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COOLING METHODS FOR LIQUID ROCKET ENGINE NOZZLES

This study presents a review and comparative analysis of design approaches, material
selection, and manufacturing technologies for regeneratively cooled liquid rocket engine nozzles.
The thermophysical and mechanical properties of AISI 316 stainless steel, Inconel alloy, and
CuCrZr copper alloy were analyzed to assess their applicability for different nozzle components.
In addition, the strength characteristics of welded joints between similar and dissimilar materials
produced by TIG and MIG welding were experimentally evaluated. The results demonstrate that
Inconel exhibits the highest suitability for the load-bearing section of the nozzle due to its superior
high-temperature strength and structural stability, whereas CuCrZr provides the most effective
solution for the inner cooled wall because of its high thermal conductivity and heat removal
capability. The study also shows that the use of hybrid material configurations combined with
optimization of welding and joining technologies contributes to improved cooling efficiency,
enhanced mechanical integrity, and increased operational reliability of liquid rocket engine
nozzles. The obtained results may serve as a basis for the development and manufacturing of
advanced regeneratively cooled propulsion systems.

Keywords: liquid rocket engine, metallic materials, cooling system, CuCrZr, Inconel, AISI 316
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CyMbIK 3bIMblpaH KO3FaATKbILWbl COMNIONAPbLIH CaNKbIHAATY a4icTepi

Byn 3epTreyae pereHepatuBTi  CaNKblHAATbIAATbIH - CYMbIK  3bIMbIpaH  KO3FaNTKbIWbI
COM/IONAPbIHbIH,  KOHCTPYKUMAABIK Wewimaepi, maTepuvangapibl Tan4ay KaHe AalblHAay
TexHonormAanapbl 6OMbIHLWIA WOY KaHe CanbiCTbipMasbl Tangay YCbiHbiAFaH. CONAOHbIH apTypAi
benikTepiHae KonaaHy MyMKiHAIriH 6aranay makcaTtbiHaa AlSI 316 ToT 6acnanTbiH 60NATbIHbIH,
Inconel KopbITnacbIHbIH aHe CUCrZr MbIC KOPbITNAChIHbIH, *KblYPUIMKANbIK KaHE MeXaHMKAbIK
KacmeTTepi TangaHAabl. CoHbimeH KaTap, TIG xaHe MIG gsHeKepney aaicTepimeH asblHFaH
BIpTEKTi KoHe 2pTeKTi maTepuangapaplH, [A2HEKepaeHreH KOCbIIbICTapbiHbIH, — OepiKTiK
cvnaTTamanapbl  Taxipubenik Typae OafanaHabl. HaTukenep KepceTKeHAeM, Kofapbl
TemnepaTypadarbl OepiKTiri MeH KypblIbIMAbIK TYPAKTbI/IbIFbIHbIH, apKacbiHAa Inconel conAoHbIH
KYWTiK Geniri ywiH eH Konannbl matepmnan 60abin Tabblnaapl, an *Kofapbl KblAYOTKI3rWTIN MeH
KblNyabl 9KeTy KabineTiHiH, apkacbiHaa CuCrZr canKplHAATbINATbIH iWKi KabblpFa YLWiH eH, TUiMA]
wewim 6Gonbin  caHanagpl. CoHAal-ak 3epTrey HaTukenepi rmbpuAaTi  maTepuanipik
KOHdUIypauuanapabl KOALAHY KaHe [A2Hekepsney MeH  BipikTipy  TeXHONOrMAnapbiH
OHTaMNaHABIPY CaNKbIHAATY TUIMAIAITIH apTTbIPYFa, MEXaHWKabIK TYTacTbIKTbl XKaKCapTyFfa KaHe
CyMbIK, 3bIMblpaH KO3FaATKbllWbl COMNAOAAPbIHbIH, ManganaHy CeHIMAINIMIH KofapblaaTyFa
MYMKIHAK ~ BepeTiHiH  KepceTTi. AnblHFaH  HaTuKenep  HonallakTa  pereHepaTtuBTi
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Cooling methods for liquid rocket engine nozzles

Ca/IKbIHAATLINGTBIH KEeTiNAipiAreH KO3FanTKbIW KynenepiH asipiey MeH eHAipy YWiH Heriz 6ona
anagpl.

