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ABSTRACT

The current work focuses on developing a model to examine wave analysis in non-local swelling porous
thermoelastic medium under fractional order strain. After converting the governing equations into two-
dimensional and utilizing the dimensionless quantities for further simplification the Helmholtz
decomposition theorem has been used to decompose the system into longitudinal and transverse
components. The frequency dispersion relation is derived by assuming the plane wave solution in two-
dimensional case for the given problem. It is found that there exist two dilatational waves, a thermal wave
and two transversal waves travelling at distinct velocities. The amplitude ratios for the reflected waves are
obtained with the aid of impedance boundary restrictions. The obtained amplitude ratios are used to obtain
the energy ratios of different reflected waves. Influence of fractional order parameter on distinct types of
wave speeds is illustrated graphically and it is observed that increase in fractional order parameter
diminishes the magnitude of all existing waves except longitudinal wave in solid. Also impacts of swelling
pores and fractional order on the attained energy ratios are displayed graphically versus angle of incidence.
It is verified that during reflection phenomena, the sum of energy ratio is equal to unity at each angle of
incidence and there is no dissipation on the boundary surface. Swelling porosity decrease the impact of
energy ratios of reflected longitudinal wave and thermal wave for all values of fractional order parameter.
Some unique cases are also presented. The results find application in geophysics, civil engineering and
structure related issues.

KEYWORDS

energy ratios f) reflection coefficients fj impedance border fj fractional order strain fj swelling porous
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Introduction

As wave phenomena have numerous applications in the field of geophysics, civil
engineering, oil exploration, slurry, and agriculture scientists and researchers have long
been very interested in studying wave phenomena in porous media. The model of wave
circulation in fluid-saturated porous solids and the identification of the presence of lower
and higher frequency ranges were initially presented by Biot [1,2]. Eringen [3]
acknowledged the utility of mixture theory in the area of expanding porous elastic media.
He used a combination of elastic solid, viscous liquid, and gas in his work and focused on

© S. Sharma, D. Batra, R. Kumar, 2025.
Publisher: Peter the Great St. Petersburg Polytechnic University
This is an open access article under the CC BY-NC 4.0 license (https://creativecommons.org/li-censes/by-nc/4.0/)
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things like soil swelling, wood, paper, and fiber drying, among other things. Subsequently,
other researchers have made contributions to the topic of porous elastic media swelling.
The amplitude ratios resulting from plane wave reflection and transmission at the border
of thermoelastic swelling porous media were determined by Kumar et al. [4].

Margin and Royston [5] being the first to propose the fractional order strain model
that can both predict mechanical deformation of Hookean solid and Newtonian fluid by
using zero-order and one-order derivative. More significantly fractional order parameter
of fractional order strain model can be chosen freely within the range 031 according to
the necessity of practical application. In recent year one can find that the concept of
fractional order strain has been successfully used in thermomechanical analysis of elastic
and dipolar material systems [6310]. Moreover, global dependency and non-local
property of the fractional derivative is one of the main reason for its increasing popularity.
The concept of non-linearity using fractional differential operator in thermoelastic
models opens up a new perspective on the study of thermoelastic deformation in solid
mechanics. A significant contribution in the theory of thermoelasticity with non-locality
can be found in [113-15]. Vlase et al. [16] determined the properties of eigen values for
transverse and torsional vibrations in a mechanical system having two identical beams.
Sharma et al. [17] examined basic theorems and plane wave in thermoelastic diffusion
using multiphase lag model with temperature dependence. Relaxed Saint-Venant
principle for thermoelastic micropolar diffusion is given by Marin et al. [18].

The reflection of plane waves in thermodiffusive elastic half-space with voids was
investigated by [19]. Wave propagating in a micropolar thermoelastic medium with two
temperatures and layers of half-spaces surrounded by an inviscid liquid was investigated
by Sharma et al. [20]. In micropolar elastic materials, plane wave reflection and
transmission were investigated by Sharma et al. [21,22]. The Rayleigh wave propagation
in incompressible anisotropic half spaces with impedance boundary conditions was
studied by Vinh and Hue [23]. Kumar and Sharma [24] developed uniqueness, reciprocity
theorems, and variational principle in piezothermoelastic medium having fractional order
derivative. Sharma and Khator [25,26] looked at a few issues related to the production of
electricity from renewable sources. In a modified Green-Lindsay theory, Kumar et al. [27]
investigated the effect of impedance factors on wave propagation in a micropolar
thermoelastic medium. According to Singh and Kaur [28], when micropolar parameters
grow, so does the influence of impedance parameters. Amin et al. [29] used fractional
relaxation operators and studied the response of laser irradiation in viscoelastic thin film
of metal. Kaushal et al. [30] studied the impact of stiffness and void when waves
propagate through non-free surface and free surface.

Ezzat and Lewis [31] used fractional thermos viscoelasticity to study head induced
mechanical response in human skin tissue. Amin etal. [32] constructed
thermoviscoelastic metal film with fractional relaxation operators and studied the
microscale response using laser pulse heat flux with non-Gaussian form. Ezzat and
Muhiameed [33] studied the response of non-local size dependent piezoelectric materials
in thermoviscoelastic theory. Ezzat [34,35] used state space approach to develop non-
local thermo-viscoelastic model and studied the response of piezoelectric materials with
fractional dual phase heat transfer. Yadav et al. [36] investigation on nonlocal porous
thermo-micropolar diffusive medium revealed that both diffusion and porous properties
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have no effect on transversal waves. When Kumar [37] examined the effect of fractional
derivative on wave propagation using Eringen's non-local approach, he discovered that
group speed decreased as elastic medium values increased.

Abouelregal et al. [38] studied the impact of non-local Moore Gibson Thompson on
thermoelastic material under the model of memory dependent derivatives.
Abouelregal et al. [39] used Eringenjs non-local thermoelastic theory and studied
changes in heat transfer in thermoelastic materials under initial stress. Alsaeed [40] used
Atangana Baleanu fractional derivative and analysed magneto thermoelastic response in
unbounded porous body in context of dual phase lag model. Abouelregal et al. [41] used
fractional model for one dimensional non-local elasticity theory and studied the transfer
of heat flow through nanomaterials. Non-local parameters enhances the amplitude ratios
when longitudinal and thermal waves are incident in generalized thermoelastic medium
with two temperature and impedance parameters [42]. Ezzat and Bary [43] used memory
dependent derivative to investigate the problem of wave characteristics in thermoelectric
viscoelastic solid. Yadav [44] investigated how the magneto-thermo-microstretch half
space having an impedance boundary's diffusion parameter and fractional order
parameter affected the reflection coefficients of plane waves. Elhagary [45] investigated
the impact of fractional derivative on thermoelastic diffusive half-space using the integral
transform technique. Alruwaili et al. [46] used new form of fractal form of Green-Naghdi
theory and developed a mathematical model of thermoelectric MHD theory. Kumar et
al. [47] studied the reflection of waves through swelling porous thermoelastic half space
having boundary under dual phase lag model.

The purpose of this work is to examine wave analysis in nonlocal swelling porous
thermoelastic medium and found that there exist three longitudinal waves namely Ps, Pf,
T waves and two transverse waves SVS, and SVF waves. Impedance boundary restrictions
are used to obtain the amplitude ratios and energy ratios of various reflected waves.
Numerical calculations and graphical representation are also used to examine the effect
of variation in fractional order strain and swelling porosity in energy ratios.

Methods
Basic Equations

In swelling porous thermoelastic medium basic equations in absence of body force is
given as [3]:

“p tO 6, _ “p too6;, ,p toOo6, , 6 0 "
roopony ”po,n 6,
“p tO06, _ “ p tOo6 ., p tO o 2)
p t0 0, , 0 0 r | oy ” p ,n o6,
p tO M6 | — p tO M| — | ¥ —nY xm (3)
0 'Y ,, p TO 6; _p 10 041 “p tO o5 06y), (4)

b 'Y , p tO6; , p tO MO _p t0O 6;]
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where s is a solid, f is a fluid, 6 , 6 are the displacement components of a solid and a

liquid, respectively, ” , ” are the densities in a solid and a liquid respectively, _i “i _ i
<, 1, 0, aretheconstitutive constants,| - | | arethe material constants,
., , » are the non-local parameters, r is an order of fractional strain, T is a temperature
and O is a thermal conductivity, 0 § 0 are the partial stress tensors.

Problem Statement and Simplification

We have considered an isotropic, homogeneous swelling porous thermoelastic half-
space. The origin of the rectangular cartesian co-ordinate system ® io o is taken at
boundary ®  mtwith @ 3 axis is pointing normally into medium (Fig. 1). The ® 3 axis
Is an intersection of the planejs wavefront and the plane surface. We confine our study to

plane strain problem parallel tow  ® plane. For two-dimensional problem, we take:

o) 6 himo ;k=sf (6)
Define dimensionless quantities as:
2 71 %%, 0 Y 2 v
LY T S EL Iy L S T S T B T
[0} | Y | Y Y 0} 7 (7)
bt — it 7 e —he =af T ——id  —

wherem=1,2;k=sf1i,j=1,2,3;1=1,2,3,4.
Using Helmholtz decomposition, displacement components ¢ ® o 10,

v
\

6 0o ho are related to potentials % and[ as:

6 — —i6 — — 8)
Equations (1)3«(3) with the help of Egs. (6)3-(8) becomes:
on 66— p . — % GO — % Y T 9)
1o G— p L, —[ G- T (10)
20N 0 —% 0—n Q0N 0 — 0 p ,nN —% QY T (11)
0 —T 70— 00— Q0p ,N —7 m (12)
GO — % QOO —% % — n Y T (13)
where —h —0® o —h ot it = Y =
) h0 - N0 - 0 - oYy =
- ! - it —he hd in — —
O p t 0
v angidevring the mqtior] t(? bg time harmonic we assume:
% 1% 1°Ya[ Ir % 0% hYAr A Q : (14)

where — is the angle of inclination; k is a wave number.
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v

v

Fig. 1. Geometry of the problem depicting incident and reflected waves in swelling porous thermoelastic
half-space

Making use of Eq. (14) in Egs. (9)3-(13), we obtain
oL 60 O6uv 0O Tm (15)
ouv 60 O Tm (16)

where0 1 pigho are the roots of Eq. (15) correspond to velocity of Ps-wave, Pf-wave and

T-wave whereas O 0 thu are the roots of Eq. (16) giving velocity of SVS-wave and SVF-

wave:d tt  t tié 0t Qt Ot Qt Qt A0 0Q 06Qf
6 00 0t 0ooQ Qf Qf 6 t t 116 t f Tt b
6 t t 10 o ,1 bt —ht —ht p T it — 0t —
T 01 0 0,1 bt 0t it ®] Ot ®] Of
Q t ftiQ ot i 00 t 1 Tt iR 001 it [
Q Tt f 1 1Q 00f% t t it 10 pit , b
T a1 0,1 .
Making use of Egs. (6)3+(8) in Egs. (4)3-(5) we obtain:
0 p t0 o — — 0 — — g — — 1 (17)
6 1 p 10O g , (18)
0 p t0 H — — 0 — — 0 — —
(19)
Q1 — — T,
0 01 *p tO ¢ , (20)
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Boundary conditions

Relevant boundary conditions at surface ®  Ttare:
Mo 1a6 T(i)e 146 T o (ii)o ]ao T

Mo 146 mMO— 1V m 1)
where G 14 hd 1@ are impedance parameters having dimension —; & is impedance
parameter having dimension —.

We assume the values of % 1% 1'Yir i as:

% 0 0 00 b (22)
% B| 6 0 00 b (23)
Y B 60 60 H (24)
I B& 0 50 ; (25)
I Br 6 Q 60 , (26)
where | v 1 :
P —— (i=1,2,3; j=3.4).

v v

Here 0 1 picho denote amplitude of incident Ps-wave, Pf-wave and T-wave
0 1 piclo correspond to reflected Ps-wave, Pf-wave and T-wave; & 0 ot
correspond to amplitude of incident SVS-wave and SVF-wave and & 0 oiT associate
to reflected SVS-wave and SVF-wave.

Snelljs Law is represented as — —— (i=1,2,3,4,5), where Q0 Q0

M0 0o Vo 78 Using Egs. (8), (17)3(20) in boundary conditions (21) we
obtain the following relation coefficients (or amplitude ratios):

BO & 0,(pj=1234,5) 27)
where

G o016 o ¢ p — i&- — - —0 p — i&-,
01 6 b @ egl-  — 0aWEi-,

¢ 0 ¢ i~ p — ME- — D0 -,

¢ 0 ¢ & p — WE- — WO,

¢ U — E- p — WE- - =W p — ilE-,
00 ¢ -0l g0 -,

& o6 Q ol Q@ Q17 p — i&- — -

b a—p — il&-,

0 06 Q MOl 0 < feti -  — 04| WEi-,

® 10r ¢OQ] v - p — & - Nar O e,
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® 10| ¢OQ1 Vv ie- p — & - 1—q) ilE—,

0 10| qOQ7 (O ile- Ggi- W 4| -,

) 0Q1 * tor 0 -  p — WE- M1 — r — p  — i€ -,

O W-— p — - a—-——0 W —0i- 4 —0,0 ) I,
where® —(1=1,23)and®d — 1 tlu are the amplitude ratios of reflected Ps,

Pf, T and SVS, SVF waves respectively for an incident Ps wave.
Similarly, amplitude ratios of reflected waves can be calculated for the incident Pf
or T or SVS or SVF waves.

Energy ratios of reflected waves

In this section the partition of energy among different reflected waves is calculated.
Following Achenbach [48], the rate at which the energy is transmitted per unit surface
area per unit time is expressed as:

O -B ;P 0 o -B ;P 0 o6 . (28)
The average reflected wave energy at @ Ttis given by:

$0's — b (29)

0 - | (30)

where, 1 | 06 Q| 1] 0Q <cloy *Q — (1=1,2,3;j=4,5).

Numerical results and Discussion

In order to demonstrate the impact of impedance parameter at various values of fractional
order differential parameters on energy ratios of reflected Ps, Pf, T, SVS and SVF waves
the following data is taken [47] (Table 1).

Table 1. Various values of fractional order differential parameters on energy ratios of reflected Ps, Pf, T,
SVS and SVF waves

Symbol Value Symbol Value
_, N/m? 6.0)ptt | ,N/m2K 0.152) pmt
<, N/m? 9.0) pTt | ,N/m?2K 0.015) pmt
_ , Ns/m? 1.002) pt 0’ N/sK 0.498) pmt
“ , Ns/m? 8.88) p1t T, K 298
. N/m?2 8.9) p1t ” | Ns%/m* 2.65) p1t
, N/m? 8.91) pmt ” | Ns¥/m* 9.90) p1t
, Ns/m* 4.950) pTt 1, sec 0.002
|, N/m2K? 0.03831) p1t - ,N/m? 2.15) pmt
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Equations (29), (30) are solved numerically using the above numerical data and for
the non-local parameters , =11, and , = 4.25, as well as the impedance parameters
z:=0.01, 2, =0.02, z; = 0.03, z, = 0.04, zs = 0.05.

Impact of fractional order strain on phase velocity

The impact of fractional order strain on dilatational and transversal waves are shown with
the help of Figs. 23-6.

PHASE VELOCITY V,
\
\

01} S =

PHASE VELOCITY v,

1) 2 4 B 8 10 12 14 16 18
Angular frequency

Fig. 3. Variation of longitudinal phase velocity V, w.r.t. angular frequency

300 T T T T T T T T

r=0.025
r=0.25

250 -

nZDD—‘

PHASE VELOCITY ,
g
T
1

8
T
|

0 | L Il 1 1 | 1 L
1] 2 4 B 8 10 12 14 16 18
Angular frequency

Fig. 4. Variation of longitudinal phase velocity Vs w.r.t. angular frequency
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1000 T T T T T

900 r=0025 ||
r=0.25

800 —

700~ —

600 — —

500 —

400 —

PHASE VELOCITY v,

300 - b

200~ —

100 — —

o 1 1 ! ! 1 1 1 1
o 2 4 B 8 10 12 14 16 18
Angular frequency

Fig. 5. Variation of transversal phase velocity V,w.r.t. angular frequency

350 T T T T T T T

PHASE VELOCITY Y,

o 1 1 | | 1 I 1 1
o] 2 4 B 8 10 12 14 16 18
Angular frequency

Fig. 6. Variation of transversal phase velocity Vs w.r.t. angular frequency

Figures 234 shows the variation in longitudinal phase velocity w.r.t. angular
frequency due to variation in fractional order strain. Figure 2 depicts that phase velocity
Vi increases with angular frequency. As values of fractional order strain is raised phase
velocity Vi also increase. From Fig. 3, it is prominent that phase velocity V, initially
oscillates and then increase with higher values of frequency. When r = 0.25 velocity V; is
greater than the velocity attained for r = 0 and 0.025 but for higher values of frequency
opposite trend is noticed in their behavior. Impact of fractional order strain on variation
of phase velocity Vs is presented in Fig. 4. It is observed that tendency of phase velocity
V3 decrease with angular frequency and became dispersion less. Velocity Vs decrease with
higher values of fractional order strain. It is also observed that values of phase velocities
for r=0 and r = 0.025 are close to each other in entire region.

Figures 5 and 6 shows the variance in transversal velocity V. and Vs w.r.t. angular
frequency due to change in fractional order stain. From Fig. 5 it is noticed that values of
velocity V4 decrease with angular frequency. Initially V4 for r = 0 much higher than the
values acquired for r = 0.25 and 0.025 but its values seems to converge for for higher
values of frequency. It is also detected that initially phase velocity decrease with higher
values of fractional order strain but later they adverse behavior is depicted in their
manner with respect to fractional order strain.

Variation of velocity Vs with change in fractional order strain is demonstrated with
the help of Fig. 6. It is observed that contrary to V. transverse velocity Vs increase with
frequency but decrease with higher values of r. It is also noticed that though trend of
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velocity Vs for for higher values of r remain same but its values are close to each other

for r = 0 and 0.025.
The energy ratios for the reflected Ps-wave, Pf-wave, T-wave, SVS-wave, and SVF-wave

Energy ratios
The energy ratios |Ep| (p = 1, ..., 5) of these waves are plotted with respect to angle of

are obtained and graphically presented in Figs. 73-11.
incidence for three different values of the fractional strain parameter: r = 0, 0.025, and 0.25.
@ ™ ¥ ¥ ¢« ¥ & ¥ ¥ 1 (b)M/w
: 011 |
- —Zguzs —
-r=0.25 o1t 7:3225 J
0.94 4
0.09 |
9M 093 Bl 9H 008 4
0.07 | o
0.92
0.06 |
091 4
0.05
o 90 10 20 30 40 50 60 70 80 90 . mﬂ 1b 2‘0 Bb 4‘0 50 60 7‘0 B;J 90
(©) @ | 7
\ /
9O & i 9I'I ’ J l/'
0.4 15 / \‘ .’j’
{ \ /
4 “f: = /1 g
02 n / A . \ “/r //’
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_1.4 x 107 . i . i . -
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G /A‘ \\ ,f’{ H
/ \ /
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Fig. 7. Variation in energy ratios of reflected waves E for incidence of Ps wave

in comparison of angle of incidence — at distinct values of r: (a) E;, (b) Ez, (C) Es, (d) E4, (e) Es
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The energy ratios of reflected waves when the Ps wave is incident are shown in Fig. 7.
|E4| is found to change little with incidence angle. Also, the values of |E;| at r = 0 is greater
than the values attained at r = 0.025 but less than the values acquired at r = 0.25. The energy
ratio |E,| first rises with the angle of incidence before fluctuating somewhat in its values. As
similar to Fig. 2, the values of |E;| obtained at r = O remain between the values obtained
for r=0.025 and r = 0.25. Higher values of r result in higher values of |Es| for reflected T wave
values. At — @cJ forr =0, r =0.025, and r = 0.25, there is a rise in the values of |Es|, and
subsequently there is a fall with angle of incidence. Energy ratio values |Es| and |Es| exhibit
oscillating behavior. Both |E4| and |Es| obtain the least value at —  @¢J and maximum value
at— ord. Values of |Es| are close to each other for r = 0.025, and r = 0.25. In comparison to
other values of r, the values found for |E4| and |Es| at r = O continue to be the least.

