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Abstract

The paper presents results of the study of inductiop¢esd materials by means of
ultrasonic surface waves. It comprises analysis oen@tmechanical properties, measurement
of the velocity of ultrasonic surface waves and prsiogsof ultrasonic wave signals (spectral
and cross-spectrum analysis). The approach can be ustx fidlentification and assessment of
layered materials.
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Introduction

The combination between high hardness and strength faicetinardened layers (SHL)
on one hand, and high impact strength and in-depth toughna$®e @ther hand, is one of the
requirements to a large set of industrial parts. Thqtuirement is satisfied by performing
material surface tempering. It is realized via inducti@ating of the surface layer, yielding a
material with high-hardness surface layer and smoathgghof bulk propertie§.

The application of classical methods to evaluate lah@kness (i.e. metallographic
methods and micro-hardness measureméhis)expensive and ineffective for a large number of
products. Hence, methods of nondestructive assessmethie athickness and properties of
surface-treated materials are actual and perspéttive

The methods of signal processing are widely applied in geagshydien treating seismic
surface waves. Their use in studying induction-temperatemals is a new and actual trend,
making possible the clarification of the ultrasonic wpv@pagation in layered materials.

The aim of the present work is to study the dependenceebrtithe mechanical and
acoustical properties of surface-hardened materials, whiérmpeg analysis and processing of
signals from surface ultrasonic waves.

M aterials

Surface-hardened layers (SHR) on cylindrical specimenstaied. Specimen diameter and
length are 22 mm and 200 mm, respectively. Specimens arallynground and subjected

afterwards to induction tempering with different durabhili8pecimen processing regimes are
experimental and they aim at fabricating layers wiffecent thickness. Layer micro-hardness



HV is measured by means of micro hardness meter applyadydbd 100 g. Table 1 gives
tempering durability 1), results of hardness measurements{hH\and effective thickness of the
surface layersd, ). Three areas are distinguished in the surface-treatiéerial: a layer with
high surface hardness, transitory area with lower lemsland an area in bulk with unchangeable
structure and properties. There is no sharp boundary betivess areas. Hence, to characterize
the SHR, researches introduce the term “layer electiickness” @ ). That thickness is

conditionally determined as a thickness where hardndsg 190 units larger than the in-depth
hardnes$!.

Table 1
No | 1,58 HV o1 deff . mm
1 0 257 0
2 15 549 0,25
3 25 412 0,8
4 40 412 2,2
5 60 766 3,3

Fig.1 shows micro-hardness distribution within the cresstion of some specimens
belonging to series given in Table 1.
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Fig. 1. Micro-hardness distribution Fig. 2. Experimental setup Fig.3. Change of surface wave
in the specimen cross section for ultrasonic studies velocity by parameted, / Ag

Fig. 2 shows an experimental setup for ultrasonic studiesomputerized ultrasonic
instrument produce of Optel compali§} with 4 MHz frequency is used for that purpose. It
consists of a generator and receiver of ultrasonic sva@PGUD, and an ultrasonic card
OPKUD-01/100, integrated within a PC, class Pentium lIl. dltrasonic instrument has a block
for measuring the time of ultrasonic impulse propagatiah &wn accuracy up to 10 ns. The
equipment has 8 bits resolution and sampling rate ofMB@. To attain a higher accuracy of
measurement, we undertake measures for maintaining couostatitions for the generation of
acoustic signals, and we use one and the same liquids.

Surface ultrasonic waves called after the EnglishnssieRayleight propagate on the
surface of the cylindrical specimens, parallel to the spegiaxis. They are excited by an
angular ultrasonic transducer with variable angle, aarayle of refraction close to the second
critical angle of a system plexiglass-steel. The depthenetration is of 1-1.9g order, where

Ag Is wave length and it is approximately equal to 0.7-0.8 mmfréguency 4 MHz. Using an



echo-method, we register and record in digital forimesignals transmitted from the specimen
upper edge to the sensor. The transducer moves along thmespdength covering different
distancex (from 5 to 50 mm with an interval of 1 mm). The acougth of the ultrasonic
waves, when applying the echo-method, is denoted laynd L = 2.x.

