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Abstract

Increasing the reliability of control of cast iron structure and its physical and mechanical char-
acteristics is an important scientific and technical task of the machine-building industry. The paper
studies the possibilities of controlling the structure of cast irons using structural noise created by ul-
trasonic scattering on graphite inclusions of different shapes. The subject of the present stud-
ies was such characteristics of structural noise as amplitude-temporal A(f) and as root mean square
value of the amplitude of the ultrasonic waves backscattering field 4", compared with the data on ul-
trasonic velocity and strength or tensile strength of cast iron samples. As a result of the studies,
a significant difference between the amplitude parameters of the A" structural noise obtained for samples
with different shapes of graphite inclusions at 5 MHz was revealed for the first time. So, for example, for
samples of gray cast iron (Russian: CY10, CU15, CY20, CY25), having predominantly plate-like form of
graphite inclusions, the value of 4" on 14-15 dB exceeds that measured in high-strength specimens of the
cast iron with the prevailing form of spherical graphite inclusions BU50 (Russian), etc. At the same time
growth of longitudinal ultrasonic velocity amounted to 20-25 %. The method of rejection of gray cast iron
from high-strength cast iron according to the data of amplitude parameters of structural noise A" at unilateral
and local sounding of the object without using an additional reference signal reflected from its oppositional
wall is suggested.

Keywords: ultrasonic wave scattering, graphite inclusions of different shapes, method of controlling
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IToBbimIeHNE HAEKHOCTH KOHTPOJIS CTPYKTYPbI UyTYHOB M MX (DPU3UKO-MEXaHMYECKUX XaPAKTEPUCTHK
SBIISIETCS. BAKHOM HAy4YHO-TEXHHYECKOW 3aJaueil MalIMHOCTPOMTEIBbHOM IpOMBIIITICHHOCTH. B pabote
N3yYeHBl BO3MOXKHOCTH KOHTPOJISI CTPYKTYpPhl UYI'YHOB, HCIIOJIB3YSl CTPYKTYPHBIM IIyM, CO3JaBacMbli
paccessHIEM YIbTPa3BYKOBBIX KoJieOaHMH Ha TpaduTOBBIX BKIIOUCHMSAX pa3HOM ¢opmbl. [Ipeamerom
HACTOSIUX MCCIICAOBAaHUN SIBISINCh TAaKUE XapaKTEPUCTUKHM CTPYKTYpHOTO IIyMa KaK aMIUTUTYAHO-
BpeMeHHbIe A(f) M CpeHeKBapaTHUHbIC AMILIATYIbl A" BOJNH PacCesHHs, CONOCTABIAEMBIE C IAHHBIMH
M0 CKOPOCTH YJBTPa3BYKOBBIX KOJeOaHHWH, a TaKkKe NMPOYHOCTHIO WM BPEMEHHBIM CONPOTHUBICHHEM
Ha pacTsbKeHHe o0pas3loB YyryHOB. B pesyibraTe HcCClIeOBaHMH BIEPBBIC BBISIBICHO CYIIECTBEHHOE
pasiHuMe MEXIy AMILIATYIHBIMH MapaMeTpaMH CTPYKTypHOro imyma A", momydeHHsIME 11 00pasioB
¢ pa3Hoil ¢opmoii rpaduTOBBIX BKItOYeHHE Ha wactore 5 MI'm. Tak, Hampumep, Iuisi 00pasloB Ceporo
gyryna (CH10, CU15, CY20, CY25), uMmerommx NpEeuMyIIECTBEHHO IIaCTUHYATYIO0 (GopMy rpaduToBBIX
BKMIOueHNH, BemmunHa A" Ha 14-15 1B TpeBBIIAET Ty, YTO M3MEPEHA B BBHICOKONPOYHEIX UyTYHAX
¢ mpeBanupyromei ¢Gopmoil BrmoueHWd Tpadura mapoBupHon ¢Gopmbel — BUS50. IIpu stom, poct
MPOJOJIBHON CKOPOCTH YJIBTPa3ByKa C YBEIHMUEHHEM BPEMEHHOTO COINPOTUBIEHHs cocTaBmi ~ 20-25 %.
[peayoxken MeTOI OTOPAKOBKHM CEPOT0 YyryHa OT BBICOKOMPOYHOTO 10 JIAHHBIM aMIUTUTYAHBIX IapaMeT-
poB cTpyKTypHOro myma A" mpu 0OXHOCTOPOHHEM W JTOKANBHOM TPO3BYUMBAHUK 0OBEKTA 6E3 HCIOIB30-
BaHUsI JONOJIHUTEIILHOTO OOPHOTO CUTHAJIA, OTPAKEHHOTO OT €0 ONIO3UTHOM CTEHKH.

