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FRI1-1.317-1-MEMBT-01

MODAL ANALYSIS AND FREE VIBRATION TEST PERFORMING AND
COMPARING FOR A SIMPLY SUPPORTED BEAM WITH A CRACK

Assis. Prof. Svetlin Stoyanov, PhD
Department of Technical Mechanics,
University of Ruse “A. Kanchev”, Bulgaria
E-mail: SStoyanov@Uni-Ruse.BG

Assoc. Prof. Julian Angelov, PhD
Department of Technical Mechanics,
University of Ruse “A. Kanchev”, Bulgaria
E-mail: Julian@Uni-Ruse.BG

Abstract: Modal analysis is a linear procedure that calculates natural frequencies through stiffness and mass
matrices. But, if there are defects in structures, processes become non-linear. For an example, if a beam has a crack, the
stiffness is not constant across the section. This is expected to lead to hon-constant moment of inertia over the time when
bending vibrations occurs. It is reasonable that an impact may arise to turn the problem into strongly nonlinear. In this
paper, the natural frequencies and corresponding modal shapes is firstly obtained for a non-cracked simply supported
beam through analytical relations. After that, this is realized for a non-cracked and for a cracked FEM model by two
ways: a modal analysis based on the stiffness and mass matrices — neglecting the stiffness nonlinearity and the contact
interactions; and a numerical free vibration test — accounting the stiffness nonlinearity and the contact interactions.
The numerical free vibration test uses the Fourier transform to extract the vibration harmonics. Finally, the results are
compared and conclusion are claimed.

Keywords: Modal Analysis, Natural Frequencies, Natural Shapes, Beam, Crack, Finite Element Method, Stiffness
Nonlinearity, Contact Interactions, Impact, Impact Test, Fourier Transform, Harmonic Analysis, Timediagrams,
Spectrograms, Vibration Acceleration, Vibration Velocity, Vibration Displacement.

1. INTRODUCTION

The modal analysis of beams provides insights into their natural frequencies and mode shapes,
which are essential for understanding their dynamic response and assessing their health. In (Stoyanov,
S., 2017) is presented an investigation of the natural and resonant frequencies of a cantilever beam.
In (Stoyanov, S., 2018)., theoretical and experimental researches of the resonant frequencies of a
plane frame is performed. The results from the experimental setup created are compared to the
theoretically obtained results and it is found that the difference is under 6%.

Most of the members of engineering structures operate under loading conditions, which may cause
damages or cracks in overstressed zones (Quila, M., Sarkar, S., 2024). Therefore, the study of cracked
beams is a significant area of research in structural engineering and material science. Cracks can
severely affect the structural integrity and dynamic behavior of beams, which are critical components
in various engineering applications, including bridges, buildings, and machinery. The presence of
cracks causes changes in the physical properties and dynamic response characteristics of beams
(Jagdale, P., Chakrabarti, M., 2013).

The presence of cracks in beams can lead to catastrophic failures if not detected and addressed in
time. Traditional methods for inspecting and maintaining structural integrity often fall short in
identifying internal defects such as cracks. Therefore, there is a need for advanced techniques that
can accurately predict the effects of cracks on the modal parameters of beams. Theoretical modal
analysis not only aids in understanding the fundamental dynamics of cracked beams, but also
contributes to the development of effective monitoring and diagnostic techniques. Damage
identification plays a vital role by providing timely damage assessment, which improves safety and
maintains high performance and reliability for civil structures (Subhasmita, P., 2019).

-12 -
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The aim of this investigation is to find out the differences in the natural frequencies and mode
shapes for several beam models, including a homogamous beam and a beam with a crack. To
achieve this aim, the following tasks are defined:

Task 1: Obtaining the first five natural frequencies and mode shapes of an ideal (without any
defects) pined-rolled simply supported beam through analytical relations based on the theory of the
Euler and Timoshenko beams.

Task 2: Obtaining the first five natural frequencies and mode shapes of a FEM model of the same
ideal beam from Task 1 in two cases:

— the supports are applied on the beam mid line, as it is supposed in the Euler and
Timoshenko beam theory;

—and the supports are applied on the entire beam’s surface, as it can be in the real fiscal
couplings.
Task 3: Modeling of a crack into the above FEM model and performing linear modal calculations
by stiffness and mass matrix. After that, performing a numerical impact test, obtaining and analyzing
the free vibrations to determine the vibration spectrogram.

The object of this investigation is a straight beam with length of 200 mm. The beam has a solid
guadratic cross section with dimensions 10x10mm. At the left end, the beam is pinned (hinged).
At the right end, the beam is rolled. The "ideal* beam is homogenous, and has no holes or
defects, like cracks for example. The "cracked' beam has a crack with depth of 2.5 mm and
width of 0.002 mm, and ends with a round with radius of 0.001mm. The crack location is at the
middle of the beam, but the impact force applying point varies with consideration of the nodes
in the natural mode shapes of the beam. The crack is on the bottom beam side, and the impact
force application point is on the top beam side.

2. FREQUENCY EQUATIONS OF PINED-ROLLED SIMPLY SUPPORTED BEAM

To derive the equations for natural frequencies of beams under the Euler-Bernoulli and
Timoshenko beam theories, let's review the governing equations and assumptions in each theory.

In Euler-Bernoulli beam theory, cross-sections of the beam are assumed to remain perpendicular to
its neutral axis and do not undergo any deformation during bending. This assumption neglects shear
deformation and rotary inertia, making this theory more accurate for slender, long beams.

The equation of motion for transverse vibrations in a Euler-Bernoulli beam is given by (Quila, M.,
Sarkar, S., 2024):

(pAW(x t)) + (EIW(x t)) =0, 1)

where: w(x, t) is the transverse dlsplacement, E is the Young’s modulus, I is the area moment of
inertia, p is the material density, and A is the cross-sectional area.
The Timoshenko beam theory accounts for:
— Shear deformation, addressing the relative displacements in cross-sections,
— Rotary inertia, which considers the rotational motion of cross-sections.
This leads to the following modified equation of motion (Zhou, B., Bingham, H., Shao, Y., 2024):

02 W(x t) 64W(x t) (2)

(pAw(x t)) + kGA =EI

where: G is the shear modulus, Kk is the shear coefficient.

The main difference in frequencies between the two models arises from the inclusion of shear
deformation and rotary inertia in Timoshenko theory. These factors have a pronounced effect on
shorter, thicker beams and produce slightly lower natural frequencies compared to the Euler-Bernoulli
model, especially in higher modes.

According to Eqg. 1 and Eqg. 2, the first five natural frequencies and mode shapes of the ideal beam
investigated are calculated and presented on Fig. 1 and Table 1.

-13 -
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Fig.1. Natural frequencies and mode shapes according to Euler-Bernoulli theory

Table 1. Analytically obtained results for the ideal beam

Mode Natural frequency, Hz
No Euler-Bernoulli Timoshenko Absolute difference Relative difference
Hz Hz Hz %
1 574 572 2 0.35
2 2296 2259 37 1.64
3 5166 4985 181 3.63
4 9185 8638 547 6.33
5 14351 13090 1261 9.63

3. FINITE ELEMENT LINEAR MODAL ANALYSIS OF THE IDEAL BEAM

Finite element analysis gives the opportunity to obtain results not only for a beam that is supported
on its mid line, but also for supporting devices, which are mounted on the whole side section area.
So, a comparison of the results obtained for these two cases is presented on the Fig. 2 and Fig. 3.

AA

Y

3.x Step: Step-l - Step: Step-1
Mode 1: Value = 1,29159E+87 Freq = 571.98 Mode 1: Value = 3,11642E+87 Freq = B8BE.48

a b
Fig. 2. The first natural frequency and mode shape of the investigated beam:
a— for mid line supports (572Hz), b — for whole side supports (888 Hz)
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a b
Fig. 3. The second natural frequency and mode shape of the investigated beam:

a — for mid line supports (2260 Hz), b — for whole side supports (2832 Hz)

It must be taken a decision which supporting scheme to be used for the basis results that will
be compared with the results from the cracked beam. The choice is made on the middle line
supported case, as this is the analytically comparative case, and aliso because this is the more
commonly used option in general.

4. FINITE ELEMENT LINEAR MODAL ANALYSIS OF THE CREAKED BEAM

On Fig. 4 are presented the first five natural frequencies and mode shaped of the cracked beam,
obtained through the modal analysis performed. One can notice that the crack may be opened or
closed in the different mode shapes. In other words, for a given mode shape, the crack may be located
at a node, and also it can be located in an antinode. The values of the natural frequencies are listed in
Table 2, and the location of crack is also noted to compare the different cases. The four natural
frequency and mode shape corresponds to axial deformations and are not obtained in the
analytical results presented above (Table 1).

