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ABSTRACT

KEYWORDS

The ultrasonic properties like ultrasonic sound velocity in the hexagonal
closed packed (hep) nanocrystalline Ni and M g-doped hep Ni nanoparticles
have been studied along unique axisat room temperature. The second- and
third order elastic constants (SOEC & TOEC) have been calculated for
these nanoparticles using Lennard-Jones potential. The velocities V| and
V, have maximaand minimarespectively with 45° with unique axis of the
crystal, while V, increases with the angle from unique axis. Theinconsis-
tent behaviour of angle dependent velocitiesis associated to the action of
second order elastic constants. Debye average sound velocities of these
nanomaterials are increasing with the angle and has maximum at 55° with
unigue axis at room temperature. Hence when a sound wave travels at 55°
with unique axis of these nanomaterial s, then the average sound velocity is
found to be maximum. The comparison of cal culated ultrasonic parameters
with availabl e theoretical/experimental physical parameters givesinforma-
tion about classification of these nanomaterials.
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INTRODUCTION

Nanoparticles;
Elastic properties;
Ultrasonic properties.

Ultrasonic offer the possibility to detect and char-
acterizemicrostructral propertiesaswell asflawsin
nanomeaterids, controlling materia sbehaviour based on
physi cal mechanism to predict future performance of
thenanomaterids. Variousinvestigatorshave shown con-
Siderableinterest on ultrasonic propertiesof different
materias. Wave propagation vel ocity iskey parameter
inultrasonic characterization and can provideinforma
tion about crystallographictexture. Theultrasonicve-
locity isdirectly related to the e astic constants by the

rdationship V=V(C/p), where Cistherdevant dastic
congtantsand p isthedengty of that particular materid.
Also ultrasonic attenuation isvery important physical
parameter to characterizethe material, whichiswell
related to severd physica quantitiesliketherma con-
ductivity, specific heat, therma energy dengty and higher
order elastic constantg*3. The e astic constants pro-
videvaluableinformation about the bonding character-
istic between adjacent atomic planes and the anisotro-
pic character of thebonding and structural stability>4.

In recent years, nanoparticles of ferromagnetic
metals Fe, Co and Ni attract more and moreinterests
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TABLE 1: Second and third order elastic constants (SOEC
and TOEC) & Bulk M odulus(B) in theunit of 20°°Nm-2of Ni
and Ni: Mg (M g-doped hcp Ni nanoparticles) at room tem-
perature

Cll C12 C13 C33 C44 C66 B
Ni:Mg 1649 405 353 1707 424 647 803
Ni 3328 817 723 3537 867 1305 1635
BN 318 139 228 376 157
Clll C112 C113 C123 C;LSS C344 C144 C155 C222 C333

Ni:Mg -269.00 -42.65 -9.07 -11.52 -57.65 -54.05 -13.43 -8.95 -212.84 -217.53
Ni  -542.78 -86.06 -18.54 -23.57 -119.49 -112.02 -27.46 -18.30 -429.47 -456.92

intermsof their specid physica propertiesand poten-
tia applicationsin cataysts, high density magneticre-
cording media, medica diagnogtics, ferrofluidsand bio-
medical fieldg>8. Among these ferromagnetic metals,
Ni nanoparticleswereinvestigated owing to their po-
tential gpplicationin magnetic sensorsand memory de-
viced™ 9, Chinnasamy et al .Y obtained amixture of
fcc and hep Ni nanoparticleswith dimens onsof tensof
nanometers by thereductionintrimethyleneglycol un-
der dkalinecondition. Mg-doped Ni nanoparticleswith
thehexagonal closed-packed and face-centered cubic
structure have been synthesized by Yang et d.'3 using
sol-gel method sintered at different temperatures. The
average particle size of the samplewith hep structure
evaluated by Scherrer equation was about 6.0 nm.
Theédadtic propertiesof Fe, Coand Ni at high pres-
sure change substantially and knowledge of their
behaviour provideinformation on thestability of asys-
tem, on the propagation of sound waves, and onthe
elastic anisotropy!*3. Systematic abinitio calculations
of lattice constants, e astic constants and magnetic mo-
mentsof Fe, Co and Ni in bce, fcc and hep structure
have been evaluated by Guo et al .4,
Therearethreetypesof acoustic modelatticevi-
bration: onelongitudinal acoustic and two transverse
acoustical for hexagonal and cubic structured materi-
als1518, Hence, there arethree types of acoustic wave
velocitiesfor each direction of propagation of wave,
whicharewell related to second order €l astic congtants.
But e astic constants of Mg-doped Ni nanoparticlesand
al thethreetypeof orientation dependent acousticwave
velocity of these nanomaterialsare not reportedin lit-
erature. Therefore, in thiswork we predict the ultra-
sonic propertiesof hexagond structured nanocrystadline
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Ni and Mg-doped Ni nanoparticlesat room tempera-
ture. Thehigher order eastic constantsand ultrasonic
wave ve ocitiesfor these nanoparyiclesfor each direc-
tion of propagation of wave are cad culated at room tem-
perature. The caculated ultrasonic parametersaredis-
cussed with rel ated thermophysical propertiesfor the
characterization of thechosen materials. The obtained
resultsare andyzed in comparison to other hexagona
Sructured materids.

