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VACUUM ARC COATINGS FOR COMBUSTION CHAMBERS
OF ROCKET ENGINES

An investigation was done for heat-resistant coatings from Ni-Cr and Fe-Ni-Cr alloys, produced by vacuum arc deposition with
cathodes from nichrome alloy XH78T and steel 12X18H10T. The microstructural analysis of the studied coatings applied by vacuum
arc deposition with different amounts of reactive gas (nitrogen) in a deposition chamber showed the presence of two phases: a matrix
and the distributed particles of liquid phase of various sizes and shapes. Vacuum arc deposition at a cathode arc current of 55 A for
Ni-Cr and 82 A for Fe- Ni-Cr coatings, a cathode arc voltage of 28 to 32 V, an underlayer temperature of 490+30°C, and no nitrogen
in the chamber gives coatings with no apparent orientation of crystallites and a microhardness reaching 330to 374 HV. The diffusion
mobility of atoms decreases at a higher nitrogen pressure, which results in a coarse-crystal, porous-columnar structure of coatings
with high porosity, a varying volume, and a rough surface. The influence of nitrogen pressure in a chamber on the strength of coatings
was evaluated by their microhardness. A nitrogen pressure gain up to (.13 Pa results in the increased microhardness of both coating
systems, and the further growth in pressure has almost no effect on microhardness. It was discovered that a nitrogen pressure of 0.13 Pa
gives the optimum combination of a coating’s strength and continuous structure with no pores and apparent columnar crystallites.
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Alloys from Ni-Cr with 80 % Ni are among the most heat-resistant industrial materials with a maximum operating temperature of up
to 1200 °C. However, they are expensive, which makes Fe-Ni-Cr alloys more attractive, providing their heat resistance is sufficient
Jor the operating temperature range. Therefore, it is reasonable to conduct further research on both Ni-Cr and Fe-Ni-Cr coatings to
develop a deposition technology that can provide the required performance parameters. Controlling nitrogen pressure makes it possible
to adjust the structure and properties of the coating during deposition.

Keywords: Ni-Cr, Fe-Ni-Cr heat-resistant coatings, microstructure, microhardness.

INTRODUCTION

A combustion chamber, where fuel and oxidizer
mix and burn, is one of the core elements in liquid-
propellant rocket engines. Pressure in a combustion
chamber may reach 1 to 30 MPa at gas flow tempera-
tures of 3000 to 3800 °C [8, 20]. Most chambers of
liquid-propellant rocket engines have external cool-
ing to reduce thermal loads, where a cooling medium
flows in a channel formed by the internal and exter-
nal shells of a chamber. The temperature of a cham-
ber wall that heats up when the engine is operating
must not decline the required strength of the struc-
ture. Therefore, it is necessary to use heat-resistant
alloys with high thermal conductivity coefficients.
Along with this, structural materials for combustion
chambers are selected considering the design speci-
ficity of a chamber and the cost limitations.

The early combustion chambers in the large en-
gines made in the United States, Europe, and Japan
had a tubular design and were made from strength-
ened nickel (Nickel 200), stainless steels AISI 316,
347, and alloys 285, Inconel, and X-750 with a high
nickel content. However, for the Shuttle spacecraft
with higher combustion temperature and pressure in
the chamber, it appeared necessary for a combustion
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Figure 1. The combustion chamber of a liquid-propellant
rocket engine with an internal wall from copper alloy

20

chamber to have a much stronger structure of the hot
wall with copper alloy channels of high thermal con-
ductivity. A new copper alloy, NARIloy-Z (3 % Ag,
0.5 % Zr), was developed to meet this necessity. The
strength and the thermal fatigue of NARIloy-Z at the
operating temperatures appeared to surpass the ex-
isting copper alloys, and the thermal conductivity of
NARIloy-Z was 80 % higher than in pure copper [16].

In the Soviet Union, the configurations of com-
bustion chambers and nozzles had channeled or
multilayered walls [20]. Normally, the internal shell
was made from copper-chromium alloy (~3 % Cr),
where slots and channels were cut out, and this shell
was soldered to the external wall from stainless steel
or nickel alloy (Figure 1).

