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Abstract: The study of the acoustic properties of maraging steels operated under various energy force and tempera-
ture actions is a critical task, since it is the method of acoustic structuroscopy that provides the most reliable conne c-
tion with the structure, stress-strain state and mechanical properties of steels. The paper is devoted to research of
the acoustic properties of the 15-5 PH maraging steel samples under various types of heat treatment under the condi-
tions of mechanical tensile and cyclic loads. Samples of the 15-5 PH maraging steel were studied in three structural
states: solid solution annealing and subsequent aging at 470 and 565 °C; during tensile tests; during cyclic tension-
compression loading. The research used a unique scientific installation “Information-measuring complex for investiga-
tion of acoustic properties of materials and products”. It implements the acoustic mirror-shadow multiple reflections
method using electromagnetic-acoustic and piezoelectric transducers based on polyvinylidene fluoride film to excite
and receive waves and allows determining the velocity of wave propagation with an error of no more than 2 m/s.
The acoustic (wave velocity, elastic moduli, electromagnetic-acoustical (EMA) transformation coefficients, acoustic
anisotropy coefficients, acoustoelastic coupling coefficients) and electromagnetic (coercive force and electrical con-
ductivity) characteristics of the samples were examined. The samples were studied in the initial state (before loading);
stepwise in the process of tensile loads and subsequent unloading; after tensile tests; during cyclic tension-
compression loading. It was revealed that the following acoustic parameters of 15-5 PH steel samples are the greatest
structural sensitivity to mechanical tensile load and cyclic loading: transverse wave velocity, Poisson’s ratio, double
EMA-transformation coefficient, and acoustic anisotropy coefficient.
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solution annealing and subsequent aging in the tempera-

INTRODUCTION ture range of 400...550 °C, which makes the greatest

Maraging steels are widely used in many industries
due to their high strength and toughness without loss of
ductility and increased heat resistance with a low cold
brittleness threshold. High mechanical properties of
these steels are achieved by the use of alloying elements,
an important component of which is nickel, as well as
chromium, copper, cobalt, titanium, manganese, silicon,
etc. Heat treatment of maraging steels consists of solid

contribution to strengthening [1]. Maraging steels are
used for heavy-duty parts operated under conditions of
cyclic force and temperature exposure, at extremely high
and low temperatures.

The KhM-12 steel discussed in this paper, also known
as 15-5 PH or UNS S15500, contains chromium, nickel and
copper as alloying elements. Its unique structure ensures
increased strength and corrosion resistance, improved
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toughness and a quenching temperature lower than its pre-
decessor, 17-4 PH steel, does [2].

In many foreign publications dealing with 15-5 PH
maraging steel, the influence of heat treatment modes on
the microstructure and mechanical properties of this steel is
studied using destructive methods on special samples cut
from industrial products [3—7]. In particular, in [3], using
electron microscopy, it was shown that the microstructure
of martensitic stainless steel undergoes a complex evolution
during long-term aging. This evolution includes the pos-
sible development of a minor austenitic phase, copper-rich
precipitates, and the precipitation of chromium and silicon
from the solid solution. Precipitates several nm in size co-
herently nucleate during aging at the interfaces with
the matrix. With longer aging, clusters are uniformly
formed in the matrix.

It was shown in [4] that the tensile strength of a mar-
tensitic steel weld first increases with the growth of ag-
ing temperature after welding, which is associated with
the size and distribution of the copper-rich phase, and
then decreases with the growth of aging temperature af-
ter welding, probably due to an increase in amount of
residual austenite.

The results of [5] showed that the tensile strength of
stainless steel first decreased with increasing aging tempe-
rature from 440 to 540 °C, and then increased with increas-
ing aging temperature from 540 to 610 °C. The authors
believe that hardening mechanisms caused by the disloca-
tion density and deposition of a second phase enriched in
copper precipitates at various aging temperatures are
the predominant strengthening mechanisms.

In [6], cyclic bending tests were carried out on sam-
ples made of martensitic stainless steel to determine fa-
tigue strength. The study showed that the influence of
the compressive sublayer on fatigue strength is much
more important than the influence of surface roughness
or microstructure. In [7], electron microscopic studies
identified that the strengthening of grain boundaries by
dislocations and the resulting copper precipitates in
15-5 PH martensitic stainless steel is the main factor
determining the increase in the tensile strength and yield
of tempered martensite.