TyWiH ce3gep: CyMblK 3biMblpaH KO3FaaTKbllbl, METANN MaTepuanaap, CankblHAATY KyMeci,
CuCrZr, Inconel, AlSI 316.
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MeTogbl oxnaxKaeHna conen XMAKOCTHbIX PaKeTHbIX ABMFaTEJ'IEﬁ

B naHHOM paboTe npeacTaBAeH 0630p M CPaBHUTENbHbBIA aHANN3  KOHCTPYKTUBHbIX
noaxonoB, BblboOpa MaTepManoB M TEXHONOTMA M3TOTOBAEHMA COMEN MUAKOCTHbIX PaKETHbIX
ABUraTenei c pereHepaTMBHLIM OXxNaxkaeHWem. [1poBeAéH aHanm3 TenaodU3nYeckmux U
MexXaHMYeCcKnx CBOMCTB HepkaBetollel ctanm AlSI 316, HMKenesoro cnasa Inconel u meagHoro
cnnasa CuCrZr Ans OUEHKM BO3MOXHOCTU UX MPUMEHEHMA B PA3/IMYHbIX 3/IeMeHTax consa. Kpome
TOro, 3KCNepUMEHTaNbHO MCCNel0BaHbl MPOYHOCTHbIE XapPaKTEPUCTMKM CBAPHbIX COeMHEHMUI
OAHOPOAHbIX M Pa3sHOPOAHbIX MaTepuanos, MNOAYYEHHbIX meToaamum cBapku TIG n MIG.
Mosny4yeHHble pe3ynbTaTbl MOKasanu, 4to cnnae Inconel asnaetca Hambosee NOAXOAALMM
MaTepuanom ANa CUA0BOM YacTu conia 6iarofaps BbICOKOW apOMpPOYHOCTU U CTPYKTYPHOM
cTabunbHOCTM, Toraa Kak cnnas CuCrZr obecneunsaeT Hanbonee abdeKkTMBHOE pellieHne Ans
BHYTPEHHEM OXNaXK4aeMOM CTEHKM 38 CYET BbICOKOM TEMNONPOBOAHOCTM M CNOCOOHOCTM K OTBOAY
Tenna. TaKXKe YCTaHOBAEHO, 4YTO TMNPUMEHEHWe TUBPUAHBLIX KOHbUIypauuin maTepuanoB B
COYeTaHUM C ONTMMM3ALMEN TEXHONOMMI CBAPKM U COEAMHEHUA CNOCOOCTBYET MOBbLILEHUIO
30DEKTMBHOCTM  OXNANKAEHUA, YAYULWEHUIO MEXaHWUYeCKOM UEeNOCTHOCTM U YBEANYEHUIO
3KCN/NYyaTaUMOHHOM HAAEXHOCTM COMEen MKUAKOCTHbIX pPaKeTHbIX ABuratenei. [lonydeHHble
pesynbTaTbl MOFYT C/AYWTb OCHOBOM A/4 pa3paboTKM M NPOU3BOACTBA MEPCMEKTUBHbIX

ABUTaTE/IbHbIX CUCTEM C PereHepaTMBHbIM OX/1aXXAeHNEM.
Knioyessle cnoBa: )KVI,EI,KOCTHbIlZ paKeTHbIDlI ABUTaTelb, META/ITNYECKNE MaTepkhanbl, CUCTEMa

oxnaxkaenus, CuCrZr, Inconel, AlSI 316.

Introduction

A liquid rocket engine (LRE) is a rocket engine
that operates on liquid propellants and is capable of
functioning both in the atmosphere and in outer space.
LREs are the primary type of propulsion system used
in spacecraft and are widely applied in ballistic, anti-
aircraft, and research rockets. Depending on their
purpose, propulsion, booster, attitude control,
braking, steering, and micro rocket engines are
distinguished. Most modern LREs operate on
bipropellant systems and consist of a combustion
chamber, nozzle, turbopump unit, gas generator,
control system, and other auxiliary components. Fuel
and oxidizer are supplied through injectors into the
combustion chamber, where, after mixing and
ignition, high-temperature combustion products with
temperatures reaching 3700-3900 K are generated
and subsequently discharged through the nozzle to
produce thrust [1].

