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Abstract

Improving the efficiency of ultrasonic control of hardened surface layers of metal products with a hetero-
geneous structure obtained using different technologies is a pressing problem of industrial production. The
purpose of this work was to investigate the possibilities of measuring the depth of the surface inhomogeneous
layer of steel objects on the basis of the use of amplitude and amplitude-angle characteristics of surface and
subsurface transverse waves.

The analysis of ultrasonic methods of control of physical and mechanical properties of metals by using
surface and subsurface waves and experimentally investigated amplitude-angular characteristics of surface
waves, the maximum angle of which increases by 3° at change of dimensionless layer depth 4, from zero to
0.82. For the first time, the ratio of normalized amplitudes of surface waves taken at certain angles on the
amplitude-angle characteristic curve obtained in the echo mode was proposed to be used as correlating pa-
rameters with the depth of the hardened layer. As a result of this research, the possibility of using a phased
array transducers to solve the above problems.

The effect of the hardened layer depth varying from zero to five in the working frequency range of 1.8—
10 MHz on the peculiarities of the refraction effect (including interference) and dependence of the subsurface
wave amplitude on the acoustic base has been studied, making it possible to establish conditions that provide
for the determination of the hardened layer depth.

Circuit solutions have been offered in order to increase the efficiency of control of properties of the sur-
face layers of metal articles on the basis of utilization of small-aperture transducers and ultrasonic reflectors
making it possible to form fields of surface waves of different directional pattern.

Keywords: surface and subsurface waves, ultrasonic reflectors, amplitude-angle characteristics, ultrasonic
reflectors.
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B03MO0KHOCTH MCIIOJIb30BAHMSA AMILIMTYAHO-YIJIOBBIX
XapPaKTCPUCTUK MOBCPXHOCTHBIX M MOANMOBCPXHOCTHDBIX BOJIH
JAJA KOHTPOJISI MaTCpHuaJIoB ¢ IOBEPXHOCTHO prO‘IHéHHbIM
HCOJHOPOAHBLIM CJI0€EM
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[loBbimenne 3()(eKTHBHOCTH  YIBTPAa3ByKOBOTO KOHTPOJS YHNPOYHEHHBIX MOBEPXHOCTHBIX —CJIOEB
METaJUION3/ICINH C HEOTHOPOTHOM CTPYKTY PO, OTYYEHHBIX M0 Pa3IHYHBIM TEXHOJIOTHSM, SIBIISIETCS aKTYaIbHOM
MpoOIEeMOIl  OTBITHO-IIPOMBIIINICHHOTO TPOW3BOACTBA. Llenpio maHHOW pabOTHl SBISUIOCH HCCIECAOBAHHE
BO3MOXXHOCTEH M3MepeHns] ITyOWHBI MOBEPXHOCTHOTO HEOTHOPOJHOTO CIIOS CTATbHBIX OOBEKTOB HAa OCHOBE
UCTIOJIb30BaHMS AMILUTATYIHBIX M aMILUTUTYIHO-YIJIOBBIX XapaKTEPUCTHK TTOBEPXHOCTHBIX U MOAIIOBEPXHOCTHBIX
TIOTIEPEYHBIX BOJTH.

[IpoBenéH aHamu3 ymbTPa3BYKOBBIX METOJOB KOHTPOJS (PH3UKO-MEXaHHUECKHUX CBOICTB METAIIOB C
HCTIOF30BaHUEM MTOBEPXHOCTHBIX U TOJMOBEPXHOCTHBIX BOJIH M AKCIEPUMEHTAIFHO HUCCIEIOBAHBI aMIUIATY-
JTHO-YTIIOBBIC XapaKTEPUCTHKH MMOBEPXHOCTHBIX BOJIH, MAKCHMAIBHBIA yrojl KOTOPBIX yBEIUYHMBaeTCsS Ha 3°
NpU M3MEHEHHH Oe3pa3MepHOW TiryOMHEI citosd /i, or Hyns no 0,82. BrepBble MpeuIoxKeHO HCIIONb30BATh B
Ka4eCTBE KOPPEIHUPYIOMNX ITapaMeTPOB C TIIyONHOH YyIPOYHEHHOTO CII0SI OTHONICHNE HOPMHUPOBAHHBIX aMILIH-
TYA NOBCPXHOCTHBIX BOJIH, B3ATBIX MO OHpeI[eJ'IéHHI)IMI/I yrijiaMu Ha KpI/IBOﬁ aMHJII/ITyI[HO—yFHOBOﬁ Xapak-
TEPUCTHKH, TOYYCHHOU B 9X0-pexkuMe. B pe3ysbpraTe mpoBeJEHHBIX UCCIICIOBAHUI ObLIIa BBISIBIICHA BO3MOYKHOCTb
MCIIOJIb30BaHus Mpeodpa3oBareneil ¢ pasupoBaHHON PEIIETKOM At pelIeHH s BhIIIeyKa3aHHbIX 3a/1auy.

HccnenoBano BnusHUE DIYOMHBI YHPOYHEHHOTO CIOS, M3MEHSIOIICHCS OT HyJS A0 ISATH B pabodyeM
nuana3one 4actor 1,8—10 MI', Ha ocoOeHHOCTH 3(dekTa mperoMieHus (B TOM YuCiIe HHTEP(EPEHITUH)
U MIMIICHIAHCA aMIUIUTYABI ITOJMOBEPXHOCTHOW BOJHBI HAa aKyCTHYECKOW 0a3e, UTO MO3BOJHIO YCTAHOBHTH
YCJIOBHsI, 00€CIeYrBaloIie ONpeaAeIeHUe NTyOHHBI YITPOYHEHHOTO CIIOS.