Many recent studies deal with the analysis of the micro-
structure and mechanical properties of maraging steels pro-
duced using additive technologies [8—10], including during
cyclic tests [11]. For example, the work [8] notes that
the hardness of the metal produced by direct laser sinter-
ing varies along the upper and lower parts of the finished
samples and the hardness of the upper part of the sam-
ples is higher due to the finer grain size. However, aging
of the alloy promotes further increase in its hardness and
strength. The work [9] shows that the amount of residual
austenite is significantly reduced after heat treatment,
and the remaining minor residual austenite is completely
converted to martensite during mechanical tension in
samples produced by selective laser melting. Standard
aging conditions increase the yield stress, hardness and
corrosion resistance of steel through the formation of
fine spherical copper-rich deposits, but make the samples
brittle, which leads to a decrease in impact resistance
[10]. The work [11] reports on the effect of heat treat-
ment (aging and overaging) on the fatigue life of age-

hardened 15-5 PH stainless steel produced by selective
laser melting. It is shown that aging leads to dispersion
strengthening of the matrix, while the sensitivity to de-
fects in the high-cycle fatigue mode increases.
Overaging makes the sample ductile due to the coarsen-
ing of copper-rich precipitates and increases the amount
of residual austenite.

The use of nondestructive testing methods to ana-
lyze the structure and properties of chromium-nickel
steels, as well as the influence of mechanical loading
and fatigue tests on them is limited to electromagnetic
nondestructive testing methods: magnetic [12] and eddy
current [13].

The study of the acoustic properties of steels operated
under various energy force and temperature actions is
a critical task, since it is the method of acoustic
structuroscopy providing the most reliable connection with
the structure, stress-strain state and mechanical properties
of steels [14-19]. In particular, the authors proposed using
the parameters of Poisson’s ratio and acoustic anisotropy to
assess the structural state of plastically deformed 09G2S
steel [14], to assess microstructural changes during plastic
deformation with subsequent heat treatment and low-cycle
fatigue of 12KMS8NIOT austenitic steel [15; 16].
The acoustoelasticity method was used to assess residual
stresses when manufacturing the axisymmetric parts from
03N17K10V10MT maraging steel [17], as well as to assess
residual stresses when manufacturing rails [18]. The work
[19] shows the possibility of determining the degree of
damage of flat 12Kh18N10T austenitic steel samples in the
region of low-cycle fatigue by the velocity of propagation
of elastic waves and coercive force.

All the above-described studies in the field of acoustic
structuroscopy can be implemented on specially made flat
samples. In relation to round-bar samples of maraging
steels, it is promising to use the non-contact electromagne-
tic-acoustic (EMA) method of emitting and receiving
acoustic waves and the echo-shadow technique of multiple
reflections due to the high accuracy and reliability of
the obtained acoustic characteristics [20; 21]. This is also
evidenced by the results obtained in [22; 23] dealing with
assessing the influence of heat treatment and high-cycle
loading by cantilever bending with rotation on the velocity
of shear and Rayleigh waves in samples of 45 steel and
40H steel. One should note that martensitic steels were
practically not studied previously by acoustic methods.
There is also no information on the influence of heat treat-
ment (solid solution annealing, aging) and mechanical
(including cyclic) loading on the acoustic characteristics of
round-bar samples used for most highly loaded parts in
the oil industry.

The purpose of the work is to study the acoustic proper-
ties of samples of KhM-12 (15-5 PH) maraging steel after
various types of energy impacts: heat treatment, mechanical
tensile and cyclic loads.

METHODS

For the research, the authors used samples of disper-
sion-aging KhM-12 steel with the addition of copper
(the alloy is also known as 15-5PH and UNS S15500).
The samples were subjected to various types of heat treatment:
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solid solution annealing at a temperature of 1040 °C for
30 min with cooling at air and aging at temperatures of 470
and 565 °C for 3 h.

The chemical composition of 15-5 PH low-carbon steel
complies with the ASTM A564 standard and contains
the following alloying elements: 14 % Cr, 4 % Ni, 3 % Cu,
1 % Mn, and 1 % Si.