Therefore, in most up-to-date engines, the in-
ternal wall of a combustion chamber is made from
copper alloys (bronze) with high thermal conductiv-
ity necessary to increase engine efficiency [15, 16].
However, the low heat resistance and heat strength of
copper alloys limit the service lives of these combus-
tion chambers. This problem needs to be solved in
the present-day rocket engineering industry, where
space and rocket technologies are reusable.

The service life of a reusable combustion cham-
ber is at least 50 cycles of 170 to 200 seconds [20],
and the wall temperature of this combustion cham-
ber may exceed 800 °C regardless of cooling [21].
The load from high internal pressure in the cooling
channels, thermomechanical fatigue, and creep may
cause damage to these channels [18, 19].

The influence of heat fluxes is reduced, and the
service lives of combustion chambers from copper al-
loys are enhanced by applying thermal barrier coat-
ings (TBC). The most common coatings for gas tur-
bines are composed of three layers: a heat-resistant
underlayer from NiCrAlY to ensure the strong adhe-
sion of the thermal barrier coating with the surface,
protect this surface at operating temperatures of 900
to 1100 °C, and reduce the difference in the coeffi-
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cients of thermal linear expansion of the metal base
and the external ceramic layer; an intermediate layer
from Al,O; that adheres the ceramic layer and the
heat-resistant underlayer and serves as a barrier for
oxygen diffusion to the underlayer; and the external
layer from ZrO, Y,0;. These coatings are applied by
electron beam evaporation and plasma spraying un-
der an atmospheric or reduced pressure [7].

Another coating was developed for the Ogbuji
rocket engines to protect their combustion chamber
walls. It was a CuCr coating from Cu-8%Cr-5%Nb
alloy. With a 21 % chromium content, this alloy
demonstrated 10 hours of service during tests. In ad-
dition, a two-layer coating comprising the external
layer of NiCrAlY with a CuCr binding layer on the
underlayer from Cu-8%Cr-4%Nb [7].

The analysis of the existing thermal protection
coatings for the copper walls of combustion chambers
showed that further development efforts are necessary
for enhancing the service lives and the performance
parameters of chambers. These thermal protection
coatings shall have CLTEs similar to that of copper or
include binding layers with corresponding CLTEs to
reduce thermal stresses in the material. Furthermore,
these coatings must perform under the influence of
the oxidizer and propellant combustion products,
keep their performance parameters within the entire
temperature range, and have an affordable price.

Electrophysical techniques of coating application
show promise for the protection of metals and alloys,
particularly the methods of depositing condensed
metals and chemical compounds in a vacuum: ther-
mal evaporation, cathode spraying, magnetron sput-
tering, reactive electron beam evaporation in plasma,
activated reactive evaporation, plasma spraying un-
der ion bombardment (vacuum arc deposition) [17].

All these technologies, except for vacuum arc depo-
sition, are low-energy and, therefore, cannot give the
high adhesion of coatings at underlayer temperatures
lower than recrystallization temperatures. Electron-
ionic installations make it possible to control and adjust
the plasma flow energy and, consequently, the under-
layer temperature and adhesion within a wide range.
However, these installations did not become common
in the industry. The primary reason is that these systems
are too sophisticated because they use complex electron
guns and high voltage (up to 5 kV) [12].

Most of these disadvantages are not the case for
the method of vacuum plasma spraying under vac-
uum bombardment. The principal distinguishing
feature of this method is the deposition of a coating
under the influence of an electrostatic field and a
high-energy plasma flow generated by a vacuum arc.
Compared to other methods of coating spraying in a
vacuum, the technique of vacuum gas deposition has
significant advantages, such as a simple and highly
effective process, low power consumption, and the
possibility to control the primary process parameters,
which makes it possible to adjust the structure and
the properties of obtained coatings [12].

The purpose of this work is the development of
protective coatings from Ni-Cr and Fe-Ni-Cr alloys
for combustion chambers, applied by vacuum arc
deposition with modification by nitrogen to increase
hardness and wear resistance.

