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RESUMO

Este trabalho descreve o procedimento para determinar tensdes residuais na superficie usando o método
mecanico e quatro métodos de endurecimento de amostras. A urgéncia do problema declarado no artigo se deve
ao fato de que as tensdes de tragdo superficial que surgem na fabricacdo de pecas altamente carregadas podem
reduzir significativamente as caracteristicas mecanicas, de recursos e de fadiga dos produtos. O objetivo do
estudo foi endurecer amostras de ligas de titdnio e ferro-cromo-niquel para melhorar suas caracteristicas de
resisténcia, fadiga, recursos e determinar tensdes residuais por remo¢édo camada por camada das camadas
estudadas por ataque eletroquimico. A determinacdo das tensdes residuais da superficie foi realizada
mecanicamente, utilizando um complexo de medicao e célculo durante a gravacdo continua do metal a partir da
superficie de teste da amostra, o que possibilitou medir as tens@es residuais em diferentes profundidades e
determinar a energia do estado de estresse da superficie. As tensbes residuais foram calculadas a partir da
deformacgdo da parte restante da amostra com uma mudanca na profundidade das camadas estudadas. O
endurecimento das amostras foi realizado de quatro maneiras, a saber: endurecimento por ultrassom; cura por
ultrassom + Rosler (processamento de vibragéo); Rosler (processamento de vibracdo) + cura por ultrassom;
Rosler (processamento de vibracdo) + endurecimento por ultrassom. Os resultados do estudo mostraram que a
superficie dos produtos é uma area mais fraca que a interna. Apés a témpera, surgem tensfées compressivas na
superficie de todas as amostras de ligas de titanio e ferro-cromo-niquel. O caso preferido de endurecimento € o
segundo (endurecimento ultrass6nico + endurecimento centrifugo). A presenca de tensbes compressivas
residuais nas camadas externas dos produtos aumenta seu limite de fadiga em + 20%. Os resultados do trabalho
podem ser usados para fabricar produtos com altas caracteristicas mecéanicas, de recursos e de fadiga.

Palavras-chave: tensdes residuais, ultrassom, deformacéo, resisténcia, macro estresses.
ABSTRACT

This work describes the procedure for determining residual surface stresses using the mechanical method
and four methods of hardening samples. The urgency of the problem stated in the article is due to the fact that
surface tensile stresses arising in the manufacture of highly loaded parts can significantly reduce the mechanical,
resource and fatigue characteristics of products. The aim of the study was to harden samples of titanium and iron-
chromium-nickel alloys to improve their strength, fatigue and resource characteristics and determine residual
stresses by layer-by-layer removal of the studied layers by electrochemical etching. The determination of surface
residual stresses was carried out mechanically using a measuring and calculation complex during continuous
etching of the metal from the test surface of the sample, which made it possible to measure the residual stresses
at different depths and determine the energy of the surface stress state. Residual stresses were calculated from
the deformation of the remaining part of the sample with a change in the depth of the studied layers. The hardening
of the samples was carried out in four ways, namely: ultrasonic hardening; ultrasonic curing + Rosler (vibration
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processing); Rosler (vibration processing) + ultrasonic curing; Rosler (vibration processing) + ultrasonic
hardening. The results of the study showed that the surface of the products is a weaker area than the inside. After
guenching, surface compressive stresses arise for all samples of titanium and iron-chromium-nickel alloys. The
preferred case of hardening is the second (ultrasonic hardening + centrifugal hardening). The presence of residual
compressive stresses in the outer layers of the products increases their fatigue limit by =20%. The results of the
work can be used to manufacture products with high mechanical, resource and fatigue characteristics.

Keywords: residual stresses, ultrasound, deformation, strength, macrostresses.
AHHOTALUA