[IpemnoskeHbl CXEMHBIC PEUICHMS sl MOBBINEHUS A(PQPEKTUBHOCTH KOHTPOJS CBOWCTB IMOBEPXHOCT-
HBIX CJIOCB METAJUIMYCCKUX W3ACIMA Ha OCHOBE HCIIONB30BAHUS MaJlOANEPTYPHBIX IpeoOpazoBa-
Telneld W yABTPA3BYKOBBIX OTpaKarejeH, MMO3BOSIIOMUX (OPMUPOBATH IMOJS IMOBEPXHOCTHBIX BOJH
Pa3IM4HOI HAIIPABJIEHHOCTH.

KuroueBble cji0Ba: NOBEPXHOCTHBIE U MOANIOBEPXHOCTHBIE BOJIHBI, YJIbTPA3BYKOBbIE OTpa)kaTesd, aMILIUTY -
HO-YIJIOBBIE XapaKTEPUCTUKH, YIIbTPa3ByKOBbIE OTpaKaTesu.
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Introduction

To improve the strength and performance cha-
racteristics of a significant number of industrial ob-
jects their surface hardening is carried out using vari-
ous technologies, including thermal, thermo-che-
mical, mechanical processing, etc., which requires
nondestructive testing. On the other hand, depen-
ding on operating conditions in the surface layer of
a significant number of objects begin to occur degra-
dation phenomena, accompanied by changes in the
structure of materials and their physical-mechanical
properties (PM) properties in result of thermal, ther-
mal force, redox processes, which also requires a di-
agnosis of this factor. As shows the analysis of the
interaction mechanism of elastic waves with metals
and the presence of correlation of acoustic and PM
properties, ultrasonic (US) methods are promising
for the testing and diagnosis of the above objects.

Depending on specific conditions the traditional
methods used for acoustic measurements in homo-
geneous materials and based on the presence of a
phenomenological or correlation relationship be-
tween the PM properties and the velocity of a par-
ticular wave mode can be used. In first case we are to
measure the time of volume wave propagation from
contact surface to the “conditional” boundary of the
HSL with the base and back to the piezoelectric trans-
ducer (PET). In the other case, the time of surface
wave passage at a given acoustic base is measured.
Principally, the dependences of the velocity of longi-
tudinal (L), transverse (7'), and surface (S) waves on
the UPS depth can be obtained using the amplitude-
angle characteristics, based on the Snellius formula:

P* 1, =arcsin(C,/Cy 7z), (1)

where the specified angles correspond to extremums
of amplitudes of ultrasonic modes reflected or passed
into the object.

As well as to suggest some schemes to improve
the efficiency of testing of such objects using small-
aperture transducers and surface wave reflectors.
The presence of a non-uniform layer on the surface
of the body with elastic properties will in one way
or another affect the acoustic path of the measuring
system during the input-reception and propagation of
these ultrasonic waves in the material of the objects,
which are similar to a waveguide. In this case, it is of
interest to pay attention to the features of dispersion
and refraction effects in such waveguides, as well as
to use them to improve the techniques and tools of
acoustic measurements with regard to determining

the depth of the HSL. At the same time, attention is
paid to the nature of changes in the amplitude-angle
parameters of the sources-receivers of ultrasonic
waves depending on the depth of the hardened layer,
the acoustic base and the frequency of the wave.

This work deals with an experimental study
the features of excitation and propagation of weak-
ly damped quasi-relief and non-uniform transverse
subsurface waves in metals with a non-uniform sur-
face layer, the influence of the latter and the wave
frequency on the amplitude-angle characteristics and
distribution of ultrasonic waves introduced into ob-
jects, as well as to offer some schemes to improve
the effectiveness of control of such objects using
small aperture transducers and reflectors of R waves.
In the first stage of the work below, a brief analysis
of the most well-known methods and means of con-
trol of objects with a heterogeneous surface layer is
given and the technique features of measurements at
near-critical angles of input-acceptance of ultrasonic
in objects with different depths of hardened layer are
considered. The conditions for using the refraction of
subsurface transverse waves to determine the depth
of HSL by amplitude-distance data are studied.

Analysis of features of acoustic diagnostics
of surface strengthened layers

Currently, there are dozens of technologies
that change the structure of the surface layer and its
physical and mechanical properties to a depth of a
few microns to cm and more [1-3], which requires
the use of different techniques and measuring tools
that implement them without destroying the object.
At the same time, when controlling the PM of homo-
geneous materials is used as a basic parameter, most
correlated with a number of PM properties and their
structure, the velocity of various modes, having a re-
lationship with the dynamic Young’s modulus (£),
Poisson’s ratio (), metal density (p), according to
the phenomenological formula [4, 5]:

C=C,rr(E, pp)= (E/P)O'SFL, r.r(W- )

The mentioned elastic properties of materials
quite often have a good correlation with such PM
properties of metals as hardness, tensile strength,
etc., which forms the basis for using acoustic
measurement techniques to diagnose the PM pro-
perties of the object both in the volume and directly
in the surface layers of products subjected to har-
dening, et al.
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According to known studies, as well as those
conducted by us, in the case of treatment of metal
surface by high-frequency currents, cementa-
tion, laser annealing, boriding, nitriding, etc.,
the above mentioned PM parameters correlate well
with the data on the velocity of the above modes [5—
7]. At same time, maximum changing of velocity of
one or another wave mode does not exceed 2-3 %,
metal density — nearly 1%, Young’s modulus —
5-6 %. So that is:

&, = AE,/Z,,) = {ACIC, 1z, AEJE, Aplp} << 1,

where AE,, = Z,(0) — E,,(h).