Velocities of the surface waves are measured accordir{@)t and they are averaged
using results of several measurements at differerdraies. Different methods of recording the
time of impulses registered are used (time recordindp waspect to initial point and time
recording with respect to maximal value of the sigmakdope).

(1) Cr = 2('—2 - Ll)/(tz _tl) )

where Cp, is velocity of the Raleigh surface ultrasonic wakeand L, are acoustic paths of the
ultrasonic wavesl(, = 2x,, L, =2x,), x, andx, are distances from the sensor center to the end
of the speciment;, andt, are times of registering the surface wave sigfualslistancesx;, and

X,. Fig.3 shows an experimentally found relation lestw velocities of surface waves and
parameterd,, /Ag. For layers with thickness commensurableltp we observe decrease of the

values of Cr until attaining values close to ones typical fbe thon-processed material. For
layers larger thampg velocities of the surface waves increase by 2%oaspared to the initial
velocities.

Processing of signals from ultrasonic surface waves

Under the presence of a surface layer, when thesigdynechanical properties of
material surface differ from those of material hulkspersion of the velocity of the ultrasonic
surface wave is observ€&d! %8 we check here the hypothesis that the preseniegers with
different structure and properties resulting frdrartmal treatment affects the signal shape and
the spectral characteristics of the ultrasonic ilsga Hence, we pose two problems. The first
one is to follow the ultrasonic wave evolution gjathe length of each specimen by measuring
the change of the signal spectra. The second prolsdo find the law of variation of signals
from materials with layers of different thicknesglao compare those signals with ones coming
from non-layered materials.

The registered signals from surface acoustic wtreswaves are processed applying a
specific method which comprises procedures of siggaalizing and smoothing; Fourier image
and determination of the spectrum parameter (neclimaginary part, phases and amplitudes,
respectively).To assess difference between signals coming frgpeaimen without a layer and
one with a layer, we use a cross-spectrum anaf§/si€. It enables us to find correlations
between signals obtained for one and the samendestand shifted with respect to time. We can
also study the phase difference between thoselsigrid "

As for the actual experimental setup, only the aligeflected by the specimen edge can
be recorded and processed. Hence, we can not assaping by comparing successive echoes,
as in the traditional echo method, and the signglitiude can not be used as an information
parameter. Fig.4 shows processed ultrasonic wigmals from a material in a time window,
and the signals are registered for different adoysaths (L,mm). They are equalized with
respect to amplitude and position in the time wimd@-ig.46), and they are also smoothed.
Several methods for signal smoothing are checkad, smoothing by creeping averages is
chosen, considering three weightless points.

Fourier images of the signals are found. The smathpling frequency limits result
plausibility for frequencies higher than MHz i.e. in a range where the characteristics of the
mechanical (ultrasonic) surface waves can be a&ffetty the change of material properties
within a layer with thickness commensurable to tepth of wave penetration. Thus, the



spectral characteristics are calculated from the Epumages for frequency up toMHz, only,
where the signal exceeds the maximum by -30dB. It is S@gpthat the expected effect could
be better expressed considering the complex spectrum congpor spectrum phase. The size of
the time window is assumed to be equal to the period cdilsxdt), and it is denoted By, while

the initial moment — by, , and the circular frequency & = 2.72.f . Figures %a,c show spectra

S of signals from specimens without a layef =0 (a) and in casedy > Ag (c). No spectrum
significant change is observed.
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Fig.4. Signals after being smoothed and Fig.5. Spectra of signals from specimens
equalized with respect to positios) @nd Nel- dy =0 (@), Ne5-dg >Ag(c)

amplitude (b) in the time window, changing
the acoustic paths.

Cross-spectrum analysis

To study the signal evolution regarding the patveced by the ultrasonic wave along the
specimens, we employ some elements of the cros$rgpeanalysis, i.e. a cross-correlation and
cross-spectral function.

