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Abstract. The paper presents the results of an experimental study of the effect of tensile stresses in the
elastic and plastic regions on the velocities of longitudinal and transverse waves and the Poisson's ra-
tio for cylindrical samples of steel 40X with different heat treatment. A multiple mirror-shadow meth-
od with the use of specialized electromagnetic-acoustic transducers, which provides high accuracy and
reliability of measurements due to detuning from the quality of the acoustic contact and the geometry
of the sample, as well as the possibility of registering a series of multiple reflections across the sample
section, is used. It is shown that the velocities of acoustic waves is minimal, and the Poisson's ratio is
maximal for the sample obtained by quenching. The behavior of the curve of the transverse wave ve-
locity change is identical to the transverse deformation of the sample, while the sensitivity of the
transverse waves to mechanical stresses is maximal due to the matching with the direction of the ap-
plied load. The greatest sensitivity to stress is characteristic of the samples after tempering and nor-
malization. After removal of the load and subsequent «recovery», there is an uneven distribution of
the Poisson's ratio along the length of the sample.
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INTRODUCTION

During the exploitation, many products made of rolled bars, for example, pumping rods
experience tensile loads, are affected by tensile stresses, the occurrence of which leads to the
accumulation of damage and critically affects the life service of the product and its character-
istics. For testing the stress there are used strain state of products, as a rule, magnetic
structuroscopy [1-4] and ultrasonic methods based on the measurement of the characteristics
of elastic waves in a tested environment [5-13]. The advantages of acoustic methods based on
the measurement of the characteristics of elastic waves in a testing environment include the
ability to determine surface and internal stresses, accumulation of micro-damage in the vol-
ume of the material; multiparameter of testing in favor of the variety of types of waves used
and recorded parameters; efficiency of testing, high resolution capability and the ability to
measure directly on the tested objects during operation. Due to the use of elastic waves, it is
possible to obtain the most reliable connections with the structural and mechanical parameters
of the materials of the products. The method of estimating tensile stresses is based on the
phenomenon of acoustoelasticity, which is the quotient between the velocities of ultrasonic
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waves and mechanical stresses. The method of acoustoelasticity is standardized as a method
of testing of internal mechanical stresses and therefore differs significantly from diagnostic
methods that use electromagnetic properties of metals. Also, the exploitation and technologi-
cal characteristics and deformation behavior of materials are influenced by the Poisson's ratio
which associated with the strength and crack resistance and anisotropy of the mechanical
properties of the rolled products [14-21].

The aim of the work is to study the effect of the tensile uniaxial load in the elastic and
plastic areas, as well as study the effect on the velocity of longitudinal and transverse acoustic
waves after loading cylindrical samples of steel 40KH and study Poisson's ratio.

PROPOSED APPROACH

As an object of research, there were used samples of 40KH-steel bars according to GOST
4543-71, which used for the manufacture of critical parts of oil-producing equipment — rods-
billets of pumping rods and shafts of centrifugal pumps. To evaluate the effect of tensile
stresses on the measured characteristics of acoustic waves, samples with a diameter of 14 mm
in the state of delivery and subjected to additional heat treatment and mechanical properties of
the studied samples are presented in the Table 1. The hardness of the samples was determined
using the hardness tester Novotest T-UDZ. The chemical composition of 40KH steel samples
was determined by using a portable analyzer of metals and alloys — XMET — 5000: C — 0.4,
Cr-0.8,Si-0.2, Mn - 0.5.

Table 1. Heat treatment and reference mechanical properties of samples of 40KH-steel

No Type of the heat treatment St;izss;vlllgr; t, Y::j’s':;::s, EIonSg’i/tlon, Har:;ess

#1 | Delivery condition: heat quenching 860°C, oil, 850 730 19.0 306
tempering 650°C (improvment)

#2 | Heat quenching, 850°C, oil 1400 1320 8.0 441

#3 | Heat quenching, tempering, 570°C 1050 960 17.0 335

To determine the velocities of elastic waves, there was used multiple echo-pulse method
with using electromagnetic acoustic (EMA) principle of launching-receiving of acoustic
waves which provides high accuracy and reliability of measurements by detuning from the
quality of the acoustic contact and the possibility of registering a series of multiple reflections
across the sample section [22-24].
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Figure 1. Sample form for investigations and marking for measurement after tensioning

