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Abstract 
 
The present investigation is focused on the influence of the nanocrystalline structure of pure iron metal on 
the ultrasonic properties in the temperature range 100 - 300 K. The ultrasonic attenuation due to phonon- 
phonon interaction and thermoelastic relaxation phenomena has been evaluated for longitudinal and shear 
waves along <100>, <110> and <111> crystallographic directions. The second-and third-order elastic con-
stants, ultrasonic velocities, thermal relaxation, anisotropy and acoustic coupling constants were also com- 
puted for the evaluation of ultrasonic attenuation in this temperature scale. The direction <111> is most ap- 
propriate to study longitudinal sound waves, while <100>, <110> direction are best to propagate shear waves 
due to lowest values of attenuation in these directions. Other physical properties correlated with obtained 
results have been discussed. 
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1. Introduction 
 
Nanocrystalline materials containing fine grains of nanome- 
ter sizes exhibit the very unique physical properties, which 
contrast with the corresponding polycrystalline and amor- 
phous materials. The ultrasonic attenuation proved to be 
a precise tool to investigate variations in the microstructure 
of solids [1,2]. Ultrasonic velocity and attenuation studies 
have been made in solids [3-5], liquids [6,7], and liquid 
crystals [8,9]. A number of books and review articles are 
available which gives experimental techniques and theo- 
retical interpretation. In solids [10,11] there are several 
causes of ultrasonic attenuation, the most important being 
electron-phonon interaction at low temperatures [12,13] 
and phonon-phonon interaction at high temperatures [14, 
15]. There are several methods for theoretical evaluation 
of ultrasonic attenuation, but the most accepted and re- 
liable one uses second and third order elastic constants 
(SOEC and TOEC) [10,11].  

Iron is a very important metal for industrial and domestic 
applications. We have chosen iron for the study to clarify 

their nature up to room temperature (27˚C = 300˚K). The 
application, quality control and assurance can be well 
understood with the knowledge of ultrasonic properties 
and related parameters. So, we studied the same properties 
for non-destructive characterization of iron in the tempera- 
ture range between 100 and 300 K.  

In present investigation, we made an attempt to apply 
theoretical approach to find ultrasonic properties of iron 
by means of SOEC and TOEC along <100>, <110>, 
<100> directions in the temperature regime 100 - 300 K. 

 
2. Theoretical Approach 

 
Theory is categorized in two phases: in primary phase, 
we discussed the temperature dependence of SOEC and 
TOEC, while the attenuation of ultrasound due to pho- 
non-phonon interaction and thermoelastic relaxation me- 
chanisms with allied parameters has been explained in 
secondary phase. 

SOEC and TOEC at absolute zero have been obtained 
following Brugger’s definition [16] of elastic constant 
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using Born-Mayer potential [17]. According to the an- 
harmonic theory of lattice dynamics, the lattice energy of 
the single crystal changes with temperature [18,19]. Hence 
an addition of vibrational contribution to the elastic con- 
stants at absolute zero provides SOEC and TOEC at de- 
sired temperature. 
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where and  represent static and vibrational 
elastic constants respectively. The expressions for  
and C are given below. 
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where 0  is the short range parameter; b is hardness 
parameter; is the Born-Mayer potential given by  

r
 0r
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where ( )nf and are given as nG
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The obtained results of SOEC and TOEC are used to 
find out the ultrasonic velocities and Grüneisen parame- 
ters for longitudinal and shear waves along different 
crystallographic directions. Those in turn are related to 
compute acoustic coupling constants and ultrasonic at- 
tenuation coefficient [20-23] as discussed in secondary 
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single crystal structure. The X-ray diffraction (XRD) pat- 
terns of iron nanowire arrays specified that most of the 
iron nanowire arrays have the obvious preferred orienta- 
tion along the <200> direction [28].  

phase of theory and discussion section. 
The secondary objective of the present investigation is 

to develop a theory for evaluation of ultrasonic attenua- 
tion. Mason-Bateman Theory [11,14,15,19-27] is still 
widely used successfully to study the ultrasonic attenua- 
tion at higher temperature (300 K) in solids. It is more 
reliable theory to study anharmonicity of the crystals as it 
involves elastic constants directly through acoustic cou- 
pling constant “D” in the evaluation of ultrasonic atte- 
nuation (α). The thermoelastic loss and Akhiezer loss [24] 
under condition 1   is given by: 

The ultrasonic attenuation due to different mechanism 
at high temperatures are evaluated using nearest neighbour 
distance (r0) = 1.24 Å and Born-Mayer (hardness) pa- 
rameter (b) = 0.303 Å for Fe. The SOEC and TOEC are 
calculated at different temperatures. The values of den- 
sity are taken from the literature [29]. The microstructure 
of Fe was tested by transmission electron microscopy 
and X-ray diffraction. The mean size was found between 
100 and 200 nm [30]. 