@ . =2=] © 2 ===
AR s,
16 o S I \\ 7
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1 oss| 3 A\ % i
9M 1 9H \ /
08 0 .98 / \ /
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|
] |
\(
I
I\
T S 76 @ %0 e 5 s 76 B %0
g Rila®
(e)
/ \ f‘: S /
}l \'-. // “'\\ / \
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Fig. 8. Variation in energy ratios of reflected waves for incidence of Pf wave in comparison of angle of
incidence at distinct values of r: (a) Ei, (b) E, (c) Es, (d) E4, (€) Es
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The fluctuation in energy ratios caused by Pf wave incidence is depicted
in Fig. 8. The energy ratio, |Ei|, decreasesinpJ —  uTU, then rises to reach its maximum
value at—  @gJ before beginning to decline at higher values of —. Additionally, itis noted
that when fractional strain increases in order, |E,| values drop. The values of the energy
ratio |Ez| remain roughly close to one, as seen in Fig. 8(b). It slowly increases at first, then
decreases, and then starts to increase again. The values of |E;| drop as fractional order
strain increases, while the values of |E;| grow as fractional order strain increases. The
values found for |Es| and |Es| at r = O continue to be the least and maximum at r = 0.025.
Also, |E4| acquires a sudden rise in values at —  @cJ for all values of r. |Es| also increase
at— @cJ forr=0and 0.25 but when r = 0.025 it becomes least for the same value of —.

@ o (b) o

45f

3H B 0.015 H -

1k B 0.005 H B

(d)

e

e n T L P L D
o 10 20 30 a0 50 60 70 80 S0

Fig. 9. Variation in energy ratios of reflected waves for incidence of T wave
in comparison of angle of incidence at distinct values of r: (a) Ei, (b) Ez, (C) Es, (d) E4, (€) Es
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The energy ratios of reflected waves as a result of T wave incidence are shown in
Fig. 9. It is observed that as the values of fractions order strain grow, |Ei|, |Es| and |E4|
decrease. In the case of r = O, the energy ratio |Ez| decreases initially and then increases,
while for r = 0.025, it oscillates across the whole range and reaches values that are greater
than those obtained for r = 0 and 0.25, with the exception of —  @cJ. |E5| attains highest
value at — @cJ when r = 0 and 0.25 but least value for r = 0.025. |E4| attains a peak in
its values when —  otd for all values of fractional order strain. The values of |Es| exhibit
oscillatory behavior, acquiring the lowest values at r = 0.25 when compared to other
values of r.
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14 014
1 -1 o1 B
9 1 R 9 0.1 R
M H
0.8 | B 008
06 0.06 |- B
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I |
0 ‘ 1 oo2
| ! ]
\ AN
% 10 20 30 40 50 60 70 80 90 % 10 20 30 40 50 60 70 80 a0
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ElS g 1.005 g
25 ( g 11 P R
TR A \ T
\ T / e
9 0.995 \ 3 / \
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A \ ) / /
1H N 0.985 \ \ \ B
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Fig. 10. Variation in energy ratios of reflected waves for incidence of SVS wave
in comparison of angle of incidence at distinct values of r: (a) E1, (b) Ez, (C) Es, (d) E4, (€) Es
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Fig. 11. Variation in energy ratios of reflected waves for incidence of SVF wave
in comparison of angle of incidence at distinct values of r: (a) E1, (b) Ez, (C) Es, (d) E4, (€) Es

The energy ratio changes of reflected waves when SVS wave is incident is shown in
Fig. 10. It is seen that |Ei| exhibits oscillatory behavior, and its values increase with r. |Ej|
oscillates with angle of incidence and attains maximum values at —
Also values of |E;| are maximum at r = 0. The values of |E;| and |Es| at r = O is higher than
those obtained at r = 0.025, but they are still lower than the values obtained at r = 0.25. At
—  @gJ, |E4| attains smallest value for r = 0, but highest values for r = 0.025 and 0.25.

@cJ for all values of r.
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The energy ratios when the SVF wave is incident are exhibited in Fig. 11. It is
detected that reflected wave energy ratios exhibit oscillatory behaviour. At r = 0.25, the
energy ratios |E:;] and |E;| reach their minimum value and for r = 0.025 it acquires
maximum value. While |E4| decreases as fractional strain values rise, |Es| values rise with
greater values of r. For r = 0.025, the values of |Es| stay at their lowest at r = 0.25. |E;| and
|E4| continue to be larger at r = 0 and smaller at r = 0.025.

Impact of swelling porosity on energy ratios

In order to depict the influence of swelling porosity on energy ratios, after substituting
’ , I ‘ — | - T in basic Egs.(1)3(3), we get
corresponding results for without swelling porous (WSP) elastic materials. In Figs. 12314
energy ratios for swelling porous (SP) and WSP materials are obtained when Ps wave is
incident. Here solid black line represents the graphs for swelling porous materials (SP) and
the graphs in red line shows the results acquired for without swelling porous materials (WSP).

1.02 0.0702
sP sP
(@) er (b)
o007 |
1 el
0.0698 [
o.98 B
0.06
9 ow 9,
M 0.069
o094l
0.069
092
)
0.06¢ e
o o
o 1 0 0 a 50 0 70 80 S0 — 1 20 a0 E & 70 80 0
400 x 107
5 ' ' B v . ' B 1.4 v ' ' ' v . .
sP sP
(C) wspP (d) wspP
12} o
. |
\‘ 4
9 | 9
0 ‘ no_.
“ 0.4
|
J
1
g / il /
o, gl

[u] 10 20 30 40 50 60 70 80 S0

Fig. 12. Impact of swelling porosity on energy ratios when fractional order strain r = 0:
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Figure 12 shows the energy ratios for SP and WSP w.r.t. angle of incidence when
value of r = 0. Figure 12(a) demonstrates that energy ratio |E:| in both SP and WSP medium
are close to one with less variation in values when Ps wave is incident, but its values in
SP medium are less than those obtain for WSP medium for entire range. Energy ratio |E|
is of oscillatory behavior in both SP and WSP medium as shown in Fig. 12(c). Here also
values of WSP medium dominates the values acquired for SP medium. Figure 12(d)
depicts that |E4| keeps oscillating with angle of incidence for both the medium. In contrary
to |E:| and |Es|, here values in SP medium are higher than those obtain for WSP medium.
Figure 13 demonstrate the comparison between the energy ratios attained for SP and
WSP medium when value of r = 0.025. Here again values of WSP for |E:| and |Es| are greater
than the results obtained for SP materials as observed in the case for r = 0. Value of |E,|
iIs approximately one for both SP and WSP medium whereas |Es| is of oscillatory
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Fig. 13. Impact of swelling porosity on energy ratios when fractional order strain r = 0.025:
(a) E1, (b) E,, (C) Es, (d) Ea, (E) Es
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behavior. Figure 12(d) represents that energy ratio |E4| oscillates and obtains least value
at— @cJ. Here, values in SP medium are higher than those obtained for WSP medium.
It clearly shows the impact of swelling porosity of the materials.

When value of r is raised to 0.25 energy ratios obtained in SP and WSP medium are
represented in Fig. 14. Figure 14(a,c) shows that here also WSP medium dominates the
values obtained for SP medium as observed in case when r =0 and r = 0.025. Figure 14(d)
depicts that trend of |Es| for SP and WSP medium is same with small difference in their
values. It is also noticed that the values of energy ratios |E«| obtained for WSP medium
are higher than the SP medium which is contrary to the case when r = 0 and 0.025.
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Fig. 14. Impact of swelling porosity on energy ratios when fractional order strain r = 0.25:
(@) Ey, (b) Ez, () Es, (d) Es, (€) Es
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Conclusions

Plane wave propagation in nonlocal swelling porous thermoelastic under fractional order
strain is scrutinized. It has been observed that there exist five plane waves consisting of
three set of coupled longitudinal waves and two set of coupled transverse waves
propagating with distinct speeds. The reflection phenomena of these waves at the
impedance boundary have been examined. The expressions giving reflection coefficients
and energy ratios at the stipulated boundary have been presented. The impact of
fractional order strain and swelling porosity on energy ratios are obtained numerically
and illustrated graphically. From the analysis of the illustrations, we derive the following
conclusion: the energy ratios depend on the angle of incidence as well as the properties
of the medium. The nature of dependence is distinct for distinct reflected waves.
Theoretical as well as numerical results show that the energy ratios of various reflected
waves are affected by fractional order strain and swelling porous parameters. Effect of
nonlocal parameters is quite pertinent on the energy ratios. Phase velocity decrease with
higher values of fractional order strain but Ps and SVS behaves in opposite manner. Phase
velocity of thermal wave T and SVS wave decrease whereas velocity of Ps, Pf and SVF wave
increase with angular frequency. All existing waves in stipulated medium are dominated
by fractional order parameter. Energy ratios of reflected T, SVS and SVF wave are smallest
for lower values of fractional order parameter when Ps and Pf wave is incident. Fractional
order strain parameters decrease the energy ratios when T wave is encountered. Energy
ratio of reflected Ps wave increase with fractional order strain in case of incident SVS
wave, whereas energy ratio of reflected T wave decrease when SVF wave is incident. When
longitudinal waves are incident —  @¢J behaves like a critical angle. Swelling porosity
decrease the magnitude of energy ratios of Ps and T wave for all values of fractional order
parameter except for SVS wave. In WSP medium energy ratio of reflected Ps and T wave
dominates the values obtained for SP medium on contrary to that energy ratios of
reflected SVS wave are higher in SP medium. Increase in fractional order results in
dominance of WSP over SP medium. The numerical result depict that the sum of modules
values of energy ratio is approximately unity at each angle of incidence. This shows that
there is no dissipation of energy during reflection phenomena and hence prove the law
of conservation of energy.

Application

The results proffered in this work will prove to be helpful for researchers working with
material science and physicists as well as those working on the expansion of a swelling
porous thermoelasticity theories. The nonlocal and fractional order strain theory of
thermoelasticity has dignified applications or usages in fracture mechanics, nuclear
reactors and nano-mechanics. Moreover, the nonlocal swelling porous thermoelastic
under fractional order strain is more realistic than the swelling porous thermoelasticity.
Wave propagation is a powerful technique to detect minerals and fluid inside the earth.
The problem explored in a stipulated model engages in a significant role in various
engineering fields for example civil engineering, petroleum engineering and nuclear
waste management.
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ABSTRACT

The propagation of Rayleigh surface waves in an isotropic thermoelastic solid half-space is the focus of the
current study, which takes into account the compact form of six distinct thermoelasticity theories. An
isothermal boundary surface in the absence of tangential and normal stress is used to solve the problem.
A dispersion equation with irrational terms is obtained after creating a mathematical model. This equation
needs to be transformed into a rational polynomial equation in order to use the algebraic method to find
exact complex roots. The roots are filters for in-homogenous wave propagation that decays with depth.
Then these roots are used to compute the numerically characteristic properties of the Rayleigh wave, which
include phase velocity, attenuation coefficient, and polarisation of particles. The results are presented
graphically for particular cases of thermoelasticity by using the physical data of copper metal.
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Introduction

Both natural and artificial materials are rated according to how they react to wave
propagation parameters including wave polarization (particle oscillations) and travel time
spans (or phase velocities). Among other things, specific heat, thermal expansion, and
thermal conductivity all have an impact on these quantifiable values. The relationship
between an elastic material temperature and the distribution of strain and stress, as well
as the reciprocal impact of induced deformation on temperature distribution, are all
examined by thermoelasticity theory. Applications for wave propagation phenomena are
widely used in seismology, oil exploration, mineral and geophysical exploration.
Thermoelasticity plane wave propagation has numerous applications in diverse
engineering domains. When researching many facets of an earthquake, the surface waves
are a great resource.

Biot [1] established the coupled theory of thermoelasticity using hyperbolic-
parabolic field equations. Lord and Shulman (L-S) [2] and Green and Lindsay(G-L) [3]
extended the coupled theory and called as generalised thermoelasticity. Green and
Naghdi (G-N) [4] created a thermoelasticity theory lacking of energy dissipation. These
theories [23-4] admit a finite heat-propagation speed, then the difference from coupled
theory is created. Hetnarski and Ignaczak [5] and Ignaczak and Ostoja-Starzewski [6]
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examined these illustrative generalised thermoelasticity theories. Tzou [7] worked on the
two-phase- lag model. Roy-Choudhuri [8] studied the three-phase lag model. Numerous
scholars have looked into wave propagation problems associated with coupled or
generalised thermoelasticity [93-15].

The surface waves that travel along an elastic solid medium's free surface were
examined by Rayleigh [16]. These Rayleigh waves are employed to observe the
mechanical and structural characteristics of any material since they may travel over the
surface, penetrate thick solid materials to a depth of one wavelength, and exhibit
extremely sensitive behaviour to surface flaws. In thermoelasticity, the Rayleigh-type
surface waves are thought to be useful in a variety of engineering domains and emerging
technologies. There have been numerous reported uses of the Rayleigh wave in
thermoelasticity theory up to this point. Some of them are as follows: Sinha and
Sinha [17] examined the impact of modulating the Rayleigh wave velocity on altering the
temperature environment. Sharma [18] investigated the characteristics of Rayleigh waves
by employing the functional iteration approach to solve a difficult transcendental
problem. Tomita and Shindo [19] analysed how Rayleigh waves propagate in a fully
conducting elastic half-space in response to magnetic fields. Chadwick and Windle [20]
examined the consequences of Rayleigh wave propagation along insulated and
isothermal boundaries.

Dawn and Chakraborty [21] studied about the Green and Lindsay hypothesis in
relation to the Rayleigh wave investigation in thermoelastic media. Chadwick and
Windle [20] presented the work on the properties of the Rayleigh wave by considering two
different boundary conditions. Ahmed [22] examined how temperature stress affected
Rayleigh wave propagation in a granular media. Sharma et al. [23] analysed how thermal
relaxation and rotation affected the Rayleigh surface waves in piezothermoelastic half-
space. Abd-alla [24] studied the surface wave in a generalised thermoelastic medium in the
relaxation of the thermal time effect. Mahmoud [25] investigated the effect of magnetic
field, rotation, relaxation times, gravity field, and initial stress on Rayleigh wave velocity in
the space of a granular medium. Noguchi et al. [26] examined the use of Rayleigh waves
by taking into account how long-period ground motion is affected by earthquakes.
Bucur et al. [27] examined the ways in which thermal fields in a linear thermoelastic
material with voids can dampen Rayleigh waves and harmonic waves. Zhao et al. [28]
An analytical approach to the seismic response of composite-lined tunnels under
Rayleigh waves in elastic ground. Xinxin et al. [29] studied seismic Rayleigh wave
imaging for oil exploration using genetic-damped least squares joint inversion and multi-
channel surface wave analysis. Singh and Verma [30] examined many theories of
thermoelasticity to study the Rayleigh wave's propagation in thermoelastic solid half-
space. Kumar et al. [31] examined the L-S theory under the influence of the initial stress,
magnetic field, two temperatures, and diffusion in order to study the fundamental
equation of thermoelasticity. Kumar and Gupta [32] examined Rayleigh waves in a mass-
diffusing, generalised thermoelastic media. Kumar et al. [33] examined the microrotation,
tangential component of displacement, and normal boundary conditions for the shear,
normal, and shear couple tractions at the surfaces, respectively.

Haque and Biswas [34] investigated the wave propagation using an algebraic
differential equations Eigen value. Determine the attenuation coefficient and phase
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velocity, then compare the graphs for void and non-void space. Saeed et al. [35] examined
the propagation of Rayleigh waves in a temperature-dependent semi-conductor
thermoelastic material. Singh and Kashyap [36] the propagation of micro polar
thermoelastic material with time delay under memory-dependent derivatives has been
investigated.

The current paper is structured as follows: in the "Basic equations" section, we
address the compact version of the heat conduction equation of the six theories of
thermoelasticity after first providing the basic equations employed in the study. The
problem is formulated in the "Formulation of problem" section by utilising the
displacement vector in the form of a potential function. Using potential functions,
determine the longitudinal and transversal wave velocities in the "Solution of problem”
section. In the "Boundary surface conditions" section, the secular dispersion equation is
created using boundary conditions in order to discover complex filtered roots, which are
used to determine the phase velocity, attenuation coefficient, and particle path, among
other characteristics of the Rayleigh wave. In the "Path of particle” section, the phase
velocity, attenuation coefficient, and path of six peculiar examples are presented
graphically.

Basic equations

A compact form of the equations for thermoelasticity theories in the absence of external
heat sources is as follows, in accordance with Kumar and Gupta [37].

The temperature-stress-strain relationship:,, ¢<Q  _Q 1 11T p tT—M (4

)
Relation between strain and displacement: Q Q ToMma TOoTMo Tg (2
The equations of motion: _ © 0 ; 6y T p t—=7% ot (3)
Modified Fourierg law: ON&* 6 — o — g (4)
Energy equation: ™'Y Y N;$ (5)

Entropy-strain-temperature relation:
O 4 — t— 60— 00— %Y YT a— &t — 60— 0— 0 Y 'Y (6)
The heat conduction equation:
oV&* 0 — 00— "6 a— t— o— o0—

AP R S I S (7)

Yi o ﬁ at ,IT 0 .IT 0 .IT 0 ¢

In Egs. (1)3+(7), constants and parameters are used as following: _, “ are the lameg

constants, ” is a mass density, 0 a the specific heat at the constant strain, Q are an
dilatation, fj are the heat flux components, 6 are the displacement components, ,, are
the stress tensor components, Y is an entropy per unit mass, U is the thermal
conductivity, 'Y is an increment in temperature, Y — 'Y, where Y is a reference
temperature and — is an absolute temperature with condition satisfied as SYI'Y § o}
X o_ ¢ | | isthe coefficient of thermal linear expansion, T h t 1t 0 t 1 t are
relaxation times in thermal with condition t+ t 1 phase lags of heat flux,
temperature gradient and thermal displacement gradient respectively, where

r z'

Ahahahohoh oh of i1 hare parameters.
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Rayleigh surface wave propagation through an isotropic medium with
thermoelasticity. The following values of the parameters in Eqgs. (3) and (7) are used to
study the various theories:

1. Coupled theory (C-T) condition of thermoelasticity is obtained when:

& m ph&a o o6 o o t ot T (8)
2. The thermoelasticity theory known as Lord-Shulman (L-S) is derived when:

A a a pho 0 0 o ot 9)
3. In thermoelasticity, the Green- Lindsay (G-L) theory is derived when:

a a pha o 0 0 o0 T (10)
4. The thermoelasticity theory known as Green-Nagdhi (Type-IIl) or G-N is derived from:
& mm t 60 pim o o6 o t (11)
put in (7) results into equation:

O & — 70Y TYQ 8 (12)

Here &” is a constant having a dimension 1/sec,’Y 7 ,and &°0 0 “isa
constant characteristic of the theory. Equation (12) become:
O  Of; 76°Y 17YQ i (13)
Subcase: when U0  min Eq. (13), Green- Nagdhi (Type-Il) theory is obtained.
5. The thermoelasticity two-phase-lag theory is derived when:

a pim & pit 0 o0 mo  tho =it ti (14)
6. The thermoelasticity three-phase-lag theory is derived when:
a f pim t mo tho p &a*ftho  tho — (15)

Formulation of problem

To solve the problem related to two-dimensional space, consider the displacement
vector 6 O it in medium. The dimensionless quantities listed below are defined
as:

(A

1 0] 0 . T ..