The samples are made in the form of cylinders with
a working part diameter of 10 mm and a length of 150 mm
with the fillets to a diameter of 20 mm for grippers.

The studies were carried out on a unique scientific in-
stallation “Information-measuring complex for investiga-
tion of acoustic properties of materials and products”
(registration number 586308) as part of the DEMA-P
information-measuring system and the DIO-1000 PA
ultrasonic detector (Fig. 1). The installation provides
excitation and reception of bulk transverse waves of lon-
gitudinal and radial polarization propagating along
the diametric directions of the sample cross-section and
a surface Rayleigh wave propagating along the sample
envelope curve (Fig. 2 a). The uniqueness of the equip-
ment is the use of a non-contact electromagnetic-
acoustic method of wave emission and reception, which
allows increasing significantly the reliability and accura-

parameter. The emission and reception of a longitudinal
radial-polarization wave is carried out using a flexible
piezo-film such as polyvinylidene fluoride (PVDF) and
a DIO-1000 PA ultrasonic detector. The installation al-
lows recording the resulting oscillograms with a high
sampling frequency and contains specific Prince IX
software for calculating the main informative parame-
ters. Typical oscillograms of the recorded series of
transverse and longitudinal wave pulses re-reflected
along the sample diameter are presented in Fig. 2 b, 2 c.

The velocities of longitudinal and transverse waves
were calculated using the formula:

where d is the average value of the object diameter at
the transducer location point (determination error is 5 pm);
n is the number of analyzed reflections;
At is the time corresponding to n reflections.

The Rayleigh wave velocity was calculated using
the formula:

.d-
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Fig. 1. Block scheme of the experimental installation,
where ADC is an analog-to-digital converter (LAn10-12PCI-U); SW is software;
EMAT is an electromagnetic acoustic transducer; UTM-D is a universal dynamic testing machine
Puc. 1. brnok-cxema sKkcnepumMenmanbHOu yCmaHosKu,
20e ADC — ananozo-yugposou npeobpazoeamenv (JIAnl0-12PCI-Y); SW — npoepammnoe obecneuenue;
EMAT — snexmpomaznummno axycmuyeckuii npeobpaszoeamensv, UTM-D — ynugepcanvhas ucnstmamenbuas MAWUHa OUHAMUYECKAs!
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Special aspect of the acoustic method of measuring
Poisson’s ratio through the velocities of elastic waves is its
high accuracy determined by its independence from
the sample diameter. The error in its measurements is pre-
dominant in the method of determining wave velocity.

Knowledge of the propagation velocities of transverse

2. 3macat ‘ ropagation 1 .
E=p-C ——75- waves of different polarizations (axial C,, and radial Cj.z)

When determining dynamic elastic moduli (Young’s
modulus E, shear modulus G, Poisson’s ratio v), their rela-
tionship with the velocities of longitudinal and transverse
waves and the material density p was used:

1-c2/c? e ) S
thl allowed estimating the magnitude of acoustic anisotropy
according to the GOST R 55805 standard:
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Fig. 2. Scheme of propagation of bulk longitudinal l-waves, transverse t-waves
and surface R-waves along the diameter of the sample (a);
characteristic oscillograms of a series of multiple reflections of transverse waves (b) and longitudinal waves (c)
Puc. 2. Cxema pacnpocmpanenus 00beMHbIX NPOOOTbHBIX I-601H, nONEpeynbIX t-601H
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The random error in determining the wave velocity was
calculated using the formula:

AC, =tgp -

C
n-(n—l) ’

where #gr is the Student’s coefficient (assumed equal
to 2.776);

C; is a velocity value for the i-th calculation, m/s;

C,, 1s an average velocity value based on the results of
7 measurements, m/s;

n is the number of measurements.

The random error in determining the velocity does not
exceed 2 m/s and is comparable to the systematic error
caused by the error in determining the sample diameter
(5 pm) and the error in measuring time intervals (1 ns).

