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Abstract

High performance liquid rocket engines require cooling to maintain structural integrity of the combustion chamber
which is exposed to high thermal and environmental loads. For many systems, this is achieved by means of regenera-
tive cooling, where a coolant flows through passages around the chamber wall whilst extracting heat from the wall. A
novel production technique that is often considered for this is metal additive manufacturing (AM). The use of additive
manufacturing opens up new opportunities for engine design, which can result in more competitive designs, from both
a technical and economical perspective.

This paper provides a detailed literature review on the current state-of-the-art, challenges, and opportunities for
designing additively manufactured liquid rocket engines by means of laser powder bed fusion or powder-based and
wire-based directed energy deposition (DED) techniques. A detailed, systematic explanation is provided on the steps
involving the creation of additively manufactured thrusters including the process considerations, AM techniques and
post-processing operations.

Keywords: Additive manufacturing, Powder bed fusion, Directed energy deposition, Liquid rocket engine, Thrust

chamber, Regenerative cooling

1. Introduction

For most liquid rocket engines, active cooling of the
combustion chamber is required to properly maintain
the wall temperatures and allow for structural margins
of the design and material used. This cooling is gener-
ally referred to as actively-cooled, channel-cooling, or
regenerative-cooling since the propellants from the en-
gine system are later used for injection as part of the
combustion process. The regenerative cooling is also
required in engine cycles such as expander to allow for
proper propellant heat pickup to drive turbomachinery
and in some cycles can provide an increase in combus-
tion efficiency. Most combustion chambers use an array
of axial channels with a thin (hot) wall separating the
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hot combustion gases from the coolant in the channels.
The design and subsequent hot-walls of the combustion
chamber are balanced with structural margins and the
ability to properly maintain the wall temperatures. An
infinitely thin wall is desired to reduce wall tempera-
tures but needs proper thickness to contain the pressure.

Historically, thrust chambers of liquid rocket engines
have been fabricated using numerous manufacturing
methods. The most common methods for chamber fab-
rication include tube-wall (e.g. RL-10, RS-27) and
channel wall (e.g. RS-25, Vulcain). These traditional
approaches use a series of wrought forming and assem-
bly methods that include forging, machining, electro-
plating, welding, brazing, and casting, among several
other techniques [1, 2]. Despite being well-established
in the industry, these production techniques often prove
to be labor-intensive, costly and result in components
and subsequent systems with a high part count. In the
era where new-space companies have an increasingly
prominent position in the launcher market, the cost-
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Figure 1: Comparison of traditional manufacturing to additive manufacturing evolution (cost in US$, 2020 equivalent, credits NASA)

effectiveness of new thrust chambers designs is more
important than ever before [3]. There are fundamental
improvements that are deemed relevant to realize cost-
effective combustion chambers including the decrease
in manufacturing time, automation of manual opera-
tions, ability to use traditional as well as more advanced
materials for performance improvements, and the use
of integral chamber designs [4]. A novel production
method that excels in these improvement points is ad-
ditive manufacturing (AM).

AM designs provide great opportunities for new ma-
terials, weight optimization, as well as to realize com-
plex shapes and geometries that are impossible or too
expensive to create with traditional production tech-
niques [S]. Moreover, AM thrust chambers may ben-
efit from a greatly reduced production time compared
to traditional methods, which also significantly reduces
associate cost [6]. This may especially be relevant for
launch vehicle providers that rely on reusable and ex-
pendable vehicle architectures and desire a high launch
frequency. Other advantages include the ability to use
a combination of various alloys or newer alloys that are
prohibitive to produce with traditional methods.

The interest of AM thrust chambers is seeing a large
growth in the launcher industry and has been demon-
strated for many development and several flight appli-
cations [7, 8, 9]. The AM technology is even referred
to as a “key technology approach” for the future Euro-
pean Prometheus LOX/LCH4 engine [10]. Many com-
panies have publicly made known their development ef-
forts and also flight applications of AM chambers [11].
A compelling case has been made using AM technology
for fabrication of combustion chambers to reduce lead
time and cost [12]. NASA highlighted the lead times
and general cost of traditional manufacturing with AM
technology using a combination of various AM pro-
cesses [13]. As the AM technology has evolved and
AM machines have increased in scale, additional cost

and schedule savings are realized moving from two-
piece welded to single piece chambers. An example
of this can be seen in Figure 1. The thruster scale to
which additive manufacturing is applied varies greatly,
from small propulsion devices for CubeSats or reaction
control systems [14, 15] to the main propulsion and up-
per stage systems of orbital launch vehicles [16]. The
purpose of the present work is to provide a comprehen-
sive review of the end-to-end additive manufacturing
process applied to regeneratively-cooled liquid rocket
thrust chambers. Many different metal additive man-
ufacturing techniques exist that can be used to create
integrally-cooled thrust chambers. This review is fo-
cused on thrust chamber fabrication through laser pow-
der bed fusion (section 2) and directed energy deposi-
tion (section 3). For these production techniques, a de-
tailed end-to-end process flow is provided for the appli-
cation of thrust chambers (section 4).

2. Laser Powder Bed Fusion

Laser powder bed fusion (L-PBF), also known un-
der the trade names “Selective Laser Melting” or “Di-
rect Metal Laser Sintering”, among others, is one of the
most commonly used metal AM techniques. The feed-
stock is provided in powder form which is deposited and
melted layer-by-layer on a build plate, as illustrated in
Figure 2. A laser beam provides the necessary energy
at micro-scale focus, where the powder absorbs this en-
ergy creating local melting. After one layer is finished
the build plate is lowered, re-coated with a blade or re-
coater arm, and the melting process is continued, until
a three-dimensional shape is realized. The deposited
layer has a typical height in the range of 20-100 um
[17]. To prevent excessive oxidation of the metal in the
melt pool, the L-PBF process occurs in an inert environ-
ment.
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Figure 2: Schematic representation of laser powder bed fusion (credits
NASA).