"YNj "—Th (,Ol\ﬂjéNJ — h n - h 1 phOh
0 0 Tw
NENC a7 o™ 7 Toh tNAMANT it it 7 A (16)

The displacement components in form of potential function % i % I % can be
written as:

6 — —io — —i1 pic 17)

In Egs. (3) and (7) with the help of (16), after suppressing the primes, apply the
Eq. (17) we obtain:

— e p t— T (18)
- —— 1 (19)
& 0— 0 — Y (20)

o — f— 00— d—Y — a— At — 0— o — f



Study of different theories of thermoelasticity under the Rayleigh wave propagation along an isothermal boundary 26

Solution of problem

We assume, for propagation of harmonic wave in consider plane as:

v v vy v v

%l % h Y ohaho %ol% Y Q 8 (21)

Substitute Eq. (21) in Egs. (18) and (20) and then simplified, we get:
® ® O =€ T (22)
whered YO Y] YooYYihe o o1 YRy p o 3thY & 01 01 f
Y &1t 61 01 hY ,,T L tar o1 o1

6 6

General solution % can be written as:
% % % b (23)
where the potential =81 =& are solutions of equation given by:

— e 1 0 phog (24)

where & i @ I are the velocities of longitudinal waves (Dand Yo wave), are the roots of

equation:

Yo Y1 o Y] T8 (25)
Equation (19) can be solved for the transverse wave velocity @ | using Eq. (21).

The result is provided by:

_ e i (26)
By using Egs. (7), (21), (23) and (24) we obtain:
Y B plg e (27)
where¢ —0 0 pic

The displacement potentials = | = | = for the propagation of harmonic wave with
exponential decay in a plane is given as:

- 00 T i pichoag (28)

where apparent phase velocity used as o, 1j — phg — ph A —  pt

Boundary surface conditions

For the isothermal and stress-free surface ® 1
(a) vanish normal and tangential stress component:

. T (29)
, T (30)
(b) isothermal boundary surface:

Yoo (31)

Equation (28) is used in Egs. (29)3+(31) with the aid of Egs. (1), (2), (17), and (27) to
get the following system of three homogeneous equations:
B o 6 (32)
where 1 c— 1 —hd chh o Ehd T c— 1 —i
O ciha &hd ¢—Ila B pho TH

The homogeneous system of equations has a non-trivial solution when the
determinant of the coefficients of the equations in Eq. (32) disappears:
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¢ 0 ¢ 0 -q 0 TR -non, (33)
where— —h 0 —i —h 0 phcl

Since some of the terms in Eq. (32) are irrational, an algebraic approach cannot be

used to solve it. This equation can be solved by eliminating radicals using two squares

and manipulation, when applied to the given equation, yields an algebraic equation of

degree seven that may be written as:

B 40 T (34)
whered pmgri—-Q — ho OO ¢ O 0o queQ -0 10
PPTCT— - G- ho  Ybh o0 Thd Yhe peuecmd o Q ¢ 0

PTICT— C- - 1 O w oo ahd pe We 0 Q ¢ T-0 prgT— - h
O 66 - b p 40 M - —-h 0O h Th- - -
- - -h - = k1 phc

Seven complex roots are obtained from an algebraic Eq. (34) some of which are
added after radicals are eliminated from Eg. (33). When the initial dispersion equation is
not satisfied, these roots are recognised and distinguished in Eg. (33). The remaining roots
that satisfy Eq. (33) are taken into consideration for the wave field decay as the increases
of ® in the medium. These roots of the Rayleigh wave Eqgs. (33) and (34) describing the
existence and propagation in the isothermal plane boundary of a thermoelastic material
are satisfied. The coefficient @ depend upon] therefore, the phase velocity & calculated
from a root of Eq. (34) is also a function of] . This implies the dispersive behaviour of
Rayleigh wave on isothermal surface in thermoelastic medium. The complex value of @
shows that waves are attenuated and positive imaginary part of vertical slowness

AT0 01 ph ¢f oindicates decay of wave with depth inregion® Tt
Following [38], the phase velocity @ and attenuation coefficient O can be

calculated as:
s

W = (35)
0 L (36)
Path of surface particles:
- 06 A 1 phchog, (37)
where dT6h 1 phchoare solution of Eq. (30) and © 1 To is the complex
number, A pi A 4 A ¢-n ATH pt
By using Eqg. (37) in Egs. (17) and (23), we get:
610 Y sQ isco sQ 0 , (38)
Y -AQ AQ ARQ e
! o S - 06 0 , (39)
& AR 0 AnQ AQ
where 1 p -0Tfd AL 0 picho Ris used for real part and | is used for

imaginary part of complex quantity, U is wave number.
By using Egs. (37) and (27), we get:
YsY s Q b (40)
Y & &AQ ¢ AQ b (41)
On the boundary surface @ T EQ. (38) by considering the real part we get:
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T sY' swil‘ co"l‘ff Y' Q‘ | (42)
W  Swstle oW Q
where U ® 1 0parameter varies in T8¢““ to show the path traced. By using Eqg. (28)

in parametric form traces elliptical path.

Special Cases

Case 1: In order to derive the secular equation for the thermoelasticity coupled theory.
Substitute&®* & ph&x 6 o o0 o6 t t rintoEq. (25)

For m — 1t Rayleigh wave propagation in an elastic medium is represented by
Eqg. (33) when reduced to equation ¢ Q 1 1N . In line with Ewing et al. [39].
Case 2: In order to derive the secular equation for the thermoelasticity L-S theory with one
relaxation of times. Substitute & & & pldo 6 o0 o t  mhintoEq. (25).
Case 3: In order to derive the secular equation for the thermoelasticity G-L theory with two
relaxations of times. Substitute &> & pi&x 6 o6 0 0  Tmhinto Eq. (25).
Case 4. In order to derive the secular equation for the thermoelasticity G-N (Type-Ill)
theory. Substitute&® ™ & t o0 pla o o0 o t  mintoEq. (25)
Case 5: In order to derive the secular equation for the thermoelast|C|ty two-phase -lag theory.
Putax® phd & pit 6 o mo tho t Tt T hintoEq. (25).
Case 6: In order to derive the secular equation for the thermoelasticity three-phase -lag theory.
Putax t pia  t mo  the p &*the  t o T T¢hintoEq. (25).

Numerical results and Discussion
Findings of phase velocity, attenuation coefficients

Phase velocity and attenuation coefficient for various theories of thermoelasticity are
compared using MATLAB software, adopting frequencies ranging from 0.1 to 59.1 Hz.
Now we find numerical results for copper materlal [38] the required data is given by:
O 7l § _  xxie "OAl - gqjcp " 0A pixp prt +
6 oyo*+C T+ 7 YugmECTT § Y oplp +

The relaxation time is given by: T Tmip Oit T T T Ot oL O
T 1t O & Tdoyxprt OAA

Tables 1 and 2 display the program's output for comparing various thermoelasticity
theories with respect to frequency. The phase velocity and attenuation coefficient change
with respect to frequency for various thermoelasticity theories are depicted in Fig. 1. The
following thermoelasticity theories are represented in Fig. 1: coupled theory (C3T), Lord
- Shulman theory (L-S), green - Lindsay theory (G-L), green - Naghdi theory (G-N), two-
phase- lag theory (DPL), and three-phase-lag theory (TPL). Solid blue line, red dashed
line, green dash line with asterisk, red dash line with circle, dark green only asterisk, and
sky blue with plus sign, respectively. The phase velocity of the G-L theory increases
smoothly in the range T uip, then starts decreasing with an increase in frequency
and becomes stationary for vuip. The phase velocity of the three-phase-lag theory
increases smoothly in the range 11 ] Xp, then starts decreasing with an increase in
frequency and becomes stationary for vuip.



29 V. Gupta, M. Kumar, Sh. Goel

Table 1. Phase velocity (V) value with respect to frequency in the context of various thermoelasticity theories

Frequency © C-T (V) L-S(V) G-L(V) G-N (V) DPL (V) TPL (V)
0.1 0.4582 0.4581 0.457 0.4295 0.458 0.4295
11 0.4197 0.4216 0.4334 0.4257 0.4258 0.4249
2.1 0.4345 0.4374 0.4993 0.4793 0.4524 0.4955
3.1 0.4469 0.4506 0.4938 0.4776 0.4867 0.5028
41 0.4559 0.4603 0.4996 0.4816 0.4929 0.5098
5.1 0.4624 0.4675 0.5006 0.4848 0.4983 0.5154
6.1 0.4672 0.4729 0.4246 0.4873 0.5027 0.5205
7.1 0.471 04771 0.368 0.4894 0.5066 0.5252
8.1 0.474 0.4805 0.3244 0.4912 0.5101 0.4763
9.1 0.4764 0.4832 0.2899 0.4927 0.5133 0.4622
10.1 0.4784 0.4855 0.262 0.4941 0.5165 0.4427
111 0.48 0.4875 0.2389 0.4953 0.5195 0.4168
121 0.4814 0.4892 0.2195 0.4964 0.5225 0.3849
131 0.4826 0.4906 0.203 0.4975 0.5255 0.3495
141 0.4837 0.492 0.1887 0.4986 0.5285 0.3136
151 0.4846 0.4932 0.1764 0.4996 0.5314 0.2795
16.1 0.4854 0.4942 0.1655 0.5006 0.5343 0.2489
171 0.4861 0.4952 0.1559 0.5015 0.5372 0.2221
181 0.4868 0.4961 0.1474 0.5025 0.5401 0.1989
19.1 0.4874 0.497 0.1397 0.7187 0.5429 0.179
20.1 0.4879 0.4978 0.1328 0.6973 0.5458 0.1618
211 0.4884 0.4985 0.1265 0.6774 0.5485 0.1469
221 0.4888 0.4992 0.1208 0.6591 0.5513 0.134
231 0.4892 0.4999 0.1156 0.642 0.554 0.1226
241 0.4895 0.5006 0.1108 0.626 0.5567 0.1127
25.1 0.4899 0.5012 0.1064 0.611 0.5594 0.1039
26.1 0.4902 05018 0.1024 0.597 0.562 0.0961
271 0.4905 0.5023 0.0986 0.5838 0.7117 0.0891
28.1 0.4907 0.5029 0.0951 0.5713 0.6566 0.0829
29.1 0.491 0.5034 0.0918 0.5595 0.6128 0.0773
30.1 0.4912 0.504 0.0888 0.5484 0.5768 0.0722
311 0.4914 0.5045 0.086 0.5378 0.5462 0.0676
321 0.4916 0.505 0.0833 0.5278 0.5192 0.0635
331 0.4918 0.5054 0.0808 0.5182 0.4951 0.0597
34.1 0.492 0.5059 0.0784 0.5091 0.4732 0.0563
35.1 0.4922 0.5064 0.0762 0.5004 0.4531 0.0531
36.1 0.4923 0.5069 0.0741 0.4921 0.4345 0.0502
371 0.4925 0.5073 0.0721 0.4841 0.4172 0.0475
38.1 0.4926 0.5078 0.0702 0.4765 0.4011 0.0451
39.1 1.1044 0.5082 0.0684 0.4692 0.386 0.0428
40.1 1.0913 0.5086 0.0667 0.4621 0.3719 0.0407
411 1.0788 0.5091 0.0651 0.4554 0.3586 0.0387
421 1.0666 0.5095 0.0635 0.4489 0.346 0.0369
431 1.0548 0.5099 0.062 0.4427 0.3342 0.0352
441 1.0434 05103 0.0606 0.4366 0.323 0.0336
45.1 1.0324 05107 0.0593 0.4308 0.3124 0.0321
46.1 1.0217 05112 0.058 0.4252 0.3024 0.0308
471 1.0113 05116 0.0568 0.4198 0.2929 0.0295
48.1 1.0012 0512 0.0556 0.4146 0.2838 0.0283
49.1 0.9915 05124 0.0545 0.4095 0.2752 0.0271
50.1 0.9819 05128 0.0534 0.4046 0.267 0.026
51.1 0.9727 05132 0.0523 0.3998 0.2592 0.025
52.1 0.9637 0.5136 0.0513 0.3952 0.2518 0.0241
53.1 0.955 0514 0.0504 0.3908 0.2447 0.0232
54.1 0.9465 05144 0.0494 0.3864 0.238 0.0223
55.1 0.9382 05148 0.0485 0.3822 0.2315 0.0215
56.1 0.9301 05152 0.0477 0.3781 0.2253 0.0208
57.1 0.9222 05156 0.0468 0.3742 0.2194 0.02
58.1 0.9145 0516 0.046 0.3703 0.2137 0.0194
59.1 0.907 05164 0.0453 0.3665 0.2083 0.0187
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Table 2. The value of the attenuation coefficient with respect to frequency compared to various
thermoelasticity theories

Frequency © F cn [F s | @GL [ N || (P | (TPL)
0.1 -0.1429 -0.1417 -0.1407 -0.0156 -0.1405 -0.0149
1.1 -0.0539 -0.0517 0.1649 0.0255 -0.0231 0.0645
2.1 -0.0381 -0.039 0.0145 0.0212 0.0281 -0.0588
3.1 -0.0395 -0.0433 5.0642 -0.0341 -0.0484 -0.0872
4.1 -0.0421 -0.0494 8.0095 -0.0483 -0.0881 -0.1053
51 -0.0439 -0.055 11.1732 -0.0545 -0.1108 -0.114
6.1 -0.0449 -0.0597 17.5495 -0.0578 -0.1263 -0.115
7.1 -0.0453 -0.0636 13.8256 -0.0599 -0.1377 -0.1103
8.1 -0.0453 -0.0668 15.7837 -0.0612 -0.1464 0.2941
9.1 -0.045 -0.0695 10.5055 -0.0623 -0.1531 0.3214
10.1 -0.0446 -0.0717 9.6341 -0.0632 -0.1583 0.3488
111 -0.0441 -0.0736 9.0037 -0.064 -0.1623 0.3678
12.1 -0.0435 -0.0752 8.5273 -0.0648 -0.1653 0.3691
13.1 -0.0429 -0.0766 8.155 -0.0656 -0.1675 0.3502
141 -0.0423 -0.0779 7.8562 -0.0663 -0.1689 0.3187
151 -0.0418 -0.0791 7.6113 -0.0671 -0.1696 0.2848
16.1 -0.0412 -0.0802 7.407 -0.0678 -0.1698 0.2546
17.1 -0.0406 -0.0812 7.234 -0.0685 -0.1694 0.2298
18.1 -0.0401 -0.0822 7.0858 -0.0692 -0.1685 0.2099
19.1 -0.0396 -0.0832 6.9573 -2.4806 -0.1671 0.1937
20.1 -0.0391 -0.0841 6.8449 -2.47 -0.1654 0.1803
21.1 -0.0387 -0.085 6.7457 -2.4602 -0.1633 0.1691
221 -0.0382 -0.0858 6.6576 -2.451 -0.1609 0.1595
23.1 -0.0378 -0.0867 6.5788 -2.4423 -0.1582 0.1511
24.1 -0.0374 -0.0875 6.508 -2.4341 -0.1553 0.1438
25.1 -0.0371 -0.0883 6.4439 -2.4263 -11.522 0.1372
26.1 -0.0367 -0.0892 6.3857 -2.4188 -72.149 0.1313
27.1 -0.0364 -0.09 6.3326 -24116 -258.48 0.126
28.1 -0.0361 -0.0908 6.2839 -2.4046 --205.6 0.1211
29.1 -0.0357 -0.0916 6.2392 -2.3979 -207.43 0.1166
30.1 -0.0355 -0.0924 6.1979 -2.3914 -195.45 0.1125
311 -0.0352 -0.0932 6.1597 -2.3851 -292.40 0.1087
32.1 -0.0349 -0.094 6.1243 -2.3789 -259.12 0.1051
33.1 -0.0347 -0.0948 6.0913 -2.3729 -84.051 0.1018
34.1 -0.0344 -0.0956 6.0606 -2.3671 -55.813 0.0987
35.1 -0.0342 -0.0964 6.0318 -2.3614 -20.767 0.0958
36.1 -0.034 -0.0972 6.0048 -2.3558 -27.437 0.0931
37.1 -0.0338 -0.098 5.9795 -2.3503 -25.124 0.0905
38.1 -0.0336 -0.0988 5.9557 -2.3449 -23.459 0.0881
39.1 -0.7987 -0.0995 5.9333 -2.3396 -22.232 0.0858
40.1 -0.7979 -0.1003 59121 -2.3344 -21.312 0.0836
411 -0.7971 -0.1011 5.8921 -2.3293 -20.617 0.0815
421 -0.7963 -0.1019 5.8732 -2.3243 -20.091 0.0796
43.1 -0.7956 -0.1027 5.8552 -2.3194 -19.694 0.0777
441 -0.7949 -0.1035 5.8381 -2.3146 -19.400 0.0759
451 -0.7943 -0.1043 5.8219 -2.3098 -19.187 0.0742
46.1 -0.7937 -0.105 5.8064 -2.3051 -19.040 0.0726
47.1 -0.7931 -0.1058 5.7917 -2.3005 -18.94 0.071
48.1 -0.7926 -0.1066 57777 -2.2959 -18.901 0.0695
49.1 -0.7921 -0.1074 5.7642 -2.2914 -18.892 0.0681
50.1 -0.7916 -0.1081 5.7514 -2.287 -18.915 0.0667
511 -0.7911 -0.1089 5.7391 -2.2826 -18.967 0.0654
521 -0.7907 -0.1097 5.7274 -2.2784 -19.042 0.0642
531 -0.7903 -0.1104 5.7161 -2.2741 -19.138 0.0629
541 -0.7899 -0.1112 5.7052 -2.2699 -19.253 0.0618
55.1 -0.7895 -0.112 5.6948 -2.2658 -19.383 0.0606
56.1 -0.7891 -0.1127 5.6848 -2.2617 -19.528 0.0595
57.1 -0.7888 -0.1135 5.6752 -2.2577 -19.685 0.0585
58.1 -0.7884 -0.1142 5.666 -2.2538 -19.853 0.0575
59.1 -0.7881 -0.115 5.657 -2.2499 -20.031 0.0565
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Fig. 1. Variation of phase velocities @ (m/s) and attenuations (0 ) with frequency] (Hz) for different
theories of thermoelasticity

From Fig. 1(a), the two-phase-lag theory, which increases smoothly and attains
maximum value at] CXx8p, and after that phase, velocity starts deceasing and attains
minimum value at] vudp. For the G-N theory, the value of @ increases smoothly in the
range 1 puipand attains a sharp edge at] pulp. After this, it starts deceasing,
constantly attaining the minimum value of phase velocity but higher than the two-phase-
lag model velocity.

The L-S theory, depicts almost constant behaviour because there is very little change
in phase velocity with an increase in values of frequency in the range T 1 QTL
The couple theory of thermoelasticity shows constant behaviour with very little
difference in the value of phase velocity for frequency in the range 11 oysp. After
it, the constant increase in value @ in the range oyfp TYp then decreases. Overall,
phase velocity near 0.4 is attained by all theories of thermoelasticity ] T8p, with the
maximum value & attained by coupled theory and the minimum value @ attained by
three-phase-lag theory] orip. The values of @ are very close to each other for the
coupled L-S, G-N, and two-phase lag theories of thermoelasticity.

It depicts that in Fig. 1(b), the value of attenuation is near zero and attains negative
values in the coupled and L-S theories. In the case of the three-phase lag theory, the
value of attenuation attains a positive value near zero. In the case of the G-L theory, the
value O increases in the range T8p Ufp and then starts to decrease with an
increase in the value of frequency. In the case of the G-N theory, the value of attenuation
decreases as the value of frequency increases.