I
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Fig. 4. The first five natural frequencies and mode shaped of the cracked beam:
a — the first natural frequency (554 Hz) and mode shape, b — the second natural frequency (2261
Hz) and mode shape, ¢ — the third natural frequency (4845 Hz) and mode shape, d — the five natural
frequency (8649 Hz) and mode shape, and e — the four frequency (6288 Hz) and shape
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5. IMPACT TEST MODAL ANALYSIS

The impact force is applied at 140 mm from the left beam end, attempting to avoid the natural
nodes (Fig. 1). The spectrogram obtained though Fast Fourier Transform for the ideal beam free
vibration acceleration is shown on Fig. 5. The application impact force point is close to one of the
nodes of the third mode shape, so this mode shape is excited very slightly. As a result, on Fig. 5 can
be seen four peaks, as follows: the first natural frequency of 567 Hz, the second —2267 Hz, the
four — 8666 Hz, and the five — 13166 Hz.
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Fig. 5. A spectrogram from the impact modal test on the ideal beam

Other point also can be used as an impact force application point. For example, as the
application point may be used the middle beam point at 100 mm. But this is an inappropriate option
for this investigation, and the reason can be seen on Fig. 6. This investigation is interested from the
nonlinear effects due the crack presence. On Fig. 6 is presented the spectrogram for the cracked
beam. It can be seen that there are two subharmonics (at 12400 Hz and at 13532Hz) around the five
natural frequency (at 12966Hz) in difference with the spectrogram of the ideal beam. As is known in
scientific fields of nonlinear oscillations, the occurrence of such subharmonics is an indication of
the presence of nonlinearity (Stoyanov S., 2015).
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Fig. 6. A spectrogram from the impact modal test on the cracked beam
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6. RESULTS AND CONCLUSIONS
The obtained results are summarized in Table 2.
Table 2. Results from the modal and impact tests

Natural frequency
Natural | |geal beam, Cracked beam Ideal vs Cracked, modal .
mﬁ{‘de Linear . Absolute Relative Crack Position
o modal Linear modal | Impact test difference difference
Hz Hz Hz Hz %
1 572 554 567 18 3 In antinode
2 2261 2261 2267 0 0 In node
3 4990 4845 — 145 3 In antinode
4 6332 6288 — 44 0.7 In antinode
5 8650 8649 8666 1 0.01 In node

The planed tasks of this investigation are performed successfully. With the help of Table 2, one can
observe that if the crack is located at mode shape antinode, these is a deference between the natural
frequencies of the ideal and the cracked beam investigated. Also, the impact modal test performed
indicates the presence of nonlinearity trough two subharmonics in the free vibration acceleration
spectrogram of the cracked beam. The presented in Table 2 date, show that there are still questions to
clarify and the investigation should be continued and enhanced.
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DETERMINATION OF EFFICIENCY, METAL RECOVERY, DEPOSITION
COEFFICIENT AND ARC STABILITY OF COATED ELECTRODES
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Abstract: Manual arc welding is one of the main methods for manufacturing welded structures due to its many
advantages, such as low cost, mobility, ability to connect a wide variety of metal materials, etc. The welding results
depend on both the qualification of the welders and the electrodes used. The work presents results for efficiency, metal
recovery, deposition coefficient and arc stability of coated electrodes widely used in Bulgaria for welding low-carbon
unalloyed and low-alloyed steels. The studies were conducted according to 1ISO 2401:2018.

Keywords: Coated Electrodes, Efficiency, Metal recovery, Deposition coefficient.

8. BbBEJIEHHUE

Pw4HOTO €JIeKTpoIBIOBO 3aBapsiBaHe ¢ oOMa3aHu enekTpoau (eng. Manual metal arc welding) e enqun
OT Haii-uecTo U3IOJI3BAaHUTE METO/IH 32 3aBapsBaHe HAMEPUIIU MPUIIOKEHHE B IpakTUKaTa. MeToabT
e ¢ gucnoB kox 111 (ISO 4063:2023), a nobaBbuHNTE MaTepuanu ca moj ¢opmara Ha oOMa3zaHH
(TOKPHUTH) €EKTPOJIH.

Enna ot ocHOBHHTE KiacupuKanuu Ha 00Ma3zaHUTE eNEKTPOAN € CIOpe] TUIa Ha oOMaskuTe. Bb3
OCHOBA Ha TOBA T€ OMBAT YETUPU OCHOBHU IPYIU: PYTUIOBH, 0A3UYHU, IIETyI03HU U PYTHO — KUCEJIH.
Ot TsX 3a 3aBapsiBaHE HA HUCKOBBIVIEPOAHH HEJIETUPAHU M HUCKOJETHPAHU CTOMAaHM (M3IMOJI3BaHU
IIMPOKO 32 MPOU3BOJCTBO HAa 3aBapeHU KOHCTPYKIIMH) OCHOBHO C€ H3IOJI3BAT EJIEKTPOJIUTE C
0a3uYHM U PYTHIIOBH OOMa3KH.

OT chlIeCTBEHO 3HAYEHHUE NP U3IOJI3BAHETO HA 0OMa3aHU €JIEKTPO/IU € TIOBEICHUETO UM IO BpeMe
Ha pa0boTa, a WUMEHHO: CTa0WJIIHO TOpPEHe Ha Jbrara, CKOpPOCT Ha CTOISBaHE, MPBCKOOTIEINSHE,
BB3MOKHOCT 3a pa0oTa B pa3IMYHU MPOCTPAHCTBEHU IOJIOKEHUS, MPOU3BOJMTEIHOCT M T.H.
(Mamatkulov, O., 2021; Smirnova, Zh., et al. 2020). Te3u XapakKTepUCTUKHU 3aBUCAT OCHOBHO OT THIIA
Ha oOMa3KaTa U pexUMHUTE Ha padoTa. 3a U3CIEIBAHETO UM CE€ ONPEACIAT paHieMaHa Ha eJeKTPo1a
(RN, Re, Rp, Re), koedpunuentsT Ha HaBapsiBane (D) ¥ yCTOHYMBOCTTa Ha TOpPEHE Ha Jbrara
(Ferdinandov, N., 2023).

Llenta Ha paboTaTa € CBBp3aHa C OMpENeNIsTHE Ha paHIeMaHa, KoeQHIMEeHTa Ha HaBapsBaHE U
CTaOMJIHOCTTA Ha TOPEHE Ha JIbraTa Ha ONpeesIeH! MapKu 0OMa3aHM €JIeKTPOIU U3MOI3BaHU YECTO
B brirapus 3a 3aBapsiBaHe Ha HUCKOBBITIEPOIHN HEJIETUPAHU M HUCKOJIETUPAHN CTOMAHH.

9. U3JOKEHHUE

3a mpoBeXJaHe Ha M3CJIEIBAaHUATA ca N30paHU 0OMa3zaHU €NEeKTPOJU C PYTHUIOB TN oOmaszku “R”
(Mapku Bexxen u Poxen) u ¢ 6a3uuen Tun oomasku “B” (mapku Hopa u Hard). Yact ot 1ax (Poxen
u Hard) nonacrosiem ce npoussexaar B breirapus B “3aBon 3a Enextponn” OO/], rp. UxTtuman, a
npyrata 4yact (Bexxen m Hopm) ca enexTpomu, KOWTO ca Ch3IaAeHU U JBITO TPOU3BEKIAHU B
bearapus, HO 3a ChKaJeHHEe cera MPOU3BOJICTBOTO UM € U3HECEHO B UyKOUHA.

W3cneaBanusTa Ha paHieMaHa U KOeUIIMEHTa Ha HaBapsiBaHE ca choOpa3eHu U3LSIIO U TPOBEIEHU
CBIJIACHO TpenophkuTe Ha cera neictBammre ctanaapta (ISO 2401:2018). OmpenensiHeTo Ha
CTaOMJIHOCTTA Ha rOpeHe Ha Jbrara ¢ onucano B (Ferdinandov, N., 2023).

OsnauenusTa (ISO 2560:2020) Ha u3cnenBaHUTe MapKu €JIEKTPOJIU ca MpeJcTaBeHu B Tabnunal, a
Iporpamara Ha u3cjieBaHe B Tabauna 2.
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Ta6muma 1. O3HaueHus Ha U3CIIEIBAaHUTE MApKH €IEKTPOIN

Mapka JAuamernp, mm O3Hayenne cpriaacio EN
Hopn 93,2 E465B32H5
Hopn 92,5 E424B32H5
Hard 925u03.2 E425B42H5
Bexen 925u032 E420RR 12
Poxen 0251032 E380RR12

CwraacHo Te3u o3HaueHMs uuciata 1, 3 win 4 (Hamupaiy ce ciiesl OyKBeHOTO O3HAaYCHHME Ha TUIa
Ha oOmazkute — RR wmnm B) moka3zBar HOMHHATHMS paHIEeMaH Ha €JEKTPOJa MPHU MOCTOSHEH U
IIPOMEHJIUB TOK.