2.1. Monolithic Superalloy and Refractory Chambers

Various L-PBF thrust chambers across the propulsion
industry have been demonstrated in a variety of materi-
als. A generally observed trend is that most companies
rely on either a superalloy or a highly conductive cop-
per alloy chamber design. Superalloys were common
prior to 2015 before the copper alloys were fully devel-
oped and characterized using L-PBF. These alloys, typ-
ically nickel- or iron-based, are capable of withstand-
ing extreme temperatures and corrosive environments
[18]. SpaceX has noted the use of Inconel 718 for the
NTO/MMH SuperDraco engine that includes integral
cooling channels [19]. The same material is also used in
a LOX/LCH, thrust chamber developed and hot-fired by
Avio [20, 21]. The startup company Dawn Aerospace
reports the use of Inconel and stainless steel for some
of their regeneratively cooled integral in-space thrusters
[15, 22]. The use of superalloys in liquid rocket engines
is also successfully demonstrated by Aerojet Rocket-
dyne in the regeneratively cooled LOX/RP-1 Bantam
engines [23]. Many other companies have also shown
images of hot-fire testing using a variety of superalloys.
Superalloys, particularly Inconel 625 and Inconel 718
are very common materials for AM, although have lim-
itations in certain rocket environments such as hydro-
gen. While superalloys are in use, they are not the opti-
mal material for high performance combustion cham-
bers without the use of film cooling or other design
modifications that may impact performance.

Developments have also been completed that evalu-
ated the use of L-PBF refractory alloys for thrust cham-
bers. This process was demonstrated using niobium al-
loy C-103 for in-space thrusters with improved proper-
ties over wrought due to the small grain size distribution
[24]. The powder supply chain was also advanced at an
industrial scale allowing for more widespread use of C-
103 [25]. Other alloys such as tungsten and tungsten-
rhenium, and tantalum have also been fabricated using
L-PBF and could be feasible for use in thrust cham-

bers [26]. While many of the refractory alloys are used
in radiatively-cooled, they could be used with integral
channels for various applications using the L-PBF pro-
cess.

2.2. Monolithic Copper Alloy Chambers

Whereas most superalloys excel over copper al-
loys in terms of specific strength, the use in high
pressure engines is limited due to the low thermal
conductivity associated with these alloys, resulting in
wall temperature exceeding the material limits. For
these applications, highly conductive copper alloys are
more suited. Aerojet Rocketdyne released information
regarding the development and successful hot-fire
testing of a C-18200 chamber as an upgrade for the
RL-10 [27]. A startup company, Launcher Inc., has also
publicly discussed the use of a copper alloy combustion
chamber using C-18150 and successful hot-fire testing
at subscale. C-18150 remains a popular aerospace alloy
for thrust chambers due to the mature use in tradi-
tional manufacturing and potential lower cost feedstock.

Starting in 2014, NASA’s Marshall Space Flight
Center and Glenn Research Center have successfully
applied L-PBF additive manufacturing to fabricate
GRCop-84 (Cu-8 at.% Cr-4 at.% Nb), GRCop-42 (Cu-
4 at.% Cr-2 at.% Nb), and C-18150 copper thrust
chambers [28, 29]. GRCop-alloys, originally devel-
oped at Glenn Research Center, are high conductiv-
ity, high-strength, dispersion strengthened, copper al-
loys for use in high-temperature, high heat flux appli-
cations [30, 31, 32]. The mechanical properties have
shown comparable to the extruded (wrought) material
[33]. Yet, the low cycle fatigue life of the additive man-
ufactured specimens is shortened due to crack initiation
from the increased surface roughness inherent to the
AM process. Machining or post-process surface treat-
ments can help resolve the inherent surface roughness,
although still requires further characterization for cop-
per alloys and internal channels [34]. The GRCop-42
and GRCop-84 alloys, in addition to bimetallic con-
figurations have been used in a variety of applications
with propellants including LOX/LH,, LOX/LCH4, and
LOX/RP-1.

The GRCop alloys are dispersion strengthened mate-
rials with primary strengthening from the Cr,Nb phase.
The material has an advantage over prior copper-based
alloys due to:

1. Oxidation and blanching resistance during thermal
and oxidation-reduction cycling [35],



Figure 3: Various AM copper alloy chambers demonstrated by NASA and commercial partners: a) Bimetallic 156 kN using L-PBF GRCop-84
and Inconel DED, b) LOX/LH2 Hot-fire testing of 156 kN bimetallic chamber, c) Large-scale GRCop-42 31 kN chamber, d) LOX/LCH4 hot-fire
testing of 31 kN, e and f) L-PBF C-18150 and bimetallic 10.7 kN chamber, and g) Hot-fire testing of 10.7 kN bimetallic chamber (credits NASA).

2. A maximum use temperature around 800 °C, de-
pending upon strength and creep requirements,

3. Good mechanical properties at high temperatures,

4. Lower thermal expansion to reduce thermally in-
duced stresses and low cycle fatigue,

5. Established powder supply chain,

6. Mature AM process that provides consistent, min-
imum material properties [36].

The GRCop-42 and GRCop-84 are capable of oper-
ating at temperatures up to 800 °C, and they have been
successfully hot-fire tested in an oxidizing environment
to above 750°C. In comparison, pure copper is lim-
ited to approximately 200 °C, and most copper alloys
cannot exceed 500°C [37]. Substitution of GRCop-
42 or GRCop-84 for C-18150, NARloy-Z (Cu-3 wt.%
Ag-0.5 wt.% Zr), or another precipitation strengthened
copper alloy, could result in a 200 °C or more increase
in temperature capability, providing higher performance
trades or increased margin. These attributes, in addition
to the rapid development of the GRCop alloys using the
L-PBF process, make them an attractive option for use
in high-performance combustion chambers.