Two-phase-lag theory attains a minimum value of O  at] opip. This is the
lowest value attained in comparison to other theories. In this case, a large fluctuation is
observed. The maximum value of attenuation is attained] Ubp by the G-L theory of
thermoelasticity. Two-phase theory attains a minimum value of attenuation coefficient
with respect to other theories. The majority of values attained by all the theories are near
to zero, either positive or negative, within the range T6p ] vuip.
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Fig. 2. Particle motion variation Yico withdepth O @  m pui tu for couple theory of thermoelasticity
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T pul L for two-phase -lag theory of thermoelasticity
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Path of particle

All the special cases discussed in the form of different theories of thermoelasticity are
presented graphically by using the output of MATLAB software in Figs. 23-7. The
polarisation of particle motion in two-dimensional space is represented by "Yico .

Physical data of copper material used with frequency ¢*“ and parameter  varies
in Ti¢ ““¢ Different depths vary as follows: O @ T8 puh Tu. The coefficient of thermal
linear expansion varies as follows: | pixTt prt h pixp pTt I pixo pmt +
For one fixed value of depth, we present three figures for three different Coefficient of
thermal linear expansion in such a way 9 figures obtained for three different depths in
Figs. 237. Computed for coupled theory, L-S theory, G-L theory, G-N theory, two-phase-
lag model, and three-phase-lag model of thermoelasticity.

In Fig. 2, it is observed that in the coupled theory of thermoelasticity, the motion of
particles for the polarisation of the Rayleigh wave traces an elliptic path and tilt between
the axes. Firstly, it shrinks and then expands into an elliptic shape with an increase in
depth. In Fig. 3, it is depicted that in the case of the L-S theory of thermoelasticity, the
motion of particles attains almost the same shape and size for two different values of
depth and finally expands as they go deeper. As coupled theory is extended by L-S and
G-L to generalise the theory of thermoelasticity, there is very little difference between
these theories theoretically and numerically for the considered depth and coefficient of
thermal linear expansion.

From Fig. 4, it is depicted that, using the G-L theory, the path of particle motion is
tilted with an elliptic shape and becomes broad as we go deeper into the medium. In
Fig. 5, elliptic path is covered by the particle during process of polarisation with tilt in
opposite direction at depth0 @ mand L @  TUL.

In Fig. 6, the effect of the two-phase-lag theory at the depth U @  Ttof the elliptic
path is obtained between the axes. But as you go deeper, the shape obtained is opposite
to the earlier and broad, then finally shrinks at the depth O @  TU. In Fig. 7, it is
observed that in the case of the three-phase-lag theory, the path of the particle is tilted
between the axes. As they start going deep, the path of the particle remains the same but
opposite in direction, and at the last motion, the particle is such that they obtain a broad
elliptic shape.

Conclusion

The present work examines the coupled, L-S, G-L, G-N, two-phase-lag, and three-phase-
lag theories of thermoelasticity under Rayleigh wave propagation in an isotropic
homogenous medium using the compact form of the heat conduction equation. The
dispersion equation for isothermal surfaces has irrational terms in it. We rationalise this
equation to get a polynomial equation. Roots that meet both equations are filtered by
examining the decay qualities of those roots in depth. The dispersive nature and
inhomogeneous nature of Rayleigh waves are verified. Comparing different theories is
important while researching the Rayleigh wave's distinctive characteristics.
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The isothermal surface increases the speed of the Ryleigh wave. To compare various
thermoelasticity theories, the phase velocity, attenuation coefficients, and particle
motion path are computed numerically and graphically shown. It is observed that the
phase velocity attains its maximum value in the case of coupled theory and its minimum
value in the case of the three-phase lag theory. L-S theory shows constant behaviour as
frequency increases. For couples, L-S, G-N, and two-phase-lag theories, the values of
attenuation coefficient are very close, due to which curves are overlapping. The maximum
value is attained by the G-L model, and the minimum value is attained by the two-phase-
lag model. The effect of different theories is significant for the particle motion of the
Rayleigh wave and shows an elliptic path for different depths and the coefficient of
thermal linear expansion. In the G-L theory of thermoelasticity, amplitude increases as
we go deeper into the medium. One of the surface waves that is highly useful for
researching numerous aspects of an earthquake is the Rayleigh wave.
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ABSTRACT

Using the discrete element method coordinates of elementary acoustic emission sources (breaking bonds)
were calculated as a function of time for materials of different degrees of heterogeneity under mechanical
loading. The time dependences of multifractal dimension spectra D(q) for these sources were calculated
using the sandboxy algorithm. The time behavior of spectra width w and box counting fractal dimension
Do was studied. A narrowing of the multifractal dimension spectra was discovered (fractal self-organization
of acoustic emission) before the destruction of materials and its subsequent expansion after the formation
of a main crack. The influence of physical properties of the polycrystalline grain boundaries on the strength
and ductility of materials has been revealed.
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Introduction

The discrete element method (DEM) has recently been widely used to study the nature of
solids fracture [13-11]. Its advantage over traditional continuum methods for calculating
mechanical properties, such as finite element method (FEM) [123-14] is that it naturally
takes into account discontinuities in materials. The material is specified by a set of
particles of various shapes that simulate polycrystalline grains and bonds between these
particles at the points of their contacts (BPM is a bonded particle model) [15]. We used
spherical particles.

The advantage of the DEM method for calculating multifractal characteristics is that
the coordinates of all broken bonds are known with great accuracy, which makes it
possible to calculate spatial fractal characteristics directly based on these coordinates. In
all laboratory acoustic emission (AE) experiments and field observations of seismic
events, only a small part of the acoustic signals is recorded, and the coordinates of the
signal sources are calculated from the spatial location of the sensors receiving these
signals. When using the DEM method, such a procedure is not necessary.

Though there are many papers concerning DEM, we found none devoted to the
analysis of the change in multifractal spectra in the fracture process of materials.
Meanwhile, these investigations seem to be very important since multifractal self-
organization can serve as a precursor of materials destruction in the fracture process
[163-19]. Moreover, there are significant reasons to believe that fractal self-organization
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is @ common feature of disasters of various nature [17323]. The presence of the same
peculiarities in very different systems suggests that these peculiarities are not connected
with the details of the system elements interaction but rather with the character of these
elements collectivization. That is why the present study appears to be actual and
noteworthy. Calculations using the discrete element method were carried out using the
freely available MUSEN software package [24].

Computer simulation

Though the experimental scheme considered in this paper is similar to that described in [25],
the quantities analyzed in the current study and discussed further are quite different from
those in [25]. In that paper we analyzed stresses and acoustical signal distributions, while
the present paper is devoted to the analysis of multifractal features of acoustic emission (AE)
sources. Cylindrical samples with a diameter of 10 mm and a height of 20 mm were modeled.
Cylinders were filled with spherical particles of the same or different sizes and packed until
a porosity of 0.353-0.37 was reached. Particles and bonds between them (grains and grain
boundaries) were assumed to be made of the materials listed in Table 1.

Though the parameters used are characteristic of granites, it should be noted that
"microscopic” values of parameters for the particles and bonds result in different values
for real material parameters. That is why calibration of the "microscopic" parameters is
required to compare the values of the mechanical properties of the modeling materials
with the real ones [15]. As this paper has not had the task to compare numerical values
of the magnitudes for the modeled and real materials (for example, a strength thereof),
such parameter calibration was not carried out.

Table 1. Material properties used in the simulation

# | Material ECHT E, "O0A A “n, —0A *, —0A " 0A)0
1 | Quartz 2650 94 0.29 600 600 5E19
2 | Orthoclase 2560 62 0.29 420 420 1E19
3 | Oligoclase 2560 70 0.29 480 480 1E19
4 | Glass 2500 50 0.22 50 50 1E40
5 | Quartz-orthoclase bonds 2500 58 0.2 200 200 5E19
6 | Quartz-oligoclase bonds 2500 58 0.2 300 300 5E19
7 | Orthoclase-oligoclase bonds 2500 58 0.2 100 100 5E19

Here, ~ is the density of material, E is Young's modulus, A is Poisson's ratio, ™, is normal strength, "¢ is shear
strength, * is dynamic viscosity.

Four types of samples were used: two samples contained particles connected with
orthoclase bonds. Diameters of these bonds in sample 1 were Q mnt mm and in
sample 2Q  mip mm. Grains (particles) in these samples had diameters and composition
shown in Tables 2 (sample 2) and 3 (sample 1). For the sample 1 diameters were normally
distributed with a mean value of 0.08 mm and a standard deviation of 0.025 mm. The
diameter of fraction 4 for orthoclase was increased 10 times in order to increase the
degree of heterogeneity. For the sample 2 diameters are normally distributed, with a
mean value of 0.3 mm and a standard deviation of 0.1 mm obtained by a random number
generator with a normal distribution. Sample 1 and sample 2 have 33670 and 48695
particles, respectively.
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Sample 3 contained particles with diameters and composition shown in Table 3 (the
number of particles is 33670). Particle diameters were the same as for sample 1. In this
sample, bonds of the same material connected particles made from the same material,
while glass bonds 4 from Table 1 connected particles from different materials. Bond
diameters in this sample were d 8 0.1 mm.

Table 2. Particles diameters and composition for each fraction

The relative content of

Particles diameters for each fraction d;, mm .
each fraction

Quartz 0.36 0.188 0.52 0.28 042 0.0595745
Orthoclase 0.27 0.28 04 0.36 0.26 0.0702128
Oligoclase 0.16 0.168 0.288 0.24 04 0.0702128

Table 3. Particles diameters and composition for each fraction

The relative content of

Particles diameters for each fraction d;, mm .
each fraction

Quartz 0.09 0.047 0.132 0.079 0.106 0.0595745
Orthoclase 0.068 0.07 0.096 091 0.064 0.0702128
Oligoclase 0.041 0.042 0.077 0.063 0.098 0.0702128

Sample 4 had the same composition as sample 2. Bonds from the same material
connected particles from the same material, while low-modulus bonds 53-7 (Table 1) with
diameters d © 0.6 mm connected particles from different materials.

For samples 2, 3 and 4, the bond diameters (d) were chosen by the MUSEN program
bond generator to be equal to the smaller diameter of the pair of connected particles 1
and2:Q  TETQhQ [24]

Samples were placed in a virtual press. The lower plate was fixed, and the upper
one moved down with a constant speed v =0.02 m/s until the sample was destroyed.
Thus, uniaxial compression was simulated. Since v =0.02 m/s and the height of the
sample is 0.02 m, the axial strain - 0 )07Q and time are numerically equal.

A large set of different mechanical parameters was recorded during the deformation
of the samples. In the present work, these parameters were the lifetimes of broken bonds
and their space coordinates. Each breaking of the bond is considered in this study to be
an elementary acoustic emission event.

The following algorithm has been used in order to calculate the multifractal
properties of the coordinates of acoustic emission (AE) centers. The entire time series of
these coordinates (AE signals) was divided into successive samples of 4096 events. The
time value was assigned to the time of the last sampling event. For each such sample,
the multifractal dimension spectrum (MDS) was calculated using the "sandbox" algorithm
[263-28]. According to this method, the generalized fractal dimension O is defined as:
o Ir 4
the number of AE signals emitted inside a sphere of radius r centered at the point of the
i-th event, q is the scaling moment. Angle brackets indicate statistical averaging over
randomly selected points. Due to the small size of the sets under study (N = 4096 events),
all points of the set were taken into account in this work.

J—, where d is the spatial size of the multifractal set, O 1 is
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In practice, the scaling exponents _(q) are first determined by linear regression of
€Y € O 1710 , constructed as a function of IT ijQ . After that, the
multifractal dimension spectrum©  t 11 J i p forgsl has been estimated. A uniform
sequence of 21 numbers in the range [-5 3- +5] was used as the set g. We did not calculate
the information dimension O in this work. Only parameters O and 0 0 0O were
used (the box counting fractal dimension and spectrum width).

No special choice for the points near the border of the sample was used. This led to
boundary effects. However, it is well known that these effects violate the linear
dependence of the statistical sum logarithm on the logarithm of scale on large scales.
Therefore, nonlinearity on these scales was simply withdrawn from the regression.

The typical scaling dependence of €Y & O 1710 ,on iT i and the
multifractal dimension spectrum O ftrjJn p are shown in Fig. 1. Nonlinear
regions on small and large scales were omitted during regression.
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Fig. 1. Typical scaling dependence of ITY 1T O 1 T0 onIT 1 and the multifractal spectrum O 1

Main results

Figure 2 shows the loading diagram (the stress-strain curve), as well as the multifractal
parameters O (box counting fractal dimension) and w (the width of the multifractal
dimension spectrum MDS) as functions of time for sample 1 with orthoclase bonds.
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Fig. 2. Loading diagram (a) and time dependences of the fractal dimension (b) and the width of the
multifractal dimension spectrum (c) of sample 1. Strain and time are numerically equal
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Near time point t00.01 s, a source of destruction was formed [24], which
subsequently evolved until the fracture of the entire sample occurred. Before its
formation, both the fractal dimension O and the spectral width w decreased. Vertical
straight lines correspond to the maximum of the loading diagram at the time point
0 0 . There are not enough acoustic signals (bond breaking events) in order to
calculate multifractal parameters in the pre-peak region.

Figure 3 shows similar dependences for an even more homogeneous sample 2, all
bonds of which had the same thickness d = 0.1 mm. Vertical straight lines correspond to
the maximum load on the loading diagram and the moment of failure of the sample when
this load decreases to zero. Acoustic emission characteristics are given starting from the
time point of about t 0 0.014 s, because up to this point, AE is practically absent. Before
destruction, a decrease in the w is again observed. It slightly decreases before t ~ tnaxand
sharply decreases just before the fracture time t: (where the stress acting on the loading
plane of the loading diagram approaches zero). It can be noted that immediately at the
moment of destruction these parameters increase sharply. After this samplejs destruction
fragments hit the loading plates, so the breakdown continues. The multifractal spectrum
parameters in this time range have no physical sense.
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Fig. 3. Loading diagram (a) and time dependences of the fractal dimension (b) and the width of the
multifractal dimension spectrum (c) of sample 2. Strain and time are numerically equal
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Figure 4 depicts the multifractal characteristics of sample 3, containing low-
strength glass bonds (#4 Table 1). One should notice that the loading diagram in this case
becomes nonlinear. In the time interval t 0 0.00273-0.007 s, the slope of this diagram
changes. In this time range, an increase in the number of glass bond breaks is observed.
Thus, the presence of glass bonds in the sample leads to its "quasi-plasticity" 3- the
nonlinear character of the loading diagram caused by the glass bonds breakdown. Rather
chaotic changes in multifractal characteristics O and w occur during this time. When
most of the glass bonds have broken, the slope of the loading diagram increases again
while O increases, and w decreases. During the sample destruction, there is a sharp
downward jump in ‘O and an increase in w.

Figure 5 shows the multifractal parameters of sample 4, in which low-modulus
bonds from Table 1 connected particles of different materials. The loading diagram has
an almost horizontal section (shelf) for quite a long time (the loading speed was chosen
in such a way that the deformation value and the time reference were numerically the
same). During this time, the bonds between particles of the same materials are
predominantly broken. The value of ‘O in this time range is quite high and does not
change significantly. The spectrum width w also changes little and is very small in
magnitude, i.e. the system is practically monofractal. During the destruction, there is a
sharp decrease in O and after it an increase in the spectrum width w.
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Fig. 5. Loading diagram (a) and time dependences of the fractal dimension (b) and the width of the
multifractal dimension spectrum (c) of sample 4

Discussion

It is obvious that homogeneous samples 1 and 2 are destroyed in a brittle manner, as it
follows from Figs. 2 and 3. Moreover, almost from the very beginning of deformation, a
crack is formed in sample 1, which subsequently evolves [29]. Before its formation, the
fractal dimension and spectral width w decrease. Sample 2 elastically deforms before
crack formation, which is reflected in the linear dependence of stress on strain. Before
the formation of the crack, a decrease in the spectrum width w is also observed. However,
after the formation of the main crack, an increase in these parameters is seen in both
samples. Similar dependencies were discovered in the surface profile transformation
while deforming thin metal foils, for example [16,17]. After the formation of a main crack
in these experiments, the widths of the multifractal singularity spectra increased, and it
was hypothesized that this occurred because of stress relaxation caused by the formation
of a main crack. YTre we confirm this hypothesis, since the stress relaxation is directly
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observed in the form of a sharp decrease in stress in the loading diagrams after the crack
formation. The images of cracks discussed here are shown below.

(b) ©
Fig. 6. Paterns of destruction for samples 1 (a), 2 (b), 3 (c) and 4 (d)

In heterogeneous sample 3 the loading diagram is nonlinear in the time range (t.,t2).
In this time range, mainly low-strength glass bonds are broken. The restoration of the
elastic modulusato 0 may be explained by the fact that in this time range, the rate of
destruction of glass bonds significantly decreases while the rate of other bonds type
breakage is not yet very high (Fig. 7(a)). Thus, the cause of stress relaxation in this case
is the breakage of the glass bonds. The width of the multifractal dimension spectrum w
decreases before the sample destruction, whereas the fractal dimension O sharply
decreases only during this destruction.
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Fig. 7. Kinetics of different bonds types: (a) sample 3 with the "glass bonds", (b) sample 4 with low elastic
modulus bonds
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The nonlinearity of the loading diagramato 0 for the sample 4 may be explained
by the fact that in this time range the rate of rupture of high-strength bonds (133 from
Table 1) reaches a maximum. The weaker bonds (53-7) remain mainly intact due to their
deformation ability because of the low elastic modulus (Fig. 7(b)). Thus, in this case, the
rupture of high-modulus strong bonds causes the stress relaxation. The fractal dimension
O experiences a sharp jump, and the spectrum width w sharply increases after the main
crack formationo 0 due to the increased relaxation of mechanical stresses.

Similar loading diagrams and multifractal characteristics were observed in
a laboratory research [30] on the fracture process in Westerly granite samples. Defect
formation was monitored by recording acoustic emission (AE) signals. In these
experiments, the monofractality of the AE centers was held until the moment of sample
destruction, and the correlation fractal dimension  decreased before this
destruction [31]. Loading feedback took place in the laboratory experiments: the loading
system reduced the external load if the acoustic activity exceeded a specified threshold.
Thus, the loading system itself simulates stress relaxation. However, unlike a computer
simulation, this feedback made it possible to significantly extend the time of the fracture
process. Therefore, the time range of | decrease in the laboratory experiment is
significantly larger.

The nonlinearity of the loading diagram before the catastrophic stress decrease in
heterogeneous samples can be explained in the computer simulations under
consideration in two ways. The first one is the "quasi-plastic" deformation, the whose role
of in sample 3 plays the breakage of low-strength glass bonds, and in sample 4 the
breakage of high-modulus strong bonds. Secondly, in sample 3 this nonlinearity can be
caused by intergranular fracture, since here the brittle bonds connecting grains of
different materials are destroyed. While in sample 4 this nonlinearity is associated with
intragranular fracture, since in this time range bonds connecting grains of the same
materials are destroyed. In this case, the formation of a macro crack and the final
destruction of the sample can be explained by intergranular destruction (the destruction
of grain boundaries).

The mechanical strength of sample 4 is significantly higher than that of a similar
sample with glass bonds of the same geometry (700 and 300 MPa), and the fracture
strains are also significantly higher (0.037 and 0.015). Loading diagram for the glass bond
sample is given in [25]. Since these samples have the same particle composition and
differ only in the materials of intergranular bonds, it can be concluded that materials with
the possibility of intergranular deformation have higher ductility compared to materials
with rigid grain boundaries. The mechanical strength of materials is also determined by
the strength of grain boundaries (intergranular bonds connecting particles of different
materials, taking into account their diameter). The higher the strength of these
boundaries, the higher the strength of the material as a whole.