The EMA-transformation efficiency and the wave at-
tenuation during propagation can be indirectly assessed by
the dispersion parameter of the data array of a series of
multiple reflections [24]:

1
Dx:m' (x _mx)za

where N is the amount of data in the array represented as
a sample sequence {x,, n=0...N—1};
N-1
m, is mathematical expectation, m, = —- an .
N n=0

Fig. 3 shows the diagram of the physical measurement
block. In addition to acoustic measurements, magnetic
measurements were carried out using a KIFM-IN
coercimeter (coercive force is an informative parameter),
and electrical measurements were carried out using
an MVP-2M eddy-current multifunctional device (relative
electrical conductivity is an informative parameter). At
the initial stage of the research, the density of the samples
was measured by hydrostatic weighing on an HR-AG ana-
lytical balance with an accuracy of 0.5 kg/m’.

The samples were studied in three structural states for
the following loading options: the initial state (no load);
with a tensile load and subsequent unloading at each step;
under cyclic tension-compression load (Fig. 3).

The study of bulk wave velocity and elastic moduli of
samples during uniaxial tension was carried out on an Instron
DX-300 testing machine with a load increment of 10 kN and
a gradual unloading in increments of 20 kN. The maximum
load was 1000 MPa for the sample with solid solution an-
nealing heat treatment, 1400 MPa for the sample aged at
470 °C, and 1200 MPa for the sample aged at 565 °C.

Studying the behavior of wave velocities during stretch-
ing allows determining the acoustoelasticity coefficient as
the degree of influence of the mechanical load ¢ on the ve-
locities of bulk waves:

AC
-G
c

where £ is the acoustoelastic coupling coefficient;
o is the applied load, MPa;

AC . . . .
—— is relative change in velocity.

0

The cyclic tension-compression experiment was carried
out on a UIM-D-100 testing machine. A zero (pulsating)
cycle with the following characteristics was used: maxi-
mum cycle stress 0,,,,=0, minimum stress 6,,;=0, average
stress 0,,=6/2, amplitude 6,=0/2, and asymmetry coefficient
r=0. The maximum cycle stress was 70 % of the yield
strength: for the sample after annealing — 6,,,,=700 MPa,
after aging — 6,,,,=1200 MPa; cycle frequency is 5 Hz, step
is from 1000 to 10 000 cycles increasing with the number
of cycles.

At each step of the experimental studies, the sample
average diameter was measured at control points using
an MP 25 micrometer with an accuracy of 5 um.

RESULTS

The results of studying the microstructure of the sam-
ples show that after annealing the structure is predominant-
ly austenitic with the presence of martensite. After aging,
the structure of the samples is represented by low-carbon
martensite, residual austenite and a small amount of delta
ferrite (0-2 %) elongated along the rolled product axis.
There are precipitates of a finely dispersed structure
(a strengthening phase), the amount of which determines
the strength of the steel. Fig. 4 shows the 15-5 PH micro-
structure.

The mechanical properties of the 15-5 PH steel samples
after different types of heat treatment are shown in Table 1.
The results of testing the mechanical characteristics show
that the strength properties and hardness of the samples
after solid solution annealing are minimal. Aging at 470 °C
increases strength properties and hardness to maximum
values. Aging at 565 °C leads to a slight decrease in
strength properties and hardness, but the highest impact
strength is achieved.

Table 2 presents the physical characteristics of the sam-
ples for three heat treatment modes measured in the central
region of the studied samples.

The results of acoustic structuroscopy of the 15-5 PH
steel samples under various heat treatment modes (Table 2)
showed:

— the minimum values of the velocities of longitudi-
nal, transverse and Rayleigh waves, as well as elastic
moduli for the 15-5 PH alloy are observed after solid
solution annealing;

—Poisson’s ratio, on the contrary, takes maximum
values for sample No. 1 and minimum values for sam-
ple No. 3;

— wave velocities increase after aging due to the solid
solution decomposition with the release of copper deposits,
as well as the release of chromium and silicon from
the solid solution;

— acoustic anisotropy of properties is more significant
for sample No. 1 and decreases by more than twice for
samples No. 2 and 3.
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Velocity Calculation
Acoustic determination block
testing Ctraa, Cr, M G E v,
CI, Ct ax ADk
Magnetic Coercive force
testing measurement
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Fig. 3. Diagram of physical measurement block (a); diagram of block of tests during loading (b)
Puc. 3. Cxema b610Ka pusuueckux usmepenui (a); cxema 610Kka uchvimanuii 8 npoyecce nazpysicenust (b)

Fig. 5 shows the distribution of Poisson’s ratio and ani-
sotropy coefficient along the length of the studied samples
after heat treatment.

