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Introduction of Crystallographic Factor into the Metal Fatigue
Analysis
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The discussed research combine two components: a) the improvement of the
current procedure for stress—strain analysis of aircraft parts on the basis of
the introduction of a crystallographic factor into the Huber—Mises—Hencky
equivalent-stresses’ calculation procedure; b) an example of application of
this new calculation procedure into the practice of repairing aircraft skin
that has been damaged by shooting, fatigue, corrosion, or firing.

Key words: metal fatigue, crystallography of slip, uniaxial loading, biaxial
loading, equivalent stress.

OGroBOpIOBaHI MOCIiAKEeHHS TOETHYIOTh ABi CKJIAOBi: a) YIOCKOHAJIEHHS Ha-
ABHOI METOAWKY aHAJi3u HaIpy:KeHHsI—aedopmMalrii gerajis riTaka Ha OCHOBI
YIpoBaI:KeHHS Kpucrajorpadiuaoro paxrTopa y Ipoleaypy PO3paxyHKY eK-
BiBaJIeHTHUX HaOpyKeHb ['yoepa—Miseca—I'enki; 6) Baipemb 3acTocyBamHA
Iiei HOBOI IIpoIeAyPU PO3PAXYHKY B IPAKTHUIIL PEMOHTY OOIMBKY JIiTaKa, AKY
OyJI0 IIOIIIKOKEeHO CTPiISTHHAM, BTOMOIO, KOP0o3ieio abo o6eTpisom.
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1. INTRODUCTION

Despite the increasing use of composites, metals continue to be the
primary materials for the bearing components of aircraft and many
engineering structure. Almost all operational loads of these engineer-
ing structures are fluctuating. Being applied thousands of times, they
induce accumulation of fatigue damage, nucleation and propagation of
cracks and failure. Generic mode of cyclical loads is multiaxial: pro-
portional and disproportional, in-phase and out-of-phase. Fatigue
damage assessment and failure prediction for this kind of fatigue is
extremely challenging task. As the fatigue process depends on many
factors, namely, parameters of loading, characteristics of metal, ex-
ternal conditions, etc., numerous methods for multiaxial fatigue anal-
ysis have been developed and currently are used.

Theories and corresponding calculation methods for the multiaxial
fatigue analysis are classified as Stress-Based (Equivalent Stress ap-
proaches and Sines Method), Strain-Based (maximum principal strain
theory, maximum shear strain theory, octahedral shear strain theory),
and Energy-Based (plastic work per cycle, total strain energy density
per cycle), as well as critical plane models. Comparative analysis of the
contemporary methods are presented in the reviews [1-5] and other.

Considering the complex mechanism of development of a defect sub-
structure in metals due to deformation processes [6], it is also worth
noting the work of the authors [7] who assessed structure formation
due to various types of deformation and showed that, far from ther-
modynamic equilibrium, synergistic structure formation plays an im-
portant role.

Unfortunately, there is no universal theory of the fatigue damage
accumulation at the multiaxial cyclical loading and no approved and
generally accepted method for fatigue life estimation; thus, any con-
clusion about correctness of the method for prediction the fatigue life
must be checked by experiments.

The experiments conducted and described herein are aimed on the
improvement of the efficiency of the multiaxial stress—strain analysis
by the introduction of crystallographic aspects into the procedures of
fatigue damage analysis for anisotropic materials.

Analysis of many structures subjected to the cyclical loading begins
from the static strength calculations. For example, preliminary design
stage for aircraft begins from the static stress—strain analysis and fol-
lowing assessment the geometry and dimensions of the aircraft parts,
despite it is well known that aircraft are vulnerable to the cyclical load-
ing rather than static. Many current practices of the stress—strain
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analysis begin from the assessment of the Huber—Mises—Hencky
equivalent stresses. This classical approach works well for the ductile
metals at static loading.

Huber—Mises—Hencky method was proved efficient tool not only for
static loading, but also for fatigue analysis in many areas. For exam-
ple, experiments and Finite Elements Analysis were performed for
specimens modelling spot welded joints. Tensile-shear and cruciform-
tension specimens’ tests have shown that Huber—Mises—Hencky stress
governs the fatigue failure of spot-welded joints. This criterion was
successfully used for many bearing components and stress—strain con-
ditions [8]. Another example deals with [9] fatigue life prediction of
aircraft gun cabin structure under impact, caused by repetitive impact
while firing, which causes vibration failure and structural damage.

The attempts to extend the Huber—Mises—Hencky approach by com-
bining with contemporary critical plane theory exist and one of them
was developed in the work [10] for out of face cyclical loading. The
proposed criterion corresponds to the Huber—Mises—Hencky criterion
modified by the coefficient taking into account the phase shift of
stresses.

The Huber—Mises—Hencky formula for equivalent stress calculation
does not consider crystallographic texture and following from that an-
isotropy of metals, caused, first of all by rolling. The accuracy of the
calculations can be improved by introducing a crystallographic factor
into the equivalent stress calculation. This was proved by testing alu-
minium alloy specimens subjected to combined tension-compression-
torsion fatigue tests.

Out-of-phase fatigue loads are rather typical for all machines and
mechanisms, but it is also well-known fact, that many of structures
subjected to simpler in-phase loading. The one of the main reasons for
planes accidents is pressurization of the aircraft fuselage. Examples of
that are presented in Refs. [11, 12]. The pressurization cycles are in-
phase. Many other examples of in-phase loading can be found for ob-
jects of machinery. These are objects where Huber—Mises—Hencky rule
can be applied; moreover, this method can be improved by the taking
into account the real crystallographic structure of the metallic parts.

2. MATERIALS AND METHODS

Aluminium alloys at present are widely used not only in aviation, but
also in the automobile industry [13] and many others. In aviation in-
dustry, these are well known, high-strength alloys of AlI-Cu—Zn—Mg
(AA2xxx) group and Al-Zn—-Mg—Cu (AA7xxx); in automobile indus-
try, these are non-heat-treatable Al-Mg (AAb5xxx) and the age-
hardened Al-Mg—Si (AA6xxx) alloys.

Anisotropy of constructional metal is a result of their production
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process. Most pronouncing anisotropy resulted from the rolling tex-
ture. Preferable crystallographic orientation of grains is a main reason
for Alclad alloys’ plastic behaviour anisotropy [14].

Crystallographic anisotropy at fatigue was studied both on single
crystals and on polycrystals. For single crystals, the crystallographic
fatigue anisotropy can be explained by several aspects: a) by the level
of shear stress in critical slip system; b) by the preferable mode of the
slip, i.e., easy slip or multiple slip with associated strain hardening; c)
by the mutual location of the actuated slip planes and surface of the
specimen.

For polycrystals, the influence of the grains crystallographic orien-
tation also was found by many researches. In the work [15], for exam-
ple it was stated that orientation of the grains determines peculiarities
of dislocation structures and their evolution.

For aluminium used for clad layer of aluminium alloys the prefera-
ble orientation after the rolling {112}<111>, for core aluminium al-
loys, itis {110}<112>[16].

Metal fatigue phenomenon at the present time is considered as a re-
sult of dislocations motion along favourably orientated slip systems,
their interaction, forming and evolution of defects structures. Tested
in the presented experiments f.c.c. aluminium alloy has crystal lattice
with twelve slip systems. Slip process depends mainly on the resolved
shear stresses in slip systems, which in turn depends on the orientation
of slip plane and slip direction relatively the load components. The ori-
entation of actual slip systems influences the dislocation motion and
fatigue damage, but this fact is not taking into account in conventional
methods for the stress—strain analysis of parts subjected to the cyclical
loading.

For many metals, the accumulation of fatigue damage accompanied

4’!

~' X
Ui

b

Fig. 1. Deformation relief on the surface of aluminium single crystal: orienta-
tion <221>{110} (a); orientation <100>{100} (b) [17].
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with formation of the surface relief. The surface deformation-relief
sensitivity to the crystallography has been revealed both on single
crystals [17] and on polycrystalline alloys. Surface relief on the alu-
minium single crystals is shown in Fig. 1. Examples of the surface re-
lief observed on the surface of the polycrystalline D16AT specimens
found at the process of cyclical loading are shown in Fig. 2. This phe-
nomenon was revealed for D16AT, V95, 2024T3, 7075T6 alloys.

The intensity of the relief, expresses by the damage parameter D
[18], evolves with number of cycles and correlates with consumed life
of details. Damage parameter D reflects accumulated fatigue damage
by the ratio of surface area with signs of extrusion/intrusion to the
total observed surface area. Light microscope with magnification in
the range from x200 to x400 may be efficiently use to get digital photo
of the surface, while special software allows assessment of the damage
parameter (Fig. 3).

Specimens made of Alclad aluminium alloy D16AT (analogues of
2024T3) where tested in the frame of conducted and partly presented
here experimental research.

2 l}‘ R M 1 B :
g7 & 4 _

c . . ‘ d

Fig. 2. Deformation relief formed under the action of cyclical loading:
PRO 02 (5000) o6,=118.7TMPa, 1t=68.5MPa (a); TC 02 (5000)
6.,=150.0 MPa, t=0MPa (b); TOR 03 (5000) c,=0MPa, t=150.0 MPa
(c); OP_03 (56000) 6,=150.0 MPa, t=86.0 MPa (d).
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Fig. 3. Fragment of the damage parameter assessment: converting the initial
photo of the deformation relief into the contrast image.

Fig. 4. Fragment of the damage parameter assessment: converting the initial
photo of the deformation relief into the contrast image.

Distributions of the deformation relief on the surface of specimens
after the 100000 cycles tested by tension—compression (Fig. 4, a) and
torsion (Fig. 4, b) are shown below.

As it is was shown in the paper [19], relief pattern on the surfaces of
the specimen tested under the different regimes of loading follow the
distribution of the normal and shear stresses in the rectangular cross
sections of specimens.

Works aimed on the improvement of the Huber—Mises—Hencky ap-
proach by the introduction of the crystallographic factor into the Hu-
ber—Mises—Hencky formula for equivalent stresses have been pro-
voked by the observation of the surface deformation pattern, caused by
the cyclical loads of some alloys. Crystallographic deformation relief
reflects the accumulated fatigue damage as it was proved by the re-
searches [17-20], thus the crystallography should be taken into ac-
count.

In Table 1, mechanical characteristics and chemical composition of
the Alclad alloy D16AT as well as characteristics of its analogous alloy
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TABLE 1. Mechanical characteristics and chemical composition of D16AT
and 2024T3[21].

Ultimate . .
tension Yield Elongation, Young Main compo-
Alloy ¢ th strength, . modulus, nents,
Sengih, | Mpa % MPa %
MPa
Cu—3.8-4.9
D16AT 440.0 290.0 18 71.0 Mg—1.2-1.8
Mn—0.3-09
Cu—3.8-3.9
2024T3 435.0 290.0 12 73.2 Mg—1.2-1.8
Mn—0.3-0.9
2024 T3 are shown [21].

3. CALCULATIONS

The introduction of the crystallographic factor into the procedure of
the equivalent stresses assessment has been done by the following pro-
cedure: Step 1—assessment of the Schmid’s factors for slip systems
actuated by tension component; Step 2—assessment of the Schmid’s
factors for slip systems actuated by shear component;
Step 3—Calculation of the resolved tension component by account of
correspondent Schmid’s factor; Step 4—Calculation of the resolved
shear component by account of correspondent Schmid’s factor;
Step 5—Calculation of the corrected Huber—Mises—Hencky equivalent
stress. For combined tension—torsion mode of biaxial loading, the for-

mula
Oy = oo+ 3Tiy (1)

is transformed into

cseqcor‘rected = \/(mc)i + 3(m'f)iy ’ (2)

where o, is equivalent Huber—Mises—Hencky stress, Gegcorrectea 1S €quiv-
alent Huber—Mises—Hencky stress corrected with account of crystallo-
graphic texture, m is Schmid’s factor, o, is normal (axial) stress, 1, is
shear stress.

Results of the calculation are presented in Table 2.

The relations shown in Figs. 6 and 7 confirm the relevance of the
proposed method. For the specimens tested by the in-phase mode of
loading, the relation between the number of cycles to failure and cor-
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TABLE 2. Assessment of the Huber—Mises—Hencky stress with account crys-
tallographic texture of tested specimens.

Schmid’s| Schmid’s C ted
Maximum, Maxi factor for| factor for orrecte
1 AXIMUM | £\ mber Hu- Slip sys- | slip sys- Hu-
Mode of norma shear com- ber—Mises— ber—Mises—
loadin compo- onent of cycles Henck tems ac- | tems actu- Henck
g nent, P > |to failure Y ltuated by|ated by the y
Tmax, MPa stress, MPa stress,
Omax, MPa the nor- shear
MPa
mal stress| stress
TOR 01 0 88.6 23-108 150 0 0.24 36.83
TOR 03 0 150 266503 260 0 0.24 62.35
O 150 0 151855 150  0.45 0 67.5
0% 150 0 181741 150  0.45 0 67.5
IE{)E(—),I 106.05 61.24 420547 150 0.45 0.24 54.06
OP01 106.71 61.8 143070 151 0.45 0.24 54.45
OP02 149.99 86.61 48040 212 0.45 0.24 76.5

rected Huber—Mises—Hencky characterized by the R?=0.947, but at
the same time the correlation analysis reveals the reduction of the R?
for the specimens tested at out-of-phase mode.

4. RESULTS AND DISCUSSION

New results of the deformation-relief monitoring carried out for the
selected regimes of the uniaxial and biaxial loading are shown below in
Fig. 5.

The following loading regimes have been provided: TOR—torsion;
TC—tension—compression; PRO—proportional biaxial loading by ten-
sion—compression and torsion; OP—out-of-phase loading by tension-
compression and torsion.

The obtained relations between the intensity of the deformation re-
lief and percent of consumed fatigue life are combined regardless the
level of stresses and mode of loading.

Deformation relief has crystallographic nature. Extrusion, intru-
sions, slip lines are the results of the dislocations motion along the
crystallographic planes in the specific directions. Thus, the introduc-
tion of the crystallographic factor into the calculation of the stresses
responsible on the fatigue damage looks reasonable.

Conclusion about possibility to improve accuracy of the fatigue
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y = 0.1361 In(x) + 0.2561
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| B

<

10

AN S

Damage parameter D

40 60 80

10 y =0.1327 In(x) + 0.2928
R1=0.7127

L4

Damage parameter D
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b

Fig. 5. Evolution of the surface relief intensity: without results of the out-of-
face testing (a); with results of out-of-face testing (b).

analysis by the introduction of the crystallographic factor into the Hu-
ber—Mises—Hencky formula was made after the fatigue test with
known texture. Some results of this experiment early were presented
in the work [20].

The fatigue properties of materials are described by a SN-curve,
thus correction of the equivalent stress assessment can be checked by
the relevant correlation between the stress and number of cycles to
failure.

Proposed technique for the introduction of the crystallographic fac-
tor into the Huber—Mises stress formula is less efficient for out-off-
face loading. Figure 7 reveals the reduction of the correlation coeffi-
cient for the relation ‘corrected Mises’ stress—number of cycles to fail-
ure’ when results of the out-of-face testing are used for the graph con-
struction. Correlation coefficient drops from the 0.94 for in phase ten-
sion—compression and tension—compression—torsion modes to 0.831
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Fig. 6. Corrected Huber—Mises—Hencky stress—mumber of cycles to failure
(only in-face loading results).
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Fig. 7. Corrected Huber—Mises—Hencky stress—number of cycles to failure
(out-of-face loading results are included).

for out-of-phase loading (Fig. 7).

Figure 8 illustrates the attempt to construct SN-curve on the base of
Huber—Mises—Hencky formula for equivalent stress without respect to
preferred crystallographic orientations of the grains of the investigat-
ed textured alloy.

As it is seen in Fig. 8, there is no correlation (Rl =0.0415) between
the number of cycles to failure and conventional equivalent Huber—
Mises—Hencky stress.

As an example of the practical application in aviation, the improve-
ment of the aircraft skin repair can be considered. Fatigue, corrosion,
denting, and even shooting, is a common type of in-service aircraft
damage. These and other damages are repaired by patches or even by a
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Fig. 8. Conventional equivalent Huber—Mises—Hencky stress—number of cy-
cles to failure.

replacement of large panels. For aircraft parts made of metals, a simi-
lar material, for example the aluminium alloy 2024-T3 is used to make
patches. This material, like all rolled metal sheets, is anisotropic.

Aircraft components, as well as repair patches, operate under multi-
axial loading conditions. Fuselage constructions are subjected to bend-
ing, tension, compression, and pressurization loads. Patches installed
at the different spots and integrated into the primary structure, with-
stand multiaxial loading. Since patches are made of anisotropic mate-
rial, they must be oriented for better resistance to the loads to with-
stand actual loads. The enhanced procedure for Huber—Mises—Hencky
equivalent stress calculation provides the possibility of minimizing
equivalent stresses by optimally orienting the patch. As shown by pre-
liminary fatigue tests, this may lead to a significant increase in the
components’ fatigue life.

5. CONCLUSION

Parts of many machines, mechanisms, constructions are made of ani-
sotropic materials; this influences their bearing capacity. Static
strength analysis of the components subjected to the multiaxial fa-
tigue begins as a rule from the assessment of the equivalent uniaxial
stresses, it is a routine procedure in current practice of aircraft pre-
liminary and details design stage. The Huber—Mises—Hencky approach
proposed many years ago still reliable tool for this task. Huber—Mises—
Hencky method does not consider the anisotropy of constructional
metals, thus the accuracy of the calculations can be increased by the
introduction of crystallographic factor. This can be done for some ma-
terials by the taking into account their texture. To do this, normal and
shear stresses’ components of actual load are resolved to the actual



844 S.R.IGNATOVYCH, M. V. KARUSKEVYCH, T. P. MASLAK et al.

crystallographic slip system; then, the equivalent stresses are found
according to the generally excepted Huber—Mises—Hencky method.
Experiments performed with specimens of AI-Cu—Mg alloy confirmed
the proposed method.

Authors of the paper highly appreciate the support of the research
team of Bydgoszcz University of Science and Technology (Poland),
team leader Dr. L. Pejkowski, and hope to extend our collaboration in
nearest future.
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Change of Mechanical Properties of Bars in the Process
of Deformation by Combined Method

I. E. Volokitina and A. V. Volokitin

Karaganda Industrial University,
Republic Ave. 30,
101400 Temirtau, Kazakhstan

A new combined deformation technology combining radial-shear broaching
and drawing technology is developed in this work, which makes it possible to
improve the mechanical and operational properties of carbon-steel bars. As a
result, during three straining cycles, the average value of microhardness in
the central zone is of 2085 MPa, in the neutral zone, it is of 2505 MPa, and in
the surface zone, it is of 2915 MPa. In addition, the strength properties are
increased by almost 2 times, the plastic characteristics are reduced not much,
but remain at a fairly good level for steel 45 due to obtaining gradient micro-
structure during straining.

Key words: steel, bar, drawing, radial-shear broaching, severe plastic defor-
mation.

Y poborTi po3pobeHo HOBY KOMOIHOBAHY TEXHOJIOTi0 AedopMyBaHHS, IO II0-
enHye B cobi TeXHOJIOTiI0 pamifAlbHO-3CYBHOTO IMPOTATYBAHHS Ta BOJOUiHHI,
110 Ja€ 3MOTY IIiABUIMUTYA MeXaHiuHi I eKCIIyaTalliiiHi BJacTUBOCTI IPYTKiB
i3 ByrJierneBoi Kpuili. ¥ pe3yJbTaTi 3a Tpu NUKJIU 1ehOopMyBaHHA CepeTHE 3Ha-
YeHHSA MiKPOTBEPAOCTH y IIeHTpabHill 30HI cranoBuiao 2085 MIla, y meiiTpa-
JbHil 301 — 2505 MIIa, a B moBepxHesiit 30HI — 2915 MIla. Tarkuii po3Kusg
MiKpPOTBED/IOCTY ITiATBEPAKYE HAABHICTH I'PajieHTHOI MiKpocTpyKTypu. Ta-
KOJK BimOyJroca 30iIbIlIeHHA MIIIHICHMX XapaKTePUCTUK MaiyKe y 2 pasu, ILjaa-
CTUYHI XapaKTepPUCTUKY 3a3HAIOTH IOHUIKEHHSA, aJie 3aJIUIIAI0OTHCA Ha JOBOJ
XOpoIIIoMy s Kpuili 45 piBHiI 3a paxyHOK ofep:KaHHS I'DaJi€HTHOI MiKpo-
CTPYKTYDPU Iifg uac qed)opMyBaHHS.
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1.INTRODUCTION

Bars made of carbon steel grades are one of the main types of products of
hardware processing of ferrous metallurgy and are widely used in al-
most all sectors of economy both in the form of marketable products and
in the form of products from it. To ensure efficient use, sustainable ex-
ports and real import substitution, bars must be highly competitive, the
main directions of which are: reduction of material and energy con-
sumption, development and manufacture of advanced equipment for the
new enterprises existing and construction technological re-equipment.
In this regard, it is necessary to develop and investigate more new and
effective technologies to improve performance and strength properties
of long bars. Therefore, development of new combined methods of pres-
sure treatment, allowing increasing significantly the level of original
material processing is an urgent task.

Reinforcing bars are widely used in construction. With their help,
reinforcement of reinforced concrete products in the form of slabs,
blocks, beams, etc., as well as the construction of building structures.
Reinforcement is in the form of metal bars made of low-alloy or carbon
steel. Currently, the rebar is used in the construction of various build-
ings. Because of its excellent performance, characteristics can give
more strength to concrete: foundations, walls and floors.

In recent years, a lot of research has been carried out to improve me-
chanical and operational properties of carbon steels by means of obtain-
ing ultrafine grains and nanostructure by intensive plastic deformation
methods. Methods of severe plastic deformation (SPD), in contrast to
traditional methods of metal forming, aimed mainly at shaping, are
used to significantly change the structure, phase composition, physical
and mechanical properties [1-3]. As a result of SPD in metallic materi-
als, lengths of grain and subgrain boundaries increase by orders of mag-
nitude, static and dynamic dilatation of crystal lattice atoms changes
markedly. Materials obtained in this way, such as nanostructured alu-
minium or copper, can become harder than high-strength steel, but
these materials will be very brittle and break during use, apparently due
to strain localization [4—6].

One of the techniques that improve performance of products is the use
of metallic materials with a gradient structure [7—9]. It has been found
that gradient microstructures, in which the grain size increases from
nanosize state on the surface to a coarse-grained state in the centre, are
an effective approach to increasing the plasticity of the product as a
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whole.

In recent years, study of gradient structural states in metallic mate-
rials has formed into a new scientific direction [10—12]. Within this
framework, it is of interest to study the formation of gradient struc-
tures in long metal products (rods, strips). Combination of harder sur-
face layers with a relatively ‘soft’ core in such products makes it possi-
ble to increase wear resistance, distribute loads, relax stress concentra-
tors, and increase plasticity of the product as a whole. As an example, we
should point out the use of nonmonotonic shear deformation by shear
drawing of low-carbon steel bars, which leads to the formation of a gra-
dient structure up to the formation of nanostructured surface layers
with ultrahigh microhardness (HV = 7 GPa) and to a noticeable increase
in wear resistance.

It is also possible to obtain a gradient structure in long bars by the
type of helical rolling, separated by its authors into a unique method
called ‘Radial Shear Rolling’ (RSP) and patented [13].

Thus, it can be summarized that during radial shear rolling, in the
deformation zone, stress state scheme is realized that is close to all-
round compression with large shear deformations[14]. The most intense
shear deformations are localized in the zone of metal slip lines intersec-
tion—the annular cross-sectional zone characteristic of three-roll
scheme. In other words, conditions are created in the deformation zone
that is optimal for the gradient structure formation.

In addition, heat treatment increases the processing cycle time and
increases the cost of manufacturing bars. Therefore, the development of
technological processes for the manufacture of bars should follow effi-
ciency-increasing path of methods used for processing of metals by pres-
sure.

Instead of radial-sliding rolling, in our case we will pull the bar on a
helical rolling mill. Since by pulling the billet simultaneously through
the crossing rolls and the draw, tensile stresses arise that leads to a re-
duction of the drawing force. Due to the tensile stresses along the billet,
the profile of the stretched billet is formed more evenly.

2. EXPERIMENTAL

A laboratory experiment on annealed bars of carbon steel AISI 1045
was carried out to study the efficiency of the developed technology.
Before straining, the bars were annealed at 740°C to obtain a more ho-
mogeneous structure and to eliminate the impact of other production
processes.

Since our university does not have planetary stands for the produc-
tion of long bars, it was decided to implement radial-displacement
drawing instead of radial-displacement rolling of bars on the mill PCP-
10/30 and combine this process with traditional drawing on the mill B-
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Fig. 1. Schematic diagram of new bar straining process: I—gripping device;
2—Dbar; 3—drawing rolls; 4—broaching rolls.

I/550 M. Since, by pulling the workpiece simultaneously through the
crossed rolls and the drawbar, tensile stresses are generated which re-
sult in a reduction of the drawing force. The profile of the drawn
workpiece is formed more uniformly due to tensile stresses along the
workpiece.

The process we are developing is based on radial-displacement draw-
ing technology, which makes it possible to produce long bars with en-
hanced mechanical properties. During pulling, the workpiece is
strained in cross-section by pulling it through tapered rollers that are
positioned at a 120° angle to each other. The surface layers of the
workpiece undergo radial torsion, which in combination with reduc-
tion results in a high degree of strain allowing for better surface fin-
ish. There is greater refinement of the structure in conjunction with
radial-displacement straining.

Straining of bars was carried out according to the modelled scheme
shown in Fig.1.

Microhardness was determined on Anton Paar hardness tester in ac-
cordance with GOST 9450-76 by the method of diamond pyramid in-
dentation with the angle between opposite sides 136° under the load 1N
and duration of loading 2 s. The average value of 5 measurements in
each considered area was used to calculate the microhardness value.

Tensile tests were carried out in accordance with GOST 1497-2000 at
room temperature. Tenfold samples d =10 mm was used.

3. RESULTS AND DISCUSSION

Figure 2 shows the microhardness distribution along the cross section
of the bar after each straining cycle. The graph above shows that the
microhardness is higher in the surface zone. Thus, for three straining
cycles, the average value of microhardness in the central zone was of
2085 MPa, in the neutral zone, it was of 2505 MPa, and in the surface
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Fig. 2. Graphs of microhardness distribution along the bar section.

zone, it was of 2915 MPa. This variation of microhardness confirms
the presence of a gradient microstructure.

Figure 3 shows graphs of strength and plastic properties of carbon
steel bar plotted before tensile testing. Analysis of the graph shows an
increase in strength characteristics for 3 straining cycles by almost 2
times, so, the tensile strength increases from 580 MPa to 1010 MPa,
and yield strength from 325 to 730 MPa. Plastic characteristics un-
dergo a decrease, so relative reduction changes from 42% to 31%, and
relative elongation from 18 to 14 MPa. The plastic characteristics re-
main at a fairly good level due to the gradient microstructure obtained
during straining. Plastic characteristics in this steel are obtained at a
lower level when deformed by other SPD methods[15, 16].

4. CONCLUSIONS

Bars from carbon steel grade AISI 1045 strained by a new technology
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Fig. 3. Diagrams of mechanical characteristics of carbon steel bar depending
on the straining cycle: a—strength characteristics; b—plasticity characteris-
tics.
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are studied in this work. Physical experiment has shown that the ap-
plication of radial-displacement drawing helps to reduce the number of
straining cycles and, as a result, to reduce the cyclic nature of the
technological process, as well as to increase the depth of structure de-
velopment due to the penetration of reduction straining along the
cross-section of the bar. Such bars together with their increased
strength and plastic properties provide good prospects for their appli-
cation in construction.
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Combined Ultrasonic—Mechanical Treatment
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It is demonstrated that the application of combined processing, specifically,
the simultaneous use of ultrasound and mechanical action (friction), is an ef-
fective method for surface treatment. Optimal parameters of influence are
identified, which are leading to an increase in hardness, a favourable redistri-
bution of stresses, and a reduction in surface roughness. This approach inte-
grates the benefits of ultrasonic energy to modify the materials’ subsurface
structure with the mechanical smoothing effects of friction. This synergy en-
hances material properties by refining the microstructure, promoting homog-
enous distribution of alloying elements, and inducing beneficial compressive
stresses, all of which contribute significantly to improving the wear resistance
and longevity of treated surfaces.

Key words: steel, ultrasonic—mechanical treatment, combined processing,
‘white layer’, plastic deformation.

HoBeneHo, 110 3aCTOCYBaHHA KOMOiHOBAHOTO 00PO0OJIEeHHS, 30KpeMa OTHOYACHE
BUKOPUCTAHHSA YIbTPA3BYKY Ta MexXaHiuHoi mii (TepTs), € eeKTUBHOIO MeTO-
010 00pOOJIeHHA MOBepXHi. BusHaueHo onTUMAaJIbHI ITapaMeTpu BIJIUBY, IO
IIPUBOAUTD A0 HiABUINEHHSA TBEPAOCTH, CIIPUATINBOTO II€PEPO3IOLiNYy HAIIPY-
JKeHb 1 MOHMIKeHHs InepcTKocTu mnoBepxHi. Ileit minxix iHTerpye mepeBaru
YJIBTPa3sBYKOBOI eHeprii 1yisg Moau(ikyBaHHS HiJIIOBEPXHEBOI CTPYKTYPHU Ma-
Tepifaay 3 MexXaHiYHUMU BUPiBHIOBAJIbHUMU e()eKTaMu TepTa. Taka cuHeprid
MOJTITIIITY€ BJIACTUBOCTI MaTePifday IMIJIAXOM YIOCKOHAJIEHHA MiKPOCTPYKTYPH,
CIIPUSHHS OJHOPITHOMY PO3IOALIY JIeT'yBAJIbHUX €JIeMEHTIiB Ta iHAYKIIil Kopu-
CHUX CTHCKaJbHUX HAIPYKeHb. Bci Il YMHHUKM iCTOTHO CHPUSIOTH HigBU-
IIeHHIO 3HOCOCTiAKOCTHU Ta TPUBAJIOCTH eKCILTyaTallil 00po6JIeHuX ITI0BEPXO0Hb.
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1.INTRODUCTION

The durability and operational robustness of most machine components
depend on the condition and physical-mechanical properties of their
working surfaces, where wear processes originate and develop. A rela-
tively minor (5—20%) wear of the working surface, such as in the friction
pairs of conjugated parts, leads to their rejection, even though the re-
maining mass-dimensional characteristics of the parts overall are still
close to nominal. Furthermore, the wear resistance of the working sur-
face often limits not only the operational life of individual parts but also
the maintenance interval of the machine as a whole. The costs associated
with its downtime, along with expenses on renovation, far exceed the
cost of new parts. Thus, the task of strengthening working surfaces is
extremely relevant for mechanical engineering, as is the choice of tech-
nological methods for hardening treatment. Alongside this, the re-
quirements for the quality of machine parts’ surfaces for various pur-
poses, such as laser mirrors, machine disks, etc., have demanded a more
refined yet deeper impact on their treated surfaces. Lately, the treat-
ment of the surface and subsurface layers of material, providing them
with functional properties distinct from those required from the bulk
material, has been defined as ‘engineering’ of the surface [1-3]. One
category of surface engineering methods is the technology of modifying
existing surfaces by changing their topography, chemical composition,
and microstructure. Analysis of existing methods for forming and
treating surface layers of parts has shown their insufficient effective-
ness with high material and energy costs. This reduces the competitive-
ness of modern mechanical engineering products as a whole. Therefore,
researching and developing new ways of impact that can radically
change the state of working surfaces of machine parts and extend their
service life is important and timely.

