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The present paper reports the elastic, mechanical and thermophysical properties of silver nanowire (Ag NW)
using ultrasonic techniques at temperature dependent. Higher order elastic constants are calculated using Coulomb
and Born-Mayer potential up to second nearest neighbour. To compute mechanical parameters such as young
modulus, bulk modulus, shear modulus tetragonal modulus, Poisson's ratio, fracture to toughness ratio and Zener
anisotropy factor for finding imminent performance of the single silver nanowire at temperature dependent using
second order elastic constants. The Ag NW is found to be brittle in nature at room temperature. Finally, we have
evaluated the ultrasonic velocities, ultrasonic attenuation due to phonon—phonon interaction and thermoelastic
relaxation for longitudinal wave and shear waves along <100>, <110> and <111> crystallographic directions in the
temperature range 100 - 300 K of silver nanowire using the higher order elastic constants. The attained results are
discussed in correlation with available outcomes on these properties for the silver nanowire.
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Introduction

Silver nanowire was fascinated significant attention
due to its outstanding mechanical, thermal, optoelectronic
properties [1, 2] and excellent applications like solar cells,
optoelectronic energy converters, thermal interface
materials, flexible touch screen, transparent electrodes etc.
[3-5]. The mechanical and thermal properties of a specific
Ag NW are critical and essential but they were hardly
reported for the optimization and design of these
applications. Stojanovic et al. [6] have evaluated the
thermal conductivity of aluminium NW arrays instead of
a single nanowire. For metallic nanostructure materials,
when size of the system is lesser than the bulk electron
mean free path, the surface and grain boundary become
significant scattering sources which limit the electron
mean free path and then decrease the electrical and
thermal conductivities. Recently Chang et al. have
established the interaction between the behaviour of silver
single-crystalline NWs and atomic arrangement with face-
centered cubic (fcc) structure. It follows the compact
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dimensional scale of the NW increases the yield strength
[7]. Silver nanowires (Ag NW) used in this work have
prepared by Cheng et al. [8]. Ag NW have purchased from
Sigma-aldrich and supplied as suspensions in isopropyl
alcohol (IPA) with a concentration of 0.5%. The silver
nanowires remained on the gel film after IPA evaporated.
In this process, the dispersion has diluted to a degree that
single silver nanowires stayed on the gel film without
contact with the surrounding ones. X-ray diffraction have
used to analyze the fcc structure of the Ag NW. The
electrical resistivity of Ag NW is five times larger than
bulk silver at room temperature. This is due to the
combined effect of various structural and phonon
scatterings. For bulk silver, the phonon-electron scattering
dominates at room temperature. But for the silver
nanowire, both the phonon scattering and structural
scatterings contribute to the large electrical resistivity.
Also, the thermal conductivity of the silver nanowire
decreased with decreasing temperature while that of the
bulk silver increased.

At the nanoscale, the mechanical properties of the
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materials are changed from macroscopic scale due to the correlation through known physical properties of

increasing ratio of the surface to the volume. The surface nanowires.

effect can be substantial for the nano structural

compounds with a large ratio of the surface area to the

bulk [9]. Cuenot et al. [10] analyzed both experimentally 1. Theory

and theoretically the surface effect on the elastic moduli

of silver and lead NWs. Bulk silver shows that the Using Born Mayer Potential approaches, temperature-

maximum thermal and electrical conductivity between the dependent second-order and third-order non-linear elastic

metals. Silver nanowires are predictable to be good constant for fcc structured Ag nanowires have been

conductors in nanoscale electronic devices [11]. Silver calculated. Firstly, the theoretical invention for the

NWs hold auspicious potential as elastic electrodes [12]. calculation of second order elastic constants (SOECs) and
In the present investigation, the second order elastic ~ third order elastic constants (TOECs) have developed by

constants (SOECs) and third order elastic constants Brugger [13] and then consecutively established by Ghate