Changes in the wave velocity and Poisson’s ratio when
stretching the samples lead to a smooth linear decrease in

the velocity of the transverse axial-polarization wave over
the entire range of applied loads (Fig. 6).

The tension-compression influence on the relative
change in the rate of cyclic loading is presented in Fig. 7.
The nature of the curves is nonlinear.

92

Frontier Materials & Technologies. 2024. No. 2



Muravieva O.V., Muraviev V.V,, Volkova L.V. et al. “Acoustic properties of 15-5 PH maraging steel after energy deposition”

Fig. 4. Microstructure of the 15-5 PH steel after aging
Puc. 4. Muxpocmpyxkmypa cmanu XM-12 nocie cmapenus

Table 1. Mechanical properties of the 15-5 PH steel after various types of heat treatment
Taonuua 1. Mexanuueckue ceovicmeéa cmanu XM-12 nocne pasnuunvix mepmuyeckux 0opabomox

Solid solution annealing Aging Aging
at 1040 °C, 0.5 h in the air at470°C,3 h at 565°C,3 h
Type and mode of heat treatment Sample No.
1 2 3
Tensile strength oyrs, MPa 1070 1455 1230
Yield strength 6, ,, MPa 990 1420 1200
Percentage elongation, % 13.5 12.5 12.5
Percentage reduction, % 67 60 65
Impact strength KCU, J/cm? 168 110 190
Hardness, HRC 30 45 39

DISCUSSION

The data in Table 2 show that with increasing aging
temperature, the steel structure becomes ordered with
the appearance of new phases [3], and the size of the cop-
per-enriched phase increases. According to [5], the micro-
structure of steel during long-term aging undergoes a com-
plex evolution, including the development of a minor aus-
tenitic phase, copper-rich deposits, as well as the release of
chromium and silicon from the solid solution.

Electrical conductivity decreases relative to solid solu-
tion annealing after aging at 470 °C, and at 565 °C, it in-
creases to values corresponding to annealing. The coercive
force relative to solid solution annealing increases slightly
after aging at 470 °C. An increase in the aging temperature
to 565 °C leads to a decrease in coercive force values,
which may be associated with a decrease in internal stresses
caused by the crystal lattice distortion. This is confirmed in
[25], which shows that the coercive force of a maraging

iron-chromium-nickel alloy depends on the structure mor-
phology, stresses, grain size, and shape.

From the analysis of Fig. 5 and 6 it is clear that, despite
the change in Poisson’s ratio within a very small range
(no more than 0.25 %), there are significant differences in
the acoustic anisotropy coefficient along the length of
the sample, which indicates the presence of heterogeneity in
the sample. The most significant deviation in velocity is
0.96 % for sample No. 2 after aging at 470 °C; the least
significant is 0.67 % for sample No. 3 after aging at 565 °C.
The high sensitivity of transverse waves to tensile loads is
explained by the coincidence of the axial direction of wave
polarization with the force direction. The velocity of a lon-
gitudinal wave polarized across the direction of tensile
stresses practically does not change (changes are within
the error). The corresponding calculated coefficients of
the studied samples are presented in Table 3.

One should note that during the stretching process,
an increase in the EMA-transformation efficiency is observed

Frontier Materials & Technologies. 2024. No. 2
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Table 2. Physical characteristics of the 15-5 PH steel samples before loading
Tabnuya 2. Puzuueckue xapaxmepucmuku o6pasyos cmanu XM-12 0o nazpysxcenus