2. EXPERIMENTAL/THEORETICAL DETAILS

Significant advancements in quantum electronics (lasers), electron and
ion beams, electrohydroimpulse processes, ultrasound, explosion tech-
niques, and other areas of physics have led to the creation and increasing-
ly practical application of new pulse methods for the treatment of metals
and alloys. These methods are characterized by the application of high
specific energy, its impulse impact on relatively small volumes of a solid
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body followed by rapid cooling. Such extreme conditions, primarily heat-
ing and cooling, lead to the intensification of many physicochemical pro-
cesses, which significantly affect the formation of the structure, physi-
cal-mechanical properties, and stressed state of the metal, shaping the
quality of the treated surface [3].

Currently, ultrasonic vibrations are increasingly used in technology:
low-energy ultrasonic vibrations (tenths of watts) are used in measuring
techniques, defectoscopy, signalling, etc.; high-energy vibrations (sev-
eral hundreds of thousands of watts per square meter) are used for metal
treatment.

The impact of ultrasound on a solid body generates mechanical elastic
waves within it. A vibrating sound source periodically compresses the
metal particles directly adjacent to it, which then transmit this com-
pression to the next layer. Compression waves alternate with rarefac-
tion waves. A distinctive feature of ultrasound is that, unlike thermal
energy, which is distributed quite evenly throughout the volume of the
deformed metal, acoustic energy is mainly absorbed by grain bounda-
ries, defects in the crystal lattice, i.e., selectively. It is almost not ab-
sorbed in defect-free zones of the crystal. Thus, heating under the influ-
ence of ultrasound can occur locally. Ultrasound, especially high-
energy, can also affect the electronic structure (electronic levels) of the
material, as evidenced by the ‘acoustomagnetoelectric effect’ [4—6].

The proposed method combines two processing techniques, namely,
ultrasound and mechanical (friction) ones, which occur simultaneously.

The challenge lies in transferring maximum ultrasonic vibrations to
the processing zone (where the waveguide tool presses against the work-
piece). The method of transferring ultrasonic vibrations from a solid
body (waveguide) to another solid body (the workpiece) is an important
factor, as too strong a pressure of the tool on the part can disrupt acous-
tic connection, while too weak does not allow achieving the necessary
structure, as almost all the energy disperses into the air when ultrasonic
waves propagate from the material of the magnetostriction vibrator or
tool.

The delivery of ultrasonic energy to the hardening zone was carried
out using a fork-shaped waveguide tool (tip) in a radial direction. The
converter with the waveguide was mounted horizontally in a special
bracket installed in movable slides, the base of which was fixed on the
support of the lathe 1K62 (Fig. 1). The waveguide was pressed against
the workpiece by a freely hanging weight (P1), suspended via a pulley to
the bracket. This scheme allows for the hardening of parts of various
shapes (during the processing, the tool traced the profile of the part).

The waveguide tool was made of 40H steel in a fork shape, fitted
with carbide plates soldered to the internal (working) cavities of the
prongs. The profile of the plate (in cross-section) had a radius of 5 mm.
The tip and the converter were connected with a tight thread. The fork
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Fig. 1. Schematic diagram of the setup for processing by combined ultrasonic-
mechanical method: 1—sample; 2—carbide plate; 3—technological waveguide
(tip); 4—ultrasonic vibration concentrator (waveguide); 5—magnetostrictive
converter; 6—ultrasonic generator; 7—clamp.

angle was chosen based on the diameter of the parts, not exceeding 50
mm.

For hardening, magnetostrictive converters of the type PMS-15A-
18 were used. They are powerful and reliable, not requiring stability of
amplitude and allowing the use of higher P1 pressures. The main tech-
nical specifications of PMS-15A-18 include: power of 5 kW, resonant
frequency of 17.5-19.3 kHz, amplitude at 15 microns. When pro-
cessing with the PMS-15A-18 converter, the ultrasound intensity (en-
ergy density) reached approximately 146-10* W/m?2. An ultrasonic
generator of type UZG-10-22 was used to convert electrical energy of
industrial frequency (50 Hz) into ultrasonic waves. Table 1 presents
the processing modes.

The mechanical processing involved a friction process that occurred
between the workpiece and the clamp-segment. The clamp was brought
to the workpiece from the side opposite the ultrasonic generator, with
pressing force P2, which was regulated similarly to P1.

The chemical composition of the clamp matched that of the work-
piece being processed.

Spectra were recorded photographically (ISP-30 spectrograph). Lay-
er grinding was performed on a special machine with a high-hardness
stone, namely, Arkansas stone, which provided minimal changes in el-
ement concentration during layer removal.

TABLE 1. Pulse hardening modes.

Geometry of the hardening tool

Py, kN Py, kKN Notes

Olo | [0 | R,, mm | Dy, mm

60 - 5.0 - 0.6-1.0 5 wo=20kHz
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X-ray spectral analysis was conducted using a CAMECA microana-
lyzer with an electron beam diameter of 1 micron, on the polished sec-
tion both on the surface of the sample and the depth of the white layer
(cross-sectional polish).

3. RESULTS AND DISCUSSION

The combined treatment resulted in the formation of a ‘white layer’ of
increased hardness on almost all hardenable steels and high-strength cast
irons, regardless of their structural state. Ultrasound significantly re-
duces the metals’ resistance to plastic deformation, thus the depth of the
deformed layer (when treating unhardened steels) sharply increases, and
beneath the white layer, a hardened zone is observed, often exceeding the
thickness of the white layer itself.

A common characteristic of all white layers is their decreased etcha-
bility and increased hardness compared to the martensite formed
through conventional quenching. The reduced etchability is attributed
to the formation of a specific structureless martensite in the white lay-
er, coherence of interphase boundaries, ‘specific centration heteroge-
neity of the structure’, its high dispersion, and the presence of car-
bides and oxides.

The increased hardness of the white layer, compared to the hardness
of conventional martensite, despite a higher residual austenite con-
tent, can be explained by the structures’ significant dispersion, con-
siderable distortions of the austenite crystalline lattice, and the mar-
tensite concentration heterogeneity.

The proposed combined method involves rapid heating to high tem-
peratures (above Ac), simultaneous deformation, and subsequent
quenching under extreme conditions occurring during pulse harden-
ing. This process induces a unique phase, structural, stress state, and
properties of the metal in the surface layers of parts, resulting in the
formation of a ‘white layer’.

During the combined treatment, a sharp increase in the mobility of
metal atoms is observed. Despite the short duration of the process,
many chemical elements manage to migrate over relatively large dis-
tances. High diffusion rates and an increase in the number of elements
in the white layer have been established. For instance, the carbon con-
tent in some cases can increase by more than twice, primarily due to
carbon diffusion from the sublayer. In some cases, the possibility of
transferring carbon and other elements from the tool to the workpiece
is not excluded. It is noteworthy that the chemical composition of the
steel surface layers of samples changes to a significant depth, with the
peak of element content increase (C, Cr, Mn, etc.) shifted deeper into
the part. Such distribution of components in the white layer is ex-
plained by the influence of ultrasonic vibrations on heating, defor-
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Fig. 2. Carbon distribution in the surface layers of 9X (1) and 40X (2) steel
samples with a ‘white layer’.

mation, and diffusion processes. The stress state of the metal changes
too: tensile stresses in the surface layers of the part decrease, and their
maximum shifts deeper into the metal. Ultrasound facilitates plastic
deformation during friction, accelerating the diffusion and other
physicochemical processes. Layer-by-layer local spectral (Fig.2 and
Table 2) and micro-x-ray spectral analyses (Fig. 3) were conducted,
showing the redistribution of other chemical elements (C, Mn, Si, Cr,
Cu) in the white layers.

To enhance accuracy, reproducibility, eliminate the effects of heat
treatment on analysis results, and achieve minimal sample damage
depth (0.01-0.02 mm), a double-circuit high-frequency generator of
condensed spark was used as the excitation source for the spectrum.

In analysing high-alloy steels, a high-frequency generator of con-
densed spark with impact excitation was used as the spectrum excita-
tion source. This generator ensured minimal erosive impact of the
light source on the metal (layer depth from 5 to 10 micrometers), high
stability, and accuracy of results while simultaneously determining
the content of all alloying elements. It also allowed for the practical
elimination of the metal structure’s influence on the analysis out-
comes. The coefficient of variation did not exceed 1%.

Changes in concentration and diffusion of components in the white
layer compared to the base metal could be caused by several factors,
among which the main ones include: heating due to friction, creating a
high temperature gradient; significant specific pressures causing de-
formation at high speeds and a high stress gradient; increased density
of dislocations and other defects in the crystal structure; electrotran-
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TABLE 2. Content of chemical elements (%) in the surface layers of samples of
alloyed steels after ultrasonic—mechanical treatment.

Steel Element | White layer | Raw material | Be, %o
C 0.69 0.48 114
Ni 0.18 0.16 112
Cr 1.25 0.99 126
S8HBA Mn 0.44 0.35 125
Si 0.25 0.15 167
w 0.51 0.51 100
C 1.95 1.70 112
Ni 0.32 0.21 152
Cu 0.17 0.12 142
Cr 14.0 11.0 127
HizM Mn 0.35 0.25 140
Si 0.45 0.22 204
A 0.15 0.15 100
Mo 0.46 0.46 100

sport, phase transformations, etc.

As a result of the tool rubbing against the workpiece, high tempera-
tures are generated in comparatively thin surface layers of the parts,
leading to a large temperature gradient. Such conditions facilitate the
directed transfer of elements from cooler to hotter layers of metal dur-
ing hardening, as well as their redistribution after hardening.

Tensile stresses can increase the diffusion coefficient by 2—3 orders
of magnitude. It should be emphasized that the effect of tensile stress-
es on accelerating diffusion is stronger at lower temperatures. During
the combined treatment process, individual volumes of metal in the
contact zone of the tool with the part are subjected to significant ten-
sile stresses. Thermomechanical stresses can precede the contact zone.
Stretched zones act as acceptors of electrons or individual atoms (nega-
tively charged), while compressed zones are donors (positively
charged). Consequently, during stretching, diffusion flows occur from
compressed to stretched zones, where, depending on the diffusion co-
efficient of the substrate and the concentration of elements, their mass
transfer takes place.

The maximum increase in carbon content in the white layer com-
pared to other elements is explained by the fact that carbon is a light
element with a smaller atomic radius than iron, forming an interstitial
solid solution with it. Chromium, manganese, silicon, and other ele-
ments forming substitutional solutions and having a larger atomic ra-
dius than iron migrate to the white layer less intensely than carbon.
Refractory heavy elements with a larger atomic radius such as V, Mo,
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Fig. 3. Microstructure of a ‘white layer’ obtained by combined treatment; x63.

W (Table 3) are the least mobile, and under these conditions, there ap-
pears to be insufficient time and energy for their transfer. The de-
pendency of the activation energy for the transfer of elements forming
substitutional solutions in iron from the physical properties of iron
and these elements is quite complex. This issue becomes even more
complicated with the additional impact of ultrasound.

During the combined treatment, the nickel content in the white lay-
er increases (Table 2). Ultrasonic vibrations, by altering the stressed
and deformed state of the metal, affect significantly the diffusion pro-
cess.

Nickel acts as a donor of elements in ferrous-carbon alloys and in-
creases the diffusion coefficient of carbon in austenite, facilitating the
formation of the white layer. An increase in the chromium content in
steel by more than 2-3% decreases the carbon diffusion coefficient in
austenite and worsens the conditions for the formation of these struc-
tures, as well as contributes to reducing the heat capacity of steel. For
example, it is significantly easier to obtain a quality white layer on
40H steel than on 4H13 steel under otherwise identical conditions.

A similar pattern is also observed with an increase in the content of
silicon and manganese in the presence of chromium (to obtain a white
layer on steels like BS0HGSA, 35HGSA, higher energies are required).
This behaviour of chromium and silicon is explained by the fact that
chromium, by increasing the charge of carbon ions, strengthens their
bond with the austenite lattice. Silicon, having a similar electronic
structure to carbon, can easily donate electrons to complete the 3d lev-
els of iron atoms and, in solution, can exist as a positively charged ion
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TABLE 3. Physical properties of the elements considered in Table 2.

R4 £ o
) = 3 .
2| Elg| 5 | &  Changein
GEJ g | g B g ¢ don raqllus relative Crystal cell
k) o g ° g toiron, nm
Al E |7 2 | 87
) o =
= - S a-Fe v-Fe
diamond, graphite,
C 4173 4 0.0550 64.47 -0.0689 -0.0736 face-centred cubic
(f.c.c.) (in metal)
Ni 1726 2 0.1243 18.15 -0.0004 -0.0043 f.c.c.
body-centred cubic
Pe 1812 2 0-1239 16.18 - - (b.c‘f’c.)
2 0.1286 - - - f.c.c.
Cu 1356 1 0.1275 7.72 +0.0036 -0.0011 f.c.c.
Cr 2193 3 0.1246 30.95 +0.0007 -0.0040 b.c.c.
Mn 1517 1 0.1365 7.73 +0.0126 +0.0079 complex cubic, f.c.c.
2 0.1332 15.64 +0.0093 0.0046 b.c.c.
Si 1683 4 0.1290 45.13 +0.0051 +0.0004 diamond,b.c.c.(in
metal)
vV 2173 5 0.1314 65.00 +0.0075 +0.0028 b.c.c.
Mo 2883 6 0.1360 68.00 +0.0121 +0.0074 b.c.c.
W 3683 6 0.1367 61.00 +0.0128 +0.0081 b.c.c.

like carbon. As a result of electrostatic repulsion, silicon displaces car-
bon. Through such a mechanism, silicon increases the thermodynamic
activity of carbon and its tendency towards graphitization in cast
irons.

Despite the significant acceleration of diffusion influenced by the
factors discussed above, explaining the diffusion process of individual
(especially light) elements across such large distances in such a short
time (1073 to 1072 seconds) using classical diffusion mechanisms is chal-
lenging. A distinctive feature of the diffusion process during such
treatment is its weak dependence on temperature and the method of
loading; the rate of deformation has a significant impact on diffusion,
occurring both through the volume and along grain boundaries, and is
more intense in metals with a dense crystalline lattice than in those
with a less dense b.c.c. lattice.

Experiments have shown that the microstructure of the white layer
obtained by the investigated methods of treating steels and cast irons
(Fig. 3) consists of fine-needle (fine-plate) martensite, residual austen-
ite, and in most cases, much dispersed carbides.
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4. CONCLUSION

The results obtained demonstrate that ultrasound significantly reduc-
es the resistance of metal to plastic deformation. As a result of the
combined treatment, a ‘white layer’ was formed on the surface, a
marked increase in the mobility of metal atoms was observed, and the
content of elements such as Ni, Si, and Mn in the white layer doubled.

In the contact zone on the surface, tensile stresses were generated
that, in our opinion, accelerated the diffusion and increased the mass
transfer.
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JocmigskeHHA BILIMBY KOMIIO3UIIil Ta TeMIIepaTypH Bigmay Ha
MiKPOCTPYKTYPY Ta MexaHiuHi B1actuBocTi croniB Fe—Cr—Al

apuenko™*, II. O. Xapuenko®, O. M. IIlokorosa*, B. O. JIuceuko”,
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PospobiieHo yzarajibHeHH# MoIeab (Da30BOTO IIOJA AJIS MOAEJTIOBAaHHS AUHA-
MiK1 MiKPOCTPYKTYPHUX IlepeTBOpeHb y cronax Fe—Cr—Al uHa ocHoBi 3aiisa 3
ypaxyBaHHAM AWHAMIKM PiBHOBa*KHMX TOUYKOBUX nedexTiB. HociigsxeHo nu-
HaMiKy mpoIieciB popMyBaHHSA Ta POCTY 30araueHnX Ha XPOM IPEIUIIiTaTiB o' -
¢dasu mig yac AOBrOTPMBAJIOTO Biflayly TBEPAOTO PO3UYMHY. BHMBUEHO BIIJINB
KOHIIeHTpAIlil JIeTyBaJIbHUX €JIEMEHTIiB i TeMIlepaTypu Bigmaysy Ha ZUHAMiuHi
Ta CTATUCTUYHI XapaKTepUCTUKHU 3pocTaounx npernuiiraris. IlokaszaHo ckeil-
JIHT'OBY AWMHAMIKY CepeIHbOT0 PO3Mipy IIpeluIiTaTiB, IXHbOI KiJIBKOCTH Ta
YHiBepcaJbHICTh PO3MOAiY 3a podMipamMu. ¥ paMKaxX HeJliHifiHOI Teopii npy-
"KHOCTH JOCJILIKEeHO IePePOo3IOAii IPYKHIX HAIPYKeHb IIi] Yac MeXaHiuHOTO
HaBaHTaKeHHA y BUTIIALL gedopmarrii 3cyBy. IIpoamanisoBaHO BIJINB KOMIIO-
3UIlii Ta TeMIIepaTypH Bignay Ha MeXaHiuHi BJJaCTUBOCTI CTOITY.
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BTOPUHHUX (ha3, CTATUCTUYHI XapaKTEPUCTUKHU.

A generalized model of the phase field is developed for modelling the dynam-
ics of microstructural transformations in iron-based Fe—Cr—Al alloys by tak-
ing into account the dynamics of equilibrium point defects. Dynamics of the
processes of formation and growth of chromium-enriched precipitates of o'-
phase during long-term annealing of solid solution is studied. An influence of
both the concentration of alloying elements and the annealing temperature
on the dynamic and statistical characteristics of the growing precipitates is
analysed. The scaling dynamics of the average size of precipitates, their
number as well as the universality of size distribution are shown. A redistri-
bution of elastic stresses under mechanical loading in the form of shear de-
formation is investigated within the framework of the nonlinear theory of
elasticity. The influence of both the composition and the annealing tempera-
ture on the mechanical properties of the alloy is analysed.

Key words: phase-field method, numerical modelling, precipitates of second-
ary phases, statistical properties.

(Ompumarno 11 6epesus 2024 p.; ocmamouhr. éapiaum — 6 mpaensa 2024 p.)

1. BCTYII

Cronu Fe—Cr—Al Ha ocHOBI 3a/1i3a yCIiNIHO BUKOPUCTOBYIOTHCA B SKOC-
Ti 000JIOHOK MAJMBHUX €JIEMEHTIiB Y aTOMHUX peaKTopax K ajJbTepHa-
TUBHI MO0 IIMPKOHIOBUX CTOMmiB. P0o3po0Ka IIMX CTOINB AJIS BUKOPIC-
TaHHA ¥ ATOMHi# eHepreTuIli B AKOCTi aBapiiHO-CTiHKUX 000JIOHOK IIa-
JauBa mouasuachk y 1960-x pokax. Ile 3ymoBiIeHO IXHBOIO BUCOKOIO CTiMKi-
CTIO ITIOJIO0 OKMCHEHHS 3a BUCOKOI TeMiepatypu [1, 2], KopoasiiiHoio Ta
pamidaimiiiHoio CcTifKicTio, 0COOMIMBOCTAME XeMiuHOI B3aeMOMii MiK ma-
JIUBOM i I10TO O0OJIOHKOIO, XOPOIIMMIM MeXaHiYHMMM BJIACTUBOCTSIMU
VIIPOIOBK TPUBAJIOT0 TEPMiHY BUKOPUCTAHHA iX B eKCTpeMaJbHUX
yMoBax (1ig uac ompomineHHsA) (I1B. 00TOBOpPeHH B podoTi [ 3]).
Y1upomoB:x oCTaHHIX TPHOX AECATUIIITH CIIOCTEPIiracThCA 3POCTAIOUNI
imTepec mo cromis Fe—Cr—Al, 30Kpema 3a/Jis1 BUKOPUCTAHHA IX y cydac-
HUX peaxKTopax, B TOMY UYHCJIi BUCOKOTeMIlepaTypHux. Iligx yac mocri-
MKeHHs BILIMBY JIET'YBAJIbHUX €JeMEeHTiB, 30KpemMa Xpomy # AJroMi-
Hiro, Ha (pisuKo-mMexaHiuHi BaacTuBocTi cromis Fe—Cr—Al exkcuepumen-
TAJIbHO OYyJIO IIOKAa3aHO, IO 30iJMbIIIeHHA KOHIIEHTpaIlili XpoMy B IIUX
CTOIIaX MOKe IPUBOAUTH IO IIOJIIIIEeHHA IXHBOI CTIHKOCTH 1010 KOPO-
3il mix yac exkcmayaraiii ix y BHCOKOTEMIIEPATYPHUX BOAAHUX PEaKTO-
pax, a TakoK IO IMiABUIMEHHSA OHOPY MO0 BUCOKOTEMIIEPATYPHOTO Ma-
poBoro okvcHeHHd [4]. ¥V Toi :Ke uac 0yJI0 BCTAHOBJIEHO, IIT0 30iIbIIIEH-
HA BMicTy XpoMy IPUBOAUTH O MOTEHITITHOI KPUXKOCTHU ITUX CTOIIB 3a
pobouux Temmeparyp B iHTepBayi 288—-320°C 3a paXxyHOK YTBOPEHHS
sbarauenoi Ha Xpom o'-hasu [5—7]. Bogmouac 36imbI1IeHHS KOHIIEHTPA-
il Asfominiio y cTomax mocuaioe iXHiH omip {00 BUCOKOTEMIIEPATyP-
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HOTO OKWMCHEHHS, IIPOTE MOJKe IIiABUINUTH TEeMIIEPATyPy KPUXKO-
mractTuaHoro mepexoxny [8]. Byso mokasamo, 1o gomaBaHHsS Oinbie 6
ar.% AnoMiHio € epeKTUBHUM 3a4Jd IMOHMKEHHSA CTAa0iJIBLHOCTH IIpe-
muiiTatis ¢asu, ToAl AK moJaJbIlle JOoZABAHHA AJIIOMiHiI0 IPUBOAUTH
ITo 30iIBbIITeHHA MEXKi PO3UMHHOCTY XPOMY B MaTpHILi 3aaisa [5, 6, 9].

IcTroTHU mporpec y BuBueHHi Biaactuocteii cromriB Fe—Cr—Al 3 pis-
HUM BMiCTOM JieT'yBaJIbHUX €JIeMEeHTIB JIJiAd BUKOPUCTAHHA iX YV AAepHUX
mporpaMax 0yB JOCATHYTUM 3a JOIIOMOTOI0 BUKOPUCTAHHSI METOI1B UIC-
JIOBOTO MOJIeJIOBaHHA Ha PiBHMX PiBHAX OIMKCY y paMKax 3arajbHOI
cxeMu GaraToMaciiTabHOTO MOAENTIOBAHHA. TyT 3 BUKOPUCTAHHAM PO3-
PaxyHKiB 3 IepIINX OIPUHIINIIIB OYJI0 BCTAHOBJIECHO eHePreTUYHI Xapak-
TEPUCTUKYU aToMHOTO nepeminryBanasa [10—12]. 3acTocyBanua MeTOAiB
MOJIEKYJISIPHOI AMHAMIKKM OAJI0 3MOTY BHBUHNTHU 3aJI’KHICTH MOIYJIIB
MIPY:KHOCTH Bim BMicTy JieryBanbHUX esnemMeHTiB [13]. Bukopucranus
Kimerununoro MomuTe-Kapao-migxony yMOXKJIMBUIO HOpoaHaizyBaTH
crabinpHicTs MikpocTpykTypu cromiB Fe—Cr—Al 3a moBrocTpoKoBOI
excmayaratiii [5]. 3 BUKoOpuCTaHHAM KJacHUYHOI Teopii ¢as3oBOro moJis
OyJ0 IIpoaHa/JIi30BaHO AUHAMIKY BHUIAAIHHA NOpenuIiTaTiB o'-pasu
(omuB., HampukJaanm, [14, 15]). ¥V pobori [16] 6y10 po3pobiieHO cTpaTeriio
CYMiCHOTO BUKOPUCTAHHS TEOPETUUYHUX Ta eKCIePUMEHTAILHUX HigXo-
miB gasa mocaimxenus cromiB Fe—Cr—Al. Ileit miaxig camoysrom:xeHum
YMHOM BPaxOBY€E Pe3yJIbTATH PO3PAXYHKIB 3 mepIIUX IPUHIIUIIIB, eKC-
mepuMeHTAIbHIUX Aocaimxensb i merogq CALPHAD, axuit 3aCTOCOBYETE-
cs IS OfepiKaHHA (pas3oBOi AiArpaMu TepMOAMHAMIUHOI piBHOBarm 3a
momomoroio 1166coBoi ereprii [17]. Bil € moTykHIM iHCTpyMeHTOM AJa
BuOOPY Jer'yBaIbHIX eJeMEHTIB 3 MeTOIO0 OIITHMMisallii cKJaaay maTepi-
SLTiB OJ1A KOHKPETHUX 3aCTOCYBaHb.

HentoxasBHill yeminrauii mporpec y po3yMiHHI MiKpOCTPYKTYPHUX IIe-
petrBopens y crounax Fe—Cr—Al i KimeTuky BUDAAiHHA HAHOPO3MipHOIL
o'-hasu sajauIliae AeAKi BiAKpUTI muTaHHsA, OB A3aHI 3 JeTAIbHUM
OIIMICOM €BOJIIOIil MiKPOCTPYKTYPHU 3a YMOB TPHUBAJIOTO Bigmayy 3a (Pik-
COBaHOI TeMHIepaTypu Ta IIPOTHO3YBAHHAM MeXaHIiUYHUX BJIACTHUBOCTEH
IUX CTOIIiB 3 PiBHUM BMiCTOM JIeI' yBaJIbHUX €JIEMEHTIB.

Mertoro mamoi pobOTH € AOCTimKeHHS BILIMBY KOHIIEHTpAIlil Jerysa-
JbHUX eJIeMEeHTIB i TeMmmepaTypu Ha (pismKo-MexXaHiuHi BJIACTHMBOCTI
croiuis Fe—Cr—Al y paMKax 41CJI0OBOr0 MOIEII0OBAHHS TePMiuHOr0o 06po-
OJIeHHsA TBEpAOTOo po3umHy. /I MbOro HaMu HPeACcTaBJIEHO y3arajibHe-
HUI MozAeab (pa3oBOro moJda 3 Bukopucramuam miaxomy CALPHAD,
BpaxoByiouu e(eKTH JIOKAJIbHOTO MeperpynyBaHHsA PiBHOBAXKHUX TOU-
KOoBUX AedeKTiB i B3BaeMoIil aTOMHOI ImifcucTeMu 3 IIiJcuCcTEMOIO dedeK-
TiB. OCHOBHUMM 3aBIaHHIMU € BUBUEHHS BILJIUBY JeI'YBAJIbHUX eJieMe-
HTiB Ha KiHeTUKY ()a30BOTr0 po3IIapyBaHHA 3a Pi3HUX TeMIIepaTyp Bif-
najay, CTAaTHUCTUYHI BJIACTUBOCTI 3pOCTAlOUMX BUIiJEHb o'-(hasu Ta Me-
XaHiuHi BJIACTUBOCTI MaTepiAJIiB 3a MeXaHiUHNX HaBaHTaKEHb.

PobGoTy opraHizoBaHO TaKMM UYMHOM. ¥ PO3Aiai 2 HaBegeHO dopMa-
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JidM, AKUN BUKOPUCTOBYETHCA IJIS MOIEJIIOBAHHSA METOHOI0 (ha30BOTO
noJyisg. ¥ TpeTboMy PO3JijJi HaBeJeHO Pe3yJbTaTH YMCJIOBOT'O MOEJIIO-
BauHs. TyT OKpeMo JOCIiIKyETHCSA €BOJIIOIiA cepeJHbLOT0 PO3Mipy IIpe-
IUIIiTaTiB, IXHBOI KiJIBbKOCTH, 00’€MHOI YacTKU Ta KOHIleHTpaIii Xpo-
MYy, a TaKOK IIPOBOJUTBLCA aHajisa MeXaHIUYHUX BJIACTUBOCTEH mij uac
MO/JeJIIOBAaHHS 30BHINTHIX HaBaHTaKEeHDb IJIA CTOIIB 3 Pi3HOIO KOHIIEHT-
pairiero eJeMeHTIiB 3a pisHUX TeMmIeparyp Bigmamy. OCHOBHI BUCHOBKU
Po0OTH TOaH0 B OCTAHHLOMY PO3IiTi.