The meaning of the decrease in the fractal dimension before the fracture occurs can
be explained by the localization of the process with the crack formation at the late stage
of the fracture process [31]. Breaking bonds start to form the crack, whose fractal
dimension is close to that of the plane. The macro cracks are usually monofractal; that is
why the width of the multifractal spectra decreases before crack formation.
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Conclusion

Thus, the character of the fracture process changes in time while approaching destruction
from the more complicated (stochastic, multifractal) to a more simple 3- monofractal one.
A decrease in the width of the multifractal dimension spectra before the destruction of
the material indicates the fractal self-organization of the process. We believe that this
self-organization is a result of self-organized criticality like dynamics of the system. The
obtained results could be used in detecting onset of failure of heterogeneous materials.
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ABSTRACT

The influence of free surface on melting and crystallization processes in nickel and copper was studied
using molecular dynamics simulation. It was shown that crystallographic orientation of the surface and,
accordingly, the energy of atoms on the surface affect the melting onset temperature of the simulated
metal cell. The melting onset temperatures from the surface are arranged in the following order of increase
for the considered orientations: (110), (112), (100), (111). When studying the formation of crystalline nuclei
during gradual cooling from the molten state, it was found that most of the nuclei are formed near the
surface. The orientation of the crystal structure in the nuclei near the surface in most cases was such that
the crystalline plane (111) was formed on the surface, which is the most energetically favorable.
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Introduction

The unique properties of metallic nanomaterials are largely due to the high volume
fraction of surfaces and interfaces in them. One of these properties, important from the
point of view of the operation and manufacturing technology of nanomaterials, is the
dependence of the melting point on their effective size: grain size, film thickness,
nanoparticle diameter. The so-called "size-dependent melting point depression
phenomenon" has been most thoroughly studied for metallic nanoparticles. It is currently
known that the melting point of round nanoparticles is inversely proportional to their
diameter, which has been demonstrated both experimentally [1 5] and using molecular
dynamics simulation [6 10], and also explained in theoretical works, in particular [11 16].

As for materials with a nanocrystalline structure, it was shown in [17 22] using
molecular dynamics simulation that melting in them is not a homogeneous process; it
usually begins from free surfaces and grain boundaries. A decrease in the average grain
size in the aforementioned studies (in the range of sizes of about several nanometers) led
to a decrease in the melting temperature of nanocrystalline Ag [18,19] and Al [20,21].
In [10,23], we also observed a decrease in the melting temperature for Ni nanoparticles
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with a nanocrystalline structure compared to single-crystal particles. The crystallographic
parameters of the surface and interfaces should obviously affect the temperature at which
melting begins to initiate on them; however, this issue remains open at present. It can be
assumed that this is affected by the energy of defect formation or, more precisely, the
difference in the potential energy of atoms in the material from the energy in an ideal
crystal, since it is precisely by this value that one should expect a decrease in the heat of
fusion, which, in turn, is proportional to the melting temperature. The most effective
method for studying this issue at present is computer simulation, namely the molecular
dynamics method.

This work is devoted to the study of the influence of the crystallographic orientation
of the free surface on the melting onset temperature of the modeled metal using the
molecular dynamics method. Nickel and copper are considered as metals, which, on the
one hand, have a wide practical application, and, on the other hand, the various properties
of which are well reproduced in molecular dynamics models. In addition, this work studies
the influence of the free surface on the crystallization process during gradual cooling
from the molten state. In [10,24], when studying the crystallization of nickel and copper
nanoparticles, we noted that the surface affects the probability of formation of crystalline
nuclei: crystalline nuclei more often appeared near the surface, and as the temperature
decreased in [10], an increase in the probability of formation of nuclei near the surface
was noted. Obviously, in this case, there is an effect of two competing factors. On the one
hand, atoms near the surface are more mobile than in the volume, and structural
rearrangements, including the formation of crystalline nuclei, occur comparatively faster.
However, on the other hand, the atoms on the surface are in shallower potential wells,
and they are less stable and leave these wells more easily due to thermal vibrations,
which, on the contrary, reduces the probability of forming a stable crystalline nucleus.
We previously observed the effect of the surface on the formation of crystalline nuclei
in [10,24] using the example of round metal nanoparticles. In this work, in addition to
melting, we focused on studying the influence of a flat surface on the crystallization
process in nickel and copper.

Description of the model

To describe interatomic interactions in nickel in the molecular dynamics model, the EAM
potential from [25] was used, and in copper from [26]. These manybody EAM potentials
were obtained based on comparison with experimental data and ab initio calculations for
various properties of the metals under consideration. They reproduce well a wide range
of their mechanical and structural-energetic properties [25 29], and have proven
themselves well in various molecular dynamics studies, including the processes of
melting, crystallization and self-diffusion in the melt [10,23,24,27,30].

The study was carried out using the software package for molecular dynamics
calculations MDR [31]. The computational cells had the shape of a parallelepiped with the
dimensions of approximately 28.2 x 11.3 x 18.3 nm? for nickel and 29.1 x 11.7 x 19.1 nm?
for copper and contained about 380,000 atoms (Fig. 1). The boundary conditions along
one axis were free (a free surface was modeled the right and left edges of the
computational cell in Fig. 1), and there were periodic conditions along the other two axes.
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Four crystallographic surface orientations were considered: (100), (110), (111), and (112).
Apart from the surface, the simulated fcc crystals of nickel and copper did not contain
any defects. The NPT canonical ensemble in combination with the Nosé-Hoover
thermostat was used in the model [30,32]. The time integration step in the molecular
dynamics method was equal to 2 fs.

Periodic boundary Periodic boundary

Periodic boundary Periodic boundary

(@) (b)

Fig. 1. Melting of the nickel computational cell from the (110) surface: (a) temperature 1770 K, time 30 ps;
(b) temperature 1770 K, time 170 ps. Blue atoms represent the FCC crystal, while gray atoms represent
the amorphous phase

Figure 1 shows an example of the movement of the melting front from the (110)
surface in nickel using a crystalline phase visualizer based on the CNA (Common Neighbor
Analysis) method [33], which clearly illustrates that melting starts from the surface. For
different surface orientations, the destruction of the crystal structure on the surface and
the beginning of the melting front movement occurred at different temperature values.
To determine the melting temperature of the computational cell, the gradual heating
method was used with the plotting of the average potential energy of the atom as a
function of temperature, which is often used in similar problems [6 10,23,24,34]. In this
case, the rate of temperature change is usually set from 10 to 10% K/s. According to our
previous works [10,23], the rate of 102 K/s turned out to be optimal for our research.
In the model, the temperature was increased linearly by a corresponding increase in the
moduli of the atomic velocities after a certain time step (5 ps in this case).

Results and Discussion

With a gradual increase in the temperature of the computational cell, upon reaching a
certain value, the crystalline structure on the surface was destroyed (Fig. 1). Then the
crystal-liquid front moved from the surface to the center of the computational cell at a
speed of about several tens of meters per second, which, however, depended on the
temperature and increased with its increase [35,36]. The influence of the orientation of
the crystal-liquid front in the crystal on its speed and dependence on temperature was
considered in [37 41], where it was noted, in particular, that the highest speed of the
front movement is observed at the orientation (100) compared to the orientations (110)
and (111).

Figure 2 shows the dependences of the average potential energy of an atom on
temperature for the computational cells of nickel and copper with gradual heating. With
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increasing temperature, the average energy of an atom for the same phase increases
almost linearly due to an increase in atomic oscillation and thermal expansion. A sharp
increase in the average energy of an atom on the graphs corresponds to a phase
transition, i.e. melting. In this case, melting of the computational cell did not occur
instantly, as was already mentioned above the front propagated from the surface to the
center of the cell with a finite velocity. Therefore, we determined the melting temperature
based on the moment of the phase transition onset, which, in turn, was determined by
the intersection of the approximation lines before and after the onset of melting. The
speed of the front increased with increasing temperature, due to which the slope of the
part on the graphs corresponding to the movement of the melting front is steeper at a
higher temperature. Having reached a liquid state in the entire computational cell, the
average energy of an atom again grew linearly with increasing temperature.
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Fig. 2. Dependences of the average potential energy of an atom on temperature during heating for
different surface orientations: (a) nickel; (b) copper

In Fig. 2, it is clearly seen that the orientation of the surface does influence the
melting temperature of the computational cell. Moreover, this influence is quite strong
in our case: the temperature at which melting began from the (111) surface was 6.5 %
higher for nickel and 5.6 % higher for copper than the melting onset temperature from
the (110) surface. It should be emphasized that the model is an idealized version, in which
it is possible to single out one influencing factor and discard the others. The melting
onset temperatures are arranged in the following order in ascending order: (110), (112),
(100), (111). For nickel these are 1735, 1740, 1778, and 1847 K, respectively (Fig. 2(a)),
for copper: 1381, 1393, 1417 and 1459 K (Fig. 2(b)).

Melting from the surface begins due to the comparatively easier destruction of the
crystal structure on it, due to the fact that the atoms on the surface are in shallower
potential wells compared to a pure crystal and it is easier for the atoms to leave them as
a result of thermal vibrations. After the destruction of the structure on the surface, the
formed front does not stand still (no static two-phase state was observed), it begins to
move from the surface into the crystal volume. The atoms near the crystal-liquid front on
the side of the crystal phase are also in comparatively shallower potential wells than in
the crystal volume, due to the more disordered arrangement of the atoms on the side of
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the melt. In addition, the melt has more intense self-diffusion and more free volume
compared to the crystal, which is also the reason for the easier destruction of the crystal
near the crystal-liquid front than inside the crystal volume, and the reason for the front
movement.

To confirm all of the above, we constructed distributions of the average atomic
energy depending on the distance from the surface for the crystalline state at a
temperature of 300 K and at the moment of melting front movement (Fig. 3). In the
second case, the crystalline structure was first destroyed from the surface and the front
movement began, then the same temperature was set for all orientations (1770 K for
nickel and 1380 K for copper) and the front movement was modeled to the same distance
from the surface. This was done in order to then superimpose the energy distributions for
different surface orientations under otherwise equal conditions. The distribution was
constructed by calculating the average potential energy of an atom in layers 0.2 nm wide
when moving with a step of 0.1 nm along the direction perpendicular to the surface.
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Fig. 3. Distributions of the average potential energy of an atom depending on the distance from the
surface for the crystalline state at a temperature of 300 K and at the moment of movement of the melting
front: (a) nickel; (b) copper

As can be seen, in the case of a crystalline state, the orientation of the surface
significantly affects the average energy of an atom on the surface. Moreover, the average
potential energy of an atom on the surface decreases in the same order among the
considered orientations in which the melting onset temperature increases: (110), (112),
(100), (111). The orientation of the surface affects the temperature at which the
destruction of the crystalline structure begins, but further movement of the front, as was
said above, depends on the temperature and the difference in energies in the crystalline
and liquid phases. The front velocity, as noted in [37 41], depends on the orientation of
the front relative to the crystal, but the distributions of the average atomic energy turned
out to be identical for all considered orientations. In [41], it was suggested that the
difference in the front velocity from the orientation in the crystal at the same temperature
is due to different depths of the potential wells at the boundary of the forming crystal.
Apparently, when calculating the average energy of all atoms in a layer (in our case the
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layers were 0.2 nm thick), the orientation affects the range of values, but the average
value itself is the same.

From the distributions shown in Fig. 3, one can estimate the width of the crystal-
liquid front for the temperatures under consideration: approximately 0.8 nm for nickel at
a temperature of 1770 K and 0.7 nm for copper at a temperature of 1380 K.

In addition to studying the influence of the surface on melting, this work also
studied the influence of the surface on the process of initial formation of stable crystalline
nuclei. As was already mentioned in the introduction, in this case there is an effect of two
competing factors. On the one hand, self-diffusion on the surface and near it is higher
than in the bulk of the material, i.e. all structural rearrangements near the surface should
occur faster. However, on the other hand, the atoms on the surface are in shallower
potential wells, due to which the position of such atoms is less stable than in the bulk,
they more easily leave potential wells due to thermal vibrations, which, on the contrary,
reduces the probability of formation of a stable crystalline nucleus.

In [10,24], when studying the crystallization of metal nanoparticles, we noted that
crystallization most often begins from a free surface. In this paper, the formation of stable
crystalline nuclei at the initial stage was studied using a rectangular computational cell
with flat surfaces (Fig. 4). The computational cells for nickel and copper were the same
as in the case of melting simulation, i.e., the boundary conditions along one axis were set
as free, and along the other two, as periodic. First, the metal was melted by holding at a
temperature above the melting point for a time sufficient to melt the entire volume of
the computational cell. After this, gradual cooling was simulated. The forming crystalline
nuclei were studied using a crystalline phase visualizer.

Fig. 4. Formation of crystalline nuclei during cooling of the melt at a rate of 10*2 K/s: (a) nickel; (b) copper

Figure 4 shows examples of crystal nuclei formed during cooling of the melt in
nickel (Fig. 4(a)) and copper (Fig. 4(b)). As can be seen, a significant portion of the nuclei
are indeed formed near the surface, but no clear dominance of the surface factor was
observed: nuclei also arose far from the surface. It should be noted that the orientation
in the nuclei near the surface was, as a rule, such that a crystal plane (111) was formed
on the surface, which, as shown above, is the most energetically favorable.

For a more detailed study, distributions of the fraction of the crystalline structure in
the computational cell were constructed. For nickel and copper, four different
experiments were carried out, and the resulting distributions were superimposed on each
other (Fig. 5). The distributions were constructed by calculating the fraction of atoms
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whose environment corresponded to the crystalline structure (mainly fcc, rarely hcp) in
layers 0.2 nm wide when moving with a step of 0.1 nm along the direction perpendicular
to the surface.
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Fig. 5. Distribution of the fraction of the crystalline phase depending on the distance from the surface
during the initial formation of stable crystalline nuclei: (a) nickel; (b) copper

As can be seen in Fig. 5, the fractions of the crystalline phase near the surface (on
the left and right in the distributions) are indeed noticeably larger than in the volume of
the computational cell. This was especially pronounced for copper (Fig. 5(b)). It can also
be noted that the peaks of the distributions often do not coincide with the edge of the
surface, but are located at some distance from it. This indicates that the centers of such
nuclei are located at some distance from it, but, at the same time, their growth is due to
the influence of the surface.

The two factors influencing the probability of crystalline nuclei formation and
competing with each other, discussed above, more intense self-diffusion and relatively
shallow potential wells, seem to make different contributions depending on the
temperature. It can be assumed that at lower temperatures, for example, during the
crystallization of metallic glasses, the so-called devitrification, an even more pronounced
influence of the surface on the formation of the crystalline phase can be observed.

Conclusions

Using molecular dynamics simulation, the influence of the free surface on the processes
of melting and crystallization in nickel and copper was studied. In the case of melting,
the influence of the crystallographic orientation of the surface on the melting onset
temperature of the simulated metal is considered. In the case of crystallization, the
influence of the surface on the probability of the formation of stable crystalline nuclei
during gradual cooling from the molten state was studied.

It is shown that with gradual heating, melting begins from the surface due to the
comparatively easier destruction of the crystal structure on it, due to the fact that the
atoms on the surface are in shallower potential wells compared to a pure crystal and it is
easier for them to leave them as a result of thermal vibrations. In this case, the energy of
surface atoms and the crystallographic orientation of the surface affect the melting onset
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temperature: the lower the energy of surface atoms, the higher the melting onset
temperature. For nickel and copper, the melting onset temperatures are arranged in the
following order of increase for the orientations considered: (110), (112), (100), (111).

When studying the formation of crystalline nuclei during gradual cooling from the
molten state, it was found that most of the nuclei were formed near the surface. The
orientation in the nuclei near the surface was, as a rule, such that the crystalline plane
(111) was formed on the surface, which is the most energetically favorable.
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ABSTRACT

The martensitic transformation and the defect density variation were studied during 500 thermal cycles of
the Tis7Hf95Nises.xCux Shape memory alloys with various copper concentration (x = 1, 5 or 10 at. %). It was
found that regardless the Cu content, the transformation temperatures decreased on thermal cycling. An
increase in the Cu concentration led to alloys hardening but it did not improve thermal cycling stability.
The variation in the defect density on thermal cycling did not correlate with the yield limit for dislocation
slip measured in samples before cycling. The variation in the defect density variation did not correlate with
the variation in the transformation temperatures on thermal cycling. This showed that the variation in
defect density was not the only reason for the variation in the transformation temperatures on thermal
cycling of cast Ti-Hf-Ni-Cu alloys.
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Introduction

NiTi-based shape memory alloys are the smart materials which are widely used in various
technological branches. One of the most frequent applications is the actuators of repeat
action which are applicable for car, aircraft, space and other industries [13-3]. The repeat
action actuators usually consist of the pre-deformed shape memory alloy element which
is connected to the elastic counter-body. On heating through the temperature range of
the reverse martensitic transformation, the shape memory effect occurs and the strain
recovers in the shape memory element. This leads to the deformation of the counter-body
and the recovery stress appears in the system. On cooling through the temperature range
of the forward martensitic transformation, the counter-body deforms the shape memory
element, its strain increases, while the recovery stress decreases. On next heating, the
described procedure repeats so, the recoverable strain and stress variation take place on
thermal cycling [2,3]. For the actuators, the thermal cycling stability is the key factor
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because the device must demonstrate the stable stress and strain variation in the same
temperature range during the life-time period [4].

The NiTi-based shape memory alloys are the best candidates for the actuators
because they demonstrate the best combination of the functional and operating
properties such as high recovery strain and stress, high strength and corrosion
resistance [5]. However, their thermal cycling stability is weak so, the recovery stress and
strain as well as the temperatures of the strain and stress variation significantly change
on thermal cycling [63-19]. Moreover, the plastic strain accumulates during thermal
cycling that changes the geometrical sizes of the shape memory element and affects the
recovery strain and stress [7,9,11,14]. The reason for the plastic strain accumulation is a
high local stress appears on a growth of the martensite plate on cooling that leads to the
local dislocation slip and increases the dislocation density [12,13,163-18]. One believes,
that this is the reason for a weak thermal cycling stability of the martensitic
transformation, that reveals as a decrease in the transformation temperatures of the
forward and reverse transformations [12,13,16,18]. Thus, the alloy hardening, such as
preliminary deformation, the precipitate hardening and a decrease in grain size is usually
used to improve the thermal cycling stability of the martensitic transformation on thermal
cycling of NiTi-based alloys [193-21].

The solid solution hardening is also used to improve the thermal cycling stability.
Usually, the NiTi-based alloys are doped by third element, such, as Hf, Zr, Fe, Cu elements,
which dissolve in the NiTi solid solution that increases the yield limit for dislocation slip.
Last time, the quaternary Ti-Hf-Ni-Cu shape memory alloys were developed [223-27].
In [24,25], it was shown that the thermal cycling stability of the martensitic
transformations in the cast Ti-Hf-Ni-Cu alloy with a 5 at. % of Hf and Cu atoms was better
than in binary NiTi. In [27], it was found, that thin ribbons of Ti-Hf-Ni-Cu alloys with
95at.% of Hf and various Cu content (Ti4o,7Hfg,5Ni44,8CU5 and Ti40,7Hf9A5Ni39AgCU10)
demonstrated the prefect thermal cycling stability of the B2 F B19{ transformation. The
temperatures of the martensitic transformation were constant during 50 thermal cycles
that had never been found for binary NiTi alloy. One may assume that perfect stability is
caused by the solid solution hardening induced by the presence of the Hf and Cu atoms,
which act as substitutional defects. On the other hand, the perfect thermal cycling
stability may be attributed to a small grain size because thin ribbons had an average grain
size of 800 nm in [27]. The aim of the present paper was to study the variation in the
martensitic transformation and defect density variation on thermal cycling of cast
Ti4o,7Hf9,5Ni48,8CU1, Ti4o,7Hfg,5Ni44,8CU5 and Ti40,7Hf9,5Ni39,8CU10 aIons. This allows one to Clarify
the influence of the Cu concentration in cast Tis7HfssNisws«Cux alloys on the alloy
hardening and thermal cycling stability.