One of the key challenges in LRE design is
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ensuring the thermal resistance of the combustion
chamber and nozzle. For this purpose, both active and
passive cooling methods are employed. The most
widely used active cooling method is regenerative
cooling, in which the propellant circulates through
channels within the chamber and nozzle walls,
simultaneously cooling the structure and being
preheated before entering the combustion chamber. In
contrast to active cooling, passive cooling does not
involve preliminary heat removal; therefore, thermal
protection materials and coatings are incorporated
into the structure [2].

According to the operating cycle, LREs are
classified into open-cycle and closed-cycle engines.
In open-cycle engines, the gas generator exhaust
products are discharged into the environment after
passing through the turbines, whereas in closed-cycle
engines these products are directed into the
combustion chamber for afterburning. The use of a
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closed cycle enables an increase in combustion
chamber pressure and provides a higher specific
impulse [3].

Active cooling represents a more complex and
costly system compared with passive cooling;
however, its application is essential for the operation
of high-performance LREs functioning under
extremely high temperatures, particularly engines
operating on liquid oxygen and hydrogen [4].

The choice of cooling method is determined by
the design features of the engine, the type of
propellant used, the level of thermal loads, as well as
the requirements for engine efficiency and service
life. In modern LREs, regenerative cooling has
become the most widely adopted approach, especially
in closed-cycle engines, since this method ensures
efficient heat removal through propellant circulation
within cooling channels and contributes to improving
the overall energy efficiency of the engine.

Coolant Outlet

"4

Load-Bearing Section of the
T Combustion Chamber and Nozzle

Combustion Chamber

Nozzle Cooling Methods

From a technological perspective, the design of
a liquid rocket engine (Figure 1) can conventionally
be divided into two main parts: the combustion
chamber and the nozzle section. The initial data for
designing the combustion chamber and nozzle
primarily include the geometric parameters of the
structure, including the shape, volume, configuration,
and angles of the channels through which the coolant
circulates. Based on these parameters, calculations of
heat fluxes between the channel walls and the coolant
are performed, the coolant flow velocity is
determined, and the thermophysical properties of
materials and fuel components, as well as their ability
to absorb and transfer thermal energy, are analysed.
Depending on the structural configuration and the
selected cooling method, the main materials for the
combustion chamber and nozzle are determined [5].

Coolant Inlet

Cooling Channels

Figure 1 - Combustion Chamber with Liquid Rocket Engine Nozzle

At present, various regenerative cooling systems
are employed in LRE nozzle designs, among which
channel-wall, tubular, and sandwich-wall structures
are the most widely used.

Previously, both channel-wall and sandwich-
wall designs were widely used in rocket engines for
cooling combustion chambers. As a rule, the inner
liner was manufactured from a copper-chromium
alloy in which grooves or channels were machined to
intensify heat transfer. The liner was then joined to an
outer shell or cover sheet made of low-alloy steel,
stainless steel, or nickel alloy. The inner liner was
typically connected to the outer shell by brazing.
Channel-wall designs were mainly applied in
combustion chambers; however, in high-performance
engines this cooling method was also used in nozzles
[6].

A similar design was implemented in the RD-
107 engine, in which the nozzle was produced as a

sandwich structure: the inner lining was
manufactured from a copper-chromium alloy (Cu-
Cr), while corrugated sheet metal was used as the
separator. The outer shell was generally made of
alloyed or stainless steel, as well as nickel alloys. All
structural elements were joined by brazing, while the
corrugated inserts formed channels for coolant
circulation. Such a design provides an effective
combination of high strength and intensive heat
dissipation.  Channel-wall and sandwich-wall
structures are considered more manufacturable and
cost-effective in production compared with tubular
nozzles. However, their main disadvantage is their
relatively high mass, which is particularly critical for
high-performance rocket engines. It should be noted
that the inner lining and outer shell were initially
connected mainly by bolted joints, which led to
leakage between the cooling channels. After the
Second World War, a pressure brazing method was
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developed, providing a reliable connection between
the machined liner and the outer shell. This
technological solution became an important
milestone in the development of regeneratively
cooled nozzle designs and made it possible to
improve the efficiency, tightness, and reliability of
liquid rocket engines [7].