Thus, in relation to the above physical para-
meters, the HSL can be considered weakly homo-
geneous, and to obtain reliable results, it is neces-
sary to take into account a number of errors caused
by wave field diffraction, changes in the hardness
profile of the material along the depth of the HSL,
surface roughness, the quality of the acoustic con-
tact and others. To simplify the HSL depth measure-
ment procedure, in the work [6] developed measu-
ring scheme, sounding the object by a surface wave
at discrete frequencies v,. Then according to the data
of phase (time) shift dependence on frequency the
desired depth of the layer is determined.

In order to level some of the former factor, we
suggested [7] to use spectral analysis of the pro-
bing pulse signal and determine the phase velo-
city of the wave for each of the j-th harmonic by
its phase change (Ag;) between two receiver trans-
ducers with a small aperture of the working surface
mounted at distance /;, one behind the other. L. e.,
on the basis of the obtained frequency dependence
AC/Cg(v), using the Oulder formula, it is possible
to solve the inverse problem, estimating not only
the layer height, but also restoring the distribution
of elastic moduli and other PM properties over the
layer height.

It should be noted that a high degree of loca-
lization of HSL depth measurements is achieved
by using PET not surface but volume waves with
an operating frequency of 15 MHz and more, intro-
duced into the object at a characteristic angle [8].
The conditional “structural” boundary of the HSL
with metal base serves as a “reflector”. In this case,
the layer height is determined according to the pulse
echo travel time data Az, from the coordinate of
source wave input into the object to the coordinate
of the receiving PET after reflection of the wave
front from the base structure boundary. As for the

determination of the required value of Az, it is de-
termined according to the program of analysis of
the probing signal scattering field from the specified
boundary developed for each metal hardening tech-
nology. So, this boundary is a peculiar ensemble of
“point scatterers” and is determined using a correla-
tion function derived from a statistical data set. So
that the required thickness of the HSL can be repre-
sented in a simplified form:

h=05C; At,,,

where C, is ultrasonic velocity in in transducer
prism material and Az, is some effective time, depen-
ding on the structure of the material to test, the ratio
of ultrasound in contacting materials, and the angle
of incidence on the surface of the object.

The disadvantage of the method is that the re-
quired accuracy and reliability of measurements are
achieved at 4 >3 mm. At the same time, in most
cases, it is necessary to determine the thicknesses of
the HSL less than 3 mm.

In work [9] have been developed an ultrasonic
method of controlling the depth of HSL of steel rolls
of sufficiently large depth. It was shown that at suf-
ficiently large thicknesses of the HSL on the course
of the dependence A(x) has a significant influence of
the interference of surface and subsurface diffrac-
ting waves. As stated, if 4, >> 1 (where / is tens of
mm), the distance between the maxima of the stu-
died dependence serves as informative and correla-
tive parameters with the depth of the layer. It is to
be expected that for 4, <h,* curves A(x) are to be
monotonically decreasing dependences. And is
assumed that this will make it possible to identify
the conditions that ensure the establishment of an
unambiguous relationship between the amplitude
parameters of the ST mode and the thickness of the
HSL for the characteristic acoustic base between the
measuring probes.

Proceeding from the analysis of possible vari-
ants of methods and means of definition of HSL
depth, as well as taking into account the importance
of solving this problem for a variety of objects cre-
ated by industry, the subject of the present research
and development are: amplitude-angular characteris-
tics of steel samples with HSL depth # = 0-1.5 mm,
taken in the transmission and reflection mode and
scheme solution proposal for increase of control ef-
ficiency; refraction phenomena in frequency range
1.8-10 MG and definition of conditions elimi-
nating appearance of extremums of A(x) curve;
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improvement of HSL depth measurement schemes
according R velocity using reflectors of different
design. Thus, based on the analysis of possible op-
tions for methods and means of determining the
depth of HSL, as well as given the importance of
solving this problem for the variety of objects cre-
ated by industry, the subject of this study are the
amplitude-angle characteristics of surface R-waves
and amplitude dependence of subsurface transverse
waves on the depth of HSL, at different frequency
and value of the acoustic base, which can be used
to improve control of the depth of inhomogeneously
hardened layers of metal items.

About amplitude and amplitude-angle methods of
measurement

These methods are simple enough and can be
divided into two groups. The first group should
include methods traditionally used to determine
velocity of surface and volume waves in homoge-
neous bodies using data of amplitude-angle cha-
racteristic of waves reflected from object surface
(for example, goniometer method) or subsurface
or Rayleigh modes introduced into object [5]. In
this case, the amplitude extremum angles serve
as informative ones. In particular, at introduc-
tion of elastic modes into solid body, at angles
B =arcsin(C,/Cy 7 ) the amplitudes of excited
waves in the object are maximal. I. e., this case cor-
responds to the phenomenological connection be-
tween B; ; and C; 1. So, the considered variants
of HSL creation will cause predominantly decrease
of elastic properties and spreading rate of ultraso-
nic waves, especially of R waves, which energy is
localized in the surface layer with depth £, * = A;.
Therefore, it should be expected that the increase of
h, will cause the increase of f,, at which the maxi-
mum amplitude of the R wave 4,,, will be observed
because:

0P, /0, = (8h, 10C,)(6C)/EP,, > 0,

where using formula (1) and data [4, 8], we obtain
that 0h,/0C, <0 and for the second factor is true:
OCy/3B,, = -Cycosp,,/C, <O0.