KiroueBble cjioBa: paccessHUE YIbTPa3ByKOBBIX BOIH, BKIIOUCHHS TpaduTa pa3Hoil (hoOpMBbI, CIIOCOO KOHTPOIIS
CTPYKTYPHI U IPOYHOCTH YyTYHOB, YIBTPA3ByKOBBIC MPEOOPa30BaATEIN
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Introduction

Increasing the reliability of testing the structure
of cast irons and their physical-mechanical proper-
ties (PMP) by nondestructive methods is an impor-
tant technical and scientific problem of the machine-
building industry. Significant efforts of developers
of such methods and means of control are directed
on attraction and use of new effects of interaction of
external fields, including acoustic, electromagnetic,
etc. for expansion of technical possibilities and no-
menclature of controlled objects. It concerns not
only the methods of nondestructive testing, which
give at "volume probing" of metal averaged indica-
tors of informative parameters correlating with the
structure and PMP, which is realized as a rule by
acoustic methods [1], but also obtaining such data
on the properties of local areas of the object. As
for a number of methods of control of structure and
PMP of cast irons by electromagnetic methods, for
example [1-3], their use has limitations due to high
sensitivity to the mobility of domains in alternat-
ing fields. And this, in turn, depends on a number
of peculiarities of the casting technology itself and
proper holding of the processes running in accor-
dance with the Technical Conditions at a particular
production plant, including the additives introduced
into the metal, holding of the melting temperature
regime, etc.

It should be noted that in some cases suffi-
ciently reliable information on the structure of cast
irons is achieved in the evaluation of small-sized
products, when it is possible to carry out volumetric
magnetization of products. In this case, a number
of factors that reduce the reliability of estimation
of PMP and structure of the material are reduced
[3]. Sometimes, under certain conditions (as a rule,
laboratory), quite important information about the
PMP of cast irons can be obtained by measuring
the structural noise or Barkhausen noise created by
the motion of the domain structure under the influ-
ence of a low-frequency magnetic field applied tan-
gentially to the surface of a specially protected ob-
ject surface [2]. However, as mentioned above, the
measured output signal readings are quite sensitive
to the influence of the above factors on the signal-
response when the depth of local probing does not
exceed 0.5-1.0 mm.

With regard to the use of ultrasonic methods of
structural and PMP testing of cast irons, the magnetic
characteristics of the latter practically do not affect
the values of acoustic parameters, including the ve-

locity C of a particular ultrasonic mode, attenuation
and scattering coefficients on structural inhomoge-
neities — mainly graphite inclusions. It is very im-
portant that the shape and geometrical parameters of
the latter have a significant influence on the strength
properties of cast irons, as well as on the elastic
Young's moduli £ and shear moduli G, the coefficient
of volumetric compression K-, and the density of the
material p. In this case:
CLir= (E/P)O'SFL,T,R ) (1)
where F; rp is a function depending mainly on the
Poisson's ratio, and the indices L, T and R refer to
the longitudinal, transverse and Rayleigh modes, re-
spectively.

In view of the relationship between ultrasound
velocity and PMP, simplicity of realization and
wide possibilities of volumetric, surface, subsurface
sounding of cast irons, such devices and acoustic
methods find more and more widespread application
for structural analysis of cast irons [4—6]. It should
be noted that informative parameters having a func-
tional relationship with the ultrasonic velocity (and,
accordingly, with elastic moduli) can be used to de-
termine the ultrasonic velocity, including, for exam-
ple, critical angles of passage or reflection of elastic
waves from the liquid-iron boundary, etc. [7].

In this case, naturally, as in the previous case, it
is required to finish the local surface of the object to
the roughness R, < 5-10 pm, as well as to create a
local or immersion bath and a device for controlling
the angle of incidence (reception) of the ultrasonic
beam on the object.