2. Y3ATAJIBHEHUY MOJIEJIb ®A30BOI'0 I10JId

s mobymoBu y3araJabHEHOT0 MOAe 0 (a30BOro MOJIA AJad cucteM Fe—
Cr—Al 3 ypaxyBaHHAM IWHAMIKMA PiBHOBAYKHHX TOUKOBUX Je(eKTiB
yBeZeMo B po3rJisah KoHieHTpallii exementis Fe, Cr i Al, BusHaueHni ax
xy=N./N 3 pu={Fe,Cr, Al}, me N,—KinbKkicTh aToMiB copTy W,
N —zarajbHa KiJIbKiCcTh aTOMiB, i BUKOPUCTAEMO 3aKOH 30epesKeHHs
Macu Zu x, = 1. KoHmenTpaiiii ToukoBux aedeKTiB ¢q 3 d = {i, v} (MixK-

BY3JI0OBUX aToMiB (i) i BakaHCi# (V)) BUSHAUMMO y TaKWI caMUii CIIOCi6.
IIi xoHmenTpamii gaai 6yzeMo po3raAgaTy AK HeIEePEepBHI IMOJdA, AKi
€BOJIIOIIOHYIOTH y IpocTopi r i waci ¢: x, = x,(r, t), ca=c4(r, t).

2.1. ®ynknionan I'i66coBoi eneprii Ta piBHAHHS eBOIIONIT

V garanpHOMY BUIAAi GyHKITioHAT T0BHOI I 166C0BOI eHeprii 1y1s KiIacy
JOCJiI;KyBaHIUX CUCTEM MOKe OyTU ITOJAHUYN Y TAKOMY BUTJISTI:

G = = J, 16 ({x e, + Gy (Vi 1, (Ve DK (1)

ne nomauok G., OB’ sizaumii 3 xeMiuHo0 I 166C0BOTO eHeprielo, 10 3aJe-
JKUTH BiJl KOHIIEHTpAI[ill eJIeMeHTiB CTOIIy Ta TOUKOBUX medekTis; Gy
BU3HAUAE I'PAJi€HTHY YaCTHUHY; V,— MOJAPHUHA 00’eM; iHTerpyBaHHS
IIPOBOIUTHCSA IO BChoMY 00’ emy V.

I'yetuny BinbHOI eHeprii G., MOKHA IIOJATH Y BUTJIALL CYyMHU ABOX [IO-
MaHKiB, AKi OMMCYIOTb aTOMHY Ta Ae(GeKTHY IifcucTeMU HACTYIHUM
yuaOM: G = Go + Gu. Mossipra I'i66coBa enepris aromuoi mizcucremu G

_ (ref id ex ref __ 0 ™
BU3HAYaeThCA AK G, =G + G, + G, . Tyr G = Z“HGHxH I'i66coBa
. . 0 .
eHepris, sTKa BU3HAYAETLCA HMOTEHIiAIaMu GH i3 BUKOPUCTAHHAM Me-
rony CALPHAD [17]. Homanok G;d = RTzux“ In x, Bajmae €HTPOITiH-

HUI BHECOK, IIOB’A3aHUN 3 BUIIAAKOBUM IIePEeMIiIlIyBaHHAM ATOMIiB, Je
R—yuiBepcaibHa razoBa craja, 1 — abcoaioTHa TeMmmoeparypa. CKJia-
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moBa G = ZH#V x,x,L, , sanae Bigxui Bif imeasbHOCTH Ta BU3HAUAETH-

c 3aJIe’XKHUMU Bif TeMIlepaTypu Koedinienramu B3aemonii Lyy = Lw(T).
fi66COBy eHepriio G4 oA migcucreMu TOUYKOBUX AedeKTiB d = {i, v}

id int
MOXKHa 3ammcatu TakuMm umHOM: G, = zd G/ +G*+GM™. Tyr

Gg —eHepria opmyBaHHs Ae(deKTy, AKa BUSHAUAETLCA Uepesd eHeprii
dopmyBaHHA G)* neeKTiB y UMCTUX Marepisiax i cepesHi KOHIEHT-
ves . . f _ f’ —_ —_— . .
pariii aromiB y cromi K G = Zu G,"x, , Ae X, BIAHOCHUTBHCA /{0 HOMiHA-

JIBHOI KOHIIeHTpamii |. BinmoBinauii eHTponiiHNMY BHECOK Ma€ BUTJIAL
G = RTc,Inc,. Eneprii Bsaemopii Mix nepexramu # aromamu G

t

BU3HAYAIOTLCA y TaKuii croci6: G = cdzM x, G , me s emepriit B3a-

emMozil nepeKT—aTOM BUKOPHCTOBYEMO BUSHAUEeHH [18]

iy =Gy + G/ 2

coh

TyT G,

YUCJIO.
KomGinyioun Bci HaBemeHi Buie Bupasu, ryctuny Ii66coBoi BLIbHOL

eueprii G., gas crony Fe—Cr—Al 3 ypaxyBaHHAM TOUYKOBHUX Ie(deKTiB

IIPeICTaBUMO y TAKOMY BUTJIAIi

mo3Haya€e BiAMOBiAHY eHepriio kKoresii, Z—KoopauHAaIliliHe

0 0 0
Gch (xFe’ xCr’ xAl’ cv’ ci) - GFexFe + GCerr + GAlel +
7 f
+Gle, + Gle, +
+RT[x;, Inx,, +x,, Inx, +x,1nx, +

+c,Inc, + ¢ Inc]+

(2)
+xFexCrLFe,Cr + xFexAlL

Fe, Al +

+xCrxAlLCr,A1 +

int

int int
+cv [xFeG v—Cr + xAle—Al] +

v—Fe

int
+ci [xFeGi—Fe

+ x.,G
+ xCrGii—n(t}r + %4G ]

fpa;:ieHTHa yacTUHA BiabHOI eHeprii Gv Mae CTaHIAPTHUM BUTJIAI:
G, = Z:p(/%zu /2)(Vx, )2 + Zd (k, /2)(Vcd)2 . Enepreruuni koucrauTu {k,}
BU3HAUAIOThCA BiamoBimmo mo Ximaapmosoro miaxomy [19]. Bymemo
BBaXKaTU, WO ky=Fk, ne k=L, a’/6, a= ZuaszH , a,—TIapameTep

I'PATHUIL AJIS YMCTUX MeTaJiB. 3 METOI YHUKHEHHS HeraTHMBHOIO I'pa-
IieHTy eHeprii Ta 3a0e3meUeHH HEBIIOPSAIKOBAHOCTH CUCTEMU AJIS KOH-
crtaHT k; i k, 3acTocyemo opMmanism, posrasuyTuii y podborax [20, 21], i
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BU3HAUYNMO IX IK kg = kv= k..

PiBHAHHS eBOJIOIII ITOJIIB KOHIIEHTPAIIill /I cCUCTEMU 3i 30epesKHOI0
IUHAMiKOIO 3aIllCYIOThCS 34 MOIIOMOroio BBemeHHs OHcarepoBUX Koe-
dimieHTiB y crangapTuuii crmoci6. Bepyuu mo yBaru 3axoH 30epe:KeHHs
MacH Ta BU3HAYAIOUMN KOHIleHTPAaIlito @epyMy K OCHOBHOTO €JIeMEHTY:
Xre=1— Xcr— XA, IUHAMIKY Bciel cucteMu OyaeMo BM3HAYATU PiBHAH-
uHamu Tuny Kana—Xinnapga[19, 22]:

oG 8G
0%, =V -[Mg, o,V _—+ MCr,AIVB_]’
Cr xAl
8G 3G
0%y =V - [Myy\V—+M,\V—1
dx,, ox,,
5G 3)
o, =V LV,
dc,
o, =V- Livﬁ.
oc,

L

KoedimieaTn mobimbHOCTH Mcrcr, Maia, Mcr,al MAIOTh TaKUHA BUTJISAL
[15, 23-25]:
MCr,Cr

My o =240 - xAl)z M, + %25, My, + X500, M, 1, (4)
M = X6, X [Xp My, — (L= 2, )M, — (L= x,)M ],

2
X [(X = 26, )" M, + X6, %M 5 + X, X5, Mg, 1

Cr,Al

ne Mye, M a1 i Mc, — BigmoBigHI PyXJIMBOCTI AJIST YMNCTUX €JIEMEHTIB, AKi
BU3HAYAIOThCA cTaHAApTHUM unHoMm: M, = D,/(RT), D, — BignoBixuuii
KoedimienT nudysii aromiB. PyxiauBicTh Oy BakaHCiil i MisKBYy3J10BUX
aTomiB Bubmpaemo ctaHgapTHUM umHOM: Ls= Dycq/(RT), ne D, — Bin-
noBimHMN KoedimieHT anudysii ToukoBux maedextiB. Cucrema piBHAHD
(3) 3 KOHIEeHTPAI[IMHO3AJEKHUMU PYXJNUBOCTAMHU (4) € OCHOBHOIO IS
JOCTiIKeHHSA JIOKAJLHOTO IEepepos3Iofijly KOHIeHTpPAaIlii eJeMeHTiB
CTONY Ta MOCHiIKeHHS CTATUCTUUYHUX BJIACTUBOCTEH IIPEIUIIiTATIiB o-
dasu 3a TepMiTHOTO 00POOIeHHA.

2.2. Moaenp THHAMIKHU NPY:KHIX MOJIB i Yac HABaHTaKeHb

JJia pocaimskeHHA eBOJIONIT IPY:KHIX MOJIiB y BigmaseHomy croiri Fe—
Cr—Al 3a HaABHOCTH 30BHIIIIHLOTO MEXaHiYHOI'0O HABAHTAYKEHHS BHUKO-
pucraemo migxim, obroBopenmit y poborax [26—29]. ¥V paMKax IILOTO
migxoxy mo I'i66coBoi BinbHOI eneprii (1) YBOAUTHCSA MIPYIKHS CKJIALOBA
Ge(xy, U), AKY 3yMOBJIEHO HEBiOBiZHiCTIO TapaMeTpiB I'PaTHUIL] 3TiJ-
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HO 3 BerapmoBum 3axkoHOM; U= (U, U;)— BEKTOpP NPY'KHIiX 3MIiIlleHb,
AKWI BUBHAYAE KOMIIOHEHTH IPYKHBOI medopMalrii: ei=OlUx+ Oylly,
€2 = Oxlly — Oylly, €3 = Oxlly + Oylix. 'yCTHA IPYIKHBOI eHeprii

(4

1
G, ZEKef + (e, ;) + ey x, (5)

BU3HAUYAETLCA 3a MJOIOMOIOI0 IIPY:KHBOI eHeprii mmaaramii (K—
00’eMHUH MOAYJIb) i TPy KHBOI eHeprii 3cyBy

v
D(e,,e;) = F[l —cos ni(e, + e;)cos (e, —e;)], (6)
e V— MOJYJIb 3CYBY. ¥ BUNAAKY MaIux Aedopmarttiii (Jeq,s| << 1) arigmo 3

JiHiHOIO Teopielo MPYKHOCTH T'yCTUHA IIPYKHBOI eHeprii G. HabyBae
2 2 2
crangaptHoro Buraany: G, =[Ke; +v,(e; +e€;)]/ 2, ne vo BUsHauUaeTbCA

yepes3 3BuUanHi Monyai mpy:kHOCTH C; v idorpomHomy Bunmaaky [30].
OcTaHHill JogaHOK yV piBHAHHI (D) mpeacTaBide 3B’ 130K MiK moJieM [Ie-
dopmarrii Ta moJeM KOHIIeHTpaIlii 3 mapamerpoMm o> 0. Y sarajibHOMY
BUIIaIKy MOXKHAa BBayKaTU, 1110 IPYKHI Mmoayui K Ta v 3ajexaTb Bif Jo-
KaJabHOI KoHIleHTparii peuosunnu: K = Z pr“ , V= Zvux“ i BU3Haue-
Hi dyepes npyskHi Moxyai K, v, IJId YUCTUX MaTepidamiB.

EBouroniisi BeKTopa mpy:KHiIX 3MiIlleHh U BU3HAYAETLCS 3 PiBHAHHSA
HIBUIKOCTH IIPYsKHBOTO IT0JA V = 0u/0t TakuM unzoMm [30]:

p% =n,V>v+V - c, &)

e p—TyCTHHA, To— 3CYBHA B’A3KicTh. TeH30p HPYKHIX HANPYKEeHb
3a0BOJIbHsAE yMOBi V-0 = —8G / du.

2.3. YMOBM MOJeJII0OBAHHA i1 00MeKeHHA

[ umcesbHOTO MOCTimKeHHA IIpoliecy (PaszoBOTO PO3MIapyBaHHSA ITij
yac BiAmmasy 3a BUXiTHY MiKPOCTPYKTYPY BiAIIOBiIHOTO CTOITY Bi3bMeMO
TBePAWI PO3UYMH 3 PIiBHOMIPHO PO3HOLIJIEHMMU HOJAMU KOHIIEHTPAIlil
BCiX KOMIIOHEHTiB, BKJIIOUAIOUN TOYKOBi medexTtu. B sKocTi mouaTko-

BUX KOH(pIrypamiii My BHUKOPHCTOBYEMO: <xH (0)> = ;u " <cd (0)> =c;
<(xll (0)-x,) 2> =107x,, <(cd (0)—c* )2> =10"°¢Y, ne c*’ — piBHOBa)KHA

KOHIIeHTpAIlid BiAMOBiIHUX TOUKOBUX AedekTiB. IIpoienypy unciioBoro
MOJeJIIOBAaHHS peajiisoBaHO Ha KBaApaTHIiA rpartHuni L x L JiHifiHOTO
poamipy L=NAx 3 N =128 By3siamMu B KO:KHOMY HAIIPAMKY Ta e(DEKTHUB-
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HUM TIapaMeTpPoOM PO3paxyHKoOBOI r'paTHUIl Ax =1 i3 BUKOpPUCTaHHIM
cuexTpanbHoro dyp’e-merony [31-34] 3 mepiognmuHMUMU KPamoBUMU
yMmoBamMu. Jig 3pYYHOCTH IIPOBOAMMO 3HEPO3MipHEHHS CHUCTEMU PiB-

HAHD (4) IIAXOM yBeleHH:A Ge3posMipHoro yacy t' = ¢¢* / D,, Ta 6espo-
aMipHol Bigmanxi r' =r//, { = a . IarerpyBanHa piBHAHL (4) 32 yacoM t'

IIPOBOJUTHCA 3 KpoKoM At' = 1073,
IIixg yac MomeOBaHHSA MeXaHIiUHMX HaBaHTaXKeHb OyleMO BIMiproBa-

)1/2

e . . .
TH Yac B OAUHULAX T=(p/ V., aE , e T— MIKPOCKOIiUHMNiI uac Io-

pagky 1072 ¢ iz momepeuHoo MBUAKICTIO 3BYKY (Ver/p)Y2. Bigmosiguo
o pobotu [27], moKIaxEMO Mo =TMo/Ver=1 1 BUKOPHCTAEMO TTIEPEHOPMO-
BaHi IpysKHIi sMimenHas u' =g 'u Ta mBuUAKicTs V' = a 'tv. Toxi Kommo-
HEHTHU HAIPYKEHHs V BUMipIOIOThCA B OTUHUIIAX Ver. 151 6€3po3MipHO-
ro mapameTrpa 3B’ 3Ky mokJamaeMo o/ ver = 0,5. Bignaneni cronu Fe—Cr—
Al 6ymemo migmaBaTy MexXaHIUHMM HAaBAHTAMKEHHSIM Yy BUIJISAL medop-
MaIii 3cyBy Yy = y¢ 3 IOCTifiHOIO IIBUJKiCTIO, BUMipAHOIO B OUHUIAX

1. ¥V aKocTi KpaloBUX YMOB [JJIA BEKTOpA IPYKHIX 3MillleHb U 06epeMo
Ux=uy=0 sausy # u,=yN i u,=0 3Bepxy 3 HmepioAUYHUMU yMOBaMH 3
6oxkiB. [louaTKoBi ymMoBU 06epemo TakuMu: u=v=_0.

Mu posriasHeMo YOTHPHU KOH(Dirypaiiii Teepaoro posunny Fe—Cr—Al,
SAKi Oymemo migmaBaTu TepMivHOMY 00POOJIEHHIO 3a PiSHUX TeMIIepaTyp
3 MEeTOIO0 HOCJIIIKeHHA NTUHAMIKHM YTBOPEHHS Ta 3POCTaHHA o'-hasm i
aHaJIi3W BILJIMBY JIeTYBAJbHUX €JIEMEHTiB i TeMIIepaTypu Bigmaay Ha oc-
HOBHi CTATUCTWYHI BJACTHUBOCTI MiKpPOCTPYKTYpPH CTOIIy Ta MeXaHiuHi
BJIACTMBOCTI 32 30BHINITHiX HaBaHTaKeHb.

IIix vac mpoBeAeHHSs YMCJIOBOTO MOIENIOBAHHA 6yIeMO BUKOPUCTOBY -
BaTH HU3KY TepPMOAWMHAMIUHMX 1 IPYsKHIX KOHCTAHT, HaBEIEHUX Y
raba. 1.

TABJHUIIA 1. KoHcTaHTHU Ta TapaMeTpH, SKi BUKOPUCTAHO Y MOIEJIIOBaHHi.

TABLE 1. Material parameters used in simulations.

ITapameTep ‘POBMipHiCTB| 3HaUeHHs | ITocunanusa
Gge Ix/Monb 1225,7+ 123,17 - 23,51TIn(T)
-0,439752 x 107272
-0,589269 x 107'T3 + 77358,5/T [17]
G, Ik /vons  —8856,9 + 157,48 — 26,9TIn(T)

0,189435 x 102T?
~0,147721 x 10-°T% + 139250,/ T [17]
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IIpodosicenns TABJIUIII 1.
Continuation of TABLE 1.
ITapameTep ‘POSMipHiCTL| 3HaUeHHs | ITocunanusa
G?, % /MOJIB -1193,24 + 218,23T
-38,584TIn(T) + 0,0185T2
-0,576 x 10°T% + 74092/T [17]
Le,cr % /MOJIB 20500 — 9,687 [17]
Loal Il2% /MOJIB ~-54900 + 10T [17]
Lreal Ils%/MOJIB -122452,9 + 31,6455T [17]
ka Tox /M 6,91 x 10°° [21]
El. eB 3,52 [35]
El . eB 1,4 [36]
G II% /MOJIb 413000 [37]
G Il>% / MoTE 395000 [37]
El,, eB 3,356 [38]
El, eB 1,36 [39]
Dr. M2/c 2,8 x 10~4exp(-251000/(RT)) [40]
De: M2/c 3,7 x 10-3exp(-267000/(RT)) [40]
Da M%/c 5,2 x 10 %exp(-246000/(RT)) [40]
Dy m?/c 3,84 x 10*exp(-300000/(RT)) [21]
D, M2/c 2,05 x 10~%exp(-280000/(RT)) [21]
Kre, Kor, Kan I'Mla 170, 160, 76
VFe, Vcry VAL I'TIa 82,115, 26
PFes Pers PAL r/cm® 7,87, 7,15, 2,70

3. PESYJbBTATH YNCJ0BOI'O MOAEJIOBAHHSA
3.1. BunagiHHA MpenuImiTaTIiB i Yac BiAIaJi0BaHHSA TBEPIAOTO PO3YUHY

¥ saxrocti TecToBOrOo 3paska posriaHeMo TBepauit posunH Fe—30% Cr—
5% Al, axuii migmaemMo TepMiuHOMY OOpPOOJIEHHIO 3a TeMIIepaTypu
T =710 K. TunoBuii ciieHapiii mpoiiecy ¢a3oBOro po3mniapyBaHHs IIOKa-
3aHO Ha puc. 1. TyT KoHIleHTpaIlii 060X eJleMeHTiB HaHeCeHO BimTiHka-
MU ciporo KoJbopy Bim 6imoro (HyJis) 4o YopHOro (MaKcuMaJibHE 3HA-
yeHHs KOHIleHTpaIii BignoBiguoro exemenTa: 0,1 gis Anrominiro ra 1,0
I Xpomy).

3 puCyHKa BUIHO, IO 3 IJIMHOM Yacy 3 TOMOTeHHOI'0 PO3moainy (TBe-
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Puc. 1. Lnroctparii nmoasa xkoumnenrparii Cr(r) (a) i Al(r) (6) sa BigmamroBaHHS
TBepaoro posunny Fe—30% Cr—5% Al za remneparypu T =710 K.

Fig. 1. Snapshots of the concentration field of Cr(r) (a) and Al(r) (6) during
annealing of a solid solution Fe—30% Cr—5% Al at a temperature T'= 710 K.

PAOro po3umHYy) MOUYNHAIOTh BUAIIATHCS 30araveni Ta 30imHeHi Ha KOH-
IeHTpaIliio JOMilIok obsacTi. ¥ pe3yabTaTi BiKe mmicasa 23 ToguH Bigma-
JIOBaHHS BUIIIAIOTHCA IperumiTatu o -gasm, 3daraueHi Ha KOHIIEHT-
pamtito Xpomy (uopHi o6sacTi Ha puc. 1, a). Bogrouac AnroMiHii piBHO-
MipHO PO3WOIiNsgeThesa y MaTpulli (rmosa mpernumitaramu). Ilig gac miel
cramii HykJaearii (mo 58 rogmi) Bci yTBOpeHi IIpenmuIriTaT xapakTepu-
3YIOThCA Maike OJHAKOBHMHK po3MipaMu. 3a IOZAJBIIIOTO BigmaJiio-
BaHHSA Bi0yBaeThcA mepexia g0 cTamii Bu3piBaHHA, KOJIM YTBOPEHI IIpe-
MUIIiTaTU MMOYMHAIOTh B3aeMOIiATU onuH 3 ogHuM. Ili edhekTr mpuBo-
OATH OO TOTO, IO 3arajbHa KiJIbKiCTh IPEeUIIiTaTiB II0OYMHAE 3MEHIITY-
BaTHCS 3a PaXYHOK TOTO0, ITIO0 MaJi BUALIEHHS (3 pO3MipoM, MEHIITUM 3a
KPUTHUYHUI) POSUMHSAIOTECA. BomHouac BeauKi mpernuiitatu s3abupa-
IOTH MaTePifAJ 3 MAaTPUIIL Ta IIPOJOBKYIOTH 30iJIBLIITYBATHCI ¥ po3Mipax
3a crieHapiem OcTBaJIbIOBOTO JO3PiBaHHA.

3HIMKHK IPOCTOPOBOTO PO3MOAiIYy KOHIIEHTPAIlill BaKaHCiil i MisKBYS3-
JIOBUX aTOMIiB IIicas Biamaay TBepmoro pos3uuHy mporarom 230 roguu
oKasaHo Ha puc. 2. MoskHA mobaunTH, IO BaKaHCii KBasMOIHOPiTHO
posmnoaisieHi Mo BCbOMY CTOIIY, TOJi AK MisKBY3JI0Bi aToMH 3€01/IbIIIOTO
30cepelsKeHi y HeBeINKUX NPerHuIiTaTax i y BeJIUKUX IM00In3y Mexxi
moxiay das. ¥ TOH Ke yac MisKBY3JIOBi aTOMU He KJIaCTepu3yIOThCA I00-
JaU3y MeXKi moainy gas y maTpuuHii dasi.

JaJii mpoaHaidyeMo BILJIMB JeI'YBaJIbHUX €JIeMEHTIB i TemMmepaTypu
Biimaay Ha AWHAMIiKY BUIIQAiHHA IIPEIUIiTaTiB XpoMy Ta IXHi cTaTuc-
TUYHI XapaKTePUCTUKU. [JId ITbOT0 MU PO3TJIATAEMO MIiCTh PiBHUX CHUC-
TeM 3 XapaKTepUCTUKAMU, HaBeJeHuMH B Ta0JI. 2.
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Puc. 2. LnrocTpaliii IpocTOpPOBOTO PO3IOIiNy MOJiB KOHIIEHTPAIlill Bakauciit (a)
i miskBy3sI0BUX aTomiB (0) y Bignmamernomy cromi Fe—30% Cr—5% Al 3a remnepa-
Typu T =710 K yopogos:x t = 230 roguH.

Fig. 2. Snapshots of the spatial distribution of the concentration fields of va-
cancies (a) and interstitial atoms (6) in an annealed Fe—30% Cr—5% Al alloy at
a temperature T'= 710 K during ¢ = 230 hours.

TABJINIIA 2. KonmenTpaiis jJerysajbHIUX €JIeMEHTiB, TeMIlepaTypa Ta 3ara-
JBHUHY Yac BiAIamy IOCIiAKyBaHUX CUCTEM.

TABLE 2. Content of alloying elements, annealing temperature, and total an-
nealing time of considered systems.

Homep | Koumnenrparmisa | Koumenrparisi | Temmeparypa | 3aranbHuii uac

CHUCTEeMHU Xpomy, % Asromigiro, % Bigmany, K |Bigmamy, rommau
1 30 5 710 230
2 35 5 710 230
3 30 7 710 230
4 30 2 710 230
5 30 5 750 39
6 30 5 670 4288

PesynbTaTin cTocoBHO eBOJIONII cepeaHLOro po3mipy (R) mperuiriTa-
TiB o'-pasu, iIxHLOI KiTbKOoCTH N, 00’€MHOI YaCTKM IPEIUIIiTaTiB i KOH-
meuTpanii Xpomy B o'-(asi mig uac BigmaaoBaHHA HaBeIeHO Ha PUC. 3.
Homep KpuBoi Ha puc. 3 Bigmosigae Homepy cuctemu B Tabi. 2. Ciaix 3a-
3HAUUTH, III0 B paMKaX BUKOPUCTAHOTO «CKaJIOBAaHHA» 0e3p03MipHOTO
yacy (isumuHmil yac (B ronrHax) 3ajIe;KUTh IK BiJl KOHIIEHTpAIIii JeryBa-
JBbHUX eJIeMEeHTiB uepes3 Bu3HAUeHHA e(heKTUBHOrO mMapaMeTpa I'paTHHUITI
¢, TaK 1 Bim TeMmepaTypu OCaIKeHH:A, AKA BU3Hauae KoedimieuTu gu-
dyaii. Tomy npoBeneHHSI MOAeIIOBAHHA 10 (hiKCOBaHOr0o 6€3P03MipHOTO
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Puc. 3. EBoutroriia (a) cepenuboro po3mipy (R) mpemumirariB o'-(asu, (6) ixHBOI
KimbKocTu N, (8) 00’eMHOI HacTKU mpenumiTaTiB i (2) KoHIeHTpalii Xpomy B
o/-hasi mig yac BimmasrroBaHHS TBePAMUX PO3UYMHIB 3 Pi3HOIO KOHIIEHTPAI[IEIO 3a
pisHuX TemnoepaTyp (HoMepu BU3HAUAIOTH TUII CUCTEMH 3 TabJ1. 2).

Fig. 3. Evolution of (a) average size (R) of o’-phase precipitates, (6) their num-
ber N, (8) volume fraction of precipitates, and (2) chromium concentration
within the o’-phase at annealing of solid solutions of different concentrations at
different temperatures (numbers define the system type in Table 2).

Yacy OJIS BCiX IIiCTBOX CHUCTEM 3 TabJ. 2 YMOMKJIUBIIIOE IIOJATH PE3YJib-
TaTU IJd pidHOTro (hi3MUYHOTO Uacy BifIIaaoBaHHAd.

VY axocTi Kpurtepiro popMyBanua 30araueHnX Ha XpPOM IPEIUIIiTaTiB
o'-(hasu 6ymeMo BBaXKaTU Te, IO JIOKAJbHA KOHIIEHTPAI[id XPOoMY Xc(T)
nepeBuIrye Kputuude 3HaveHHa 0,5. CmepIry posriasgsHeMO eBOJIIOIiI0
cepeIHbOTO JIiHifTHOTO po3Mipy mpemuniraTis (R) Ta ixHb0I KinbKoOCTi N,
moJaHUX Ha puc. 3, a, 6 BigmoBiguo. IlpenumiTary mounHAOTh Popmy-
BaTHCSH IIiCJIA IIEBHOTO iHKYOAIifHOTO Yacy. 3 IMOPiBHAHHSI KPUBUX BU-
ILJINBAE, 110 30iJIbIIIeHHS AK KOHIIEeHTPAIlil Ier'yBaJbHUX €JIeMEeHTIiB, TaK
i TemIepaTypu BiAnasly MpUIMBUAINYE IIpollecu (popMyBaHHA HTPEIUILi-
ratiB. Ha eramax ¢gopMmyBaHHA IXHI po3Mip i KiJIBKicTh CTPiMKO 3poc-
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TaOTh 3 YacoM BigmaaioBaHHA. Ha craznii BuspiBaHHSA IIpoIilecy B3aeMoO-
YMHY OPEIUIiTaATiB yHOBiILHIOIOTh HMHAMIKY 3POCTAaHHS CEPEeIHbLOIO
pPo3Mipy; iXHA KiJIbKiCTh 3MEHIIYEThCA 3 yacoM. Taka fuHaMiKa cepej-
HBOT'O PO3Mipy Ta KiJIBKOCTH BUOiJIeHh HOBOI (pas3u € XapaKTEepPHOIO IJId
cueHapiro OcTBanbgoBoro Bu3piBamHs. Ha 1mii crazgii, Hesamle:xXHO Bif
KOHITeHTpAaIlil Jier'yBaJbHUX €JIEMEHTIB i TeMnepaTypu Bigmanay, peai-
3YIOThCA CKelTiHr'oBi saxkonm (R(t)) o t* Ta N(t)ct® 3 moxasaumKamu
a=1/3, p=-1, mo e xapaktepaumu aasa teopii Jlipmmumna—Caro3oBa—
Barnepa [41, 42]. TyT 36inbIteHHA KOHIIeHTpAIlii XpoMy IPUBOIUTE IO
30iJIbIIIeHHS PO3MipiB IPeInIIiTaTiB 3a THX cAaMMUX UYACiB BifmaJaioBaHHs
(mop. kpusi 1 i 2 Ha puc. 3, a), ToAi AK BapiAlia KoHIeHTpaIii Anxomi-
Hil0 He BIJIMBAE iCTOTHO Ha Po3Mip Buaijensb (mop. KpuBi 1 i 3 Ta 4 Ha
puc. 3, a). Pasom 3 TuM KOHIIeHTpaIlid 000X Jer'yBaJbHUX €JIEMEHTiB
iCTOTHO He BILIMBA€ Ha KIJbKICTh IIPEIUHOITATIB 3a JTOBIOCTPOKOBOIO
Bigmasy (mop. kpusi 112, 3, 4 Ha puc. 3, 6). IligBuiiienua TremepaTypu
Bifimaay MpUBOAUTH M0 (hopMyBaHHA MEHIIOI KiJIBKOCTU IIPeIUIIiTaTiB
i3 6ixpImuM po3mipom (mop. KpuBi 1 i 5, 6 Ha puc. 3, a, 6). laui, ogep-
JKaHi IJA cepeqHbOTO PO3Mipy HpeIuIIiTaTiB Ta IXHbOI KiTbKocTHu («IIe-
PECKAILOBAHOI» B OQUHUIIAX CM °) IJIs NOCIIIKYBAHOTO CTOIY ZoOpe
CHiBBiTHOCATHCA 3 €KCIEPUMEHTAJLHUMU Ta YMUCJIOBUMHU maHumu [14,
15, 43, 44].