There are some differences between GRCop-84 and
GRCop-42, and they can be traded for various appli-
cations. GRCop-42 trades somewhat lower mechanical
properties at some temperature ranges, such as strength,
for higher thermal conductivity (5-8%), and thus a lower
wall temperature. The ductility of GRCop-42 is gener-
ally superior to that of GRCop-84. With only half the
Cr,Nb content of GRCop-84, this was expected. Both
alloys have sufficient ductility for most applications and

will deform large amounts without failure. The major
difference between the alloys is observed in low cy-
cle fatigue in the stresses observed during strain control
testing.

NASA has fabricated and tested over 30 different
L-PBF GRCop, channel-cooled, combustion chambers
since 2016. Chambers have all been constructed us-
ing the previously described AM technology, with some
units incorporating a bimetallic AM jacket. The thrust
chambers tested at chamber pressures from 14 to over
97 bar in a variety of propellants and mixture ratios, pro-
ducing 4.4 to 156 kN thrust [2]. NASA has accumulated
well over 400 starts and 30,000 seconds on various AM
GRCop alloy and AM bimetallic chambers (Figure 3).
From these experiences, the two main adjustments to
the design process for AM L-PBF regenerative cooling
chambers reside in accounting for the minimum feature
size that can be reliably built using L-PBF and the re-
sultant surface finish.

In theory, the minimum wall or rib thickness of re-
generatively cooled thrust chambers fabricated using L-
PBF is associated with the laser focus spot size, which
is typically in the order of 70-200 wm [38]. On most
commercial L-PBF printers, walls of this thickness are
often not repeatable or result in excessive porosity. Pa-
tel et al. [39] demonstrated use of a 0.6 mm minimum
wall thickness and minimum channel width of 0.63 mm
for an Inconel 718 regeneratively cooled chamber. The
literature reported several pores in the chamber wall, re-
sulting in the coolant leakage through the chamber wall.
Zhang and Miyamoto [40] demonstrated a minimum
wall thickness of 3 mm in an application of Co-28Cr-



6Mo monolithic thrust chamber, which uses a combina-
tion of film cooling and regenerative cooling. Thomas
[41] poses a general recommendation for a minimum
wall thickness of 0.4 + 0.02 mm and minimum slot
width larger than 0.3 mm for L-PBF fabricated parts.
The 0.4 mm wall thickness limit is also mentioned for
Inconel 718 and Co-28Cr-6Mo structures in the work of
Marchan et al. [42].

3. Directed Energy Deposition

In directed energy deposition (DED) the feedstock is
deposited from a deposition head, as illustrated in Fig-
ure 4. Contrary to L-PBF, the feedstock is only de-
posited locally to create a freeform part, instead of cov-
ering the full build plate with powder. Directed en-
ergy deposition may use a powder or wire feedstock.
Powder feedstock is excellent for creating parts with
high dimensional tolerances, at the cost of being time-
consuming. A wire-based process on the other hand has
a superior deposition rate but fails to create parts with a
high dimensional resolution. These DED processes are
more suitable for large thrust chambers, channel-cooled
nozzles, or radiatively-cooled nozzle extensions. DED
fabrication techniques may be used to create a bimetal-
lic thrust chamber (section 3.1) or monolithic (section
3.2).

Direction of
Travel

Coaxial Laser
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Inert Gas Carrier

t
¢
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Figure 4: Schematic representation of laser powder directed energy
deposition (reproduced with permission from [43]).

Various forms of DED are in use with the main dif-
ferences being the feedstock, wire or power, and the en-
ergy source. The most common forms of DED are the
laser blown powder DED (LP-DED) which uses a laser
energy source (Figure 4). Wire can also be used as the
feedstock, in which case is called laser wire DED (LW-
DED). Other energy sources for DED include electron

beam and electric arc, both using wire feedstock. The
electron beam is integrated inside of a vacuum chamber
so has advantages for use with reactive alloys. The arc-
wire deposition (AW-DED), commonly known as “Wire
Arc Additive Manufacturing”, can be used for very high
deposition rates, but with a loss to resolution.

3.1. Bimetallic Structures

The ideal material for a thrust chamber liner has high
specific strength, high ductility, high thermal conduc-
tivity, low coeflicient of thermal expansion, and small
grain size [44]. Generally, most conductive metal al-
loys have a low strength to weight ratio, whereas metal
alloys with a high strength to weight ratio are often trou-
bled with poor thermal conductivity. A unique combi-
nation that is possible with DED is the use of bimetallic,
or multi-metallic, structures, where multiple alloys are
combined in an integral part. Knight et al. [45] per-
form a numerical investigation and show that a multi-
metallic, graded, wall structures can be used to reduce
the thermo-structural loading of a regeneratively cooled
thruster wall. Onuike et al. [46] experimentally study
the bimetallic interface of GRCop-84 and Inconel 718
using direct deposition of the two powders on top of
each other and compositional gradation with premixed
powder (50 wt.% Inconel 718, 50 wt.% GRCop-84). A
successful metallic bond was reported in the literature
between the two materials, with both production tech-
niques. Both techniques create a successful bond be-
tween the metals.