In some cases, the methods of sounding the ob-
ject by using the signal-response, characterizing the
attenuation parameters of ultrasonic waves, includ-
ing the attenuation coefficient of ultrasonic or spec-
tral characteristic of the signal 4A(@) [8] are promis-
ing. However, despite a number of advantages, the
use of such a method, there is a disadvantage due to
the fact that its realization requires the appropriate
orientation of the oppositional surface of the object
in relation to the working surface of the input and
mechanical processing of both surfaces at the thick-
ness of the layer of sounded metal /4 > h, providing
the necessary accuracy of amplitude measurements.
Note that a similar problem occurs for the most
widely used in practice ultrasonic control method
mentioned above, which consists in determining the
ultrasonic velocity well correlated with the PMP of
cast irons.
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In the present work we suggest to expand tech-
nical possibilities of structuroscopy for rejection
of high-strength cast iron from gray cast iron, to
apply the method consisting in using as an informa-
tive parameter the mean-square amplitude of waves
backscattered on graphite inclusions (or structural
noise). It determined in the characteristic time range
At,, = t,—t,, where the choice of time boundaries
is realized from the condition, at which the super-
imposition of additional waves is excluded. It is as-
sumed that the control of the local subsurface zone of
the object can be realized without using data on the
parameters of the acoustic signal reflected from the
opposing wall of the object under study.

It should be noted that similar problems for esti-
mating the grain baleness or determining the bound-
ary of the thermally hardened layer characterized
by the difference in grain size of the structure of the
metal hardened by chemical-thermal treatment were
solved, for example, in [9-10]. In this case, as it is
known [1], such acoustic samples as ultrasound ve-
locity C, specific acoustic resistance R and elastic
moduli change not so significantly depending on the
baleness or grain size of the metal.

In [10]. to increase the reliability of measure-
ments it was proposed to use as a reference signal
to use the amplitude of the "penetration signal"
Ay, which is a pulse of a surface wave propagat-
ing along the boundary of the ultrasonic probe (UP)
with the steel surface from the ultrasonic source to
the receiver of waves. The object of the present re-
search are cast iron samples differing in the form of
graphite inclusions, on which, according to known
data, both physical-mechanical and acoustic prop-
erties correlating with them essentially depend. In
this case, the change in the ultrasonic velocity and
specific acoustic impedance can reach tens of per-
cent. It should be expected that the scattering field
of ultrasonic waves on the ensemble of graphite
inclusions will change more markedly depending
on their shape, size and content of the spherical,
vermicular graphite, which, naturally, requires re-
search to develop a method for rejecting cast irons
according to their amplitude characteristics of
structural noise.

Thus, the purpose of the present work was to
study the features of ultrasonic wave scattering in
cast iron samples depending on their structure, ten-
sile strength, as well as correlated with them ultra-
sonic velocity, which is of interest for the develop-
ment of a method of rejecting cast iron, for example,
high-strength from gray cast iron.

Development of the methodology and scheme
of acoustic measurements

Below, along with the development of a meth-
odology for research into the scattering of ultrasonic
waves mainly on graphite inclusions of cast irons
and the analysis of the acoustic path, are the means
of measurement explained in Figure 1. The latter il-
lustrates the scheme of measurements designed to
determine the amplitude characteristics of the scat-
tering field of the probing signal, which is the subject
of research.

6 7

4 5

PR AN
Wrwir=alt
\53 L A

1

Figure 1 — Scheme of the experimental study of the influ-
ence of cast iron structure on the amplitude characteris-
tics of the backscattering field: 1 — object; 2 and 3 — emit-
ting and receiving elements (sensors) of the transducer;
4,5 — generator and receiver of electrical impulses, re-
spectively; 6 — device 11-8; 7 — electronic block of signal
processing; 8 — graphite inclusions

The object of research were the samples of cast
irons produced at Minsk Automobile and Tractor
Plants, belonging to gray cast iron grades (CYU10-
CY25), high-strength (BU50), ductile (KBY35), hav-
ing ferrite and pearlite phases in the base. Primary in-
formation about the structure and their physical and
mechanical properties, including tensile strength,
hardness, etc., was obtained on the submitted sam-
ples.

At the preliminary stage of the work, a set of
studies was carried out to select the optimal design of
the device containing two prismatic UP, with charac-
teristic prism angles (4° < {y, B} <10%) and operat-
ing frequency f= 1.8—10 MHz. At the same time, the
distance between the emitting and receiving trans-
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ducer of the ultrasonic device was varied in the range
/= 0-2 mm, and the angle B = . In view of the small
angles of the UP prism, it is fair to estimate the input
angle of the longitudinal ultrasonic wave into the
steel according to (1):

a = arcsin[(C,/C,) sinB =B C,/C, , (2)

where C, is the ultrasonic sounding velocity in the
UP sounding prism; C, — in cast iron, which, as will
be shown below, increases with increasing number
of gray cast iron grade (from CY10) to high-strength
(BUY50). increases with increasing strength of sam-
ples up to 30 %. As follows from (3), in this case,
the angle of entry of the ultrasonic coil into the metal
should decrease by almost the same amount).