Materials and Methods

The Ti7HfosNisgs<Cuy alloys (x = 1, 5 or 10 at. %) were produced in a vacuum arc furnace
under an argon atmosphere purified by a Ti getter. The chemical composition of the alloy
is correspond to the composition of the casting charge. High-purity single metals
(99.9 wt. %) were used as raw materials. Each ingot with a mass of 20 g and a diameter
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of 20 mm were turned over and remelted five times to obtain a homogeneous
composition. For convenience, the alloys were labeled as Cu-1, Cu-5, Cu-10.

The structure was studied by X-ray diffraction (XRD) analysis at room temperature
(Rigaku MiniFlex, Cuka radiation, ‘-2° mode). The martensitic transformations were
studied by differential scanning calorimetry (Mettler Toledo 822e) on cooling and heating
in a temperature range from 200 to 3100 °C with a rate of 10 °C/min. The resistivity
(in the regime of the direct current) was measured by 4-probes technique on cooling and
heating in the same temperature range using the self-made stand including two nano-
voltmeters and one source of direct current. The samples for DSC study with a size of
3 x 3 x 1 mm?3 and samples for resistivity measurement with a size of 20 x 1 x 0.3 mm?
were cut by electro-discharge machine from ingots.

The samples were subjected to 500 thermal cycles and the resistivity vs temperature
curves were measured in the 1%, 10™, 20%, 30", 40, 50, 75, 100™, 200", 300*", 400™
and 500" cycles. Between these cycles, samples were thermal cycled by holding in the
furnace at 200 °C for 40 s and holding in liquid nitrogen for 40 s.

To study whether the Cu content leads to alloy hardening, the samples were
subjected to tension at a temperature of As + 50 °C (in the austenite state) before thermal
cycling. Dog-bone samples with a size of gauge area of 7 x 1 x 0.8 mm?® were cut by
discharge machine from ingots, installed to the inter-grips which were fixed in the
standard grips of the testing machine (Lloyd 30k Plus, Shimadzu 50kN-AG) equipped with
a thermal chamber. The sample was heated to chosen temperature, hold for 40 min for
homogenization of the temperature in the samples and grips and deformed by tension up
to fracture. The stress was measured by standard cell, the strain was detected by video
extensometer as the variation in distance between two white stripes drawn on the black
sample surface.

Results and Discussion

Figure 1 shows the XRD patterns obtained at room temperature. The diffraction peaks of
the B19] martensite phase can be observed, hence all alloys underwent the B2 — B19j
transformation on cooling to room temperature. Among the reflexes of main phase, weak
reflexes of the Ti,Ni-type precipitates were found.

}-B19 |-B2
“L |- TiNi

Cu-10

Intensity, a.u.

20 40 60 80 20.°

Fig. 1. XRD patterns of the Cu-1, Cu-5 and Cu-10 samples measured at room temperature
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Figure 2 shows the calorimetric and resistivity curves found on the first cooling and
heating of the Tis7HfosNisgs-<Cuyx alloys. It is seen that in all samples, a peak of the heat
release was found on cooling and a peak of heat absorption was observed on heating due
to the B2 =* B19{ transformation. In Cu-10 sample, the M; temperature was less than room
temperature that was why the austenite reflexes were observed on the XRD pattern
(Fig. 1). The resistivity curves showed the anomalous behavior on cooling and heating:
the resistivity increased on cooling due to the forward B2 — B19{ transformation; and it
decreased on heating during the reverse B19j — B2 transformation. It is seen that the
temperatures of the anomalous on the r(T) curves were the same as the temperatures of
the peak on the calorimetric curves. Thus, using the r (T) curves, one may determine the
transformation temperatures as well as the absolute value of the resistivity which reflects
the defect density.

% : 1144
z 3 138 S’
= | = =,
E ;ﬁ 132 €

1126

150 7,°C

Heat flow exo ____

Fig. 2. The calorimetric (red) and resistivity (black) curves found on the first cooling and heating of the
cast Cu-1 (a), Cu-5 (b) and Cu-10 (c) alloys. Dash line shows the room temperature

Figure 3 shows the r(T) curves found in the 1%, 10™", 100" and 500" thermal cycles
in the samples with various Cu content. It is seen that the r(T) curves shifts on thermal
cycling in different manner depending on Cu content. In Cu-1 alloy, an increase in thermal
cycle number (N) from 1%t to 100t shifted the r (T) curves to high resistivity value and low
temperatures. Further increase in cycle number to 500™" cycle shifted the r(T) curve to
low resistivity (Fig. 3(a)). In Cu-5 and Cu-10 alloy, the r(T) curves shifted to high
resistivity value and low temperatures during 500 thermal cycles. However, it is seen that
in Cu-5 alloy, the r(T) curves measured in the 100™ and 500™ cycles were close to each
other (Fig. 3(b)), hence the thermal cycling from the 100 to 500 cycles had a small effect
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Fig. 3. The resistivity vs temperature curves measured for Cu-1 (a), Cu-5 (b) and Cu-10 (c) alloys
in the 1%, 10™, 100" and 500t thermal cycle

on the defect density in this alloy. In Cu-10 alloy, thermal cycling from 100 to 500 cycles
considerable shifted the r(T) curve to high resistivity and low temperatures (Fig. 3(c)).
Using the r(T) curves, the transformation temperatures were determined as
intersection of tangent lines and their dependences on the thermal cycle number are
given in Fig. 4. First of all, contrary to the results found for ribbons in [27], the cast alloys
with the same chemical composition did not demonstrate the stability of the martensitic
transformation temperatures on thermal cycling. In Cu-1 and Cu-5 alloys (Fig. 4(a,b)), the
transformation temperatures decreased during the first 1003-200 cycles and then slightly
increased (the exception was found in Cu-5 alloy, where the As temperature and the M
temperature were constant at N > 200). For instance, in Cu-1 alloy, the M, temperature
was equal to 113 °C in the 1%t cycle to 90 °C in the 100t cycle and 92 °C in the 500" cycle.
At the same time, the Astemperature was equal to 136 °C in the 1% cycle, 102 °C in the
200t cycle and 106 °C in the 500t cycle. In Cu-5 alloy, the M, temperature was equal to
79 °C in the 1% cycle, 52 °C in the 100" cycle and 55 °C in the 500" cycle. The A,
temperature was equal to 71 °C in the 1% cycle, 48 °C in the 200™ and 51 °C in the 500"
cycles. In Cu-10 alloy, the transformation temperatures decreased during 500 cycles
without saturation (Fig. 4(c)). So, during 500 cycles, the Ms temperature dropped from
48 to 35 °C, whereas the As temperature decreased from 37 to 20 °C. Thus, it is seen that
the different temperatures changes on thermal cycling in different ways and it is hardly
affected by the Cu concentration. So, Cu-10 alloy showed the minimum variation
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Fig. 4. The variation in transformation temperatures on thermal cycling of the Cu-1 (a), Cu-5 (b)
and Cu-10 (c) alloys

in Ms temperature compared to the Cu-1 and Cu-5 samples, while the variation in the As
temperature in Cu-10 and Cu-5 alloys were comparable and less than in Cu-1 alloy.

The resistivity values (ra and r) were measured in a pure austenite state at the Ta
temperature and pure martensite state at the Ty temperatures as shown by dash line in
Fig. 3. As the absolute resistivity value depends on the defect density, hence the variation
in the raand ry values on thermal cycling shows the variation in defect density. The ra(N)
and ru(N) curves for all samples are shown in Fig. 5. In Cu-1 sample, both the r. and ru
values rapidly increase during first 10 cycles. The resistivity hardly changes from the 10t
to the 100™ cycle in the martensite state or from 10™ to 200%™ cycle in the austenite state.
At N > 100 (200) cycles, the resistivity decreases (Fig. 5(a)). The larger the Cu content in
the alloy, the more cycles is taken for rapid increase in the resistivity. It occurs within
30 cycles in Cu-5 sample (Fig. 5(b)), and 80 cycles in Cu-10 sample (Fig. 5(c)).

To study the influence of the Cu content on the limit for dislocation slip, the samples
were subjected to tension in the austenite state (at T = As + 50 °C) up to failure (Fig. 6)
and the yield limit for dislocation slip was measured as Sy, value. This value was equal
to 480 MPa for Cu-1 alloy, 580 MPa for Cu-5 alloy and 730 MPa for Cu-10 alloy. According
to SEM study which was not included in this paper, the volume fraction of precipitates
did not change on a rise in the Cu concentration, hence an increase in S, value on a rise
in Cu content was caused by solid solution hardening.
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Fig. 6. Engineering stress vs strain curves of the Cu-1, Cu-5 and Cu-10 samples measured in the austenite
state at T = As + 50 °C

The results of this study showed that the cast Tis7HfosNisgs«Cux alloys (x =5 or
10 at. %) did not demonstrate the stability of the martensitic transformation contrary to
the ribbons with the same composition which showed the perfect stability in [27]. One
may assume that the main reason for different thermal cycling stability in cast and ribbon
samples was the grain size which was 0.8 mm in ribbons and 1303-150 mm in cast samples.
The larger the grain size, the less the dislocation yield limit according to Hall-Petch law
and the more intensive dislocation density variation on thermal cycling.

According to [18,28,29], an increase in dislocation density gives an additional term
to the elastic energy which is included in the thermodynamic balance for the forward

63



64 N.N. Resnina, S.P. Belyaev, A.l. Bazlov, A.V. Sibirev, |.V. Ponikarova, M.E. Trofimova, AM. Ivanov, R.M. Bikbaev

martensitic transformation: 0 0o 0° O , where OG*~™ is the increment in
Gibbs energy during transformation, Eq is a dissipative energy which is responsible for
hysteresis, E.*~" is an elastic energy stored during transformation, E® is an elastic energy
associated with the defect density [28]. If the defect density increases on thermal cycling,
hence the E.® term increases and the larger increment in Gibbs energy must be provided
to overcome the sum of dissipative and elastic energy and to start the martensitic
transformation. This may be realized by overcooling that is why the start temperature of
the martensitic transformation decreases on a rise in the defect density during thermal
cycling.

One may assume that the dislocation density variation must depend on the yield
limit for the dislocation slip (so2). It is obvious that in the alloys with a high s, value, the
variation in the defect density must be less than in the alloys with a low sy, value. Table 1
shows that an increase in the Cu concentration in the Tis7HfssNisgs«Cux alloys increases
the yield limit for dislocation slip from 480 MPa in Cu-1 alloy to 730 MPa in Cu-10 alloy.
So, one may expect that the variation in the defect density and the variation in the
transformation temperatures must be the smallest in the Cu-10 sample and the largest
in the Cu-1 alloy.

Table 1. Yield limit for dislocation slip, increment in the transformation temperatures, increment in ry and
rx values during 500 cycles in Tis7HfosNisgsxCux alloys

Cu-1 Cu-5 Cu-10

So2, MPa 480 580 730
Dry®®, mWoOm 55 12.9 9

Dr®®, mW®m 4.6 4 49
DM, oC -21 -24 -13
DME0, oC -18 -21 -21
DAS, oC -30 -20 -17
DASY, °oC -37 -40 -19

Table 1 shows that the variation in resistivity measured in the martensite state was
larger than in the austenite state in all alloys. This may be due to the resistivity variation
in the austenite state depends on the variation in density of dislocation and point detect,
while the resistivity in the martensite is additionally affected by the martensite twin
structure which also changes on thermal cycling [30].

The resistivity increment measured in the austenite state during 500 thermal cycles
was comparable for all alloys. The minimum value was 4 mW©®m in Cu-5 sample, while
the maximum value of 4.9 mWOmM was measured in Cu-10 alloy (Table 1). At the same
time, the error in resistivity value was equal to 1.1 mW©®m (measured as the error for
indirect measurement taking into account the errors in the length, current and voltage
measurements). This means that the variation in the defect density in the austenite state
is the same for all alloys and it does not depend on the yield limit for dislocation slip.

In the martensite state, the maximum increment in the resistivity is found in Cu-5
sample which has the medium value of the yield limit for dislocation slip, while the
minimum increment in the resistivity is observed in Cu-1 sample with the smallest yield
limit for dislocation slip. Hence, there is no correlation between the alloy hardening and
the variation in defect density measured in the martensite state. Thus, the results of the
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study show that the variation in the defect density on thermal cycling does not depend
on the yield limit for dislocation slip measured in the alloys before thermal cycling. One
may assume that the s;, value also changes on thermal cycling that affects the variation
in the defect density.

To find the relation between the defect density variation and the transformation
temperature variation, the increments in the resistivity and temperatures were analysed.
One may assume that if the most of the alloy is in the austenite state at the M and Ay
temperatures, hence these temperatures must depend on the defect density in the
austenite state. Contrary, the As and M; temperatures at which most of the alloy is in the
martensite state must be affected by the defect density in the martensite state. Table 1
shows that the variation in defect density in the austenite state is the same in all alloys
however, the variations in the M; and As temperatures in Cu-1 and Cu-5 alloys are
approximately 1.8 times larger than in Cu-10 sample. In the martensite state, the
minimum resistivity variation is found in Cu-1 alloy and the maximum value is observed
in Cu5 alloy. At the same time, the M; temperature is approximately the same in all alloys,
while the variation in As temperature in Cu-5 and Cu-10 alloys is in 1.5 times less than in
Cu-1 alloy. Thus, the results of the paper clearly show that the variation in the
transformation temperatures on thermal cycling has no relation with the variation in the
defect density.

The comparison of the transformation temperature increments and the yield limit
for dislocation slip shows that there is no ratio between these parameters. So, as it was
mentioned above, the increment of the M; temperature was the same in Cu-1 and Cu-10
alloy, while the difference in yield limit for dislocation slip was 1.5 times. The A
increment in Cu-1 and Cu-5 alloys was the same, whereas the yield limit for dislocation
slip in Cu-5 alloy was 100 MPa higher than in Cu-1 alloy.

Thus, the results of the study show that the defect density variation and the
transformation temperatures change independently on thermal cycling and their
variation does not depend on the yield limit for dislocation slip measured in the sample
before thermal cycling. First, this means that the defect density variation is not the only
reason for the variation in the transformation temperatures on thermal cycling in the
NiTi-based alloys. Other reasons must be found that affect the thermal cycling stability
of the martensitic transformations in NiTi-based alloys. The other main result is that the
yield limit for dislocation slip measured in the sample before thermal cycling does not
reflect the stability of the transformation temperatures. Hence, the chosen of the NiTi-
based alloy with a high dislocation yield limit for application does not guarantee the high
thermal cycling stability of the functional properties.

Conclusions

Thermal cycling stability of the martensitic transformations was studied in cast
Tiao7HfasNiags«Cuy alloys with various Cu concentrations. The analysis of the variation in
the transformation temperatures, defect density and the yield limit for dislocation slip
was carried out. The obtained results may be summarized as follows:

1. The variation in transformation temperatures on thermal cycling are different for the
Tiso7HfesNises«Cuy alloys with various Cu concentration. If Cu concentration in the
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Tis7Hf9sNisesxCux alloy is equal to 1 or 5 at. %, transformation temperatures decrease
during 1003-200 cycles and then slightly increase. If Cu concentration is equal to 10 at. %,
transformation temperatures decreased during 500 cycles without saturation. At the same
time, the absolute increment in the transformation temperature hardly depended on the
Cu concentration.

2. An increase in the Cu concentration leads to alloy hardening that increases the yield
limit for dislocation slip in the austenite phase more than 1.5 times. However, it hardly
affects the thermal cycling stability in cast Tis7HfosNisgs-<Cuyx alloys

3. The variation in the defect density on thermal cycling does not correlate with the yield
limit for dislocation slip measured in samples before cycling. The defect density variation
measured in the austenite state is comparable in all alloys. The maximum defect density
variation in the martensite state is found in the Cu-5 alloy with the medium yield limit
for dislocation slip. The minimum defect density variation is observed in Cu-1 alloy with
the smallest dislocation yield limit.

4. The change in the defect density does not correlate with the variation in the
transformation temperatures on thermal cycling. This shows that the variation in defect
density is not the only reason for the weak cycling stability of the martensitic
transformation temperatures on thermal cycling of the NiTi-based alloys.
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ABSTRACT

During the high-temperature synthesis of carbide reinforced Al matrix composites, as a result of a chemical
reaction between carbide particles and a metal matrix, aluminum carbide is formed, which embrittles the
system. To eliminate the negative effect of aluminum carbide in the material, the dispersed phase of TiC
was pre-metallized with a thin Ni layer. Our work also evaluates the effect of Ni-plated particles of TiC and
aluminum nickelide, formed as a result of the chemical reaction of Ni with molten Al, on the hardening of
the Al matrix composite. The mechanisms of hardening of the aluminum matrix composites with a
dispersed phase of micro- and nanometer size are proposed. The analysis of the contributions of the above
mechanisms to the hardening of the TiC reinforced Al composite considered in this article, shows that the
main contribution to the hardening due to the low bulk concentration of reinforcing particles is provided
by the dispersion hardening Orowan-Ashby mechanism and the dislocation mechanism caused by a thermal
expansion coefficients mismatch between the matrix and reinforcing particles.
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Introduction

It has been repeatedly noted that the main technological problems in the synthesis of
composites containing ceramic particles and carbon additives are: the distribution of the
reinforcing phase in the bulk composite; the strength of its adhesion to the matrix;
chemical and structural stability of the reinforcing phase in the composite [13-5]. These
tasks are solved by us first of all at the stage of the composite powder preparation.

During the high-temperature synthesis of carbide reinforced Al matrix composites,
undesired aluminum carbide is formed, as a result of reaction between carbide particles
and a metal matrix. Formed carbide embrittles the system and significantly reduces the
plasticity of composites [63-8].
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To minimize the negative impact, we introduced TiC into the Al matrix in the form
of core-shell particles. The Ni shell minimizes the possibility of chemical bonding
between C and Al and improves the particle wettability in the Al melt [9312]. In this
paper, we evaluate the effect of the Ni shell on the hardening of metal composites
reinforced with core-shell particles, and experimental results are compared with the
theoretical assessment.

There are many factors contributing to the experimentally observed hardening of
metal matrix composites by solid particles with higher rigidity than the matrix material.
The hardening depends, in particular, on the physical and mechanical properties of the
reinforcing particles, their shape, concentration, and distribution over the matrix, as well
as the presence of a bond at the particle-matrix interface.

When reinforcing the matrix with micro- or nanoparticles, the strength increase
cannot be explained by known continuous models: the mixture rule, the Halpin-Tsai,
Hashin-Shtrikman, Mura and other models [13]. The hardening mechanisms based on the
involvement of dislocation models make it possible not only to explain qualitatively, but
also to predict an increase in the strength properties of a metal matrix composite.

The improvement in the strength characteristics of reinforced materials, compared
with pure Al, is due to the structural inhomogeneities that create additional resistance to
the movement of dislocations. The main reason for the hardening is the creation of
obstacles to the dislocations movement in the main lattice.

The observed hardening of composites with a metal matrix is the combination of
several possible mechanisms [113-24]:

1. due to the efficient load transfer between the matrix and the reinforcing elements;

2. due to the elastic modules mismatch of the matrix materials and the inclusion;

3. due to the grain grinding of the matrix (Hall-Petch law);

4. Orowan hardening caused by the dispersed phase;

5. due to internal thermal stresses caused by a mismatch in the thermal expansion
coefficients between the matrix and the carbide particles;

6. hardening caused by the appearance of an interfacial layer between the reinforcing
particle and the matrix.