While DED has a lower resolution of features com-
pared to L-PBF (Figure 8), it can be used in conjunction
with L-PBF for multi-metallic structures. At NASA,
bimetallic chambers have been developed using L-PBF
fabricated GRCop-84 and C-18150 liners enclosed with
Inconel 625 structural jacket using both electron beam
DED and LP-DED [43]. Despite being successfully hot-
fired, geometrical deformations were observed during
the DED fabrication. This deformation is continued in
a follow-up publication [47], where axial variation of
3-4% and radial variation at the throat of 7-10% were
observed when using a bimetallic DED interface. The
fabrication challenge from residual stresses is however
repeatable. This hybrid L-PBF and DED process has
been feasible for bimetallic and multi-metallic combus-
tion chambers that are required to operate at high cham-
ber pressures and subsequent heat loads. This design
also offers a weight-optimized structure making use of
the various alloys locally as required in the design.

Different bimetallic thrust chamber designs realized
at NASA are built using wire-based DED techniques,
specifically using the laser wire direct closeout (LWDC)



process. During this process, a prefabricated liner with
slotted or formed channels is rotated around its center
axis on a tooling plate. Whilst rotating, a laser beam is
used to fuse a wire feedstock locally to the previously
deposited layer and ribs of the chamber wall, thereby
creating a bimetallic bond [48]. Early experiments con-
ducted with this technique for bimetallic structures in-
dicated a weak joint between a C-18150 liner and 347-
series steel or Inconel 625 wire. Further research by An-
derson et al. [49] managed to achieve a complete bond
between Inconel 625 and C-18150 for both powder- and
wire-based DED on solid structures. This literature re-
ported that the high kinetic energy involved in powder-
based DED promotes recrystallization and enhances dif-
fusion of the bond, at the cost of higher residual stress.
For the wire-based process, the publications concluded
that the mechanical mixing zone is much narrower. The
NASA experiments with bimetallic LWDC used a much
lower energy laser system for the development to limit
distortion of the ribs. A working solution was later
determined by using C-18150 liner with slotted chan-
nels and a Monel 400 closeout, which was later hot-fire
tested accumulating significant starts and run time.
Both powder- and wire-based DED techniques are
suited for bimetallic combustion chambers including
structural closeouts. A primary difference between
the two manufacturing approaches is that the powder-
based enclosure process requires a pre-fabricated cham-
ber with enclosed channels. Since the wire-based DED
fuses the closeout on the ribs between the channels, en-
closed cooling passages are not strictly required for this
production technique. With the latter production tech-
nique, the designer is offered the opportunity to machine
the cooling channels before creating the closeout, which
provides better control of the coolant channel rough-
ness. Both bimetallic fabrication methods can be seen as
a potential alternative to electroplating or brazing, tech-
niques that are often used in heritage engine designs.

3.2. Monolithic Structures

Like L-PBF, DED techniques may also be employed
for producing monolithic thrust chambers. The LP-
DED process has matured to allow for integral channel
structures to be formed, mostly for the channel-cooled
nozzle portion of the chamber. Since the material is de-
posited locally, the size limitation does not exist like
L-PBF, which is required as the nozzle is expanded to
large diameters. The limitation of the DED processes is
the gantry or robotic system being used. NASA, along
with industry partners, have demonstrated the use of
the LP-DED process for integral channels in a variety
of nickel- and iron-based superalloys including Inconel

625, JBK-75, and NASA HR-1. These demonstrator
units have been shown feasible through hot-fire testing,
including an integral channel DED nozzle using JBK-
75 that completed 114 hot-fire tests at a chamber pres-
sure greater than 83 bar and accumulated 4,170 seconds
in LOX/GH2. Other testing has been completed using
Inconel 625 and NASA HR-1 material. These nozzles
have demonstrated wall temperatures exceeding 732 °C
during mainstage testing.

Figure 5: Examples of integral-channel DED and subscale hot-fire
testing of the process (reproduced with permission from [50]).

As part of the process demonstration, NASA has also
demonstrated the LP-DED process for large scale noz-
zle structures. An integral channel nozzle that was
101.6 cm in diameter by 96.5 cm in height was fabri-
cated in 30 days of deposition time using the NASA HR-
1 material. Following deposition and post-processing,
the nozzle completed 3-D scanning that showed less
than 0.5 mm deviations from the nominal geometry. A
larger scale integral channel NASA HR-1 alloy nozzle
measuring 152 c¢cm in diameter and 178 cm in height
was also completed in 90 days deposition time. These
nozzles included a variety of internal channel geome-
tries and transitions. This integral channel configura-
tion significantly reduces the number of operations and
parts compared to a traditionally manufactured assem-
bly. NASA has also demonstrated the fabrication of a
variety of other integral channel nozzles in thrust classes
of 178 kN, which will be hot-fired. These nozzles all
demonstrated successful fabrication meeting the geo-
metric tolerances, ability to remove any excess powder,
minimal distortion, and developed the build and tool-



path strategies. Beyond the superalloy developments
for integral channels, additional developments are also
being shown using the GRCop-42 alloy with LP-DED,
which could be used in large-scale chamber applica-
tions [51]. As mentioned with prior AM limitations, the
surface roughness remains a challenge and needs addi-
tional development or post-processing to allow for com-
parable pressure drops with machined or drawn surface
finish.

Figure 6: Examples of LP-DED nozzles with integral channels build
by NASA. a) 101.6 cm diameter and 96.5 cm height HR-1 alloy nozzle
with integral channels, b) GRCop-42 channel demonstrator (credits
NASA).

