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KINETICS OF DESTRUCTION AT THE SURFACE STRENGTHENING OF MACHINE PARTS

Studying the influence of various factors on the strengthening effect and the kinetics of destruction of
surface-hardened parts under cyclic loading is important for strength and durability calculations.

A curve is indicated that characterizes the distribution of residual stresses after surface hardening of a
part. The diagrams obtained in the work were constructed as a result of algebraic summation of the original
diagrams. The analysis performed makes it possible to explain the nature of the crack occurrence: a crack
nucleates under certain conditions under a surface-hardened layer in the core material of the part in a half-
cycle of tensile stresses from an external load.

The research was carried out on samples made of steel 45 with a boron-chromed diffusion layer ob-
tained by successively saturating the surface with boron and chromium.
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KIHETUKA PYHHYBAHHS ITPY IOBEPXHEBOMY 3MIITHEHHI JIETAJIEM MAIIIMH

Hlupoxe 6nposaddicents 6 NPAKMuKy NpocPecUBHUX Memooie po3pPaAxyHKY Hecyyoi 30amHOCmi ma mex-
HOJIOZIUHUX NPOYeci8 NOBEPXHEB020 3MIYHEHH Oemaell 00380A€ NIOGUWUMU X pecypc npu 0OHOUACHOMY
SHUDICEHHI mMamepianoemHocmi. Busuenns eniugy piznux ¢paxkmopie Ha eghekm 3MiyHEHHs Ma KIHeMmuKy pyi-
HYBAHHS NOBEPXHEBO 3MIYHEHUX Oemanell Npu YUKITYHOMY HABAHMANCEHHI MAE BAdICIUBE 3HAYEHHS OISl PO3-
PAXYHKOBUX OYIHOK MIYHOCMI ma 008208i4HOCHI. BUKOHAHI V YbOMY Hanpsami pobomu noxazaiu, wo mpyo-
HOWi, AKI GUHUKAIOMb NPU PO3PAXYHKY MENC SUMPUBATOCMI NOBEPXHEBO 3MIYHEHUX Oemanell, Nnog'sa3aui 3
PONTIO 3ATUUKOBUX HANPYICEHb HASGHICINIO KOHYEHMPAmMopis, epadichma Hanpyau 8 KOHYenmpamopi i He-
00HOpIOHICMI0 HanpydiceHb. HaasHicmb 3a1uK08020 HANPYIHCEHHS | HANPYIHCEHHS, GUKIUKAHO20 308HIUHIM
HABAHMANCEHHAM, BUSHAYAE HANPDYICEHO-0e)OPMOBAHUL CIMAH MAMEPIALY NPU YUKTTUHUX HABAHMANCEHHSX
demaneii. [loxkazano, wo HAyKOBYAMU HEOOCMAMHBO Y8azu NPUOIeHO NUMAHHAM OOCAIONCeHHS npoyecy
3aPOO0IHCEHHST BMOMHUX MPIWUH NIO NOBEPXHEBO 3MIYHEHUM ULAPOM.

Poszenanymo eunadox yuxkiiuHo20 HABAHMANCEHHS 32UHAHHAM HOBEPXHEB0 3MIYHEHOI Kpyanoi demaii 3
KOHYEHMPamopom Hanpysicenv. Braszano kpusy, wo xapakmepusye po3nooin 3aiuuko8ux HanpyiceHv nicis
NOBEPXHEB020 3MIYHEHHSI Oemaii, XApaKmep 3MiHU AKUX HACMYRHULL: CMUCKAIOMb — 8 NOBEPXHEeBOMY Wapi
3a0aHoi mogwuHI | po3MALYIOMb — 6 cepyeguni mamepiany demani (6Hympiwnix wapax). Ompumani  po-
bomi enwopu noby0oeati 8 pe3yrbmami aneedpaiuno2o niocymosyeanus suxionux enwop. Onepayis niocymo-
8YBAHHSL HOCUMb (POPMATLHULL XAPAKMEDP | GUKOHAHA MINbKU O M020, W00 YA8UMU 3a2albHUll XapaKmep
KapmuHu HAnpysiceHo 0eopmosano2o cmary 6 00CHONCeHUX 001acmax OemaJi.