It should be noted that the traditional realiza-
tion of this method of determining the C, mode rate
in the shadow regime and the use of two identical
transducers for radiating — receiving R-wave and
setting the angle of maximum f,, is difficult in fac-
tory conditions, because in the vicinity of B — B,
0AR/0B — 0. If the angle of the receiving transducer

is fixed (Figure 1), however, as can be easily shown,
the behavior of the curve A,(P) in the vicinity of
B,, = Ap will change, which will lead to a decrease
in measurement accuracy. Taking into account the
fact that the curve of dependence A(P) is similar
to a parabolic curve, it should be assumed that a
higher accuracy of the HSL depth measurement can
be achieved not by measuring f3,,, but (as sugges-
ted in this work) by measuring the ratio 4,(B;)/A4x,,
in the left (i = 1) or right (2) branch of dependence
AR(B), where B, corresponds to the angle of wave
incidence in the transducer to the object at which
Apg,, ! Az(B;) should be maximum.

In [9] for sufficiently large thicknesses of HSL,
where the use of methods based on the connection
velocity of the elastic mode (or other parameters as-
sociated with it) with the depth of HSL suggested
to use the effects based on the refraction of the in-
troduced into the controlled object subsurface trans-
verse waves. Moreover, the presence of a velocity
gradient VV,(z) in the surface layer can significant-
ly change the wave field, which is demonstrated in
the development of the method of controlling the
depth of hardened steel rolls, where the problem of
relating the HSL depth and its properties with data
dependence Ag;(x), which has maximums, caused
by interference of surface and diffracting in the sub-
surface layer wave. As stated, if 4, >> 1 (where & is
tens of mm), then range 4, < h,*, at which curves
Aqy(x) are monotonically decreasing dependences.
(As there show [5] the velocities of the transverse
subsurface wave Cy; and the one excited at the
angle of incidence B < f3, in an object with a homo-
geneous structure C; are the same, i. e. C; = Cyp).
It is assumed that this will make it possible to iden-
tify the conditions that ensure the establishment
of an unambiguous relationship between the ampli-
tude parameters of the ST mode and the thickness
of the HSL for the characteristic acoustic base be-
tween the measuring transducers.

Proceeding from the analysis of possible vari-
ants of methods and means of the HSL depth evalu-
ation, as well as taking into account the importance
of solving this problem for a variety of objects
created by industry, the subject of the present re-
search and development are: amplitude-angular
characteristics of steel samples with HSL depth
h =0, -1.5 mm, taken in the transmission and re-
flection mode and scheme solution proposal for in-
crease of control efficiency; refraction phenomena
in frequency range 1.8—10 MHz and definition of
conditions eliminating appearance of extremums

267



IIpubopsi u memoowl usmepeHuil Devices and Methods of Measurements
2022. - T. 13, Ne 4. — C. 263-275 2022, vol. 13, no. 4, pp. 263-275
A.R. Baev et al. A.R. Baev et al.

of Ag/(x) curve; improvement of HSL depth mea- be used to improve control of the depth of inhomoge-
surement schemes according to R velocity using re- neously hardened layers of metal items.

flectors of different design. Thus, based on the ana-

lysis of possible options for methods and means of ~ Research Techniques

determining the depth of HSL, as well as given the

importance of solving this problem for the variety of ~ Schemes for amplitude-angle measurements

objects created by industry, the subject of this study Experimental schemes of research to identify the
are the amplitude-angle characteristics of surface possibility of improving the HSL depth diagnosis on

R-waves and amplitude dependence of sub§urface the basis of the amplitude-angle characteristics of the
transverse waves on the depth of HSL, at different QI mode. as well as the use of the phenomenon of

frequency and value of the acoustic base, which can  qypsurface wave refraction are explained in Figure 1.

a b c

Figure 1 — Schemes of experimental studies of the effect of the angle of incidence of ultrasonic waves and
the acoustic base on the excitation and receiving of transverse subsurface and surface waves in samples with a hardened
heterogeneous layer and using ultrasonic transducers with a constant point of acoustic beam exita sliding acoustic con-
tact (a), with phased array (b), with a liquid wedge (c): 1 — ultrasonic transducer with a variable angle of the ultrasonic
waves input-receiving with a sliding contact (a), phased array (b) and liquid wedge (c); 2 — hardened surface layer;
3 — test specimen; 4 — ultrasonic reflector; 5 — liquid wedge

Surface wave prism sounding duct. When conducting research in
the angular range of f = 58—72°, the error of setting
the angle of incidence did not exceed 0.2°.

It should be noted that during the research we
studied the possibility of using the FAZOR-4 device
and the PET with electronically controlled phased
array to solve the assigned tasks.

Radiation of ultrasonic waves is carried out by
a matrix of 16 elementary piezoelectric plates, to
which are fed (received) electric pulses, shifted in
phase, realizing the oscillating acoustic beam and
changing the directional diagram of the transducer.

The first measurement scheme can operate in
echo mode and shadow mode. Moreover, the lat-
ter requires the use of two PET transducer with a
smoothly varying angle of incidence of the wave,
by controlling which (as mentioned earlier) is de-
termined the maximum amplitude A4, and the cor-
responding angle f3,,. In this work, mainly an echo
mode is used, which allows to increase operability
and accuracy, which is achieved by using a prismatic
sample edge as a reflector.