THEORY

In the present investigation, thetheory isdivided
into two parts:

Second and third order elastic cnstants

Thesecond (C ) andthird (C , ) order elastic con-
santsof material aredefined by following expressions.
_ U

Y Bede,’

lorJ=1,.... 6 1)

__9u
VK Be, oe,0e,
where, U isdagtic energy density , §=€, (iorj=x,y,z,
I=1, ...6) is component of strain tensor. Equations (1)
and (2) leadssix second and ten third order € astic con-
stants (SOEC and TOEC) for the hexagonal close
packed structure material g7,

;lorJor K =1,....6 )

C,, =24.1p°C’
C,, =1.925p°C’
C,, = 2.309p"°C’

C,, =5.918p*C’
C., = 3.464p°C’

) (33)
Cq, = 9.851p“C’

C,,; =126.9p°B +8.853p“C’
C,,, =19.168p°B -1.61p*C’
C,y5 =1.924p*B +1.155p°C’
C,,; =1.617p*B—1.155p°C’
C,s = 3.695p°B

C,s =1.539'B

C,., = 2.309p°B

C.,, = 3.464p°B

C,y, = 101.039p°B +9.007p*C’
C.s = 5.196p°B

(30)
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Figure3:Vvsanglewith uniqueaxisof crysal

wherep = c/a axid ratio; C' = yalp®; B=ya¥/p® c=
(1/8) [{nby(n-m)} { &} ] y = -x/{ 6 (M + n+ 6)};
m, n=integer quantity; b =L ennard Jones parameter.

Acoustic wave velocity in hexagonal structured
crystal

The anisotropic behavior of the material can be
understood with the knowledge of ultrasonic veloc-
ity because the velocity isrelated to the second or-
der elastic constants*®l, On the basis of mode of
atomic vibration, there are threetypes of velocities
(longitudinal, quasi shear and shear) in acoustical
regioni*¥, Thesevel ocities vary with the direction of
propagation of wave from the unique axis of hex-
agonal structured crystal®. The ultrasonic veloci-
tiesasafunction of angle between direction of propa-
gation and unique axisfor hexagonal structured ma-
terialsarel?!:
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Figure4:V vsanglewith uniqueaxisof crystal
V.?={C,cos0+C sn’0+C, +
{[C,sin’8-C_ cos 0 +C,, (cos’ 0 - sin”0)]*
+4c0208n%0 (C,, +C,, )3 3/2p (4)
vz, ={C,co0+C sin°0+C, —
{[C,,sin’8-C_cos0+C,, (cos’ 0 -sin’0)]
+4c0s0sin?@ (C,, + C,)3"3/2p (5)
V2, = {C,cos0 + C_sin8}/p (6)
whereV ,V  and V, arelongitudinal, quasi shear
and pureshear wave ultrasonic vel ocities. Variables p
and represent thedensity of themateria and anglewith
theuniqueaxisof thecrystal respectively. The Debye
temperature (T ) isanimportant physical parameter
for the characterization of materials, whichiswell re-
|ated to the Debye average vel ocity (V).

hV, (6m2n,)"
To=—2" —— @)
B
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-1/3
h V = 1 i+i+i
S E (VAT ©

wherehisquantum of action and isequal to Planck’s
constant divided by 2r; K, is Boltzmann Constant; n,
isatom concentration.

RESULTSAND DISCUSSION

Higher order eastic constants

Theunit cell parameters ‘a’ (basal plane param-
eter) and ‘p’ (axial ratio) for Niand Mg-doped hcp Ni
nanoparticles (Ni:Mg= 0.95:0.05, inmol) are2.47A,
2.65A and 1.649, 1.638 respectively!>*, Thevalue
of mand nfor chosen nanomaterialsare6and 7. The
vaueof b is2.2x10% ergcm’ for these nanoparticles.
The SOEC and TOEC have been calculated for these
nanoparticlesusing equation (3) and are presentedin
TABLEL

Thecd culated SOEC of Ni issmaller than thetheo-
retical™. Actually Guo et d.[** hasbased ab-initiolo-
ca spin-density functional theory with generdized gra-
dient corrections (GGA) approached to evaluateelas-
tic constants, whichisquitedifferent from present ap-
proach. Although obtained SOEC are of the sameor-
der as others™. Relative magnitudeof C,,C_,, C ,
arewel| presented by our theoretical approach. Which
are in good agreement with experimental results as
shownin TABLE 1. The obtained va uesof the SOEC
and TOEC are of the same order as previous experi-
mental and theoretical studiesof other material 91922,
Hence our theoretical gpproach to evaluatee astic con-
stants seemsto vaid for thesenanoparticles. Thebulk
modulus (B) for these materia s can be cd culated with
the formula B= 2(C,+ C+ 2C , + C_/2)/9. The
evaluated B for these nanomaterialsis presented in
TABLEL