Which of these mechanisms are implemented in each specific case is determined by
both the geometry, size and concentration of particles, and the conditions for introducing
reinforcing particles into the matrix. The analysis of the contributions of the above
mechanisms to the hardening of the TiC reinforced Al composite considered in this article,
shows that the main contribution to the hardening due to the low bulk concentration of
reinforcing particles is provided by the dispersion hardening Orowan-Ashby mechanism
and the dislocation mechanism caused by a thermal expansion coefficients mismatch
between the matrix and reinforcing particles.

Materials and Methods
Production of a bulk composite based on Al reinforced with nano-TiC

The of Al samples were cast on an induction vacuum compression casting machine
UVLK3-30A (Sparks-Don LTD, Russia), equipped with an autonomous water cooling module
MAVO3-3. During the casting, we used tablets of material, consisting of dispersed Al matrix
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and a reinforcing TiC phase. Composite tablets were obtained by mixing Al matrix particles
with a reinforcing phase in dry mixing mode at room temperature, followed by pressing. Al
was mixed with a dispersed reinforcing phase in ratios 99:1, 99:3, 95:5 wt. %.

Aluminum ASP-50 with a size of 503-80 um was used as a matrix. As a reinforcing
phase, core-shell TiC/Ni particles with a diameter of 20 um and 200 nm were
synthesized [143-28]. The difference in the method of Ni plating of TiC particles was to
increase the thickness of the Ni coating on TiC surface by increasing the deposition cycles
number to 3 [12].

The samples were melted in a vacuum melting mode with a pressure of less than
250 mbar under constant inert gas flow (argon). The flow of Ar throughout the entire
melting and casting process provides minimized oxidation of the melt and its gas
saturation. The minimum weight of the workpiece was chosen at 3.2 g. The casting
temperature for Al raw materials was selected experimentally as 700 °C. Plates were
made from the obtained samples on a spark-cutting machine to evaluate mechanical
properties.

Characterization

The phase composition of the samples was monitored using XRD analysis on a Bruker
"D2 Phaser" powder diffractometer. The surface defects of the samples were examined by
optical microscopy. The structure of the composite material and elemental composition
were studied using a scanning electron microscope Zeiss Merlin.

Mechanical tests, conducting tests for uniaxial tension

After a comprehensive study, samples were cut from the plates for uniaxial loading tests.
Uniaxial stretching was performed on a Shimadzu AG3-50kNX testing machine at room
temperature, the deformation rate was 5A0*s™. The deformation of the samples was
controlled by a TRViewX 55S video extensometer. Bending tests were carried out in
accordance with GOST 140193-80 "Metals and alloys. Methods of testing for bending".

Results and Discussion

To study the effect of the dispersed TiC phase with Ni nanostructures on the mechanical
properties of an Al matrix composite, samples of the reinforcing phase with a core-shell
structure were obtained after 3 cycles of Ni deposition. It should be borne in mind that
the carbide phase is used for reinforcing an Al matrix composite at Al melting
temperatures. So, for better TiC particles shielding from the Al matrix, the Ni shell must
be thicker.

The morphology of the reinforcing phase particles and the surface of bulk sample
obtained by casting was studied by a scanning electron microscopy (SEM) (Figs. 1 and 2).
Figure 1 shows a micrograph of a 20 um TiC particle with Ni. A mixed type of Ni coating
growth is observed. On the TiC surface, both Ni shell coating (Fig. 1(a)) and Ni
agglomerates (Fig. 1(b)) form. Elemental analysis of the modified particles shows the
presence of Ti, C and Ni. The carbon content is due to carbon tape that was used as a
substrate for the samples analysis (Fig. 1(c)).
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400 nm a & pum i b Electron Image 1
Spectrum In c Ti Ni

Spectrum 1 Yes 67.91 13.29 1374
Specttum 2 Yes 65.91 25.06 903
Spectrum 3 Yes 68.88 18.98 1214
Spectrum4  Yes 6720 2374 897
Spectrum 5 Yes 66.69 2537 704

Max. 67.88 2537 2137 c

Fig. 1. Micrograph of TiC particles with Ni on the surface: (a) a section of the Ni shell on the TiC surface,
(b) a TiC particle with Ni on the surface, (c) the elemental composition of the TiC surface

Figure 2 shows a micrograph of the composite sample surface with 5 % added
reinforcing phase. The sample is nonporous. For a detailed study of the samples surfaces,
the elemental composition at several surface points was evaluated simultaneously with
microscopy. It can be seen from the microphotographs that the elemental sample
composition corresponds to the expected one and consists of Al, Ti, C and Ni.

" element | concentration
weight %
Ti 4.40
Ni 245
c 5.05
Al 88.10

Fig. 2. Micrograph of a section of a composite Al sample with a 5 wt. % TiC/Ni

When obtaining bulk materials, the high temperature promotes the chemical
reaction between carbide particles and the Al matrix, and undesired aluminum carbide
can be obtained, which embrittles the system and reduces the strength characteristics
and significantly reduces the plasticity of composites. XRD studies of samples using of a
TiC-reinforced Al matrix composite with a Ni shell showed the absence of an aluminum
carbide phase. The AlsNi phase was detected instead (Fig. 3) that, in opposite, leads to
additional hardening [29,30].
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Fig. 3. Diffractogram of a bulk Al3-TiC/Ni sample

The mechanical properties of Al matrix composites have been studied by uniaxial
stretching. Mechanical tests were carried out at room temperature at the deformation
rate 5-10* s1. From the samples obtained, double-sided blades with a working part size
of 6 x 2 mm? were made on the ART 123 PRO electroerosion machine of NPK DeltaaTest
LLC. The ends of the blades were examined using a side-illuminated Micmed-6
microscope in order to control the samples integrity. All Al matrix composite samples
obtained by injection molding show increased strength properties when tested for
uniaxial tension (Fig. 4).

~l

-l
L
¥}

50 60,1

10

 Molding Al Tict<2opm)  TiC/Ni TIC/Ni TiC/Ni
5% (<20 pm) 1% (<20 pm)S% (<250 rirm) 5%

Fig. 4. Mechanical characteristics of Al matrix composites. Blue bars indicate the strength of the samples,
red bars indicate the relative elongation of the samples

Al-based composites strengthened by Ni-plated TiC particles of both micron and
nanometer sizes demonstrate higher strength characteristics compared with pure Al. This
strength improvement is due to structural inhomogeneities that create additional



73 E.G. Zemtsova, B.N. Semenov, N.F. Morozov, Yu.V. Sidorov, V.K. Kudymov, V.M. Smirnov

resistance to the dislocations movement. The increased effect of this mechanism can be
observed during the transition from micron reinforcement particles to nanoscale ones.
Note that when cooling an Al composite reinforced with Ni-plated TiC particles from
600 to 20 °C, the reinforcing particles are in compression conditions, and the matrix
material near the interface is under strong stretching conditions, which has a strong effect
on the crack resistance of the composite and on plastic deformation. When the mixture
melts, an aluminum nickelide layer forms at the TiC particles boundary. Upon cooling,
microcracks arise in this layer, which cause a decrease in the plastic deformation area [27].

Mechanisms of hardening of Al matrix composite
Dispersion hardening mechanism

The presence of small-scale reinforcing particles in the metal matrix creates additional
resistance to the dislocations movement through the matrix along its sliding planes. When
colliding with a particle, moving dislocations first bend and then form a dislocation loop.
This leads to an increase in the stress required for further dislocation movement, which
increases the yield strength. The interaction between stress fields created by the looping
of dislocations makes it difficult to further bend dislocations around particles. Therefore, a
higher voltage is required to facilitate the dislocations movement, thereby increasing the
composite strength.

Dispersion hardening by particles can be quantified using the Orowans-Ashby
equation [173-21]:

v.. : iT —, (1)

— Q - p ) (2)

where _ is the average distance between the particles, 0 0 the shear modulus of the
matrix material, for aluminum’0  cuft )pt —0AIQ  TCyp) prt  —OAEO the Burgers
vector, Q t0a diameter of the reinforcing particle, ® E0 a volumetric concentration of
reinforcing particles.

The mechanism of deformation hardening caused by the discrepancy between the linear
expansion coefficients of matrix materials and reinforcing particles

The strength increase of a metal matrix composite can be explained by matrix
strengthening by creating a high dislocations density. While producing a metal matrix
composite, thermal mismatch deformations are induced during cooling in the immediate
vicinity of reinforcing particles due to the linear expansion coefficients difference
between the matrix and the reinforcement. These mismatch thermal deformations
change the internal stress state at the matrix-particle interface. To reduce the thermal
effect and remove residual thermal stresses at the interface, the dislocations density near
the interface of the particle matrix increases, which reduces the stored energy. As a result,
the matrix undergoes deformation hardening near the interface and its strength
increases. This hardening is quantified using the following equations [213-23]:

Y., ooo " 3)
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” B 4)
where ”  £0 the dislocations density generated by the linear expansion coefficients
mismatch, M is the Taylor coefficient MO 1,1 is a geometric constant, | 0 1.25 for Al,
A is a geometric constant (4 for equiaxed particles and 12 for extended ones), Yh is the
linear expansion coefficients difference between reinforcing particle and matrix materials,
YT is the difference between the synthesis temperature (in our case, the Al melting point)
and room temperature.

These two mechanisms are used to evaluate the Al matrix hardening by TiC particles
with a 20 um diameter, TiC particles with a 20 um diameter with a deposited 50 nm Ni
layer and TiC particles with a diameter of 200 nm with a deposited 50 nm Ni layer.

Modeling of hardening by TiC and TiC/Ni particles

In the injection molding metal matrix composite obtaining approach, a reinforced with
carbide particles, after cooling from the Al melting point to room temperature in the
vicinity of the reinforcing particle-matrix boundary, the dislocation density increases
significantly due to a linear expansion coefficients mismatch Eq. (4), which results in the
composite hardening.

The main contribution to the hardening of a metal matrix composite reinforced with
20 um TIiC particles is provided by the dislocation hardening mechanism
(Y"cre 4.5 MPa); the dispersion mechanism contribution is insignificant. When 20 um
TiC particles with a deposited 50 nm Ni layer, interact with molten Al, aluminum nickelide
particles are formed, diffusing into molten Al. This assumption is confirmed by the
diffractogram of a bulk composite Al 3- TiC/Ni (Fig. 3).

After cooling to room temperature, NisAl forms an additional reinforcing phase
along with TiC, which, despite its low concentration, makes a significant contribution to
the metal composite hardening. At 1 wt. % of TiC/Ni, hardening due to NisAl particles at
their concentration of less than 0.01 vol. % TiC ~ 8.5 MPa, and at 5 wt. % of TiC/Ni,
hardening due to NisAl particles at their volume concentration in an Al matrix of less than

(v

0.03%Y,, pysu —OA.

Table 1. Composition of aluminum matrix based composites

. Reinforcing Reinforcing “v, MPa “v, MPa Increment " v, Relative
Matrix .
phase phase, % exp. calc. % elongation
Cast Al
99.9% -Cast Al 50 3 3 35
Cast Al 20 um
. +
95.5% TiC5wt. % 5 58 54 15 8
Cast Al 20 um
99.0% | TiC/Ni 1wt % 1 601 605 +20 14
Cast Al 20 um
955% | TIC/Ni 5 wt. % 5 2 803 +42 10
TiC/Ni
CastAl 1 4 6 250 nm) 5 783 88.2 +47 22
95.5%
5wt %
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Considering that the hardening by carbide and aluminum nickelide partlcles are
independent, the total hardening is determined by their sum [4]: ¥,, V., Y.,

At 1 wt. % of TIiC/Ni, the total hardening is Y° 0105 MPa, at 5 wt. % of TIC/NI
Y,, ortt —O0A. The theoretical hardening model correlates with the experimental results
(Table 1).

When reinforced with 200 nm TiC particles coated with a 50 nm Ni layer, the NisAl
layer formed on the carbide particle surface does not diffuse into molten Al. These
particles with a diameter of 250 nm are barriers to the dislocations movement, generating
the metal composite hardening. Taking into account the mechanical properties of
aluminum nickelide, this composite particle can be considered as homogeneous,
attributing to it the NisAl properties.

Estimating dispersion hardening Eq. (1) and dislocation hardening Eq. (3), we obtain
- poip —O0A and Y,, ¢Tép —OA} The total hardening due to these two
mechanisms Y,, VY., Y., oysc —OA corresponds to the experimental
hardening (Table 1).

Conclusions

In conclusion, the use of core-shell TiC particles with a Ni shell in the production of Al
matrix composites not only minimizes the possibility of chemical bonding between C and
Al and improves the particle wettability in the Al melt, but also increases strength
properties.

When reinforcing an Al matrix with micro-sized TiC particles with a nanoscale Ni
layer at 3 vol. %, a strength increase of > 40 % is observed.

The analysis shows that for small concentrations of reinforcing carbide particles
with a Ni shell on their surface, the main hardening mechanism involves the dislocation
hardening caused by thermal expansion coefficients mismatch between the matrix and
the carbide particles, and the dispersion mechanism.
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ABSTRACT

Owing to inter-phase orientation relationship, EBSD analysis of martensitic or bainitic steel enables
reconstruction of prior grains. Thus, assessment of the treatment conditions remains possible even if the
chemical etching cannot properly reveal the parent structure. However, such an approach is hardly
applicable to the industrial modes of multi-pass rolling. Unlike a single thickness reduction, small strains
per pass followed by a kind of annealing in inter-pass pauses cause specific mechanisms of austenite
recrystallization so that the latter becomes difficult to be assessed in morphological terms. At the same
time, the textural analysis enables estimation of the parent state using whether the texture of reconstructed
austenite or the measured transformation texture. When tested on low carbon bainitic steel, both methods
lead to close estimates of the parent texture and thus support each other.
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Introduction

According to orientation relationships (OR) pronounced in martensitic and bainitic steels
[13-3], the transformation texture measured at room temperature is indicative of the
proportion between deformation and recrystallization components in the parent texture.
Thus, the hot rolling effect on austenite states before the direct quenching keeps
detectable regardless of the prior grain morphology. Such an advantage is very important
for low carbon steels where a chemical etching to image prior grains is rather laborious
and not always efficient. However, the considered textural method originally based on X-
ray diffraction (XRD) data [4,5] did not attract due regard because of some limitations
considered in our previous article [6]. Instead, to assess a shape of prior grains, the latter
are commonly reconstructed from EBSD data [73-14] with allowance for a certain OR.
Avoiding the reconstruction of austenite grains, use of EBSD data to assess the
parent texture rather than structure greatly simplifies computations while averaging out
local measurement errors [6]. Besides, it allows to get rid of the above-mentioned
shortcomings inherent in XRD technique. These advantages particularly gain in
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significance in the general case where deformed and recrystallized austenite fractions
can turn out comparable so that the grain morphology is hard to quantify. Apart from
these reasons, a principal limitation of the morphological estimate appears in the multi-
pass modes of industrial hot rolling. In this case, a combination of concurrent
recrystallization mechanisms during the sequence of strains followed by a kind of
annealing in pauses between them notably weakens the effect of rolling conditions on
grain shapes [153-19]. Regardless of related explanations [16,18] remaining a subject of
dispute, the considered regularity in itself supports the alternative textural approach to
parent states of steel.

Following [5], to evaluate specific contributions to the transformation texture
appearing from deformation and recrystallization components of the parent texture, we
will make use of the virtual Bain relationship [20] since various actual ORs generally
spread around it. With orientations expressed by Euler angles (. 1, & and . ), Figure 1
illustrates the above-mentioned orientation transformations by respective ODF sections
at . , = 45° Unlike a strong influence of presumed OR on the grain reconstruction [73-10],
such an implicit allowance for variations of real OR will not notably affect assessments
of the parent orientation statistics. Moreover, determination of any presumably precise
OR is not realistic because the result depends on an analyzed EBSD area and can vary
even within prior grains [21,22]. This ambiguity particularly aggravates at deformed
grains owing to the orientation inhomogeneity in their substructures [23]. In this case the
reconstruction has to rely on some intuitive compromise between the locality of OR and
its significance suggesting a large enough analyzed domain.

(a) (b)
0 0

o0 I\ |

0 o 90 0 o 90
?y, Py,

90

Fig. 1. Sections of ODF at . ; = 45° illustrating the transformation of main texture components according
to the Bain OR for (a) deformed and (b) recrystallized states of hot rolled austenite.
Parent and transformed components are represented by empty and filled circles, respectively

To quantify austenite states formed in multi-pass hot rolling, measured textural
parameters should be compared with reference values corresponding to certain
recrystallization degrees as confirmed by independent methods. In the present work both
the completely deformed and recrystallized states of austenite will be prepared by single
passes of hot rolling in a medium carbon martensitic steel where specific shapes of prior
grains are easy to reveal by etching. Despite a different chemical composition of this
material, it admits the method calibration as far as the Bain relationship approximates
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both its OR and that of the considered bainitic steel. Anyway, this difference is
insignificant relative to those of model FCC alloys [4,24,25] used to mimic the parent
phase of hot rolled martensitic or bainitic steel.

Since the proposed treatment of EBSD data suggests a simple alternative to the
currently popular grain reconstruction, we will compare respective assessments of the
parent austenite states. The comparison is possible as far as shapes of prior grains are
restored together with their orientations [7311] and resulting statistics of them
represents the parent texture. The latter mostly averages out local errors sensitive to the
presumed OR and hence can implicitly verify use of the Bain relationship that provides a
virtual center for various experimental OR.

Materials and Methods

To analyze influence of multi-pass hot rolling modes on the austenite state of low carbon
bainitic steel (wt. %: 0.08C, 0.21Si, 0.34Mn, 2.6[Ni+Cu], 0.59[Cr+Mo], 0.038[V+Nb]), its slabs
of 250 mm thickness reheated to 1200 °C, were rolled at gradually diminishing temperatures
to the thickness of 18 mm before the direct quenching in a sprinkler installation. Keeping
these conditions, the rolling modes still could vary in strains and temperatures at the finish
stage. Limiting consideration to its last five passes, we will compare modes B; and
B. providing there average thickness reductions per pass of 16 and 14 % at average
temperatures of 913 and 977 °C, respectively. According to previous experiments [6],
B: results in a stronger work hardening of austenite that elevates the transformation start
temperature and hence provides softer bainite unlike the more lath-like bainite of B..
Additionally, in order to obtain a bainitic state with a weakened rolling texture, a sample of
B. was reheated to 950 °C and quenched in water. Therefore, the initial texture has been
dissipated by way of a-g-a transformation. This mode has been marked as Bs.

As noted in the introduction and further confirmed in this paper, effects of the multi-
pass rolling, hard to analyze in terms of the grain morphology, still are perceptible by the
material texture. The latter in turn satisfactorily complies with grain shapes after a single
rolling pass [4,26] so that revealed parent structures enable the calibration of textural
parameters. To make use of this expedient, we will consider medium carbon martensitic
steel (wt. %: 0.35C, 0.3Si, 1.8[Ni+Mn], 0.75[Cr+Mo], 0.04[V+Nb], 0.003B) since its prior
grains are easy to image by etching in Marshalljs reagent [27] at room temperature.
Samples of this reference material reheated to 1150 °C have been hot rolled by single passes
to a thickness reduction of 35 % at temperatures 900 and 1100 °C. According to [26],
the whole parent phase of this steel proves to be deformed or fully recrystallized at the
lower or the higher rolling temperature, respectively.

Sections of the samples prepared by usual metallographic procedures were then
subjected to electrolytic polishing in perchloric acid-ethanol solution at 0 °C. Using SEM
Lyra 3-XM at an accelerating voltage of 20 kV, EBSD orientation data are collected by
Channel 5 software at various scanning steps. Textures of martensitic and bainitic steels
were composed over areas of 2.25 and 3 mm?, respectively, with a step of about 1 pm.
Then, the step was refined to 0.1 or 0.5 um for the bainitic and martensitic steel,
respectively, in order to reconstruct prior grains. Treatment of the orientation data,
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including the reconstruction of austenite texture and structure, was conducted using
MTEX toolbox [12] for MatLab.