During the studies, the influence of the dimen-
sionless depth of the HSL on the course of the de-
pendence A,(P) is studied in detail. So, the condi-
tions under which it is possible to achieve maximum The influence of refraction on the acous-
sensitivity to changes in its parameters — the wave tic path of excitable subsurface waves was stu-
amplitude and the angular shift B of the maximum died both in the echo and shadow modes. Working
Ay, — are determined. The operating frequency of range 1.8-10 MHz. Mainly contact inclined PET
1.8 MHz was chosen as the base frequency for the  with prism angle were used, which excite ST mode
studies, which allows leveling the effect of attenu- under the second critical angle 3, = 58°. To find out
ation on the amplitude-frequency parameters of the the peculiarities of the interference effect, a probe
wave. The PET is made with a sliding protector and  with a local immersion bath (water) and working fre-
an external cylindrical surface, contacting with the  quency of 10 MHz, operating in echo mode and with

Subsurface transverse waves
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the possibility of changing the angle of incidence 3
in the near-critical range f = 24-26° was made.

Results of experimental studies and their
discussion

Amplitude-angle characteristics of surface R waves

The main results of experimental studies of the
influence of HSL depth on amplitude-angle charac-
teristics of R waves are shown in Figures 2—4, and
ST wave refraction when varying the acoustic base
in Figures 5-7. Figure 2 shows characteristic chan-
ges of the wave amplitude curves from the angle of
incidence of the excitation mode on HSL samples,
in the reflection mode realization. As expected, the
experimental 4,(p) curves obtained according to the
scheme shown in Figure 2 look like a parabola with
the branches facing downward, shifting together with
the maximum A, to the region of high values of 3
with an increase in the dimensionless depth 7, . As it
was found using the given scheme of sounding in the
echo mode the value of AP is nearly 3° at 4, =0.82
as well as the change of R wave velocity being nearly
by 1.8 %. As for the change in the width of the curve
AR(B), its value, taken at the level of 10 dB changes
only by a few percent.

Note that the above results are also confirmed
by the data in Figures 3a and 3b obtained using a
phased array transducer, although the value of the
angular shift AP is somewhat smaller than that ob-
tained earlier. As for the change in the angular width,
it is almost the same. Further studies have shown
that the reduction of the elements that make up the
aperture of the phased transducer is accompanied by
a significant broadening of the amplitude-angle cha-
racteristic A,(B). Thus, for example, a change in the
number of radiating elements in the form ofa 12 mm
long strip from 16 to 4 causes a 3.7-3.6 times change
in its angular width f at 20 dB. It is obvious that in
order to use such systems in practice it is necessary
to increase the resolution (angular) ability of mea-
surements, to specify the features of acoustic mat-
ching and geometry of the sound duct when working
at different frequencies, which is very important.

Perspectivity of using such an approach to solve
this problem is to significantly reduce the influence
of the subjective factor on the measurements. At
the same time, it is necessary to clarify the features
of PET with phased array at swinging of acoustic
beam in the vicinity of the angle of incidence on
the sample = 64-65°.

Af¥, A*,

Figure 2 — Dependences of the surface R wave ampli-
tudes (explained by the formulas (3)), on the angle of ul-
trasonic wave incidence on the sample (a) and the depth
of the hardened layer (). a: Ay* —the normalized am-
plitude at 4, =0 (1); 0.32 (2); 0.82 (3); b: A* —relative
wave amplitudes taken for fixed angles at the left (1) and
right (2) branches of the curve 4,*(), where B, = 60° (1)
and B, =69° (2); A,* = A,*/A*

It is necessary to clarify that a preferential de-
crease of the wave velocity R with increasing depth
of the PET and a subsequent move towards satura-
tion of the function Cr(4,) are caused by peculiari-
ties of change in effective values of the modulus
of elasticity £ and density of the surface layer of
material depending on coordinate z by the depth of
wave localization equal to # = A. Using formula (1)
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the value of the wave velocity R can be estimated The use of the method of HSL depth measu-

by assuming that it propagates in a homogeneous ring according to angular displacement value AB
material layer with constant (effective) values of the  significantly depends not only on the depth of HSL
Young modulus £, and density p,: and its elastic properties, but also on the accuracy
of angle B,, setting. The complexity of this opera-

9 -1 9 tion is caused by finding the angle of maximum

E, zhf QF d, p zhj 9,4z, of the field amplitude, in the vicinity of which
R R 0A4/0B—0, which significantly affects the accu-
where O, = Q,(z) — specific coefficients that take into  racy of R mode velocity estimation and, naturally,
account the spatial distribution of the above proper- the determination of HSL depth. On the basis of
ties of the elementary layers of the material of thick-  the experimental data obtained and its analysis it
ness dz. (In this case, we neglect the change in the is suggested to improve the efficiency of the mea-

Poisson’s coefficient value). surement procedure.
%n 50 60 70 80 B.° E% B.°
<-E< 0 <0
-10 -10 ¢
20 20
230 -30
40 -40
a b

Figure 3 — Amplitude-angle characteristics of ultrasonic transducer with phased array when varying its aperture, deter-
mined by the number of radiating elements in the form of plates of length 12 mm for sample with the hardened surface
layers depth of 4, = 0 (a) and 2.2 (); dependence 1 — 2 plates; 2 —4; 3 —8;4-16