The samples were stretched progressively at intervals of 10 kN until the yield strength
was reached by the Instron 300DX test machine. To study the velocities of volume waves, an
electromagnetic-acoustic structurescope (SEMA) was used [23-25], which implements the
mirror-shadow method on multiple reflections, the functional scheme of which is shown in
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Figure 2,a. Polarization of the wave types which was used in the carried coordinate system is
shown in Figure 2,b. The axial polarization of the transverse waves U, corresponds to the di-
rection of loading, the radial polarization of the longitudinal waves U, is oriented across the
tensile load. Launching and receiving of longitudinal and transverse waves were produced in
all radial directions along the cross section of the sample there were used specially developed
EMA-converters of longitudinal and transverse waves of the split type presented in Figure 3
[26]. For registration and further processing of the received series of multiple reflections the
specialized software Prince [27] was used. Typical waveforms of a series of multiple reflec-
tions of the transverse wave along the rod diameter and selected fragments of pulses at 7 re-
flection without load and at a load of 1600 MPa, the fraction of the sample #2 are shown in
Figure 4.
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Figure 2. Sample loading and registration scheme (a), carried coordinate system
and polarization of the waves used (b)
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Figure 3. Photo of detachable EMAT of longitudinal waves which is set in the centre of the sample
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Figure 4. Typical oscillograms of a series of multiple reflections of a transverse wave
along the rod diameter and pulses at 7 reflection without load and at a load of 1600 MPa

The velocities of transverse and longitudinal waves were calculated using the following
formulas:
_d-n

C,= , 1
o (M

where d is the average diameter of the sample at each loading step, Az, is the time of the n-th
reflected pulse in the transverse ¢ and longitudinal / waveforms.

The influence of the number of recorded reflections n on the difference of received tense
At, 1s illustrated in Figure 5. There is a close to linear dependence, in fact the minimum devia-
tions are in the zone of large values n. Significant deviations in the region of small » are due
to the influence of a powerful probing pulse on the measurement accuracy.
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Figure 5. Graph of the dependence between the number of reflections
and the time difference between them

Due to the high sampling rate of the used equipment (100 MHz), the subsequent interpo-
lation of the signal is produced by using specialized software, as well as due to the possibility
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of measurements on long-range reflections, high accuracy of determining the speed of propa-
gation of acoustic waves (0.5 m/s or 0.01%) with the accuracy of determining the diameter of
the sample 50 microns.

The degree of influence of mechanical tensile stresses on the speed of transverse and lon-
gitudinal waves can be estimated by the coefficients of acoustoelastic coupling, calculated by
the formulas:

. AC
p. = ﬁ’ (2)
t0 zz
AC,
c = 3
P, Co o 3)

where AC;,/C 40 1s the relative velocity change under loading, G, is the applied load.

In the evaluation of the elastic modulus (Poisson’s ratio v) its functional connection is
used with the propagation velocity of volumetric (longitudinal and transverse) waves. When
a sample is emitted in one section using longitudinal and transverse waves, it is possible to
determine the Poisson's ratio regardless of the sample diameter [19]:

2 2 2
v C C[2:1 2y2’ @)
2(c2-c?) 2(1-7’)

Cc; AL : . L
where y*=—L =—L — is the ratio of the velocities of the transverse and longitudinal

C; At
waves, proportional to the ratio of their time propagation.

The proposed method of determining the Poisson's ratio by measuring the difference be-
tween the travel times of two types of waves in one section allows to adjust from a number of
interfering factors that occur when measuring the absolute values of velocities. Calculations
show that the indirect error of the absolute value of the Poisson's ratio does not exceed 0.01 %

(that is, up to the fifth significant digit after the decimal point).

RESULTS AND DISCUSSION

The values of longitudinal and transverse wave velocities and Poisson's ratio in 40KH
steel samples with different heat treatment options are presented in Table 2. For the sample #2
obtained by quenching, having a martensite structure with a maximum degree of distortion of
the crystal lattice, the propagation velocity of longitudinal and transverse waves is minimal,
and the Poisson's ratio describing the resistance to transverse deformations is maximal. Sub-
sequent tempering (sample #3), and especially softening treatments such as normalization
(sample #1), leading to the most equilibrium ferrite-pearlite structures lead to an increase in
the velocity of ultrasonic waves and a decrease in the Poisson's ratio.

Table 2. Longitudinal and transverse wave velocities and Poisson's ratio in the samples under study
before loading

Sample number C,m/s C, m/s v
#1 5940 3251 0.286
#2 5881 3193 0.291
#3 5918 3232 0.287
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It should be noted that the mechanical properties - hardness, strength and yield strength,
elongation (Table 1) also correspond to the structural state of the samples and satisfactorily
correlate with the propagation velocities of transverse and longitudinal waves. The wave
speed decreases with increasing strength and fluidity, hardness of the bars and increases with
increasing plasticity, elongation.