Heat treatment modes
Physical characteristic
Annealing Aging at 470 °C Aging at 565 °C
Wave velocity C;, m/s 5798 5838 5 866
Wave velocity C,,,4 m/s 3136 3154 3192
Wave velocity C,,,, m/s 3123 3150 3186
Wave velocity Cg, m/s 2907 2922 2 956
Density p, kg/m’ 7687 7677 7 689
Young’s modulus £, GPa 194.6 200.0 202.7
Shear modulus G, GPa 75.2 77.4 78.4
Poisson’s ratio v 0.2947 0.2913 0.2896
Electrical conductivity, mkV 3 860 3907 3947
Coercive force, A/cm 232 17.5 17.1
Anisotropy coefficient, % 0.417 0.127 0.208
Dispersion, mV?> 6 755 6 851 6371
0.295 -
0.293 A o
—¢—Annealing
—m—Aging 470 °C
0.291 - Aging 565 °C
0.289 T T 1
0 5 10 15
Length, cm
a
A %
0.5 -
0.4 - M
=—¢=—Annealing
0.3 -
[/ =m=Aging 470 °C
0.2 1 \ i
~g Aging 565 °C
0.1 - \/
0 T T 1
0 10 15
Length, cm
b

Fig. 5. Distribution of Poisson’s ratio (a) and acoustic anisotropy coefficient (b)
along the length of samples subjected to various heat treatment modes
Puc. 5. Pacnpedenenue koaghpuyuenma Ilyaccona (a) u xospgpuyuenma axycmuuecxou anuzomponuu (b)
1o OnuHe 06pa3y08, NOOBEPSHYMBIX PAZTUUHBLM PENCUMAM THEPMOOOPAOOmMKYU
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C, m/c
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3200 -
3180 a=p==ANnealing
3160 - - e=m==Aging 470 °C
3140 1 Aging 565 °C
3120 \*\
3100 -
3080
0 500 1000 1500
o, MPa
v G, GPa
- 80
[ 7 ==\ annealing
78 —@—V: aging 470 °C
77 —a—V: aging 565 °C
- 76 == G: annealing
- 75 =ie=@G: aging 470 °C
- 74 ==o==@: aging 565 °C
73
1500

o, MPa

Fig. 6. Change in the transverse wave velocity (a), shear elastic modulus and Poisson’s ratio (b) during tension process
Puc. 6. Hzmenenue ckopocmu nonepeuroil 0kl (@), ynpy2o02o Mooyis cosuea u koapguyuenma Ilyaccona (b)
6 npoyecce pacmsdNCeHus.

(Fig. 8). It is nonlinear in nature: a slow increase at low
loads, a sharper increase at loads approaching the yield
strength of the material. In the area of high loads, a de-
crease in the EMA-transformation coefficient is observed,
which is explained by a decrease in the sample radius near
the yield point, and, consequently, an increase in the gap
between the EMA transducer and the test object, which
leads to a decrease in eddy currents in the sample surface
layer. Other things being equal, the EMA-transformation
coefficient has a maximum value for sample No. 2 (aging at
470 °C) (Table 3) and correlates with the maximum values
of sample hardness (Table 1) and maximum coercive force
(Table 2), which corresponds to conventional beliefs about
the influence of the material magnetic properties on
the EMA-transformation efficiency.

After unloading, virtually no changes in the velocities of
the acoustic waves are observed. At the same time, electri-
cal conductivity increases significantly for all types of heat
treatment.

The linear decrease in the relative change in the trans-
verse wave velocity (Fig. 7) to 0.32 % for the sample after

annealing and to 0.14 % for the sample after aging observed
at the initial stage (10 cycles) is a consequence of preload-
ing the sample (up to 359 MPa for the sample after anneal-
ing and up to 490 MPa for the sample after aging) and cor-
responds to the value obtained under static uniaxial tension.
For a sample after annealing, a subsequent increase in
the number of cycles leads to a less significant decrease in
the transverse wave velocity and further stabilization of
the values in the region of 1000 cycles and above. Chang-
es in velocity with a number of cycles greater than 1000
are within the measurement error and primarily deter-
mined by small temperature fluctuations. For the sample
after aging, a similar pattern is observed with a more non-
linear curve nature. One should note that with a small
number of cycles, there is a slight (in comparison with
the transverse wave) increase in the longitudinal wave
velocity, followed by its decrease with a large number of
cycles. The indicated differences in the behavior of longi-
tudinal and transverse waves lead to changes in the elastic
moduli during the cyclic tests presented in Fig. 7 b, 7 ¢ as
the loading cycles increase.
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Fig. 7. Change in bulk wave velocity (a), shear modulus (b), and Poisson’s ratio (c)
depending on the number of tension-compression cycles
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OM KOAUYECMEa YUKLO8 PACMSIICEHUSI-CHCATNUSL