The nozzle of the Space Shuttle main engine was
a brazed tubular structure consisting of 1080 A286
stainless steel tubes joined together and connected to
an outer shell made of Inconel 718 alloy. The brazing
process represented a complex technological
challenge, since it was necessary to account for the
difference in coefficients of thermal expansion
between A286 and Inconel 718. This required high
precision in selecting brazing conditions to prevent
the development of residual stresses, deformation,
and loss of structural tightness under thermal loading
[8].

In Europe, the nozzles of the Vulcain engine
were manufactured by Volvo using an original
tubular technology. The design included Inconel 600
alloy tubes with a square cross-section wound in a
spiral configuration, which eliminated the need for
additional tapering. Unlike conventional brazing, the
tubes were joined using gas tungsten arc welding
(GTAW) with the formation of fillet welds. For the
upgraded version of the Vulcain engine, a new
sandwich-wall expansion nozzle design was
developed. In this configuration, the inner liner was
produced in the form of a machined channel covered
by a closing sheet. The sheet was joined to the liner
by full-penetration laser welding, providing high joint
strength and tightness (Figure 2). According to
published data, the structure was manufactured from
stainless steel [9].

-

NNN

Figure 2 - Schematic Diagram of the Volvo
Welded Square-Tube Structure

A combined manufacturing technology was
applied in the production of the combustion chamber
and nozzle assembly of the LCUSP rocket engine.
The inner wall (liner) was manufactured from a
copper alloy with high thermal conductivity,
providing intensive heat dissipation and efficient
cooling of the structure. The outer load-bearing jacket
was made of a heatresistant nickel alloy
characterized by high strength and resistance to high-
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temperature loads. The LCUSP engine nozzle had a
tubular design [10].

To produce the load-bearing nozzle jacket from
a heat-resistant alloy on a copper liner, NASA
specialists developed and patented an innovative laser
deposition method using wire feed, known as Laser
Wire Direct Closeout (LWDC). This technology
provides  high-precision layer-by-layer = metal
deposition and enables the formation of a strong bond
between the copper liner and the outer heat-resistant
alloy [11].

To implement LWDC technology in the
production of rocket engine components, including
nozzle assemblies, mathematical models of the
heating, melting, and solidification processes of
materials with different coefficients of thermal
expansion were developed. The use of these models
made it possible to predict the thermal behavior of
materials during deposition, minimize residual
stresses, and ensure the production of a bimetallic
structure with the required mechanical and
thermophysical characteristics [12].

Reference [13] also considers the V-2 rocket
engine equipped with a short expansion nozzle of
double-wall construction integrated into the
combustion chamber. The nozzle was manufactured
from low-alloy steel of the 6000 series. Cooling of the
chamber and nozzle was achieved by circulating a
fuel mixture consisting of 75% alcohol and 25%
water, while film cooling was additionally applied in
the most highly loaded zones. Liquid oxygen was
supplied through aluminium tubes from the
turbopump unit to 18 burner cups, which significantly
complicated the engine design and assembly.

The authors of [14] described the NAA A6/A7
(Redstone) engine, which employed a double-wall
sheet-metal structure welded into an integral shell
with a relatively short expansion nozzle.

Reference [15] examines the Reaction Motors
XLR-10 rocket engine used in the US Navy Viking
research rocket. In this design, the double-wall nozzle
elements were manufactured by welding; however,
instead of steel, Nickel 200 sheet nickel was used,
which improved corrosion resistance and enhanced
mechanical performance at elevated temperatures.

According to [16], the combustion chambers and
nozzles of the rocket engines used in the Apollo
programme had a tubular design, in which the
combustion chamber tubes gradually expanded to
form the nozzle section of the engine.

Reference [17] notes that the nozzle of the
European  Aestus upper-stage engine  was
manufactured from Haynes 25 sheet alloy,
characterized by high heat resistance and strength at
extreme temperatures. The study also considers the
nozzle of the Apollo Service Propulsion System
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engine, designed as a welded structure made of C103
niobium alloy and titanium, which provided high
performance under significant thermal and
mechanical loads.

Reference [18] provides a description of the F-1
engine, in which the nozzle was manufactured from
Hastelloy-C sheet alloy in the form of a welded
double-wall structure. Nozzle cooling was achieved
by circulating hot gas exiting the turbine through the
cooling passage, which enabled effective reduction of
thermal loading on the structure.

