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Abstract: This study represents the method used to determine the grain size of steel grade 45 to become the mean amplitude of the acoustic 
structural noise; describes the method of measurement and the processing algorithm of the signal received by the defectoscope; and 
displaying coincidence of theoretical and experimental research. 
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1. Introduction 
 
The majority of objects in nondestructive testing are 

polycrystalline firm bodies.  
Each grain of these bodies is a monocrystal which is possessed 

by elastic anisotropy which causes the dispersion of acoustic waves 
in a polycrystalline firm body due to reflection, refractions and 
transformations of acoustic waves on borders of metal grains.  
During the manufacturing of the product (molding, processing by 
pressure, thermal processing, etc.) and during the product’s life 
cycle, the structure of metal can essentially change because of the 
occurrence of discontinuities, the anisotropy caused by the 
structure of the metal, and damages to the structure. 
       Any structural damages can serve as an indicator of 
irreversible variations which have been developed in the material. 
Therefore the definition of a product’s current material structural 
condition is one of many actual directions of structurescopy in 
nondestructive testing. 

The majority of methods in an assessment of a metal structure 
are based upon the measurement of the speed of propagation or the 
attenuations of ultrasonic waves. Used methods have a number of 
restrictions in application, caused by insufficient sensitivity, and 
the influence of impeding factors on the results of the control. 

This article represents the method used to determine the grain 
size of steel grade C45E to become the mean amplitude of acoustic 
structural noise. 

 

2. Used approaches 
 
       Pattern noise is related to the scattering of the ultrasonic waves 
on the structural inhomogeneities, grains of the material. In a 
separate crystal elastic moduli (and, therefore, the wave propagation 
velocity) vary depending on the crystallographic direction. 
Since the crystalline lattice of grains in polycrystalline body are 
randomly oriented relatively to each other that is why the grain 
boundaries is a partial reflection, refraction and transformation of 
ultrasonic waves. 
      Acoustic wave propagating in such an ambient generates 
scattered waves that propagate in any direction "do not support the" 
main stream of the wave (Fig. 1, a). 
     The attenuation coefficient of δd of ultrasonic waves caused by 
the scattering depends on the relationship between the wavelength λ 
and the average grain size Dg (Fig. 1b). When λ<<Dg attenuation is 
minimal. Particularly large scattering at λ≈(3÷4)Dg. For the most 
construction materials condition is performed Dg<<λ (Dg=20÷100 
microns, λ=0,5÷6 mm in the frequency range from 1 MHz to 5 
MHz). 
     Scattering in this area is called Rayleigh and occurs on particles 
with sizes smaller than the wavelength. Thus this ratio δd  is 

proportional to the third degree of the grain diameter 
3

gD   and the 

fourth degree of the frequency f 4. The scattering coefficient δd of 
ultrasonic waves significantly depends on the elastic anisotropy of  

 
 
the material. Thus, due to the anisotropy ultrasound strongly 
attenuated in copper, iron, austenitic steel. Elastic anisotropy is low 
in tungsten, aluminum. Technically pure iron and carbon steel 
considered to be the materials in respect to the amount of elastic 
anisotropy. Such materials as concrete, granite, iron being the 
materials with heterogeneous particles are characterized by a large 
scattering. 
Along with scattering attenuation is caused thanks to absorption of 
ultrasonic wave energy by transition to thermal energy (absorption 
coefficient δa). 

 
Fig. 1. Mechanism of ultrasonic wave scattering at the grain boundaries (a); 
Vector waves of different frequencies interaction with inhomogeneities of the 

medium (b) 
     In particular, for medium-carbon steel attenuation of  
longitudinal waves δl, due to absorption δa and scattering δd may be 
calculated by the simplified formula: 

342012,0δ gadl Dff +=+= δδ    (1), 

where f - frequency [MHz], Dg - the average grain diameter [mm]. 
     As an example, at Fig. 2 the curve of dependence of the 
attenuation coefficient from the longitudinal wave of frequency for 
the different numbers of grains G is shown. The growth rate and 
increase in grain size leads to a significant increase in attenuation, 
particularly at high frequencies, which leads to a significant 
reduction in the amplitude of the wave.  
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Fig. 2. The attenuation coefficient dependence of the longitudinal wave δl 

from frequency f for the different numbers of grains G 
 

      The pulses are generated as a result of the inverse scattering of 
ultrasound on the inhomogeneous structure form the structure noise, 
which has the form of separate closely located peaks in the 
structurescopy’s display. Depending on the random phase 
relationship of individual scattering pulses they can strengthen or 
weaken each other (Fig. 3). 
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Fig. 3. Single and double scattering of waves at the grain boundaries 