The essence of the suggested method is the ratio 20 dB or some more. If you use the parameter 4,,*,
of normalized amplitudes 4,(B,) (4, ) ', measured its variation reaches more than 35 dB. At the same
on one or two branches of 44(B;) at 4, =0 (before- time, the sensitivity of these parameters to changes
hand) and in the process of measurements, which inthe layer depth is maximal for 4, < 0.4 and reaches
is the most sensitive parameter with respect to the a minimum for /4, > 0.5-0.6.
angle shift of the considered above dependence. 1. ¢., Thus, it is necessary to suppose, that by choos-
first, to estimate a specific depth of HSL we conduct ing the receiving angles for the considered ampli-
receiving and measurement of signal amplitude 4,, tude-angle relation and the operating frequency R
at fixed one or two-angle 3, on the left (i = 1) and (or)  of the wave, it is possible to control the sensitivity
right (i = 2) branches of 4,(p), and then we measure  and accuracy of HSL depth definition. This is con-
its maximum A,,,. Finally, it was suggested to use firmed by the former curves in Figure 2¢, which are
the ratio of normalized amplitudes as correlating in-  plotted on the basis of experimental data.
formative parameters to estimate the HSL depth: Let us note that the problem of precise setting

of the angle of incidence (reception) of the primary
ultrasonic source B; (up to 0.1°) can be easily solved
Aok g I = K4 4 3) by fixing its body in one or two positions with suf-
12 N1/4EN2 R1'“*R2 > . . .
ficient accuracy, for example by using special stops-
where the index 0O corresponds to the situation when  restrictors. As for measuring of the wave amplitude
h=0, and K°=4 r02/Ago; 1s some constant, deter-  at f3,,, included in expression 4,(B,)(4 Rm)’l. As can
mined with maximum precision before measure- be seen from Figure 2, a high accuracy of the angle
ments are taken. B,, is not required, because the error of magnitude

Thus, for example, the value of Ay*(h,). when and 4,,, measurements in the vicinity of f = f3,, is the

varying h, in the range of 0-0.82 can change by smallest. Preliminary tests of the suggested method

A=Ayl Ay = (Agil A )(AROi/ARomf];
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of measurements on samples hardened by high-fre-
quency hardening with depth from 0.5 to 1.5 mm
showed a principal possibility to estimate the HSL
depth with an error not exceeding 15-20 % and
roughness of the contact surface of samples smaller
than 5 um. As studies have shown, the use of the
echo mode for ultrasonic control is generally prefe-
rable to the shadow one, which requires a significant
complication of the device, as well as an increase in
its dimensions.

4 6 1
3
</ 2
P2
5 B\l/’
ﬂi; -(—;
7

Figure 4 — Suggested operation scheme of ultrasonic
device for the hardened surface layers depth testing:
1 — piezoelectric transducer; 2 and 3 — primary probe of
the ultrasonic signal in two positions for measuring its
amplitude at fixed angles f;; 4 — reflector of the surface R
wave, and 5 — its boundary R waves reflection; 6 — noise-
reflective boundary area; 7 — object

In order to expand the capabilities of the method
and increase its efficiency, we developed and tested
a prototype device containing PET and an R-wave
reflector, which is explained in Figures 8-9. In this
case, the size of the device is significantly reduced,
productivity is increased, and the possibilities of its
application are broadened. A more detailed descrip-
tion of it is given in section 4.

Note that the above results are also confirmed
by the data in Figures 2a and 2b obtained using a
phased array transducer, although the value of the
angular shift AP is somewhat smaller than that ob-
tained earlier. As for the change in the angular width,
it is almost the same. Further studies have shown
that the reduction of the elements that make up the
aperture of the phased transducer is accompanied
by a significant expansion of the amplitude-angle
characteristic 4z(B). Thus, for example, a change
in the number of radiating elements in the form of
a 12 mm long strip from 16 to 4 causes a 3.7-3.6
times change in its angular width B at 20 dB. It is
obvious that in order to use such systems in practice
it is necessary to increase the resolution (angular)

ability of measurements, to specify features of
acoustic matching and geometry of the sound tube
when working at different frequencies, which is very
important. Perspectivity of use of such approach for
the decision of the given problem consists in essen-
tial reduction of influence of the subjective factor on
carrying out of measurements. At the same time it
is necessary to clarify the peculiarities of PET op-
eration with phased array when the acoustic beam is
swinging in the vicinity of the angle of incidence on
the sample = 64-65°.

Peculiarities of transverse subsurface wave refrac-
tion in samples with a surface inhomogeneous layer

As it is known, under conditions of a lon-
gitudinal wave incidence on body at an angle
B < Bz =arcsin(C,/Cy) along with a Rayleigh wave
a transverse subsurface wave with an amplitude 4,
which has ~10 % higher velocity is excited. And
with increasing AP =pz—B the amplitude factor
A =Ag/Ag s an increasing function of the angular
shift, reaching a maximum at some value B < ;. If
h =0, then when varying AP from zero to AR = Bz—B,,
where B, = arcsin(C,/Cy), though there is an increase
in Az, but, nevertheless, in the whole range of an-
gles significantly prevails surface mode (almost one
order).

Studies performed of the amplitude-angle depen-
dences of the A4 ;(B) according to a technique similar
to that used above for the study of the R wave, showed
the following. Thus, at HSL thickness 4, ~ 0.82 the
maximum value of 4, =1, and at h* =2.5, the
transverse wave prevails in a significant range of an-
gles (Figure 5). And the angular width of normalized
dependences of the function 4¢;(p), taken at the level
of 20 dB when the distance to the reflecting edge of
the sample changes twice differs within 5 %. Note
that the knowledge of the behavior of the dependenc-
es studied at different frequencies makes it possible
to significantly increase the signal-to-noise ratio and
the accuracy of measurements.