IIpogedenuii ananisz 0036014€ NOACHUMU XAPAKMED GUHUKHEHH MPIUWUHU. MPIUHA 3aPOOANCYEMBCA 3d
NEBHUX YMO8 N0 NOBEPXHEEO 3MIYHEHUM WAPOM Y MAMePIan cepyesun 0emaii 6 HaNiGYUKIl HANPYXNCeHb,
Wo po3mscyioms, 6i0 306HIUHL020 Haganmadcenns. Ocobausull inmepec 018 NPAKMUKU NPedCTnABIAIOMD
8i0OMOCMI NPO PO3GUMOK MPIWUHYU NPU YUKTIYHOMY HABAHMANCEHHI NOBEPXHEB0 3MIYHEHOI demani K Ma-
JOYUKN0B0L, mak i 6a2amoyuxiosoi 6momu.

Kniouosi cnosa. pyiinysanus, mMiynicmo, YUKIiuHi HABAHMANCEHHS, 3MIYHEHHS, 0eMall MAUUH, 31U~
KO8€ HaNpYiCeHHSI.
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Introduction ing is important for calculated estimates of strength
The study of the influence of various factors on  and durability.

the strengthening effect and the kinetics of destruc-

tion of surface-strengthened parts under cyclic load-
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Analysis of recent research and publications

As the analysis of the operation of various types
of machines and the nature of destruction of their
surface-reinforced parts shows, an important factor
in preventing the destruction of structural elements
is their design and manufacture with appropriate
values of bearing capacity. This can be achieved by
improving existing methods of calculating strength
and durability. The basic principles of assessing the
strength of surface-reinforced machine parts are
shown in works [1-3].

When calculating strength, experts, as a rule,
use recommended analytical methods for determin-
ing the endurance limit of surface-reinforced ma-
chine parts. However, there are difficulties in dura-
bility calculations due to the lack of data on the loca-
tion of the slope of the fatigue curve section [4].

Construction of fatigue curves for each specific
case experimentally using classical methods is cum-
bersome and expensive, and, more often than not, it
is impossible and unacceptable. But in order to con-
struct fatigue curves a priori or with the use of a
minimum number of experiments, it is necessary to
have a certain mathematical model and recommen-
dations for the selection or determination of its pa-
rameters [5].

Theoretical and experimental studies conducted
by scientists in this direction of work showed that,
mainly, the difficulties that arise when calculating
the endurance limits of surface-strengthened parts
are related to the role of residual stresses, the pres-
ence of concentrators, the stress gradient in the con-
centrator and stress heterogeneity [6-8]. Here, it is
important to study the influence of various factors

on the effect of strengthening and the kinetics of
destruction of surface-strengthened parts under cy-
clic loading, which is important for calculated esti-
mates of strength and durability [9, 10].

It should be noted that scientists have not paid
enough attention to the study of the process of fa-
tigue crack initiation under the surface-strengthened
layer. There is an assumption that it is the surface-
strengthened layer that contributes to the later ap-
pearance of traces of plastic deformation and the
nucleation of microcracks, which reduces the speed
of their propagation, and thereby increases the dura-
bility of machine parts subjected to surface strength-
ening [11].

This work is dedicated to the solution of this
problem.

Presenting main material

The presence of residual stress and stress
caused by an external load determines the stress-
strain state of the material under cyclic loading of
parts [12, 13].

Using Fig. 1, consider the case of cyclic loading
by bending a surface-reinforced part with a diameter
of d by a stress concentrator

cQ

O-max = O-—la (4
where ¢, is the endurance limit of the part
with a symmetrical stress cycle;
a, is the theoretical coefficient of stress

concentration.
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Figure 1 — Schematic representation of the surface strengthening of the part with a stress concentrator
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Curve 3 characterizes the distribution of the re-
sidual stress after the surface strengthening of the
part, the nature of which changes are as follows:
compression — in the surface layer of thickness he
and stretching — in the core of the material of the
part (inner layers).