Installation for research (Figure 1) contains a
generator of pulse signals with bell-shaped envelope
fed to the radiating probe of the device, which excites
in the sample elastic oscillations, part of the energy
flow of which spreads along the interface surface of
the working surface of the UP, cast iron wetted with
contact fluid. The other part is scattered on graphite
inclusions (predominantly) and metal grains, form-
ing the so-called field of ultrasonic vibrations scatter-
ing on material inhomogeneities or "structural noise"
caused mainly by graphite inclusions. Then the sig-
nal is received by the receiving probe amplified and
gets simultaneously to the electronic signal process-
ing unit and to the computer screen. With the help of
a special program, the processing and determination
of the amplitude value of the of the scattering waves
or structural noise of the 4" recorded at which there
is no superposition of additional parasitic signals and
the arrival time of the impulse reflected from the op-
posing wall #=1¢,. In this case, the A" is defined as
root mean square value of the amplitude of the ultra-
sonic wave scattering field measured in the time range
t, <t<t,, and:

AV =[0 (4)1) iy,

where 4,=A(t,) is the amplitude of the i th signal
measured at the moment 7.

Synchronization of electronic units and selec-
tion of the working area of the receiving signal pro-
cessing is performed with the help of the time inter-
val meter M1-8 (Russian). (Its use allows to measure
by echo-method the longitudinal wave velocity in
cast iron with an acoustic base of 4 cm with an error
not worse than 0.3-0.5 %). To increase the reliability
of measurements the following is performed. At the
beginning, the adjustment of the measuring system

(€)

and electronic units is checked on each sample using
a special witness sample. And to increase the reli-
ability of the 4" value estimation, it is determined as
the average of four readings recorded on the sample
surface when the UP shifted by 0.5-1.0 mm relative
to the initial position.

Research results and their discussion

As mentioned above, the subject of the pres-
ent studies are acoustic parameters of surface and
subsurface waves backscattered on graphite inclu-
sions, which are compared with our data on ul-
trasonic velocity, as well as data on physical and
mechanical properties, including tensile strength,
etc., measured on the equipment of the central ten-
sile tear strength laboratories of Minsk automobile
and tractor plants.

The first, or preliminary stage of the work was
to identify plant the optimal device design and ultra-
sonic (piezoelectric) transducer, operating frequency
which is expected to be published later. It was found
that the best reliability and stability of readings is
achieved when the distance between the prisms of
UP [—Al, where Al is the thickness of the sound-
insulating layer separating the emitting and receiving
prisms of the ultrasonic probe, the design of which
is similar to the separately combined transducer [1].
The best sensitivity of amplitude readings to changes
in the structure of cast irons was observed at operat-
ing frequencies /= 4-5 MHz.

Moreover, Figure 2 shows characteristic depen-
dences of amplitude-time characteristics A(¢) of the
field of scattering of the acoustic signal on the graf-
fite inclusions of different shapes, called "structural
noise".

Figure 3 illustrates an important result of the
work — dependence of the basic characteristic of
structural noise A" (Formula 1) obtained on cast iron
samples with different shape of graphite inclusions in
the selected time interval At,,, as well as the velocity
of ultrasonic testing from the value of their strength
or tensile tear strength o.

As can be seen from the presented in Figure 2
amplitude-temporal characteristics of structural noise
A(?) quite clearly traced their growth with "com-
plication" of the form of graphite inclusions from
spherical (samples BU50) to lamellar (CU15, CY25),
differing in value ¢. This is confirmed more clear-
ly by the data of change in the mean-square ampli-
tudes of A" structural noise and ultrasonic sounding
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velocity from the value characterizing the strength of ~ data for samples BU50 and KBYS it decreases up to
materials (Figure 3). In the first case this difference  7-8 dB. As for the ultrasonic velocity, its change is
is of 13—14 dB, and when comparing the obtained of 20-25 %.

