30p MOJHBIX jAedopMariuii
MOJIEJIbHOW CHCTEMBI B ACKapTOBBIX KOOpAMHATaX AuaroHaineH. [IpupanieHue ero KOMIOHEHT
Ha KaxaoMm miare jaepopMupoBaHus OBUIM CBsI3aHBl JIPYT C JAPYTOM COOTHOIICHHSIMM:

Ag, =Kk A¢g,, As, =Kk Ag,. Beprukanbhas oce Oz Bcerma  COOTBETCTBOBAA

MakcuManbHOMy Ckatuto. Illar nedopmaruu BAOIL TaHHOW OCH JUIsl BCEX MPOIIECCOB OBLIT

yCTaHOBJIEH paBHBIM Ag, =AZ., [z -0.0005, a pasnmuumsa Mexay IMpoLeccamu, T.C.

cell =
crenpuKa YIIOTHEHNUSI, ONIPEAETAINCH 3HAYCHUSAMHI KOODQUINEHTOB K, U K, .
YCpeAHEHHBIH [0 MOJCIBHOM SYCHKE TECH30p HANMPSDKCHUH O PACCUMTHIBAJICS IIO

u3BecTHOM Gopmyite JlaBa [21-23,28]
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A= T, ®

]
Vcell k<l

rJic CyMMHPOBaHHE IPOBOAMTCSA MO BCEM MapaM B3auMojeHcTByrommx dvactuil K u I

k.1 9] .
f " _ nonnas cuna, Bo3aeiictByromras Ha gactuiy K co cropors gactumst I; r™" — Bexrop,

COCMHSIONINI IIEHTPBI paccMaTpuBaeMbIX dactuil. Kak mpaswio, mpeamonaraercs [12-15],
qTo HaHpH)KeHHOG COCTOAHUC IIJIaCTUYHO z[e(bopMI/IpyeMoro TCIa, JOCTATOYHO
XapaKTepU30BaTh MEPBBIMU JBYMsI MHBapUAHTAMHU TCH30pa HANPSOKCHWH, WM OJHO3HAYHO
CBA3AHHBIMHU C OTHUMH I/IHBapI/IaHTaMI/I Cpe,Z[HI/IM (I‘I/I,Z[pOCTaTI/I‘-IGCKI/IM) HaHpH)KeHI/IeM p nu
WHTEHCHUBHOCTBIO 7 JICBUATOPA HAIIPSIKECHUI (z'ij =0, — pé‘ij , TIIE 0ij — €ANHUYHBII TEH30D):

3

Z Tt - )

pz%]'Sp(O'ij), r?

_

B nanpHeiimeM Takxke BBeIeM OOO3HaueHWs sl OCEBBIX JMaBIEHUWH: P, =-—0,,,

pj=-0, ®u pP,=-0,. CHIOBbIC XapaKTEPHUCTHKH MEXYaCTHIHBIX B3aHMOJICHCTBUI

OIUCBIBATIMCH COOTHOIIeHUsIMU [16-18]:
3 6
7’ (ndy)ed,

f.(r)=— , 3)
3 (r+ad,)[(r+ady)* ~d2]
h/d 3/2 _
fe(Z):( g)z_g @-v) |0 o] h=d -r, )
Bd;, 31-v)* 4(@1-2v)1+v)|d, d,
. 4Ead
f(8)=min{————: uf : za® , =./hd /2, 5
t( ) (2-V)(1+V) Hlg, Td Oy a g ( )
8Ea30 T 4
M (6 )=min{——2=: uM(a); =a’c, }, M(a) =-2 r)rédr, 6
,(6,) Sy M@ % (a) fz!an() (6)
. |4Ea%0 1
M (6.)=mins— r-—af b. 7
(6,) 31,7 3% (7)

3nech: mogudpunmpoBannas Gopmyina ["amakepa (3) onpenenseT Culy TUCIePCHOHHBIX
nputsokennit f, [29,30]; mommbunmpoBanubii 3akon [epua (4) — cuny fe ynpyroro
orrankuBanus dactuil [31]; nmueapusoBaHHbIi 3akoH Karaneo-Mwunmmua (5) —
TaHTCHI[MATbHOE B3aUMOJICHCTBUE TMPMKATBIX  4acTHUIl (CHJIbl  «TpeHus») [32-34];
NuHeapu30BaHHBIN 3akoH Erepa (6) (umnm 3akon Pelicuepa-Carocu [35,36]) — moment M,
MOBEPXHOCTHBIX CHJI, BO3HUKAIONIMN TPU B3aUMHOM BPAIICHUU TPUKATBIX YACTHI[ BOKPYT
KOHTAaKTHOH ocH Ha yronm 6p; 3akoH Jlypee (7) — MOMeHT M; HOBEPXHOCTHBIX CHII,
BO3HHUKAIOMIUKA TNpU M3rude KOHTAKTHOM ocu Ha yroia O (IpuU TOSBICHUU IPOYHOTO
CHEIUICHHS MEKAy dactumamu; cMm. [37], crp. 272, yp. (4.5)). B mnpeacraBiecHHBIX
COOTHONIICHUSX: I — PACCTOSIHUE MEX/IY LIEHTPAMU B3aMMOJCHCTBYIOIIMX YacTHIl, & U Oy —
DHEPreTUYCCKUN W pa3MEpPHBIA MapaMeTpbl MEXKMOJCKYJISPHBIX CHI;, o — KO3(QHIIMEHT,
ONpEeNAIOIIA MHUHUMAIBHBIN 3a30p MEXIy CONPHKACAIOIIMMUCSA dacthumamu (I =dg), u
YCTaQHABJIMBAIOIIMH MaKCUMAIBHYIO CHITy aare3noHHOro crerieHus (famax = fa(dg)); Em v —
Moayinb FOHra um ko3ddunment Ilyaccona dvacTui, 6 — TaHTCHIMAIBHOE CMEIICHUE
KOHTaKTHOH IUTOIIA/IKH; 8 — PaANyC KOHTAKTHOW IUIOIAIKH; [ — KO3 GHUIIMEHT TPEeHHus; o, —
KPUTHUYECKOE HANPSHKEHHE CIBUTA, KOTOPOE XapakTepH3yeT CABUTOBYIO TMPOYHOCTH
MaTepHana; o, — HOpMaJbHbIC HANPSHKCHUSI HA KOHTAKTHOM MOBEPXHOCTH.
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[NosiBnenue/pa3pymeHre MPOYHOI CBS3H MEXY YaCTHIIAMU OMUCHIBACTCS C MTOMOIIBIO
mapamerpa Ar,, KOTOpBIH XapakTepu3yeT HeoOXoaumoe mprskathe gactui —[16].
[lpuHUMaeTcsi, 4YTO YMEHBIICHHE DPACCTOSHUS I MEXIY [EHTPaMH YacTHIl JIO 3HAYCHUS
I, < Ar, HHAIUMPYET oOpa3oBaHUE IpouHOro crermieHus. Ilocne obpasoBaHus MpodHOMH
CBSI3M MEXKAY YacTHLIaMU JalbHeiImee cxarue (MpH YMEHBIICHUH [) TPOJoJDKAeT
COOTBETCTBOBATh YIIPYroMy B3aMMOJICUCTBHIO (4), a IpH pacTsHKeHUU (YBEIUYCHHE ') IMEEM

JMHEHHYI0 B3aUMOCBS3b CHIIBI fe M paccTosHUS I' BIUIOTH 110 3HadeHus I'=r . +Ar, . Ilpu
r>r' BBOIWUTCA YaCTHYHOE pa3pylICHHE KOHTAKTa, KOTOPOE OMHCHIBAETCS YBEIMYECHUEM
napaMmeTpa Imin, TaK 4TOOBI Pa3sHOCTb I —I . OCTaBalacCh PaBHA CBOEMY MAaKCHMAalbHOMY
3HaueHuto Ar, . IlonmHoe paspylieHne KOHTaKkTa MEXKJy YaCTHLAMHM IPOMCXOAUT IIpH

PACTAKCHUU O 3HAYCHHA r= dg. C nosBieHueM IMMPOYHOr'0 CHCIUICHUA MCKAY 4YaCTHLaMU
orpanuyeHuss B cooTHomeHusx (5) u (6), cBsa3aHHBIE ¢ KOXDHUIMEHTOM TpeHUs H,
CHUMAIOTCSI.

B kadecTBe marepuania YacTHIl MOJIPAa3yMEBACTCsS OKCH]l IIOMUHUS B o-¢asze, Ui

xotoporo mpuHaTo [16]: E=382TTla, v=025, ndi=+2, ad,=0.1um; &=1224ks,
0, =0.02E. Pasmep wactun dg =10 HM, ko3dduimenT mexdactuynoro Tpenus K =0.1,
napamerp Ar, =0.01d,. Takum oOpasom Mojxenupyemas cucrema OJM3Ka IO CBOMM
napameTpam K MojenbHoW cucteme |l pabGorer [16], T.e. COOTBETCTBYET CHIIBHO
arJIoMepHpPOBaHHOMY HAHOIOPOIIKY OKCHJIa aTFOMUHHS paboThI [38].