CrotBetHO 1-<105% npu DC u AC,
3->105% <125% npu DC u AC;
4->105% <125% npu DC;

Tab6numa 2. [Iporpama Ha u3cienBaHe

Tun Mapxka Ha | JIlnamersp Ha Tapamerpu Pe:xum Ha
o0Ma3Kka | eJIeKTpPoJa | eJjeKTpojaa na peskuma | Ioaspuoct u3cjieBaHe
10 KaTajaor
Ba3uuna Hopn 2,5 70-110 DC+ 99A
03,25 110-140 DC+ 126A
Basuuna Hard 32,5 60-80 DC+ 72A
03,25 80-120 DC+ 108A
Pyrunosa Bexen 92,5 50-110A AC ~ 99A
92,5 50-110A DC- 99A
03,25 80-150A AC ~ 135A
03,25 80-150A DC- 135A
Pyrunosa Poxen 92,5 60-90 AC ~ 81A
92,5 60-90 DC- 81A
03,25 80-140 AC ~ 126A
03,25 80-140 DC- 126A

3a ONpCACIIEIHC HA paHACMaHa U KOC(l)I/H_[I/IeHTa Ha HaBapgdBaHEC Ca U3IIOJI3BAHU Q)OpMyHI/ITe mo-g0J1y:

R, =M 1009 R, =™ 1009 R, =™ 1009%
men (1) mce () me (3)
R, =—™  100% D= 4/Amin
me —ms () Im.t

Kppaero:

Mg - Maca Ha HaBapEHUAT METAll, g

Mcn — Maca Ha METAIHUTE ChPLIEBUHU Ha 5-T€ €JIeKTPOJIa, g

Mce - Maca Ha U3Pa3XO/IBAHUTE METAJIHU ChPLIEBUHU Ha 5-Te enekTpoja (0e3 octarbka), g
M. — Maca Ha U3NUTBAHUTE 5 eJIeKTpoia ¢ oOMa3Kara, g

Ms — Maca Ha OCTATBIMTE OT U3MUTBAHUTE 5 €JIEKTpoIa ¢ oOMa3Kkara, g

t - BpemMe Ha ropeHe Ha JibraTa, min
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Im — cuiia Ha TOKa pU HaBapsiBaHETO, A

RN — panzeMaH Ha eleKkTpoja ¢ ocTaTbka (MeTalnHa npbuka + oOmaszka), %
RE - panneman Ha enekTpoja (MeTanHa npbhUKa + oOMaska) 6e3 ocraTrbka, %o
R - panneman Ha MeTanHaTta nmpbyuka Ha eJleKTpoaa 0e3 ocTtaTbka, %

Rp - paneman Ha MeTanHaTa NpbyUKa Ha EIEKTPOoa ¢ OcTaThKa, %o

D- xoedunment na HaBapsiBane, g/A.min

OcraHaniTe M3MCKBAHUS U YCIOBHUS CBBP3aHU C MPOBEXIAHE HA W3CIICIBAHUATA Ca ONHCAHU M
npencrasenu B (Ferdinandov, N., 2023).

3aBapbUHUIT TOKOU3TOYHHUK € OT nHBepTOpeH Tull — TIGER 210 AC/DC ¢ Bb3MOXXHOCT 3a paboTa
KaKTO C MPOMEHJIMB, TaKa U C TIOCTOSIHEH TOK.

PE3VYIITATH

PCSy.]'ITaTI/ITe OT IIPOBCACHUTC U3CJICABAHUA Ca IIPCACTABCHU B Ta6nnua 3 uHa (I)I/Il"ypI/ITe o-J0J1y.

Tabnuna 3. Pe3yntaT OT U3cieIBaHETO

< < <
& ° o 2 3 e < el & =« <
= E| 3 s < S|l g s 28 g% 2 248 =
= = = . - 2 d 28 .
se|af|z_|cE|iced|iC8|iEeg it
“Qﬁ§=<ﬁ°““§w“§w§&aw§&&w SEE g
E-'; ‘“8.28 ia?)&ﬁ‘ﬁgz s R EX%sg %= :uéqgs
s |2 E=|ga|l 2| Bl EfResef=EalEacE
s = |Sxg|:2 SB|E5c|SES|EESS EEcs|EEMEE S
SElE |E°|EYE|EC5|EEcgEieg|2E |ETF
g| 3 ) ) @ £ S8 o RSl =FE o
= = =
Poxen | 92,5 | 81 | DC- | 84,62 96,49 55,00 61,11 0,16 14
Poxen | 92,5 | 81 | AC~| 81,54 94,64 53,00 60,23 0,14 13
Poxen | 93,25 126 | DC- | 80,73 94,62 49,16 55,70 0,14 13
Poxen | 93,25 126 | AC~ | 77,98 92,39 47,49 54,49 0,12 11
Bexen | 92,5 [ 99 | DC- | 81,54 92,98 54,08 60,23 0,14 13
Bexen | 02,5 | 99 [ AC~| 83,08 96,43 54,55 62,07 0,13 12
Bexen |03,25| 135 | DC- | 82,73 95,79 51,70 58,33 0,14 16
Bexen | 03,25 135 | AC~ | 82,73 94,79 51,70 57,96 0,12 11
Hard | 02,5 | 72 | DC+| 116,92 | 135,71 55,88 62,30 0,16 8
Hard |©3,25( 108 | DC+ | 101,77 | 118,56 61,83 70,12 0,16 10
Hopn | 02,5 99 | DC+ | 112,31 | 132,73 59,35 66,97 0,15 10
Hopn [03,25]| 126 | DC+ | 106,36 | 121,88 61,90 69,23 0,16 8

Buxna ce, ye pannemana Rn u Re (c u 6e3 orunTane Ha ocTaTbka) 3aBUCH OCHOBHO OT THIa Ha
oOMa3kara.

Enextponurte ¢ 6azuueH tun obOmaska mpurexkaBaT panaeman Haja 100% (¢ur. 1). Makcumanuu
CTOMHOCTH ca Hamuie npu enexktpoau ,,Hopn” u ,Hard” ¢ mmamersp ©2,5mm, karto moctura
Re=133%, Rn=112% u choTBeTHO RE=136%, RN=117% (0€3 1 ¢ oTunTaHe Ha octaThka). [IpuanHaTa
€ B ChABPIKAIIUTE CE€ METAJHU MIPAXOBe B ChCTaBa Ha 0OMa3KHUTE, KOUTO CIYXaT 3a JOI'BJIHUTEITHO
JervupaHe Ha MeTaJla Ha I1IeBa.

[IpaBu BmeuatieHue, ye npu enektpoaute ,,Hopa” u ,,Hard” ¢ amamersp ©93,25mm oTdereHUTE
CTOMHOCTH 3a paHJeMaHa ca IMO-MajJK1 OT T€3U MPHU eJIEKTpoanuTe ¢ AuameTsp ¥2,5mm. Tyk eqHa ot
NPUYMHUTE € pa3inyHaTa aedenuHa Ha oomaskure. [Ipu enekrpoaure ,,Hard“ ¢ nuamersp ¥93,25mm
nebenuHata Ha oOMaskara e okojo 70% OT Tuamerbpa Ha MeTalHaTa NpPbYKa, TOKATO MPHU TE3U C
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muamersp D2,.5mm e 100% nmamerspa Ha npbukara. [Ipm enextpomure ,,Hopn” ¢ auamersp
3,25mm nebennnaTta Ha oOMa3kara e okosio 78% OT quaMeTbpa Ha MEeTaIHaTa MpbhUKa, JOKATO MPU
Te3U ¢ 1uamerbp ¥2,5mm e 85% auamerspa Ha MpbHUYKATA.