(TOECs) of Ag NW have been investigated at temperature ~ [14] and Mori and Hiki [15]. The SOECs and TOECs are

range 100 - 300 K using Coulomb and Born-Mayer found by adding the static and vibrational contribution at

potential. The calculated values of SOECs are useful to particular temperature to the elastic constants as follows:

compute mechanical properties of this nanowire like

Young’s modulus, bulk modulus, shear modulus, Cu=Ch+Cl?,  Cuk=Clg+ClR, 1)

tetragonal modulus, Zener anisotropy factor, Poisson's

ratio and fracture to toughness ratio for Ag NW for  here Cf, and C{) are strain derivatives and C}/* and C}/2

forthcoming performance. Also, find the temperature  are strain derivatives of F¥®, and signifies the static and

dependent ultrasonic velocities, ultrasonic  Griineisen vibrational elastic constants respectively. The extended

parameters and ultrasonic attenuations along <100>, expressions of SOECs and TOECs for static and
<110> and <111> crystallographic directions using vibrational terms as given as follows:

SOECs and TOECs. The obtained results are discussed in
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here b and ro represent the hardness parameter and the Poisson’s ratio (o) is achieved under this calculation. The
short-range parameter. Also ¢(ro) shows the Born-Mayer stability criteria (Born criterion) for the crystalline
inter-ionic potential approaches given by materials of fcc crystal is given by:

d(ro) = A exp(-ro/b) and ¢(v/2ro) = A exp(-v2ro/b)

Strength ~ parameter ‘A’ is  given  by: Bv = Br = (Cu1 +2C12)/3 > 0;
A= -3b(e¥ r3)[6 exp(-ro/b)+12v/2 exp(-rov2/b)]™. (C11—C12)/3>0; Cu>0 (4)
The vibrational term is shown by following
expressions: where By or B = (By + Br)/2, represent the bulk modulus
correlated to elastic constants and subscripts V, H and R
CYib = {01 G2 + @ Gy 4 signifies Voigt, Hill and Reuss average technique [17].
CYib =@ Gy, Theoretical valuation of shear modulus (G) and bulk
CYVib = {111 G3+ 3f2D G, Gy + f®) G modulus (B) has been estimated following the approach
CVib = 11D G3 + f2D Gy (2G11 + Gy) + @ [18]. According to Pugh, B/G defined as
G2,l (3) G= (Gv + GR)/Z, where Gy = (C11 —Cpp+ 3C44)/_5 and G_R
Cﬁg = f@LD Gf + 32D G Gl,l + @ 01,1,1 = 5[(C11_C12) C44]/[4C4f1+3.(C11_—C12)]. I the rf_itIO .B/G .IS
Clib = £21) Gy Gyy + f® Gyiy !ess than 1.75, the material is brittle na?ure_and if t_hls ratio
CYib = &1 G, Gy, + f Gyy is greater than 1.75, then the material is ductile [19].

Cauchy pressure Cp [20] shows the nature of bonding in a
material and given by Cp = (Ci2— Ca4). The value Cp is
negative for brittle materials and positive for ductile
materials. Elastic anisotropy (A) projected by Zener [21]
is founded as A = C44/Cs, which goes out to be the valuable
condition for classifying compounds that are elastically
anisotropic. The tetragonal shear modulus is Cs = (C11 —

Vb
Cise = Gria

where expressions for f and G, functions have taken as
our previous paper [16].

The evaluation of bulk modulus (B), shear modulus
(G), anisotropic ratio (A), Young’s modulus (Y) and
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C12)/2. The expressions for Young’s modulus (Y) and
Poisson’s ratio (o) is stated by:

Y = 9GB/(G+ 3B) ()
6= (3B - 2G)/(6B + 2G) (6)

For the characterization of nanomaterials, ultrasonic
velocities have significant parameter. The ultrasonic wave
propagation along <100>, <110> and <111> directions
through the anisotropic materials will depend along the
particular directions on the orientation of strains. We
obtained three types of ultrasonic velocities one
longitudinal (VL) and two shears (Vs1, Vs2) [22].