Jns uaeHTUGUKAMHE Pa3IMYHBIX [POMOJICITMPOBAHHBIX TIPOLIECCOB YIUIOTHEHUS B
JanbHENIIEM HCHOJb3YIOTCS 3HA4eHUs! KOX(PQUIMEHTOB Ky U Ky, U IpoLEecC 0003HAYaeTcs
napoil  «xy;ky». KOMIbIOTEpHBIE SKCIIEPUMEHTHl OBUIM BBIIOJIHEHBl IS CIEAYIOIIMX
IPOIIECCOB:

1. «1;1» — BcecTOpOHHEE OAHOPOAHOE CxKaTue. TeH30pbl NpUpamieHus nehopmanuii Ag; u

HANPSOKEHUA O ABJAIOTCS IAPOBBIMH, T.€. Ag; = (&/3)J;,

oy =—PJ;

ij?

e £ =Sp(Ag;).
2. «0.9;1».  WHTEHCHMBHOCTHL  JEBHMATOpa  TEH30pa  MpuUpamieHuil  aedopmanuii
v =Ag; —(e/3)0; pasna y =|& |\/6/87.

«0.75;1»: y =|£|~/6133.

«0.5;1»: ¥ =| £|/6 /15.

«0.25;1» y =|£|\619.

«0;1» — cxxatue B1oib oceit Oy u Oz: y =| & |«/m :

«0;0.5» y =|¢|/213.

«0;0» — ogHOOCHOE Cxkatue Broyb ocu Oz: y =| ¢ |\/2_/3.
«0;-0.1», T.e. cxxarue mo ocu OZ ¢ OAHOBPEMEHHBIM HE3HAYUTEIBHBIM PACTSHKCHHEM T10
ocu Oy: y =& |74 19.
10. «0;-0.2»: y =|&|~/31/24.
11. «0;-0.3»: y =|¢|~/278/147 .

B monosHeHne ObUTH MPOMOIEITMPOBAHBI TPU MPOIIECCa BHJIA «Kn,Kn» CO 3HAUCHUSMHU

1 J3-1 ~131-4
K==, K=o K, =—-———=-0.103, (8)
4 J3+2 2 3142

KOTOPBIC IO BEJIMYUHEC OTHOLICHUA Y [ & ABAAIOTCH aHaJloraMu, COOTBETCTBCHHO, ITPOLICCCOB

«0;1», «0;0.5» n «0;-0.2».

© o N o s~ W

~0.196;
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3. KpusBble ynjoTHeHU s

Bo Bcex mnepeudcneHHBIX B MPEABIAYIIEM pasjeiie Mpoleccax YIJIOTHEHHE MOJAENIbHOU
STYEHKH TPOBOJIMIIOCH JI0 3aJaHHOTO YPOBHSI Pmax = D ['Tla BHemHel Harpy3ku Baoas ocu Oz,
T.€. 10 BBIIIOJIHEHHS YCIOBUSA [, = P, - 3aTEM OCYIIECTBIIIACH pa3rpy3Ka MOJEIbHOI

SYEWKH, B XOJle¢ KOTOpPOU siueiika nedopMUpoBaach 10 BCEM HAIPABICHHUSM C TaKUMHU K€
OTHOCUTENIbHBIMH CKOPOCTSIMH, YTO M MpPH YIUIOTHEHUH, HO TPOTHUBOIOJOKHOTO 3HAKA.
KpuBble yminoTHeHUs U pasrpy3ku P;(p) msaTu mporecco mokasansl Ha Puc. 1. Otmernm, uTo
JUIS TIOCTPOEHUST KaKJIOM KPUBOW IMPOBOJMIIOCH HECKONBKO (0T 6 mo 10) craTucTHYecKu
HE3aBHCHMBIX PACUYETOB, IIOCIIE YETO MPOBOIMIOCH YCPENHEHNE pacUeTHBIX JaHHbIX. Cragus
pasrpy3Ku, WK Kynpyroi» pasrpysku [17,19,24], xapakrepu3yeTcss H3MEHCHHEM IJIOTHOCTH

Ap,. OpHako cOpoc naBlieHHs IOMHUMO YHCTO YIPYrOM pasrpy3skd MeXK4YaCTUYHBIX
KOHTaKTOB  CONPOBOXKIAeTCSd TakkKe HEOoOpaTUMBIMH  IPOLECCAMH  OTHOCUTEIBHOTO

nepeMenieHus yactul. IloaToMy Ha3BaHUE ATUX CTAAUN «YIPYTUMU» JOCTATOYHO YCIOBHO, U
Ipernonaraet JULb TO, YTO YIPYTUe MPOLECCHI 31eCh, CKOPEE BCEro, MPeodIaiatoT.

p..GPa

5I0 60 70 p,%

Puc. 1. KpuBbie yIIIOTHEHHS B KOOPIMHATAX «IJIOTHOCTH — JABJICHUE Py» JIJIS TIPOIIECCOB

«1;1» (crumomnast muaus 1), «0.5;1» (urpuxosast aunus 2), «0;1» (MyHKTHpHAS THHUS 3),

«0;0» (crutomrHast munust 4) u «0;—0.3» (mrpuxoBas quHus 5). Ha BcTaBke B YBETMUCHHOM
MaciiTabe mokasaH HauyadbHbIA y4aCTOK YIUIOTHEHUS

Pucynok 1 moka3piBaeT, 4YTO Ha CTaJWWd HArpy>K€HUS KpUBbIE YIUIOTHEHHS
HAHOTIOPOIIKA «IUIOTHOCTh — MAaKCHUMAJIbHOE MAaBJIICHHWE» OYeHb OJIM3KU JPYr K JpPYTY.
[Mporeccor «1;1», «0.5;1» u «0;1» coBmagamT B mpejaeaax MOTPEIIHOCTH pacuera (Imopsaka
0.3%), a otkiaoHeHHe OT HUX mpoiiecca «0;0» (0JHOOCHOE CKATHE) IO TIOTHOCTH COCTABIISCT
okosio 1%. HeuyBCTBUTENBHOCTH YIJIOTHSAEMOCTH HAHOMOPOIIKAa K CXEME€ HarpyXeHHs
oTMeuanach paHee B paborax [16-18]. [Ipuunna Takoil HEYYBCTBUTEIBHOCTH, [TO-BUANMOMY,
COCTOMT BO B3aMMHOI KOMIEHCALIMH BYX MPOTHUBOIMOIOKHBIX 3P dekToB. C 0JHON CTOPOHHI,
nepexo]; K HECCUMMETPUYHOMY HarpyXeHHUIo (0T BCECTOPOHHETO cxkaThsl «1;1» K TByXOCHOMY
«0;1» m pmanee k omHoocHOMY «0;0») TPUBOAWT NpPHU 3aJaHHOM YPOBHE BHEIIIHETO
(MakcUManbHOrO) AaBieHus (P;) K CHUKEHUIO CPEIHEro JaBJICHUS B MOPOILKE, YTO JAOJKHO
CHI)KaTh ITUJIOTHOCTh KOMITakTa. Tak, mis omHoocHoro mporecca «0;0» mpu p, =5T1Tla
pacueTHOe ruapocTaThuyeckoe aasieHue coctasnsgeT Bcero P = 3.9 I'Tla. C apyroit cTopoHsl,
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pOCT CABUTOBBIX JAeopManuii W HampsOKEHUH, XapaKTepU3yeMblX WHTEHCUBHOCTSIMHU
JICBHATOPOB JedopMaliuii (y) U HanpspDKeHH (7), CIOCOOCTBYET JOCTHKEHUIO 00JIee BHICOKHUX
miotHocTer. Ecimm st BcecroponHero cxkarus y,7 =0, TO a1 OJHOOCHOTO IIpoIEcca
y=0.816, a BenuuMHA T NPU MAKCUMAJIbHOM JaBJICHUHU, KAK IOKAa3bIBAIOT YHCIICHHbBIE
onenku, nocrturaer 1.3 I'Tla.

Ha cragusix  «ympyroil»  pasrpy3ku  pa3iauyve IO  IUIOTHOCTH — MEXAY
IPOMOJIETTMPOBAHHBIMU TIPOIIECCAMU CTAaHOBHUTCSI 0ojiee 3aMETHBIM, M COCTaBJSeT MpHU
MOJTHOM CcOpoce BHEIHEro aBicHHs OKoJo 2% MEXIy OIHOOCHBIM M BCECTOPOHHUM
npoueccamu. [lpuyem, ecnu mpu HarpyXEHUM OJHOOCHBIM IPOLECC XapaKTEPHU30BAJICS
MEHBIIMMH 3HAYEHUSIMU TIJIOTHOCTH, TO MOCIE «YHOPYroi» pasrpy3kd MeHbIIas MIOTHOCTh
COOTBETCTBYET YK€ MPOLECCY BCECTOPOHHETO CHKATHUS-PACTSKEHUs. VI3MEHeHUs MIOTHOCTH
Ha cragusx pasrpy3ku Ap, ansg nponeccos «1;1» u «0;0» cocraBistoT, COOTBETCTBEHHO,

14.5% u 11.3%.