Hard w Hopa 02,5 Hard » Hopa 03,25

182,00 %8000

] 150 00

40 00

130 00

1.0 =
10.00 DHard DC+

WO

i QHard DC+

W00

Rn.Re Rg,Rd, %
Rn.Re.RgRd, %

SHopa DCe 80.00 B Hepa DCe

0
T 000 fee -
8000 = — mm - 8000 -
N0 E. S0 D
anuow s - — —— - 40 00 == — — —
"o g s

n e ™ et

Powes # Bewen 02,5 Powam n Bewen 03,25

10000 19000

0 Powen DC-
8 Poosen AC
Bewen AC

o0
. 8000 & - T 0 Posen DC-
1000 & 1] 8 Posan AC
N Beswsm AC
’\I I B 005 o2 ' mBewnw DC-

— - 000 ¥
15 Il |
Ay A i 0 ot

@ur. 1. Panneman Ha u3cneBaHUTe 00Ma3aHu €JIEKTPOIU

Rn,Re.Rg,Rd, %
Rn Re,Rg,Rd, %

ITpu enexrpoaute ¢ pyTwiIoB TUl obmaska (¢ur. 1) pannemana BbB BcHMuku ciydau € noz 100%
Mopajii HAIMYHMETO Ha 3aryOu, BCIIEACTBUE MPHCKOOOpa3yBaHe M M3MapsiBaHEe HA YacT OT METaIHATa
npbYKa B 30HaTa Ha TopeHe Ha abrata. [Ipu ,,Posken” Toit noctura 1o Re=96,5% (94,6 %), Rn=84,6%
(81,5%) ipu quametsp D2,5mm u Re=94,5% (92,4%), Rn=80,7% (78%) npu nuamersp BD3,25mm.
[Tpu enexTpoaute ,,Besken™ panaemana e B pamkute 10 okoio Re=93% (96,4%), Rn=81,5% (83%)
npu auameTbp D2,5mm u Re=95,8% (94,8%), Rn=82,7% (82,7%) nipu nuamersp @3,25mm.
Makap ¥ 3HAYUTETHO IO-MaJKO, BBPXY paHAE€MaHa BIUSHME OKa3Ba M BuAa Ha Toka. [lpu
M3MOJI3BaHETO Ha MOCTOSHEH TOK M MpaBa MOJSpPHOCT Ha cBbp3BaHe (DC-), Toill e mo-BUCOK B
CpaBHEHHME C TO3M MOJYy4YeH NpU u3noy3BaHe Ha npomeHauB Tok (AC). ToBa e B cuna (¢ eaHO
M3KITIOYCHNE) HE3aBUCUMO OT IMaMEThpa Ha €JIeKTPOIUTE.

Pesynrtature 3a paHjeMaHa Ha METAIHUTE MPBUKKA HA BCHUKU MapKH H3cieBaHu enekTpoau (Re u
Rp) ¢ auamersp @ 2,5mm ca OT eIuH MOPSABK C M3KIIOYEHHE Ha enekTpoaute mapka “Hopna”,
KBJETO Te ca ¢ 0koJo 4+5% no-Bucoku. IIpu te3u ¢ nuamersp O 3,25mm NoNy4eHUTE pe3ynTaTu
MOKa3BaT IMO-BHCOKU CTOMHOCTHU TPU Oa3WMYHHUTE €NIEKTPO/IN B CPABHEHHE C PYTHUIIOBUTE.

W npu nBata nuaMeTnpa Ha enekTpoauTte ¢ 6azudeH tun oomaszka (Hopa u Hard) koeduiueHTsT Ha
HaBapsiBaHe (¢ur. 2) e MOCTOSHEH M KaTo ISUI0 MO-BUCOK OT TO3U MPHU €JIEKTPOIAUTE C PYTHIIOBA
obmaska (Bexxen u Poxen). [1pu Te3u ¢ pyTuinoB Tun oOMaska ce yCTaHOBSIBAT IO-BUCOKH CTOMHOCTH
3a KoeuIMeHTa Ha HaBapsBaHE NMPH padoTa ¢ TOCTOSHEH TOK B CPaBHEHUE C HM3IOJI3BAHETO Ha
IIPOMEHJIUB.
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@ur. 2. KoedunueHT Ha HaBapsiBaHE HA U3CIIEIBAHUTE 00Ma3aHH €JICKTPOIU

€3yJTaTUTE MO OTHOLICHHE Ha CTAa0MIIHOCTTA Ha TOPEHe Ha JIbrara ca rnokaszanu Ha ¢urypa 3. [Ipu
P e e 0 eHe 3.10

enekrpoaute “Poxxen” m “Bexken’”’c pyTWIOB THI 0OMa3Ka TS € BUAMMO TO-TOJIsIMAa B CPABHEHHE C
enekrpoaute “Hard” u ,,Hopa* ¢ 6azuuen tun oOmaska. [Ipuunnara e Hanuunero Ha TiO2 (OCHOBEH

KOMITOHEHT B PYTHJIOBUTE OOMa3KH), KOUTO OCUTypsiBa MHOTO CTaOMJIHO TOPEHE Ha AbraTta.

MaKap U ITO-MAJIKO BJIMAHUC OKAa3Ba U BU/JId HA TOKA, KaTO IIPH U3II0JI3BAHC HA [TOCTOAHCH TOK C IIpaBa
IMOJIAPHOCT Ha CBBP3BAHC CTaOMJIIHOCTTA € MO-BHCOKa OT ci1y4as, B KOWUTO C€ M3MO0JI3Ba IMPOMCHIJIMB

TOK.
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@wr. 3. CTaOMIIHOCT HAa TOPEHE Ha AbraTa Ha U3CJeIBaHUTe 00Ma3aHu eICKTPOIU
¢ muaMeThp ¥2,5mm (a) u ¥3,25mm (0)
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10. BAKJIIOYEHHUE

Pesynrature OT M3cieaBaHMATA MOKA3BaT, Y€ BbPXY paHIeMaHa, KOePHUIMEHTa HAa HaBapsBaHE U
CTaOMJIHOCTTA HA TOPEHE Ha AbraTa Ha OOMa3aHMUTE €JIEKTPOIU 3a PbUHO €JIEKTPOIbIOBO 3aBapsiBaHe
OCHOBHO BJIMSIHUE OKa3Ba THIIa Ha oOMa3KkaTa. ba3zuuHuTe 00Ma3Ku OCUTYpsIBAT [10-BUCOK paHIeMaH
U Koe(hUIIMEHT Ha HaBapsBaHe, 33 CMETKa Ha CTAOMIIHOCTTA Ha FOPEHE Ha JbraTa, KOsITO 3HAaYUTEITHO
OTCTBIIBA HA TA3U MPU EINEKTPOAUTE C PYTHIOBU OOMA3KH.

ITpu enekTpoauTe ¢ pyTUIOB TUI OOMa3KH € YCTaHOBEHO, Y€ BbPXY U3CIIEIBAHUTE XapaKTePUCTUKU
BIIMSIHME OKa3Ba M BUJA HA TOKA. M3110/13BaHETO HA TOCTOSIHEH TOK, IIPaBa MOJSIPHOCT HA CBbP3BaHE
B CpPaBHEHHE C IPOMEHJIMB TOK BOJU /0 MOBHUIIABaHE KAaKTO Ha paHAeMaHa U KoepUIHMEHTa Ha
HaBapsiBaHE, TaKa M Ha CTa0MIIHOCTTa HA TOPEHE Ha JIbraTa.

11. BJAT'OJAPHOCTH
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Abstract: Weldments of a NOy abator made of austenitic stainless steel 12Cr18Nil0Ti have been tested on
intergranular corrosion after working for more than 10 years at a temperature of 500°C and pressure of 1.16 MPa.
Corrosion damage like knife-line attacks were observed leading to the need for testing for electrochemical corrosion.
Weldments were subjected to anodic polarization up to potentials where transpassive dissolution occurred. After the
electrochemical tests in 5% vol. H,SO4 water solution, open to air at room temperature, the tested surfaces were
metallographically observed, and it turned out that 12Cr18Ni10Ti steel had kept its resistance to intergranular attacks.
Metallographic examinations revealed that high temperatures lead to a less commonly encountered form of corrosion -
chemical corrosion, manifested as high-temperature oxidation of grain boundaries. Nevertheless, electrochemical testing
in sulfuric acid water solution proved to be a suitable method for etching the microstructure of the stainless steel, as good
as chemical etching. As an advantage of electrochemical etching with the used acidic solution, the simultaneous revealing
of austenitic grains and chromium carbides can be pointed out, eliminating the need for application of several chemical
reagents for etching all macrostructure’s constituents.

13. BBBEJAEHHUE

[Tpu omnpexneneHu ycnoBUs Ha EKCIUIOATALUS, ChUSTaHU C HEOIAronpusATHO (Pa3oBO M CTPYKTYPHO
CHCTOSIHUE, HEPHKJACMUTE CTOMAHH MPETHPISIBAT JIOKATHU BUAOBE Kopo3us. Haii-uecto ToBa ca
MOPaXCHUS BbB BHUJ] HAa MUTHHTOBA, MPOIIETTHA U MEXIyKpHUcTaimHa koposus. [Ipouecure, Bonemu 10
Te3W KOPO3WOHHH pa3pyllIeHUsi, UMaT eleKkTpoxuMudeH xapakrep (Rwmd, et al., 2009). Tosa
00sICHSIBA M 3aI1I0 ca Hal-IIMPOKO CPEIIaHNuTE MPU HEPBKAAeMUTE CTOMaHU. M300uameTo ot Boaa u
BOJIHU TIApH B OKOJIHATA CPEJa, B KOUTO Ca pa3TBOPEHU PA3IMYHU HOHH, TPEIOCTABS EIEKTPOIIUT 32
OCBILECTBsIBAHE Ha KOPO3UMOHHU Ipoliecd. Bbrpeku Hanuunero My obaye, KOpO3UOHHUTE SIBIECHUS
Ouxa MOTJIM J]a ce BB3MPEISTCTBAT, aKo (a30BHAT ChCTaB U CTPYKTypaTa Ha HEpHKJAaeMa CTOMaHa
HE M03BOJIABAT 00pa3yBaHe Ha CBbP3aHM HAKbCO AHO/AHU M KaTOJHU Y4acCTbIIH.