Ultrasonic attenuation leading two processes, one is
the phonon-phonon interaction (Akhieser type damping)
and another one is thermoelastic loss at higher
temperature. The formulations for calculation of the
attenuation due to the phonon viscosity-mechanism for
longitudinal and shear waves are given by Mason
[23, 24]:

_ 41?1y Eo(DL/3)

(a/fz)Akh.Long - -3 (7)

ZpVL3

4215 Eo(Ds/3)

(a/fz)Akh.Shear = 203

®)

Here, for longitudinal wave and shear wave, the
acoustic coupling constants are D and Ds, E, is the
thermal energy density are given by:

3<y/>feyr

D, =9< @) >, -

9)

Ds =9 < (¥])? >; (10)

The expression for thermal relaxation time (1) is given
by:

3K
cyvi

T=Ts=1,/2 = (11)

Using the Debye temperature (0), thermal energy
density (Eo) and specific heat per unit volume (Cv) can be
evaluated [25], which is given as:

here k, h, and Na are the Boltzmann constant, Planck’s
constant and Avogadro number. p is the number of atoms.
M and p are molecular weight and density of the material.

The expressions for Debye average velocity (Vp) [26]
is given as:

-1/3
an
Vp :(% ?:1[ : ) (13)

V3 am
Thermo elastic loss is obtained by:

_4n? <yi]>2kT

@/fHmn. =" (14)

L
Where ® is the angular frequency, k is the thermal
conductivity of the nanomaterial. yi] is the Griineisen

number, which is directly calculated using the nonlinear
elastic constants (SOECs and TOECs)

I1. Results and Discussion

The values of SOECs and TOECs are evaluated using
the lattice parameter (a = 2ro) 4.09A and the hardness
parameter (b = 0.4183A) for the Ag NW [8]. The SOECs
and TOECs are evaluated using Egs. (2, 3) and are
presented in Table 1.

There is total nine elastic constants evaluated (Table.
1), four (i.e., Ci1, Cas, C144 and Cuee) elastic constants are
increasing and four (i.e., Ci2, C11, C112 and Ci23) elastic
constants are decreasing with the temperature, while
elastic constant Case are found to be constant for all the
temperatures. The decrease or increase in stiffness
constants is due to the decrease or increase in atomic
interaction through temperatures. If the inter-atomic
distance decrease or increases with temperature then
interaction potential increases or decreases due to increase
or decreases in stiffness constants. This type of properties
has been previously found in other fcc-type materials [16,
22, 27, 28]. Elastic properties are significant because they
corelate to the numerous essential solid-state phenomena
like as equation of state, phonon spectra and inter-atomic
potentials of silver nanowire. Comparing our results with
the Debye temperature of silver nanowire. The current
value of Debye temperature is 150.9 K, evaluated using
SOECs, while the Debye temperature experimentally

BLLEL7H (12 good agteement between the present valie and repored
Table 1
SOECs and TOECs [in GPa] of Ag nanowire at temperatures from 100 K - 300 K.
T[K] Cn Ci2 Cas Cin Cu Cizs Cras Cies Cass
100 68.2 66.2 66.8 -20.6 -252.3 88.7 89.9 -253.4 89.5
150 88.3 65.9 66.9 -15.7 -252.1 88.3 90.0 -253.7 89.5
200 122.1 65.8 67.0 -10.7 -251.8 87.8 90.2 -254.1 89.5
250 176.1 65.6 67.1 -9.2 -251.6 874 90.3 -254.4 89.5
300 2304 65.4 67.2 -5.4 -251.3 87.0 90.5 -255.0 89.5
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value by Cheng et al. Therefore, our theoretical
calculations of higher order elastic constants to be justified
for Ag NW. The chosen silver nanowire is mechanically
stable, because the Born stability criterion as given in Eq.
4. |s satisfy.

Using Wiedemann-Franz  law, the thermal
conductivity (K) is evaluated by the consistent resistivity.
The thermal energy density (Eo) and specific heat per unit
volume (Cy) are evaluated using the Debye temperatures
[25]. Temperature dependent ‘k’, density, thermal energy
and specific heat per unit volume presented in Table (2).