Ha pucyuky 3, 8, 2 HaBeIeHO eBOJIIOIiI0 00’€MHOI YaCTKU IIpeIumIiTa-
TiB o’ -(pasu Ta KoHIleHTpaIlii Xpomy B HuX BigmosigHo. Cirig sasmaunTu,
110 30iJbIMIeHHS KOHIIEHTPAIlil Jier'yBaJbHUX €JIeMEHTIB IPUBOIUTEL IO
30iJBITIeHHa 000X IMuX xapakTtepucTuk (mop. KpuBi 1 i 2 ta 3 i 4 ma
puc. 3, 8, 2). IligBuIlieHHa TeMOepaTypH BiAIaay IPUBOIUTH IO TaKOTO
K edexrty (mop. Kpusi 1, 5, 6 ma puc. 3, 8, 2). Omep:kaHi pesyabTaTn
IITOJI0 BILJIMBY JIEI'YBAJbHUX €JEMEHTIB i TemMmepaTypu Bigmaisy moOpe
Y3TOIKYIOThCSA 3 pe3yjJbTaTaMu IIoIepenHixX mociaimkens [14, 15]. YVo-
POIOBK HOBrOTPUBAJIOrO ocamkeHHs 01u3bKo 70—80% Xpomy 3ocepe-
I:KeHo B o/-(hasi, Toai AK 06’eMHAa YacTKa IIPEeIUIiTATIiB CTAHOBUTD OJIN-
3pK0 20—-25% B3aye:XHO BiJ HOMIHAJBLHOTO CKJAIy Ta TeMIIEpaTypH.
Opepsxani mami go0pe CHiBBiZHOCATHCA 3 €KCIEPUMEHTAJBHUMU CIIO-
CTepeKeHHAMHU Ta pe3yabTaTaMu YKMCJIOBOTO MoZenioBaHHd [14, 15, 44].

Hanpuriani posaisy mpoaHaJisyeMo po3mo/Iij IpeluniTaTiB 3a pos-
MipaMu IJIs BCiX ITiCThOX cucTeM 3 TabJI. 2 3a JOBIOCTPOKOBOTO Bigmary
BiAIOBiZHOTO TBEPAOTO PO3UMHY 3a obpaHoi Temmeparypu. LitocTparii
IPOCTOPOBOT'O PO3MOAiaYy mpenuiriTariB o'-hasu IJad BCixX JOCIHiAKyBa-
HUX CHCTeM HAIpUKiHII yacy Bigmany Ha craxmii BuspiBanHA (3 Tabu. 2)
HaBeJeHOo Ha puc. 4, a. Po3moginu nmpenumitTaTiB 3a posMipaMu BiZHOCHO
CepesHLOTO0 PO3Mipy mogaHo Ha puc. 4,06 BiAMOBIiIHMMU MapKepaMMH.
Bupgmno, 1110, He3aJIesKHO BiJl KOHIIEHTPAIIil Jer'yBaJbHIX €JIEMEHTIB i Te-
MIIepaTypu BiAmayy, po3mOAisl 3aUINaeThcA yHiBepcaabHUM. CyIliib-
HOIO KpHMBOIO HaBeneHo poamnoaina Jlipmuia—CasosoBa—Baruepa [41, 42],
AKUH To0pe OIICcye ofep:KaHi unciaoBi gani. OTike, Jo0JaTKOBE BBEIeHHS
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Puc. 4. Lnrocrpariii moas xoumenTparii Cr(r) y BigTiHKax ciporo Koabopy Bin
6imoro (0.0) o wopuoro (1.0) y BigmaseHnX cTomax 3 pisHOI KOHIIEHTPAIII€I0 3a
pisHUX TemiepaTyp (HOMepu BU3HAUYAIOTH THUII CUCTEMHU 3 Ta0JI. 2).

Fig. 4. Snapshots of the concentration field of Cr(r) in grey scale from white
colour (0.0) to black one (1.0) in annealed alloys of different concentrations at
different temperatures (numbers define the system type in Table 2).

Xpomy abo AsroMiHio He 3MiHIOE€ YHiBepCAJIbLHOCTH PO3MOAiAY BUALIEHD
3a po3MipaMu Ha cTafii BU3PiBaHHA 3a Pi3HUX TeMIepaTyp.

3.2. ledopmalris Ta MexaHiuHi BJIaCTUBOCTI

Jaa omiHKYM BILIMBY TeMIepaTypu, BMicTy Xpomy i AnoMiHilo Ha Me-
xamiuni BiactuBocTi croniB Fe—Cr—Al 6y/0 BUKOHAHO MOJeIIOBaHHS
30BHIIIIHBOT'O MEXaHIiUHOTr0o HABAHTAYKEHHS Y BUIVIALL 3CYBY 3a CTaJIOl
mBugkoctu y 10° ¢t edopmariiiini KpuBi 3CyBY AJIA PO3IVIALYBAHUX
3paskiB HaBeseHO Ha puc. 5. TyT mogano 3ayme;XHOCTi ycepeJHeHX 3HA-
YeHb 3CYBHUX HAIIPYKEHb (Cy,) BiJl MpuKJIameHol gedopmaiii y. 3 omep-
JKaHUX JeopMaIlifHIX KPUBUX OyJI0 BU3HAUEHO MeXXi IIJIMHHOCTHU Oys
Ta MiIITHOCTH Gy, 3HAUEHHSA AKUX BimoOpakeHo Ha BCTABIIL 0 PUCYHKY.
Me:xa nanHHOCTU BudHauajgach AK 0,2% nnactuunHoil gedopmarrii; me:xa
MiITHOCTHM BifIIOBiZae MaKCUMAJIbHUM 3HAUEHHSIM HAIPY:KeHb 0 PYyH-
HYBaHHA 3paskKa. AHaiza oep:KaHNX pe3yJbTaTiB MMOKA3ye, 1[0 Mexa-
HiuHi BJACTHBOCTI HaOYBaIOTL HIUIKUMX 3HAUEHDb 34 BUIIOI TEeMIIepaTy-
pH, II0 Y3TOMKYETHCS i3 3araJlbHUMU TEHACHI[IIMIU eKCIIepUMEeHTAb-
HUX JOCIiIKeHb i pe3yabTaTiB MoAe oBaHuA (IUB., HAIPUKJIAL, PoOo-
1 [45—47]). Takox AJaA po3TIsAAyBaHUX 3pas3KiB BCTAaHOBJIEHO 3pOC-
TaHHS MeK IIMHHOCTH Ta MIiITHOCTH 3 HiBUINEHHAM BMicTy Xpomy Ta
MOHMKEHHAM BMicTy AstoMinito. OmepskaHi pe3yIbTaTH y3TrOAMKYIOThCA
3 JaHUMU €KCIIEPUMEHTAIBHUX 1 TEOPETUYHUX HOocaimKens [46, 48—52].
Ciim BigMiTHUTH, IO iCTOTHUH BILJIMB Ha MeXaHiuHi BJacTHUBOCTL MalOTh
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Puc. 5. Jisarpamu 3cyBy aas 3paskiB crony Fe—30% Cr—5% Al. BigmoBimmi
3HAUEHHA MEeXK INIMHHOCTHU Ta MIiITHOCTH HaBeJeHO Ha BCTABIIi. 3allOBHEHi Map-
Kepu BimmoBimaioTh 3paskam 3a Tremmneparypu y 710 K, nycti mapkepu — 3a Te-
mnepatrypuy 750 K.

Fig. 5. Stress—strain curves for shear deformation of Fe—30% Cr—5% Al alloy
samples. The corresponding values of the yield and ultimate strength are
shown within the inset. Closed markers correspond to temperature of 710 K,
open markers—of 750 K.

TAKOK YMOBU IIPOBEJEHHS eKCIepHuMEHTY, PO3Mip 3paskiB, cepemHiut
posMip 3epHa, IIBUAKiCTh AedopMartii 1 inimi umaHUKU. [leTasbHa aHa-
JIiza saje:KHOCTel Ha puc. 5 YMOMKJIUBJIIOE BUSHAUNTH, 1110 HOHUKEHHSA
remnepatypu Bigx 750 K no 710 K npuBOAUTE A0 MOJMINIIeHHA MexXaHiu-
HHUX BJIACTHUBOCTEHN cTOIly. 30KpeMa, BimOyBaeThbCs 3pOCTAHHS Me:Ki
mInHHOCTY Ha 33,5% i 3pocTaHHA Mexxi minmuHocTy Ha 42,4%. BogHouac
migBuiienHsa Bmicty Xpomy 3 25% mo 30% (i3 5% Anrominiio) Beme mo
3pPOCTaHHSA MeXK IJIMHHOCTHY Ta MirtHocTH Ha 45,8% i 3,5% BigmoBigmo. 3
migBuUIeHHAM BMicTy Anromisiro Bix 2% mo 5% (i3 30% Xpowmy), HaBIA-
KH, CIIOCTEPiraeThcs MOHUKEHHA 3HaUeHb MeXK IIJIMHHOCTHY Ta MiITHOCTH
Ha 19,1% Ta 1,8% BigmosigHo.

Ha pucysKy 6 moaso eBoJIIOIif0 IPYyKHiX 1mo1iB y cToni Fe—30% Cr—
5% Al 3a remneparypu T =710 K. HaBegneni suiMKku BigmosigarooThs TOU-
kam y=0,05, 0,1, 0,15 nHa gedopmariitiniii Kpusiii (cyninprHa KpUBa Ha
puc. 5). 3HIMKM pO3mOAiIiB HPY:KHIX medopMalliii es TeMOHCTPYIOTH
(opMyBaHHS JIiHilI MPOKOB3YBAHHSA Y 3pasKy B IIPOIIECi ILIaCTUYHOI Ie-
dopmarrtii. OueBUAHO, 110 3i 30iIBIIIEHHAM 3HAUEHHS IIPUKJIAAEHOI Ie-
¢opmMmartii y 3apocTae KinbKicTh JIiHi#l IPOKOB3YBaHHA.

Cainx BigmiTuTH, 1110 Y MicIIAX PO3TAITyBAaHHS JIiHilI IPOKOB3YBaHHSA
medopmarrii HabyBalOTh CBOIX MaKCHMAaJIbHUX 3HAUEHb, AKi, BiAmosin-
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Puc. 6. Posnozin mosniB npy:kHiX gedopmariii es Ta 3CyBHUX HAIPYKEHb Gyy Y
mporieci 3cyBHOI nedopmairii crony Fe—30% Cr—5% Al.

Fig. 6. Distributions of fields of elastic deformations es and shear stresses o,
during shear loading of Fe—30% Cr—5% Al alloy.

v=0,15

Puc. 7. Posmogin giHiit npokossyBauusa y cromni Fe—30% Cr—5% Al (T =710 K)
3a 3CyBHOI gedopmarrii.

Fig. 7. Distribution of slips in the alloy Fe—30% Cr—5% Al (T =710 K) under
shear deformation.

HO, MiBUITYIOTHCA 3i 3pocTaHHAM Y. Posmoginu o, Ha puc. 6 imocTpy-
IOTH €BOJIIOI[iO ITOJIS 3CYBHUX HANPY:KeHb, CepefHi 3HaUeHHA AKX Je-
MOHCTPYIOTBCA BiAIIOBimHOIO aisirpamMoio 3cyBy (CyIlinibHA KpuUBa Ha
puc. 5). 3HaUeHHA KOMIIOHEHTH HAPYK€Hb Oy MOJAHO B OAUHUIIAX Vcr.
Cainm BigmiTuTH, 1110 HaOpPyKeHHI HaOyBaloTh MAaKCUMAaJIbHIUX 34 MOIY-
JieM 3HaYeHb Yy MICIISIX PO3TaIlllyBaHHSA AWCJIOKAIIIMHUX SJEep, Je MaloTh
Miciie HaOiABNIL 3MimieHHa aToMiB. Ha MiciesHaxomxeHHSA OMCJIOKA-
MiAHUX sgaep BKasyoTh KPalloBi TOUKM JIiHilI IPOKOB3yBaHHA.
CywmicHu# po3mois JiHiM IPOKOB3yBaHHSA Ta IMIPEIUIIITATIB y 3pasKy
CTOIIy HaBeZeHO Ha puc. (. OueBUAHO, 110 34e0iabIIIOro JiHii IPoKoB3Y-
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BaHHSA PO3TAIIIOBYIOTHCA ¥ MATPUUHIl (pasi, a iXHi KpaltioBi TOUKM JIOKa-
Ji3yI0ThCA Ha MisK(pa3sHUX MeKax.

4. BUCHOBRKH

PospobieHo Momeas (pasoBOro IOJS A TOCHIAKeHHA TUHAMIKK MiK-
POCTPYKTYPHUX IIEPETBOPEHD i €BOJIIOIIT fe(DEKTHOI CTPYKTYPH IIiJ yac
TepMiuHOrO 00pobaenHs cucrem Fe—Cr—Al. Hocaimxkeno KimeTuuHi Ta
CTAaTHUCTUYHI BJIACTUBOCTI €BOJIOIiI MIKPOCTPYKTYypH Ta mOedeKTHOL
CTPYKTYPHU Y CTOIIax 3 PisHUM BMiCTOM JieI'yBaJIbHUX €JIEMEHTIB i 3a pia-
HUX TeMmIlepaTyp Bigmaay. IIpoanasisoBaHo BILJIMB JieI'yBaJIbHIUX eJieMe-
HTiB i TeMIIepaTypu BiATaay Ha MeXaHiUHi BJIacTUBOCTI CTOMIB.

Y pamMkax mpolenypu YKUCJIOBOTO MOJEJNIOBAHHSA MOCJHi)KeHO AWHA-
MiKy (popMyBaHHS Ta POCTY IIpernuiiTariB 30arauexnoi Ha Xpom o' -hasu,
€BOJIONiI0 IXHBOI KiJTBKOCTM, CEPeIHLOTO PO3Mipy, 00’€MHOI UaCTKH
npenuiritTaTiB i KoHneHTpaIili Xpomy y Hux. IIpoaHasizaoBaHo IIpocTo-
POBe yIIOpAIKYBaHHSA TOUKOBUX Ae(eKTiB 3a Bianany. IlokasaHo, 1o Ha
cramil BuU3piBaHHA cepefHill PO3MIip HperuIIiTaTiB Ta iXHS KiJbKicThb
€BOJIIOIIiIOHYIOTH 34 CTEIIEHeBUM 3aKOHOM i3 ITOKa3HUKAaMM, IO BiJIIIOBi-
IaoTh Teopil Jlipmuna—CiabozoBa—Baruepa. Busasieno, 110 30iabIeH-
HA KoHIeHTpaIlii Xpomy ¥ AsrroMmiHiio ixiritoe mpoiiecu ¢pa30BOro pos-
IIapyBaHHA, 3MEHITYIOUN iHKYOaIliliHuiI yac IJ1A PO3BUTKY KOHIIEHT-
pamifiHuxX XBUJIb, Ta HOPUBOIUTEL A0 30iJbINeHHsS JiHiAHOTO pPO3Mipy
npenuImiTaTiB i ixHL0I 06’eMHOI yacTKM. 30iabIlIeHHa XPOMY Y CTOIi
OIPUBOAUTEL OO iCTOTHOTO 30iJBIIIEHHSA HOTO0 KOHIleHTpalii B o'-¢asi.
Bcranosieno, 1o Bimmas 3a ODigBUITeHWX TeMIepaTyp IPUBOAUTEL IO
3MEHIIeHHA KiJTbKOCTU IPeIUIiTaTiB i 30iJbIIeHHsa IXHBOTO PO3Mipy.
Busasiieno, po3noaiyi MpenumiTaTiB XpoMy 3a po3MipaMy 3aJIMIIAETHCS
yHiBepcaJbHUM 3i 3MiHOIO KOHIIeHTpAIlil JieTyBaJbHUX €JEMEeHTIB i Te-
MIepaTypu Bigmajay Ta 3aJ0BOJbHsE posnoxiny Jlipmuna—CianrozoBa—
Baruepa. [ocrmigkeHHAM KiHETMKYN PiBHOBA'KHUX TOUKOBUX He(deKTiB
TIOKas3aHo, II0 HiJ Yac BiAIaay TBEPAOro PO3UNHY BaKaHCii 31e0ia1bI1I0r0
piBHOMIipHO PO3MOAIIAIOTLCA B 00’ €Mi, a MisKBY3JI0Bi aToMu 3/1e0iabIITO-
ro JOKaJi3oBaHi B MaJiX IIperuniTaTax a'-pasu Ta BcepenHi BEIUKNX
BUIiJIeHb MOOJM3Yy MeXXi mominy ¢das 3 BeINKOI KpuBuHOW0. IlokasaHo,
10 MOHMKEHHA TeMIIepaTypu, HiABUINEHHSA KOHIeHTpallii Xpomy Ta
MOHM)KEHHS KOHIIeHTpAaIlii AJOMiHil0 IPUBOAATE 0 3POCTAHHSA OIOPY
crornry Fe—Cr—Al mogo miactuunoi gedopmariii Ta 3MinHeHHsa MaTepi-
Ay.

OnepsxaHi pe3yabTaTy MOMKYTE OYTH BUKOPUCTAHI IJIS IPOTrHO3YBaH-
HA 3MiHM BJIACTUBOCTEM MAaTepidAJiB 3a pPi3HOTO BMIiCTy Jier'yBaJbHUX
eJIEeMEeHTiB i OyAyTh KOPUCHUMHU AK 0a30Bi JaHi Aaa onTuMisaIrii Mikpo-
CTPYKTYPU 000JIOHOK TeIIJIOBUIiIIOBAIBHUX €JI€MEeHTiB.

Poboty BukoHaHO 3a miaTpuMKku MiHicTepcTBa ocBiTH i HayKu YKpa-
iau (mpoekT Ne 0124U000551).
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Increasing the Operating Temperatures of High-Strength
Wrought Al1-Zn—Mg—Cu Alloys by Means of Doping
with Transition Metals

M. O. Iefimov, N. P. Zakharova, M. I. Danylenko, and K. O. Iefimova

I. M. Frantsevich Institute for Problems in Materials Science, N.A.S. of Ukraine,
3 Omeljan Pritsak Str.,
UA-03142 Kyiv, Ukraine

The effect of doping with scandium, zirconium, and hafnium on the thermal
stability of high-strength wrought Al-Zn—-Mg—Cu (of 7XXX series) alloys at
80°C for 100 hours is investigated. The study is performed on rods produced
by a two-stage hot extrusion of 1500 g ingots. As shown, the doping with
scandium and zirconium has improved the hardness and strength character-
istics due to the occurrence of two ensembles of dispersed precipitates: in-
termetallics n'-phase (MgZny) and Als(Sci-.Zr,) particles coherently bonded
with the aluminium matrix. As proved, in the 7XXX alloy, which is addi-
tionally doped with the (Sc+ Zr + Hf) complex, the composition of nanosize
precipitates based on Al3Sc intermetallic compound includes zirconium and
hafnium. The alloying of the base alloy with the complex (Sc + Zr + Hf) stabi-
lizes the structural state of the alloy and, after holding at 80°C, no signifi-
cant changes in the size and distribution of strengthening particles are ob-
served. This makes it possible to obtain high strength characteristics of Al—
Zn—Mg—Cu alloys with a high level of plasticity at long-term holding at 80°C.

Key words: aluminium alloys, additional doping, scandium, zirconium, haf-
nium, mechanical properties.

Hocaigsxeno BuiuB geryBanud Crauxgiem, [lupkoniem i 'adriem HA TepMiuny
cTabisbHicTh BuCOKOMiHUX medopMmiBHUX cromiB cucremu Al-Zn—-Mg—Cu 3a
sutpuMmiku npu 80°C ympomor:x 100 rogun. Jocaig:KeHHa BUKOHAHO HA IPYT-
Kax, AKUX OYJI0 Ofeps;KaHo MeTOAOM JBOCTYIIEHEeBOI rapsAauoi eKCTpysii BUINB-
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kiB Barorw y 1500 r. ITokasano, 1o 3aBgaxku jJeryBanHio Ckangiem i [luproni-
€M JOCSATHYTO MHiABUIIEHHS XapaKTePUCTUK TBEPAOCTH Ta MII[THOCTU 3a paxy-
HOK HafABHOCTU OBOX aHCAMOJIIB AUCIIEPCHUX 3MiIlTHIOBAJHLHUX YACTUHOK: iH-
TepMeTasiniB n'-dpasu (MgZny) Ta KOTEPEHTHO IIOB’A3aHUX i3 MATPUIIEIO Yac-
TuHOK Als(Sci-.Zr.). [loBeneHo, 1110 y cToIri Ha ocHOBi cucremu Al-Zn—-Mg—Cu,
AKUN TOJaTKOBO OyJio JieroBamHo KoMmiiekcoMm (Sc + Zr + Hf), mo ckaagy Hamo-
Po3MipHUX 3MIITHIOBAJLHUX YACTUHOK HA OCHOBI iHTepmeramigy AlsSc raxkox
BxoxATs, lluprowniti i Tadwuiit. JleryBanasa 6a30BOro cromy KOMILJIEKCOM
(Sc + Zr + Hf) crabinidye cTpyKTypHHUII CTaH CTOIY, a IIiCJAA BUTPUMKHU IIPU
80°C He (ikcyeThca 3HAUHUX 3MiH y Po3Mipi Ta posmomini smimHoBaIbHUX
yacTuHOK 1'-hasu (MgZny) i Als(Sci-»—,Zr.Hf,), 1110 1ae smory omepsxatu Buco-
KU piBeHb MeXaHIUHNX BJIACTUBOCTEI 31 30eperkeHHAM BUCOKOI'O PiBHA ILIacC-
TUYHOCTH 3a JOBroTpuBajoi surpumMmiu mpu 80°C.

Karouori croBa: anominiiiosi cronu, mogaTrkose JyeryBanus, Craugiit, ITup-
KoHii, 'adHil, MexaHiuHi BIacTUBOCTI.

(Received 9 July, 2024; in final version, 12 July, 2024 )

1.INTRODUCTION

The ever-increasing demands on aircraft structures due to growth in
size, speed, durability, reliability and efficiency have somewhat
changed a number of requirements for high-strength alloys, including
aluminium alloys used in aircraft and aircraft engines.

Currently, many research centres in the United States and Europe
are conducting intensive research aimed at developing high-strength
aluminium alloys that can replace titanium alloys in aircraft engine
construction, thereby reducing their weight and simplifying the man-
ufacturing process. In particular, the development of aluminium alloys
with a tensile strength of at least 600 MPa at 80°C is relevant for the
manufacture of external fan blades for aircraft gas turbine engines.

Currently, alloys based on the Al-Zn—Mg—Cu system (of 7XXX se-
ries) have the highest strength among wrought aluminium alloys (up
to 700—-800 MPa)[1].

In wrought Al-Zn—Mg—Cu alloys, the strength after heat treatment
is mainly determined by the content of zinc and magnesium, which,
among all other alloying components, are characterized by the highest
solubility in aluminium at elevated temperatures. The solubility of
these elements decreases sharply during cooling, which causes signifi-
cant hardening of the alloy as a result of both quenching and ageing
[2]. Copper in commercial alloys of the Al-Zn—Mg—Cu system signifi-
cantly increases the hardening effect by alloying of aluminium solid
solution, but has little effect on the ageing [3]. With copper content up
to 2% wt. and zinc in the range of 5-10% wt., copper is in a supersatu-
rated solid solution and has a beneficial effect on the whole complex of
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properties, causing an increase in strength, ductility, effective in-
crease in stress corrosion resistance and durability. Copper also in-
creases the resistance to crack growth in fatigue tests.

However, a major disadvantage of 7XXX alloys is their low working
temperature, which is due to a sharp increase in the rate of diffusion
processes in aluminium alloys with a high Zn content.

One of the promising directions for further improving the physical,
mechanical, and operational characteristics of modern aluminium al-
loys of the Al-Zn—Mg—Cu system is their complex alloying with scan-
dium and other transition metals, since the diffusion coefficients in
solid aluminium, which is a criterion for the diffusion interaction of
the strengthening phase with the matrix, are several orders of magni-
tude lower for transition metals than for Zn, Cuand Mg [4].

It has been previously shown that one of the most effective harden-
ing and antirecrystallization components for 7XXX alloys is scandium
[4-T].

A significant increase in strength and satisfactory ductility in Sc
alloyed aluminium alloys is possible due to the precipitation of second-
ary AlsSc particles, which causes the highest specific strengthening of
the aluminium matrix compared to all elements of the periodic system
and promotes the formation of a fine, uniform cellular structure that
increases thermal stability.

Alloying with scandium dramatically increases the recrystallization
temperature of aluminium alloys; the efficiency of scandium as an an-
tirecrystallizer is significantly higher than that of other transition
metals such as Mn, Cr, Zr, V, Ti, etc. Scandium retains excess vacan-
cies in the alloy matrix, forming complexes that prevent the release of
alloying elements to the grain boundaries. In addition, scandium sig-
nificantly reduces the anisotropy of the mechanical properties of
pressed and rolled semi-finished products of highly alloyed aluminium
alloys.

Doping of Al-Zn—Mg—-Cu—Sc alloys with zirconium contributes to
the thermal stabilization of AlsSc particles. In particular, work [5]
shows that the simultaneous alloying with Zr and Sc replaces some of
the scandium atoms within the AlsSc particles with Zr atoms. By the
properties, the Als(Sci-.Zr,) phase is very close to the AlsSc phase, but
is characterized by a much lower ability to coagulate when heated.

As has been shown, Hf slightly increases the hardening and antire-
crystallization effect in Al1-Zn—Mg—Cu alloys [8].

The efficiency of scandium alloying of aluminium alloys can be signif-
icantly improved by increasing the cooling rate during ingot crystalliza-
tion to create a supersaturated solid solution of aluminium [9, 10].

The aim of this work is to study the effect of additional alloying with
Sc, Zr, and Hf of wrought Al-Zn—-Mg—Cu alloys on their structure and
mechanical properties at 80°C.
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2. EXPERIMENTAL DETAILS

To improve the mechanical properties of the alloy of the base composi-
tion Al-8.0Zn-2.6Mg—-2.3Cu, additional microalloying with the com-
plex (Sc + Zr) was used and the effect of hafnium Hf on the stability of
mechanical properties during prolonged holding at 80°C was studied.
The chemical composition of the experimental alloys is given in Table 1.

Semi-finished products were made from the investigated ingots by
extrusion. To improve the cast structure, two-stage extrusion was
used: from 55 mm to & 25 mm and from & 25 mm to & 6 mm (total
elongation & =58). Before that, the samples were ground to remove
surface defects.

When extruding ingots from 55 mm to J25mm, electrically
heated moulds were used to stabilize the temperature during the de-
formation process. Ingots were heated in an electric furnace. Ingot
heating was controlled by thermocouples placed in the heating zone.
The heating temperature of ingots and mould was 350°C. The holding
time of ingots in the electric furnace was 50 min. The pressure force
during ingot extrusion varied from 0.85 to 1.25 MN, depending on the
ingot composition. Samples from & 25 mm to & 6 mm were extruded
using moulds that were heated in an electric furnace together with the
samples. The heating time was of 30 min.

The samples of the test alloys obtained after hot extrusion were pro-
cessed according to the T6 maintenance regime, namely, water quench-
ing from 465°C + annealing 120°C for 24 hours.

The chemical analysis of the obtained alloys was performed by x-ray
fluorescence analysis.

The structure of the samples was studied by transmission electron
microscopy (TEM), using a JEM-100CX microscope and a JEM-2100F
high-resolution microscope.

The hardness of the obtained samples was measured using a Vickers
IT50/10 hardness tester with a load of 100 N. Mechanical tensile tests
of the deformed bars were performed on a 1246 testing machine with a
gripper movement speed of 1 mm/min (strain rate of about 103s™!
with a strain curve recorded). The tensile strength Urs, yield strength
Ys, and elongation to failure E, [% ] were calculated from the strain
curves.

TABLE 1. Chemical composition of the investigated Al-Zn—-Mg—Cu alloys.

Nos. alloys Chemical composition, % wt.
1 Al-8.0Zn-2.6Mg—-2.3Cu
2 Al-8.0Zn—-2.6Mg—2.3Cu—0.15Zr-0.3Sc

3 Al-8.0Zn-2.6Mg—2.3Cu—0.15Zr—0.3Sc—-0.2Hf
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3. RESULTS AND DISCUSSION

The study of the structure of extruded rods of 7XXX alloys after T6
treatment is shown in Figs. 1-4. After T6, large recrystallized grains
with an average size of 8—9 um are formed in the base alloy.

It is generally recognized [11-13] that, depending on the concentra-
tion of zinc, the eutectic layers of Al-Zn—Mg—Cu alloys contain na-
nosized precipitates of the mn'-phase (MgZn;) and/or T-phase
MgsZnsAls. Precipitation hardening provides high mechanical proper-
ties of Al-Zn—Mg—Cu alloys during quenching and subsequent ageing.
The n'-phase is formed when the ratio of atomic concentrations of
Zn/Mg > 2. In the case of Zn/Mg < 2, the T-phase prevails. At the same
time, copper is almost completely dissolved in these phases if the ratio
of atomic concentrations of Cu/Mg < 1. In the alloy Al-8.0Zn—2.6Mg—
2.3Cu, Zn/Mg > 2 and Cu/Mg ~ 0.88, therefore, the n’-phase (MgZn,)
prevails in the alloys of the studied composition. Particles of the n/'-
phase are located mainly along the grain boundaries but sometimes
they can be observed inside the grains.