[lopann HenmpaBWIHO TEPMUYHO OOpabOTBaHE, WM TMOpPAAW HEMOAXOJSIINM YCIOBHS Ha
eKCIUI0ATaIysl, B HEPBXKIAeMUTE CTOMAaHU € Bb3MOXKHO J1a C€ OTAEIAT KapOuau Ha XpoMma, KOWUTO e
OCHOBEH JIETHpAIl €JIEMEHT B Te3M CTOMaHH. He3aBHCHMO OT CTPYKTypHHS KJlac Ha CTOMaHara,
KapOuaure ce oOpa3yBaT HO TpaHMLMTE Ha 3bpHaTa Ha TBbpAUTE pa3TBopu (oo mim y). ToBa
pa3IoJIOKeHNE HAa XPOMOBHUTE KapOMau € 00yCIOBEHO OT Pa3IMYHHUTE CKOPOCTH Ha Au(y3us Ha
XpOMa 1 Ha BBIJIEpPOia B TBbPAMUTE pa3TBOPH. Taka, MAJIKUTE, ObP30NOBI)KHI aTOMH Ha BBIIIEPO/Ia
YCIISIBAT J1a U3MHUHAT IIBTA OT 00eMa Ha 3bpHATa JI0 TPAaHUIIUTE UM. XPOMOBHTE aTOMH YCISBAT Ja
M3MUHAT €/1Ba HAKOJIKO MEKIyaTOMHH Pa3CTOSHMUS, 32 J]a C€ CBBPKAT C BBIJIIEPOTHUTE 110 IPAHULIUTE
Ha 3bpHaTa. Tam, MOpaay MOBUIIEHOTO €HEPIHHO HHBO, JBJDKAIIO CE€ HA TOJISIMOTO KOJHYECTBO
HECHBBPIICHCTBA B KPUCTAIIHUS CTPOEK, IPOLIECUTE Ha 00pazyBaHe Ha HOBM (a3u ca yiaecHeHH. Taka
TpaHUIIMTE HA 3bpPHATa Ha TBHPIUTE Pa3TBOPU CE OKa3BaT OOEIHENN Ha XPOM, IPU KOETO TyOsT
CIOCOOHOCTTA CH Jla C€ MacHBHpAT, a €JIEKTPOJHUAT UM NOTEHIMA] Ce M3MECTBa B OTpUIIATENIHA
nocoka. Te3u mpurpaHnyau, OeHA Ha XpOM 00JIaCTH, ca B HETIOCPEACTBEH KOHTAKT ¢ KapOuanuTe Ha
XpOMa, 32 KOUTO € U3BECTHO, Y€ UMAT MOJIOKHUTEJICH eNEKTPO/ICH MOTEHIMA B pa3IMyHu cpeau. B
pe3yaTar, 1o TpaHHuIIUTE Ha 3bpHATa ce 00pa3yBaT MUKPOTAIBAHUYHN KOPO3HOHHU €IIEMEHTH, TIPU
pabortara Ha KOMTO ce HaOmojaBa MexaykpuctaaHa kopo3us (Chung & Szklarska-Smialovska,
1981), (Dabossi, et al., 1994).

! JToknambT € npejicTaBeH Ha IueHapHaTa cecus Ha 27 okToMBpH 2016 ¢ OPUIHMHAIHO 3arlaBMe HAa ObIArapcKu
esuk: [IPUJIATAHE HA AKTUBHU METO/IU 3A CEU3MHUYHA 3AIIUTA
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O6pa3yBanero Ha kapOuaute Ha xpoma (Cr23Ce)B HEpBKIaeMHUTE CTOMAHW CE HM3BBHPINBA Haii-
MHTECH3UBHO B TemmeparypHus uarepsai ot 500°C no 850°C, koiTo € M HeOJIAaronpusTHHUAT OT
KOPO3MOHHA IJIeJHa TOYKAa MHTEpBaJ Ha eKcIiuloaTauuara uM. [Ipy Hanuume Ha JOCTaThYHO
KOJIMYECTBO JIETUPAIL €JIEMEHT C MO-TOJsIM a(UHUTET KbM BBIVIEPOA OT XpoMma, 00pa3yBaHETO Ha
XPOMOBUTE KapOUIu MOKe J1a ObJe BB3IPENATCTBAHO. 3a TOBa 00aye € HY)KHO NPEIBAPUTEIHO
CTOMaHaTa Jia € MPHUBEJCHA BHB ()a30BO CHCTOSHUE, BKIIOYBALIO U KapOMIUTE HAa TO3M JIETHpAI]
enieMeHT. Hali-uecto kaTo TakbB Jierupall eJIeMEeHT ce M3I0JI3Ba TUTAHbBT, @ B HAKOHU CIIydau - U
HuoOusaT. KapOuaure Ha TuTaHa ca ycroiWuuBu a0 temneparypu nox 1050°C, a wax Ttasu
TeMIlepaTypa ce pa3TBapsT B TBbPAUTE Pa3TBOPU. AKO MPH CIEBAILO OXJIAX/IaHE HE € OCUTYPEHO
JIOCTaThbUYHO BPEME 3a OTAEISHETO UM IpH Temreparypu Hajx 850°C, To TUTaHBT OT TAX OCTaBa B
TBBPIUS PA3TBOP, U HE YCIIsBA J]a M3I'bJIHU IPEIHA3HAYEHUETO CU KaTo Jierupari kapoupoo0pasysaii
eneMeHT. ToBa € OnmpeneNnuiIo U KOPEKTHUTE PEXUMHU 332 TEPMUYHO 00pabOTBaHE Ha HEPBKIAAEMHU
CTOMaHH C IIeJ TPEI0TBpaTABaHEe HAa MEXKIyKpUcTainHa Koposus (Pamkos, 1993).

14. U3JIO’KEHHUE
MeTtoauka Ha eKCliepUMeHTAa

Ilenra Ha ekcmepuMEHTa € Ja C€ YCTAaHOBH IMPHJIOKHMOCTTa Ha EJIIEKTPOXMMHUYEH METOH 3a
Olpesie/iiHE Ha CKJIOHHOCTTa Ha HEphXKJaeMa CTOMaHa KbM MEXAYKPUCTaJHa KOpO3usd U 3a
€THOBPEMEHHO NPOsIBABAHE HA MUKPOCTPYKTypara Ha ctomaHara (Habraken, 1966).

W3zcnensana e cromana 12X 18H10T, u3nona3BaHa Kato KOPITYC HA MPEYHUCTBATE Ha Q30THU OKCH/IH,
pabOTHIT IMKIMYHO MTOBEYE OT €IHO JeceTmieTne npu temmeparypa S00°C. ChcTaBbT Ha CTOMaHaTa
o crangapra [OCT 5632-72 B macoBu npouentu e: 10 0.12 % C, no 0.8% Si, 1o 2% Mn, 9...11%
Ni, 17...19% Cr, 0.2...1% Ti.

CrpliecTByBaT peinlia CTaHJapTU3UPAaHU IPOLEAYPH 32 U3CJIEIBAHE HA CKIIOHHOCTTA Ha HEPBKIaeMuU
CTOMaHU KbM Mexaykpuctaina koposus (ASTM, 2015). Hsakou oT TsX ca ONMCaHU B CTaHJAPTUTE
ASTM 262 uI'OCT 6032. Te3u nporenypu ca TpyAHU 32 U3I'bJIHEHUE, C FOISIMA IPOIBJIKUTEIIHOCT,
M3HUCKBAT paboTa C KUIISIIK Pa3TBOPU HA KHUCEMHU. 3apa iy TOBA B MPECTaBEHUS TYK €KCIIEPHUMEHT
€ M3I0JI3BaH EJEKTPOXMMHMUYEH METOJ| 3a OIpeleisiHE Ha CKIOHHOCTTa Ha CTOMaHaTa KbM
MEXyKpUCTaiaHa kopo3us. TectoBete ca u3BbpiieHu B 5 00.% H2SO4 Bogen pa3TBop.