The attained values of SOECs and TOECs are useful
to calculate the bulk modulus (B), Young’s modulus (Y),
shear modulus (G), Cauchy pressure (Cp), tetragonal
moduli (Cs), Zener anisotropy factor (A), Poisson's ratio
(0) and B/G ratio. Temperature dependent values are
presented in the Table 3 which shows that ratio B/G is less
than 1.75 at above the temperature 200 K, which indicates
that silver nanowire has brittle nature at these temperature
range, while below than 200 K, it is ductile nature.
Anisotropy factor is less than one only at room
temperature for silver nanowire, so this has anisotropic
behavior at room temperature, at other lower temperatures
it’s have greater than one, which plays a very significant
role in manufacturing and material physics. The Cauchy
pressure (Cp) discuss the bonding nature in the crystals and
it have positive values, show to a more bonding ionic
character in the materials and negative value shows
directional bonding [29].

The ultrasonic velocities are vital parameters of the

compounds to offer evidence about the crystallographic
surface. Ultrasonic velocities (VL and Vs) have evaluated
using SOECs and density of the nanomaterials for
longitudinal and shear modes of propagation along
different crystallographic directions. Also, Debye average
velocity (Vp) using ultrasonic velocities are evaluated
from Eqg. (13) and are shown in Tables 4 and 5. The
ultrasonic velocity is increases with the increase
temperature in all directions. It is clear from Table 5, the
Debye average velocity is maximum along <100>
direction for silver nanowire. Thus along <100> direction
will be most suitable for wave propagation for the
Ag NW.

The thermal relaxation time (t) is the important
ultrasonic parameter, which has the time required for the
reestablishment of the thermal equilibrium distribution by
the strain providing by the ultrasonic wave propagation in
the crystals. A perusal of Table 5 reveals that the ‘t’
decreases with temperature along all the crystallographic
directions. Thermal relaxation time is found in
picoseconds order for silver nanowire and shown in Table
5. It is obvious from Eq. (11) that thermal relaxation time
is relative to the thermal conductivity (k), C;* and V2
and a perusal of Table (2) and (5) reveals that k, Cv and
Vp increases with increase the temperature.

Table 2

Thermal Conductivity (k), density (p), specific heat (Cy) and thermal energy density (Eo) of Ag nanowire in the
temperature range100 - 300 K.

T K] k x 102 p Cv x 10° Eox 107
(erg/sec. cm. K) (gm/cm®) (erg/cm3K) (erg/cm?®)
100 100 0.865 17.97 10.88
150 135 0.845 17.99 19.79
200 163 0.825 18.34 28.46
250 180 0.805 18.96 36.99
300 200 0.785 18.66 44.93
Table 3

Young’s modulus Y (in GPa), bulk modulus B (in GPa), shear modulus G (in GPa), Poisson’s ratio o,

anisotropy factor A, fracture/toughness B/G and Cauchy pressure, Cp (in GPa) of Ag nanowire in the temperature

range100 - 300 K.

T[K] Y G B A Ce c B/G
100 58.17 21.46 66.87 66.8 -0.6 0.36 3.12
150 87.22 33.5 73.37 5.97 -1 0.3 2.19
200 119.64 47.32 51.46 2.38 -1.2 0.26 1.09
250 103.31 62.09 102.43 1.21 -1.5 0.25 1.65
300 126.33 72.95 33.2 0.81 -1.8 0.13 0.46

Table 4
Ultrasonic velocity (10°m/s) in Ag nanowire along different crystallographic directions in the temperature
range100 — 300 K.
Direction [100] [110] [111]

T[K] ' Vs Vi Vs1 Vs2 Vi Vs
100 4.05 8.79 4.91 8.79 8.23 4.99 8.45
150 8.98 8.90 9.68 8.90 8.45 10.08 8.66
200 12.17 9.01 13.04 9.01 8.92 13.84 9.00
250 14.79 9.13 15.08 9.13 9.00 15.98 9.06
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Table 5

Debye average velocity (Vp) and thermal relaxation time (t) of Ag nanowire along different crystallographic
directions in the temperature range100 - 300 K.

T K] Vp (10° m/sec) 7 (10"%sec.)

[100] [110] [111] [100] [110] [111]
100 5.77 5.11 4.92 5.00 5.05 5.12
150 12.79 12.09 11.73 1.32 1.37 1.43
200 17.31 16.92 16.24 0.88 0.95 1.05
250 21.01 20.80 20.00 0.67 0.72 0.84
300 24.28 23.02 22.01 0.57 0.63 0.79

Table 6

Average Griineisen number <yi>_ for longitudinal wave, average square Griineisen number <(y#)?>_ and <(yi)>>s for
longitudinal and shear wave of Ag nanowire along [100] direction from 100 K — 300 K.