Results and Discussion
Martensitic steel hot rolled by single pass

Revealed by the chemical etching on martensitic steel, structures of its parent austenite
after single passes of hot rolling at different temperatures are shown in Fig. 2(a,b). The
distinction between deformed and recrystallized prior grains is apparent here owing to their
flattened and equiaxed shapes, respectively. Results of the grain reconstruction from EBSD
represented in Fig. 2(c,d) satisfactorily comply with the images in Fig. 2(a,b). Moreover, a
recrystallized state indicated in Fig. 2(b) by the grain shape is additionally justified in
Fig. 2(d) by the orientation uniformity, that is, by the absence of substructure within
reconstructed grains.

Fig. 2. Deformed (a,c) and recrystallized (b,d) parent structures of martensitic steel hot rolled by a single
pass: image of prior grains revealed by chemical etching (a,b) and respective orientation (IPF) maps
reconstructed from EBSD data (c,d). Coloring of boundaries on the orientation maps: low angle 3 gray;
random high angle 3 black; twin 3 white
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Figure 3 shows the (110) pole figures obtained for two structural states of the
martensitic steel (the transformation textures) and the (111) pole figures computed for the
reconstructed austenite. Note that, as long as {110} planes of a phase are approximately
parallel to the {111} of gphase in accordance with the inter-phase OR [1], close correlation
between the (110) pole figures for the martensite texture and the (111) pole figures for the
prior austenite texture exists [4].

(110) (110)

(a) = r (b) .

(111)
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Fig. 3. Pole figures for measured transformation textures of martensitic steel (a,b) and its reconstructed
parent textures (c,d). Figures (a,c) and (b,d) correspond to the deformed (M1) and recrystallized (M2) states
of parent austenite, respectively

More detailed and unambiguous representation of texture is given by the
orientation distribution function (ODF) [28]. Figure 4 represents ODF sections (. , = 45°)
for the considered textures. In the deformed state, Fig. 4(c), austenite texture have strong
Cu and Brass components (see Fig. 1), whereas the texture of recrystallized state, Fig. 4(d),
is significantly dissipated and contain Cube component. Therefore, the textures confirm
our above conclusions made on the basis of structure appearance.

To sum up this subsection, after the hot rolling by the single pass both the shapes
of prior grains (whether revealed by etching or reconstructed from EBSD data) and the
related textures of steel lead to similar assessments of the parent austenite states,
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Fig. 4. Sections of ODF at . , = 45° for the measured transformation textures of martensitic steel (a,b)
and its reconstructed parent textures (c,d). Figures (a,c) and (b,d) correspond to the deformed
and recrystallized states of parent austenite, respectively

namely, the first is deformed while the second is completely recrystallized. These two
states are further used to calibrate textural data on bainitic steel.

Bainitic steel hot rolled by industrial multi-pass mode

Figure 5 shows the structure of prior austenite reconstructed in the cases termed B, B, and
Bs. The latter case (Fig. 5(c)) is not in dispute since here we have austenite grains created
during reverse a to gtransformation. The structures presented in Fig. 5(a,b), however, are
rather difficult to interpret. Actually, in the case of mode B: one can see highly distorted
grain boundaries as well as a misoriented substructure inside grains. At the same time, the
flattening of grains that one might expect in the deformed state, is not observed. For the
mode B, the austenite grains are less distorted that seems to indicate a greater contribution
of recrystallization. However, this contribution is difficult to assess quantitatively.

The pole figures obtained on bainitic steel (Fig. 6) demonstrate that the industrial
hot rolling modes mostly lead to the rolling texture, stronger in B, and weaker in B.. In
the case of Bs;, where the texture is very weak, the subtle signs of the rolling texture,
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Fig. 5. Prior austenite grains reconstructed from EBSD data on bainitic steel subjected to regimens (a) By,
(b) B, and (c) Bs. Coloring of boundaries on the orientation maps: low angle 3 gray; random high angle 3
black; twin 3 white

(110)
RD,

( (111
Fig. 6. Pole figures for measured transformation textures of bainitic steel (a,b,c) and its reconstructed
parent textures (d,e,f). Figures (a,d), (b,e) and (c,f) correspond, respectively to the regimens B, B, and Bs
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which remain visible after a-g-a transformation, are due to a "texture memory" peculiar
to bainitic steels [29].

Consider now the ODF sections (Fig. 7). For By, the intensities of transformed Cu and
Brass components in Fig. 7(a) are close to those for the not-recrystallized austenite! of
the martensitic steel (see Fig. 4(a)) that indicate a deformed state of austenite in this case.
The reconstructed texture confirms this suggestion in view of the strong Cu and Brass
components. At the same time, a Cube component also takes place in Fig. 7(d). Though

1 The intensities of main texture components are even stronger than in the case of martensite, apparently
because of the larger accumulated strain during hot rolling [6].
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Fig. 7. Sections of ODF at . , = 45° for the measured transformation textures of bainitic steel (a,b,c) and
its reconstructed parent textures (d,e,f). Figures (a,d), (b,e) and (c,f) correspond, respectively, to the
regimens By, B; and Bs

very weak, it indicates, together with the morphological features of austenite grains
(Fig. 5(a)), an occurrence of certain recrystallization. The conservation of pronounced
rolling texture in the samples of bainitic steel allows us to assume that those
recrystallization is associated mostly with local migration of grain boundaries, similar to
what happens during continuous recrystallization [30]. A deformation texture is known
to mostly retain during such a structural transformation, while a strengthening of Cube
component may be caused by a preferential growth of Cube-oriented regions [31].

For B,, the texture components related to the rolling are considerably weaker than
for Bi, both in the transformation and parent textures, while the Cube component is
stronger. This confirms an increased contribution of recrystallization to the austenite
structure formation during this mode of hot rolling.

Therefore, it turned out that, in the case of multi-pass rolling of bainitic steel, the
textural analysis enables to assess structural state of parent austenite more
unambiguously than the reconstruction of austenite grains. Moreover, not only the
reconstructed austenite texture but even the transformation texture gives this possibility.
With regard of this finding, a simple scalar parameter is suggested and verified in the
next section for quantification of those assessment.

Quantification of austenite states in textural terms

To introduce a single scalar [26] indicative of the whole texture, we will allow only for two
components of the latter, which are unambiguous and most strong. Specifically, at the
deformed state of parent austenite (Fig. 1(a)) they are Brass and Copper components,
whereas in the respective transformation texture the transformed Copper and the right
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lower constituent of transformed Brass should be considered. Accumulation of rolling
strains is then expressed by textural parameter

t=0.5(p1+p2)/r3-1, (1)
where p;and p.are probability densities averaged within 15° deviations from virtual centers
of the two considered components and r is probability density in case of the random
orientation distribution [32]. Note that austenite recrystallization, if any, is also reflected
by t insofar far as probabilities of all texture components sum to unity. Derived from
measured transformation textures and statistics of the reconstructed prior grain
orientations, the considered parameters are listed in Table 1 with subscripts a and g
respectively. In turn, states B.3-Bs; of bainite follow the gradual texture weakening in
accordance with strain degree stored in austenite before its transformation.

Table 1. Characteristics of austenite states as derived from the transformation (&) and parent (g textures of steel

Parent Textural parameter Recrystallization degree, %
state ta ty Ra Rg
M, 3.7 3.8 0* 0*
M, 0.7 -0.1 100* 100*
B1 4.0 3.6 0 5
B2 25 2.0 40 46
Bs 1.6 16 3 3

*Calibration according to the grain morphology

Let the completely deformed and recrystallized austenite states appear at t ¢ t; and
t o t, respectively, where reference ta and tgare found by metallographic methods. Then,
using a kind of the lever rule as proposed in [26], the recrystallization degree is roughly
evaluated by: V

pi 0 0
Y m o 0 , )
6 o0T06 o ho 0 0

To discriminate between transformation (measured) and parent (reconstructed)
textures in what follows, corresponding estimates of t and R will have appropriate
subscripts. As to ts and t, they are determined in previously considered special states M
and M, respectively. Concerning mode Bs, values Ra=70% and Rg=57 % formally
calculated according to Egq.(2) have not been placed in Table1l, since a true
recrystallization did not occur in this case. According to the listed results, the two compared
methods satisfactorily correspond to each other. Thus, plausible assessments of the parent
state are possible without the reconstruction of prior grains. Obviously, rapidly developing
methods of reconstruction remain in demand since morphology of the austenite structure
undoubtedly affects the kinetics of transformation during subsequent cooling. In this
regard, a simplified approach based on the Bain relationship finds one more application as
the tool to verify grain reconstruction algorithms in textural terms.

Conclusions

Characterization of parent austenite in the samples of bainitic steel treated by multi-pass
hot rolling has been performed using EBSD analysis of bainite as well as EBSD-based
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reconstruction of parent austenite. The reconstruction of austenite structure has showed
that considerable recrystallization proceeded during last passes of the rolling. However,
this is not a usual "discontinuous" recrystallization [31], which includes nucleation of new
grains and their growth at the expense of neighboring deformed grains. Judging from
both textural and structural analysis, the observed mode of recrystallization is mostly
reduced to the local migration of boundaries, similar to the continuous recrystallization
of heavily deformed metals.

In spite of apparent occurrence of recrystallization, it is difficult to assess its degree
in multi-passed hot rolling from the reconstructed austenite structure. At the same time,
such an assessment can be made based on the crystallographic texture. To do this, we
have introduced a scalar parameter dependent on the intensity of main texture
components. To calibrate this textural parameter, a martensitic steel in two conditions
has been used; in the first condition the parent austenite was deformed while in the
second it was completely recrystallized. Such an analysis can be performed based on the
transformation texture or the reconstructed austenite texture, and these two methods
were shown to agree satisfactorily. Thus, assessment of the parent austenite state is
possible even without the reconstruction of prior grains.
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ABSTRACT

The evolution of the structure of aluminum alloy 2219 ingot during equal channel angular pressing (ECAP)
to a cumulative strain of e = 12 at 475 °C (~0.8Tr,) was studied. It was found that the structural changes during
hot ECAP were determined by the action of two main structural processes. In the early stages of ECAP (e = 13-3),
the alignment of the initial grains in the pressing direction was mainly accompanied by the formation of a
dynamically equilibrated subgrain structure. However, upon reaching a critical strain (e 0 33-4), grain
fragmentation by deformation/microshear bands started with a subsequent gradual increase in the number
of bands and their misorientation, leading to grain refinement. As a result, a heterogeneous bimodal grain
structure was formed after e = 12, consisting of about 50 % new grains of about 10 um size and residual
fragments of the initial grains containing subgrains. It was concluded that grain refinement during hot ECAP
occurred by the mechanism of continuous dynamic recrystallization.
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Introduction

The problem of obtaining bulk ultrafine-grained (UFG) materials (grain size less than
1 um) is of considerable interest to researchers working in the field of materials science
and solid state physics [13-5]. This is due to the range of high physical and mechanical
properties that can be achieved, allowing such materials to be widely used in practical
applications [2,3]. In order to form a UFG structure in bulk billets, severe plastic
deformation (SPD) methods, such as equal channel angular pressing (ECAP) [135],
accumulative roll bonding [1,2,5], multidirectional isothermal forging [13-3,5], etc. are
often used. In addition, these methods can also be considered as an effective "scientific
tool" for obtaining knowledge about the structural changes that occur during large strain
deformations [1,4,5].

At present, both the characteristics of the above-mentioned SPD methods and the
properties of the UFG-structured semi-finished products obtained by such methods have
been quite well studied [13-35]. In particular, a large number of studies have been devoted
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to the analysis of changes in the structure of aluminum alloys, which are typical materials
with high stacking fault energy. It has been shown in [4,6,8,123-21,24,26,31] that in these
alloys SPD can cause fragmentation of the initial grains with the formation of dislocation
boundaries with medium angular misorientation (Q °© 53-15°), which are the boundaries
of deformation bands. With increasing strain, the number and misorientation of these
boundaries increase, leading to the formation of new ultrafine grains surrounded mainly
by high-angle boundaries (Q ¢ 15°) at relatively high strains. It has been concluded that
the formation of new grains in this case is due to the occurrence of continuous dynamic
recrystallization (cDRX) [11,12,15,16,21,26].

However, detailed studies of the microstructure evolution during SPD in aluminum
and its alloys have usually been limited to the temperature range from 20 to 2503300 °C
(T ¢ 0.6Tn), i.e. they have been performed under conditions of so-called cold or warm
deformation [1,4,63-8,103-24,27,28,31]. At the same time, they were carried out much less
frequently under conditions of hot deformation at higher temperatures (T °© 0.73-0.8Tn).
This can be explained both by the technical difficulties of implementing SPD schemes
under isothermal conditions at high temperatures (e.g. in the ECAP process) and by the
decrease in practical interest in materials where the size of the resulting grains no longer
belonged to the UFG range. Accordingly, the use of SPD schemes at such high
temperatures has generally been recommended only for processing hard-to-deform
and/or brittle materials. As a result, there remains a significant gap in the understanding
of the nature and characteristics of structure formation at large strains and high
temperatures [35].

For example, it has been shown in [11,26] that the same grain refinement
mechanism associated with grain fragmentation due to deformation banding can occur
at different temperatures during both warm and hot deformation. In the case of Al-Mg
alloys with transition metals (such as Al 1570) [26], this mechanism led to the formation
of new grain structures with similar angular characteristics regardless of processing
temperature. In a number of cases, grain refinement accelerated with increasing
temperature, particularly in high-strength complex-alloyed alloys of the 7XXX series
[12,18]. In other materials, however, an increase in temperature may suppress grain
refinement or alter the dominant mechanisms of structure formation, such as in Al, Al-Cu
alloys, and some steels [6,9,10,13,16,19,23,29,30,32]. Therewith, possible variants of
material behavior during hot deformation were the transition from fragmentation-related
cDRX to either geometric-type dynamic recrystallization or discontinuous dynamic
recrystallization [13,25,27,29,30]. It has also been suggested that in the high-temperature
region, the process of grain refinement due to the development of deformation bands
may be replaced by the evolution of more homogeneous deformation-induced subgrain
structures associated with the progressive rotation of individual subgrains and their
transformation into new grains. Thus, the question of the mechanisms and patterns of
new grain formation during hot deformation remains open (and covered by rather
insufficient information in the literature).

The objective of this work was to analyze the microstructural changes during ECAP
of the aluminum alloy 2219 at 475 °C (about 0.8T.). Previous studies [15,16,33] have
shown that ECAP at temperatures of 2503475 °C leads to the formation of new grains
after high strains (e = 103-12). However, the evolution of the microstructure has been
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studied in detail mainly during warm deformation at 250 °C [15], while the features of
the structural changes at the highest temperature (475 °C) have been insufficiently
investigated and only partially presented in previous publications [16,33]. In the present
work, additional studies of the microstructure at this temperature as a function of strain
were carried out in order to identify the main mechanisms and factors influencing grain
refinement during hot working of the aluminum alloy.

Materials and methods

Commercial aluminum alloy AA2219 with the following chemical composition Al-6.4Cu-
0.3Mn-0.18Cr-0.19Zr-0.06Fe (wt. %) was produced by the semi-continuous casting
method. The alloy was homogenized at a temperature of 530 °C for 6 h, followed by
cooling in a furnace to obtain an equilibrium phase composition.

The workpieces for ECAP, in the form of rods 20 mm in diameter and 100 mm in
length were cut parallel to the ingot axis. ECAP was performed under isothermal conditions
at a temperature of 475 °C using a die with an L-shaped channel configuration with internal
and external angles of g =90° and y = 0°, respectively. This configuration provided a true
equivalent strain e of approximately 1 per pass [6]. The workpieces were deformed toe = 12
using the route A (i.e., without rotation between passes). The deformation was performed
in a hydraulic press with a ram speed of 6 mm/s. According to [36], this resulted in an
average effective strain rate of 3 s. To fix the formed microstructure, the pressed parts
were cooled in water after each pass and then heated for 45 min before the next pass.
The average time interval between the start of deformation in each pass and the
immersion of the workpiece in water after pressing was about 1.5 min. Some additional
time for the workpiece in the die was due to the typical features of the ECAP process,
where the workpiece after pressing is pushed out of the channel by the next workpiece
inserted into the die. The structure of the workpieces subjected to ECAP was analyzed in
a longitudinal section parallel to the pressing direction (PD).

Metallographic analysis was carried out using optical microscopy (OM) after etching
the samples in Kellerjs standard reagent. For scanning electron microscopy (SEM) with
electron backscatter diffraction (EBSD) analysis, the samples were electropolished in a
solution of 80 % C,HsOH, 12 %, 2n-butoxyethanol, 8 % HCIO, at room temperature. EBSD
analysis was performed using Hitachi S-4300H and TESCAN MIRA3 LMH field emission
scanning electron microscopes equipped with OIM Analysis* and HKL Channel 5 software,
respectively [37,38]. The investigated areas were scanned with a step size of 1.5 um. In the
EBSD maps of the reconstructed structures, different colors corresponded to different
crystallographic orientations according to the standard green (110) / red (100) / blue (111)
triangle, and intercrystallite boundaries with low (2 8 ° <5°), medium (59 * <15°) and
high (* 2 15°) angular misorientations were marked with thin white, thin dark gray and
thick black lines, respectively. Boundaries with misorientations less than 2° were not
considered. Distributions of misorientations of deformation-induced (sub)grain
boundaries were obtained from the EBSD data both for the entire scanned area and for
selected areas (using the standard "structure cropping"” and/or "subset selection” options
of the EBSD software [37,38]), as described in more detail below. The average grain size
in the formed fine-grained regions was estimated using the line-intercept method. The
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width of the deformation bands (the average distance between the nearest band
boundaries) was measured perpendicular to the direction of their preferred orientation.
The volume fraction of fine grainsV;y was determined by the point-counting method. Thin
foils for transmission electron microscopy (TEM) were obtained by electropolishing at a
temperature of - r& LQ D VRO X%WHNIand 70 % CHOH using a TenuPol-5
double-jet polisher and examined with a JEOL 2000EX TEM microscope.

Results and Discussion
Initial structure

After homogenization, the alloy matrix was represented by equiaxed grains it
diameters ranging from 100 to 400 wn (Fig.1(a)). Several types of second phases were
identified in the structure [39 41]: T-phase dispersoids (AJICwMns) in the form of plates
up to 200 nm long, as well as spherical precipitates of ACr and AtZr with sizes of 80
and 20 nm, respectively (Figl(b)). Larger precipitates of the main strengthening phase
4 (ALCu) were also observed, uniformly distributed within the grains and in the boundary
regions (Fig.1). It is known that precipitates of the AkZr phase can be both coherent and
incoherent with the matrix after homogenization [40]. According to the analysis in[39],
almost 90 % of the AbZr dispersoids in the studied alloy were incoherent.

Fig. L Initial structure of alloy 2219 after homogenization: (a) OM; (b) TEM

Structure formed during ECAP

A typical alloy structure formed during ECAP is shown in Fig&.and 3. Ate \ 4, pressing
along route A mainly resulted in a change in the shape of the initial grainswhich were
elongated in the pressing direction (PD) according to simple shed#,5] (Fig.2(a)). As a
result, after e = 4 (Fig.2(b)), a non-uniform microstructure was observed in the material,
containing large elongated grains in the interior of which a well-developed substructure
was formed, as judged by the etching patterns. In some areas, these grains acquireavy
boundaries (see for example the upper part of Fig2(b)) and were sometimes replaced by
chains of smaller and more equiaxed crystallites, as can be seen in the attachédgher
magnification image in the lower left corner of Fig.2(b).

With a further increase in the number of passese(=4 12), the character of the
microstructural evolution changed significantly (Fig.3). Namely, new fine grains began