While an advantage of the LP-DED process is the
ability to form with integral channels, a monolithic
structure can also be formed using various DED pro-
cesses and traditionally machined and slotted chambers
to form the coolant channels. This allows for an
as-machined surface to be maintained in the design.
A variety of closeout techniques can then be applied.
The use of DED for forming near-net-shape structures
on liquid rocket engine thrust chambers has also been
demonstrated by Mitsubishi for manifolds and GKN
for structural stiffeners on nozzles [52, 53].

Besides PBF and DED, an alternative AM method for
chamber fabrication that has been in development since
the early 2000’s is cold gas dynamic spraying, or cold
spray. This is a solid state AM deposition technique
that has been evaluated for near net shape forming of
combustion chamber liners and jackets. The process
uses a converging-diverging supersonic nozzle that in-
jects high pressure inert gas and metal powder, which
is sprayed against a backing surface. When the metal
powder particles reach a critical velocity the material
plastically deforms and adheres onto the target surface
through kinetic energy. This is typically in the range
of 500-900 m/s [54]. The process is solid state and
does not melt the material minimizing residual ther-
mal stresses observed in other AM processes. The in-

ert gas may be preheated to increase the gas injection
velocity. Cold spray has been adapted for superalloys
and also copper-based alloys. It has been demonstrated
with copper alloys C-18150, GRCop-84 and GRCop-42
with near-wrought properties [55, 56]. Cold spray has
been evaluated as a casting or forging replacement to
form the copper alloy combustion chamber liner, which
is then further processed through machining and slot-
ted with channels. The cold spray process has also
been demonstrated for closeout of the copper liner and
application of the structural jacket. Many superalloys
used for chamber jackets can be applied successfully us-
ing cold spray including Inconel 625, Inconel 718, and
NASA HR-1 among others [47, 57, 58]. In addition to
component manufacturing, cold spray can also be used
to apply coatings, repair, joining, and braze alloy appli-
cation [59, 60].

4. End-to-End Additive Manufacturing Process

Additive manufacturing is a process-sensitive pro-
duction technique, in which variation in material char-
acteristics can be expected without the correct controls
in place. The potential presence of (subsurface) de-
fects, increase in surface roughness, anisotropic mate-
rial properties, and a likeness of witness coupons to the
actual part introduce unique requirements on the veri-
fication and validation product assurance process [61].
It is believed that when parts or witness coupons have
the same thermal history during the build process, they
can meet the same requirements [62]. A strict control of
the entire process from the powder supply chain through
the AM process, training, configuration control, post-
processing, and representative material property sam-
pling plan and database is crucial for critical space oper-
ations. This qualification approach towards a Qualified
Metallurgical Plan (QMP), classification of part critical-
ity, and process controls are provided in NASA docu-
ments [63, 64, 65]. Many other international organiza-
tions are developing unique standards for the qualifica-
tion of AM processes [66, 67].

Several previous publications have proposed a sys-
tematic verification/validation logic for additive manu-
factured parts [68, 69, 70]. Furthermore, at the institu-
tional level, several standards have been developed for
the PBF process for space applications [63, 71]. Based
on experience and typical procedures provided in the
aforementioned standards and publications, a process
logic diagram was developed in the present work, as vi-
sualized in Figure 7. This N diagram address the ma-
jor steps and their dependencies for the design, produc-
tion, and testing of AM Thrust chambers. In the dia-



gram rows indicate outputs, whereas columns represent
inputs to the different design phases.

4.1. Chamber Design and Selection of AM Process

The chamber design starts with a set of requirements,
that follow from the mission that the engine system has
to fulfill. Based on these requirements a certain propel-
lant combination (step 1 in Figure 7) and set of operat-
ing conditions may be defined. This ties in closely with
the selection of chamber materials (step 2) and eventu-
ally the design and analysis of the chamber (step 3). It is
important to note that the AM production process that is
used (L-PBF / DED), already imposes requirements and
constraints on the feasible design space, as indicated by
the dependencies in Figure 7.

There are many parameters influencing the decision
on the most suitable AM production process (step 4),
such as commercial availability, cost, quality, and avail-
ability of materials. Additionally, the possible build size
and feature resolution of the production process are of
particular interest for thrust chambers. The size restric-
tions of DED and L-PBF are qualitatively addressed in
Figure 8 left. The Figure is constructed by considering
the AM machine build volume of all major European
and US AM machine vendors. The markers indicate
the maximum chamber diameter / height that fits in the
build volume. For reference, dimensions of the Space
Shuttle Main Engine (SSME), or RS-25, are indicated
with dashed lines [72].

Figure 8 left clearly indicates the size limitation of
most commercial L-PBF machines. Large thrust cham-
bers (e.g. SSME) are often more suited for DED. While
size is certainly a limitation as shown, various processes
also have limitations of build features. The L-PBF does
have advantages since it can offer finer features during
the print process as discussed above. Figure 8 right
shows a comparison of the build diameter along with
the feature size that can be repeatedly fabricated [13].
It should be noted that although L-PBF is generalized,
various commercial machines do use various spot sizes.

These build limitations have a limit of what can be
produced with current technology and many current en-
gines being fabricated are sized to accommodate this
limitation. There are some design trades that are being
made as a result of the AM process. For the same pro-
pellant throughput, the chamber diameter can be greatly
reduced by increasing the chamber pressure. However,
since the chamber volume is typically constrained based
in the propellant residence time, this may result in long
cylindrical chamber sections, which exceed the height
limit of the L-PBF build envelope. A practical solution

around this issue is to fabricate the chamber in multi-
ple pieces, which has been shown in various applica-
tions. These multi-piece combustion chambers are split
axially and a circumferential joint is welded, bolted, or
joined [28, 73]. The production of the thrust chamber
in multiple pieces does add complexity to the design
and increases the production cost with the added pro-
cesses. However, there are significantly more commer-
cially available L-PBF machines available than that of
large DED additive manufacturing machines. This so-
lution can be more effective from a cost or schedule per-
spective, but solutions must be traded on a case by case
basis.