Since the change of HSL depth has a significant
effect on the course of the 4,,(B) function, it is of
interest to use such dependences to solve the inverse
problem to determine the HSL depth. But for this
purpose it is necessary to take into account the influ-
ence of the object surface roughness on the A, atte-
nuation and to ensure a high stability of the acoustic
contact in the measuring system. As for the behavior
of the 4g.(/;) dependence, the effect of roughness
can be reduced due to the peculiarities of the forma-
tion of the wave front of subsurface waves [5].
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Figure 5 — Amplitude-angle characteristics of transverse
subsurface ST waves (1, 2) and surface R waves (3) at
f=5MHz in a sample with a hardened layer depth of
h, =2.5; the sound mode is echo; dimensionless distance

to the reflecting boundary /, =34 (1, @); 68 (2, 0)

Figures 6 and 7 show characteristic depen-
dences of the investigated wave amplitude reflected
on the acoustic base length at 3, = 58°, as well as
the incident angle on the sample in the near-critical
mode (Figure 7). In the second case the immersion
method of acoustic contact creation is used, provi-
ding removal of the influence of ultrasonic attenu-
ation in the probe prism and high-precision adjust-
ment of the angle f by means of a screw mecha-
nism with a step of less than 0.2° in the range of
B =24.5-26°. It was found that with /#, = 2.5 and
less, the logarithmic dependencies A;; on the di-
mensionless acoustic base obtained both in the
shadow and in the echo way are predominantly
close to linear. This difference in amplitude reaches
up to 20 dB and more, which is determined by the
choice of operating frequency and acoustic base.
It is interesting that when the characteristic value
h, >2.5-3 is exceeded, the refraction phenomenon
leads to a significant change in the behavior of the
studied dependence on the acoustic base, caused by
the interference effect.

According to the theoretical model and the sug-
gested method [9], the HSL depth is determined with
an accuracy of up to 10 %, using data on the coordi-
nates of the location of the maximums of the 4¢.(/,)
dependence. However, this accuracy is provided at
h, > 10 only. Another difficulty of using this method
is related to the complication of the procedure of
measurements, caused by the need to search for the
maximum,.

AST

150 210

90

Figure 6 — Dependence of subsurface transverse wave
amplitude in reflection mode on the distance to the reflec-
ting edge of the sample in the hardened surface layers with
depth of A, = 5 when implementing the immersion acous-
tic contact and varying the angle of incident wave in the
vicinity of its second critical value § = 3,: f°= 24.5° (1);
24°(2); 23.5° (3); 23° (4); 25° (5); 25.5° (6); 26° (7)

Asr.
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Figure 7 — Dependence of subsurface transverse wave
amplitude in the reflection mode on the doubled distance
to the reflecting face of the sample with different depth
of the hardened layer: A, =0 (1); 0.82 (2); 2.5 (3): prism
angle =B, =58% =5 MHz

Based on the studies of excitation and propaga-
tion of subsurface ST waves in samples with HSL, we
can conclude that the amplitude dependences on the
operating frequency and acoustic base of the sound-
ing, as well as the angle of incidence B on the ob-
jects to study can be the basis of HSL measurement
techniques when 4, < 2.5. Thus, on the one hand, this
will expand the range of the tested depth of the layer
of surface-hardened metals and, on the other hand,
provide conditions for detecting discontinuities in
the surface area of ST waves due to levelling the in-
fluence of interference caused by refraction on the
measuring process.
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On the features of acoustic measurements
using surface wave reflectors

Below we firstly suggest acoustic schemes
aimed at improving the accuracy of the physical and
mechanical properties of the surface layers of metal
products measured by surface waves, including the
depth of HSL and hardness distribution over the
depth of the heterogeneous layer, mechanical stress,
the degree of micro-damage, etc.

Thus, Figure 8 illustrates some features of sur-
face and subsurface wave reflector designs functio-
ning (top view), where the boundary area (bound-

ary) of the contact between the opposing edge of the
device and the control object 1 serves as a reflec-
tor of the reference (useful) signal. The oppositely
contacting area of the device with the controlled
object (boundary 2) has different shape providing
elimination of noise background of the R-waves re-
flected from it (schemes a, b, ¢). The waves passing
through this boundary are transformed into a Stonley
wave [5] and after reflection from boundary 1 they
return to the transducer in reverse order. By changing
the shape of the boundary 1, it is possible to change
the directional pattern of the R-wave field, providing,
for example, their focussing.

1 1
i —f —
7<> RN
[ . a <
/’/Loﬂ ;O'
a b

Figure 8 — Reflector design schemes of the surface (a, b, ¢) and subsurface (d) waves. a, b, ¢ — top view: 1 — reflection
area (boundary) of surface waves received by the transducer operating in the echo mode; 2 — “noise-reflecting” boun-
dary”, eliminating penetration of surface waves reflected from it onto the transducer; d — side view: 1 — body; 2 — reflec-

ting body; 3 — ultrasound wave absorber; 4 — sound tube

The schemes shown in Figure 9 are intended
to improve the reliability and accuracy of acoustic
measurements. For this purpose it is suggested to
emit and receive ultrasonic waves both prismatic
and small-aperture (or non-directional) transducers
with point contact of working surface of “wave-
guide” of transducer [10, 11], or in the form of
a narrow strip. And their working surface may be
from 0.01 to 1 mm* And in the first case, when

working even in the megahertz range (1-5 MHz)
acoustic contact is “dry” (without contact medium),
which is very important for stable measurements. In
some conditions at high-precision measurements the
metal structure, characterized by metal grain size,
diffraction, unequal clamping of receiving transdu-
cers can influence the stability of acoustical contact,
which leads to error of measured time interval and
wave velocity.