SELECTING COATING COMPOSITION
AND APPLICATION METHOD

The intensity of stress in a coating and the adhesion
between a coating and its underlayer depend on the
thermal expansion coefficients of the coating and the
combustion chamber wall. These coefficients must
be similar to avoid coating delamination because of
the rapid heating and cooling of the structure. Steels
from Fe-Ni-Cr meet this requirement (see Table 1).

Cyclic variation in temperature has also a signifi-
cant influence on the heat resistance of materials and
alloys [9]. In multi-phase alloys, regularly repeated
cycles of heating and cooling may cause phase recrys-
tallization and separation of secondary phases, which
results in the occurrence of internal stress. Therefore,
the alloys with no phase and structural transforma-
tions within the operating temperature range have
the best properties.

Table 1. Thermal expansion coefficients of materials

Thermal expansion coefficient
Material (106 °C-1) at different temperatures (°C)
20 600 800
Copper [23] 17 18 20
Bronze [23] 19 — —
Steel 12X18H10T [23] 17.0 18.2 18.9
Nichrome ~14
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Figure 2. Vacuum arc deposition installation (@) and profile (b)

Table 2. Conditions of ionic cleaning for the surfaces of samples

Cathode Pressure Duration Cathode arc current | Cathode arc voltage | Sample bias voltage

material in the chamber [Pa] [min] [A] [V] [V]
12X18H10T 4x1073 2.0—-2.5 70—80 28 600—900
XH78T 1x1072 1.1-2.7 50 27 600—800

Austenitic steels such as 12X18H9 are single-phase
at temperatures of up to 600 °C and can operate in
medium-aggressive environments at these tem-
peratures [23]. The heat resistance of these steels is
reached mainly by dissolving alloying elements in g-
iron [9]. However, the phase composition and the in-
ternal structure of coatings applied from these steels
by vacuum arc deposition will differ from the phase
composition and the internal structure of stainless
steel produced by a traditional metallurgical meth-
od. Therefore, a thorough investigation is necessary
concerning the temperature and concentration limits
for the separation and dissolution of the a.-phase and
carbides in vacuum-arc coatings from stainless steel.

It may be sensible to make heat-resistant coatings
from Ni-Cr alloys with a 22 percentage of chromium
maximum and the highest operating temperature of
1200 °C. This can be seen from the phase equilibrium
diagram of a Ni-Cr system [22], showing that the Ni-
Cr alloy with the specified chromium content remains
a solid solution at temperatures of up to 1250 °C.

Although the thermal expansion coefficient of ni-
chrome is 20—23 % lower than that of bronze, the
high energy of ions and ionic cleaning directly before
coating application give a sufficient adhesion of the
coating with the underlayer in a vacuum arc deposi-
tion process [3]. When a high negative potential is ap-
plied to the underlayer, the surface is dispersed by the
bombarding ions from cathode material plasma. Such
cleaning and activation of the underlayer’s surface en-
ables the highest adhesion between the underlayer and
the applied coating compared to other methods [2].

The surfaces of the samples were prepared by
grinding with sandpaper with a grain size of P240,
etching with a 5 % solution of nitric acid for one min-
ute, and ionic cleaning in a vacuum chamber in the
conditions specified in Table 2.

Coatings were applied in a vacuum arc deposi-
tion installation built on the basis of a vacuum sta-
tion YBH-75 (Figure 2) with the oil backing vacuum
pump replaced with an oil-free spiral pump, and the
high-vacuum oil-vapor pump substituted with a tur-
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bomolecular one. Furthermore, the installation was
outfitted with electric-arc metal evaporators.

The following primary parameters have the great-
est influence on the structure and properties of coat-
ings [4, 6, 10, 14]: arc current, underlayer tempera-
ture, and reactive gas pressure in the chamber.