 
    Using the formula [14], we can calculate the average level of 
structural noises Usn in the near (the formula (2)) and the far surface 
(the formula (3)) for the combined areas of the transmitter: 
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whereas U0 - the amplitude of the transmitted signal, λ - the length 
of the ultrasonic waves, δd - ultrasound scattering coefficient, C - 
the speed of the ultrasonic waves in the medium, τ - duration of the 
ultrasonic pulse, S - area of the transducer, δ - the damping 
coefficient, r - distance from the transducer to the scattering region. 
     Presented formulae (1) - (3) allow us to investigate the influence 
of grain size (Dg) and piezoelectric transducer parameters (f, S, τ) to 
the level of structural noise. In particular, fig. 4 illustrates the effect 
of the average grain diameter Dg to the level of structural noise 
Usn/U0 of longitudinal waves for different operating frequency f. 
The results of calculations performed for the far zone transducer 
used in the experiments with the area S=50 мм2 at frequencies 
f1=2,5 МГц, f2=5 МГц and f3=10 MHz. The presence of extremes, 
depending on the grain size Usn/U0 Dg is owing to two major trends: 
    - On the one hand, the level of noise is proportional to the ratio of 

structural scattering: 3~~ gdsn DU δ ; 

    - On the other hand, the structural noise is reduced by an 

exponential decay law: 
rfgDf

eresnU






 +−
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Fig. 4. The level of structural noise Usn/U0 depending on the diameter of the 

grain 
    The use of different frequencies under the same area piezoelectric 
transducer changes the location and extreme steepness of curves. 
The resulting curves allow to optimize the transducer parameters to 
implement methodology for assessing the structure (grain size 
determination) with maximum sensitivity depending on the range of 
grain sizes investigated. 
 
 
3. Measurement procedure 
 
     Amplitude of structural acoustic noises is generally much 
less than the level of back wall echo, so registration of 
structural noise requires using of high factors of 
strengthening. Wherewith the using of combined transducers 
is unreasonable because of the powerful hum of the probe 
pulse, the duration of which at high factor of strengthening 
blocks the entire area of structural noise appearing by 
creating a dead zone.  
     It is proposed to use of  double-crystal  transducer with 
short dead zones with separate transmitting and receiving 
function, structurally united in one case      (Fig. 5). 
Electrical voltage submitted from the generator of probe 
pulses on radiating piezoelectric-crystal plate of transducer 
leads to the excitation of longitudinal wave in a transmission 
prism with a small angle (0-7 º).  
     The longitudinal waves is refracted on the division of two 
ambients: transmitting prism and the control object.  
     The longitudinal wave, reflected from the back wall 
surface and scattered by inhomogeneities of the medium, is 
refracted at the interface reception prism - the object of 
control and converted into an electrical signal with help of 
the receiving piezoelectric transducer. Note that in the 
contact area of the transmitting prism and a control object 
arises Rayleigh wave which is reradiated into the receiving 
prism [15]. In practice of ultrasonic control pulse occurrence 
of a Rayleigh wave on border zone control is undesirable 
because it limits the sensitivity and dead zone of control. 
     Thanks to the fact that the signal level of structural noises, as 
well as any echoes significantly influences on the quality of 
acoustic contact (particularly in the case of rough surfaces, 
instability couplant layer) therefore by development of a procedure 
is important the selection of the reference signal. Typically, as 
reference in a ultrasonic control one uses back wall impulses or 
reflections from artificial reflectors. However, control of real 
objects, especially during operation, the ultrasonic wave reflected 
from the opposite surface of the article may vary considerably or 
even absent (At availability of corrosion, pitting, or lack of 
flatness). 
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Fig. 5. Scheme of formation of  Rayleigh waves: l - longitudinal wave, R - 
Rayleigh wave 

 
    It is proposed to use as a reference the Rayleigh wave signal 
thanks to its re-emission in the reception prism. Unlike the back 
wall echo of  Rayleigh wave is most stable with  change of the 
contact or the surface roughness and not depends on condition of 
the back wall surface.  
    The block diagram of the apparatus that implements the method 
of measurement is shown in Fig. 6. Electric pulse generator of 
ultrasonic defectoscope excites radiating plate of piezoelectric 
transducer. Ultrasonic pulses, scattered by irregularities structure 
are recorded by receiving piezoelectric plates and amplified by high 
frequency amplifier of defectoscope to 80-90 dB. For saving and 
further processing of the electrical signal to the output 
«VideoSignal» of defectoscope connected digital oscilloscope, 
synchronized with the defectoscope through the synchronization 
line. 

 
Fig. 6. Scheme of Control: 1 - double-crystal transducer; 2 - The 

investigated sample 
     
    Registration results of the probe pulse, the back wall echo and 
Rayleigh waves are shown in Fig. 7. Type of the amplified signals 
of structural noise in the control zone between the pulse Rayleigh 
waves and back wall echo shows the structural noise in the sample 
(Fig. 7). 
    Given to the level of structural noise is the result of waves 
interference repeatedly disseminated from grains of a material, in a 
methodology is estimated the integrated characteristic of structural 
noise defined as result of structural noise integration structural noise 
on all working zone. Integration is realized by MathCad programm 
after interpolation of the digitized signal.  
    To test the developed methodology of structural noises 
researching  prepared samples from round hire bar of constructional 
steel C45E in the form of disks with a diameter d and height h with 
different thermal treatments, implementing different structures with 
different number of grain. The main characteristics of the samples 
are shown in Table. 1. 