The conducted analysis of existing regenerative
cooling nozzle designs for liquid rocket engines
makes it possible to establish a general understanding
of current technological solutions and prospects for
their further development. The reviewed designs and
manufacturing methods are of practical interest for
future studies aimed at developing an optimal nozzle
configuration that ensures efficient cooling and high
operational reliability of the liquid rocket engine.

At present, a programme-targeted research
project aimed at the development of a liquid rocket
engine is being implemented by scientific specialists
in Kazakhstan. The engine under development

Materials and Methods

For this study, three metallic alloys most
commonly used in the design of regeneratively cooled
LRE nozzles were selected: AISI 316 stainless steel,
Inconel nickel alloy, and CuCrZr copper-chromium-
zirconium alloy. The selection of these materials was
determined by their widespread application in high-
temperature components of liquid rocket engines due
to the combination of their mechanical and
thermophysical properties.

The study included the determination of tensile
strength and thermal conductivity of the materials
within the temperature range from 25 to 800 °C,
taking into account the permissible temperature limits

a) RMG-100 Tensile Testing
Machine

b) DRP-II Thermal
Conductivity Analyser

operates on bipropellant fuel, using liquid oxygen as
the oxidizer and ethanol as the fuel. During
combustion of this fuel mixture, the temperature of
combustion products reaches 3000-3500 K at a
combustion chamber pressure of up to 10 MPa.

Operation of LREs under conditions of high
temperatures and pressures results in significant
thermal and mechanical loads on the combustion
chamber and nozzle assembly. Therefore, ensuring
stable and reliable engine operation requires not only
the use of high-strength and heat-resistant materials
but also the development of an efficient regenerative
cooling system. Particular importance is attached to
the selection of nozzle design, manufacturing
technology, and the combination of materials with
high thermophysical and mechanical properties. The
authors have experience working with a wide range
of materials in the fields of materials science and
rocket engineering [19-33].

The aim of this study is to analyze materials,
design solutions, and manufacturing technologies for
regeneratively cooled nozzles intended for a liquid
rocket engine operating on liquid oxygen and ethanol.

for each alloy. Tensile tests were performed using an
RMG-100 tensile testing machine (Figure 3a) in
accordance with the requirements of GOST 1497-84.
Prior to testing, the specimens were maintained at the
specified temperature for a predetermined period to
ensure uniform heating of the material.

The thermal conductivity coefficient was
determined using a DRP-II analyzer (Figure 3b) in
accordance with ASTM C177-19 and GOST 7076-99
procedures. Heating of the specimens to the required
temperature was carried out in an SNOL muffle
furnace (Figure 3c).

| /s

c) SNOL Mufﬂé Furnéce

Figure 3 - Experimental Facilities and Measuring Instruments
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The reliability of regeneratively cooled nozzles
during liquid rocket engine operation is largely
determined by the strength and quality of welded
joints, which ensure the integrated performance of
different structural materials. As shown in Figure 4,
one of the main technological challenges in

AlSI 316, Inconel, CuCrZr
Welded Joint

manufacturing channel-type regeneratively cooled
nozzles is joining the highly thermally conductive
CuCrZr copper-chromium-zirconium alloy with low-
thermal-conductivity materials, namely AISI 316
stainless steel and Inconel nickel alloy.

CuCrzr

Figure 4 - Design of a Regeneratively Cooled Nozzle with Cooling Channels

To evaluate the strength of welded joints, plates
made of AISI 316 steel, Inconel nickel alloy, and
CuCrZr copper-chromium-zirconium alloy were
prepared. The prepared specimens were welded
together for subsequent investigation of joint strength
for the following material combinations: CuCrZr-
CuCrZr, CuCrZr-AISI 316, and CuCrZr-Inconel.

Welding was performed using argon arc

Welded Joint

CuCrzr CuCrzr CuCrZr

Welded Joint

equipment applying TIG and MIG technologies. A
filler wire corresponding to the base material of the
joined specimens was used as the filler material. After
welding, the specimens underwent mechanical
finishing, including surface cleaning, grinding, and
polishing. The welding schemes of the investigated
material pairs are presented in Figure 5.