Table 3. Acoustoelasticity coefficients and EMA-transformation coefficient of the studied samples
Tabnuya 3. Kospduyuenmur axycmoynpyeocmu u xoagppuyuenma IMA-npeobpasosanus ucciedo8anvix 06pazyos

Heat treatment mode

Characteristic . .
. Aging Aging
Annealing at 470 °C at 565 °C
Acoustoelasticity coefficient, k, TPa! -9.2 —6.9 -5.7
EMA-transformation coefficient, Ky, mV 966 1128 666
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One should note that a further increase in the number of
cycles to 4-10° and an increase in the loading amplitude to
0.8 of the yield strength did not lead to the destruction of
any of the samples. Considering that the process of nuclea-
tion and accumulation of microcracks should lead to a de-
crease in velocity with increasing load [19; 22], one can
assume that it is not decisive in the behavior of these
curves. Probably, the stabilization of the behavior of
the curves during loading is determined by the appearance
in the 15-5 PH steel microstructure of the strain martensite
hardening phase characteristic of these materials, which can
replace residual austenite.

CONCLUSIONS

The study of the acoustic characteristics of KhM-12
(15-5 PH) maraging steel samples after heat treatment of
solid solution annealing and subsequent aging under me-
chanical tensile and cyclic loads showed the presence of
the following structure-sensitive parameters: transverse
axial-polarization wave velocity, elastic shear modulus,
Poisson’s ratio, acoustic anisotropy coefficient, acousto-
elasticity coefficient, double electromagnetic-acoustic
transformation, electrical conductivity and coercive force
coefficients.

It was found that the minimum values of the velocities
of longitudinal, transverse and Rayleigh waves for
the KhM-12 (15-5 PH) alloy are observed after solid solu-
tion annealing. The velocity of a transverse wave with po-
larization in the direction of the force in the elastic region of
mechanical loading decreases in direct proportion to the load,
while the maximum value of the acoustoelastic coefficient
corresponds to the sample after annealing (-9.2 TPa™).
Young’s and shear moduli decrease linearly, while Pois-
son’s ratio, on the contrary, increases linearly in the range
of loads under study. Increasing the number of cycles leads
to a decrease in the transverse wave velocity in the range of
up to 1000 cycles and further stabilization of values in
the region of higher values.