The cross-correlation functioBRF (7 gharacterizes the change of a specific sign@)
as compared to another ogét +7 , shifted in timer (10)

t +T
(2) CRFy (1) = T ojx(t)y(t + r)dt, where x(t )is the signal recorded at a distamcand time t,
t

0

y(t) is another signal recorded at the same distaricghifted in timer .
To assess the interrelation between the spectnaponents of the two signals, we use a

cross-spectral density or a cross-spectrum. HsHsurier image of the cross-correlation function
being expressed by the relation
(3)  CSy(f)= [CRFy (e 12dr

The cross-spectrum is found via (£)*>"

(4) CSy(f)= F[X* () y(t +T)] =5¢*(F)Sy(f), whereS, (f )is the Fourier image ok(t )
Sy*(f) is an image complex-conjugated ® (f , agnd Sy(f) is the Fourier image of
y(t) respectively.

(5) CSyy(f) =CO(f)+iQ(f) :‘Csxy‘exp[icbx}, where CO(f )is the real part, Q(f i} the
imaginary one, and is the phase of the cross-spectral function.



The phase of the cross-spectrum CS(f) is found &-it” and it determines the phase
differences between the studied signals in the spedibgdency range.

Im(CS,, (1))
(6) @, (f)=arctg m :

Differentiating phase®(f) we find time proportional to the change of theugrovelocities of
the surface waves propagating in non-processedialatend in materials with surface-hardened
layer, for one and the same distance.
(7) T, (f)=dd(f)/df .

To assess the effect of the structure and propestisurface-hardened materials, signals
from ultrasonic surface waves are compared to tlvogeing from initial materials without a
layer. Using the cross-spectral characteristiccaleulate according to (6), and those differences
prove that signals are comparable for one andaheeglistance. Fig.6 shows calculation results
for a correlation between signals from materialddayers less than (a), equal to (b) and larger
than (c) the wave length, on one hand, and sigmating from materials without a layer, on the
other hand.

Specimens with different layers (Fig.7) are distisped in @y, (f) depending on

deff / A;. There is an exception in the results for spenoBneith a layer thickness of an order
equal to the wave length. The increase of thektieiss of SHL yields increase of the phases of
cross-spectreb,y (f) . Whendeff / A, =1 the slope is reverse.
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We see that the change of parametgrin a positive direction shows increase of the grou

velocity, and its change in a negative directiorsubsequent group velocity decrease. It is
observed that the character of the curve showngry b is quite similar to that of the curve

shown in Fig.3, and small changes are recorded.ekperiments and mathematical processing
performed prove that changes of material struchma properties resulting from the application
of surface induction tempering weakly affect thgnais from surface ultrasonic waves, i.e.
signal spectral and phase characteristics, respécti Yet, they are accessible for analysis
employing ultrasonic equipment. The experimentdopered are not sufficient but they help to

the disclosure of the change of parameters of ctirfsaves when the latter propagate in
materials with SHL.

Conclusion

Based on the experiments, we can conclude thatm#tbod of spectrum and cross-spectrum
analysis is applicable to the study and assessofahie thickness of surface-hardened layers.
The different structure and properties of hardematkrials change spectra and phases of signals
from surface ultrasonic waves. Dependences of idh@akphases are found in the frequency
range considered. Characteristic times of waveipgsse found and they are a measure for the



change of the wave group velocities. Small changes o$gshare registered in a narrow
frequency range. The use of parameter “phase growtlappropriate when relating it to the
frequency growth £, (f) =d®d(f)/df ) where different thicknesses of SHL are estabtishe

Using the cross-spectrum analysis, one can stu@yl siifferences between signals and
can thus increase accuracy and efficiency of tingiess.

Our study shows that a generalized dependencehéestimation of the thickness of
SHL by applying ultrasonic surface waves is noteasy task, due to the inaccuracy of the
classical methods of layer study, lack of sharpndany between areas and insufficient amount
of experimental data. Yet, the results found asfuldor further studies.
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