4.2. Feedstock Quality Verification

The final properties achieved during the AM depend
strongly on the quality of the feedstock that is used for
the process (step 4 in Figure 7). Therefore, qualification
and control of the feedstock are vital to creating parts
that can meet identical requirements (step 5). Common
criteria that may be used for feedstock qualification in-
clude:

e Chemical composition, which may reveal con-
taminants in the raw material and, for powder-
based processes, can quantify and control any trace
elements in the powder. The latter is important dur-
ing the build operations, heat treatments and for
mechanical properties that will be obtained [74].
It is also important to control the method of pow-
der manufacturing, including the proper blending
of powder heats and prohibiting post-production
additions [64].

o Particle size distribution and morphology. For
powder-based processes, the achieved surface fin-
ish is reported to be loosely equivalent to the pow-
der diameter used [28]. Additionally, test data
shows that the powder size (and shape) can have
a significant impact on the achieved strength and
elongation [33]. The powder size and morphol-
ogy are also critical for flowability and spreadabil-
ity during the process for successful AM builds,
which leads to adequate properties.

e Humidity. Several raw materials, such as copper
and aluminum, are prone to pick up moisture. This
moisture can greatly increase porosity during the
build process.

e Handling and packaging. Materials must be han-
dled properly to avoid oxidation with the environ-
ment and also avoid contamination from external
sources.
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Figure 7: N? diagram showing the high-level end-to-end design, manufacturing, and qualification logic for AM thrust chambers.

Some additive manufacturing processes, such as L-
PBF and LP-DED, allow for recycling of the excess
powder but must meet strict controls to track recycled
powder [75, 76]. For recycled powder, which has gone
through a thermal cycle during the build process, re-
qualification is required.

4.3. Production of the Chamber and Witness Coupons

After the qualification of the feedstock, the thrust
chamber can be built (step 7). There are many param-
eters that impact the L-PBF or DED build process, in-
cluding the heat source power [17], travel/scan speed
[33], layer height [77], placement of parts on the build
plate [62], build chamber environment, laser spot size,

hatch spacing/overlap, contour spacing/overlap (if ap-
plicable), laser timing, laser scan strategy [78], and the
type of recoater arm. It should be noted that this is only
a short listing and that there are many other parameters
impacting the build.

An optimal set of parameters and machine configu-
ration exists to achieve minimal porosity and the most
favorable mechanical properties for the core material.
However, the interaction of these parameters and off-
nominal conditions must be understood to ensure they
are meeting the nominal processing box. There are also
different sets of L-PBF parameters used during build op-
erations, where one set is used for the material core,
which can impact the density and mechanical proper-
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ties, while a different set is used for contouring, which
provides the final surface finish on all external and inter-
nal features (Figure 9). It should be noted that these pa-
rameters will differ between alloys, part geometry, dif-
ferent AM technologies, and machines. Therefore, de-
spite the feedstock that is being used, the qualification
of a thrust chamber fabrication process shall include full
configuration control of the process that documents all
inputs into the entire process and supply chain. A proper
sampling plan within the build area is also necessary
to obtain representative mechanical properties, witness
samples for surface finish, or other destructive and non-
destructive evaluations (NDE).

Challenges can be created when parts combine sec-
tions of high thermal mass and low thermal mass and
result in higher residual stresses that can lead to failures,
in the form of thick and thin wall sections. Rome et al.
[62] pose the example of a low thermal mass regenera-
tive cooling circuit with a high thermal mass flange at-
tached to it. As a result of the poor heat dissipation of
the cooling structure, the thrust chamber thermally de-
formed, resulting in a collision with the powder recoater
arm of the L-PBF machine. This particular problem was
solved by the addition of more support structures to the
flange, to dissipate heat faster and allow for proper at-
tachment to the build plate. The support structures can
have negative consequences though through the addi-
tion of post-processes and other opportunities for fail-
ure in the builds. A well-designed part should eliminate
or reduce support structures and only use it when nec-

essary.

10

Figure 9: As-built GRCop-84 structure produced using L-PBF: a) core
parameters and structure, b) contour parameters (reproduced with per-
mission from [79]).



4.4. Powder Removal

Powder removal is an essential post-build procedure
for all PBF additive manufacturing processes and shall
therefore be included in the design requirements of the
thrust chambers. When creating parts with internal cav-
ities, such as coolant channels, there must be some ac-
cessibility to properly remove powder. Experiments
at NASA [28] have shown that powder consolidation
within coolant channels can be significant, as illustrated
in Figure 10. Several factors influence the powder con-
solidation including the design, parameters used dur-
ing the process, build and post-build atmosphere, resid-
ual moisture, and post-processing sequence of opera-
tions. Several techniques are employed for powder re-
moval, including pneumatic flushing, vibratory tech-
niques, variable frequency sine sweeps, blunt blows to
the build plate, alcohol soaks, and vacuum operations.
During the early development of chambers reported by
NASA, proper clearing all powder was challenging and
often resulted in complete channel blockage. Eventu-
ally, as the cooling passages were not well-accessible
from the manifold ports, a small groove was cut in
the outer chamber wall to physically remove the pow-
der and then sealed with a split ring weld joint. These
lessons learned have resulted in design changes to allow
for better access for powder removal.