Experimental coatings from steel 12X18H 10T and
nichrome XH78T were applied by vacuum arc depo-
sition on the surfaces of Cu-Cr-Zr bronze samples
that simulated the material of a wall of a combustion
chamber in a liquid-propellant rocket engine in the
conditions specified in Table 3.

The temperatures of samples during coating ap-
plication were limited by the recrystallization initia-
tion temperature of Cu-Cr-Zr bronze (550 °C) and
reached 490 £ 30 °C.

Heat-resistant coatings from Ni-Cr and Fe-Ni-
Cr for combustion chambers were applied by vacu-
um arc deposition from nichrome XH78T and steel
12X18H10T with the chemical compositions speci-
fied in Table 4 [11]. The distances from the cathode
to a sample were 130—140 mm when coatings from
nichrome XH78T were applied and 120 mm for coat-
ings from steel 12X18HI10T.

The coating thickness was measured by the gravi-
metrical and metallographic methods.

The metallographic tests of the obtained samples
were done using a MIM-10 microscope. The micro-

Table 3. Conditions of the vacuum arc deposition of coatings

hardness of the coatings was measured for the trans-
verse microsections using a microhardness gauge
IIMT-3 and a load of 100 g.

The microstructure of coating samples was deter-
mined by the electrolytic etching in an Electro-P in-
stallation using a 10 % solution of oxalic acid.

EXPERIMENT RESULTS

The relation between the structure and properties of Ni-
Cr and Fe-Ni-Cr coatings and the pressure of reactive
gas (nitrogen) in a chamber was analyzed in this work.
The microstructure investigations of heat-resistant
protective coatings from Ni-Cr and Fe-Ni-Cr in dif-
ferent conditions of vacuum arc deposition showed
that all the coatings were composed of a matrix of
condensed substance and inclusions of the droplet
phase (Figure 3), which corresponds to their known
composition [1, 5]. Coatings from Ni-Cr and Fe-
Ni-Cr have general relations between the generated
structure and the pressure of reactive gas (nitrogen)
in a chamber. The coating surface relief corresponds
to the underlayer relief and defines the appearance
of the formed crystals. When no nitrogen is used, the
correspondence between the coating and underlayer
surfaces decreases as the coating thickness increases.
Coatings with the minimum roughness are formed in
this way. The influence of the underlayer’s relief on
the orientation of the coating surface’s relief is de-

Sample Coatin Chamber Nitrogen Duration Cathode arc | Cathode arc Sample tem- | Coating thick-
No. & pressure [Pa] supply [min] current [A] voltage [V] perature [°C] | ness [micron]
1 XH78T 0.004 — 145 54 28 500—460 217
4 XH78T 0.13 min 180 55 30 500—360 228
5 XH78T 0.67 mid 180 55 28 480—330 184
3 XH78T 1.3 max 180 55 27 400—320 212
9 12X18H10T 0.01 — 90 82 31 520—480 245
12 12X18H10T 0.067 min 90 82 32 520—460 201
10 12X18H10T 0.13 mid 90 82 32 520—480 243
11 12X18HI10T 0.67 max 90 82 29 520—460 201
Table 4. Chemical compositions of cathodes used in the experiments
Material Ni Cr Ti Mn Fe C Si P S
XH78T base 19—22 0.15—0.35 <0.7 <1.0 <0.12 <0.8 <0.015 <0.010
12X18H10T 9—11 17—19 5C—0.8 <2.0 base <0.12 <0.8 <0.035 <0.020
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no nitrogen

nitrogen pressure = (0.13 Pa

nitrogen pressure = 0.67 Pa

Figure 3. Typical structures of coatings depending on nitrogen pressure in a chamber: a, b, ¢ — a coating from Ni-Cr; d, e, f—a
coating from Fe-Ni-Cr
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Figure 4. A coating’s structure in the boundary with a bronze underlayer: @ — Ni-Cr (5x1073 torr), b — Fe-Ni-Cr (1x1073 torr)

fined by the number and the shapes of the crystal ori-
gins and the specificity of crystal growth and interac-
tion, which depends on the chemical composition of
the coating. The primary consequence of this is the
different roughness and continuity of coatings from
Ni-Cr and Fe-Ni-Cr (Figure 3).