T (K) <yi>L <(yh)*>L <(y#)*>s
100 0.311 1.884 1.123
150 0.296 1.857 1.135
200 0.281 1.843 1.160
250 0.266 1.843 1.196
300 0.250 1.860 1.248

Table 7

Acoustic coupling constant for longitudinal (D) and shear (Ds) waves of Ag nano wire along different
crystallographic directions in the temperature range100 - 300 K.

T [K] DL Ds
[100] [110] [111] [100] [100]* [110]** [111]
100 16.482 44.20 37.948 0.627 10.103 5.43 14.744
150 16.356 46.41 36.073 0.613 10.219 5.76 15.133
200 16.282 49.23 34.357 0.601 10.436 6.144 15.647
250 16.123 52.82 32.895 0.591 10.656 6.579 16.31
300 16.102 57.34 31.692 0.582 11.227 7.088 17.154

*shear wave polarized along [001],

Temperature dependent average and square average
ultrasonic ~ Griineisen  parameter along different
crystallographic directions of propagation are shown in
Table 6 (evaluated using SOECs and TOECs). We have
used average parameter, because these parameters taken a
number of modes of propagation along different
directions. Its p, which have significant role in study of
anharmonic properties of nanowires. Also, it designates
the physical properties of the nanowires such as thermal
conductivity, thermal expansion and temperature
discrepancy of elastic constants.

Along the different crystallographic directions, the
temperature dependent acoustic coupling constant (D)
have been calculated for Ag NW. We observe that D
decreases along <100> and <111> directions and
increases along <110> directions with temperature, while
Ds is just about same along all the three directions
(Table 7). The nature of D, and Ds is similar to that of
other fcc type compounds [30-32]. Therefore, the acoustic
coupling constants (D., Ds) have not affected the
temperature variation of the attenuation in the rang 100 -
300 K. Thus, elastic behaviour of the nanomaterials does
not have important contribution to the total attenuation.

Along different crystallographic directions, the
temperature dependent ultrasonic attenuation has been
estimated for Ag NW using Egs. 7, 8 and 14 under the
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**shear wave polarized along [110]

condition wt<<1 and is shown in Figs. 1-3. The Akhieser
loss of energy for longitudinal wave, shear waves and also
thermoelastic loss increases with the temperature. Figs. 1-
3 also designate that the ultrasonic attenuation due to
thermoelastic relaxation and shear wave are smaller in
comparison to the attenuation due to longitudinal wave.
Thus, the main governing factor for this behaviour is the
thermal conductivity and thermal energy density. It is very
important to know the role of the microstructural
phenomena, the allied physical properties and the related
scientific parameters to the total ultrasonic attenuation at
high temperatures.

The attenuation for thermal loss (0/f2)g, is minimum
at low temperatures and maxima for room temperature.
Thermal loss corelated with the thermal conductivity (Eq.
14), which have dependent on Debye temperature (6p) and
is minima and maxima as lower to higher temperatures.
Shear loss is smaller in comparison to other types of
losses; therefore, ultrasonic attenuation is affected due to
phonon—phonon interaction in the silver nanowire.
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Fig. 2. Ultrasonic Attenuation (o/f2)th, (o/f2)akn.Long and (ot/f2)akn.shear along [110] direction in Ag nanowire. *shear
wave polarized along [001] and **shear wave polarized along [110].
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Conclusions

Based on the above conversation is valuable to state
that:

- Temperature dependent higher order elastic
constants of the single crystal silver nanowire as well as
their allied elastic properties, such as Young’s modulus,
bulk modulus, shear modulus and Poisson’s ratio, are
evaluated using the Coulomb and Born—Mayer potentials
approaches.

- The mechanical characteristics of Ag NWs, like
elastic anisotropy and ductile-brittle characteristic, are
further estimated by evaluating the Cauchy pressures,

relaxation time for silver nanowire, the minimum time for
re-establishment of equilibrium for thermal phonon
distribution exists.