B paHHom paboTe onucaHa npouegypa OnpeaeneHus OCTaTOYHbIX MOBEPXHOCTHbIX HAaMpsKeHWA C
MCMONb30BaHWEM MEXaHWYECKOro MeToda W 4eTblpex CrnocoboB YynpoyHeHus o6pasuoB. AKTyanbHOCTb
3asBMEHHON B cTaTbe Mpobrembl OOyCroBreHa Tem, YTO MOBEPXHOCTHbIE pacTArMBaloLMe HanpsKeHus,
BO3HMKaIOLLME NP M3FOTOBIIEHUN BbICOKOHArPY>KEHHbLIX AeTanen, MoryT CyLeCTBEHHO CHU3UTbL MexaHU4eckue,
pecypcHble U YCTaroCTHbIE XapaKTepucTukn nagenun. Llenbio nccnenoBaHus siBnsieTcs 3akanka obpasuos 13
TUTAHOBLIX U Xene30-XPOMOHUKENEBLIX CMaBoB AN YNyYLEHUs1 UX MPOYHOCTHBIX, YCTaNOCTHbIX U PECYPCHbIX
XapaKTepUCTUK U ONpeAeneHnss OCTaTOYHbIX HanpsKeHUA NyTem MOCMOMHOMO CHATMS MUCCNedyeMblX CrioeB
METOAOM  3NEKTPOXMMUYECKOro TpaeneHusi. OnpegeneHne NOBEPXHOCTHLIX OCTATOMHBLIX — HaMpPsKEHUN
NMPOBOAMMOCL MEXaHWYeCKUM METOAOM C MCMONb30BaHMEM W3MEpPUTENbHO-pacHeTHOro KoMmnrekca npu
HenpepbIBHOM TpaBfeHWM MeTanna C UuccregyeMon MNOoBEpXHOCTM obpasua, 4TO MO3BOMMIIO U3MEPUTb
OCTaTOYHbIE HaMpshKeHUs Ha pasHbIX ryOvHax 3aneraHnsi U ONpeaenvTb 3HEPTUI0 HaNPSXKEHHOro COCTOAHMS
noBepxHocTn. OCTaTouvHble HanpshKeHUs paccyYnTbiBanMcb Mo Aedopmaumy ocTaBliericss YacTu obpasua ¢
N3MeHEHNeM IMnyOuHbl 3aneraHnsi UCCNefyeMbIX CIOeB. YNpoyHeHe obpasuoB ObiNO NPOBEAEHO YETbIPbMS
cnocobamn, a WMEHHO: YNbTPa3BYKOBOE YMPOYHEHWE; YNbTpPa3ByKOBOE OTBEpXAeHMe +  pocrep
(subpoobpaboTka); Pocnep (BnbpoobpaboTka) + ynbTpa3BykoBoe oTBepxaeHue; Pocnep (BubpoobpaboTka) +
yNbTpa3ByKOBOE YNpoyHeHue. PesynbTaTbl MccrnefoBaHUsi nokasarnu, YTO MOBEpPXHOCTb U3OEenuin siBnseTcs
bonee cnabor 06NacTblo, YeM BHYTPEHHAS YacTb. [locne 3akanku BO3HMKAKOT MOBEPXHOCTHbIE CXMMaloLme
HanpsikeHUs 4ns Bcex 00pasLoB U3 TUTaHa U XKene30-XPOMOHUKENEBLIX CMNaBoB. [peanovTuTensHbIM criyvaem
YNPOYHEHUST SBNSIETCA BTOpPOM (yNbTpasBYKOBOE YMNpPO4YHEHue + LeHTpobexHoe ynpouvHeHue). Hanuuue
OCTaTOYHbIX CXKMMAaKLWMX HaMpPsPKEHWA BO BHELUHUX CIOSIX U3Oenuid yBenuyuBaeT npegen Ux ycranocTy Ha
~20%. PesynbTatbl paboTel MoOryT ObiTb MCNONb30BaHbl ANS W3rOTOBMEHUS W3OENUA C  BbICOKUMMU
MEeXaHW4YECKMMU, PECYPCHBIMM U YCTANOCTHLIMU XapaKTepUCTUKaMU.

KniouyeBble cnoBa: ocmamoyHbie Harips>keHus, yrnbmpassyk, Oed)opmauu;q, NPOYHOCMb, MaKpOHarips>XxeHus.

1. INTRODUCTION: and stability of details. The mechanical method of
determination of residual stresses is based on

When producing high-loaded details, one cutting a sample from detail and subsequent layer-

of the problems is the presence of surface tensile
stresses (Gnyusov et al., 2017; Hou et al., 2018).
They can substantially reduce the mechanical,
resource, and fatigue characteristics of products
(Wojtaszek et al., 2016; Sakhvadze et al., 2017;
Pei & Duan, 2017; Huang et al., 2018). The
residual stresses exist in products in the absence
of external actions. Three types of stresses are
distinguished: macro stresses, micro stresses,
and elastic stresses (Birger, 1963; Colegrove et
al., 2013; Hamad & Hassan, 2018; Astapov et al.,
2019a; Astapov et al., 2019b; Cui et al., 2020; Su
et al., 2020).

The main methods to determine residual
stresses are mechanical and x-ray methods (Liu et
al., 2019; Sunder, 2016; Mohanty & Muduli, 2020).
The mechanical process is most widely spread
because it uses the same concepts of stresses
and deformations of elastic body mechanics as
those used when calculating the strength, rigidity,

by-layer removal of the layers under investigation
using electrochemical etching (Antolovich &
Armstrong, 2014; Mustafin, 2006; Samarin et al.,
2019; Makarenko & Kuznetsova, 2019; Ding et al.,
2015).

The object of the work was to harden
samples made of titanium and iron-chromium-
nickel alloys for improvement of their strength,
fatigue, and resource characteristics and
determination of residual stresses by layer-by-
layer removal of the studied layers using
electrochemical etching.