A cellular structure is observed in the extruded alloy alloyed with
the (Sc + Zr) complex after T6 heat treatment (Fig. 2, a). The average
cell size is of 1.0—1.5 pm. From the dark field image in the n’-phase dif-
fraction spot (Fig. 2, b), it can be concluded that there are hardening
particles of different sizes in the bar structure. The average size of the
strengthening particles of the n’-phase is of 5—6 nm). Secondary pre-
cipitates of the AlsSc type in TEM bright images have a characteristic
two-lobe Ashby—Brown contrast, which is typical for coherent precipi-
tates [14]. The dark field image in the AlsSc diffraction spot is shown
in Fig. 2, c. The average size of these particles reaches 15—20 nm.

A cellular structure is also formed in extruded sample from the alloy
adopted with a complex (Sc + Zr + Hf) after T6 treatment, with strength-
ening phases observed both in the body and at the cell boundaries.

The average cell size is of 0.9-1.1 ym (Fig. 3, a). The average parti-
cle size of the n'-phase is of 5—6 nm (Fig. 3, b). Based on the dark field
image obtained from the Als(Sci-.Zr.) diffraction spot, the average size
of these particles is of 15—20 um (Fig. 3, c).

A high-resolution electron microscope JEOL-100CX was used to an-
alyse the hardening particles of Als;Sc in extruded samples from Al-
8.0Zn—-2.6Mg—-2.3Cu—0.3Sc—0.2Cr—0.1Zr-0.1Hf alloy after T6 treat-
ment (Fig. 4). Chemical micro-x-ray spectral analysis showed that the
composition of these particles includes both Sc and Zr and Hf (Table
2).Thus, in the alloy alloyed with Sc, Zr and Hf, the composition of the
strengthening particles can be described as Als(Sci-.—yZr Hf,).

The hardness of the extruded rods from the investigated alloys after
T6 treatment at room temperature and after holding at 80°C for 100
hours is given in Table 3.
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a b

Fig. 1. TEM images of Al-8.0Zn—-2.6Mg—2.3Cu hot extruded samples: bright
field (a), dark field obtained from the n'-phase diffraction spot (b).

c

Fig. 2. TEM images of Al-8.0Zn-2.6Mg-2.3Cu—0.15Zr-0.3Sc hot extruded
samples: bright field (a), dark field obtained from the n'-phase diffraction
spot (b), dark field obtained from the Al;Sc diffraction spot (¢).
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Fig. 3. TEM images of Al-8.0Zn—2.6Mg—-2.3Cu—0.15Zr—0.3Sc—-0.2Hf hot ex-
truded samples: bright field (a), dark field obtained from the n'-phase diffrac-
tion spot (b), dark field obtained from the Al;Sc diffraction spot (c).

The data of mechanical tests of the rods from the investigated Al—
Zn—Mg—Cu alloys at room temperature and 80°C are given in Table 4.

The strain curves of the alloys after testing showed a slight strain-
hardening characteristic of highly hardened materials. The increase in
hardness and strength characteristics of the investigated alloys after
holding at 80°C indicates the continuation of ageing processes at this
temperature.

The analysis of mechanical test data proves that the selected system
of additional alloying with the (Sc+ Zr) complex allows obtaining a
higher level of mechanical properties during tests at 80°C for 100
hours. The addition of 0.2% wt. Hf to the (Sc + Zr) complex allows im-
proving the mechanical properties of the investigated alloy after hold-
ing for 100 hours at 80°C. In addition, the alloying of the base compo-
sition with the (Sc + Zr + Hf) complex provides an increase in ductility
both at room temperature and 80°C.



888 M. O. IEFIMOV, N. P. ZAKHAROVA, M. I. DANYLENKO, and K. O. IEFIMOVA

'épeclrum 4 A
Spectrum 3

‘Speclrum 18

7Spectrum 2]

Fig. 4. Bright field TEM images of secondary particles of AlsSc-based inter-
metallics in the structure of the alloy A1-8.0Zn—2.6Mg—2.3Cu—0.3Sc—-0.2Cr—
0.1Zr—0.1Hf.

TABLE 2. Chemical analysis of the structural components in Fig. 4 in the al-
loy Al-8.0Zn—-2.6Mg—2.3Cu—0.3Sc—0.2Cr—0.1Zr—-0.1Hf.

Content of chemical elements, % wt.
Mg | Al | Sc | Cu | Zn | Zr | Hf [ Mg
Spectrum 1 1.78 91.52 0.73 2.26 3.26 0.19 0.18 1.78
Spectrum 2 1.900 90.83 1.283 2.49 3.11 0.13 0.23 1.90
Spectrum 3 2.39 90.86 0.61 2.40 3.39 0.06 0.10 2.39
Spectrum 4 1.82 91.81 0.41 2.49 3.11 0.01 0.18 1.82

Spectrum

Structural changes in the rods from the investigated Al1-Zn—-Mg—Cu
alloys after T6 treatment can be explained on the basis of the analysis
of dark field images obtained from the n’ and AlsSc diffraction spot.

Thus, the increase in the level of hardness and strength characteris-
tics of the studied alloys after holding the bars at 80°C for 100 hours is
explained by the further ageing processes at a temperature of 80°C
(Figs. 5, 6). It is noticeable that after holding the base unalloyed alloy
at 80°C for 100 hours, an increase in the particle size of the n'-phase
(Fig. 5, b) is observed compared to the alloy state after T6 (Fig. 5, a).
Such processes lead to a deterioration in the thermal stability of Al—
Zn—Mg—Cu alloys at long-term exposures at 80°C and reduce the level
of the complex of mechanical properties.

The doping of the base alloy with the (Sc+ Zr) complex and the
(Sc + Zr + Hf) complex stabilizes the structure, and, at 80°C, no signifi-
cant changes in the size and distribution of strengthening particles of
both types are observed (Fig. 6). The dark field images in the n'-phase
reflexes before and after ageing at 80°C show that the size of this phase
remains unchanged (Fig. 6, a, b).
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TABLE 3. Hardness of extruded rods from the investigated Al-Zn—Mg—Cu alloys
after T6 treatment and after T6 heat treatment + holding at 80°C for 100 hours.

No HV, MPa
' |Chemical composition, % wt. T6 treatment + holding
alloy T6 treatment at 80°C for 100 hours
1 Al-8.0Zn-2.6Mg—2.3Cu 1880 1970
Al-8.0Zn—-2.6Mg—-2.3Cu—
2 0.157Zr—0.3Sc 2010 2070
3 Al-8.0Zn-2.6Mg—-2.3Cu— 2030 2970

0.15Zr-0.3Sc—-0.2Hf

TABLE 4. Mechanical properties of rods from the investigated Al1-Zn—-Mg—Cu
alloys after T6 treatment (tensile strength at room temperature and at 80°C).

Tensile tests . Tensile tegts at 80°C
at room temperature Tensile tests at 80°C | after holding at 80°C
No. alloy for 100 hours
1 530 619 13.2 542 556 19.6 512 564 14.5
2 674 775 6.4 620 670 9.8 630 705 10.0
3 737 776 13.6 611 725 16.4 636 731 14.5

Fig. 5. TEM images of Al-8.0Zn—2.6Mg—2.3Cu hot extruded samples, dark
field image obtained from the n'-phase diffraction spot: T6 treatment (a), T6
treatment + holding at 80°C for 100 hours (b).

At the same time, the number of n’-phase particles slightly increases
due to the continued ageing process. The dark field images in AlsSc re-
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Fig. 6. TEM images of Al-8.0Zn—2.6Mg-2.3Cu—0.15Zr-0.3Sc—-0.2Hf hot ex-
truded samples: dark field image obtained from the 1'-phase diffraction spot, T6
treatment (a), dark field image obtained from the n'-phase diffraction spot, T6
treatment + holding at 80°C for 100 hours (b), dark field image obtained from
the Al;Sc diffraction spot, T'6 treatment (c), dark field image obtained from the
AlsSc diffraction spot, T6 treatment + holding at 80°C for 100 hours (d).

flexes confirm the stability of the size of these particles after ageing at
80°C (Fig. 6, c, d).

Thus, the coherent bonds of Als(Sci-»,Zr.Hf,) particles with the ma-
trix and the resulting internal stresses exclude the growth of the n'-
phase, which in turn increases the mechanical properties and thermal
stability of alloyed Al-Zn—Mg—Cu alloys.

The obtained results are consistent with the theoretical concepts of
diffusion processes in dispersion-strengthened alloys [15].

4. CONCLUSION

1. The effectiveness of a combined doping of aluminium alloys of the
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Al-Zn—Mg—-Cu system with scandium, zirconium and hafnium is
demonstrated.

2.1t is shown that doping of Al-Zn—Mg-Cu alloys with Sc and Zr re-
sults in an improvement of investigated hardness and strength charac-
teristics, while preserving a high level of plasticity, which is due to the
existence of two ensembles of dispersed particles: an ensemble of in-
termetallics n'-(MgZn.) phase and Als(Sci-.Zr.) particles coherently
bound to the matrix.

3.1t is shown that, in the Al-8.0Zn—-2.6Mg—2.3Cu—-0.15Zr—0.3Sc—
0.2Hf alloy, the composition of nanosized hardening particles based on
the AlsSc intermetallic also includes zirconium and hafnium.

4. The structure of the investigated rods alloys after T6 treatment was
studied, and it was shown that Sc + Zr doping of the base alloy with the
addition of Hf stabilizes the structural state of the alloy, and, after
annealing at 80°C, there are no significant changes in the size and dis-
tribution of hardening particles. This allowed obtaining the following
mechanical characteristics at 80°C after prolonged holding at 80°C:
Ys=636 MPa, Urs="731 MPa, E,=14.5% (which is 30% higher than
the Urs of the base alloy).
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Specifics of Creating Joints from Modern Boron-Microalloyed
High-Strength Steels Utilizing Laser, Contact Spot, as Well as
Argon-Arc Spot Welding Technologies

G. Polishko, Yu. Kostetskyi, V. Kostin, Ye. Pedchenko,
A. Bernatskyi, M. Sokolovskyi, P. Honcharov, and V. Zaitsev

E.O. Paton Electric Welding Institute, N.A.S. of Ukraine,
11 Kazymyr Malevych Str.,
UA-03150 Kyiv, Ukraine

In this study, an analysis of current welding technologies for new high-
strength low-alloyed AHSS sheet steels is presented. Over the course of it, a
series of welded joints of sheet metal with a thickness of 1.2 mm made of
CR1000Y1370T-CH steel (composition: 0.23% C, 2% Si, 3% Mn, 0.015-2%
Al, 1% Cr + Mo, 0.15% Ti+ Nb, 0.2% Cu) by Voelstalpine (Austria) is inves-
tigated. The joints are produced using laser, spot, and argon-arc spot welding
under specified conditions. High-quality weld joints are obtained through
laser welding with the formation of a dispersed ferrite—bainite structure
with an acceptable hardness level (up to 4000 MPa) without martensitic-type
structures and zinc evaporation from the sheet coating along the entire
length of the welded joint. As discovered, due to delamination and remnants
of zinc coating, it is not possible to achieve a high quality of weld joints while
using spot welding, as well as argon-arc spot welding. The selected welding
conditions for these technologies are found to be ineffective and require fur-
ther refinement.

Key words: AHSS steel, laser welding, argon-arc spot welding, spot welding,
microstructure, ferrite, bainite, martensite.

Y poboTi nIpeAcTaBIeHO aHAII3Y CyUYacHUX TeXHOJIOTiH 3BaplOBaHHS HOBUX BU-
COKOMIITHMX HM3bKOJeroBanmx JjuctoBux Kpuib AHSS. IMocaimxeno cepiro
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3BapHUX 3’€JHAHBb JMWCTOBOTO MeETAJy TOBHMHOK y 1,2MM 3 Kpui
CR1000Y1370T-CH (ckaan: 0,23% C, 2% Si, 3% Mn, 0,015-2% Al, 1%
Cr + Mo, 0,15% Ti+ Nb, 0,2% Cu) Bupobuuiirsa kommasii Voelstalpine (Asc-
Tpist). 3’eNHaHHSA BUKOHYBAJU JIAa3€PHUM, TOUKOBUM Ta aprOHOAYTOBUM TOU-
KOBUM 3BaplOBaHHAM 3a BU3HAUeHMX yMoB. fIKicHi 3BapHi 3’emmaHHA OyJI0
olleps;KaHO Jla3epPHUM 3BapPIOBAaHHAM 3 YTBOPEHHAM IUCIEPCHOI (epuTHO-
OelfHiTHOI CTPYKTYypHU 3 HPUUHATHUM piBHeM TBepmoctu (mo 4000 MIla) Ges
CTPYKTYP MapTEHCUTHOI'O TUIY Ta BUIAPOBYBaHHA I{UHKY 3 MOKPUTTSA JHCTA
y3I00BIK BCiel MOBXMMHU 3BAPHOTO 3’€IHAHHSA. ByJio BUABJIEHO, 1[0 Yepe3 Bif-
IapyBaHHA Ta 3AJUIIKU ITHHKOBOTO IMOKPUTTSI HEMOYKJINBO JOCATTH BUCOKOIL
AKOCTH 3BAapHUX 3 €IHAHDL 3 BUKOPUCTAHHIM TOUYKOBOTO 3BapIOBAHHA #H ap-
TOHOAYTOBOTO TOUYKOBOTO 3BapioBaHHA. BubpaHi peKuMu 3BapiOBaHHS 3a IU-
MHJ TEXHOJIOTiAMU BUSBHUJINCA Hee()eKTUBHUMHU Ta MOTPEOYIOTH ITOJAJIBIIIOTO
JIOOIIPAIIOBaHHA.

Karouosi caosa: kpurss AHSS, nasepHe 3BapioBaHHA, aproOHOAYTOBE TOUKOBE
3BapIOBAaHHS, TOUKOBE 3BapPIOBAaHHA, MiKPOCTPYKTypa, depur, 6eiiHiT, mapre-
HCHUT.

(Received 9 January, 2024; in final version, 11 April, 2024 )

1. INTRODUCTION

Recently, the practice of using advanced high strength steel (AHSS)
for the manufacture of car bodies has spread throughout the car manu-
facturing industry [1-5]. The use of steels of this type allows reducing
the thickness of the rolled sheet used for the manufacture of body
parts, while maintaining the strength of the structure. At the same
time, its weight and the car as a whole are reduced, which contributes
to the reduction of harmful emissions into the environment during its
operation [3, 4].

AHSS steels differ from traditional structural steels in both chemi-
cal composition and microstructure [6—8]. They are characterized by a
unique combination of strength and plasticity, which is achieved by
the specifically selected chemical composition as well as its multiphase
microstructure, which forms as a result of carefully controlled defor-
mation and heat treatment [3—5, 9]. Intensive heat input during weld-
ing and subsequent cooling, generally causes significant changes in the
microstructure of the metal in the heat affected zone (HAZ), due to re-
crystallization, increasing grain sizes and separation of phases at their
boundaries. An example of such processes would be the well-known
formation of martensitic and/or bainite microstructure in metal under
conditions of rapid cooling, characteristic of most welding processes
[8, 10]. However, changes in the AHSS’s microstructure that occurs in
the HAZ during welding can be critical and lead to the loss of specified
properties, as they are achieved primarily due to the controlled micro-
structure. Therefore, the choice of modes and methods of joining these
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steels is associated with certain problems and requires careful control
of the process parameters|[7, 10, 11].

Today, many various welding processes, which can be used in the au-
tomotive industry to join parts out of AHSS steels, exist [3, 4, 11].
Each of them has certain features that determine the expediency of its
usage in various specific conditions [3, 9—11]. In addition to welding
processes, adhesive (gluing) and mechanical connection technologies,
various soldering methods, as well as hybrid connection processes can
be used to connect parts from AHSS steels[3, 4, 12-15].

However, welding remains the main method of connecting metal au-
tomotive body parts. In particular, electric arc welding, which belongs
to a family of processes based on strong heating by an electric arc of the
edges of the connecting parts of the parts until they melt for welding,
is wildly used in car manufacturing [3, 4, 10]. At the same time, via
using this method, additional additive material can also be introduced
into the melting zone [11]. Arc welding is sometimes referred to as one
of the ‘low-tech’ processes; however, its popularity is steadily high,
primarily due to the low-cost equipment and high application flexibil-
ity [10]. However, joining products made from AHSS steels by electric
arc welding is associated with significant problems and limitations,
mainly due to the difficulty of preventing the oxidizing effect of at-
mospheric air and localizing the thermal effect on the welded material.

Contact welding is widely used to connect steel body parts in modern
automobile manufacturing, when the connection is formed as a result
of the introduction of two types of energy—thermal, that appears from
the passage of an electric current, and mechanical, that appears due to
the application of external force. There are many options for imple-
menting such a process, but the most commonly used one is resistance
spot welding (RSW) [3, 10]. As it is known, RSW is characterized by an
intensive mechanical compression of the connecting surfaces in the
joint area with the possibility of changing the clamping force during
the flow of welding current and forging, intensive mixing of the mol-
ten metal, short heating and cooling time, the possibility of pre- and
re-heating during welding cycle, absence of the heated metal oxida-
tion, possible adjustment of the heating and cooling speed, full process
automation, etc. In addition, resistance seam welding (RSW) and re-
sistance projection welding (RPW) are also widely used in the automo-
tive industry[10, 11].

The body design of some automobiles, as well as some complex parts,
excludes the possibility of spot welding usage. In such cases, gas metal
arc welding (GMAW) or tungsten inert gas (TIG) welding are usually
used [12, 16]. These and similar arc welding methods are used to join
products from AHSS steels in the same way they are used for low car-
bon steels. At the same time, during the welding of AHSS steels, same
shielding gases can be used as when welding low-carbon steels [3, 4,
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11]. On the other hand, welding of AHSS steels requires control that is
more careful and maintenance of specified process parameters.

The lowest overall thermal load on the workpiece during welding is
provided by the processes, which involve focusing the energy, required
for the joint formation on very small areas [10]. This achieves a mini-
mal change in the base metal properties as well as minimal residual
stresses and deformations [3], allowing the welding process to be car-
ried out at sufficiently high speeds [11]. The main options for imple-
mentation of such processes with exceptional point density of energy
are laser beam welding (LBW) [17-19] and electron beam welding
(EBW) [4, 10, 20, 21]. Since EBW requires vacuum conditions for
proper functioning, laser welding has become the most common in the
automotive industry.

Compared to traditional arc welding processes, laser welding pro-
vides significantly smaller HAZ dimensions, which is important for
AHSS steel joints [20]. The ability to focus the laser beam allows for a
significant reduction of the weld area width and, accordingly, the HAZ
[21]. The most common types of installations used in the industry for
processing materials with laser radiation, and in particular, welding,
are COg, solid-state (Nd:YAG), fibre and diode lasers [3, 22—25].

Thus, the modern industry, in particular the automobile industry
[3, 5, 7, 10], in the railway industry [26—31] and other industries [32—
34], has a fairly wide selection of welding connection technologies,
which allows choosing the most rational options for welding structural
elements in accordance with specific conditions and properties of ma-
terials that combine.

The purpose of this study is to determine the influence of methods of
part welding (laser, contact-spot, argon-arc spot) from thin sheet
steels, common for the automotive industry, on the nature of changes
in the microstructure of a sheet of metal from modern high-strength
steel, microalloyed with boron, with a zinc coating, and to determine
the most promising method and the welding mode, which ensures the
creation of a high quality welded joint.

2. EXPERIMENTAL/THEORETICAL DETAILS

In this work, the test samples of welded joints were obtained under dif-
ferent welding modes by methods commonly used in the production of
sheet steel parts in the automotive industry—contact spot welding,
argon-arc spot welding on the tip, and laser welding. The applied weld-
ing modes were recommended by specialists of the relevant depart-
ments of E. O. Paton Electric Welding Institute, N.A.S. of Ukraine,
for welding of 1.2 mm thick sheets of CR1000Y1370T-CH-EG53/53-U
steel (Table 1), manufactured by Voelstalpine (Austria), a typical SP
AHSS steel.
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TABLE 1. Chemical composition of CR1000Y1370T-CH steel (% mass.).

Si, | Mn, | P, | s, Cr + Mo, |Ti—Nb, Cu,

C, max Al B, max
max max max max max max max
0.23 2.0 3.0 0.0500.010 0'2105_ 1.0 0.15 0.005 0.2

Modern methods of physical materials science were used to assess
the influence of various technologies and welding modes on the proper-
ties and structure of the metal of welded joints, such as: optical mi-
croscopy of micro- and macrostructure (‘NEOPHOT-32’ microscope),
SEM using JSM-840 ‘JEOL’, energy dispersive microanalysis (EDS)
using INCA Energy 450 ‘Oxford Instruments’ system (resolving power
is 1 nm, detector sensitivity is 133 eV/10 mm?), hardness determina-
tion methods via durometric analysis utilizing a M-400 ‘LECO’ hard-
ness tester.

2.1. Contact Spot Welding Technique

A contact welding machine TECNA 4647 (Italy) was used to obtain a
contact spot welding joint. Over the course of the experiments, a num-
ber of technological working modes with different parameters of the
welding process—clamping force, welding current, duration of clamp-
ing, duration of welding, etc. were tested. A total of 11 welding modes
were tested (provided in Table 2). The general appearance of the weld-
ing cyclogram is shown on Fig. 1.

Preliminary analysis/calculation determined, that for a sheet with a
thickness of 1.2+ 1.2 mm, which was subjected to welding, it is neces-
sary to obtain the diameter of the welding point of Jt=5.0-6.0 mm.
The electrodes of the contact-welding machine are formed by a hemi-
sphere for the analysis of welding modes during the formation of a
point connection. The appearance of the resulting welded joints, as
well as the welding process is shown in Fig. 2.

2.2. Argon-Arc Spot Welding Technique

A EWM Tetrix 230 AC/DC welding current source with a non-fusible
electrode was used for argon-arc spot welding. The appearance of weld-
ed joints and the welding process is shown in Fig. 3.

During welding, the parts to be joined were pressed by the special-
ized nozzle using manual force, with the subsequent enabling of the
welding machine for a set period of time. With such pressure, the force
usually does not exceed 50 kgf (up to 500 N) and is small compared to
the pressure force that occurs during contact spot welding.
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TABLE 2. Contact spot welding modes and results.

Sample| Welding mode Results
1 2 3
Pressing force P, = 2.5 kN, welding current I, = 2.5 kA, Insufficient
1 duration of pressing parts ¢,.=0.1 s, welding duration  spot weld
tw=0.2s, forging duration ¢¢,=0.1s diameter
Pressing force P, = 3 kN, welding current I,,= 2.8 kA, Insufficient
2 duration of pressing parts ¢,.=0.1 s, welding duration  spot weld
tw=0.2s, forging duration ¢¢,=0.1s diameter
Pressing force P, = 3 kN, welding current I, = 3 kA, du- Spot weld
3 ration of pressing parts ¢,,=0.1 s, welding duration Forme d
tw=0.25s, forging duration ¢¢,=0.1s
Pressing force Py, = 3.2 kN, welding current I, = 3 kA, Spot weld
4 duration of pressing parts ¢, =0.1 s, welding duration Forme d
tw=0.25s, forging duration ¢¢,=0.1s
Pressing force Py, = 3.4 kN, welding current, I,=3 kA, S
. . . . pot weld
5 duration of pressing parts ¢, =0.1 s, welding duration formed
tw=0.3s, forging duration t;,=0.1s
Pressing force Py, = 3.5 kN, welding current I, = 3.1 kA, Spot weld
6 duration of pressing parts #,-=0.1 s, welding duration ?orme q
tw=0.32s, forging duration ¢¢,=0.1s
Pressing force Py, = 3.5 kN, welding current I, = 3.2 kA, Spot weld
7 duration of pressing parts #,-=0.1 s, welding duration ?orme q
tw=0.35s, forging duration ¢¢,=0.1s
Pressing force Py, = 3.5 kN, welding current I, = 3.2 kA, Spot weld
8 duration of pressing parts #,-=0.1 s, welding duration ?orme q
tw=0.35s, forging duration ¢¢,=0.1s
Pressing force Py, = 3.5 kN, welding current I, = 3.5 kA, Spot weld
9 duration of pressing parts ¢, =0.1 s, welding duration Forme d
tw=0.32s, forging duration ¢¢,=0.1s
Pressing force Py, = 3.5 kN, welding current I, = 3.5 kA, Spot weld
10 duration of pressing parts ¢, =0.1 s, welding duration Forme d
tw=0.35s, forging duration ¢¢,=0.1s
Diameter of
the spot weld
core in-
Pressing force Py, = 3.5 kN, welding current I, =3.5 kA, creased to
11 duration of pressing parts #,-=0.1 s, welding duration 7.4 mm,

tw=0.4s, forging duration ¢, =0.1s

pointing to
an excessive
welding
mode

During the experiments, 9 welding modes were tested, which dif-
fered in such welding process parameters—welding time, current rise
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Fig. 1. Welding cyclogram for contact spot welding: P,, is pressing force, daN,
I, is welding current, kA, t,, is the duration of pressing parts, ¢, is duration of
welding, #¢. is duration of forging.

a b

Fig. 2. The appearance of the welded joints (a) and the process of contact spot
welding (b).

time, current fall time, welding current, arc voltage (Table 3).
The diameter of the tungsten electrode, its sharpening angle, and
the argon consumption rate were the same for all test-welding modes
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Fig. 3. Appearance of welded joints (a) and the process of argon-arc spot weld-
ing (b).

and were 2.4 mm, 30°, and 12 1/min, respectively. The general appear-
ance of the welding cyclogram is shown in Fig. 4.

2.3. Laser-Welding Methodology

Welded joints were performed taking the direction of deformation
(along and across the rolling direction) into the account using a solid-
state Nd:YAG ‘DY-044’ laser. For this process, a welding head with a
lens with a focal length of 300 mm was used. Welding modes are listed in
Table 4. The amount of defocusing of laser radiation for all experiments
is AF=-0.7Tmm. A gas protection system with 201/min CO; consump-
tion was used to protect the molten bath, as well as the cooling metal of
the seam. The welding speed (V) varied in the range of 0.8—3.0 m/min.
The laser radiation power P varied in the range of 2.0-4.0 kW.

3. RESULTS AND DISCUSSION

The structure of the CR1000Y1370T-CH-EG53/53-U steel in the state
after rolling, thermomechanical treatment and application of zinc
coating in the direction along and across the rolling direction, as well
as selected samples after various modes and methods of welding, was
investigated.
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After laser welding, four best samples were selected according to
visual inspection, which were welded according to these modes:
1482.1, 1481.2, 1481.4, 1481.6 (of which 1482.1 is along the roll, oth-
ers are across). The general appearance of samples made by laser weld-
ing, after selection and cutting, is shown in Fig. 5, a. Samples 1, 5, 8
(Fig. 5, b)and 3, 6, 9 (Fig. 5, c) were selected for research after contact-
spot and argon-arc spot welding respectively. Even at the stage sample
production, some joints, made by the argon-arc spot welding method
were partially destroyed (Fig. 5, c¢), indicating an incorrectly selected
welding mode.

TABLE 3. Argon-arc welding modes and their results.
Sample Welding mode Results
1 2 3
Tungsten electrode diameter Jee = 2.4 mm, sharp- Incomplete for-
ening angle 30°, argon consumption rate mation of the spot
1 ®@=121/min, welding time #,= 1.8 s, current rise core. More power-
time t.,=0.1s, current fall time ¢.:=0.2 s, welding ful welding mode
current I, =55 A, arc voltage U =12V required
Tungsten electrode diameter Jee = 2.4 mm, sharp- Incomplete for-
ening angle 30°, argon consumption rate mation of the spot
2 ®@=121/min, welding time ¢, =1.8 s, current rise core. More power-
time ¢, = 0.1 s, current fall time t.:=0.2 s, welding ful welding mode
current I, =65 A, arc voltage U =13V required
Tungsten electrode diameter Jee = 2.4 mm, sharp-
ening angle 30°, argon consumption rate
3 ®@=121/min, welding time #,= 2.0 s, current rise Spot weld formed
time t.,=0.1s, current fall time ¢, = 0.2 s, welding
current I, =75 A, arc voltage U =12V
Tungsten electrode diameter e = 2.4 mm, sharp-
ening angle 30°, argon consumption rate Q
4 =121/min, welding time ¢, = 2.2 s, current rise timeSpot weld formed.
ter=0.1s, current fall time ¢ =0.2 s, welding cur-
rent I,,=80 A, arc voltage U=12.5V
Tungsten electrode diameter Jee = 2.4 mm, sharp-
ening angle 30°, argon consumption rate
5 ®@=121/min, welding time ¢, = 2.4 s, current rise Spot weld formed
time t.,=0.1s, current fall time ¢, = 0.2 s, welding
current I, =80 A, arc voltage U =12.5V
Tungsten electrode diameter e = 2.4 mm, sharp-
ening angle 30°, argon consumption rate
6 ®@=121/min, welding time ¢, = 2.4 s, current rise Spot weld formed.

time ¢, = 0.1 s, current fall time ¢, =0.2 s, welding
current I, =85 A, arc voltage U =12V
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Continuation of Table 3.

1| 2 3
Tungsten electrode diameter Jee = 2.4 mm, sharp-

ening angle 30°, argon consumption rate Upper plate weld-

. LTk . ed through. Weld-

7 ®@=121/min, welding time t,,= 2.4 s, current rise ine mode is exces-
time t.,=0.1s, current fall time ¢, = 0.2 s, welding g

current I, =95 A; arc voltage U =13V sive

Tungsten electrode diameter e = 2.4 mm, sharp-
ening angle 30°, argon consumption rate
8 @ =121/min, welding time ¢, = 2.4 s, current rise
time ¢, = 0.1 s, current fall time ¢, =0.2 s, welding .
current I, =90 A, arc voltage U=13.5V sive
Tungsten electrode diameter Jee = 2.4 mm, sharp-
ening angle 30°, argon consumption rate
9 ®@=121/min, welding time t,= 2.5 s, current rise Spot weld formed
time t.,=0.1s, current fall time ¢, = 0.2 s, welding
current I, =80 A, arc voltage U =13V

Upper plate weld-
ed through. Weld-
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Fig. 4. Argon-arc welding cyclogram.