- The acoustic coupling constant along longitudinal
wave is greater than for shear waves.

-The ultrasonic  attenuation increases  with
temperatures in all crystallographic directions, it has
minimum at low temperature comparison to room
temperature.

Study can be beneficial for the processing and non-
destructive characterization [33] of silver nanowires.
These results will provide a ground for investigating the
major thermophysical properties in the field of other

fracture to toughness ratio, Zener anisotropy factor of this ~ NaNOWITes.

nanowire for the strength of nanowires.

- The study verifies that the silver nanowire is
mechanically stable and have brittle nature and anisotropy
on elasticity at room temperature.

- The order of thermal relaxation time for Ag NW is
found to be order of picoseconds, due to their least
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[1L.K. SnaBa, H. Yaypacis, C. Paii, A.K. IIpamxanati

JociikeHHs] BILIMBY TeMIIEPATYPH HA YJIbTPAa3BYKOBi, MEXaHIYHi Ta TEII0BI
BJIACTHBOCTI HAHOAPOTY CpidJia

Kadgheopa ghizuxu, Incmumym @izuunux nayk npogpecopa Paosxcenopa Cinexa (RajjuBhaiya) ons euguenna ma
docnioocens, Yuisepcumem B. B. C. Ilypsanuan, [ocayunyp, Inois — 222003, pkyadawa@gmail.com
2Kagpeopa mexaniunoi inocenepii, UNSIET, Yuisepcumem B. B. C. Ilypéanuan, Joucaynnyp, Inodis — 222003

Y po0OTi AOCTIIKECHO TEMIIEPATYPHI 3aJCKHOCTI MPYKHUX, MEXaHIYHMX Ta TEIJIO(GI3UYHUX BIACTHBOCTCH
cpibHoro Hanonpoty (Ag NW) Ha OCHOBI yJIBTPa3ByKOBHX MeTOXIB. [Ipy>KHi KOHCTaHTH BHILOTO IOPSIIKY
PO3paxoBYIOTHCS 13 BAKOPHUCTaHHAM noTeHiany Kymnona ta bopra-Maiiepa no apyroro Haitommxdoro cyciga. s
00YHCIIeHHS MeXaHIYHUX MapaMeTpiB, TakuX sSK Moayib HOHTa, MOIyns 00’€MHOI MPY>KHOCTI, TeTparoHaJbHUI
MOJIyJIb 3CyBY, KoedimieHT [lyaccona, BiTHOIIEHH pyHHYBaHHS O B’SI3KOCTI Ta KoedilieHT aHi3oTporii 3eHepa,
i3 BHKOPUCTaHHSM NPYKHHX KOHCTaHT APYTOro TOPSAKY, 3HaWIZEHO MOTPiOHI YMOBH OTPHMaHHA CpiOHOTO
HaAHOJPOTY 3 TeMieparyporo. Hanonporuau Ag rpu KiMHaTHI# Temriepatypi € Kpuxkumu. OLiHEHO yIbTpa3ByKOBi
MIBUIKOCTI, yJIbTPa3BYKOBI 3racaHHs dYepe3 (OHOH-(QOHOHHY B3AEMOJII0 Ta TEPMOIMPYKHY pETaKCaIlifo
HAHOJPOTHH Cpi0ia 3 BUKOPUCTAHHIM HPYKHHX KOHCTaHT BUILOTO ITOPSIKY JUIS TO3/I0BXKHBOT XBHJI Ta 3CYBHUX
XBHWJIb y3/I0BX KpHcTajorpadiuaux HanpsiMkiB <100>, <110> i <111> B niamasoni temmneparyp 100 - 300 K.
OTpuMaHi pe3ysbTaTH 0OrOBOPIOIOTHCS Y MOPIBHSHHI 13 ICHYIOUMMH pe3yJIbTaTaMH LIOJI0 TAKUX BIACTHBOCTEH
HAHOJPOTHH Cpibia.

KiwuoBi ciaoBa: HaHOmpoTHHHM cpi0ia, TPYXKHI BIACTHBOCTi, TEIUIOBI BJIACTHBOCTI, YJIHTPa3BYKOBI
BITACTUBOCTI.
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