OtpenbHO OBLT HCCIEIOBAaH BOMPOC O 3HAYMMOCTH TPETbUX HWHBAPUAHTOB TEH30pPOB
nedopMaruii 1 HampsHDKEHUH IS OMHMCaHus MOpoIkoBoro Tena. Kak ormedaercs B [12], mis
HIMPOKOTO KJlacca M3OTPOIMHBIX MaTepUalioB, HAPUMEp, KIACCHUECKHUE YIPYrHe U Bs3KHE
Tena, CKaspHbIE MEXAHMYECKHE CBOMCTBA OMNPEACNSAIOTCS JUIIb TEPBBIMH  JIBYMS
WHBapHaHTaMU ITHX TEH30poB. JlaHHOE MPUOIMKEHHE BIIOJIHE OINpaBAbIBaeT ceOs U MpHU
ONKCAaHWK TOPOIIKOB MHUKPOHHOTO W Ooyiee KpymHbIX pasmepoB [12,19,20]. Oxnako mis
HAHOPA3MEPHBIX MOPOIIKOB JaHHOE MPUOIMKEHHE 10 CUX MOp He mpoBepsioch. C Lenbio
BBITIOJITHEHHSI TaKOW MPOBEPKH HAMHU OBLIM MpoaHaIM3UpoBaHbl Tporecchl «0;1», «0;0.5» u
«0;-0.2» B cpaBHEHHMH C MX aHAJIOI'aMHU — MPOLECCaMU «knkp» (8), cMm. Puc. 2. HecmoTps Ha
PaBEHCTBO OTHOLIEHUH y /&, aHaIM3MpyeMble TMapbl IPOLECCOB  XapaKTEPU3YIOTCS

pa3IMYHBIMU 3HAYCHUSIMU TPETHETr0 WHBAapUaHTa TeH30pa AedopMaLnii.

r, GPa

lE'3 ' LA DL L B L L L L L
30 40 50 60 70

o, %
Puc. 2. IHTEHCUBHOCTD A€BHATOPA HAIPSDKEHUH B 3aBUCUMOCTH OT TUIOTHOCTH KOMITAKTa JUIs

nporieccoB: «0;1», «0;0.5» n «0;—0.2» (crutomHbie TUHUU 1, 2 1 3, COOTBETCTBEHHO); «K1,K1,
«Kp,Ko» U «K3,k3» (IITPUXOBBIC TUHUK 1, 2 U 3, COOTBETCTBEHHO)
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Ecnu B kauecTBe HOHOHHHTCHBHOﬁ XapaKTCPUCTUKU HCIIOJIB30BATH BCIIMYHUHY
1/3
s =[

nporneccoB «0;1» u «iy, k> umeeM |, =-0.21 u +0.21, coorBercTBeHHO; 11st apsl «0;0.5» n

l& (tme ”7/ij ” =¥ oYy — ONPENENUTEND JIeBUATOpa AedopManuii), To 1isi napsl

«icp,i2» — 0 1 0.24; nos mapsl «0;—0.2» 1 «es,ic3» — 0.56 m 0.58. Kak cnencreue, naHHbIe mapbl
XapaKTEepU3YIOTCA Pa3IuYHbIMUA 3HAYCHUSAMH OTACIBHBIX KOMIIOHEHT TE€H30pa HANPSKCHUN U
AQHAJIOTMYHOTO TPEThEro MHBAapUaHTa AeBUaTopa HampstbkeHuil. Tak, miuga mapsl «0;0.5» —
«Kp,kc2» TIpH AaBieHuu P; = 5 ['Tla mnoTHOCTH KOMMIakTa qocTuraer p = 74.5 %, u «0OKOBBIE»

masneHust B npouecce «0;0.5» cocrasmstor p, =3.6 I'Tla u p, =43 I'Tla, a B mpouecce
«K,k» — P =P, =3.8 I'lla. Tem He MeHee, HECMOTPsI HA SIBHOC PA3/INYNC B HANPSKCHHOM

COCTOSIHUH, pCAIM3YCMOM B HAHHBIX MPOHCCCax, KPHUBBIC NX YIUIOTHCHUA B MHBAPUAHTHBIX
nepeMeHHbIX P(p) U 7(p) COBMAAAaOT B TpejAeiax MOrPEIIHOCTH pacyeTa. 3aBUCHMOCTH
HMHTCHCUBHOCTHU ACBUATOpPa HaHpH)KeHI/Iﬁ oT IIJIOTHOCTHU KOMIIaKTa BCEX meCTu
aHAJTM3UPYEMBIX MPOIECCOB MpeAcTaBiIeHbl Ha Puc. 2. BuaHo, uTo KpuBbIe 7(p) KaXK 10 mapsl
YAOBJIETBOPUTENIBHO COINIACYIOTCS KaK Ha CTaJAUU HAarpy»XEHUs, TaK U Ha CTaAUAX pa3rpy3KH.
AHaNOrMYHOE COrjIacue IEMOHCTPUPYIOT U KpuBbie P(p). Takum oOpa3om, coBmajgeHHE
KpuBBIX P(p) u 7(p) AIS MPOLECCOB C PAa3IUYHBIMH 3HAYCHUSMH TPETHUX WHBAPHAHTOB
TEH30pOB JAeQopMalii U HAOpsHKEHUH MOATBEPkKAAET TPATUIMOHHO HCIONb3YEMYIO B
TCOPHUU INIACTUYHOCTHU THUIIOTE3Yy O AOCTATOYHOCTU IMCPBBIX ABYX HWHBAPHUAHTOB JaHHBIX
TEH30POB IS ONMCAHUSI HAHOPAa3MEPHBIX OPOIIKOBBIX CUCTEM.

4. BoliesieHne «ynpyro-oo6paTuMoro» BKJaaa
B pabotax [17,18] ynpyruii Bknag Ap, B CyMMapHOM M3MEHEHHUH IUIOTHOCTH KOMIIAKTa Ha

CTaguu YIIJIOTHCHHUA OBLI OTOXACCTBJIICH CO 3HAaYCHHEM A,Ou — HU3MCHCHHEM IIIIOTHOCTH,

¢ukcupyeMbIM Ha cTaauu cOpoca BHeWIHero JaBieHus. OIHAKO TaKoe OTOXAECTBICHUE HE
SIBIISIETCS. CTPOTHUM, TIOCKOJBKY Ha CTaauu cOpoca [aBJCHHUS B IOPOIIKOBOW CHCTEME
OJIHOBPEMEHHO C MpoIlecCaMu YIPYrod pasrpy3Kd MEXYaCTUYHBIX KOHTAKTOB HEU30€KHO
MPOUCXOAAT TMPOLIECCHl OTHOCUTENBHOTO (TAaHT€HLHAIBHOIO) IMPOCKAIb3bIBAHUSI YaCTHII,
COOTBETCTBYIOIIME C MAaKPOCKOIMUYECKOW TOUKH 3PEHHUs MPOLECCY IUIACTUYECKOTO TEYEHHS
Matepuaina. [1o 3Toi e npuirHe OLEHKY MOAYJISi BCECTOPOHHETO CHKATHsI

d
Ky=pgo) ©)
P ela

NpOM3BEJCHHYI0 B pabote [39] mo HakIOHY KpuBOW P;(p) Ha HayabHOM Y4YacTKe cOpoca
JABJICHUsI, MOYKHO CYMTATh JIMIIb «OLIEHKOW CHHU3Y». CTOMUT TaKKe OTMETUTH BBICOKYIO
TPYAO3aTPAaTHOCTh TaKOW OLIEHKM YIPYTUX CBOWCTB. AHalIM3 UX HM3MEHEHHS C POCTOM
IUIOTHOCTH KOMIAKTa TpeOyeT MOAEIMpPOBaHMsA OOJBIIOrO0 KOJIMYECTBA BETBEM ympyrou
pasrpy3ku [17,39].

B cBs3u co ckazaHHBIM B HacTOsIIEH pabdoTe ObUT peain30BaH NMPUHIUIAAIBEHO UHOU
CroCOo0 OLECHKM YNPYIUX CBOKMCTB KOMIIAKTA. YIPYroe NpUpAlICHHE HANpsukeHud Aoy B

MOJIETTUPYEMON CHUCTEME, COOTBETCTBYIOLIEE MaJOMy MPHUPALIEHUIO IJIOTHOCTH Ap,

«3aMepSIIOCh» Ha KaXKJIoM 1are JedopMaliui MoJIeIbHON SYEHKH cpasy ke Mociie N3MEHEHUs
€€ pa3MepoB U MPOMOPLUUOHAIBHOTO MPUPAIICHUS COOTBETCTBYIOIIMX KOOPAMHAT BCEX
yactull. ToOJBKO TMOCHE 3TOr0 HU3MEPEHUS «BKIIOUAICS» MEXaHHW3M pellakcallud, T.€.
HAYMHAJIOCH TEPEMEIEHUE YaCTHUI] K HOBBIM TIOJIOKEHUSM paBHOBecHs. Takum oOpazom,
MPOLECChl B3aMMHOTO MPOCKAIb3bIBAHUS OKa3bIBAIOTCS OTAENEHBl OT YHUCTO YIPYroi
nepopmaruu.  CTOUT  OTMETUTh, 4YTO  OTHOCHUTENBHBIE  TIEPEMEUICHHUS  YaCTHII,
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IPOTIOPIMOHATIBHEIE 1e(OPMUPOBAHNIO MOJAETBHONW SYEHKH, COOTBETCTBYIOT HM3BECTHOMY
npubmmkennto doiirra wist noist neopmanuii B crutonrHoit cpexae [28].
[lpyarMas B KadyecTBE MPEINOIOKEHHS H30TPOITHOCT ITOPOLIKOBOTO KOMITAKTa,