3.1. Metallographic Study of AHSS Steels after Laser Welding

Macroscopic studies of the welded joint performed according to 1481.1
mode showed a high-quality connection of metal sheets without delam-
inations, defects, nor the formation of cracks and pores.
Metallographic studies of the metal of the welded joint of
CR1000Y1370T-CH-EG53/53-U steel after laser welding according to
the 1482.1 mode showed that the structure of the weld metal is ferrite-
bainite. In the seam zone, the grain size differs from the base metal. The
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TABLE 4. Laser-welding modes for experimental samples.

Sample Joint type,

. Welding mode Result
number sample preparation

Vw=3 m/min Complete

1481.1 Overlap joint A=1.2 mm (50.0 mm/s), P = 4 kW fusion

. _ Vy=1.5m/min Incomplete
1481.2 Overlap joint A=1.2 mm (25.0 mm/s), P = 2 kW fusion

Vw=0.8 m/min Complete

1481.3 Overlap joint 2=1.2 mm (13.33 mm/s), P = 2 kW fusion

1481.4 Overlap joint 2 =1.2 mm, Vw=0.8 m/min Complete
) sample cleaned of coating (13.833 mm/s), P=2kW fusion
1481.5 Overlap joint 2 =1.2 mm, Vw=38 m/min Incomplete

sample cleaned of coating  (50.0 mm/s), P=4 kW fusion

. . _ Ve=1.9m/min Complete
1481.6 Overlap joint 2=1.2 mm (31.67 mm/s), P = 3 kW fusion
Overlap joint 2 =1.2 mm, Vw=1.9m/min Complete

1481.7 sample cleaned of coating (81.67 mm/s), P=3kW  fusion

size of the grains in the seam is 30—40 yum, and the structure of the seam
is blocky with the orientation of the crystallites along the direction of
heat removal, but with a grain shape close to equiaxed (Fig. 6).
According to the results of durometric studies (Vickers method,
50 g load), it was established that the hardness of the base metal is
3707 + 225 MPa. Studies of the hardness of the characteristic zones of
the welded joint showed that the hardness of the seam was
3298 + 130 MPa, while the coarse grain areas had a lower hardness
(2548 £130 MPa) than the areas of fine grain (3413 = 140 MPa). The dif-
ference in hardness values is explained by the fact that smaller grains
have a bainite structure, which is characterized by the higher level of
hardness, while, in the coarse grain areas, a larger amount of ferrite
phase exists, which imitates the primary austenite grains. A more dis-
persed grain size with more bainite is a result of a higher cooling rate.
The use of scanning electron microscopy made it possible to determine
the features of the ferrite—bainite structure, which is formed in various
sections of the welded joint of AHSS steel during laser welding (Fig. 7).
It was established that the number of non-metallic inclusions
formed in the weld seam zone is greater than that in the main metal.
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C

Fig. 5. Appearance of samples after: laser welding (a), contact spot welding
(b), argon-arc spot welding (c).

Non-metallic inclusions have a globular shape and are mainly located
along the boundaries of bainite packets. Their size is up to 2 ym, which
is slightly larger than in the original metal, and may be the result of
their agglomeration under the influence of a highly intense heat source
during laser welding. The grain size in the seam is of 30—40 yum; in the
HAZ of the metal, it is of 10—20 pum.

The study of the welded joint made according to 1481.2 mode
showed that due to the formation of a number of iron carbides in the
weld metal and the presence of a ‘white strip’, as evidenced by the re-
sults of micro-x-ray spectral analysis (Fig. 8, a), the weld is of poor
quality. This ‘white strip’ was formed as a result of an improperly se-
lected welding mode, which did not ensure the evaporation of zinc
(which was previously applied as a protective coating) from the surface
of the sheet. The results of the x-ray microspectral analysis showed
that the zinc content in it is that of around 77-80%.
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*25 S ' T x400
a

Fig. 6. Macro- (a) and microstructure (b) (optical microscopy) of the welded joint
of AHSS steel according to 1481.1 mode: without etching (a), after etching (b).

a b

Fig. 7. Microstructure of the welded joint of AHSS steel according to 1481.1
mode: weld metal (a), heat-affected zone (electron microscopy) (b).

Metallographic studies of the metal of the welded joint made accord-
ing to 1481.2 mode showed that the structure of the weld metal is fer-
rite—bainite one (Fig. 8, b).

According to the results of durometric studies, it was established
that the hardness of the base metal is 3278 £+ 160 MPa. Studies of the
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Fig. 8. The structure of the welded joint after laser welding according to mode
1481.2: macrostructure (BEI mode) x100 (a), seam metal (b), heat-affected
zone, x3000 (¢).

hardness of the characteristic zones of the welded joint showed that
the hardness of the seam was 3849 + 130 MPa, while the areas of coarse
grain had a lower hardness 2960 + 135 MPa, the areas of fine grain was
3670+ 107 MPa. The difference in hardness values is attributed to the
fact that a smaller grain has a bainite structure, which is characterized
by higher hardness, while, in the areas of coarse grain, there is a larger
amount of ferrite phase, which imitates the primary austenite grains.
The size of the grains is 35—40 um, which is 10-15% larger than in the
previous sample, the size of the grains in the HAZ is 15—-25 um. The
size of bainite packets is up to 3 um.

The study of the welded joint performed according to the 1481.4 mode
showed a high-quality fusion of metal sheets without delamination’s, de-
fects, or the formation of cracks and pores. After laser welding of the
samples according to the 1481.4 mode, a significant number of dispersed
regular globular non-metallic inclusions up to 2 ym in size were found in
the weld metal. Metallographic studies of the welded joint metal showed
that the weld metal structure in this case is also ferrite-bainite (Fig. 9).
The size of the grains in the seam is 20—40 p, the structure of the seam is
characteristically blocky with crystallites directed along the direction of
heat dissipation, but close to the equiaxed shape.

According to the results of durometric studies, it was established
that the hardness of the base metal is 3445+ 160 MPa. Studies of the
hardness of the characteristic zones of the welded joint showed that
the hardness of the seam is lower than the previous samples and is
3046 + 75 MPa, in coarse grain areas the hardness is 2493 £ 55 MPa, in
fine grain areas is 3900+ 270 MPa. Studies have shown that a more
dispersed microstructure is formed in the HAZ compared to than in the
seam (Fig. 10, b, ¢). The grain size is of 20—30 ym.

The study of the welded joint made according to 1481.6 mode
showed a combination of metal sheets without delamination, defects,
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x2b x400
a b

Fig. 9. Macro- (a) and microstructure (b) (optical microscopy) of the AHSS
steel welded joint according to 1482.4 mode.

WO

SEM MAG: 1522

Fig. 10. The structure of the welded joint after laser welding according to
mode 1481.4: macrostructure x100 (a), metal structure of the seam (b), HAZ
metal, x3000 (c).

the formation of cracks and pores, but similarly to the sample that was
welded according to mode 1481.2 (Fig. 8), a clear white line was found
in the metal of the welded joint, which, according to the results of
spectral analysis, indicates a high (70-75%) zinc content in it. As in
the previous case, this is the result of incomplete removal of zinc from
the surface of the sheet, the coating of which was previously applied
for corrosive protection.

Metallographic studies of the metal of the welded joint (Fig. 11) made
according to 1481.6 mode show that the weld-metal structure, like in
previous samples, is a ferrite—bainite block with a characteristic growth
of crystallites along the direction of heat dissipation, but the parame-
ters in this case did not ensure the formation of a high-quality joint.

According to the results of durometric studies, it was established
that the hardness of the base metal is 3097 £ 165 MPa, the hardness of
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a b ' c

Fig. 11. The structure of the welded joint after laser welding according to
mode 1481.6: macrostructure (BEI mode) x100 (a), seam metal (b), heat-
affected zone, x3000 (c).

the seam is 3016+ 150 MPa, in the areas with coarse grain is
2770+ 170 MPa, in areas with fine grain is 3342 + 165 MPa. The study
of the microstructure showed the formation of a dispersed structure,
the size of the grains is 20—30 pym (Fig. 11, b); however, as a result of
the thermal effect and increased cooling rate in the 1481.6 mode, the
equiaxial structure did not form.

3.2. Metallographic Studies of AHSS Steel after Argon-Arc Spot
Welding

According to the selected regimes, 5 out of 9 joints were successfully
formed, in two the core of the spot was not completely formed, and in
the other two—the top plate was burned through, which indicates an
excessively powerful welding mode. In order to avoid the formation of
a hole in the upper welded sheet, it is necessary to create technological
devices that will allow the sheets to be pressed together without an air
gap. Poor-quality pressing of welded parts leads to the appearance of
such defects, even when proper welding modes are used.

Further metallographic studies showed the formation of hardening
structures in the weld metal of this steel, which is associated with the
fact that welding was performed on harsh (for the metal) modes. To
avoid this, utilization of pulse mode welding is necessary, allowing us
to control the thermal cycle of welding. In this case, welding should be
carried out with a lower heat input, which would allow us to obtain
welded joints with the specified parameters and the structure of the
weld metal without creation of martensite. The following welding of
this steel must be carried out on softer welding modes, which prevent
the appearance of hardening structures in the weld metal. That is, via
control the cooling rate of the welded joint during welding.

It was also established that during argon-arc spot welding it is not
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c

Fig. 12. The structure of the welded joint after argon-arc spot welding by
modes: joint 1 (a), joint 5 (b), joint 8. x100 (¢).

possible to avoid burning of the zinc coating on the outer surface of the
sample. This is the case because it evaporates under the action of the
welding arc. Another disadvantage of argon-arc spot welding is the
presence of a crater in the middle of the welded spot joint.

Unfortunately, after argon-arc spot welding in all modes, even in
the samples, which, according to visual inspection, have looked prom-
ising, according to results of metallographic studies, the welding fu-
sion did not occur.

Layering, formation between the surfaces of agglomeration sheets
(with an apparent high zinc content), cracks, etc. were detected (Fig.
12). Further studies of the quality of the structure, including duromet-
ric ones, were not conducted due to their impracticality. It was conclud-
ed that the proposed welding modes need significant correction.

3.3. Metallographic Studies of AHSS Steel after Contact Spot Welding

The selected welding modes allowed for a formation of a high-quality
joint with a given spot diameter size of 5—6 mm, however, contact spot
welding was performed using welding modes, sufficiently harsh for the
metal, leading to the appearance of hardening structures in the welded
joint metal, as well as the burning of the zinc coating on the outer sur-
faces of the samples, as shown by further microstructural studies. In
order to obtain spot welds with a minimum content of hardening struc-
tures, it is necessary to perform welding in softer modes, as well as to
apply a pulsed welding current. Conducting welding in such modes will
minimize the burnout of the tin coating on the outer sides of the plates.
Macroscopic studies of the welded joint performed according to mode
No. 1 by contact spot welding established the connection of metal sheets
without delamination, defects, the formation of cracks and pores, how-
ever, more thorough studies of the metal structure using SEM revealed
unevenness and delamination of the structure in the weld metal. X-ray
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a b

Fig. 13. The nature of zinc distribution in the welded joint produced by con-
tact spot welding (mode No. 1): seam microstructure (a), zinc distribution
map, x500 (b).

spectral analysis revealed zinc residues in the joint area (Fig. 13).

Unlike all previous samples obtained by contact spot welding, the
revealed structure of the weld metal is bainite—martensitic one. This
indicates that the welding mode was sufficiently intense, during which
rapid heating and cooling has occurred. According to the results of du-
rometric studies, the formation of bainite-martensitic and even areas
of martensitic structure was confirmed. Thus, it was established that
the hardness of the seam is 5402 + 220 MPa, in the coarse grain areas
the hardness is 4899+ 270 MPa, in the areas with fine grain is
5338 £ 90 MPa, which is significantly different from the hardness of
the original metal.

The study of the microstructure of the sample performed by contact-
spot welding according to mode No. 1 showed the formation of bainite—
martensitic and fine-martensitic (thin-plate) structures in the metal of
the welded joint (Fig. 14). The size of the grains (bainite packets) is 5—
10 um, and the length of the needles is 2—5 um, which confirms its
formation at a high rate of heating and cooling. Obviously, it is neces-
sary to select a more ‘soft’ welding mode, which, however, would en-
sure the removal of the zinc coating.

The study of the welded joint performed according to contact spot
welding mode No. 5 established the connection of metal sheets without
delamination, defects, the formation of cracks and pores, however,
similar to the aforementioned mode No. 1, unevenness and delamina-
tion were found in the structure of the weld metal. X-ray spectral
analysis revealed a clear area with increased zinc content along the en-
tire length of the joint zone.
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Fig. 14. The structure of the welded joint after contact spot welding according
to No. 1 welding mode: macrostructure (BEI mode) x100 (a), seam metal (b),
heat-affected zone metal, x3000 (c).

Fig. 15. The structure of the welded joint after contact spot welding according
to mode No. 5: macrostructure (BEI mode) x100 (a), seam metal (b), heat-
affected zone metal, x3000 (c).

Metallographic studies of the metal of the welded joint using the
contact spot welding mode No. 5 mode showed that the structure of the
weld metal is bainite-martensitic. According to the results of duromet-
ric studies, the formation of the bainite-martensitic and even marten-
sitic structure was confirmed. Thus, the hardness of the seam is
5250+ 225 MPa, in coarse grain areas, the hardness is 5177 + 65 MPa,
in fine grain areas, and it is 5267 + 187 MPa, which is significantly
different from the hardness of the original metal.

Microstructure studies showed the formation of bainite-martensitic
and martensitic (thin-plate) structures in the metal of the welded joint
(Fig. 15). The size of grains (bainite packets) is 7—12 um, and the
length of martensite plates is up to 5 pm.

Metallographic studies of the metal of the welded joint made accord-
ing to contact spot welding mode number 8 showed that the structure
of the weld metal is bainite-martensitic. Similarly to the previous re-
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sults of the analysis of welded joints of contact-spot welding, the re-
sults of durometric studies confirmed the formation of a bainitic-
martensitic and even martensitic structure, but with a slightly lower
level of hardness. As such, the hardness of the weld is 4760 + 300 MPa,
coarse grain is 3664 + 140 MPa, fine grain is 4944 + 260 MPa, which
may indicate a ‘softer’ welding mode, however, it is not optimal for the
formation of a uniform quality structure in this type of steel.

Microstructure studies confirmed the formation of a dispersed bain-
ite-martensitic and martensitic (needle) structure in the metal of the
welded joint (Fig. 16). The size of the grains (bainite packets) is up to
10 pm, and the length of the martensitic formations is up to 5 pym.

Conducted research on a series of welding of 1.2 mm thick sheet
CR1000Y1370T-CH-EG53/53-U steel (wt.: 0.23% C, 2% Si, 3% Mn,
0.015-2% Al, 1% Cr + Mo, 0.15% Ti + Nb, 0.2% Cu) (manufactured
by Voelstalpine (Austria)) showed the fundamental possibility of ap-
plying modern methods of joining steels by laser, contact-spot and ar-
gon-arc spot welding.

Metallographic studies showed that the best-welded joints were ob-
tained using laser welding in modes 1482.1 and 1481.4 (along and across
the rolling direction). According to the selected modes, it was possible to
ensure the formation of a dispersed structure with an acceptable level of
hardness of up to 4000 MPa, while avoiding the formation of critical
martensitic structures. In addition, it was possible to ensure the evapo-
ration of zinc from the coating of the sheet along the entire length of the
welded joint, in contrast to modes 1481.2 and 1481.6.

Application of contact-spot and argon-arc spot welding did not show
the expected result. During argon-arc spot welding, complete weld fu-
sion metal sheets could not be achieved. During contact spot welding,
critical structures of martensite with a high (up to 5400 MPa) level of
hardness, as well as formations of zinc inclusions and strips in the seam

Fig. 16. The structure of the welded joint after contact spot welding according
to mode No. 8: macrostructure (BEI mode) x100 (a), seam metal (b), heat-
affected zone metal, x3000 (c).
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zone were found and considered unacceptable. The formation of agglom-
erates and unevenness of the structure were observed. In conclusion, the
chosen modes of these welding technologies require further refinement.

4. CONCLUSION

Conducted research on a series of welding of 1.2 mm thick sheet metal
out of CR1000Y1370T-CH-EG53/563-U steel (wt.: 0.23% C, 2% Si, 3%
Mn, 0.015-2% Al, 1% Cr+ Mo, 0.15% Ti+ Nb, 0.2% Cu) (manufac-
tured by Voelstalpine, Austria) showed the fundamental possibility of
applying modern methods of joining steels by laser, contact-spot and
argon-arc spot welding.

High-quality welded joints were obtained using laser welding with
the formation of a dispersed ferrite—bainite structure with an accepta-
ble (up to 4000 MPa) level of hardness without formation of martensit-
ic-type structures and zinc evaporation from the sheet coating along
the entire length of the welded joint. When using contact-spot and ar-
gon-arc spot welding according to the selected modes, it was not possi-
ble to obtain high-quality welded joints due to delamination and zinc
coating residues, so the selected modes of these types of welding
turned out to be ineffective deemed to require further refinement.
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TOM y Pi3HUX 3a IIPUKJIAJEHOIO0 eHepPrielo peskumMax i (piHillrHOro BICOKOYaCTO-
THOro yaapHoro obpobsenus (BUYO) yabTpasByKOBUM yOAPHUM iHCTPYMEH-
ToM. I3 3acTocyBaHHAM ONTHUYHOI iHTepdepoMeTpii Ta pacTpoBOi eJIeKTPOHHOI
MiKpPOCKOIIii Joc/igsxeHo ocobInBOCTi chopmoBaroi Tomorpadii mosepxHi Ta ii
IMIePCTKiCcThL, a 3a momomMoro PeHTreHoBOl aumdpakIiiiHol aHaIiduw Ta MiKpo-
PEHTI'€HOCIIEKTPAJIbHOI aHAJIBY OCJIIIMKEHO CTPYKTYPY, XeMiuHUH i (haszoBuit
CKJIaI1 IOBEPXHEeBUX ITapiB. BusaBiaeHo MiKpoJier'yBaHHS MOBEPXHi Y BUITAAKY
3actocyBaHHA a1 EEP saTyHHOTO APOTY, III0 HE CIIOCTEPira€ThCsA 3a BUKOPYC-
TaHHA MOJIiGeHOBOrO ApOTy. Llelt eheKkT 3ymMOBIIOE 3MiHM MeXaHiUHUX BJaC-
THUBOCTeI ab0 IXHI0 BiCyTHiCTEL BiAmoBigHO. IHCTPYyMeHTAIBHUM iHAEHTYBAH-
HAM IIOKa3aHo, IO BHACJIIOK TepMiyHOTO BILIMBY 3a yMOB EEP i micsia dinrimm-
mHoro BUVYO Bin0yBaeThCs 3MilHEHHS IOBEPXHEBUX IIAPiB, TOAL AK BUABJIEHE 34
BUCOKoeHepreruuHoro EEP MikposeryBanHsA ejleMeHTaMHU JIATYHHOTO IPOTY
Bejle 10 MOHMKEHHS TBepocTU. BecTaHOBIEHO, 10 MOAU(DIKYyBaHHA ITOBEPXHi 3a
mounomoroo BUYO zabesneuye MOHUKEHHS IapaMeTPiB IIePCTKOCTU Ta BiAIIo-
BiIHO 3MeHIIIye MMOBIpPHIiCTh KOHI[EHTPAIlil HANPY KeHb Ha 3arIN0JeHHAX MiK-
popenbedy, a TaKOXK ycyBae HeOe3MeuHi 3aIUIITKOBI HAIPYKEeHHA PO3TATY.

KuarouogBi ciioBa: HiKJIeBuUii CTOII, eJIEKTPOiCKPOBe pidaHHs, IOBEePXHEBUIi I11ap,
BHCOKOYACTOTHE yJapHe oOpoOJIeHHS, MiKPOCTPYKTypa, Tomorpadisa moBepx-
Hi, IIIEPCTKiCTh, TBEPAICTh, XeMiUHUH CKJIA.

The surface state of heatproof specimens of nickel-based CrNi73MoTiAINb
alloy after both wire electroerosion cutting (WEEC) with different applied
energies and finishing high-frequency mechanical impact (HFMI) treatment
by an ultrasonic tool is analysed. Using an optical interferometry and scan-
ning electron microscopy, the peculiarities of the formed surface topography
and roughness are investigated, and using x-ray diffraction analysis and en-
ergy dispersive spectroscopy, the structure, chemical and phase compositions
of the surface layers are investigated. In the case of the WEEC using brass
wire, the surface microalloying is revealed that is not observed, when molyb-
denum wire is used for WEEC. This effect determines the changes in mechan-
ical properties or their absence, respectively. Instrumented indentation
shows that the thermal exposure under WEEC and finishing HFMI modifica-
tion result in the surface-layers’ hardening, while the microalloying detected
under high-energy WEEC leads to a hardness decrease. As established, the
HFMI surface modification provides a reduction in the surface-roughness
parameters and, accordingly, reduces the probability of the stress concentra-
tion on the microrelief and terminates harmful tensile residual stresses.

Key words: nickel-based alloy, wire electric-erosion cutting, surface layer,
high-frequency impact treatment, microstructure, surface topography,
roughness, hardness, chemical composition.

(Ompumano 9 wepensa 2024 p.; ocmamouH. apianm — 9 aunnsa 2024 p.)

1. BCTY1II

BpaxoByiounu apiOHOcepiiiHMII xapakTep BUPOOHUIITBA aBiAIiiiHOI Ta
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PaKeTHO-KOCMIUHOI TeXHiKM, CKJIaIHICTh MPOQiI0 eJ1eMeHTiB KOHCTPY-
KIIil iIXHiX OCHOBHUX JI€TAJIiB, HAIIPUKJIAJ TaKUX AK Ias3yd AUCKIB KOMII-
pecopa ¥ TypOiHmu, Ta moramy oOpoOJIIOBAHICTL pi3aHHAM MaTepisaiiB, 3
SIKUX BOHU BUTOTOBJIAIOTLCSA, HA CHOTOAHI ITpobeMa HOITYKY BHCOKOII-
POOYKTHUBHUX METOMAiB iIXHLOTO (POPMOYTBOPEHHS € aKTyaIbHOo0. OTHUM
i3 ImepcHeKTUBHUX METOIiB (DOPMOYTBOPEHHS € eJIEKTPOoeposiliHe pisaH-
HS MeTaJIeBUM APOTOM Ha BepcTaTax i3 UMCJIOBUM ITPOTPAMHUM Kepy-
BaHHAM [1-5]. MeToz esleKTPOEpO3iiiHOTO pidaHHA APOTOM IITUPOKO BU-
KOPHCTOBYETLCS Ha IPAKTHUILl, OCKIIBKM BiH MOKe OyTH IIOBHICTIO aBTO-
MAaTHU30BaHUM Ta THYYKHM Y CTBOPEHHi CKJIaIHUX IeOMEeTPUUHUX (DOPM.
KoHKpeTHIM IPUKJIALOM MOTr0 BUKOPUCTAHHS € 3aMiHa KOMILJIEKCY IIPO-
TSKOK IJIs 00poOJeHHs IasiB y AMCKaX KoMIIpecopa Ta TypOiHu, Qop-
MOYTBOPeHHs mpodisio 3y0IIiB 11ecTepeHb, MLIIITLOBUX 3’€THAHb TOIIO.
T'o10BHMM YMHHUKOM, IO 0 CHLOTOIHI CTPUMY€E PO3BUTOK I[i€l TEXHOJIO-
ril € HeraTUBHUH BILJIUB TOHKOTO IAPy, SKUH (pOPMYyETHCSI Ha IIOBEPXHI
pisaHHs, Ha eKCILIyaTalliliHi XapaKTepPUCTUKY JEeTAaJIO.

JificHO, TOIIJIEeHHS IMMOBEPXHIi Ta BUCOKA TeMIlepaTypa y IIOBEPXHEBUX
mmapax o6po0JII0BAHOTO MaTePifaay 3AiHiICHIOIOTh 3HAYHUH BILIUB Ha co-
pMoBaHy Tomorpadiro moBepxHi Ta Ii miicHicTh, MIKPOCTPYKTYPHI 3Mi-
HU, 3aJIMIIKOBI HAIPY:KEeHHA, MiKPOTBEPAIiCTh i pO3MOAiN XeMiuyHMX
eneMeHTiB [6]. Pasom 3 TuM, CTYIIiHL TEPMIiUHOTO IOITKOAMKEHHS Ta
3MiH y TOBEepPXHEBHUX INTapax 3aJIe)KUTh BiJl YMOB IPOIIECY eJIeKTPOoepo-
siitnoro pisanusa (EEP), a came, Bixm 3acTocoByBaHoi eneprii pospany [2,
5, 6], mBuIKOCTH pidaHHsg [2], MaTepidaIy APOTY TOIIO.

Bimomo, 1m0 eHepriio po3pany MiK eJIeKTPOLOIO Ta IIOBEPXHEI0 YaCTO
BUKOPUCTOBYIOTH MIJIS I[1JIECIPAMOBAHOIO JIeTyBaHHA IIOBEPXHi MeTaJe-
BUX JeTaJjiB. 3a YMOB IEPiOAUUYHOTO eJIeKTPOiCKPOBOr0O PO3PALY Big0y-
BaEThCA JIET'YBaHHSA IIOBEPXHEBOIO IIapy 3a PaXyHOK HepeHeceHHS Ma-
TepiAIy eJeKTpoau Ha o0pobsoBany moBepxHio [7—12]. Oxgmak, y pasi
sacrtocyBaHHA EEP ni1s BUroTOBJIEHHA BiAIIOBimaJIbHMX AeTajliB aBid-
IifiHOI Ta PaKeTHOI TeXHiKM, e)eKT IOBEPXHEBOTO JIeT'yBaHHA MOXKe 0Y-
TU IMKiAJNBUM Uepe3 CIPUUYMHEHY HUM 3MiHYy MeXaHIuHUX BJaCTUBOC-
Tell TOBepXHEBUX IIapiB AeTaJsio, M0 IOB’sA3aHi 3 XeMiuHUM i pazoBUM
CKJIaJlaMU MaTepisaty.

B pobori [6] Oysno mokasaHOo, 110 ePEKTUBHUM 3aIJid 3MEHIIEeHHS
cupuurnHennx EEP momkom:xeHs Moske OYTH IIOCIiOBHE 3aCTOCYBaHHS
IeKiJIbKOX po3pisdaHb: OCHOBHOT'O BMCOKOEHEPreTUYHOTO Ta (PiHiIITHOTO
po3piszaHpb, IO IIPOBAAATLCA 3a HU3bKOI €Heprii Ta BeaAyTh M0 3HAYHO
MEHINNX 3MiH CTaHy IIOBepXHi meraJio. IHmni migxix mepembauae ¢i-
HilllHe MexaHiuHe a0o0 iHIIle 00pOOJeHHs, HANPUKJIAL HIIi()yBaHHIM,
IS YCYHEHHS HaAMipHOI IIepcTKOCTH Ta Je()eKTHOCTH IIOBEPXHi, YTBO-
penoi micas EEP [13]. Takum umzoM, HebaxkaHi sMinum y MOpP@OJIOrii
IIOBEPXHi, MiKPOCTPYKTYPHOMY Ta HAIIPYKEHOMY CTaHAaX IIOBEPXHEBOTO
miapy, sHeceHi EEP, Mo:XyTh OyTu MiHiMizoBaHi 3aBIAKMN BIOOPY eHep-
retuku mporecy EEP i pimimunm mexaniuauM 00po0IeHHAM.
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Bimomo, mio ogauMu i3 e)eKTUBHUX METOAIB HeHTpaJsizamii medexT-
HOT'O IIIapy ITiCJsd eJeKTPOepPO3iMHOro pisaHHA € MeTOAW iHTEeHCHUBHOI
IJacTUYHOL jmedopMallii moBepxHi, 30KpemMa MeTOo BHUCOKOUYACTOTHOT'O
ynapHOro obpobsenasa (BUYO) yabTpasByKOBUM yAapHUM iHCTPYMEH-
ToM [14—19]. Ileit meTon mOKa3aB BUCOKY e(DeKTUBHICTD Y ITOPiBHAHHI 3
iHImMUMMY MeToAZaMHU iHTEHCHUBHOTIO ILJIACTUYHOTO ne()OPMYyBaHHSA IIOBEP-
XHi, TAKUMU AK IIPOTO- Ta IiCKOCTPYMHUHHE 00pO0JeHHsI, 00POOIeHH
MeTaJeBUMU KYJbKaMHi B YJbTPa3BYKOBill KaMmepi, oOpoOIeHHA y Bib-
pyrouomy O6apabani Ta in. [20—22]. 3a ymoBu MoaudiKyBaHHS ITIOBEPXHIi
JeTaJiB 3a palioHAJIbHUMHU PEKNMAaMHU iCTOTHO 3MEHIIIeHa IIePCTKICTh
IIOBEPXHi, HAHOPO3MipHa 3epeHHa CTPYKTypa IIOBEPXHEBOTO IIapy Ta
3aJIMITKOBI HAIIPY:KEeHHSA CTHUCHEHHS B HbOMY CIPUSIOTH IIiIBUIIIEHHIO
eKCILTyaTal[ifHNX XapaKTepuCTuK, a caMe, omopy BToMmi [4, 8, 9], 3Ho-
myBauHmo [9, 10, 23, 24] Ta Kopo3ii [7, 9, 11, 12]. Takum unHOM, y Ie-
AKNX BUIIAAKAX IXHE BUKOPUCTAHHSA 3a0e3Ileuye MOKJIUBICTL 3aMiHM
MeTony (OPMOYTBOPEHHA CKJIQAHOMPOMIIbHNX IIOBEPXOHDb JeTAJiB Ia-
30TypOiHHMX ABUTYHIB Ha OiJbIIT MPOAYKTHUBHE eJIeKTPOepo3itire 06po0b-
JIeHHH.

Mertozo0 gaHOi poOOTH € BU3HAUEHHSA ONITUMAJIbHIX PEIKIMIB €JIeKTPO-
epogittHoro pisamaa Ta ¢Qimimuaoro BUYO yabTpasByKOBUM yIapHUM
iHCTpyMeHTOM 3pasKiB 3 :kKapomimuoro HikjgeBoro crony XH73MBTIO.
OCHOBHUMMU 3aBIaHHAMUI POOOTH € aHajiza COPUUYNHEHUX eJIeKTPOoepo-
sititauM i medopmariiiEiuM oOPOOIEHHAMN 3MiH MiKpopeabedy moBepx-
Hi, XeMiuHOTr0 Ta ()a30BOr0 CKJIAIiB, MiKPOCTPYKTYPHU Ta TBEPAOCTH II0-
BEPXHEBOI'0 II1apy 3pas3KiB.