A possible reason for this channel obstruction is pro-
vided by Gibson et al. [80], who report that strong ther-
mal gradients in the excess powder, around the regions
that are just melted together, can result in powder ag-
glomeration at the perimeter. If the temperature at the
perimeter is high enough, this may result in unintended
sintering at the perimeter, as depicted in Figure 11. Es-
pecially in narrow confined areas, such as cooling chan-
nels, this can introduce problems when removing the
powder. These high thermal gradients are even more
apparent in thin wall sections, such as the ribs, or lands,
of channels [81]. The slope of the walls is also an im-
portant consideration since the roughness will change
based on the inclination angles and orientation. High
roughness can cause additional powder to adhere to the
walls and increase the chances of that powder becoming
trapped in narrow passages.

Excess powder in the channels can generally be re-
moved by pneumatic flushing of the channels, alter-
nating with a vacuum. An alternative approach com-
bines pneumatic flushing with vibrating the chamber
[82]. Other methods include ultrasonic and vacuum
boiling including those mentioned previously. NDE or
flow testing techniques must be introduced into the pro-
cess during powder removal to ensure that powder re-
moval can be verified [83]. Any residual moisture will
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Figure 10: Examples of fully and partially blocked internal channels
shown in Computed Tomography (adapted from [28]).

cause the low flowability of the trapped powder [84].
Operations such as electrodischarge machining before
full powder removal can introduce fluids that could
cause powder caking, making removal further compli-
cated. Although not strictly required, it is highly rec-
ommended removing the excess powder before apply-
ing post-processing heat treatments. Heat treatment op-
erations such as Hot Isostatic Pressing (HIP) can sinter
powder in place and other heat treatments can further
consolidate powder.

Figure 11: Schematic representation of unwanted sintering of the
powder at the wall.

4.5. Post-Processing Operations

Both as-built parts produced using PBF or DED show
a relevant degree of anisotropy in mechanical material
properties. The part is generally weaker in the direction
perpendicular to the build plate (z-height). Mechani-
cal tensile tests of L-PBF GRCop-84 and GRCop-42
specimens show a steep decrease in ductility in the as-
built condition, which is an indication of high (thermal)
residual stresses in the parts [28]. Besides anisotropic
material properties, additively manufactured parts are
known to have a small degree of porosity, typically
less than 1%. In the application of a regeneratively



cooled thrust chamber, the effect of porosity is two-fold.
First, it could result in a leakage of the coolant to the
chamber, resulting in a performance reduction with less
mass flow for the injector. This is especially relevant
when low molecular weight propellants, such as hy-
drogen or methane, are used for cooling. Furthermore,
porous voids in the chamber wall may act as conduction
barriers, thereby lowering the conductive heat transfer
through the wall. While some intentionally introduced
porosity in AM materials can be used as transpiration
cooling, it must be properly designed for in the process
and intentional [85].

The rapid solidification of the metal in additive man-
ufacturing techniques often results in a small grain size
in the metal. Onuike et al. [46] report that for smaller
grain sizes, there are more grain boundaries, which
slows down the heat transfer through the material. From
their experiments, they observe that the thermal diffu-
sivity and conductivity of Inconel 718 are in line with
wrought alloy data. Early literature suggests a slight
drop of the GRCop-alloys from wrought, but very close
to the extruded form. A potential solution that is often
introduced to enhance the thermal properties of highly
conductive alloys like GRCop-84 is HIP. During HIP,
the part is placed in a chamber and gradually heated to
a specified temperature, whilst being subjected to high
pressure which is isostatically applied. Besides acting
as a stress relief treatment, it may also aid in the densi-
fication of the material in the thrust chamber, bringing
to near 100% density and allowing for full conduction
paths. The HIP process further aids with homogeneity
of the AM material [86, 87].

Tillmann et al. [88] performed HIP experiments with
AM Inconel 718. It was concluded that densification
was mainly determined by the temperature, whereas the
impact of pressure was generally smaller. The study
determined that even with HIP, it is not possible to
achieve 100% dense parts, as some of the voids in the
part are filled with the inert gas used during the ad-
ditive manufacturing process and trapped or porosity
from the powder atomization process. For Inconel 718,
the study managed to achieve a relative density exceed-
ing 99.985% during HIP with temperatures exceeding
1150 °C and pressures exceeding 100 MPa.

Moriya et al. [89] also use HIP for a C-18150 thrust
chamber liner and obtain an increase in relative density
from 99.3% to 99.5%. They also performed experi-
ments on the thermal conductivity of C-18150, which
shows a significant increase from roughly 90 W/(m K)
as-built, to approximately 350 W/(mK) after aging
and HIP. Results show a modest degree of anisotropic
behavior in conductivity after HIP (<25 W/(mK)). A

12

similar observation of low as-built thermal conductivity
for a copper alloy is reported in the work of Onuike et
al. [46], who report a GRCop-84 thermal diffusivity
which is almost 50% lower than commercially rolled
specimens. Ongoing development from NASA on
GRCop-alloys has shown conductivity near or equal to
the wrought material [90].

Besides post-processing heat treatments, surface
treatments should be considered for additively manu-
factured parts. Parts produced using additive manufac-
turing are susceptible to a high surface roughness com-
pared to machined alternatives. This can reduce fatigue
life due to crack initiation locations in addition to a neg-
ative impact on chamber total pressure drop. The high
surface roughness increases turbulence in the cooling
channels of a thrust chamber and thereby also increasing
the hydraulic losses over the cooling structure. More-
over, the increased turbulence also augments the heat
transfer from the coolant, which could also be of advan-
tage for the designer [74]. Suslov et al. [91] demon-
strated that there is a strong dependency on the build
angle on surface finish. For Inconel 718 specimens,
they observe the best surface finish (10-25 um Rz) par-
allel and perpendicular to the build plate, whereas over-
hang structures result in a significant increase in rough-
ness (150-300 wum Rz). The surface roughness from
L-PBF is highly material dependent, geometry depen-
dent, post-process dependent, and machine-dependent,
so parts need to be characterized and controlled under
the same set of conditions [92].