MO’KEM HCIOJIb30BaTh ISl ONMMCAHKS €ro YIpyrux cBoucTB 3akoH ['yka B Buze [40,41]
& 1-2v
AO'”- :Kp8+2ﬂe(A8ij—§§ijj, 2/[9:3Kprvp, (10)
p

YTO MO3BOJISET ONMPEACIUTE YIPYTHE MOJYJIM MOPOIIKoBoOro Tena Ky u v, . Boipakenue s
MOJLyJIsi BCECTOPOHHETO CXKaTUsl 3aIIMCAH0 Bbile, ¢M. Yp. (9), a kosdduument I[lyaccona v,

JUISL MOJENMPYEMBIX MPOLIECCOB MOXKET OBbITh OINpeAeNieH MO OTHOLIEHUIO MpHpalleHU
Pa3IUYHBIX KOMIIOHEHT TEH30pa HAIPSDKEHUH, HaIpUMeD,

Apx _ 1 + 3Vp Apx

Apz ela ApZ ela
Otmetnm, uto 11 mporiecca «1;1» (BcecTopoHHEe 0JTHOPOAHOE CKaThe) KOAPDUITUEHT
[Tyaccona omnpeaenuTh HEBO3MOKHO, a JJIsI POIIECCOB C TPEMsI Pa3IMUHBIMU JUATOHATLHBIMHU
KOMITOHEHTaMH TeH30pa Jedopmanuii, Hanpumep, npouecc «0;0.5», koadduuuent Ilyaccona
MO>KHO OTNIPEIEIUTh, UCIIOJIb3YsI Pa3JIMYHbIE TTApbl KOMIIOHEHT T€H30pa HANPSKCHHM

v, Apy| 14y,

p.X

2 Vox ’ Ap,

1%
Apx — p ) (11'3.)
Apz |e|a 1_ VP

=2v,; «0;0»:

«0.5;1»: 0

«0;1»:

2+vp

«0;0.5»: ipx (11-b)

z

2 —Voy

ela ela

B cnyuae cnpaBenaMBOCTH NPUOIMKEHHS M30TPONHOCTH 3HAYEHHA V., H V.,

KOHEYHO K€, JIOJDKHBI COBManaTh. [loJdydeHHBIC ¢ HCIOJIb30BaHMEeM BbipakeHHE (9)—(11)
yOpyrue MOIy/H mpecTaBieHbl Ha Puc. 3 u 4.

60

K ,GPa

T .
20 30 40 50 60 70 p,%

Puc. 3. Moaynb BCECTOPOHHETO CKATHSI, paCCUUTAaHHBIN 10 Y. (9), st mporteccoB «1;1»,
«0;1», «0;0» (criolHble TMHUM CHU3Y BBEPX, NOUTH HepaspemnmMbl) U «0;—0.3» (luTpuxoBas
nunus). [TyHKTHpHAS TUHUS — anmpokcumarus mo yp. (12)

Pucynox 4 mokassiBaeT, uto ko3 duiuent [lyaccoHa He MOXKET paccCMaTpPUBATHCS Kak
OJHO3Ha4YHasAa (byHKI_[I/IH INIOTHOCTU KOMIIaKTa - MbI Ha6JIIOI[aeM Pa3JIMIHBIC 3aBHUCHUMOCTU

v,(p) MIA pasIMYHBIX NPOLECCOB, @ TAKXKE HECOBNAJECHME 3HAYEHUH vV, W Vv, Ul
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nponecca «0;0.5». DTO CBUIETEIBCTBYET O TOM, YTO YNPYrMe CBOMCTBA MOJEIUPYEMOMH
CUCTEeMBl HE MOTYT ONHCHIBaThCs 3akoHOM (10) ¢ AByMs ynopyrumMu MOAYISIMH, T.€.
npuOIMKEHNE HM30TPOIHOCTH MaTepuana Jjs YIUIOTHSEMOIO IOPOLIKAa HE BBIMOIHSETCH.
PacuerHble paHHBIE TMOKa3bIBAIOT, 4YTO pACHPEACIICHUE HAMPABICHUM MEKYACTUUHBIX
KOHTaKTOB B TMOPOIIKOBOM CHCTEME M30TPOMHO B Mpeleiax MOrPEeHIHOCTH pacueTa BO BCEX
MIPOMO/ICTUPOBAHHBIX MPOLIECCAX, OAHAKO pacHpe/ieIeHUe KOHTAKTHBIX CHJI UMEET 3aMETHYIO
VIJIOBYIO 3aBHCHUMOCTh (cM., Hampumep, Puc. 14 B [16]). ITlocmemnee, Buammo, B
COBOKYITHOCTH C HEITMHEHHBIM 3aKOHOM YIPYTOTO B3aUMOJICHCTBUS 4YacTHIl (4) MPUBOANUT K
CYIIECTBEHHON aHMU30TPONMUHU YIOPYTUX CBOMCTB KOMIIAKTA, HABEJACHHOW YCIOBUSIMHU
BHEILIHETO HATPY>KEHUS.

HecmoTps Ha 0TMEUYEHHYIO BBIIIE HABEJACHHYIO aHU30TPOIUIO OMPEEIIeMblil IEpPBHIMU
MHBAapUAHTAMHU TEH30pOB JeopMalii ¥ HaNpsHKEHUH MOJIYIb BCECTOPOHHETO cxkaths Kp,
npencTaBieHHb Ha Puc. 3, onpenensercs st OONBIIMHCTBA MPOMOJAEITMPOBAHHBIX
MPOIIECCOB  BIIOJIHE OJHO3HAYHO, W YJOBJICTBOPUTEIHHO AaNIPOKCUMUPYETCS OOIIM
BBIpaXCHUEM
K(p) =k +k,p exp(k3p) , (12)
¢ ko3dunuenramu k; =10.987 I'Tla, k, = 0.638 I'Tla, k3 = 5.744. VckinodeHne COCTaBIISIOT
JIMIB MPOLIECCHI € pacTsbkeHueM Baoib ocu OY. 31ech, Mo-BUANMOMY, MPOSIBISIETCS OJIM30CTh
K TIOBEPXHOCTH pa3pyIlCHUs MOPOIIKOBOrO Tejia, KOTOpas COrJIaCHO mccienoBanusm [17,25]

pacroiaraeTcsi Ha IJIOCKOCTH «P—7» HECKOJBKO JICBee KpuBOM 7(P) mpoliecca 0JHOOCHOTO
cxxatus «0;0».

S

0.05 —

T r T T T 1 T T T
30 40 50 60 70 p,%
Puc. 4. Koopuuuent Ilyaccona, paccuntannsiii mo yp. (11), s nporeccon «0.5;1», «0;1»
1 «0;0» (crutorusble TMHAK 1, 2 1 3, COOTBETCTBEHHO), a TAKXkKe KOIYPHULIMEHTBI V,

T T T T T T — T T

(wrpuxosast nuHus 4) U v, (WTPUXOBast IMHKA 5) 11 niporecca «0;0.5»

)41 HSBGCTHOﬁ 3aBUCUMOCTH COCTABJIAOIIYIO IIpUpaliCHUus IIJIOTHOCTU
il Kp(p) yrpyr y
Apy, , HAKAIIJIMBAEMYIO B ITPOLIECCE HATPYKEHHSI, MOKHO PACCUUTATH 110 YPAaBHEHUIO:

p

P
Ap = [—L—dp. (13)
" LK, (p)
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BbIuuCiiAs YHCICHHO 3alMCaHHBI HMHTErpal BIOJb KPUBOW HarpyxeHus p(p),
IOTy4aeM B3aUMOCBs3b  Ap,. ~C IapaMeTpaMy, KOTOpBIE OHIPEAENIAIOT COCTOSIHHE

HOPOLIKOBOrO KommakTa (p, P, Pmax U Ap.). IlonydeHHBIE TakMM 00pa3oM 3aBUCUMOCTH
Ap,.(Pp) npencrasnens Ha Puc. 5. 3ametHOe pasianyue B KpUBbIX Ap,,, (P) s mporeccos ¢

IPAKTHYECKH COBNAJAOUMU 3aBHcUMOCTAMH Kp(p) 0OyclnoBIEeHO pa3inuneM B KPUBBIX
yIIOTHEHHS P(p), KOTOPBIE HESIBHO BXOSAT B MOJUHTErpaIbHOE BhIpaxkenue yp. (13).

Kpussie Ap,,(Pya) AMEIOT TAaKOM e HeMMHEHHBIH XapaKkTep, 4To U KpuBble Ha Puc. 5,
U KA4eCTBEHHO COOTBETCTBYIOT AaHAJOTWYHBIM 3aBHCHUMOCTSIM, IIPEICTaBICHHBIM B
pabore [17]. B KonM4YecTBEHHOM IIJ1aHE, OJyYEHHbIE 3Ha4eHUs ynpyroi negopmanun Ap, .