W3BecTHO €, ue 3a CKIIOHHOCTTa KbM MEXIYyKpHCTadHa KOpO3Us MOXE Jla C€ ChJIU MO BUAA Ha
aHogHuTe oteHunoanHamudan kpusH (Talbot & Talbot, 1998). [Topanu ToBa, B mocoueHaTta rope
cpena, € W3BBPIINCHA BBHINHA TOJspu3anus Ha obpasnm ot cromana 12X18H10T. M3non3pan e
noreHuuoctat RADELKIS OH405, cBbp3aH KbM KOMIIOTHP C IOMOLITA HA JUTUTAJIIEH KOHTPOJIED
Ha National Instruments USB 6008. TecrtBanute oOpasuu ca pas3nojiOKEHM B CTaHJApTHA
TPUEJIEKTPOIHA KJIEeTKa ¢ Pt-pOTHBOENIEKTPO] M HACUTEH KAJIOMENOB €NIEKTPO/I KaTo CpaBHUTEIEH.
CroifHOCTUTE Ha JOKJIaJBAaHUTE MOTEHLMAIM ca MPEU3UYMCIIEHU CIPSIMO CTaHJApPTEH BOJOPOJEH
€JIEKTPOJ IIPH OTYUTAHE HA TeMIlepaTypaTa.

W3cnenBanu ca oOpa3ly, OTpsA3aHU YCHOPEAHO M HOPMAJIHO Ha HAIPaBJICHUETO Ha BaJllOBAHE.
Obpasuute ca npensapurenHo umudosanu, nomupanu (Al203 0.03 pm) ¥ TOYUCTEHH C AlETOH.
[Ipenu nongpuzanusara, HpoOUTE ca OCTABEHU B €JIEKTPOJIUTA J1a C€ CTAaOUIIM3UpAT /10 JOCTUTaHE Ha
cTallMoHapHa CTOMHOCT Ess Ha cBOOOIHUS nmoTeHnuan. Bpemeto 3a ToBa e okoso 60 min. Criex ToBa,
oOpasnuTe ca aHOAHO TOJSPU3MPAHU OT HadajdeH moreHiman ¢ 250 mV mo-oTrpunareneH OT
cranonapaus. C e 1ocTuraie Ha o01acTTa Ha TPAHCIIACUBHO pa3TBapsiHE, KPaHUAT MOTEHIIUAT
Ha BbHIIHaTa nossipm3arusa € 1590 mV. Ckopoctra Ha pasrpBaHe Ha moTeHmuana € ImV/s. 3a
OIpeJiesIsiHe Ha CKJIOHHOCTTa KbM MEXIYKPUCTAJIHA KOPO3Us Ha 0OpasluTe € U3BBPIICHO aHOIHO
pa3TBapsHE upe3 MoTeHIuocTatupaHe. lloTeHIMOCTaTUpaHETO € MPHJIOKEHO BeJHara Cciej
JOCTHraHe Ha noteHuuana ot 1590 mV, u e ¢ npoxboxureasoct 10 min.

W3BbpIiieHo e 1 XUMUYHO NMposiBsiBaHEe Ha cToMaHata. [IposiBeHu ca 00pasiu, cps3aHu yCIIOpeIHO Ha
HampaBjlIeHUeTo Ha BanuoBaHe. Cien nummdoBaHe, MoOJMpaHe W MOACYyLIaBaHe, OOpa3LUTe ca
MIPOSIBEHH C JIBa peakTuBa: 1) peaktuB Ha Mypakamu (10 g NaOH, 10 g uepena kpbBHa cou, 100 ml
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dH20) ¢ Temmeparypa 60°C 3a 120 s u 2) 20.3 g FeCls, 12.5 ml HCI, dH20 200 ml 3a 40 s (cbkpaTeHO
B Tekcta peaktuB FeCls).

EnexTpoXuMHUYHO TECTBAHUTE MOBBPXHOCTU U XUMUYHO MPOSIBEHUTE OBBPXHOCTH ca HAa0JII01aBaHU
c ontudeH mukpockon EPITYP 2, chabaen ¢ mudpoBa kamepa.

Pa3sinenure cie NOTEHIIMOCTAaTUPAHETO MTOBBPXHOCTHU Ca CPABHEHU C MO-PAHO TPETUPAHU 10 CHIIHS
HAaYMH 0o0pasmu OT Hepbkaaema cromaHa AISI 321chbec cnemaHus chCTaB B MAacOBH IPOIICHTH,
ONpEIEIEH Ype3 MUKPO-PEHTTEHOCIIEKTPAJIEH aHAJIN3 ChC CKAHUPAIL €J1eKTpOHEH Mukpockon JEOL
SUPER PROBE 733: 17.83%Cr, 10.47%Ni, 1.09%Mn, 0.67%Ti. Te3u mo-paHo eneKTpOXUMHUIHO
TECTBAaHU B ChlIaTa cpena oOpasly MpeABApUTENIHO ca OWIM MOJUIOKEHH Ha pPa3InyHU BUIOBE
TEPMUYHO OOpabOTBaHE C LeJ YCTAHOBSIBAHE BIUSHHETO MY BBPXY CKIOHHOCTTa KbM
Mexaykpucrania koposus (Ilieva, 2022). Pexxumute Ha TepMuyHO oOpaboTBane ca: 1) 3akaisiBaHe
ot 1050°C 3a 20 min 1 oxJ1a)kaHe BbB BO/IA; 2) MPOBOKHUPAILO MEXKIYKPUCTANIA KOPO3HsI OTTPSIBAHE
3a 60 min npu 650°C u oxnaxaaHe Ha BB3yX; 3) crabunusupaino orrpsBade npu 850°C 3a 30 min
U OXJIAXK/IaHE Ha BB3IyX. Pa3siieHuTe MoBbPXHOCTH ca MOKa3aHu Ha gurypa 1, OTKBAETO ce BUXKIA,
4ye MEeXIyKpHCTaIHaTa KOpo3us ce MposiBSBa BbB BUJ Ha yJIeOeNeH! IPaHUId MEXAYy KPUCTATHUTE
3ppHa Ha oTrpetus npu 650°C oOpasen. [logpoOHO ThIKYyBaHe Ha HaOMrOmaBaHWUTE Ha ¢urypa 1
noBbpXxHOCTH € fajeHo B (Ilieva, 2022).

a) cromana AISI 321, 0) cromana AISI 321, cromana AISI Trp;ITa

3akasneHna ot 1050°C BbB oTrpsita mpu 850°, pu 650°, oxnaxkaaHe Ha
BoJa, x500 oXJIaXkJaHe Ha Bb3ayX, X500 BB3AYX, X500

@urypa 1. [ToreHnmoCTaTHPaHU MOBHPXHOCTH HA AyCTEHUTHA HEPBHKIaeMa CTOMaHa CIie]l
paznuuHo TepMu4yHO oOpadoTBane (llieva, 2022)

Pe3yaraTn

Ha Q)Hrypa 2 ca IIOKa3aHUu HOqueHPITe INOTCHIHUOAUHAMUYHU KpI/IBI/I Ha BDbBHIIIHA aHOJIHAa
MoJIIpU3alvsl Ha TecTBaHUTe 00pa3iiy, a Ha (hurypa 3 — mpomsiHaTa B IUIBTHOCTTA Ha TOKA MO BpeMe
Ha aHOJHOTO pa3skaane. B Tabmuma 1 ca 0000IIEHN €IEKTPOXUMUYHHTE XapaKTEPUCTHKH Ha
CTOMaHaTa B JIBET€ B3aMHO NEPIICHIUKYISIPHU HAPABICHHUS.