2. MATERIALS AND METHODS:

The determination of residual surface
stresses was made by the mechanical method
using a measuring-calculating complex at the
continuous etching of metal from the sample
surface under investigation (Figure 1). Such a
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plant measures residual stresses at different
occurrence depths and determines the energy of
surface stressed state, as well as makes it
possible to optimize and control the stability of
technological processes (Figure 2).

An experiment began by cutting a sample
of standard sizes 50x4x2 mm (Figure 3). Then the
sample was fastened into a holder (investigated
face down); the holder and surface that was not
subjected to etching were coated with paraffin. A
steel ball was fastened in paraffin at the sample
upper surface where deformation was measured
(for contact with an inductive transducer). Then the
holder with the sample was suspended to a
carriage of the gage post, and the steel ball was
brought to the inductive transducer to the point of
maximal contacting. After this, the carriage was
put into the electrolyte, and the etching process
began. The balance became disturbed, causing
the sample to deform. The residual stresses o
were calculated from the deformation of the
remaining part of the sample, with changing
occurrence depth of the layers studied (Birger,
1963; Gnatyuk, 2017; Lu et al, 2018;
Madzivhandila et al., 2019).

3. RESULTS AND DISCUSSION:

3.1. Determination of residual stresses

Let us consider the determination of axial
residual stresses in a prismatic rod. We assume
that, except for small areas at the ends of the rod,
the residual stresses are constant along its length.
To determine the residual stresses, we will
sequentially remove the ABCD layers of materials
(Figure 4) located in the zone of constant (along
the length) stresses. The end sections are not
removed; they are placed in the grips of the
device.

The residual stresses o in the surface
layers of the initial detail were determined as a
sum of stresses relaxed because of sample cutting
from the detail (0q) and a nonlinear component
(on.1) due to removal of layers from the sample
surface (Equation 1). Depending on the sample
thickness and value of mechanical stresses in the
layers under investigation, layers separation from
the detail may lead to its bending F, and (or)
change of its length &, In this case, the variation
of the initial stresses may be calculated as a linear
component from their occurrence depth (Equation
2). Here E is the material modulus of elasticity; Fy
is the bending because of sample cutting from the
detail; Ko and K; are the coefficients representing
both form and sizes of the sample; Kamp is the

deformation amplification coefficient at different
ways of fastening the sample and transducer in the
process of cutting; &, is sample's relative extension
at cutting.

Let us determine the residual stresses o,

acting in the rod at a distance a from the upper
face of the rod (Figure 4). As a result of the
removal of a layer of material with a thickness a,
the remaining part of the rod is deformed under the
action of stresses along the planes AB and DC.

Let stresses o,,(a) act at a distance ¢

from the upper face. The bending moment M from
stresses on the face AB relative to the middle of
the rod height (point O) is (Equation 3), where b is
the width of the rod. If the rod is bent by the
concentrated moments M at the end, then the
deflection is (Equation 4), where [, h is the length
and thickness of the rod, respectively, J is the
moment of inertia of the cross-section
(Equation 5). Neglecting the influence of axial
forces on bending and taking into account
(Equation4) and (Equation5), we find

(Equation 6). Transferring the value (h—a)® to the

left side of the equality and differentiating the
integral over the upper limit a, we obtain
(Equation 7). From (Equation 7) at a = 0 we obtain
the formula for determining the residual stresses
in the outer layer (Equation 8). After differentiating
equality (Equation 7) with respect to a, we have
(Equation 9). Integrating both sides of this
equality, we obtain (Equation 10).

Given the relation (Equation 8), we can
obtain the equation (Equation 11). The residual
stresses varying with occurrence depth of the
removing layers were calculated from the
expression that takes into account not only the
measured deformation for each current depth but
also those residual deformations that relaxed due
to the removal of the previous layers. The residual
stresses component that varies with etching depth
was calculated for prismatic samples in real time
scale (Equation 11). Here L is the etched layer
length; H is the sample thickness; F is the current

. dF . ,
value of sample deformation; 9a is deformation
a

variation with occurrence depth of the layers under
investigation; a; is the current depth of removed
layers; ¢ is the total current deformation.

When determining the residual stresses,
the balance of forces over the sample thickness is
violated because of etching of the layers studied
that are in the stress state, and the sample bends.
The stresses in the layer under investigation are
calculated from that bending (deformation). In this
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case, the balance of forces is restored, and partial
relaxation of stress state occurs on the opposite
side of the sample, in accordance with the bending
moment (Sangid, 2013; Ahmad et al., 2018;
Aguilera-Correa et al., 2019). Due to the specially
chosen etching conditions, an exact calculation of
the depth of etched layers is done from the amount
of passed electric current according to Faraday's
law (Equation 12).