HECKOJIbKO HHWXXE 3HAYCHWH, COOTBETCTBYIONIMX OJU3KOW IO MapaMeTpaM MOJEIbHON
cucreme |l B pabote [17], rae ympyras yacTb NpHUpAIIEHUs! UIOTHOCTH OTOXIECTBIISIACH C

BenmunHON Ap,. Tak, nmpu JaBieHMU Pmax = 5 I'Tla 114 mpomecca BCECTOPOHHETO CxKAaTUS
cuctemsl 11 B [17] momyueno Ap,, =14.65%, B To Bpems kak ceifuac 1s mpouecca «1;1» Mbl
nmeeM Ap,, =12.68%. CHmkeHHe pacdeTHBIX 3HAYCHUH YNpyroi nedopmamuu CBS3aHO C

UCKJIIOUEHHEM B aJITOPUTME pacueTa YIpyrux CBOHCTB, HCIIOJIB3YEMbIM B HACTOSIIEH paboTe,
BKJIa/1a TIPOLIECCOB IIACTUYECKOT0 XapakTepa (B3aUMHOE POCKAIb3bIBAHNUE YACTHUILL).

12 1

1 2 —
0 1 2 3 4 p,GPa
Puc. 5. Vrpyras 4acTb npupanicHus IIOTHOCTH KOMITAKTa, BEIYMCIICHHAS 110 PACYCTHBIM
KpHBBIM yIutoTHeHUs U yp. (9), (13), B 3aBUCUMOCTH OT THIPOCTATHYECKOTO JABICHHUS P IS
nporieccoB (MuHUU cBepXy BHH3): «1;1», «0;1», «0;0», «0;-0.1», «0;—0.2» u «0;-0.3»

[Tony4yeHHsle 3aBUCHMOCTH Ap,,. (P) MO3BOISIOT BBIACIMTH U3 00IIEH IedopMaruu
MOJICIIBHOM sMeHKH p(P) HeoOpaTHMyro (IUTACTHYECKYI0) COCTABISIOMYIO O = P — APy, .
3aBUCHMOCTD BENIMYUHBL O, OT BHEUIHETO AaBieHUs npeacTasneHa va Puc. 6. Tam xe uis
CPaBHEHUsI MPEJCTABICHBI UCXOAHBIC KPUBBIC YIUIOTHEHUS P(P,,), COACPKALINE YIPYTrUid
Bknan  Ap,,. 3aBucuMoctd P (Pye), TAKKE KaK M MCXOIHBIE  3aBHCHMOCTH,

COOTBETCTBYIOIIME PA3IUMYHBIM IIPOIECCaM, AOCTATOYHO ONM3KH IpYyr K Apyry. MHTepecHO
OTMETUTh, YTO IPHU OTHOCUTENBHO HU3KHX JaBIeHHAX ( P, <100 MIla) namGonbimue
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3HAUEHMs JIOCTUTaeMOM IUIOTHOCTH (KaK p, TaK M pPplast) PEATU3YIOTCS B IpoLEcce
BcecTopoHHero cxatus «1;1», a B obOmactu BbICOKMX naBineHuit (P, >1 I'Tla) BBUmy
BBICOKMX 3HA4eHHMH ymopyroro BkiIaga Ap,, 53TOT MpPOLECC XapaKTEpU3yeTcs YyiKe

Ha¥MMEHBUIMMHU 3HAYCHUSAMH IJIACTUYECKOM COCTABISIONIEH pplast. Pa3nnune 3HAYECHUH pplast
MEXIy TMpoleccaMd OJHOOCHOTO M BCECTOpOHHero cxarwmst pocruraer 1.5% mpu

Prax =9 I'Tla. B rumorernyeckom mpejene HEOTPaHUUCHHO BBICOKUX JABICHUH ( P, —> )
_ 1/2
3ABUCUMOCTH Py (P ) OTM3KH K CTEMEHHOMY BUY L0 = P2, — K, [ Py, UTO MO3BOTISIET

OOCHUTH MAaKCHUMaJIbHO BO3MOXHYIO IINIOTHOCTH KOMIIAKTOB O . HJ’IH HUCCICIOBAaHHBIX

MPOIIECCOB, KakK IOKa3bIBaeT BCTaBKa Ha Puc. 6, oHa JnexuT B jauamazone ot 67%
(BcecToponHee cxarue «1;1») mo 72% (nporecc «0;—0.3»).

17 past 7 %
70470
les]
60 4
O\o 1601
cfi 50551
o 0.0 05 10
] 1ip ", 1/GPa"?
40_ max
301
i | i L] i T T
1E-3 0.01 0.1 1

p o ,GPa

mux

Puc. 6. [InoTHOCTS KOMIAKTa p (LITPUXOBBIC JINHUN) U IJIACTUYHO-HEOOPATUMBIH BKIIAJ Pplast
(CHJIOHIHBIC J'II/IHI/II/I) B 3aBUCHUMOCTH OT MaKCUMAJIbHOI'O BHCIIHETO JaBJICHU S (pz, BIOJIb OCHU
Oz) ais mporeccoB «1;1», «0;1», «0;0» n «0;-0.3» (;muuauum 1, 2, 3 u 4, cooTBeTcTBeHHO). Ha

BCTaBKC: BEJIMYUHBI Pplast B O6J'IaCTI/I BBICOKHUX ,Z[aBJ'IeHI/Iﬁ " alllIpOKCUMalus K NpCacity

Prmax —> °© (IIYHKTHPHBIE JINHUH)

5. [ToBepXHOCTH HATPYKEHH S

KiroueBbiM mapaMerpom J1e(opMUPYEMOro Tela MpU ONMCAHUK €r0 MEXaHWYECKHX CBOMCTB
B pamkax (eHoMeHOJOruu Teopuil miactuunoctd [12-15,19,20] sBiuseTcs MOBEPXHOCTH
HArpy>KeHUsl, KOTOpas B TPOCTPAHCTBE KOMIIOHEHT TEH30pa HAMPSHKEHHUH OINpeaenseT
TPaHUILy MEXIy 00JIacThi0 ympyrux aedopmarnuii ¥ 00JacThiO TUIACTHYHOTO TeYeHHs. B
OTJIMYUC OT IMIACTUYCCKU HCC)KUMACMBIX MATCPHAJIIOB, B YHAaCTHOCTH, KOMIIAKTHBIX MCTAJJIOB,
MOBEPXHOCTh HArpy)XeHUsl TIOPOIIKAa JOJDKHA 3aBUCETh HE TOJIBKO OT HHTEHCHBHOCTH
JIEBUATOpa HAIpPsDKEHUH (7), HO U OT 3HAU€HUs NEPBOrO MHBAapHaHTa TEH30pa HaIpsLKEHUN
(p), a Takke B KayecTBE MapaMeTpa - OT TEKYIICH IUIOTHOCTH, MEPeXols B Mpeese
OECIIOPUCTOTO COCTOSIHHUSI B YCIOBHE TEKYYeCTH CIUIONIHOTO MaTepuana. [1oa MmiIoTHOCTHIO
IIpH 3TOM B COOTBETCTBHE C MPUHATON aHAJIOIHeHl HEOOXOAUMO MOHUMATh BEIHUUHY Pplast |
T.€. HAKOIUJICHHBIE «IUIaCTHUYECKUEe» NedopMaliny 6e3 ydeTa ynpyroro BKIaja.
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st ommcaHusi TIOBEJCHHS TIOPHCTBIX TeJl, PeaKklueld KOTOPhIX Ha HM3MEHEHHE 3HaKa
Harpy3kd MOXKHO TIpeHeOpeYb, MHOTHE HCCIEAOBATEIM HCIIONB3YIOT —AaMMPOKCUMAIIIIO
ypaBHEHHsI TOBEPXHOCTH HArPY)KEHHS B BHJIE dJUIHIICA B KoopauHatax «p —» [12-15,19]. K
HAHOIIOPOIIIKOBBIM KOMITAKTaM, Kak OTMEUEHO B MpeIilecTByomux padorax [17,18],
JUIMNTAYECKAass  TOBEPXHOCTh  HENMpHMEHWMa. Ecim  CcledeHHOe  MOpPUCTOE — TElo
XapaKTepu3yeTcss HAIMYueM CHOPMHUPOBAHHBIX KOHTAKTOB MEXKIY YaCTHIIAMH, B CHITY YETO
CMOCOOHO TPAKTHYECKH OJUHAKOBO COINPOTHUBIATHCS PACTATHBAOIUM M CKUMAIOIIAM
nedopMarusM, TO TOPOMIOK  OKAa3bIBAE€T OTHOCHTENBLHO  Cllad0e  CONMpPOTHUBIICHHE
pactsaruBaromuM aedopmarusam. CleACTBUEM 3TOTO SIBISIETCS CYIIECTBEHHOE HCKa)KCHUE
JIITUTICA TEKYYECTH M 3aMETHBIM OOIIMA CABUT B CTOPOHY IOJOXHUTEIBHBIX 3HAUYCHUMN
THIPOCTaTHYECKOro nasienus [17,18].