The effect of axial tensile stresses on the change in the mean diameter and the relative
value of the transverse wave velocities for the samples are illustrated in Figure 6. With in-
creasing tensile load there is a significant linear decrease in the velocity of transverse waves
with axial polarization (along the direction of the load). The behavior of the transverse wave
velocity change curve is identical to the transverse deformation of the sample. At the same
time, the sensitivity of transverse waves to mechanical stresses is maximal due to the coinci-
dence with the direction of the applied load. The greatest sensitivity to stress is characteristic
of samples #1 and #3. It should be noted that in the transition from the elastic deformation
zone to the plastic deformation zone there is nonlinearity in the behavior of the curve, while
the acoustoelasticity coefficients increase. The change in the velocity of radially polarized
longitudinal waves is practically unchanged (within the measurement error). The values of
acoustoelastic coefficients of transverse waves for the studied samples in the elastic and plas-
tic regions are summarized in Table 3.
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Figure 6. Dependence of diameter of samples (a) and also their relative change of speed
of a transverse wave (b) on loading

Table 3. Acoustoelastic velocity coefficients for transverse wave 3,1/TPa

Sample number - - For -
Elastic deformation area Yield area
#1 -6.2 -7.6
#2 2.2 -6
#3 -5.8 -10,6

Table 4 presents the results of measuring the diameters and velocities of the volume
waves at the time of full unloading and some time after the tensile experiment (the process of
“recovery” of the sample). There is a slight increase in the diameter for the samples #1 and #2
(within 0.07 %) with an unexpressed yield point in the region. For the sample #3 with a
strongly marked yield point, the largest increase in diameter (within 0.5 %) is observed due to
stress relief during the “recovery”. Note that the velocities of the longitudinal waves do not
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change significantly (0.05-0.1%), while the change in the velocity of the transverse waves
reaches 0.5 %, and the Poisson’s ratio is 1 % for the sample #2.

The curves illustrating the change in the Poisson's ratio with increasing load and its de-
crease during unloading, as well as its distribution along the length of the studied samples af-
ter the process of “recovery” of the sample are shown in Figure 7. There is a linear increase in
the Poisson's ratio with an increase in the tensile load, which is least expressed for the #2
sample obtained by quenching, and more expressed for the #1 and #3 samples after normali-
zation and high tempering.

It should be noted that the distribution of the Poisson’s ratio along the length of the sam-
ple after removal of the load and subsequent “recovery” is sufficiently uneven and reaches
0.5 % for the hardened sample #2 and 0.35 % for samples #1 and #3. The latter indicates a
significant uneven distribution of the stress-strain state, especially under plastic deformation.

Table 4. Diameters, velocities of volume waves and Poisson’s ratios of the studied samples
after load removal and after “recovery”

at the end of tensioning after “recovery”
Sample number
d, mm C,m/s C, m/s v d, mm C,m/s C, m/s v

#1 14.01 5934 3250 0.286 14.02 5937 3251 0.286

#2 14.00 5880 3183 0.293 14.01 5885 3200 0.290

#3 13.88 5904 3224 0.287 13.95 5910 3235 0.286
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Figure 7. The dependence of the Poisson’s ratio on the load (a) and its distribution
along the length of the test sample after loading (b)

RESULTS

Thus, the developed non-contact EMAT-technology is a thin tool in evaluating the struc-
tural and stress-strain state of the bar. The conducted studies have shown the possibility of
using the following structural-sensitive factors for the structuroscopy and evaluation of the
stress-strain state of steel bars: absolute values of longitudinal and transverse velocities and
Poisson's ratio, their change in the process of mechanical loading, and uneven distribution
along the length of the sample and acoustoelastic velocity coefficients.

Due to the detuning from the quality of the acoustic contact and the possibility of obtain-
ing a series of multiple reflections, high accuracy, reproducibility and reliability of acoustic
structure detection methods are ensured.

It is shown that depending on the type of heat treatment, the velocities of transverse
waves vary in the range of 1 %, longitudinal waves — 2 %, and the Poisson’s ratio — 1.7 %.
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The acoustoelasticity coefficients for transverse wave velocity for the sample in the quenched
state were —5.8 1/TPa in the elastic deformation region and —10.6 1/TPa in the yield region.

This work was carried out under the State Task of the Ministry of Education and Science of Russian Feder-

ation for Kalashnikov Izhevsk State Technical University in 2017-2019 “Organization of Scientific Investiga-
tions”(Project No. 5705.2017/VU), and under the project implemented with funding from FSBEI of Higher Edu-
cation Kalashnikov ISTU (Project No. 12.06.01.18 MOV), using Universal Scientific Unit “Information-
measuring complex for evaluation acoustic properties of materials and products” (reg. No. 586308).
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