22 j 5
th i L= kT 2 V    

  
          (6) 

The computed values of SOEC and TOEC at high 
temperatures are listed in Table 1. It is clear from Table 
1 that, out of nine elastic constants, five (i.e., C11, C44, 
C111, C166 and C144) are increasing and three (i.e., C12, 
C112, and C123) are decreasing with the temperature while 
C456 is found to be unaffected. The increase or decrease 
in elastic constants is mainly due to two basic parameters 
i.e., lattice parameter and hardness parameter with other 
common parameters as shown in Equations (1)-(5). 

2
Akh 0= E D (6 V )   

3            (7) 

where   is the density;  is angular frequency of ul- 
trasonic wave; k is the thermal conductivity; E0 is the 
thermal energy; V is velocity of longitudinal and shear 
waves; T is the temperature in Kelvin scale; L and S 
represent longitudinal and shear waves. Grüneisen num- 
ber i

j  (i is the mode of propagation and j is the direc- 
tion of propagation) is related to SOEC and TOEC. The 
thermal relaxation time for longitudinal wave is twice 
that of shear wave. 

This type of behaviour has already been found in ma- 
terials like Ce, Yb and Th [31]. Figure 1 shows that the  
 

 2
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where CV is the specific heat per unit volume and VD is 
the Debye average velocity. The acoustic coupling con- 
stant, which is measure of conversion of ultrasonic en- 
ergy into thermal energy, can be obtained by: 

  2 2j j
i i VD=9 3 γ C T E   0




        (9) 

 
3. Results and Discussion 

 
The Transmission Electron Microscope (TEM) shows 
that the iron nanowires are highly uniform and exhibit a  Figure 1. Temperature vs. C44/C12. 
 

Table 1. SOEC and TOEC (1011 N/m2) of Fe-metal in the temperature range 100 - 300 K. 

Temp.[K] C11 C12 C44 C111 C112 C123 C144 C166 C456 

100 1.8261 0.6918 0.5682 –20.6498 –0.7016 0.4734 0.4785 –0.7376 0.4441 

150 1.8270 0.6903 0.5697 –20.5068 –0.6564 0.4964 0.5042 –0.7104 0.4526 

200 1.8280 0.6887 0.5712 –20.3637 –0.6112 0.5195 0.5299 –0.6832 0.4611 

250 1.8289 0.6872 0.5727 –20.2206 –0.5659 0.5426 0.5555 –0.6560 0.4695 

300 1.8299 0.6856 0.5742 –20.0776 –0.5207 0.5657 0.5812 –0.6288 0.4780 
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temperature dependence of C44/C12 for Iron. For Iron, we 
have the deviation from the Cauchy relation on increase- 
ing the temperature. That is the result indicates that the 
dominance of ionic interaction decreases with the tem- 
perature. On the other hand although still from the condi- 
tion C44/C12 = 1, the result for Iron suggests that the 
bonding become more ionic with increase in tempera- 
ture. 

The stability of cubic crystals is expressed in terms of  

elastic constants as  T 11 12B = C +2C 3 >0 , C44 > 0 and 

 S 11 12C = C C 2>0  , CIJ are conventional elastic con-  

stants, BT is the bulk modulus. The quantize C44 and CS 

are the shear and tetragonal moduli of a cubic crystal. 
Estimated values of bulk and tetragonal moduli for BkY 
are presented in Figure 2. These conditions are also 
known as Born criterion of mechanical stability. The 
Born criterion of mechanical stability in case of iron is 
satisfied as shown in Figure 2. Hence our approach to 
compute SOEC/TOEC is correct. 

The values of SOEC at 300 K are C11 = 1.8299 × 1011 
N/m2, C12 = 0.6856 × 1011 N/m2 and C44 = 0.5742 × 1011 
N/m2 and the experimental values at 300 K are C11 = 
2.37 × 1011 N/m2, C12 = 1.41 × 1011 N/m2 and C44 = 
1.160 × 1011 N/m2 of Fe at normal grain size [32]. Al-
though SOECs of the nanosized metals are smaller than 
the normal sized metal, but quanta of SOECs are same. 

Thermal relaxation time (th) is determined utilizing 
lattice thermal conductivity values [33-35]. Specific heat 
per unit volume (Cv) and energy density (E0) of crystals 
have been evaluated as a function of D/T [29]; where D 
is Debye temperature. Non-linearity constant (D) are 
obtained at different temperature. The values of density 
(), specific heat (Cv), energy density (E0), longitudinal  
(VL), shear (VS) and Debye average velocity ( V ) are  

presented in Table 2. The values of thermal conductivity 
(K), thermal relaxation time (th) and anisotropy are pre- 
sented in Figure 3 and the values of non-linearity con-  

stants (acoustic coupling constants D) are presented in 
Table 3.  

It is seen from Figure 3 that thermal relaxation time (th) 
decreases with temperature due to their thermal conductive- 
ity values. It is also obvious from Figure 3 that the val- 
ues of anisotropy in Fe are almost same at different tem-  
 

 

Figure 2. Temperature variation of BT and CS. 
 

 

Figure 3. Temperature variation of K, TS, Anisotropy. 