Tabmuua 1. Hsixou enekTpoXxuMHUYHM XapakTepucTuku Ha cromana 12X18H10T B 5% H2SO4

iCOIT,
TecTBaHA TTIOBBPXHOCT Ess, MV | Ecor, MV | mA/cm?
ycnopeiHa NOBbPXHOCT 81.44 -55.17 | 8,05x10°
MEPIICHIUKYIIIPHA ITOBEPXHOCT 475 363.11 | 1,37x103

Ess — crarmonapeH nmoteHIual; Ecorr — MOTEHIMAT HA KOPO3USs, OMPENEICH OT MOTSHIIMOAMHAMUIHUTE KPUBH; icorr —
ILTBTHOCT Ha TOKA HAa KOPO3Wsl, ONpe/ieNieHa OT MOTSHIIMOIMHAMUIHUTE KPUBU
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@urypa 3. [I1pTHOCT Ha TOKA MO BpeMe Ha noTeHiuocratupane Ha cromana 12X18H10T B 5%
H2S04

Pesynrarure OT €1EKTPOXUMUYHHUTE EKCIIEPUMEHTH NIOKA3BaT €JIEKTPOXUMHYHA aHU30TPOIHS
Ha cromaHaTa. OT urypa 4 e sicHO, 4e TS ce AbJKU Ha pa3jinKara BbB (hopMaTa U pa3oI0KEeHUETO
Ha KpHUCTAJHUTE 3bpHA B HANpPABJICHUE, YCIOPENAHO HA BaJllOBAHETO, W B HAIPABICHUE,
MEPNEeHIUKYJIIpHO Ha BanuoBaHeTo. OuUeBHUIHO MOBBPXHOCTTA, BHPXY KOSATO 3bpHATa H3JIM3AT
YIBJDKEHH 110 HAIlpaBJieHUE Ha IUIACTHYHOTO Je(OopMHUpaHe, € ¢ MO-HUCKAa YCTOWYMBOCT Ha oOmia
eJIEKTpOXUMHUYHA Kopo3us. UepHute nBunu Ha ¢urypa 4 npezacrasissar o-¢pepur. [Ipu no-ronsamo
yBenuueHue (¢urypa 4 6) ce Bix/Ia, ye ca ce o0pa3yBaiv U KOPO3UOHHHU AMKHU. [leprneHnukynspHo
Ha BaJILIOBAHETO, 3bpHATa U Ha ayCTEHUTA, U Ha (epuTa, U3IJIeKAAT paBHOOCHHU (purypa 4B u 4r),
T.€. IPEJOCTABSAT MMO-MAJIKO I'PAaHUYHH 00J1aCTH, B KOUTO aHOJHOTO pa3TBapsiHE € YIECHEHO.

CpaBuenunero Ha ¢urypa 4 c ¢urypa 1 moka3Ba, ye cToMaHaTa HE € CKJIOHHA KbM
MEXIYKPHUCTAIHA KOpPO3Us — M B JIBET€ HANPABICHUSA AayCTEHUTHUTE KPUCTAJIM Ca OYEepTaHU —
Ha0mroaBa ce pened oT M30MpaTEeIHO pa3spKllaHe Ha pa3IndyHO OPUEHTHPAHUTE 3bpPHA, a 4acT OT
TpaHUIUTE ca c1ado pa3TBOPEHU, HO HE U yAeOeIeHH.
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YcmopegHo [lenpeHIUKYISIPHO

6) r)

®urypa 4. [loreHUMOCTaTUPAHU IOBBPXHOCTH

Mypakamu FeCls

0) r)

®urypa 5. XUMUYHO TPOSIBEHH MOBBPXHOCTH
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Crnen nmoTeHIMOCTAaTUPAaHETO, 00pa3Lid OT CTOMaHaTa, Cpsi3aHu B HaIlpaBJICHUE, YCIIOPEIHO HA
BAJILIOBAHETO, Ca MPOSBEHUM XUMHUYHO. I[IposiBEeHHTE MOBBPXHOCTU ca MOKa3aHM Ha Qurypa 5.
PeaktuBbT Ha Mypakamu olBeTsBa KapOUAUTE U HUTPUIUTE HAa XpoMa B CBETIIO0 XKbJIT0. OT hurypa
S5au 50 ce BUXk/1a, 4ye TaKMBa B CTOMaHaTa JIMIICBAT, Pa3sieHU ca CaMO YABDKEHUTE (PEpUTHH 3bPHA,
U TO 10-c1a00, OTKOJIKOTO MPH MOoTeHLnocTatupanero. [IposBaBanero ¢ peaktusa, chabpxaiy FeCls,
pasKpHBa ayCTEHTUTE 3bpHA, U CbBCEM CI1a00 — yABIDKEHUTE (PEPUTHH, KAKTO TOBA C€ BHXKAA OT
¢durypa 5B u 5t. [Ipu Mucneno Haciarpade Ha ¢purypa 5a v 5B, KakTo ¥ Ha 50 u St, e1Ha BbPXY JAPYTa,
ce ¢popMHpaT KapTUHH, TIOAOOHN Ha MUKPOCTPYKTypHTE OT durypa 4a u 40, HO 6€3 KOPO3UOHHUTE
sMkd. ToBa MOTBBPIK/IaBa, Ue MOTEHIIMOCTATUPAHETO MOXKE J1a ObJie M3IOJI3BAHO C JBE Iean — 1)
OLICHSABaHE Ha CKJIOHHOCTTA KbM MEXIYKPUCTAJIHA KOPO3Us U 2) €JIEKTPOXUMUYHO IPOSBIBAHE HA
HepbXkKIAaeMa CTOMaHa.

15. BAKVIIOYEHHUE

N3noin3BaHeTo Ha MNPEMIOKEHUS METOJ, 33 OLICHSIBAaHE HAa CKJIOHHOCTTa KbM MEXIYKPHUCTAIIHA
KOpO3Us Ha HEPBKAaeMa CTOMAaHa CbKpAlllaBa BPEMETO 3a U3CIIECIBAHE, ThI KaTO €IHOBPEMEHHO C
OLIEHKa Ha KOPO3MOHHOTO TIIOBEACHUE MpPOSBABA M MHKPOCTpYKTypaTa. M3BecTeH Qakr e, d4e
HEPBKIAAEMUTE CTOMAHHM Ca TPYAHM 3a XHMHUYHO IIpOsABSIBaHE. AHOAHOTO pa3sDKOaHE upe3
NOTEHIMOCTATUPAaHE 00aye IpPeoaoJisiBa Ta3H TPYJHOCT, KaTO €AHOBPEMEHHO C TOBAa IIpeMaxBa
HE00X0AMMOCTTa OT NpHJIaraHe Ha HAKOJKO XMMHUYHU HPOSIBUTENS, KOUTO PA3KpHUBAT PA3IUUYHU
CTPYKTYPHU CbCTaBKM HAa HEPBKAAEMaTa CTOMAaHA.
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Abstract: For the past 35 years, the topic of ultrafine-grained materials and their production has been
compelling researchers to explore further. A short summary of some of the most feasible methods of ultrafine-grained
sheet metal production has been carried out.
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INTRODUCTION:

In material science, ultrafine-grained (UFG) materials, defined as polycrystalline materials with
grain size between 100 and 1000 nm [1], have attracted increased interest towards them because of
their potential application in a multitude of industries and their importance to society. Thanks to the
increased homogeneity of their microstructure, they possess improved physical-mechanical
properties, compared to conventional materials, examples of which are higher tensile strength, fatigue
wear resistance and hardness [2] [3] strength to strain ratio [4], as well as the ability to enter a state
of superplasticity under specific circumstances [5].

Despite over 35 years of research in the field and the proven benefit of the UFG structure, its
fabrication outside of laboratory conditions still presents a significant technological obstacle to the
introduction of such materials in modern industry, hence the insufficient familiarity with such
materials among the general public and industry professionals.

It is possible to produce materials possessing UFG structure via chemical synthesis methods
(bottom-up method), but from an engineering standpoint, the more interesting approach is the method
of fabrication via undergoing of severe plastic deformation (SPD) (top-down method), which
generates shearing stresses under the large forces the material is being subjected to, leading to grain
refinement on a microstructural level. In order to achieve the desired effect, it is necessary for the
plastic deformation to reach 600% - 800%, which is possible by subjecting the materials multiple
times to SPD [6].

Depending on the type of UFG samples produced, SPD methods are conditionally divided into
three groups:

e discrete.
e semi-continuous.
e continuous — used for fabrication of sheet metals, plates and profiles.

This article aims to familiarize the reader with the continuous methods for UFG sample
production and those concerning sheet metals in particular. Furthermore, those approaches selected
are the ones with the highest potential for utilization at manufacturing scale. Most of the processes
described are modifications of the existing one of rolling, granted its efficiency in sheet metal
processing as well as the possibility to exert forces with high magnitude onto the material, generating
the necessary shearing stress as a result, leading to the desired refinement of the material structure.

AREAS OF APPLICATION OF UFG METAL MATERIALS

UFG materials and their deriving products are commercially viable because of their increased
mechanical and physical properties and their efficient production [7] [8], thus their potential
application is broad.
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In the biomedical sphere, UFG materials are used for non-integrated medical devices, shown in
Figure 1 and especially in medical implants [9], where the increased strength and hardness of the
material allow production of more durable, stronger and/or lighter prostheses. Furthermore, the finer
the microstructure of the material, the better detail of the produced part, which is beneficial to small
implants.

Figure 1: Non-integrated medical devices, produced from UFG Figure 2: Dimensions of a miniscrew for
Titanium [9] orthodontic Anchorage, made of UFG
material [9]

To further carry on to the advantage of the finer grain microstructure of UFG materials that
they can be used in microforming applications is that they allow the possibility of production of parts
which detail is smaller than that of the grain size of conventional materials. An example is given on
Figure 3, where a microturbine is formed from an ultrafine-grained piece of aluminium [10].