Hpyroii ormeueHHo# B [17,25] 0cOOEHHOCTBHIO MOPOIIKOBOTO TeJa SIBISETCS HAJIHMUUE
noBepxuoctu paspymenus (fracture surface) B obmacTu mporeccoB ¢ pPacTATHBAIOIIMMU
HaNpsDKEHUsSIMA. B MpocTpaHCTBE WHBApPHAHTOB «P —7» TOBEPXHOCTh pa3pyLICHUS
pacrosaraercsi HECKOJIbKO JieBee KpuBOM 7(P), COOTBETCTBYIOIICH OJHOOCHOMY CHKATHIO
«0;0». B cBs3m c 3THM, B HACTOAIIEH pabOTe MBI HCIIOJIB30BAIM MPOILECCHl JIUIIL C
oTHOCHTENbHO  HeOompmuMm  pacTsokeHneM  («0;-0.1»,  «0;-0.2» wu  «0;-0.3»),
pacrofararpmrecs: Ha MIOCKOCTH «pP — 7» BOJHM3U KPUBOM OJHOOCHOTO cxkaTusi. [Ipu 3ToMm, B
OCHOBHOM, aHaJIM3y TOJBEpraercs o0JacTh CXKUMAIMMX aedopManuii, B IUaNa3oHe OT
OJTHOOCHOTO  JI0  BCECTOPOHHETO  YyIJIOTHEHHs,  KOTopas  OTBe4aeT 3a  T.H.
«KOHCOJHINPYIOIIYIO» YacTh oBepXHOCTH Harpykenus (the consolidation locus of yield sur-
face [19]).

7, GPa

1.0+

0.5

0.0

Puc. 7. 3aBUCMMOCTH UHTEHCUBHOCTH JE€BUATOPA HAMPSHKEHUN OT THAPOCTATHYECKOTO
JABJICHUS JJIs1 TPOMOJEIIMPOBAHHBIX MPOIECCOB (HOMEpa JIMHUI COOTBETCTBYIOT HOMEpam
nporeccos B pazzaene 2). ToukaMu 0TMEUYEHBI COCTOSTHUS, COOTBETCTBYIOLINE 3HAUCHUSIM
pplast = 0.55, 0.58, 0.60, 0.61, 0.617, 0.622 1 0.627. ITyHKTHpHBIE TUHUH TIOKA3bIBAIOT
TI0JI0’KE€HHS] IOBEPXHOCTU HarpyKeHus 1o yp. (14) nist 5Tux 3Ha4eHUH ppjast

KpuBble ymioTHEHHs] MPOMOAEIUPOBAHHBIX MPOLECCOB B IMPOCTPAHCTBE MHBAPHAHTOB
«p —17», a TakkKe TOYKU (P,7) HA ITUX KPUBBIX, COOTBETCTBYIOUIME 3aJaHHBIM 3HAUEHUSIM
IUIOTHOCTH Pplast, TPEACTaBICHB! Ha Puc. 7. lng 4-x 60npmmx 3Ha4eHHH pplast (0.61, 0.617,
0.622 u 0.627) noka3zaHbl TakXe MOTPEIIHOCTH CTaTUCTUYECKOTO YCPEIHEHHUS PacueTHBIX
JaHHbIX. [Ipy MEHBIINX MIOTHOCTSAX AMANa30H MOTPELIHOCTEH CTAHOBUTCS COMOCTaBUM, WIIU
Jla)ke MEHbIIE, pa3Mepa ToueK Ha pucyHke. KpuBas BcectopoHHero cxatus «1;1» (nmuHus 1) B
9THX KOOpJMHATaxX pacrojiaraercs BJOJb OCH abcuucc. B mpenenax CcTaTHCTHYECKOTO
pa3dbpoca Bce pacyeTHble TOYKM, TMpEACTaBIeHHbIe Ha Puc. 7, yIOBIETBOPUTEIHHO
aNmpOKCUMHPYIOTCS 00ILeH 3aBHCUMOCTBIO 7(P) sl HOBEPXHOCTH HATPY)KEHUS B BHJIC:
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Lol 2| [1-E, (14)

Pa Pa Pa

rae Pa — BeIuMYMHA D, COOTBCTCTBYIOIAasd 3aJaHHOMY 3HA4YCHHIO INIOTHOCTH pplast IIPH
BCECTOPOHHEM cCxaTuu (mpouecc «l;1»), T.e. KOOpAMHATa IEPECEUEHUs HOBEPXHOCTH
Harpy>kXeHusi ¢ OChIO THAPOCTAaTUYECKOTO IaBJICHUS; a KOI((UIMEHTHI 71 U Tz 3aBHCAT OT
IUIOTHOCTH  CHIEAYIOIUM  00pas3oMm: 7,=240-3.62 0,4, 7,=051-042p,,-

Onpenensembie yp. (14) wm3omuHuM moOKa3aHel Ha Puc. 7 nyakrupom. BumHo, dro
pacriosiokeHue U (hopMa ypoBHEH MOBEPXHOCTH HArpy>KEHHsI, COOTBETCTBYIOIIUX 3aJJaHHBIM
3HAYEHHAM IUIOTHOCTH pplast, B LIETIOM, HOATBEPKAAET BBITYKIOCTh M INIAAKOCTh (0€3 yrioBbIX
TO‘-IGK) IMMOBCPXHOCTU HAIPYKCHUA TIMOPOIIKOBOIO KOMIIAKTa B BHAC CABHUHYTOrO H
nehOopMUPOBAHHOTO DJITUIICA.

6. Kpurtepuii TedyeHnsi OKCHIHBIX HAHONOPOIIIKOB
PaccuntanHble KpHMBBIC YIJIOTHEHHS M IIOCTPOEHHOE CEMEHCTBO M3O0JIMHHUM (pplast = const)
MMOBEPXHOCTH HArpy>KEHHsI, TIPEICTaBICHHbIE Ha Puc. 7, MO3BOJISIOT MPOBECTH JCTATBHBIN
aHAJIM3 XapaKTepa TEYCHHsI MOPOIIKOBOTO Tena. B pamMkax (eHOMEHOJIOTHUU TIACTHYHOTO
TeJa MUPOKO HUCIIOIB3YETCS TUIIOTE3a «acCOMMPOBAHHOTO 3akoHay [12-14,19,20], cormacHo
KOTOpOW mpupamieHue aedopManuii TpU €ro TEUEHUU JODKHO OBITh OpPTOTOHAIBHO
MOBEPXHOCTU HArpy>KE€HHs B IPOCTPAHCTBE KOMIIOHEHT TeH30pa HanpsikeHui. [1pu s3toM non
nedopMarusaMyu He00X0JMMO MOHUMATh UMEHHO IJIACTHYECKHE YaCTH TOJHBIX AeopMariuii.
[Tpupamenne nmoaHbIX nedopmaiuii B IpOMOACIUPOBAHHBIX MPOIECCaX OMPEeIseTCs
XapakTepoM JepOpMHUPOBAHUS MOJCIBHON ssueiiky. Pa30uBast ux Ha yrpyrue u IiacTHUYecKue

nedopmarun, T.€. Ag; = Aeiﬁe) + Agigp) , OIIPEJIENIUM YIPYIHe YaCTH COOTHOILEHUSAMU:

As® = APy Ael® = _ ARy As® = AP (15)
7K, "I, TS
KOTOpBIE, KaK HETPYAHO YOEIUTHCS, COOTBETCTBYIOT BHIPAXKEHUIO (9) I yIPyroro MoayJis

BCECTOPOHHETO CXKaTus. Berumras ompenenseMble ypaBHeHHsMHU (15) ympyrue dactu u3
(p)
1
HUCIIOJIB30BaHbI I BepI/Iq)I/IKaI_[I/II/I (beHOMCHOHOFquCKOﬁ TCOpUU IIJIACTUYHOTIO TCJid, U B
YaCTHOCTH, aCCOLIMUPOBAHHOTO 3aKOHA.

OI[HI/IM us3 C.HGI[CTBI/II\/'I ACCOLIMUPOBAHHOI'O 3aKOHa ABJIACTCA COOCHOCTH ACBUATOPOB

TCH30pOB HANPSUKCHNMIT M NpupauieHus aedpopmammii, T.e. 7 oc 7P

Harpy’>KE€HUs C 3aJaHHBIMM 3HAYECHUSMH JHArOHAJIBbHBIX KOMIIOHEHT TEH30pa NPHpPaIeHMI
z[e(bopMauHﬁ YKa3aHHasA COOCHOCTb YCTAHABJIMUBACT COOTHOIICHHUC MCKAY AWarOHaJbHbBIMH
3HAUYEHUAMH TEH30pa HaNpPsHKEHUH, KOTOPYIO MOYKHO HCIIONB30BATh JUIsl OLEHKH, HalpUMep,
KOMITIOHCHTBI py 110 U3BCCTHBIM 3HAYCHUSM Py U P;-
Q) Q) (p) Q)
Ag,’ —Ae Agy’ —Agy

(ass) __ 2z Yy
= P+ P,.
Ay P AP ne

Kak BHIHO W3 MpeacTaBICHHOTO COOTHOUICHUS, MPHU PABEHCTBE JIBYX JAHArOHajIbHBIX
KOMIIOHEHT TeH30pa AeopMaliiii, COOTBETCTBYIOIINE JUArOHAIbHbIE KOMIOHEHTHI TEH30pa
HANPSDKEHUH TaKkKe COBMAAAroT. TakuM 00pa3oM, st OOIBIIMHCTBA U3 TPOMOICTUPOBAHHBIX
IIPOLIECCOB BBIMOJIHUMOCTh COOCHOCTH TapaHTHUPOBAaHA YCIOBUSMHM CHMMETPUU: PABEHCTBO
HaNpsHKCHUH 110 HAIIPaBJICHHUSIM C OJJUHAKOBOM CKOPOCTBIO JeopMalinu.