Here a is the etched layer depth; t is the
etching time; | is current in the etching series; a is
the effective electrochemical equivalent; p is the
sample material density; B is the sample width.
Shown in Figures5 and 6 are the samples of
titanium and iron-chromium-nickel alloys after
etching. Figures 7 and 8 present the diagrams of
surface residual stresses distribution in the
samples of titanium (Li et al., 2016; Kumar et al.,
2017; Kim et al., 2013) and iron-chromium-nickel
alloys (Jiang & Zhao, 2012; Debroy et al., 2018).
One can see that surface tensile stresses are
present on samples of both types. The presence
of such stresses (from 50 MPa and more)
considerably reduces vibration and fatigue
strength of the product (Malaki & Ding, 2015; Zhu
et al., 2017; Lin et al., 2018; Wang et al., 2020).

To solve the above problem, hardening of
samples was performed in four ways: 1 -
ultrasonic hardening; 2 — ultrasonic hardening +
Rosler (vibratory finishing); 3 — Rosler (vibratory
finishing) + ultrasonic hardening; 4 — Rosler
(vibratory finishing) + ultrasonic hardening (He et
al.,, 2018; Sangid, 2013). In all four cases, the
parameters of ultrasonic hardening remained
unchanged: amplitude of 100 um and rated
frequency of 20 kHz.

3.2. Centrifugal Hardening (Rosler)

Centrifugal treatment (Figure 9) is a high-
performance method for finishing and hardening
parts. The method of volumetric centrifugal
treatment consists in the fact that the granular
processing medium with the details is rotationally
driven around the vertical axis so that it takes on
the shape of a torus in which particles move along
spiral paths. The machined parts are loaded into
the working chamber and moved together with the
working environment. Hardening is carried out due
to the relative movement and interaction of the
granular medium and the parts wetted by a liquid
continuously supplied to the working chamber.

3.3. Ultrasonic hardening

The strain hardening of the surface layer of
samples during ultrasonic hardening (Figure 10) is

carried out due to the kinetic energy of steel balls
randomly moving in a spatially limited volume. The
surface treatment takes place in the “cloud” of the
working medium (balls) simultaneously from two
sides. This type of treatment causes an increase
in hardness of the surface layer by 18% and an
increase in surface compressive stresses to
1000 MPa. The depth of the riveted layer is 20-
25 pum. Structural changes in the surface zones of
the part cause an increase in the durability of
products up to 1.5 times at cyclic stresses of 1650-
2600 MPa. After hardening of samples in four
ways, residual surface stresses were measured,
and the diagrams of their distribution were
obtained (Furuya, 2013; Kim et al., 2016; Cai et
al., 2017; Zhan et al., 2018; Su et al.,, 2018;
Klimenko et al., 2018; Qiao et al., 2019; Zhang et
al., 2020). The results of the measurements are
presented in Figuresll and 12.

One can see from figures that after
hardening, there are surface compressive
stresses for all samples made of titanium and iron-
chromium-nickel alloys. The preferred case of
hardening is the second (ultrasonic hardening +
centrifugal hardening). In this case, the maximum
compressive residual stresses reach 550 MPa at
a depth of 50 ym. The presence of residual
compressive stresses in the outer layers of
products increases their fatigue limit by =20%.

4. CONCLUSIONS:

The results of the investigations showed
that the surface of products studied is a “weaker”
area than the interior. Therefore, any process that
leads to appearance and increase of surface
compressive stresses will be positive for material
operation. After quenching, surface compressive
stresses arise for all samples of titanium and iron-
chromium-nickel alloys. The preferred case of
hardening is the second (ultrasonic hardening +
centrifugal hardening). The presence of residual
compressive stresses in the outer layers of the
products increases their fatigue limit by =20%. The
results of the work can be used to manufacture
products with high mechanical, resource and
fatigue characteristics.
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Figure 1. Photo of the surface of titanium samples after machining (magnification 100x)
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Figure 2. Installation diagram: the electric current source 1L-02 delivers electric current to a bath with
electrolyte; BIN 2 measures sample deformation

Figure 3. The scheme of cutting samples for determining residual stresses
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Figure 4. The geometry of the rod when etching layers and emerging mechanical stresses

Figure 5. Sample of the titanium alloy after etching

Figure 6. Sample of the iron-chromium-nickel alloy after etching
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Figure 7. Diagram of residual stresses distribution in a sample of titanium alloy before hardening
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Figure 8. Diagram of residual stresses distribution in a sample of iron-chromium-nickel alloy before
hardening

Figure 9. Installation for centrifugal hardening treatment (Rosler)
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Figure 11. Diagram of residual stresses distribution in samples of titanium alloy after hardening
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Figure 12. Diagram of residual stresses distribution in samples of iron-chromium-nickel alloy after
hardening
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