Welded Joint

AlSI 316 CuCrZr MHKoHenb

Figure 5 - Schematic Diagram of Welding Configurations for Material Pairs

Results and discussion

To ensure reliable operation of an LRE nozzle
under conditions of high temperatures and pressure,
the structure must combine the high strength and heat
resistance of the outer load-bearing shell with the
high thermal conductivity of the inner wall directly
exposed to the heat flux. Therefore, within the
framework of this study, an experimental
investigation of the mechanical and thermophysical
characteristics of the materials considered most
promising for application in regeneratively cooled
nozzles was carried out.

The objects of the study were AISI 316 stainless
steel, Inconel nickel alloy, and CuCrZr copper-
chromium-zirconium alloy. The conducted tests
made it possible to evaluate changes in tensile
strength and thermal conductivity of the materials as
a function of temperature, as well as to determine the
feasibility of their application in different
components of the nozzle assembly. The results of the
investigation of mechanical strength and high-
temperature performance are presented in Table 1.

58

For clarity, the obtained data are additionally
presented in the form of diagrams in Figures 6 and 7.

Analysis of the results showed that the Inconel
nickel alloy possesses the highest mechanical
strength among the investigated materials. At room
temperature, the ultimate tensile strength reaches
approximately 1250 MPa and remains at about 700
MPa at 800 °C. In addition, Inconel exhibits a gradual
increase in thermal conductivity with increasing
temperature.

AISI 316 stainless steel demonstrates moderate
strength characteristics of approximately 580 MPa at
room temperature. However, at temperatures above
600 °C, a significant reduction in material strength is
observed. Despite the increase in thermal
conductivity ~ with  rising  temperature, the
thermophysical properties of AISI 316 remain
relatively low compared with copper alloys, which
limits heat dissipation efficiency in regenerative
cooling systems.
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Table 1 - Results of the Investigation of Material Strength and High-Temperature Performance for a
Regeneratively Cooled Nozzle

Thermal Conductivity,

Materials Temperature, °C Tensile Strength, MPa W/(m-K)
25 580 14
200 550 16
AISI 316 400 450 19
600 300 23
800 140 27
25 1250 11
200 1220 13
Inconel 400 1140 17
600 980 20
800 700 24
25 450 320
200 400 300
CuCrZr 400 270 260
600 140 220
800 20 180

Tensile Strength, MPa
1400

1200 o R z
1000 T
800
600

;gglllll [I[IDD-

25 200 400 600 800 25 200 400 600 800 25 200 400 600 800
AISI 316 Inconel CuCrZr T.C

Figure 6 - Strength of Materials as a Function of Temperature

Thermal Conductivity, W/(m-K)
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Figure 7 - Strength Characteristics of Materials for a Heat-Resistant Nozzle Assembly
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Compared with AISI 316 steel, the Inconel
nickel alloy is a more preferable material for
manufacturing the outer load-bearing section of the
nozzle due to its superior heat resistance and ability
to retain mechanical properties at -elevated
temperatures. However, the application of Inconel is
limited by its high cost and comparatively low
availability. At the same time, AISI 316 steel is a
more widely available and economically accessible
material, making it suitable for use during the initial
stages of development, manufacturing, and
experimental validation of nozzle structures.The
CuCrZr copper-chromium-zirconium alloy is
characterised by significantly higher thermal
conductivity compared with the other investigated
materials. At room temperature, the thermal
conductivity coefficient is approximately 320
W/(m-K), which ensures efficient heat dissipation
under intensive thermal loads and makes this alloy a
promising material for the inner wall of
regeneratively cooled nozzles.

At the same time, the mechanical properties of
the CuCrZr alloy are relatively low and amount to
approximately 450 MPa at room temperature. With
increasing temperature, both the strength and thermal
conductivity of the material decrease: at 600 °C, the
ultimate tensile strength is reduced to approximately
140 MPa, while the thermal conductivity coefficient
decreases to 200 W/m-K. The obtained results
indicate that, in order to ensure stable operation of the
inner nozzle section manufactured from CuCrZr
alloy, an efficient regenerative cooling system is

Table 2 - Tensile Strength of Welded Plates.

required to prevent the material temperature from
exceeding 600 °C. Maintaining the operating
temperature within the range of approximately 25-
200 °C is considered the most preferable, as high
thermophysical and mechanical properties of the
alloy are preserved within this range.