When nitrogen is not used, it gives the maximum
diffusion mobility of atoms and coating formation in
the conditions of the best crystal fusion and the mini-
mum quantity of pores. Pores occur because of the
effect of pore wedging-out, i.e., gradual thinning and
stop of crystal formation because of the hindrance to
growth formed by the surfaces of the crystals grow-
ing nearby (Figure 3, a, d). Increasing the pressure by
supplying nitrogen results in weaker diffusion mobil-
ity of atoms, the separated growth of crystals, worse
conditions of growth for the crystal surfaces, and
greater volume alteration. This effect of nitrogen is
more common for coatings from Ni-Cr than Fe-Ni-
Cr (Figure 3). For relatively high pressure (0.67 Pa),
the structures of Ni-Cr and Fe-Ni-Cr coatings are
composed of columnar crystallites separated by large
pores (Figure 3, c, ).

An intermediate layer is observed along the bound-
ary between the primary structure and the underlayer
in almost all coatings (Figure 4). In the initial phase
of coating application by ion plasma spraying, the
underlayer’s surface is cleaned by ion bombardment
that eliminates gases and heats the surface. During
surface bombardment, the diffusion processes inten-
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sify between the ions in the surface and the coating.
Interaction between the underlayer material being
sprayed and the depositing atoms produces interme-
diate layers, the properties of which differ from those
of a coating applied without ion bombardment [13].

The microstructure investigation showed that,
besides the amount of nitrogen being in direct pro-
portion to its pressure in a vacuum chamber, the
structures of the studied coatings depend also on the
chemical composition of the cathode material (ni-
chrome or stainless steel).

In Ni-Cr coatings, the droplet phase inclusions
are more dispersed than in Fe-Ni-Cr coatings. This
regularity is held for both zero and any nitrogen
amounts. Increasing the content of nitrogen for both
coating systems results in a smaller amount of such
inclusions.

Therefore, the microstructure analysis of the inves-
tigated vacuum-arc coatings with different amounts
of reactive gas (nitrogen) in a deposition chamber
showed that two phases are present: a matrix and the
droplets of various dimensions and shapes dispersed
in that matrix. When the nitrogen pressure rises, the
diffusion mobility of atoms decreases, which results
in the formation of coarse-crystal, porous-columnar
structures of coatings with high porosity, a varying
volume, and a rough surface.

The influence of nitrogen in a chamber on coat-
ing strength was estimated by coating microhardness.
Figure 5 shows a graph of the relation between the
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Figure 5. Microhardness of experimental coatings versus nitrogen pressure

microhardness of Ni-Cr and Fe-Ni-Cr coatings and
the nitrogen pressure. The microhardness of Cu-
Cr-Zr bronze before coating application is 160 HV
and does not change within the investigated range of
pressure in a chamber. Applying coatings from Fe-
Ni-Cr without nitrogen makes it possible to increase
the surface microhardness more than twice, up to
329 HV and 374 HV for coatings from Ni-Cr alloy.
Supplying nitrogen at a pressure of 0.13 Pa gives a
higher coating microhardness for both alloy systems,
and further pressure gain has almost zero influence
on microhardness. The reason may be in the occur-
rence of two competing processes: strength increase
by nitrogenizing, which gives new strengthening
phases, and the worsening of coating properties when
the structure of condensates changes, i.e., the transi-
tion from a dense columnar structure with no space
between the fused columns to a porous columnar
structure composed of columnar grains with sharp
peaks, separated by pores or cavities.

Nitrogenizing increases microhardness to 759 HV
for Fe-Ni-Cr coatings and 785 HV for Ni-Cr coat-
ings, i. e., roughly twice.

The relation between microhardness and nitrogen
pressure in a chamber is similar for both coating sys-
tems. It is defined by structural alterations in the mate-
rial. Both coating systems have similar microhardness
within the entire range of the investigated parameters.