Dependent on the engine cycle and system upstream
and downstream of the cooling channels and the sur-
face roughness that is present from the additive man-
ufacturing process, the designer may want to use a
surface enhancement technique to avoid excessive hy-
draulic losses over the cooling structure. There are
several potential surface enhancement techniques that
could be used for internal channels, but require further
development specific to the design requirements, AM
process, and material. Some of these include hydrody-
namic cavitation abrasive finishing, abrasive flow ma-
chining, fluidized bed machining, magnetic abrasive fin-
ishing, and chemical or electrochemical polishing, and
chemical mechanical polishing [93, 94, 95, 96, 97]. The
surface requirement should be traded on the type of en-
gine cycle as the heat transfer augmentation from the
rougher surface may be necessary. A rough approxima-
tion of surface roughness for L-PBF processes is equiva-
lent to the powder diameter used, however, the final sur-
face is also dependent on the contour parameters used
and will generally be lower [28].



4.6. Non-destructive and destructive evaluation

To assure that the additively manufactured thrust
chamber meets requirements, non-destructive evalua-
tion (NDE) is performed on the built chamber and wit-
ness coupons. Witness coupons are destructively tested
to determine tensile properties, low and high cycle fa-
tigue life, creep, thermal conductivity, hardness, and
microstructure. Due to the known anisotropic behav-
ior of additively manufactured parts, it is recommended
to place witness coupons in different directions within
the volume of the build.

Several non-destructive techniques exist that can be
applied to the thrust chambers [19, 98]. One of the
most common evaluation techniques of additively man-
ufactured thrust chambers is the Computed Tomogra-
phy (CT) scanning, which determines changes in den-
sity to highlight subsurface defects/pores and can be
used to verify that cooling channels are clear of excess
powder. This technique has the advantage of revealing
defects, even when surfaces are not physically accessi-
ble. An alternative technique to reveal subsurface de-
fects for well-accessible surfaces is ultrasonic testing.
Other techniques may include traditional or digital X-
rays, borescope inspections, in-situ monitoring, and in-
frared flash thermography.

To verify dimensional accuracy, the method of struc-
tured light or 3D laser scanning may be used [28]. This
technique creates a surface contour map of the built
thrust chambers, which can be compared to the original
3D CAD model to validate that all features are within
tolerances. This method is especially relevant for com-
plexly shaped parts where it is difficult or impossible
to measure dimensional accuracy by hand. The struc-
tured light method can only be used to verify external
surfaces. An example of this can be seen in Figure 12.

Other non-destructive evaluation techniques, such as
dye penetrant testing or eddy current testing, are re-
ported to be less applicable for as-built additive man-
ufactured parts due to the high surface roughness [19].
After surface-enhancing treatments, these methods may
however be considered.

5. Conclusion and Outlook

Additive manufacturing is taking a more prominent
position in the fabrication of thrust chambers of lig-
uid rocket engines. The current state-of-the-art shows
a technology readiness level of 9 for chambers created
using the laser powder bed fusion (L-PBF) and technol-
ogy readiness level > 6 for thrust chambers created us-
ing laser powder directed energy deposition (LP-DED).
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Figure 12: Example of structured light 3D scanning comparing the
as-built surfaces to CAD (credits NASA).

AM has made thrust chamber accessible to many com-
panies and organizations that previously did not have
the resources to fabricate and can do so within a rea-
sonable budget and schedule. This has brought about
new commercial space companies with new mission op-
portunities that did not exist prior to 2015. AM allows
for complexities in designs of thrust chambers including
internal channel geometry not previously possible in a
variety of copper-alloy, superalloy, and refractory ma-
terials. Many of these alloys have been demonstrated
in relevant thrust chamber environments. L-PBF is the
most popular AM technology for use in thrust chambers
due to the high complexity of internal features, but lim-
ited in build volume. LP-DED and LW-DED provide
options for increased scale.

While the AM processes have been matured, signifi-
cant attention should be provided to the post-processing
operations, which remain critical to successfully apply
and meet engine requirements. Due to the complexity
of the thrust chambers, internal features can cause
issues in the build process and post-processing such
as inspection, powder removal, and surface roughness.
The entire process flow must be rigorously controlled
through all operations, including the raw powder, AM
process and post-processing, to ensure certification is
met for critical flight applications. Further advance-
ments in AM techniques and post-processing operations
coupled with new material developments can further
advance the use of AM for thrust chambers.

It is expected that additive manufacturing will take
an even more prominent role in the near future for the
production of thrust chambers, as well as other sub-
components of liquid rocket engines. For small cham-
bers with a complex channel design, that fit in the build
volume of commercial L-PBF machines, it is hard to re-
alize a more competitive product with traditional manu-



facturing techniques. For larger thrust chambers which
do not fit in the standard build volume of commercial
L-PBF machines, the benefits of additive manufactur-
ing over traditional manufacturing techniques are to be
determined on a case-by-case base. In particular, when
producing chambers at a large volume, e.g. in the case
of an expendable launch vehicle with multiple launcher
per year, traditional manufacturing techniques may still
be more promising as these are more applicable to the
economy of scale.
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