Bce Tpu nuaroHanbHBIX KOMIIOHEHTa TE€H30pa AeQopMaliuil pa3iandaioTcs B Mpoleccax

«0;0.5», «0;-0.1», «0;-0.2» u «0;-0.3». ConocraBieHle pacdeTHBIX BEJIUUUH IABICHUS Py U
(ass)
y

NOJHBIX Jeopmanuii moiyyaeMm riactudyeckue aedopmamuu Ag;”’, KOTOpble MOTYT OBITH

. B cnyudae tpexocHoro

(16)

BEJIMYMH P, , ONpeaesseMbix cooTHomienreM (16), mpeacraBieHo It 3THX MPOIECCOB Ha
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(ass)
y

Ipelenax pacyeTHOM IOrpEeNIHOCTH MOXKHO KOHCTaTHUPOBAaTh BBIIOJHEHHE COOCHOCTH
JIeBHATOPOB AeOopMaluii M HAPSKECHUH.

Puc. 8. PuCyHOK MOKa3bIBAaCT OCTATOYHO XOPOIICE COBIIAJACHHUC BEINYMH P, U P, ', T.C. B

I3
< ]
e .
O

5 014
¢ f
7 :
0.01 4

D T

30 45 60 2, %

Puc. 8. 3aBucumocts naBnenus mo ocu Oy OT MIIOTHOCTH KOMITaKTa JiJIsl TPOIIECCOB (CBEPXY

BHI3) «0;0.5», «0;-0.1», «0;-0.2», «0;-0.3». Crutoniaple JIMHUN — PaCUETHBIC KPUBEIE,
(ass)

IITPUXOBBIC JIMHUM — KPUBBIC P

, paccuuTaHHbIe 110 yp. (16)

[IpuMeHuTENPHO K WHBapUaHTaM TEH30pOB JedopManuii M HanpsHKEHUH Jpyrum
UHTEPECHBIM CIIEJICTBUEM AaCCOLMMPOBAHHOTO 3aKOHA [UJIS TOPOIIKOBBIX TEN SBISETCS
COOTHOLLIEHUE
(g(p),y(p)):ﬂ,l'VCD , (17)
rae B KadecTBe nmnoTeHIuasa @ BeicTymaer MO0 JIUCCUNATHBHBIA MOTEHIHUAN
negopMupyemMoro Tena, 1u60 ero (GpyHKIMS HarpyXeHHsI, HU30ypOBHU KOTOPOH COBMAJAIOT C
YPOBHSIMU TIOBepXHOCTH Harpyskeuus (14), mpeacraBneHabiMu Ha Puc. 7. Kak ObU10 mOKa3aHo
B [18], BeIOOp B KauecTBe noTeHuuana O ¢pyHKIMN HarpyXeHus: IPEANOUYTUTENICH, TOCKOIBKY
MOCJICITHSST  ABJISICTCST  OoJiee HArJIsAHON, OJHO3HAYHOM M HAJIEKHOM XapaKTePUCTHUKON
MOPOILKOBOI'O TeNa. B 4aCTHOCTH, YCTaHOBIIEHO, YTO MOBEPXHOCTh HATPYKEHUSI IPAKTUUYECKU
HE 3aBHCUT OT MPOMEKYTOUYHBIX Pa3rpy30K B MpoIlecce YIUIOTHEHHs M, KaK CJIeICTBUE, - OT
HAYaJIbHOT'O COCTOSIHUS, ONPEAEIAEMOr0 Ha4YaJIbHOM TUIOTHOCTBIO o, IPECCYEMOT0 TIOPOLLKA.

Cootnomenne (17) tpebyer [14], 49TOOBI HampaBiIe€HHE BEKTOpa IUIACTUYECKHUX
nedopmarmii (&,
nokazaHHelM Ha Puc. 7. Ha Puc. 9 mnpexacraBineHsl HampaBieHUS BEKTOPOB (e(p),y(p)) u
BEKTOpPOB V@ s ABYX M30JIMHMH, IPU pplast = 0.60 1 0.627. Buaum, 4TO BBHINOJIHEHHE
accoluupoBaHHoro 3akoHa (17), T.e. KOJJIMHEAPHOCTh BEKTOPOB (e(p),y(p)) u Vo,
HaOJroaeTcsi TOJBKO B TPUBHAIBHOM CIy4ae BCECTOPOHHEro cxarusa. Maneiiiee
OTKJIOHEHHE OT BCECTOPOHHMX YCIOBHH, yxe s mpouecca «0.9;1», neMmoHcTpupyer
3aMeTHoe HapyuieHue kojummHeapHoctu (17). Ilpu sTom BekTop nedhopMupoBaHHS (s(p),y(p))
ISl BCEX TPOLIECCOB OTKJIOHSAETCS 0T V@ B CTOPOHY KpUBOW YIUIOTHEHHUs 7(P), HalpaBJICHHE
KOTOPOM MO>KHO OIIPEAETUTH BEKTOPOM (AP, A7) .

7™) 6BUIO OPTOrOHANBEHO HM3O0YPOBHAM IIOBEPXHOCTH HATPYKCHHUS,
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7, GPa

1.0

0.51

0.0+

p,GPa

Puc. 9. KpuBbie yIIOTHEHHS U U30JIMHUH TOBEPXHOCTH HATPYKEHUs (JIMHUU T€ XKe, YTO U Ha
Puc. 7). Ctpenku Ha mepecedeHusIXx KPUBBIX YIUIOTHCHHS ¥ U30JIMHHUM JIJIs1 3HAYCHUN
Pplast = 0.60 1 0.627 noka3pIBaroT HanpaBiacHUE BekTopa VO , T.€. HOpMaNH K HOBGFXHOCTI/I
Harpy’keHus, (BEpXHHUE MyHKTUPHBIE CTPEJIKU) U HAIIPABJIEHUE BEKTOPA (s(p),y p)),
OTIPENIETISAIONIETO XapakTep AepOopMUPOBAHUS, (HUKHUE CIIJIONIHBIC CTPEIKH)

OTtMeueHHass 0COOCHHOCTh MO3BOJISIET CHOPMYIHPOBATH ATBTEPHATUBHBIN KPHUTEPU
TEUCHUS OKCUIHBIX HAHOMOPOIIKOB B Buje [18]:

(e®,5P) = (1- ) VD + @ A,(Ap, A7) (18)
IJIe @ — BECOBOM KOA((UIIMEHT, ONPEICIISIONINNA BIMSIHHE OCYIIECTBIIEMOro Impolecca Ha

«HampapJeHue» AepopManuii, HHUIMUPYEMBIX B TOPOIIKOBOH cucTeMe; A2 — pa3MEepHBbIH
KO3 PUIMEHT, OnpeaesieMblid CIEAYIOIIIM 00pa3oM,

L Z(@@T
|(Ap,Az')| op) \or
[Tepexomst oT cooTHomieHus s wHBapHaHTtoB (18) kK TeH3opam medopmaruii u

HaINpsDKCHUH, MOyduM 00Iyt0 popMy 3amucy MpaBujia TEYEHUS HAHOTIOPOIIKOBOTO Teja B
BHJIE

A=A [Ap?+A7? ], (19)

p

’ oD ap or
Asaﬂ=(1—w)ﬂy—apaﬂ+a)ﬂz Apapaﬂmrapaﬂ , (20)
rac
00 _[0P) P _ [0} o7 P __9y or 1
=| — —|— _— y =—’ —_— _ .5 ,
6paﬁ op . apaﬂ (arjp apaﬁ apa,b’ 3 apa/} T(paﬂ p aﬂ)

6,; — cumBon Kponekepa. Ilepsoe craraemoe cnpasa B cootHomennn (20) cooTBeTCTBYeET

ACCOLIMMPOBAHHOMY 3aKOHY, a BTOpPOE CJIaraeMo€ OIpEAeNseT BIUSHUE OCYIIECTBIIIEMOTO
nporecca. Puc. 9 mokaspiBaer, 4To BecOBON KOA((HUIIMEHT 3TOTO BIUSHUS » HE SBISCTCS
noctosHHBIM.  C  TNpUOMIDKEHWEM K  MPOLECCY  BCECTOPOHHETO  CKATHUS ~ BEKTOP
nepopmuposanns (¢P,y®) cranosurcs ropaszo Gmmke k Bektopy (Ap,Ar), T.e. BECOBOM
KOX((UIIMEHT CTAaHOBUTCS OIU30K K SIMHHUIIC.