Curves 4 and 4’ are constructed as a result of
the algebraic summation of curves 1 and 3. The
summation operation is formal and is performed
only to visualize the general nature of the picture of
the stress-deformed state in the investigated areas of
the part.

The analysis of curves 4 and 4’ shows that the
residual stresses in the half-cycle of working tensile
stresses reduce the total stresses in the surface-
strengthened layer and increase them in the core of
the part at a depth exceeding the thickness of the
metal layer, where the residual stresses are equal to
zero.

Thus, the residual compressive stresses "un-
load" the metal in the field of tensile working stress-
es and "add load" in the core of the part. In this re-
gard, the strength of the surface-reinforced layers
increases (the curve of total stresses 4 is located to
the left of the plot of the ultimate working stresses 1
of the unreinforced part), and the strength of the
layers of the core of the part decreases (the curve 4
is located to the right of curve 1). As the external
load increases, the level of tensile working stresses
increases and, therefore, the value of the total tensile
stresses increases, reaching in the core the level of
strength (curve 2) of the material of the part before
hardening, which leads to the formation of irreversi-
ble damage to the metal and, therefore, to nucleation
cracks under the reinforced layer.

In the half-cycle of working compressive
stresses, the presence of compressive residual stress-
es in the surface layer leads to an increase in the
level of total compressive stresses (curve 4') and
starting from a certain level of external load, the
amount of total stresses in the concentrator zone
reaches the yield point of the material. This leads to
the occurrence of cyclic plastic deformations in the
surface strengthened layer in the concentrator zone
(the maximum stress reaches the yield point of the
material), which leads to a higher level of compres-
sive residual stresses after the load is removed — the
strength of the surface layer of the part material in-
creases. The tensile stress applied later in the half
cycle from the external load is damaging to the inner
layers of the material and does not damage the sur-
face layer.

The conducted analysis allows us to explain the
nature of the crack: the crack originates under cer-
tain conditions under a surface-strengthened layer in
the material of the core of the part in a half-cycle of

tensile stresses from an external load. The surface-
strengthened layer of the part is a barrier to crack
propagation, which significantly increases the fa-
tigue strength of the part.

This phenomenon is confirmed by numerous
experimental data [4, 13, 14]: surface strengthening
significantly increases the fracture endurance limit
and affects the crack formation endurance limit to a
lesser extent. The existence of fatigue cracks in
surface-strengthened parts operating below the frac-
ture toughness limit is safe, as these cracks are non-
propagating. This is characteristic of parts with
residual compression stress in the surface layer,
regardless of their origin (mechanical, thermal) [15,
16].

Of particular interest for practice is information
on the development of a crack under cyclic loading
of a surface-strengthened part, both in low-cycle and
multi-cycle fatigue.

The change in patterns of fatigue crack devel-
opment on smooth samples subjected to surface
diffusion alloying was investigated. Samples from
steel 45 with a borochromized diffusion layer, ob-
tained by successive saturation of the surface with
boron and chromium, were subjected to research.

Residual voltages were determined on the "Pe-
ony" installation by measuring the deformation of
the sample during sequential electrolytic etching of
the diffusion layer.

Figure 2 shows the graphs of residual stresses
after borochroming. The depth of the diffusion lay-
ers was 60...500 pm.

The formation of borides and carbides during
cooling after diffusion saturation contributes to the
emergence of a diffusion layer of residual compres-
sive stresses. As the thickness of the borochrome
layer increases, the residual stress graph changes.

The maximum value (o,,, =1000 MPa) of re-

sidual stress is reached in borochromized layers with
a thickness of 60 um (curve 1). In layers with a
thickness of 80 and 125 um (according to curves 2
and 3), a bend is observed in the residual stress dis-
tribution plots at a depth of 15...25 um from the
surface. When the layer thickness increases to
200 um or more, the value of the residual stress de-
creases (curves 3 — 6). The difference in the charac-
ter of the residual stress plots is related to the change
in the structure and phase composition of the boro-
chromized layer, with the increase in its thickness
and the volume of the diffusion layer and core.