L
S Y 7 I S
iz 1 L 1 g 1
a b c

Figure 9 — Schemes of evaluation of the surface inhomogeneous layer properties according to the amplitude and velo-
city of ultrasonic waves using its reflectors and small-aperture probes: 1 — sample; 2 — ultrasonic inclined transducer;
3 —and 4 — small aperture probes; 5 — reflector; 6 — opposition face of the surface wave reflector

However, taking into account that used transduc-
ers are “non-directional”, it turns out that by soun-
ding the object in two directions, where the “second
source” of the R wave is the reflector, the required

velocity C,— 21 (¢, + t,) ', where ¢, and ¢, are the R-
wave propagation times between the transducers in
the forward and reverse directions. In this case mea-
surement errors are leveled, subtracted.
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The diffraction error is determined by the loca-
tion of the receiving probe in the near zone, deter-
mined by the value of function F(I/Ag-1, a/l/hg1),
where a characterizes the aperture of the surface
wave transducer. So, by placing the ultrasonic re-
flector on the opposite side of the receiving probe
and by changing the shape of the reference reflecting
boundary of surface waves of the reflector, it is pos-
sible to substantially level this error by taking the re-
flected signals of the indicated probe with small ap-
erture in the reverse order. Similar velocity measure-
ments (but with a larger error) can also be realized
by using measurement schemes on Figures 95 and
9c. However, in this case, it is necessary to ensure
reliable stability of the acoustic contact. It should be
noted that the same schemes can also be used to de-
termine the attenuation of the wave amplitude by the
surface layer structure.

Experimental research conducted at 1.8 and
2.5 MHz showed that when a steel prismatic reflec-
tor contacts a thin layer of contact medium with the
same base, the coefficient of reflection from the re-
flector’s oppositional (reference) boundary is more
than 30 dB higher than that from the front boundary.
Reflection coefficient of the wave increases noti-
ceably if the normal to the wave front is inclined by
more than 30°. A change in dimensionless thickness
of the gap filled with fluid between the contact surface
of the reflector and the object from zero to /2, = 0.04
will have practically no effect within 1-1.5 dB on the
reflected wave amplitude change.

Conclusion

The shot analysis of traditional ultrasonic met-
hods of control of physical and mechanical proper-
ties of homogeneous metals has been carried out and
the acoustic path of weakly attenuated surface and
transverse subsurface waves in steel specimens with
a heterogeneously surface layer has been studied ex-
perimentally, including its effect on the amplitude-
angle characteristics of surface waves and peculiari-
ties of the subsurface wave refraction effect during
changes in the acoustic base and operating frequen-
cy (1.8-10 MHz).

It was found that varying of the dimensionless
depth of surface-hardened layer from %, = 0 to 0.82 is
accompanied by an increase in the peak angle of the
amplitude-angular characteristic surface wave at the
operating frequency of 1.8 MHz up to nearly 3° with
a change in its angular width of not more than 3—4 %.

On the basis of obtained data analysis we sug-
gest the method of a hardened layer depth measu-
ring. It firstly, includes using the ratio of normalized
amplitudes measured for fixed optimal angles at one
or both branches of the amplitude-angle curve in the
absence and presence of sample hardening as an in-
formative parameter (parameters) correlating with it.

On the basis of obtained data analysis we suggest
the method of surface-hardened layer depth determi-
nation which consists in using the ratio of normalized
amplitudes measured for fixed optimal angles at one
or both branches of amplitude-angle dependence in
the absence and presence of sample hardening as an
informative parameter (parameters) correlating with
it. It is shown that varying the surface-hardened layer
depth in the above range is accompanied by changing
the value of the suggested amplitude parameter by up
to 20-30 dB. For practical realization of this method
it is suggested to carry out measurements in the echo
mode using a reflector of the design presented in the
work. As an alternative variant the measuring system
with the phased array transducer and working fre-
quency of 4 MHz has been tested for the first time.
It qualitatively confirms the results obtained above
and testifies (with an appropriate improvement)
about the prospects of such a method for depth con-
trol of the hardened surface layers.

A set of studies on excitation and propagation
of subsurface transverse waves by using the shadow
and echo methods at 1.8—10 MHz operating frequen-
cies was carried out at changes of dimensionless sur-
face-hardened layer depth in the range of A, = 0-5
and the wave incidence angle. For the first time the
conditions eliminating the refraction effect accom-
panied by interference phenomena on the subsurface
wave amplitude dependence course character with
the acoustic base increase have been determined that
is realized at s, <2.5-3 and enables the method of
their estimation to be offered, and also increases the
reliability of detecting subsurface and surface de-
fects in objects with surface-hardened layers.

An analysis of increasing the efficiency of
checking the properties of surface layers of metal
items on the basis of the proposed schematic so-
lutions, including the use of small-aperture trans-
ducers, as well as surface wave reflectors, by chan-
ging the geometry of which it is possible to form
fields of surface waves of different directional pat-
tern. Studies have shown that when a steel pris-
matic reflector is in contact with the surface of
the sample through a thin layer of liquid, the re-
flection coefficient from the opposition (reference)
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boundary of the reflector is of 30 dB higher than
from the front boundary.
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