MOXXHO TPENoNOXKNUTh, YTO BEIWYMHA  SBISETCA (YHKIUMEH MPOU3BOJIHON
T, =dz/dp Bmonp kpuBOM 7(P), ONpemeNSIOIICH MPOIecC KOMIAKTUPOBaHUS. BBoms

CAWHNYHBIC BEKTOPHI
1,
V= M, n= E, t — ﬂ ,
[(e,7)] VO | |(Lz,)]
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U TpeOys oOpalieHus B HOJb BEKTOPHOTO IMPOU3BENCHHS BEKTOpoB V U (l—w)n+wt,
MOJYYHUM JJIS pacueTa BEJIMYMHBI (0 COOTHOIICHHUE:
v,.n, —v,n
= 12 — Volly '
Vl(nz - tz) —V, (nl - tl)
3HaueHuss KO3PPUIMEHTA B 3aBHCHUMOCTH OT OTHOILICHUS T,, PaCCYUTAHHBIC IIO

(21)

3TOMY COOTHOLIECHHIO, JJIS TI€PECEUCHHIl KPUBBIX YIJIOTHEHHS BCEX HCCIIECIOBAHHBIX
MPOIIECCOB € 7-F0 M30JIMHUSAMH, TOKa3aHHbIMH Ha Puc. 7 u 9, mpexncrasnensl Ha Puc. 10.

AHalIM3 TOJTYYEHHBIX JAHHBIX MOKA3bIBAeT, YTO (PYHKIUSI a)(rp) HE 3aBUCHUT OT BEJIMYUHBI
Pplast, T.€. ABJIAETCSA OOIIEH Ui BCEX M30IMHMIN, U YIOBIETBOPUTEIBHO ANNPOKCHMHUPYETCS
BBIPAKEHHUEM:

0= —wr,, (22)
¢ koaddummentamu w1 = 0.9 u wy = 1.0. [Tonyyernoe Beipakenue (22) 3aMBIKACT CHCTEMY
MpECAMICCTBYIOUX COOTHOMGHHﬁ, OMpPCACIIAOIINX NU3MCHCHUC KOMIIOHCHT TCH30pa

nedopManuii OPOIIKOBOTO KOMIIAKTa MHpPU 3a/JlaHHOM BHEIIHEM BO3JEHCTBUU, T.. IpHU
3a/laHHOM TIPUPALLEHUN KOMIIOHEHT TEH30pa HaIIPSLKEHUH.

1.0

«

0.0 : . .
0.0 0.2 0.4 z

Puc. 10. ITapamerp w, onpezaensiomuii B coorBercTre ¢ yp. (18)—(20) HanpasineHue BekTopa
IJIaCTUYCCKUX I[e(bOpMaI_[I/II/I, B 3aBUCUMOCTH OT OTHOLICHUSA CKOPOCTU U3MCHCHU
WHBApUAHTOB TEH30pa HAPSHKCHUN

7. 3aKiai0ueHue

Jns MoAenbHOM CHCTEMBI, KOTOpasi COOTBETCTBYET HAHOPA3MEPHOMY MOPOLIKY OKCHIA
QTIOMUHUS, PACCUUTAHBl KPUBBIE YIUIOTHEHUS TMPU KOMMIAKTUPOBAHWHU B Pa3IUYHBIX
yCHOBUsAX. PaccMOTpeHbl MpoLEcChl BCECTOPOHHETO OJHOPOJHOIO CKAaTus, JBYX- U
OJHOOCHOT'O MIPECCOBAHMS, a TaAKXKE Pl MPOIIECCOB BCECTOPOHHETO HEOJHOPOIHOTO CHKATHS,
T.€. C pa3JIMYHOM CKOPOCTBIO CXaTWsl BIOJb PA3JMYHBIX HarpasiieHUH. MccienoBaHsl
YOpPYrue CBOMCTBAa TMOPOMIKOBBIX KOMMAKTOB. (OOHapykeHa HWHBApPUAHTHOCTb MOIYJIS
BCECTOPOHHETO CXKAaTUS M HEMOCTOSHCTBO Koddduuumenta Ilyaccona, 9To TOBOPUT O
HEMIPUMEHUMOCTH TPUOJIMKEHUSI M30TPOITHOTO Tejda K IOPOIIKOBOMY KOMIIAKTy M, Kak
CJIEACTBHE, HEAOCTATOYHOCTH ABYX YIPYTMX MOJIYJIEH Uil ONMCAHUS €r0 YIPYTruX CBOMCTB.
Tem He MeHee, HAJEKHO YCTAHABIMBAEMOE 3HAYEHUE MOJYJISI BCECTOPOHHErO CXKATHS
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MO3BOJIET OMPEICNIUTh YIPYrue U IMIaCTUYECKHE YacTH MPUpAIlEeHUs UIOTHOCTU U TEH30pa
nedopMaruii.

Beimonnena BepuduKanys TEOPUH MJIACTUYHO YILUIOTHIEMOro mopuctoro teia [12-15],
TPAAUIIUOHHO HpHMCHHCMOﬁ AJid  OnrCaHudg TIMOPOIIKOBBIX KOMITIAKTOB. YcTaHoBlieHa
HEYYBCTBUTEIHHOCTh MEXAaHWYECKUX CBOMCTB MOPOLIKOBOTO Teja OT 3HAUEHUH TpPEThUX
WHBAapHAHTOB TEH30pPOB JAedopManuii ¥ HampsDKeHUW, a TakKe COOCHOCTh JIEBUATOPOB
nebopManuii M HaNpsDKEHWM, YTO TOJHOCTBIO  COTJIacyeTcsi C  TPaJAMIMOHHBIMU
TCOPCTUUCCKUMU NPCACTABIICHUAMMU. OI[HaKO, B [CJIOM, CICAYCT MPU3HATH, YTO HU3BCCTHOC
ACCOLMHMPOBAHHOE TMPABWJIO IIACTUYECKOIO TEYEHHs] HENMPUMEHUMO K HaHOpa3MEpHbIM
OKCHIHBIM TIOPOINKAM, IMOCKOJIbKY B IPOCTPAHCTBE HHBAPUAHTOB TEH30pa HAMpPSIKEHUN
BEKTOpP HHBApHAHTOB TEH30pa NpUpAIIEHUN TUIACTUYECKUX JAeopMaliii OKa3bIBaeTCs
HCOPTOrOHAJICH HU30YpOBHAM MMOBCPXHOCTU HarpyKCcHHs. Bwmecto TPpaaAUIIUOHHOT'O
aCCOLMMPOBAHHOIO 3aKOHA MPEMJIOKEH IPYrod KpUTEPU, KOTOPBIM MO3BOJSET MpPEacKa3aTh
xapaktep nehopMaluoOHHBIX IMpoleccoB B cucteme. COrmacHO MPeyioKEeHHOMY KPUTEPHUIO,
BUJI TEH30pa MpHpanieHuil Aegopmaiuii onpenensercs He TOJbKO HalpaBiIeHHEM BEKTOpa-
rpagueHTa (QyHKIUM HarpyXeHus (acCOIMMpPOBAaHHBIA 3aKOH), HO M HalpaBICHUEM
«BEKTOpa», KOTOPBII oOmpeAenseT HW3MEHEHHE KOMIIOHEHT TEH30pa HampshKeHU mpu
peannzyeMoM Tmpoliecce KoMrnakTupoBaHus. COOTHOIIIEHUE BKJIAJ0B OT 3TUX JIBYX BEKTOPOB
3aaeTcs BeCOBbIM KO3 dunmueHToM . ChopMynupoBaHa IMOJHAS CUCTEMa COOTHOIICHUH,
OJTHO3HAYHO ONpEAENAIONIas U3MEHEHHE KOMIIOHEHT TeH30pa JedopManuil B UCCIETYEMbIX
CHUCTeMax TMpHU 3aJlaHHOM BHEIIHEM Bo3zAeicTBuM. [loMHMO KpuTepus TeueHUs TaHHas
CUCTEMa COJICPIKUT alMpPOKCUMAIIMIO0 U30yPOBHEH MOBEPXHOCTU HATPYKEHUS M 3aBHCHMOCTh
BecOBOro ko3¢ uirenTa @ OT MHBAPUAHTOB TEH30pa HAMIPSKEHUH.

bnazooapnocmu. Paboma evinonrnena npu uyacmuynou Qurancosol nodoepcke PDODU
(npoexm 16-08-00277).
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ELASTIC PROPERTIES, YIELD SURFACE AND FLOW RULE OF

NANOPOWDER COMPACTS

G.Sh. Boltachev”, E.A. Chingina, N.B. Volkov, K.E. Lukyashin
Institute of Electrophysics, Ural Branch of RAS, Amundsen str. 106, Ekaterinburg, Russia
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Abstract. Different compaction processes of the nanosized granular system, which is a proto-
type of an alumina nanopowder, are studied by the granular dynamics method. For all pro-
cesses: compaction curves “density vs. pressure” of the powder compact are calculated, the
elastic and the plastic parts are extracted from the total deformation, the body elastic moduli
are determined within the isotropic solid approximation. The inadequacy of the isotropy ap-
proximation is established. The nanopowder yield surface is constructed in the space of stress
tensor invariants. The inapplicability of the traditional associated flow rule for description of
oxide nanopowders compaction processes is revealed. An alternative flow rule is suggested.
Keywords: nanopowder, yield surface, associated flow rule
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