The results of the study of the effect of heat
treatment of steel 45 on residual stresses are present-
ed in Fig. 3. The analysis (curve 4) shows that nor-
malization does not have a noticeable effect on the
magnitude and sign of the residual stresses in the
surface-reinforced layer.
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Figure 2 — Distribution of residual stresses in borochromized layers of different thicknesses on steel 45
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Figure 3 — Distribution of residual stresses
in borochromized samples on steel 45:
1 — before heat treatment; 2 — after hardening and
low tempering; 3 — after hardening and medium
tempering; 4 — after hardening and high vacation

Quenching followed by tempering to martensite
(curves 2 — 3) changes the pattern of residual stress-
es: it causes significant tensile stresses in the sur-
face. In connection with this study, the fracture ki-
netics of surface-strengthened samples made of steel

45 was studied before heat treatment on a special
installation [2].

Samples with a rectangular cross-section
(5.5 x 3) mm after diffusion saturation were subject-
ed to multi-cycle bending action with a symmetrical
cycle (R = — 1). The surface of the sample, which is
in the plane perpendicular to the bending plane, was
prepared for testing as a microsand, which made it
possible to study the fracture kinetics of steel with a
diffuse (reinforced) layer. To study the phenomenon
of fatigue, a microstructural method of research us-
ing an optical microscope was used, which allows
observing the initiation of cracks, the kinetics of
their growth, and obtaining information about the
nature of the destruction during the test.

Conclusions

The conducted studies showed that the nature of
the destruction depends on the thickness of the dif-
fusion layer and the amplitude of the stresses caused
by the external load. Thus, in steel 45, not subjected
to normalization after diffusion saturation, with a
thickness of borochromized layers of 60...120 um,
at stress amplitudes of the test duration of 0.1-2 % of
the total durability, traces of the plastic behavior of
the metal appear in the ferrite grains.

As the duration of the test increases, the shear
lines thicken and move deep into the sample to the
neutral line, areas of loosening and submicroscopic
cracks appear, which then develop into microscopic
ones (the duration of this process is 10-20 % of the
total durability). In the next period (40-80 % of the
total durability), the microstructural picture changes
insignificantly, mainly due to the slow growth of
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microcracks. At the same time, microcracks grow
more intensively deep into the metal of the sample,
some of the microcracks develop into macrocracks,
macroscopic cracks grow.

Microcracks grow discretely, which is associated
with the braking effect of the plastic deformation zone
that occurs at the top of the crack. Due to plastic
deformation, the metal is riveted, the stresses neces-
sary for the development of plastic deformation in
local volumes must increase, the growth of the crack
stops. At the moment of exhaustion of the strength of
the metal at the top, the crack advances in leaps and
bounds. Under the diffusion layer, crack growth in the
direction of the surface of the sample is delayed by 5-
8 % of the total durability, which is explained by the
barrier effect of the diffusion layer as a stronger layer
compared to the metal core and less loaded.

It should be noted that as the layer thickness in-
creases from 60 to 120 um, the time until the appear-
ance of traces of plastic deformation and micro- and
macrocracks increases, the endurance limit increases,
and the overall durability of the samples before de-
struction increases.

At stress amplitudes o, =0, , where o, is

0
the endurance limit of surface-strengthened samples,
which is 20-40 % of the test Ng = 5-10° cycles, the
growth and development of microcracks stopped
completely.

The conducted studies confirmed the assumption
about the nucleation of fatigue cracks under the sur-
face-strengthened layer.