 
Table 2. Density () in Kg/m3, specific heat (Cv) Joule/m3K, energy density (E0) Joule/m3, longitudinal, shear and Debye av-
erage velocity ( V ) 103 m/sec of Fe in the temperature range 100 - 300 K. 

Temp. [K]  Cv E0 VL VS V  

100 7.96 1.449 0.4790 4.790 2.672 2.937 

150 7.93 2.296 1.4430 4.800 2.680 2.947 

200 7.91 2.701 2.6227 4.807 2.687 2.954 

250 7.89 2.973 4.1002 4.815 2.694 2.961 

300 7.87 3.113 5.6162 4.822 2.701 2.969 
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Table 3. Acoustic coupling constants (DL for longitudinal wave, DS for shear wave), along <100>, <110> and <111> crystal- 
lographic directions of Fe in the temperature range 100 - 300 K. 

Temperature [K]   

Direction  Parameter  
100 150 200 250 300 

     DL 7.308 7.256 7.186 7.113 7.038 
<100> 

     DS 0.648 0.662 0.676 0.691 0.706 
     DL 12.085 12.096 12.017 11.914 11.790 

     DS
*  

      DS
** 

0.749 0.769 0.790 0.811 0.833 <110> 
12.142 11.964 11.788 11.614 11.442 

     DL 14.405 14.370 14.041 13.627 13.169 
<111> 

       DS
*** 15.459 15.133 14.804 14.485 14.178 

*Shear wave polarized along <001> direction, **Shear wave polarized along direction, ***Shear wave polarized along 110  direction. 110 

 
peratures. The ultrasonic attenuation coefficients (α/f2)Akh. 
due to p-p interaction and (α/f2)th. due to thermoelastic 
relaxation in nanosized Fe at 100 - 300 K along <100>, 
<110> and <111> crystallographic directions are de- 
termined and the temperature variation of the attenuation 
is shown in Figures 4-6. A perusal of the Figures 4-6 
shows that the thermoelastic loss (α/f2)th. is negligible in 
comparison to the Akhiezer type attenuation (loss due to 
p-p interaction). 
 

 

Figure 4. [(/f2)Th(×10–17Nps2·m–1)] vs. Temperature of Fe. 
 

 

Figure 5. [(/f2)Akh.long.(×10–16 Nps2·m–1)] vs. Temperature of Fe. 

 

Figure 6. [(/f2)Akh.Shear.(×10–16 Nps2·m–1)] vs. Temperature of 
Fe. 
 

This is due to low values of thermal conductivity and 
higher values of Debye average velocities of the wave 
along all the three propagating directions. There is posi- 
tive temperature dependence of the ultrasonic attenuation 
at high temperatures as in other metals [36,37]. This 
positive temperature dependence of ultrasonic absorption 
is due to the fact that p-p interaction occurs at high tem- 
peratures mainly at room temperature. Order of attenua- 
tion in the nanosized Fe for longitudinal wave and shear 
wave is the same as in the like metals [38]. 

Attenuation of longitudinal wave is more than that of 
shear wave along <100> and <110> direction polarized 
along <001> direction. A greater value of ultrasonic at- 
tenuation for longitudinal wave along <100> in com- 
parison to shear wave attenuation is due to greater value 
of non-linearity constants (DL). In case of wave propa- 
gating along <110> direction and polarized along <001>, 
although DS

* is greater than the DL, the values of 
(α/f2)Akh.long. are greater than the (α/f2)Akh.shear. This be- 
haviour is due to smaller value of C44 (SOEC) in compare- 
son to C11 affecting the wave velocity as per their relations  
as given below longitudinal 11V = C   and shear 44V = C  , 
here  is the density of the material. 

In the case of the wave propagating along <111> and  

Copyright © 2011 SciRes.                                                                              OJMetal 



 39A. K. GUPTA  ET  AL.

shear wave polarized along 110  ; shear attenuation 
(α/f2)Akh.shear

*** is greater than the longitudinal wave at- 
tenuation (α/f2)Akh.long.. This is due to greater value of 
shear wave non-linearity constants DS

*** in comparison 
to longitudinal wave non-linearity constants DL. Although 
no experimental values of attenuation in Fe (bcc) are 
available for the comparison, but order of attenuation is 
found same as other bcc metals like potassium, which is 
studied experimentally by Sathish et al. [39]. 

Since whole computation is based on only two basic 
parameters i.e. lattice parameter and hardness parameter, 
one may conclude that the behaviour of temperature de- 
pendence of ultrasonic absorption and other allied pa- 
rameters of nanosized Fe is particular one for the mate- 
rial and supports our theoretical approach.  

The preliminary results obtained in this work can be 
used for further experimental investigation with the pulse 
echo overlap (PEO) technique for ultrasonic measure- 
ments. The application of this measurement is mainly in 
non-destructive testing (NDT) of a material with conven- 
tional analytical techniques such as polarising micros- 
copy, X-ray diffraction (XRD), surface tension analysis, 
solid state nuclear magnetic resonance (NMR), scanning 
electron microscopy (SEM) and transmission electron 
microscopy (TEM). 
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