501 50 ¢ .
l :
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l :
254 25 ¢ | |
I I
| 1
| I 1
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| 1
| 1
| 1
-25 25T : :
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Figure 2 — Characteristic amplitude-time dependences of the structural noise caused by ultrasonic scattering on graphite
inclusions in cast irons of BU50 (a), UBI'35 (b), CU25 (c¢), CU15 (d): root mean square value of the amplitude of the
ultrasonic waves backscattering field characterizing the structural noise 4", mV =2 (a), 3,1 (b), 8,8 (¢), 12 (d)

On the basis of the data obtained above it — there are difficulties or practically impossible
should be concluded that it is possible in principle to apply known acoustic methods of probing, includ-
to carry out quite reliably rejection of high-strength  ing measurement of the ultrasonic velocity, signal
cast irons from gray irons of the specified grades, spectrum or attenuation coefficient, which is mainly
as well as those that are close to them in properties, due to the shape and geometry of the controlled ob-
which is very important for expanding the techni- ject;
cal possibilities of diagnosing the structure of cast — additionally requires probing the structure of
irons and their properties. It should be noted that it  the material in certain local zones of the object in the
is preferable to use the proposed method in those absence of a reference signal created by the reflec-
cases when: tion of the acoustic pulse from the opposing.
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Figure 3 — Experimental dependences of the root mean
square value of the amplitude of the ultrasonic waves
backscattering field characterizing the structural noise (1)
and longitudinal ultrasonic velocity (2) on strength or tem-
porary tensile strength

As for the depth of metal probing #, it can be es-
timated on the basis of data on the above-mentioned
characteristic time interval ¢, <¢<¢, of the fixed
structural noise created by the acoustic pulse at scat-
tering, which arises as a result of signal scattering on
grafite inclusions:

h=0.5C (t,-t,),

which reaches 5-10 mm. At the same time, the use
of Barkhausen noise [2] for this purpose, even in the
best design, gives information about the properties
of cast iron to a depth of no more than 0.5—-1 mm.

It should be noted that at present the theoreti-
cal description of the above processes of ultrasonic
scattering on graphite inclusions having a very com-
plex shape and representing an ensemble of spatially
distributed chaotically scatterers (reflectors) is the
ultrasonic wavelength, is not possible. Analyzing
the influence of the shape of graphite inclusions (as
well as the area of the metal-graphite boundary §)
on the 4" amplitude parameters and the course
of the dependence of A(¢) on o, we to the roughness
predominantly can state their simultaneous decrease.
It is assumed that there is the increase in the area
of interaction of the acoustic field with the ensemble
of ultrasonic scatterers, as well as its special geom-
etry, that have a significant effect on the mechanism
of interaction of elastic oscillations with inhomoge-
neities of inclusions and on the intensity of structur-
al noise received by the UP transverse dimensions

d; <<\ where A is the ultrasonic wavelength, is prac-
tically impossible.

As it follows from our study the evaluation of
cast iron structure by the proposed method depends
on the requirements to the reliability of measure-
ments, which mainly depends on the preparation of
the contact surface area of the object on the area of
1-1.5 cm?, including its roughness (R, <5-10 pm).
For convenience of operation and constancy of
acoustic contact in any spatial position of the ultra-
sonic device on the object, it is proposed to use com-
pact magnetic nozzles made of rubber.

Conclusion

On the basis of the developed methodology and
installation, a complex of studies of structural noise
created as a result of ultrasonic waves dissipation on
graphite inclusions of different shapes at one-way
sounding of grey iron samples (CU10, CU15, CU20,
CU25), high-strength iron (BY50), forging iron
(KBU35). At the selected optimal operating frequen-
cy of 5 MHz the amplitude-time A4(?) is obtained, as
well as the mean-quadratic dependence of the ampli-
tude of 4", scharacterizing the structural noise, and
longitudinal wave velocity on strength or temporary
resistance to rupture at a tensile 6 = 120-165 MPa.

As a result of the research, a significant differ-
ence between the parameters of structural noise 4"
of the samples to study was revealed. For example,
for grey cast iron samples (CU10—CUY25), which
have predominantly lamellar graphite inclusions,
the A" value is of 13—14 dB or more than that mea-
sured in high-strength cast iron BU50 specimens
with the prevailing form of spherical graphite inclu-
sions. At the same time, it was found that ultrasonic
velocity speed decreasing were to be of 20-25 %
respectively. For cast iron samples KBY35, the
measured 4" value is of 45 dB less than that of
the prevailing form of spherical graphite samples
of cast irons.

For the first time, a method for rejecting high-
strength cast iron grades BU with number 50 and
more — from grey cast iron is proposed, consisting
in for one-way ultrasound input-reception of metal
without the use of an additional support signal re-
flected from the opposing wall, and determination
of the mean quadratic amplitude root mean square
value of the amplitude of the ultrasonic waves back-
scattering field on graphite inclusions in a specified
time interval.
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