It has been established that the surface-
strengthened layer contributes to the later appearance
of traces of plastic deformation and the initiation of
microcracks, a decrease in the speed of their propaga-
tion, and, therefore, an increase in the durability of
parts subjected to surface strengthening.
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TWO-GYROSCOPIC SENSITIVE ELEMENT OF THE STABILIZATION COMPLEX

The proposed two-gyroscopic SE is designed to measure acceleration and belongs to the area of
acceleration measurements on a moving base and can be used in stabilization systems. The purpose of the
article is to increase the accuracy of acceleration determination. To do this, it is necessary to eliminate
methodical errors of gyroscopic moments-obstacle from the cross angular velocities of the base and from the
angular velocity of the Earth's rotation. The proposed two-gyro SE consists of a three-stage gyroscope
located in the inner and outer frames, equipped with an inter-frame correction system, which includes an
angle sensor located on the axis of the inner frame of the gyroscope, the output of which is connected to a
moment sensor located on the axis of the outer frame.

What is new in the two-gyro SE stabilizer is the application on the axis of the inner frame of the
gyroscope with the possibility of rotating the rotor in the opposite direction of the main gyroscope, equipped
with an inter frame correction system, which includes an electric angle sensor located on the axis of the
inner frame of the gyroscope, to the output of which the control winding of the electric moment sensor is
connected. Located on the axis of the outer frame, and both gyroscopes are equipped with two additional
angle sensors located on the axes of the outer frames, the outputs of which are connected to two additional
moment sensors located on one axis of the inner frame, the centers of gravity of the two three-stage
gyroscopes are equally shifted to one side along the axes of rotation gyroscope rotors relative to the axes of
the outer frames.

Keywords: sensitive element, stabilization complex, methodical errors, measurement of acceleration.

O. M. be3BecinbHa, 1.1.4H., JI. B. Kosiomienp, 1.17.1., FO. B. Kupnuyk, 1.17.1., T. O. ToJs04ko
JIBOT'TPOCKOINIYHUM YUY TJIMBUHN EJJEMEHT KOMIIJIEKCY CTABLII3AIIIL

IIpononosanuti 0802ipocKoniuHuil Wymausull enremenm nPpUsHaAveHull O1s 8UMIPIOBAHHS NPUCKOPEHHS md
gi0HOCUmMbCA 00 001aCcmi BUMIPIOBAHL NPUCKOPEHHS HA PYXOMILl OCHOSI | MOJCe BUKOPUCMOBYBAMUCS 8
cucmemax cmaodinizayii.

Memoio cmammi € nioguujents MOYHOCMI GUIHAYEHHS NPUCKOPeHHA. [[18 Yb0o2o HeoOXIOHO yCYyHYymu
MemoOUUHI NOXUOKU 2IPOCKONIYHUX MOMEHMIE — NEPEeUtkoo0 8I0 NONEPEHHUX KYMOBUX WUEUOKOCEl OCHOBU |
8i0 Kymoeoi wieuoxocmi obepmanus 3emni. Yymaueuil eiremMeHm CKAA0AEMbCS 3 MPUCTHYRIHYACMO20
2IpoCcKona, po3mauio8aHo2o y GHYMPIWHIL [ 306HIWHIL pAMAX, OCHAUWEHO20 CUCINEMOI0 MINCPAMKOBOL
KOpeKyii, AKa 8KIOYAE OamuUK Kyma po3maulo8anull Ha OCi 8HYMPIWHbOI pamu 2ipOCKONnA, 8UXi0 K020
RIOKIOUEHUL 00 PO3MAULOBAHO20 HA OCI 306HIUHBOL paMU 0AMUUKA MOMEHMY.

Hosum y koncmpyxyii uymaueoco enemenmy KoMNIeKcy CmaOinizayii € 3acmocy8aHHs HA OCi
BHYMPIWHbOI pamu 2ipOCKONA 3 MONCIUBICMIO 0OEPMAHHL POMOpPa 8 NPOMULENHCHY CMOPOHY OCHOBHO20
2IpOCKONa, OCHAWEHO20 CUCEMOIO MINCDAMKOBOI KOPeKYii, AKA BKIIOUAE 8 cebe eleKmpudHULl 0amuux Kyma
PO3SMAWOBAHUIL HA OCI BHYMPIWHBOL pamu 2ipocKonda, 00 uxody sK020 NIOKNo4eHd Kepyrya 0OMOmKd
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