 

 
 

Fig. 7. The Oscillogram of pulses on the oscilloscope screen: the zone of 
structural noise  

 
 
Table 1. Characteristics of samples for research 
№  
of the 
sample 

sample sizes Type of 
thermal 

processing 

Temperature 
of heating 

under 
quenching, 

oC 

Number 
of grain 

G / 
average 
diameter 
of grain 

Dg, a 
µm 

Structure 

d,mm hmm 

1 54,7 19,9 Original 
condition 

(normalization) 

850 5/ 62 perlite + 
ferrite 

2 54,7 19,9 water 
quenching 

780 8/ 22 martensite 

3 54,7 19,9 oil quenching 850 7/ 31 martensite 
+ troostite 

4 54,7 19,9 quenching+ 

tempering 

850+60
0 

6/ 44 sorbite 

5 48,3 18,7 Original 
condition 

(normalization) 

850 5/ 62 ferrite + 
perlite 

6 48,3 16,0 Superheating 
for annealing 

1050 3/ 125 coarse -
grained 
ferrit + 
perlite 

 
    For an assessment of the structural changes made metallographic 
examination of the prepared samples. Pictures of flat grinding 
microstructures of samples surface after etching in 4 percent of 
HNO3 aqueous solution for separation of grain boundaries obtained 
by microscope Altami c MET 1M shown in Fig. 8. The results of 
the metallographic evaluation grain sizes shown in Table 1. The 
average grain size Dg of the scale and number of G evaluated. 
 

 
 

Fig. 8. Metallography of samples: a) the sample number 1; b) the sample 
number 2; c) the sample number 3; d) the sample number 4; e) the sample 

number 5; e) sample number 6 
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4. Results and discussion 
 
    The results of determination of the integrated and averaged over 
the level of integration of structural noise, amplitude of  Rayleigh 
wave and the amplitude of the base echo for  the samples are 
presented in Table. 2. Measurements were carried out in four areas 
of the samples and averaged afterwards. Random measurement 
error in one position of transducer does not exceed 15%.  
 
Table 2. Results of measurements  

№ 
of the 

sample 

Average value of 
amplitude of structural 

noise on three 
measurements at signal 
depression 10 dB,Volte 

The average 
amplitude of 

structural 
noise Usn, V 

The average 
amplitude of 

base echo Ubp at 
signal depression 

10 dB,Volte 

The average 
amplitude of 

Rayleigh wave 
impulse at signal 
depression 10 dB 

UR,V Pos. 
№1 

Pos. 
№2 

Pos. 
№3 

Pos. 
№4 

1 2,51 2,61 2,80 3,17 2,77 122,67 12,67 

2 0,21 0,26 0,47 0,48 0,34 120,67 11,25 

3 1,22 1,30 1,46 1,72 1,42 120,00 11,10 

4 1,45 2,44 2,34 2,15 2,09 124,00 11,80 

5 2,66 2,90 2,76 3,21 2,88 130,67 10,80 

6 8,33 9,16 9,05 8,72 8,82 135,33 12,10 

 
     Fig. 9a and 9b are charts of the ratio structural noise Usn -Ubp 
base echo and structured noise Usn -  Rayleigh wave for the studied 
samples. Intervals for deviations of the experimental points 
correspond to the horizontal deviation of the grain diameter value 
Dg. Intervals of vertical deviations corresponding to deviations of 
structural noise level in various areas of the samples.  The 
presence direct relationship of structural noise level from the grain 
size suggests the possibility of using the developed method for 
assessing the structure of the metal. In this case, variations in the 
level of structural noise indicates of structural differences in regions 
of the sample.  

 

 
Fig. 9. Graphic relations: a) structure-borne noise - back wall echo; 

b) structural noise – impulse of Rayleigh wave 

    Analysis of the results of theoretical and experimental 
(metallographic and acoustic) research shows that the amplitude of 
the ultrasonic waves reflected from the structural elements is 
directly proportional to the size of grains in the heat-treated samples 
of investigated steel C45E. It was found out that there is the 
monosemantic  ratio between the heat-treated samples and averaged 
amplitude of structural noises. This dependence is in satisfactory 
agreement with theoretical predictions.  
 
 
 
5. Conclusions 
 
    In the development of ultrasonic structurescopy is offered a new 
approach to the evaluation of the metal structure on the value of the 
integral level of structural acoustic noise.  
Methodology of the acoustic noise assessing of structural metal 
products proved from position of selection of the frequency range, 
the control zone, the reference signal ( impulse Rayleigh waves), 
the signal processing algorithm.  
    We found out the Influence of structure of samples of the steel 
C45E subject to various thermal processing, on a level of structural 
noise. 
    The developed algorithm of the structurescopy with help of the of 
the structural noise may be automated and used in a manufacture for 
the quality control and for the current condition control of the part 
being in process.   
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