Ultrasonicvelocity and allied parameters

The computed orientation dependent ultrasonic
waveve ocitiesand Debye averagevel ocitiesat 300K
areshowninfigure 1-4. Figure 1-3 show that the ve-
locitiesV andV haveminimaand maximarespec-
tively a 45° with the unique axis of the crystal while V,
increaseswith theanglefrom the uniqueaxis. Thecom-
bined effect of SOEC and density isreason for abnor-
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mal behaviour of angle dependent vel ocities.

The nature of the angle dependent velocity curves
inthe present work isfound similar asthat for heavy
rare-earth metals, third group nitrides, laves-phase com-
poundsand other hexagona wurtzite structured mate-
ria 916122, The chosen nanomateriadshaveshown smi-
lar propertieswithther crystal structure. Thustheangle
dependenciesof thevelocitiesinthesemateridsarejus-
tified.

Figure 1-3 indicate the magnitude of acoustic ve-
locity, whichislarger for Ni and smdler for Ni:Mg. The
respective smaller magnitude of acousticd velocity in
Ni:Mgisduetoitslower elastic constants.

Debyeaverageveocity (V) of thesenanomaterids
isincreasing with the angle and has maximaat 55° at
300K (Figure4). SinceV  iscaculaedusngV ,V
and vV ['61, thereforetheanglevariation of V jisin-
fluenced by the constituent ultrasonic velocities. The
maximumV , at 55° is due to a significant increase in
longituding and pureshear (V) wavevelocitiesand a
decreasein quasi-shear (V) wave velocity. Thusit
can be concluded that when asound wave travels at
55° with the unique axis of these crystals then the aver-
agesound waveve ocity ismaximum.

The Debyeaveragevelocity for Ni and Ni:Mgis
3.457x10° m/sand 2.418x10° m/srespectively, which
hasasimilar tend asthe Debyetemperature, because
Debye temperature of Ni and Ni:Mg are 591°K and
420°K respectively!*®, The valueof specific heat per
unitvolume(C, ), therma energy dengity (E ) of Ni and
Ni:Mgareevauated using tablesof physical constants
and Debye temperature, which are 4.2x108Jm3K 2,
3.6x10°Jm=K1and 7.86x108Jm=3, 6.82x10°Jm" re-
spectively. Thusthe preset average sound velocity di-
rectly correl ateswith the Debye temperature, specific
heat and thermd energy density of these nanomaterids.
The Debyeaverage vel ocity hasaminimum vauefor
Ni:Mgincomparison to Ni along every direction of
propagation (Figure4). Thisindicatesthat Ni ismuch
stablethan Ni:Mg dueto thelarge average sound ve-
locity!?,

CONCLUSIONS
Onthebasisof above discussion, weconcludefol-

lowing points:
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e Our theory of higher order dastic constantsisjusti-
fied for thehexagona structured nanomaterials.

¢ Although, thenature of angle dependency of acous-
tical velocity inthesenanoparticlesisquitesmilar to
that of laves phase compounds, third group nitrides
and other hexagona materiasbut they favour insta-
bility dueto lower anisotropy.

¢ All dastic constantsare mainly the affecting factor
for anomal ous behaviour of acoustical velocity in
thesenanomaterials.

¢ Theaverage sound velocity isadirect consequence
of Debyetemperature, specific heat and thermal en-
ergy density of these compounds.

e Themechanicd propertiesof Ni arebetter thanthose
of Ni:Mg, because Ni:Mg haslow ultrasonic ve-
locities.

Thus obtained resultsin the present work can be
used for further investigations, generd andindustria ap-
plications. Our theoretical approachisvalidfor ultra-
soni ¢ characteri zation of these compoundsat room tem-
perature. Theacoustic behavior inthese nanomaterias
asdiscussed above showsimportant microstructura
characterigtic festure, which arewel| connected to ther-
moel ectric properties of thematerials. Theseresults,
together with other wd l-known physicd properties, may
expand future prospectsfor the gpplication and study
of thesenanoparticles. Also, the preliminary resultsob-
tained inthiswork can beusedfor further experimentd
investigation with pul seecho overlap (PEO) technique
for ultrasonic measurementsand with conventiond ana-
Iytic techni ques such as pol arizing microscopy, X-ray
diffraction (XRD), surfacetension, solid state nuclear
magnetic resonance (NMR), scanning € ectron micros-
copy (SEM) and transmission el ectron microscopy
(TEM).
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