For the combustion chamber of a rocket engine,
coatings from Ni-Cr demonstrate a better combina-
tion of properties compared to coatings from Fe-Ni-
Cr. The structure of a Ni-Cr coating is more uni-
form, with no intermediate layer inside the coating

26

(Figure 3, a, b), and less prone to the formation of a
columnar structure compared to a Fe-Ni-Cr coating
at the same pressure in a vacuum chamber. Further-
more, the chemical composition of a Ni-Cr coating
gives a higher limit of thermal loads.

A good coating from Ni-Cr with nitrogen strength-
ening is deposited as long as a uniform structure is
produced until the occurrence of columnar macro-
crystals. From the results of the experiments, a nitro-
gen pressure of up to 0.13 Pa can give this result.

The critical parameters of coatings for the com-
bustion chamber walls in rocket engines are the resis-
tance to oxidizing environments and the cost of initial
materials. Naturally, nickel-chromium alloys with
80 % Ni are one of the most heat-resistant industrial
materials with maximum operating temperatures of
up to 1200 °C, surpassing heat-resistant steels by this
parameter. However, the cost of nichrome is high,
making coatings from Fe-Ni-Cr more attractive,
providing that their heat resistance is adequate for the
application temperatures. Therefore, it is sensible to
investigate both Ni-Cr and Fe-Ni-Cr coatings fur-
ther to develop a deposition technique that can give
the necessary level of performance parameters.

The results of this work point out that the investi-
gated systems are effective for making coatings with
the possibility of adjusting their structures and prop-
erties by controlling process parameters.

CONCLUSIONS

1. Protective coatings from Ni-Cr and Fe-Ni-Cr
show promise and may be used in the combustion
chambers of reusable rocket engines. The method
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of vacuum arc deposition for applying these coatings
ensures their outstanding quality.

2. It was found from the results of the conducted
investigations that vacuum arc deposition at a cath-
ode arc current of 55 A for Ni-Cr and 82 A for Fe-
Ni-Cr coatings, a cathode arc voltage of 28 to 32V,
an underlayer temperature of 490 + 30 °C, and no
nitrogen in the chamber gives coatings with no ap-
parent orientation of crystallites and a microhardness
reaching 330 to 374 HV.

3. When a reactive gas (nitrogen) is supplied to the
chamber during coating deposition, the structure of a

coating changes: crystallite orientation occurs, a co-
lumnar structure is formed, and nitrogen atoms are
included in the crystal lattice of the coating material,
which results in a coating microhardness increase to
759—785 HV.

4. Nitrogen pressure control makes it possible to
adjust the structure and properties of a coating during
deposition. It was discovered that a nitrogen pressure
of 0.13 Pa gives the optimum combination of a coat-
ing’s strength and continuous structure with no pores
and apparent columnar crystallites.
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! lepsxaBHe ninnpuemctBo «KoHcTpykTopebke 610po «IliBaeHHe» im. M. K. durens»
Bya. Kpusopisbka 3, AHinpo, Ykpaina, 49008

2 THctuTyT YopHOI MeTanyprii iM. 3. 1. Hekpacosa HatioHanbHoi akaneMil Hayk YkpaiHu
1. Akanemika Crapony6osa 1, Ininpo, Ykpaina, 49107