2. METOOJUKA EKCIIEPUMEHTY

OG’eKTOM [JaHOTO [JOCHiIMKeHHS € JKapPOMIITHMN HiKJeBUH CTOII
XH73MBTIO, 1110 3aCTOCOBYETHCA AJIsI BUTOTOBJIEHHS AeTaJIiB aBiAIiii-
HOI TeXHiKM, Yy TOMY UMCJi JIOIATOK i AMCKiB rasoBux TypOiH, IHCKIiB,
JeTajiB KpimaeHb Ta in. XeMiuHMI CKJIag CTOIY HaBeleHo y Tao. 1.

EnekTpoickpoBe pidaHHA 3pa3KiB IPOBeAEHO i3 BUKOPHUCTAHHAM Jia-
TYHHOTO IPOTY Ta 3a ABOX PEKMMIiB pisHOi imTeHcuMBHOCTH (eHeprii) 3
METOIO0 IIBUAKOTO Ta OiJBINI IIOBIIBLHOTO HPOIECY OJep:KaHHsA 3pasKa
(mamami — KopcTruit (BucoxoeHepreruunuit) pexkum (EEP-iK) i
M’ aKuil (HusbKoeHepreruunuii) pexxum (EEP-M) BigmoBigHo), a TakoMXK
i3 3acTOoCcyBaHHAM MOJIIGIEHOBOTO IPOTY Y IPOMiKHOMY (CepeaHbOeHep-
retuuyaomy) pexxkuMmi (EEP-Mo). 3pasku Bupisanm 3 3aroToOBKHW MicCJd
medopmMaliiiimoro oOpoOJIeHHA Ha eJIeKTPOepos3ifiHOMYy BepcTarTi
Mitsubishi MP-1200.

diminrae moagu(piKyBaHHSI IOBEPXHi OfepKaHX 3Pas3KiB IPOBOAMIIOCS
BYYO 3a momomoroio yabTpasBykoBoro npuaany USTREAT 4.0, axwui
CKJIANAETHCA 3 YJIbBTPa3BYKOBOT'O I'eHepaTopa 3 POO0UYOI0 YACTOTOIO ¥
21 kI'y i moTy:xuicTio y 0,6 kBT, BiOpaTopa 3i cTymiHuacTuM KOHIIEHTpA-
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TABJINIIA 1. Xemiunuii ckaang gocaigsxenoro Hikaesoro crony XH73MTIOB
(% Bar.).

TABLE 1. Chemical composition of the nickel-based alloy CrNi73MoTiAINb
(0/0 Wt.).

Cr [Nb| Al Ti |Mo|Fe| Mn Si C Ni I»xepeso

13- 1,9-1,45-2,35-2,8— .
16 22 1,8 2,75 3.2 <2 <£0,4 <£0,5 <0,07 pemra moBigHUK [25]
eKCIEePUMEHT

15,192,31 2,05 2,48 3,081,21 0,35 1,94 2,2 pemra (EDS)

TOPOM, Ha AKOMY 3a JOIIOMOT0I0 IPYKHUH PO3MIITyBaJu YIaPHY TOJOBKY
[14-17]. O6pob6ieHHs 3pa3KiB MPOBOAUJIN i3 3aCTOCYBAaHHAM JBOX BUIIB
MIPOMiKHUX yAApPHUX €JIeMEeHTiB, BUTOTOBJIEHUX i3 3arapToBaHOI KPHUILi
11X 15, 110 3abe3meuyBajio PisdHi YacTOTy yaapiB i HAKOMMUEHY eHepriio
yImapHoi fii Ha 00po0aoBaHy moBepxHIO [18], a came, IIacCKUM KpPYTJIUM
YIAPHUKOM ILJIACTUHOIO AiAsMeTpoM y 18 MM i TOBITMHOIO ¥ 3 MM Ta ITHUJIi-
HIPUYHUM CTPHKHEM TiAsMETPOM Y 5 MM i TOBKHUHOW y 18 MM. AMILTITY-
Ia TOPISI KOHIleHTpaTopa ckjagana 24 =50 Mmkm. Uepes mepioguuHumii
KOHTaKT i3 TOpIleM KOHIIeHTpaTopa 000K OJep:KyBaB iMITyJIbC CUJIU Ta
KiHeTUUYHY eHepriio, AKa BUTpavajaca Ha MOAN(MiKyBaHHA MiKpPOPEJIbE-
¢y mOBepXHi, YTBOPEHOrO ITiJi Yac eJeKTPOiCKPOBOro pisaHHdA, Ta Ha Je-
dopMyBaHHA TOBEPXHEBUX IapiB 3paska. TpuBajicTh 00poOJeHHSA
criaagana 120 c. Pexxum 06pobaenHs: 0yB oOpaHMil Ha OCHOBI OI[IHKY eHe-
PreTUYHUX IMapaMeTpPiB YIbBTPa3ByKOBOTO 00p0O0IeHHS, IIOMePeIHbO IPO-
BeJIeHOI /151 pi3HUX cXeM HaBaHTa’KEeHHA Ta MeTajieBuX MaTepisaris [18]1
II10JI0 IOBEPXOHb IeTaJIiB rasoTypoiHHUX ABUTYHIB [26].

Hna BU3HAUEeHHA ITapaMeTpiB IIePCTKOCTY MOBEPXHIi Ta Bisyasisarii
ii TpuBuUMipHOI Tomorpadii micasa eJTeKTPOiCKPOBOro pisaHHS Ta HACTY-
mHoro (imimuoro o6pobseHs BUYO BUKOPHUCTOBYBAIN TPUBUMIipPHII
inTepdepenmiinuii npodimsomerep «Micron-alpha» [27, 28]. Ilpuman
YMOKJINBJIIIOE OE3KOHTAKTHO MipATH TPUBUMIiPHUII peabed IOBEpPXHi 3
HAHOMETPOBOIO PO3IiJIBUOI0 3maTHicTIO Mo BepTukaiai. Ha moBepxHaAX
3paskiB aHasjisyBanu ginaHKu miomeio 150x100 mxm?, a mapamerpn
IIEPCTKOCTY PO3PAXOBYBAJIM B MerKaX 3apeeCTPOBAHUX MiJSHOK IIO
I’SAThOX IIapajielbHO pO3TallloBaHMX 0Oas3oBux JiHiax. Ha pucysky 1
IIpeCTaBJIeHO IPUKJIAJA 3apEeECTPOBaHol IBOBUMipHOI Tomorpadii mima-
HKM HTOBEepXHi, c()oOpMOBaHOI B Pe3yJabTaTi eJIeKTPOePOo3iliHOro pisaHusd
3a pe;xxumoM EEP-M jmaTyHHUM IPOTOM, i IIapaJjieJibHO Po3TallloBaHi Oa-
30Bi JiHii, B MeKax AKWX BU3HAUaJMCA IIapaMeTpPU IIIEePCTKOCTH, a Ta-
Kok mpodisiorpama, 1o Bigmosigae uepBouii (Ne 3) 6a3oBiii rimii.

HocaimkeHHA CTPYKTYPHOro Ta (ha30BOT0 CKJIAiB IIOBEPXHEBOTO IIIa-
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Puc. 1. PosramryBaunusa 6a30Bux JiHil AJA PO3PaXyHKY HapaMeTpPiB IIIEPCTKOC-
TH B MeKax 3apeecTPoBaHol ABOBUMIipHOI Tomorpadii moBepxHi.

Fig. 1. Baseline locations for calculating the roughness parameters on the reg-
istered two-dimensional topography.

Py 3pasKiB mpoBeaeHO 3a JOIIOMOT0I0 MeTony PeHTIreHOBOI nudpaKkToMe-
Tpii i3 sacrocyBaHHAM audparTomerpa HUBER y migHOMY BuIrpomi-
menHi (MCuK,)=1,5418 A). InTepBas KyTiB peecrpamii gudpakiiizoi
KapTuHu cranoBus 20 = 20°-120°, kpox — 0,04°, yac BUTPUMKHU Y TOU-
i — 2 ¢. TaKkoK BUKOPHUCTOBYBAJHN PACTPOBY MiKPOCKOIIil0 Ta MiKpope-
HTI'€HOCIEeKTPaJbHY aHaJNi3y 3a HOIOMOTOI0 CKAHYBAJIbHOTO €JIEeKTPOH-
Horo mikpockomna TESCAN Mira 38 LMU i3 BOygoBanuM eHeproguciep-
cifinum mikpoananizaropom OXFORD X-MAX 80 mMm? 32 IpUIIBUIIILY-
BasbHOI Hanpyru y 30 kKB Ta 36inbmenss go 10 pasis.

MexaHiuHi BJIacTUBOCTI 3pasKiB micjsa eIeKTPOiCKPOBOro pi3aHHsA Ta
HacTynHoro (Qixinraoro oopodaenua BUYO mocaimkysaau Ha momnepeu-
HOMY IIepepisi MeTomoM HellepepBHOTO BAABJIIOBAHHSA iHAeHTOPa Bepko-
Buua (iHCTPYMEHTAJIBHOTO iHAEHTYBAaHHs). BUKOpPHCTOBYBaJIU YHiBep-
caJbHUM MiKpo/HaHoTBepAaoMip «Micron-Gamma» 3a HaBaHTAKeHHA ¥
20 i mBUAKOCT HaBaHTaKeHHs y 2r/c [29, 30]. 3xilicHoBasu cepii
iHgeHTyBaHb i3 KpokoM y 60 MKM MiK KOMKHUM YKOJOM IIO IIPAMIiH Ji-
Hii, AKYy OyJI0 PO3TAIIIOBAHO HiJi TOCTPUM KYTOM 0 MOAU(MIKOBAHUX IIO-
BEePXOHb, i HACTYIIHI MipAHHSA Bigmaai KOMKHOTO YKOJIY BiJ IOBEpxXHi
3paska. BusHaueHHSA TBEPIOCTHU 3 3apPEECTPOBAHUX OisArpaM iHAEHTY-
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BaHHSA ITPOBOJUJINCS 3a METOIMKOIO, HaBedeHoIo B podorax [31, 32].

3. EKCIEPUMEHTAJIbHI PE3YJIbTATH 1 OBTOBOPEHH S

Ha pucynky 2 mpeacTaB/ieHO TPUBUMIpHI Tomorpadii minsHox moBep-
XOHb JOCJiIMKYBAHOIO CTOIIY IIiCJsA eJeKTPOepOo3ilHOro pisaHHA Y
m’axkomy (EEP-M) i :opctromy (EEP-3K) pexxnmax Ta micas iXHBOTO
HacTymHoro Mmogudikysanaa BUYO yaIbTpasByKOBUM iHCTPYMEHTOM.

KinpkicHa ominka penbedy copMOBaHUX MOBEPXOHb, AKA IPOBOIN-
Jacsd 3a II’'aThbMa IIapajieJIbHO PO3TAIIOBAHMMHN 0A30BUMHU JiHiAMH B
MerKaX 3apeeCTPOBAHUX TiJISHOK, Maja 3MOTy 3’sCyBaTU BILJIUB 3aCTO-
coBaHoi 3a ymoB EEP eneprii Ta TepMiuHOT0O BOJIINUBY, a TAKOX e(DEKTUB-
Hicth BUYO 3 ornaay Ha MOMKJINBICTD YCYHEHHSA 3HAUHUX HEPiBHOMIp-
HOCTell MiKpopebedy Ta BiIIIOBiIHOI KOHIIEHTPAIlil HanpyKeHb Ha HOo-
ro 3araubOJeHHIX 3a YMOB eKcIIyaTallili. ¥YcepenHeHi 3HaUeHHS IIapa-
MeTpiB R, Ta R, IITIepCTKOCTH ITIOBEPXOHDb HaBeIeHo B TabJI. 2.

Amnaiza onep:kaHuX pe3yabTaTiB MOKa3aja, I0 PeKUM eJIeKTPOepo-
3ifiHOTO 00POOJIEHHS MAa€ iCTOTHUI BILJIUB Ha pebed ITOBEPXHi pisaHHS
(puc. 2, a, 8; puc. 3; raba. 2). Tak, 3a m’akoro pe:xxumy EEP-M dopmy-

8 2

Puc. 2. TpuBumipHa tomorpagis moBepxHi spaskiB micas EEP y HusbKo-
enepreruunomy EEP-M (a, 6) Ta BucoxkoeHepreruunomy EEP-3K (8, 2) pexu-
Max i pirinmraoro BUYO moaugpikyBaHHA moBepXHi (6, 2).

Fig. 2. Three-dimensional surface topography of the samples after low-energy
WEEC-soft (a, 6) and high-energy WEEC-hard (8, 2) regimes and after finish-
ing HFIT surface modification (6, 2).
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TABJHUIIA 2. Cepenni 3HaueHHS TapaMeTPiB MIEPCTKOCTY ITOBEPXHi.

TABLE 2. Surface-roughness parameters mean values.

Pexum 06pobiennsa R,, MKM R., MKM
EEP-M 0,365 1,656
EEP-M + BUYO 0,05952 0,2352
EEP-iK 3,261 9,308
EEP-JK + BUYO 1,134 2,084
EPP-Mo 1,938 5,277
EPP-Mo + BUYO 0,4355 1,197

€TbCS IOBEPXHA 3 JOCTATHLO CHUCTEMHHM (MOHOTOHHUM) pesbedoM,
SAKUN XapaKTepuayeThCsd HAaABHICTIO JOCTATHHRO CUMETPUUYHUX, HEBEJIN-
KHUX 3allaJuH Ta BUCTYIIiB, 110 Ma€ cepeHi 3HaUeHHs ITapaMeTpiB Iepc-
TKocTH moBepxHi R,=1,65MKM i R,=0,3695 MmkM. 3a »KOpPCTKOTO pe-
sxkumy EEP-3K popmyeThes po3BUHEeHN, HEOTHOPITHUNA pesibed moBep-
XHi, 1110 Mae mapamerpu Iepctkoctu R,=9,308 mxMm, R,= 3,261 MKM i
XapaKkTepusyeThbCcAa HaABHICTIO JOCTATHBO BUCOKUX BUCTYIIiIB Pi3HUX PO-
3MipiB 3i ckJaamHOIO (OPMOIO IIPUOIM3HO OJHAKOBOI BucoTH (puc. 2, 8).
Caix BigsmauuTu, 1o pexxum EEP-M zabesmneuye 0iJblll ogHOPiAHY Ta
MJIagKy IMOBEPXHIO pidaHHsA 0e3 3HAUHUX IIepPemnafiB BHUCOT M iCTOTHUX
nederris. Taxkoxk moBoOJIi piBHOMipHA Tomorpadisa moBepxHi i3 mapamer-
pamu mmepcTKocTr moBepxHi R,=5,277MEM i R,=1,938 MKM crocTepi-
raetbed i micasa EPP-Mo moni6aenosum gpoToMm (puc. 3, 8; Tab. 2).

PesynabraTu ananisu mopdoJiorii moBepxHi JOCTiAKyBaHUX 3pasKiB y
pacTpoBOoMy eJIEKTPOHHOMY MiKPOCKOIIi ITpeicTaBIeHo Ha puc. 3, e Ha-
BeIeHO eJIeKTPOHHO-MiKPOCKOIIiUHi 300pakeHHsa OiIAHOK MOBEePXHi IIi-
cada pisuux pe:xxkumis EEP, Ta Ha puc. 4, AKUN IeMOHCTPY€E 3MiHY MOP-
doorii mosepxHi, chopmoBanoi EEP, micaa ¢girimuaoro BUYO. ITosep-
XHi 3paskiB micaa pisuux pe:xxkumis EEP xapakTepusyioTbCsa HEOTHOPI-
IHICTIO, CTYHiHb AKOI KOopeJsioe i3 sacTocoBanoio mig uac EEP eneprieio
Ta BiAMOBiIHUM TEePMiUYHMM BILIMBOM, III0 3YMOBUE OTOILJIEHHS ITOBEPX-
Hi mig gac pisaHHsa. OyeBUIHO, HAWMEHIIUHN CTYIIiHbL HEOTHOPiZHOCTH
IIOBEPXHi 3 BEJIMKOIO KiJIBKICTIO IJIACKUX OiJMAHOK 1 He3BHAUYHUMMU 3alia-
IWHAMY MiK HUMU CIIOCTEPIiraeThbCcd y BUNAAKY 3aCTOCYBaHHSA HU3LKO-
enepreruunoro EEP-M (puc. 3, a). HaBnaku, gy:xke po3BUHYTUH PeIbed
dopmyeThbes nicasa EEP-iK i3 sanyueHHSM BUCOKOI eHeprii pisanus, 110
OB’ sA3aHO 3 OiJIbINI iIHTEHCUBHUM TOILJIEHHAM ITIOBEPXHiI Ta MOKJINBUM
HATOILIEHHAM IIPOAYKTIB MaTepisaay Ta ApoTy Ha Hei (puc. 3, 6). IIpomec
EEP-Mo, BUKOHAHUH y IIPOMisKHOMY 3 TOUKH 30PY €HePreTUKM PEeXKUMI,
IEeMOHCTPY€E HPOMiKHMH XapaKTep MiKpopeiabedy 3 HAABHICTIO ILIac-
KUX JIISHOK i HeBeJIMKUX MPOAYKTiB pisanus (puc. 3, 8).

dimintae momupikyBaHHA TOBEPXHi, c()OpMOBAHOI €JIEKTPOEPO3iii-
HUM pisanHaM, MeTogoM BUYO 3a momoMoroio yjabTPasByKOBOTO yaap-
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Puc. 3. PEM-306pakeHHs moBepxoub 3pas3kis crony XH73MTIOB micia EEP-
M (a) ra EEP-iK (6) naryaaum gporom i EEP-Mo mosiogeroBuM aporom (8).

Fig.3. SEM images of CrNi73MoTiAlNb-alloy specimens’ surfaces after
WEEC-soft (a) and WEEC-hard (6) using brass wire and after WEEC-Mo us-
ing molybdenum wire (8).

HOTO iHCTPYMEHTY BeJle OO 3MEHIIeHHS IMePCTKOCTY IMOBEpPXHi mmicisa
ycix gocaimxenux pexxumis EPP (puc. 2, 0, 2; puc. 4; Ta6i. 2).

BYYO nosepxHi micaa m’akoro pexxumy EEP-M jaTyHHUM IPOTOM
NIPUBOAUTH OO ILJIACTHYHOI AedopMaillii BUXiTHMX BHUCTYIIIB i (opmy-
BaHHA OiJMBII TJIaAKOI ITOBEPXHi, 3HAUEHHSA ITapaMeTpiB IIEPCTKOCTHU

View ties
SEM MAD: 24800

Puc. 4. PEM-300paxkenHs moBepXxoHb 3paskiB crony XH73MTIOB micia BUYO
Moaudikaiii mikpopeabedy, chhopmoBarnoro EEP-M (a) ta EEP-iK (6) maryu-
"HuM gporoM i EEP-Mo mosiogeroBuM apotom (8).

Fig.4. SEM images of CrNi7T3MoTiAlNb-alloy specimens’ surfaces after
HFMI modification of microrelief formed by WEEC-soft (a) and WEEC-hard
(6) using brass wire and after WEEC-Mo using molybdenum wire (8).
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AKoi 3ameHITyIOThCA 10 R,=0,05952 MM i R,=0,2353 Mmkm. OgHaK Ha
MOBEepPXHiI  IMe  3aJUMIAlOThLCA  HEBeJUWKi  3amajuHU. BYYO-
monud)iKyBaHHS IMOBEPXHi Imicia :KopcTkoro pexumy EPP-K naryn-
HUM IPOTOM i micasa cepemunoro pexumy EPP-Mo moi6geHOBUM ApO-
TOM TaKOK BeJle 10 3MEeHIITeHHA IITIePCTKOCTH IToBepxHi (puc. 2, 2; puc. 4,
0, 8; Tabx. 2). Ciuixg 3asHaumTH, IO IIOBEPXHA pidaHHs, chopMOBaHA B
pesyabTaTi sxopcTkoro pexkumy EPP-K, mae mocTaTHRO pO3BUHEHUI
peabed, a obpanuit pesxkuMm BUYO He 3a0esmeuye IMOBHOTO HOTO 3IJa-
mxyBaHHA. B pesyasrari BUYO-MomudikyBaHHA BUCTYOUN CKJATHOI
dopmu, yreopeHi Bupogos:x EEP-iK, memio gedhopmyroTbes, IO CIPU-
YMHsS€E 3MEHINeHHA IapaMmeTpiB miepctkoctu (R.=2,084 MKkM i
R,=1,134 mx™m). OgHax o6pobieHa IIOBEePXHsS Ma€ MAOCTATHHO CKJIATHY
dopmy iz 3aauIIKaMy 3HAYHUX 3alafuH, IKi MOKYTh 30iJbIITyBATH PU-
31K KOHIIEHTpAIlil HAIIPYKeHb i IIOHMKYBaTH eKCILIyaTalliiiHi BJaacTH-
Bocti. Te X came MOKHa ckKasaTu ¥ npo MopdoJoriro moaudikoBaHol
BYYO nosepxHi nicis EPP-Mo moni6anenosum aporom (puc. 4, 8). Ta-
KM YUHOM, JJA IIOBHOTO YCYHEHHdA MMOBIpHOI KOHIIEHTpaIlil Haupy-
JKeHb Ha eJJeMeHTaX MiKpopeibedy MoBepX0oHb, C(hOPMOBAHUX 3a YMOB
EEP-iK i EEP-Mo, motpi6buo nposoguti BUYO i3 migBuIneHom iHTeH-
CUBHIiCTIO ab0 BIIPOJOBIK O1JIBIII TPUBAJIOTO YacCy.

Ha pucynky 5 HaBemeHo PentrenoBi gudpaxTorpaMu IIoBepXHi moc-
Ji»KEeHOr0 CTOIIY B Pi3HMX cTaHaX. 3a Jomomoroio PeHTrenonoi ¢asosoi
aHaJIidy TOBepXHi Iricaa nuripyBaHHA BUABJIEHO cucTeMy pedJeKciB
I'TIK-TBepmoro posunny (y-hasm) Ha OCHOBi HiKJIIO, a TAKOXK peduieKc,
posrarroBaruii nepen makcumymom (111) y-haswu, o BixmoBinae xapbi-
Iy Ha OCHOBi HioGit0 Ta jeryBanbuux ejmementis (MC) (puc. 5, a, cuek-
Tep 0). Enexrpoeposiiine pisanna y pe:xxumi EEP-M matyaauM apotom
He BHOCHUTH iCTOTHUX 3MiH y (asoBuii ckiaan (pedekc Bim kapbigy sa-
JUIMAETHCA HA PEHTIeHOTrpaMi), Xoua 3 ABJISIETHLCSI HEe3HAUHMNI HAIJIUB
nepex makcumymowm (111) y-dasu (puc. 5, a, cuexrep 1). Takwuii :xe Ha-
IJINB, ajie 3HAUHO OiJIbIIT0I iHTEHCMBHOCTH Ta B OLJILII IIUPOKOMY iHTEp-
BaJIi KyTiB 3’aABAs€TbCA i micaa pisanHa y pexxumi EEP-iK narynHum
IpoToM, a pedeKc Big KapbimiB HaBOaKu 3HUKAE, IMOBipHO, uepes IXHe
pO3UYMHEHHSA MiJf Yac TOIJIEHHS, BUKJIMKAHOTO BUCOKOEHEPTreTHUHUM
EEP (puc. 5, a, cuexrep 2; ogep:kaHo Bix maTyHi). AHanisa mosulrii pe-
daekciB JaTyHi Ha audpaxTorpaMi, HaBeAeHill BHM3Y puc. 5, a, CBijI-
YUTh, 10 HAILJINBU Ha PeHTTeHOoTrpaMax II0OBEPXOHb, chopmoBanux EEP
JATYHHUM APOTOM, MOKYTh OyTHU OB’ A3aHi i3 ixHiM MiKposeryBaHHAM
eJeMeHTaMu, AKi BXOAATh M0 cKaany jgaTtyHi (CuZn). PesyabTaTu mepe-
BipKHY IIBOT0 NPHUIIYIIEHHS 34 JOIIOMOT'0I0 MiKPOPEHTI'€HOCIEeKTPaJIbHOI
aHaJIidy HaBeaeHOo Ha puc. 6 i B Tadi. 3.

PenTtrenoBa pugpaxTorpaMa IIOBEepPXHi MTOCIiIKyBAHOIO CTOITY IIiCJIs
pisamua y pexxumi EEP-Mo monioaenoBumM aporom (puc. 5, a, CIIeKTep
3) Buraagae iHaxine, ocKiibKY Ha Hill BimcyTHi i pedexcu Big xapbi-
IiB, i HAIIMBYU BiJ MMOBipHOTro MiKpoJieryBaHHA. BiJbIl 0ueBUIHOIO €
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oIrrcaHa PLKHUIA 3 OTJIALY Ha (pparMeHTH nudpaKTorpaM, HaBeIeHi Ha
puc. 5, 6. Ile cBiguuTh ITPO PO3UMHEHHS Kap0OimiB y moBepxHEBOMY ITIapi
Ta PO BiicyTHiCTH HOBUX (pas, 3apeecTpoBaHux y Bumnaaxky EEP maryH-
HUM IPOTOM.

IIle omuuM BaskJIuBUM acnekToM BILIMBY EEP Ha moBepxHeBi 1m1apu
00pPOOJIIOBAHOTO CTOIY € HASABHICTH 3AJUINTKOBUX HAIPYKEHb PO3TATY
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Puc.5. ®parvmentu PenrrenHoBux aumdpaKTorpaM IOBEPXOHL  CTOMY
XH73MTIOB y Buxignomy muridoBanomy crasi (0), micaa pexxumis EEP-M (1) i
EEP-iK (2) naryaaum aporom, EEP-Mo y mpomizkHOMY pekuMi MOJi6IeHOBUM
aporoM (3) i EEP-3K micaa BUYO (4), a takox qudpaxrorpama jJatyHi (CuZn).

Fig. 5. Fragments of x-ray diffractograms of CrNi73MoTiAlNb-alloy speci-
mens in the initial state (spectrum 0), after WEEC-soft (1), WEEC-hard (2) by
brass wire, WEEC-Mo by molybdenum wire (3), after WEEC-hard followed by
HFMI (4), and brass (CuZn).
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(20,9T'IIa), mpo 110 CcBimuUuTEL 3cyB PeHTreHOBUX MaKCUMYyMiB y Oik Oi-
JBIMUX KYTiB 3a ITKaJIo0 KyTiB audpakriii (puc. 5, 6). 3aBaaxku miac-
TUUHiN nedopmallili Mikpopeinbedy Ta IIOBEePXHEBOTO ITapy 3a YMOB (i-
minmraoi BUYO 3zabesmeuyeThca (GOopMyBaHHS HAIPY:KeHb CTUCHEHHS
(21,13 I'lIa), 10 TPOABAAETHCA ¥ 3MIilleHH] TiKiB y 6iK MEHIIIUX KYyTiB
nudpaxkirii. TooTo 3aIMITKOBI HaIPyKEeHH Po3TAry, cupuuntneHi EEP,
yCyBalOThCA 3a paXyHOK KOMIIeHcallil HapyKeHb Pi3HOT0 3HAKy Ta iX-
HBOTO IIepeposnoainy. [is npukaany, Ha puc. 5, 6 HaBeJeHO MOPiBHIH-
HA TOJIOKEeHb PeHTreHoBoro Makcumymy (222) y-dasm AOCTiAKEHOTO
crony mas muaidoBaHoro 3paska (cmexrtep 0), 3paska micaa EEP-K
(cumexTep 2) i dpinimuoro BUYO nsoro x 3paska (cuexrep 4).
PEM-300paskeHHs IOIEPEUHOT0 IIepepisy JOCTiIKeHOoro CTOIY Micasa
pisaux pe:xumiB EEP i BimmoBigHi emeproamcoepciiiai cuekTpu, oaep-
JKaHi MiKpOpPEeHTI'€HOCIIeKTPAJIbHOIO aHAJIi3010, IPeACcTaBIeHO Ha puc. 6.
Tabauisg 3 MicTUTE AaHI IITOJ0 XeMiUHOIO CKJIAAY IPOaHAi30BAHUX
ILIAHOK moBepxHI miomero 4x10* mEm?2, mo nosHaveni Ha puc. 6. Aga-

Puc. 6. PEM-300paskeHHsa moBepxoHb 3paskis cromy XHT73MTIOB micas pe-
xkumiB EEP-M (a) it EEP-3K (6) maryuuaum aporom i micas EEP-Mo mouri6meno-
BUM JpoToM (8) i3 BiAHOBiZHMMHU CIEKTpPaMU MiKPOPEHTI€HOCIeKTPaabHOI
anaiisu (EDS).

Fig.6. SEM images of CrNi73MoTiAlNb-alloy specimens’ surfaces after
WEEC-soft (a) and WEEC-hard (6) using brass wire and after WEEC-Mo us-
ing molybdenum wire (8) with corresponding EDS spectra.
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TABJINIA 3. Xewmiunmit ckaaxg (% Bar.) objgacTeil 1oOBepxXxHiI cromy
XH73MBTIO, naBenenux Ha puc. 6.