Figure

3: Microturbine of UFG Aluminium [10]

In addition to miniature components, UFG materials could be extensively used in
manufacturing of construction materials, such as fasteners — the stronger material will improve the
quality of the fasteners. Furthermore, the higher wear resistance would be beneficial to manufacturing
of construction profiles and different types of chassis, which can further be subjected to weight
optimization, as the material would allow it. Wear resistance of UFG materials would make them an
ideal choice for consumer products where the improvement in lasting appearance will be appreciated
and necessary.

All these possible applications are valid for sheet metals as well, as their multi-purpose
utilization can benefit from the superior mechanical properties of UFG materials

METHODS FOR FABRICATION OF UFG SHEET METAL SAMPLES
Asymmetric Rolling (AR)

Asymmetric Rolling is a modification of conventional rolling process, also known as symmetric
rolling and is one of the most popular means of producing materials with ultrafine-grained
microstructure. The rolling asymmetry is expressed in one or in combination of three ways:

o feeding the sample between rolls with different diameters, shown in Figure 4.
o feeding the sample between rolls with different angular velocities, shown in Figure 5.
o feeding the sample between rolls with different friction coefficients
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Figure 1: Asymmetric rolling via different Figure 2: Asymmetric rolling via different
diameters of the rolls angular velocities of the rolls

The difference in those three technological parameters is the premise for irregular deformation
of the rolled sheets as the shearing stress is larger in those layers of the material that come in contact
with the rolls possessing greater diameter, angular speed and/or coefficient of surface friction. It is
experimentally proven that a combination of the three leads to better results than if only one of the
techniques is used.

It is shown via experimental means that in asymmetric rolling of pure aluminium (Figure 6), if
a reduction of 90% of the specimen’s thickness is achieved, there is an increase of its tensile strength
in approximately 2/3 times more than if the specimen was subjected to symmetric rolling instead
(Figure 7). The reason for the increase is the forming of ultrafine-grained microstructure as a result
of the refinement taking place because of the shearing stresses acting on the sheets [11].
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Figure 6: Stress-Strain diagram of an aluminium Figure 7: Stress-Strain diagram of an aluminium
specimen undergoing symmetric rolling [11] specimen undergoing asymmetric rolling [11]

A similar experiment was conducted using blanks made of magnesium alloy. The cross-section
is reduced by 25% during both the symmetric and asymmetric methods of rolling. In the results shown
in Figure 8, the tensile strength, yield strength and the deformation the material is capable of
sustaining before failure are increased [12].
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Figure 8: Stress-Strain diagram of blanks made of AZ31, undergoing symmetric (SR)
and asymmetric (ARR) rolling [12]
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From a technological point of view, AR is easy to implement because of the possibility to most
easily alter the symmetric rolling process by changing the smallest number of parameters. Despite
the conceptual and experimental proof of the increase in mechanical properties of the material, the
process is considered to be unstable because of the phenomenon of roller slipping which is examined
during AR [13].

Cryorolling (CR)

Another modification of the existing conventional method, shown on Figure 9, this type of
rolling is taking place in conditions that permit reaching of cryogenic temperature [14]. The process
consists of initial submerging of the material in a container full of cooling liquid, most often that
being liquid nitrogen, and afterwards subjecting it to symmetric rolling. After the blank is rolled, it is
submerged into the container again. As a result, the natural recovery processes in the material are
suppressed, which leads to the refinement of its microstructure thus increasing its strength and

plasticity.

No /—» —» —»

Figure 9: A simplified depiction of the cryorolling technological
process

The physical and mechanical properties of cryorolled samples are subjected to testing, as shown
in Figure 10. In it, the stress-strain diagram of samples rolled alongside the grain and across it both
in room temperature and in cryogenic conditions is shown. The values lead to the conclusion that
compared to materials subjected to conventional rolling, their cryorolled counterparts exhibit
increased yield strength and ultimate tensile strength as improvement of up to 30% is possible [15].
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Figure 10: Stress-Strain diagram of blanks made of 99.6% aluminium, rolled
alongside the grain and perpendicularly across the grain both in room temperature
(RTR) and cryogenic temperature (CR) [15]

Being conceptually simple to adapt and in combination with the relatively high increase in
mechanical properties of the sheet metals produced by it, make cryorolling a compelling method to
be further researched. Considerations on if and how containers of liquid nitrogen can be implemented
and stored in manufacturing sites remains a factor.
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Accumulated Roll-Bonding (ARB) and Cross-Accumulated Roll Bonding (CARB)

One of the earliest methods for fabrication of UFG materials, the accumulated roll-bonding
(ARB), shown on Figure 11, uses unmodified rolling mills. The metal sheets are prepared by its
surfaces being subjected to abrasive wear and are afterwards stacked on top of each other before being
fed into the rolls. The rolling process conjoins them together, halving their cross-section in half. The
new sheet is then cut into two pieces ready to have the whole sequence of operations performed again
as many times as it is deemed necessary.
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Figure 11: A simplified depiction of the accumulated roll-bonding

technological process (ARB)

Despite the theoretical and practical possibility for endless iterations of the ARB process on a
single sheet of paper, from a rational point of view, it is applicable with the most distinctive results
in terms of change in its physical and mechanical properties only a few times because of diminishing
returns. On Figure 12 are shown the results of an experiment conducted by R. Radev [16], where a
piece of sheet metal alloy AA 1050 is subjected to 8 ARB passes and the values of the hardness of
the alloy and its grain size have been recorded. The numbers show a tendency to reach a plateau-like
trajectory starting from the 6-th pass onward. A similar experiment is carried out by measuring the
tensile strength and the elongation of the material [17], as interpretation of the values leads to a similar
conclusion.
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ARB also creates a premise for the occurrence of plastic anisotropy in the material, which is
due to the multiple rolling in the same direction, which further elongates the grains. This is visible on
Figure 14, depicting pictures taken by microscope, showing the longitudinal cross-section of a steel
strip that has undergone multiple ARB passes and the respective grain elongation after the operations
[18].
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a) Initial

(b) 1 cycle

Figure 14: Longitudinal cross-section of a steel strip subjected to
ARB and examined under microscope [18]

In order to reduce plastic anisotropy, a small change in this method is introduced. Displayed on
Figure 15 is the principal scheme of the cross-accumulated roll bonding (CARB) process, which does
not differ from ARB except from the added rotation of the sheets by 90 degrees before them being
fed between the rolls. This way every next rolling operation will be carried out perpendicularly to the
direction of the previous one [19].
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Figure 15: A simplified depiction of the cross-accumulated roll-bonding (CARB) [19]

It is experimentally proven that sheets subjected to CARB possess greater yield and tensile
strength and hardness compared to those under ARB in both aluminium composites [20], and
aluminium alloys [21].
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Figure 16: Dependency between the tensile strength of sheets of alloy AA 6014, subjected to
ARB and CARB, and the number of passes [21]
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Figure 17: Dependency between the tensile strength of Figure 18: Dependency between the tensile strength of
sheets of composite Al-A1,0;3, subjected to ARB and its sheets of composite Al-Al,0;3, subjected to CARB and its
ductility [20] ductility [20]

Even though the sheets made by CARB have increased physical and mechanical properties,
their production on manufacturing scale is more difficult from a technological point of view due to

the method’s requirement of sheet rotation. This condition can grow into a more serious problem
with the increase in size of the blanks.

Repeated Corrugation and Straightening via Rolling (RCSR)

Shown on Figure 19, in this method, the sheet is fed between rolls with non-cylindrical shapes,
thus deforming the sheet in a wavy pattern and creating shearing, compression and tensile stresses in
different areas of it as a result. After passing through that set of rolls, the sheet is fed into another set
of cylindrical rolls, which straighten its shape. Afterwards, the specimen is either flipped by 180° and
the steps are repeated, or it is fed into rolls with a mirrored shape, aiming to subject the areas of the
sheet previously under compression stress to tension and vice-versa [22].
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Figure 19: Principle of operation of the RCSR process [22]

Of all aforementioned severe plastic deformation techniques, this one is the most applicable for
producing large metal sheets because of the simplicity of the rolling mills and the capability for
implementation in large manufacturing sites [4], but a serious disadvantage is the less homogeneous

structure of the material and its failure likelihood because of its subjection to both compression and
tension at the same time.

CONCLUSION

In this article have been described a small number of methods for fabrication of ultrafine-
grained structured materials, focusing on the most recent and the most established techniques for
sheet metal production. Despite their implementation on a manufacturing scale not being possible at
this point, because of the practical considerations that those methods require, progress has been made
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in terms of the conceptual ideas and the conducted experiments, which are promising enough to be
further researched on the possibility to remove or mitigate their disadvantages.
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