The non-contact acoustic echo-shadow method deve-
loped for research based on multiple reflections and
the equipment implementing it using non-contact EMA
principles of excitation and reception of waves can be ef-
fectively used for tasks of acoustic structuroscopy, when
assessing the stress-strain state, in cyclic tests and other
types of impacts for a wide class of metals and alloys with
special properties.
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Annomayua: ViccnenoBaHue aKyCTHUECKUX CBOICTB MapTEHCUTHO-CTAPEIOLINX CTalel, SKCIITyaTUPYEMBIX B YCIOBH-
X Pa3IUYHBIX YHEPTeTUUECKUX CHUIIOBBIX U TEMIIEPATYPHBIX BO3JEHCTBHI, ABISIETCSA aKTyaldbHOH 3aJadeil, Tak Kak HMEH-
HO METOJ] aKyCTHYeCKOW CTPYKTYPOCKOIHHU OOecreynBaeT HanboJjee JOCTOBEPHYIO CBSI3b CO CTPYKTYPOH, HampsKEHHO-
JneopMUpPOBaHHBIM COCTOSIHUEM M MEXaHMYECKUMH CBOWCTBaMH cralieid. PaboTa mocBsieHa MCCIIEA0BaHUIO aKyCTHYe-
CKUX CBOWCTB 00pa3IoB MapTeHCUTHO-cTaperomeil cramm XM-12 npu pa3nuyHbIX TEPMHUECKHX 00pabOTKax B yCIOBHIX
MEXaHWYECKUX PAaCTATMBAIOIINX U IMKIMYECKUX Harpy3ok. MccienoBansl 06pasibsl MapTeHCUTHO-CTaperoleit cramm XM-12
B TPEX CTPYKTYPHBIX COCTOSHUSX: MOCIE OTXKUTa Ha TBEPJIBIA PacTBOp | mociexyomiero crapenus npu 470 u 565 °C; npu
UCTIBITAHUAX HA PACTSKEHHE; B NIPOLECCE MUKINYECKOW HAarpy3KU pacTsHKEHUs-CKaTus. B MccneqoBaHUsX HCIOIB30BaHA
YHUKaJIbHas Hay4yHas ycTaHoBka «MH}opManmoHHO-M3MEpHUTENbHBIH KOMIUIEKC IJISi HCCIEJOBAaHMH aKyCTHUECKHX
CBOWCTB MaTepuanoB U u3aenui». OHa pealn3yeT aKyCTHYECKUH 3epKajJbHO-TEHEBOW METO/] Ha MHOTOKPATHBIX OTpaxe-
HUSX C IPUMEHEHHEM DJICKTPOMAarHUTHO-aKyCTHUECKOTO U MbE303JICKTPUUECKOTO Ipeodpa3oBaTeneil Ha OCHOBE IMOJIMBH-
HWIMICHOTOPUAHONW IUICHKN Ul BO3OY)KAEHUS M NMPHUEMa BOJIH U ITO3BOJISIET OMPEAEIHTh CKOPOCTH PAcIpOCTPAHCHHUS
BOJIH C TIOIPELIHOCTBIO He Ooiiee 2 m/c. MccnenoBanbl akycTHueckue (CKOPOCTh BOJIH, YIPYTHe MO/ IH, Kod(duimueHTs!
3MeKTPOMAarHUTHO-aKycTIdeckoro (OMA) npeodpa3oBanus, K03(h(HUIIHMEHTH aKyCTHIEeCKOH aHU30Tpouy, ko3ddunueH-
TBI aKyCTOYIIPYTOW CBSI3M) M 3JEKTPOMArHUTHBIE (KOAPILMTHUBHAS CHJIA W JIEKTPOIPOBOIHOCTH) XapaKTEPUCTHKH 00pa3-
I[OB: B UCXOJHOM COCTOSIHHH (/10 Harpy»kKeHus); MOIIaroBO B MPOIECCE PACTATUBAIOIINX HArpy30K M IMOCIEAYIOIIEro pas-
TPYKEHHS; TIOCNIE UCIIBITAHUH Ha PacTsHKEHHUE; B MpoLecce MUKIMIECKON HAarpy3KH pacTsDKEeHHUA-COKaTHs. BrIsBieHo, 4yTo
HanOOoJIbIIEH CTPYKTYPHOH 4yBCTBUTEIBHOCTHIO K MEXaHHUECKOH PacTATHBAIOIIEH HArpy3ke M IMKIMYECKOMY Harpyxe-
HUIO SBJISIIOTCS CIICAYIONIME aKyCTHUECKUE MapaMeTphl 00pa3ioB ctamu XM-12: CcKkopocTh MonepeuHoi BOIHbI, K03hdu-
uueHT [Tyaccona, koaddunuent aBoitnoro O9MA-npeoOpazoBaHus U KOIPPUIHEHT aKyCTHYECKOH aHU30TPOIIHH.

Kniwouegvie cnosa: mapteHcuTHO-cTaperomas craib XM-12; akycTuueckre CBOWCTBa; TepMuUeckas 00paboTka; Mexa-
HUYECKas paCTATUBAIOIIAS HArpy3Ka; IIMKINIECKOE HarpyKeHHUE.

bnazooapnocmu: ViccnenoBanue BBITIOTHEHO 3a c4eT TpaHTa Poccuiickoro HayuHoro ¢onga (rpant Ne 22-19-00252,
https://rscf.ru/project/22-19-00252/) ¢ ucnons3oBannem YHY «HpOpMannoHHO-M3MEPHUTENBHBIH KOMIUIEKC /ISl HCCIie-
JIOBAaHWH aKyCTHUECKHX CBOWCTB MaTepualioB M n3zaeinui» (per. Homep 586308).

CraThs MOATOTOBIIEHA M0 MaTepHaIaM JOKIAJ0B yJ4acTHUKOB X1 MexayHapoaHOH Kokl «Du3nueckoe MaTepuano-
Besenne» (IHIDPM-2023), Tombsrty, 11-15 centsdps 2023 roxa.
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