TABLE 3. Chemical composition (% wt.) of the CrNi73MoNbTiAl-alloy sur-
face areas shown in Fig. 6.

| c | o] al | si|mi|c|[Fe|Ni|culzn|[Nb]|Mo
Puc.6,a 2,12 2,11 1,47 0,27 2,46 15,12 1,85 63,96 3,59 2,61 1,88 2,56
Pruc.6,0 2,33 2,98 1,52 0,27 2,45 15,23 1,47 40,88 19,77 8,47 1,98 2,75
Puc.6,6 2,2 2,53 1,64 0,35 2,4316,851,96 66,92 0 0 2,31 2,81

Jiza eHeproAMCHepCiiHUX HaHUX TaKOM CBIJUUTH, IO V XEeMiuHOMY
CKJIafi ITOBEPXOHb, chopMoBaHUX pisanHaM y pexumax EEP-M (a) Ta
EEP-iK (0) naTyHHUM IPOTOM, 3’ ABASIOTECA icTOTHI goMimKku Kynpymy
ra [luaky (Tada. 3). OcodbauBO 3BHAUYHUM BMiCT IIUX eJIEMeHTiB hiKCyeThb-
cA micasa pisaHHA y BHUCOKoeHepretumuHomy pe:xxkumi EEP-K, 1o Kope-
Jaoe 3 ranuMu PeHTrenoBoi anamnisu. e moscHioeThea mepebirom mpo-
IeciB MacollepeHeceHHA MaTepidly APOTY Y MOBEePXHEBUM I1ap MaTepi-
sAJIy TIOBEepPXHi, a CyImyTHi#l TepMiuHMI BOJUB MOXKe iHTeHCcuU(piKyBaTU
et mpoiiec. ToOTO 3aBAAKY Pi3KOMY HiIBUINEHHIO TEMIEPATypPH Ta JIO-
KaJIbHOMY TOILJIEHHIO APOTY MOTro CKJaIoBi edeMeHTH AUQPYHIYIOTH
MOBepPXHEBUM I1ap HiKJEeBOIro CTONY, IO Iijjiarae pisanuio. Ha Bigminy
Big mux nBox cTaHiB moBepxHi micaa EPP naryaHMM npoToM moBepxXHSA
micsa pisamaa moaiogenoBum apotoMm (EEP-Mo) He cipuunHse icTOTHO-
T'0 3pOoCcTaHHs BMicTy MoiOgeHy B mOBepXHEBOMY ITTapi.

Busasneni ocob6amBOCTI MiKpOCTPYKTypu Ta (hpasoBOTo i XeMiuHOTO
CKJIaAiB Moan(piKOBaHNX NPUIOBEPXHEBUX IMIAPiB 3pasKiB MOCIIiIKyBa-
HOT'O CTONY BimoOpasKaloThCcsa Ha MOTO0 MeXaHiUYHMX BJIACTHUBOCTX, a ca-
Me, Ha BeJINUNHI iHCTPYMEHTAJIbHOI TBEPIOCTH, IO JTOCJIiIKYyBaIacsa Me-
TOAOM 3allliCy KPUBUX HaBaHTaKeHHA—PO3BaHTAKEHHS 3a YMOB iH-
CTPYMEHTAaJIFHOTO iHIeHTYBaHHA aJIMa3HUM HaKOHEUHKOM BepKoBuua.

3HauenHsa iHcTpymenTanbHoi TBepmoctu Hir [I'Tla], Bumipaumi gasa
IOBEPXHEBOIO IIapy Ha PisHi# Bigmaii Bim moBepxHi, chopmoBaHOI 3a
pisaux pexxumis EEP i BUYO, masemeno B Tabi. 4. BumiproBauHs mIpo-
BOAWJINCSA II0 OIPAMil JIiHiI, po3TamIoBaHii IIiJi TOCTPUM KYTOM OO MO-
In(ikoBaHUX IIOBEPXOHBb, IO JAaJI0 3MOTY OIIHUTHU TJIMOUHY, HA AKY
PO3TOBCIO/IKYIOTbCA 3MiHM TBEPAOCTH Iiciad pisHux pexumiB EEP i
BBy BUYO-MmogudikyBaHHA moBepxHi. BuaHo, 1110 y BUDAAKY HUSh-
KoeHepretuuHoro pizanua (EEP-M) criocTepiraerhesa gesake OigBUIEH-
HS TBEPJOCTH y IIOBEPXHEBOMY IMapi TOBIMMHOWO y =20 MKM, a HajaJi
TBepAicTh MaTepiaay ckiaagac = 6 I'lla. IIpuunHOIO TaKOTO MiABUINEHHS
MOKe OyTHU HedKe OKMCHEHHS MOBEPXHIi 3a paXyHOK TEPMiuHOTO edeKTy
EEP. Ilicnia BucokoeHepreruunoro pe:xxumy EEP-iK Tako:x ToHKUI 1m0-
BepXHEBUM IIap Mae BUINY TBEPIicTh, Xoua U y MeHIIIi# mipi, ajge Ha
rubuHi ¥ = 20 MKM cIiocTepiraerbed MoHm:KeHa TBepaicTs (5,7 I'lla) v
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TABJINIIA 4. Teepaicts Hir [T'1la], Bumipsina Ha pisuiit Biggamai Big mosepxHi
3paskiB crony XH73MTIOB micia pisaux pexxumis EEP i BUYO.

TABLE 4. Hardness Hir [GPa] measured at various distances from
the CrNi73MoTiAlNDb-alloy specimens’ surfaces after different regimes of
EEC and HFMI treatment.

Hir, I'Tla | HV, TTIa[33]
Pexxum EEP Biggans Big moBepxui EEP
10 Mem | 20 vem | 40 Mem | 90 MM | =100 MM

EEP-M (CuZn) 8§,1+0,3 6,2+0,2 5.9+ 6,0+0,1 4,552+0,3
EEP-¥ (CuZn) 6,2+0,1 5,5+0,2 6,0+£0,2 6,2+0,1 5,065+0,1
EEP-Mo 6,5+0,3 6,4+0,2 6,2+0,2 6,2%0,2 -

EEP-M +BYYO 7,4+0,1 7,4+0,2 7,2+0,2 6,3+0,2 -
EEP-iK+BYYO 7,2+0,1 6,9+0,2 6,4+0,3 6,4+0,3 6,082+0,3
EEP-Mo +B4YYO 7,3+0,1 6,8+0,2 6,5+0,2 6,3%0,2 -

MOPiBHAHHI 3 TBEPHiCTIO CTOIy, MMOBipHO, Uepe3 CUJIbHIIIIUHA BILIUB
migsuinenusa remneparypu oig uac EEP-3K. KpiMm Toro, mpuumnHo0 3Mi-
HU MeXaHiYHNX BJIaCTUBOCTEH CTOIIY MOKe OyTH I IPOHNKHEHHS aTOMiB
Kynpymy Ta IluuKy, sKe, 3TiIHO 3 JaHUMU MiKPOPEHTI'€HOCIEeKTPab-
HOI amaJisu, icToTHo BuIlle came 3a ymoB EEP-iK (19,77% Bar. Kympy-
my Ta 8,47% Bar. lluuky), "ixk micaa EEP-M (3,59% Bar. Kynpymy Ta
2,61% Bar. Iluuky) (tabs.4). PesyabraTu Iomo iHCTPyMeHTAJIbHOI
TBEPJOCTH, 3apPEEecTPOBAHOI B IIOIIEPEUHOMY mHepepisi Ha Bigmani y
90 mxMm Big moBepxHi EEP, KopenooTh i3 manumu TBepaoctu HV, one-
P:KaHMMU 3a JOIIOMOTOI0 PO3PaxXyHKIiB HNPY:KHIX 1 MeXaHIiUHUX Xapak-
TEPUCTUK, IIPOBEIEHUX HA OCHOBI IPenu3iiHNX BUMipIOBaHb IIIBUIKOC-
Teii yabTpasByKy [33] (Tabua. 4). OdumBa MeToAM CBimUaTh PO 3POCTAH-
HsA TBepAocTH miciad ¢irimuoro BUYO 3paska, ofep:KaHOro pisaHHAM y
pexumi EEP-JK.

IToxazoBo, mo EEP-Mo (Mosi6ieHOBUM APOTOM) CIIPUUYMHSE CXOXKi
3MiHU TBepaocTu 6insa moBepxHi (2 10 MKM) i BifcyTHiCTL IOHUIKEHHS B
TIMOIIKMX ITapax, OCKijabKM TepMiunuii epext EEP-Mo, BUKOHAHOTO B
MIPOMIisKHOMY €HEePreTUUYHOMY PeKUMi, MeHIInH, aHisk 3a ymoB EEP-JK,
a moBepXHeBe JieT'yBaHHS BiHOCHO JerkoTonkumu Kympymom i Ilum-
KOM BiZICyTHE 3a MOXKJIMBOI'O JAeAKOro JieryBaHuHa MoJsiOmeHOM, SKMI
JIUIlle He3HAUHO 3MiHIO€ 3araabHuii BMicTt MoaibmeHy y cKJami gocJi-
I:KyBaHoro cromy (tabu. 3).

4. BUCHOBKH

OpmepskaHi pe3yJbTaTHU CBifUaTh, 10 BUOIp eHEPTEeTUYHUX IapaMeTpiB
mmporiecy ejaexkTpoeposiiiHoro pisanus (EEP) gporoM Heo0XigHO poduTH
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i3 BpaxyBaHHAM MOTPiOHOI BUPOOHMUOI MPOAYKTHUBHOCTH (IIIBUIKOCTHU
pizamusa), a TaKOYK HM3KM YNHHUKIB BILIMBY TePMiUHMUX IIOJiB i MaTepi-
Ay OPOTYy Ha o0pobaioBanuii maTepian. OCHOBHUMU cepel ITNX UNHHN-
KiB € (popMyBaHHSA 3aJUNIKOBUX HANPYKEHb PO3TATY Ueped TepMiuHUHN
BILJIVB i HEPiBHOMipHE OXOJIOAKEHHS IIOBePXHEeBUX IITaPiB ITiCJIA TOILJIEH-
HA 1moBepxHi mig vac EEP, mikpoJser'yBaHHSA ejieMeHTaMU APOTY i OKHC-
HEHHs TOBEPXHi, 3MiHa CTPYKTypu Ta (asoBOTO CKJIAAy ITOBEPXHEBUX
HIapiB CTOIY 3a paXyHOK TEPMiUHOT'O BILJIMBY Ta MiKpoJeryBaHHA.

Bussneno, mio migBumieHHa eHeprii EEP copuumbsie 30iabIeHHSA
KOHIIEHTPAIlil eJIeMEeHTiB JIJaTYHHOTO APOTY Ha IIOBEPXHi JOCJIiIKEeHOTO
cToiry, a came, KoHmenrpamnia Kynpymy ta Iluaky spocrae 3 3,59% i
2,61% micas musbkoeHepreruunoro (EEP-M) pemumy pisamas mo
19,77% i 8,47% micia BHCOKOEHEPTreTHYHOI'0 PEKUMY BiAIIOBigHO.
Jiia mirimisaiii 3MiHT MexXaHIUHUX BJIACTUBOCTElN IMTOBEePXHEBUX I1apiB
PeKoMeHIOBaHO 3aCTOCOBYBaTU pisaHHA MoiaibmemoBuM mporom (EEP-
Mo), ockinbku Takuit pe;xkum EEP He Beze 10 icTOTHHX 3MiH XeMiuHOTO
cKJIanmy, a came, BMicty MoJai6aeny.

ITokasamno, 110 3acTocyBanuaa BUYO yabTpasByKOBUM iHCTPYMEHTOM
3a0e3Ieuye YCYHeHHA HAIIPYKeHb PO3TATY Ta (hOPMYBAHHSA HAIPYKEHb
CTUCHEHHH, 1110, 3TiIHO 3 JIiITepaTyPHUMH JaHUMU, CIPUAE ITiABUIIIEHHIO
eKCITyaTal[ilHNX BJIACTUBOCTEH (OIIip 3HOITyBAaHHIO Ta BTOMi) i 3a0e3-
meuye 3MiITHEHHsS NTOBEPXHEBUX IapiB (TBepAicTh 3pocTae a0 7,2—
7,4 T'Tla). Takoxx 3a momomoroio BUYO minimisyernses mepceTricTs cdo-
pmoBaHoil 3a ymoB EEP moBepxHi, 1110 3MeHIITye UMOBipHIiCTh KOHIIEHT-
paiii Hanpy:KeHb Ha eJeMeHTaX MiKpopeiabedy TOBEPXHi Ta IMOJOBIKYE
eKcILTyaTalinanii pecypc. Tak, mapamerep mepcTKocTu R, 3MEeHITYy€ETh-
ca 3 0,365 MM, 3,261 MmKM i 1,938 MKM miciisg HM3LKOEHEPTETUUHOTO
EEP-M, Bucoxoenepreruunoro EEP-iK i mpomi:kHOro MoJi6geHOBMM
aporom EEP-Mo mo 0,06 MM, 1,134 mxMm Ta 0,436 MKM, IO CKJIAamac
3MEHIIeHH y ITiCTh, TP Ta II’ ATh pasiB BiAIOBimHO.

Taxum umHoM, MeToa EEP nporom € edeKTUBHUM I (DOPMOYTBO-
PeHHsA CKIaTHOMPOPIILHNX MOBEPXOHL AETAJIB ra30TyPOiHHUX ABUTY-
HiB 3a YMOBU BUKOPHCTAHHSA ONTUMAaJbHUX pexkuMiB. [loBemeHO AOIi-
JBHICTB 3acTocyBaHHA Qiminraoro moaudikysanus nmosepxui BUYO nme-
TaliB 3 ;xapominuoro HikigeBoro crony XH73MTIOB y axkocTi cKiIago-
BOI 4aCTHUHHU KOMILJIEKCHOTO 00pOOJIeHHS, II[0 YCYBa€ HACTiAKKM MiKpO-
Jer'yBaHHs Ta 3POCTAHHS IIapaMeTPiB miepcTKocTu. IlosuTuBHi edherTn
BUYO momaraioTh y MOHUMKEHHI HMOBIpHOCTM KOHIIEHTpAIlil Hampy-
JKeHb Ha eJJeMeHTaxX MiKpopeabedy ado y moBepxXHeBUX ITapax. 3a yMOB
eKCILTyaTallil 1e CIpuATUME HiBUIIEeHHIO pecypcy AeTaJiB i ras3oTyp-
OiHHUX IBUTYHIB 3arajioM.

Pobory Bukomano sa miarpumiku HDPIAY (mpoext Ne 2022.01-0038
«IligBuIleHHA BUTPHUBAJIOCTI aBial[iiHUX MeTaJleBUX MaTepiaaiB: ¢op-
MYBaHHSA CTPYKTYPHO-(ha30BUX CTaHIB i pidsmKo-MexXaHIUHUX BJIACTUBO-
CTel IIiJ BIJINBOM TBEPAOPO3UYMHHOIO, AUCIEPCiiiHOro Ta me)opMalrii-
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HOT'O 3MiITHEeHb i 03/100JIeHHS IIOBEPXHi» i3 Jep:KaBHUM peecTpaIliiHuM
Ne 0123U0103378) Ta gmepsxkaBHOI mporpamu «IlizTpmMKa pO3BUTKY
MIpiopUTEeTHUX HAMPAMIB HayKoBux mociaimienb» (KIIKBK 6541230)
(mpoekT Ne 0123U100898 «HoBiTHiI MeTasoBmicHI marepiaau Ta iHHO-
BaIliliHi TeXHOJIOTII /I IPIOPUTETHUX TaIy3ei MPOMHUCIOBOCTI YKpai-
HU»).
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Shape-memory alloys belong to the functional materials, which exhibit shape
memory, superelasticity and high damping-capacity phenomena. Cu—Al-Mn
shape-memory alloys remain of particular interest as they show good ma-
chinability and are much cheaper than nitinol. In addition, their functional
performance is quite attractive as well. The present paper is dedicated to the
changes in shape memory and internal friction induced by the grain-size re-
duction in low-temperature cast Cugg.26Al25.86Mn4 g5 alloy.

Key words: martensitic transformation, grain size, shape memory, internal
friction, Cu—Al-Mn alloys.

Cromnu 3 maMm’ATTIO (pOPMU HATEkKATh 40 PYHKIIOHAIBHUX MAaTepisaiaiB, AKi Bu-
ABJAIOTH IIaM’ ATh (POPMU, HAAMNPYKHICTL i BUCOKY 3JaTHICTH 40 JAeMII()yBaH-
Hs. Cromu Cu—Al-Mn 3 mam’ATTIO (POPMU 3aJIUIITAIOTHCA IONYIIPHIME CEPES
JOCTiTHUKIB, OCKiJIbKY BOHU JEMOHCTPYIOTH H0OpY 00po0I0oBaHicTh i Habara-
TO merreBIni 3a HiTmHOJI. KpiMm Toro, ixHi QyHKIiOHATBHI XapaKTepUCTUKU
TaKO0K JOCTAaTHLO MpuBabauBi. [laHa cTaTTs CTOCYEThCA 3MiH mam’ ATi opmu
Ta BHYTPIIIIHBOTO TEPTH, COPUUNHEHNX 3MEHIIEHHSIM PO3Mipy 3epeH y HU3b-
KoTeMIilepaTypHoMY JUTOMY cTOIIi Cusgg,26Al2s,86]MNy 88.
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1.INTRODUCTION

Cu-based shape memory alloys are those that belong to the group of in-
dustrial shape memory alloys. The reason for their attractiveness in a
sense of application is not only the thermoelastic character of the mar-
tensitic transformation that takes place in them ensuring reversibility
at shape memory behaviour, but their relative cheapness and simplici-
ty in preparation as well. In fact, intensive research of these alloys
started from the cornerstone work on Cu—Al alloys by Kurdyumov and
Khandros in 1949, where they have confirmed the existence of the
thermoelastic phase equilibrium predicted previously by Kurdyumov
himself [1]. Since then, researchers all over the world focused their ef-
forts on studies of crystal structure, crystallography, thermodynamics
and kinetics of the martensitic transformations in Cu-based alloys in
particular and Warlimont and Delaey elegantly summarized these re-
search results in their monograph in 1974 [2]. Surely, shape memory,
superelasticity, high damping capacity behaviour associated with the
martensitic transformation was also studied for these alloys as well.
One might find important details in the work of Tadaki [3] or in one of
the more recent general reviews on a subject (see [4], for example).
Cu—Al-Mn shape memory alloys still attract much attention as they
show enhanced plasticity due to the existence of B-austenitic phase
that possess L2; semi-ordered structure undergoing martensite trans-
formation according to Kainuma et al. [5, 6] contrary to the brittleness
of B2 or D03 Cu—Al-Ni and Cu—Zn—Al shape memory alloy systems [3,
7]. Specifically, Cu—Al-Mn alloys exhibit attractive damping capacity
[8], shape memory [6, 9] and superelasticity [10]. The latter is becom-
ing even more popular due to the possibility to produce high quality
wire. One of the important issues is the grain size as its reduction im-
proves ductility and might be critical for Cu—Al-Ni and Cu—Zn—Al al-
loys [3, 7] and proved to be beneficial for Cu—Al-Mn alloys [8, 10]. The
present paper is dedicated to the uncovered peculiarities of the grain-
size reduction influence onto shape memory and internal friction
demonstrated on cast low temperature Cu—Al-Mn shape memory alloy.

2. EXPERIMENTAL

Cu-13% wt. (25.86 at.%) Al-5% wt. (4.88 at.% ) Mn alloy composi-
tion was chosen because of the expectation of martensitic transfor-
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mation and associated shape memory well below room temperature. It
was induction melted and cast into room temperature ceramic mould
and into a mould cooled down to 140 K. After casting, specimens were
annealed at 1173 K for 30 minutes and quenched into water. X-ray dif-
fraction has been recorded using Dron-3M diffractometer in radiation
CukK,. Rietveld refinement of the x-ray diffraction pattern obtained
was carried out with the help of Maud 2.9993 build 532 software [11]
with goodness of fit Ry, =7.3% at Rexp=2.9% . Microstructures were
studied using Zeiss Axiovert 40 optical microscope in polarized light.
Shape memory behaviour and internal friction changes together with
elastic modulus temperature dependencies were obtained in 3 point
bending on 22x2x(0.4—0.5) mm plate like specimens (setup with 20 mm
distance between nodes; oscillating frequency 1 Hz; heating-cooling
rate 5 K/min) using Netzsch 242 Dynamic Mechanical Analyzer (DMA)
and Proteus software.

3. RESULTS AND DISCUSSION

Figure 1 represents the result of Rietveld refinement of the x-ray dif-
fraction pattern of Cues.26Al25.86Mn4.ss alloy cast at 140 K, annealed and
quenched (casting into room temperature mould shows similar pat-
tern—not shown).

It can be seen that, at room temperature, the major phase is L2;-
austenite with volume fraction of 95% and lattice parameter
a=>5.874, A, while remaining 5% of volume fraction belongs to the Y-
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Fig. 1. Results of Rietveld refinement of x-ray diffraction of cast at 140 K,
annealed, and quenched specimen of Cuge.26Al25.86Mny.ss alloy.



936 Yu. M. KOVAL, V. V. ODNOSUM, Vyach. M. SLIPCHENKO et al.

orthorhombic martensite (Pnmm space group) with lattice parameters
a=4.4655A,b=5.320, A, c=4.333; A.

Optical microscopy studies revealed that after casting of
Cuseg.26Al25.86Mny ss alloy into room temperature ceramic mould the mi-
crostructure consists of large grains (average about 200 um) that
demonstrate some kind of growth texture (Fig. 2, a).

Casting into a mould cooled down to 140 K results in finer grains
that are 20-50 um in size (Fig. 2, b). Therefore, there is a clear evi-
dence of grain size reduction in the latter case that is due to the in-
crease in cooling rate upon crystallization.

To measure shape memory with a help of DMA, the experiment was
set in order to apply static load well above the temperature range of the
martensitic transformation (loaded after heating up to 440 K). Then
loaded samples under the same static bending stress of 40 MPa were
cooled down to 113 K and subsequently heated up back to 440 K and the
deflection in 3-point bending versus temperature was observed for
them. The results of such measurements for Cusg.26Al25.86Mnyss alloy
cast into room temperature ceramic mould and into a mould cooled
down to 140 K are shown in Fig. 3.

It can be seen that forward (M, M;) and reverse (4s, Ar) martensitic
transformation temperatures that correspond to accumulation of mar-
tensitic deformation on cooling and shape recovery on heating are sim-

200 pm

S

a

Fig. 2. Microstructures of the Cueg.26Al25.56Mna ss alloy: cast into room temper-
ature ceramic mould (a), cast into a mould cooled down to 140 K (b), after
casting specimens were annealed at 1173 K for 30 minutes and quenched into
water (optical microscopy; polarized light).
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ilar but not identical for large grain size of about 200 um (casting into
room temperature ceramic mould; Fig. 2, a) and smaller grain size of
20-50 pym (casting into a mould cooled down to 140 K; Fig. 2, b). To be
exact, in the case of large grain size, forward martensitic transfor-
mation starts and finishes (M.=200K, M:=185K) at about 10K
higher comparing with smaller grain size (M:=190K, M;:=175K),
while reverse martensitic transformation is almost the same
(As=245K, A;=255K), if one defines these temperatures as onset
points with an inflection in between. It can be also seen that, in both
cases, the shape recovery is complete but the reversible deformation
amount is different. In the present case of 3-point bending, the defor-
mation was calculated according to the following formula
e¢=(4h(dL)/(I? + (dL)?)) x 100, where h is plate thickness, dL is deflec-
tion and [ is distance between nodes (all in mm). So, in the case of large
grain size (about 200 um, Fig. 2, a) accumulated and restored marten-
sitic deformation was gg=0.2%, while, upon the grain size reduction
(20—-50 yum, Fig. 2, b), it undergone 2-fold increase (er = 0.4% ).

In order to determine elastic modulus and internal friction (loss fac-
tor), the dynamic load of oscillating force was applied (stress 40 MPa)
resulting in 20 pm amplitude ((8—10)x1073%). Proteus software calcu-
lates elastic modulus as |E| = E'+iE", where E' is storage modulus and
E" is loss modulus. Loss factor is obtained as tgd=E'"/E'~Q'=
=(1/2n)(AW /W), where AW is the energy (generally converted into
heat) absorbed after loading and unloading and W is the applied energy

-200

—400

dL, um

-600

-800

150 200 250 300 350 400
T, K

Fig. 3. Deflection in 3 point bending (dL) vs. temperature measured in Ne-
tzsch 242 DMA under static stress 40 MPa for Cugg.26Alz5.86Mnyss alloy cast
into room temperature ceramic mould (200 um grain size, plate thickness
h=0.4 mm; dashed line) and into a mould cooled down to 140 K (20—-50 pm
grain size, plate thickness 2 = 0.5 mm; solid line).
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during loading. In Figure 4, the elastic modulus vs. temperature be-
haviour has been shown for Cuge.26Alz5.86Mna sz alloy upon almost 10-
fold grain-size decrease.

It can be seen that martensitic transformation temperatures accord-
ing to elastic-modulus changes with temperature shown in Fig. 4 cor-
respond well with those obtained for shape memory behaviour shown in
Fig. 3. It should be noticed that the absolute values of modulus are
quite different for different grain sizes. As elastic modulus is a struc-
ture insensitive property and depends primarily on the interatomic in-
teraction, this difference can only be explained in terms of high elastic
anisotropy ratio A = 2C44/(C11 — C12) = 13 for Cu—Al-based alloys [12]. In
this sense, large grains that show almost columnar microstructure
(Fig. 2, a) might be the reason for higher directional stiffness along
the measured plate, once for smaller grain size we have average distri-
bution of directions and because of that elastic modulus values in aus-
tenite are very much like the ones measured on small grain polycrystal-
line wires in [8]. Contrary to the results in [8], the value of elastic
modulus in martensite is smaller comparing to austenite although it is
growing with cooling from the minimum observed during forward
martensitic transformation. Subsequent heating back to 440 K results
in passing through a minimum associated with reverse martensitic
transformation, which is deeper comparing with a forward one imply-
ing that lattice softening during reverse martensitic transformation is
more significant for Cuseg.26Al25.86Mny ss alloy.

As for internal friction (loss factor tgd or damping) measured simul-

a——
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Fig. 4. Elastic modulus vs. temperature behaviour (oscillating frequency 1 Hz,
oscillating amplitude 20 pm ((8—10)x1073), heating—cooling rate 5 K/min) for
Cugg.26Alz5.86Mny gs alloy with 200 pm grain size (dashed line) and 20-50 pm
grain size (solid line). Martensitic transformation temperatures calculated as
onsets with the help of Proteus software are also shown.
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taneously in these DMA experiments, its behaviour vs. temperature is
shown for large and smaller grain sizes in Fig. 5.

It can be seen (Figure 5) that for the large and smaller grain size
Cuseo.26Al25.56Mny.ss alloy specimens, two internal friction peaks corre-
spond to elastic modulus minima (Fig. 4) and temperature intervals of
martensitic deformation accumulation on cooling and its recovery on
heating (Fig. 3). According to [13], these internal friction peaks con-
tain two contributions, namely, ‘transient’ and ‘non-transient’. The
latter is related to phase transformation mechanism. They all lay over
so-called ‘intrinsic’ one that exists in austenite, two-phase austen-
ite/martensite mixture during the transformation and in martensite.
Authors of [13] relate ‘intrinsic’ contribution in martensitic state to
the mobility of intervariant boundaries in thermoelastic martensite.

It seems evident that in the case of the large grain size (Fig. 5,
dashed line) internal friction decreases after the peak on cooling to the
value that was initially observed in high temperature austenitic re-
gion. Further heating leads to the increase in internal friction only in
the temperature interval of the reverse martensitic transformation
and it ends up in high temperature region once again at low internal
friction value. It has to be noted that complete shape recovery in
Cusgg.26Al25.86Mny g3 alloy (Fig. 3) means that the character of the mar-
tensitic transformation is definitely thermoelastic. At the same time,
it is becoming obvious that intervariant boundaries for thermoelastic
martensite formed in large grains are immobile. Yet, almost 10-fold
decrease in grain size for Cus.26Al25.86Mn4.ss alloy results in very high
internal friction in the martensite state (Fig.5, solid line), as tgd

0.14 1

0.10 1

tgd

0.06 {

0.02

150 200 250 300 350 400

Fig. 5. Loss factor tgd vs. temperature behaviour (oscillating frequency 1 Hz,
oscillating amplitude 20 pm ((8—10)x1073), heating—cooling rate 5 K/min) for
Cugg.26Ala5.86Mny gs alloy with 200 pm grain size (dashed line) and 20-50 pm
grain size (solid line).
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grows to the peak value of 0.09 and does not decrease much in marten-
site in 0.07-0.08 range on cooling. Subsequent heating results in the
increase of tgd above 0.14 at the peak and decrease to the austenitic
value in high temperature range. It has to be also noted that the inter-
nal friction peak during reverse martensitic transformation on heat-
ing is higher comparing with forward one on cooling (Fig. 5). It corre-
sponds well with deeper minimum in elastic modulus during reverse
martensitic transformation shown in Fig. 4 because lattice softening
definitely helps the mobility of interfaces in general. Anyway, it can be
supposed that the decrease in grain size leads to the mobility of the in-
tervariant boundaries in thermoelastic martensite through changes in
martensite crystal morphology from spear like to thin plate. The latter
morphology might also be responsible for the increase in accumulated
and recovered martensitic deformation at shape memory (Fig. 3). To
find a proof of that, additional investigation will be required.

4. SUMMARY

It can be concluded that Cuseg.26Als5.86Mna4.ss alloy upon quenching from
1173 K undergoes thermoelastic martensitic transformation from L2,
austenitic phase into y; -orthorhombic martensite. Thermoelastic mar-
tensitic transformation in Cusg.26Al25.86Mn4ss alloy is accompanied by
complete shape recovery, while minima in elastic modulus coincide
with internal friction peaks in the temperature intervals of martensite
deformation accumulation and its recovery during forward and re-
verse martensitic transformation correspondingly. Higher internal
friction peak during reverse martensitic transformation associated
with lower elastic modulus minimum comparing to forward martensit-
ic transformation. It means that higher interface mobility is ensured
by the more significant lattice softening within the reverse martensit-
ic-transformation temperature range. The large grain size for
Cueo.26Al25.56Mny.ss alloy lead to the formation of the martensite state
that shows no sign of the intervariant boundary mobility in thermoe-
lastic martensite because the internal friction in this case is as low as it
is in the austenitic state. It is possible to decrease austenite grain size
with the help of high crystallization rate through casting into low
temperature mould. Resulting 10-fold decrease in grain size ensures
high mobility of intervariant boundaries in thermoelastic martensite
for Cusg.26Als5.86Mnyss alloy, which in its own turn results in high in-
ternal friction in martensite state. The possibility to regulate shape
memory and internal friction through the grain size manipulation un-
covered in present work might become very useful in application of
cast or 3D-printed Cu-based shape memory alloys.
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