The conducted investigation of the mechanical
and thermophysical properties of materials used in
liquid rocket engine nozzle assemblies demonstrated
that material selection should be carried out with
consideration of the specific temperature and
operating conditions of different structural
components. The Inconel nickel alloy is the most
preferable material for manufacturing the outer load-
bearing nozzle elements due to its high heat resistance
and ability to retain mechanical properties at elevated
temperatures. The CuCrZr copper-chromium-
zirconium alloy, characterised by high thermal
conductivity, is most effective for application in the
inner cooled section of the nozzle, where intensive
heat removal is required. AISI 316 stainless steel may
be used in regions with moderate thermal loading, as
well as during experimental development and testing
stages owing to its availability and relatively low cost.

Subsequently, the specimens were tested to
evaluate the strength of welded joints. The results of
the mechanical tests are presented in Table 2.
Analysis of the obtained data shows that the highest
values of weld strength were observed for CuCrZr-
CuCrZr and CuCrZr-Inconel joints when using the
TIG welding mode.

Tensile Strength of Welded Joint, MPa

Welded Material Pairs TIG Mode MIG Mode
CuCrZr-CuCrZr 210 90
CuCrZr-AISI 316 80 -
CuCrZr-Inconel 190 -

When welding the material pairs CuCrZr-
CuCrZr, CuCrZr-AISI 316, and CuCrZr-Inconel, the
tensile strength of the welded joints reached 210 MPa,
80 MPa, and 190 MPa, respectively. These values are
significantly lower than the strength of the original
CuCrZr material (450 MPa) and are approximately
2.14, 5.6, and 2.36 times lower, respectively. Thus,
the strongest joint was obtained for the CuCrZr-
CuCrZr pair, whereas the lowest strength was
observed for the CuCrZr-AISI 316 combination.

When using the MIG welding mode, satisfactory
joint quality was achieved only for the CuCrZr-
CuCrZr pair, with a tensile strength of approximately
90 MPa, which is about five times lower than that of
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the base CuCrZr material (450 MPa). This indicates
the lower effectiveness of the MIG process for the
investigated dissimilar materials.

The obtained results demonstrate that, in some
cases, the strength of welded joints is sufficient for
the manufacture of regeneratively cooled nozzle
structures and for testing as part of small liquid-
propellant rocket engines. However, for application
in large-scale liquid rocket engines operating at high
pressures, thrust levels, and thermal loads, further
improvement in welded joint strength is required.
This may be achieved through optimisation of TIG
welding parameters, development of post-weld heat
treatment procedures, and the application of
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alternative joining technologies such as brazing,
vacuum brazing, electron beam welding, and
diffusion welding. It should be noted that
conventional welding methods may in some cases be

Conclusion

This study presents an analysis of the designs
and manufacturing technologies of regeneratively
cooled liquid rocket engine nozzles, as well as an
investigation of the mechanical and thermophysical
properties of AISI 316, Inconel, and CuCrZr
materials.

It was established that Inconel is the most
suitable material for the load-bearing elements of the
nozzle due to its high heat resistance, while CuCrZr
is preferable for the inner cooled section owing to its
high thermal conductivity. AISI 316 may be applied
in less heavily loaded and experimental structures. It
was demonstrated that heat transfer efficiency and
material strength strongly depend on temperature,
which requires a differentiated approach to material
selection.

The investigation of welded joints revealed that
the strongest welds are obtained using TIG welding,
particularly for CuCrZr-CuCrZr and CuCrZr-Inconel
pairs, whereas MIG welding demonstrates lower

Author Contributions

insufficiently effective due to significant differences
in coefficients of thermal expansion, melting
temperatures of materials, and limited mutual
wettability of certain alloys.

performance and limited applicability for dissimilar
materials.

The presented results additionally indicate that
the joining technology becomes one of the limiting
factors in implementing multi-material nozzle
structures. The relatively high strength obtained for
CuCrZr-Inconel joints using TIG welding suggests
the practical feasibility of hybrid nozzle
manufacturing; however, the achieved strength levels
indicate that the interface region remains a critical
location requiring further optimisation. Future work
should therefore focus on  microstructural
investigation of the weld zone, residual stress
analysis, and evaluation of thermal cycling resistance
under representative rocket engine conditions.
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