BAKYYMHO-AYTOBI ITOKPUTTA J1JI1 KAMEP 3TOPAHHA PAKETHUX IBUT'YHIB

JocmimkeHo 3aXMCHi XapocTiliki TOKpUTTS Ha ocHOBi crutaBiB Ni-Cr, Fe-Ni-Cr, 1110 oTpMaHO BaKyyMHO-IYTOBUM OCa-
JKEHHSIM 3 BUKOPUCTaHHSIM KaToiB 3i cruiaBiB Hixpom XH78T i ctanb 12X18H10T. MikpocTpyKTypHUi1 aHai3 1OCIiIKyBa-
HUX BaKYyMHO-JIYTOBMX ITOKPUTTIB 3a Pi3HOTO BMICTY peakiliiiHOro ra3y a3oTy B KaMepi OCaXKeHHSI IT0Ka3aB HassBHICTb IBOX
(a3 — MaTpulli 3 po3NOMIIEHUMU B Hiil YaCTUHKAMU KPATUIMHHOI (ha3u pi3HOro po3mipy i hopmu. [1pu BakyyMHO-1yroBomy
ocaakeHHi moKpuTTiB Ha ocHOBI Ni-Cr ta Fe-Ni-Cr npu ctpyMi 1yroBoro po3psiay Ha Katoni — 55 A st Ni-Cr, 82 A nis
Fe-Ni-Cr, narnpy3i ropinas ayru Ha katoni 28—32 B ta Temnepatypu ninknaaku 490 £ 30 °C 3a BincyTHICTIO a30Ty OTpUMY-
I0Th MMOKPUTTS, CTPYKTYpa SIKUX HE MAa€ BUPAXEHOI Opi€eHTAallii KpUCTaJiTiB, MiKpoTBepaicTh nopiBH0e 330—374 HV. [lpu
MiABUIIIEHHI TUCKY a30Ty AUDY3iiiHa pyXJIMBICTh aTOMiB 3MEHIIIYEThCS, 110 PU3BOAMUTH 10 (DOPMYBAHHS TPyOOKPUCTATIYHOT
«TIOPUCTO-KOJIOHYACTOI» CTPYKTYPU MOKPUTTIB 3 BUCOKOIO MOPUCTICTIO, HECYLIJIBHICTIO B 00 €Mi Ta LIOPCTKICTIO MOBEPXHi.
BruiuB THCKY peakiiiiHOTo ra3zy a3oTy B KaMepi Ha XapaKTepUCTUKU MIiLIHOCTI MTOKPUTTIB OLIHIOBAJIM T10 iX MiKpPOTBEPAOCTi.
JomaBaHHs a30Ty 10 THcKy 10 0.13 I1a mpu3BOIUTH 10 MiABUIIEHHSIM MiKPOTBEPAOCTI 000X TTOKPUTTIB, MOAAJbIIE 30iTb-
ILIEHHSI TUCKY Mail)ke He BIUIMBAE Ha MiKpOTBepAicTb. BcTaHOBIEHO, 1110 THCK a30Ty 10 0.13 Ila 3ab6e3neuye onTumaibHe
MOEIHAHHS MIITHOCTI Ta CYUJIbHOI CTPYKTYPHU MOKPUTTIB O€3 YTBOPEHHS MOP Ta BUPAXKEHUX CTOBITYACTUX KpUCTaANIiTIB. 2Ka-
pocriiiki crutaBu Ni-Cr 3 80 % Ni € omHUMY i3 HAaWOTBIIT XKapOCTIHKIX TPOMUCIOBUX MaTepialliB 3 MAKCUMAaJIBHOIO pOOOYOI0
temmnepatyporo 1200 °C, omHak iX BapTiCTh JOCUTb BUCOKaA, 1110 MiABUIIYE MPpUBa0AMBicTh BuUKoprcTaHHs Fe-Ni-Cr 3a yMoBU
JIOCTaTHBOI KAPOCTIKOCTi B pOOOUOMY JAiana3oHi TeMrnepatyp. ToMy AOLIBHO MPOBOAU Moaiblie JocaimkeHHs K Ni-Cr,
tak Fe-Ni-Cr mokpuTTiB 11 PO3pOOKU TEXHOJIOTIT OCAaIXKEHHS, 1110 3a0e3MeYnTh HeOOXiTHUI piBeHb (DYHKIIIOHATBHUX Ma-
pameTpiB. PerymoBaHHS THCKY a30Ty JO3BOJISIE KEPYBAaTH CTPYKTYPOIO Ta BIACTUBOCTSIMU TTOKPUTTS TTiJl 9ac X OCaIKeHHSI.

Karouoei caosa: xapoctiiiki nokputTs Ha ocHOBi cruiaBiB Ni-Cr, Fe-Ni-Cr, MikpocTpyKTypa, MiKpOTBEPIiCTb.
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