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Abstract

Thrust chamber of high performance bi-propellant liquid rocket engines is a critical
component of the launch vehicles because it is designed to operate in some of the
most severe conditions seen in engineering practice. The requirement of reducing
the temperature of the walls exposed to the hot gas can be met with high-thermal-
conductivity copper alloys while the mechanical stiffness is achieved by using high-
strength steel or nickel alloys. Because the stress–strain behaviour of a regeneratively
cooled thrust chamber is directly correlated with its temperature behaviour, it is of
primary importance to select the correct alloy.

Nowadays manufacturing processes are playing an important role in the global
space industry, with particular emphasis respect to space propulsion. Thanks to Sophia
High Tech s.r.l. advanced studies a new patented copper-steel composite, processed by
SLM Additive Manufacturing process, is proposed for a Liquid Rocket Engine (LRE)
application. A patented additive manufacturing powders mixing process developed by
Sophia High Tech srl is used: it consists in a powder mixing new technology developed
in order to mix two or more additive manufacturing powders.

A deep thermal and mechanical characterization of the new composite is presented,
with particular reference to high temperature Low Cycle Fatigue, Differential scan-
ning calorimetry (DSC), Thermal conductivity, micrography analysis, EDS chemical
composition analysis, digital tomography analysis, thermomechanical analysis (TMA),
Hardness, optical and SEM fracture analysis, high temperature traction tensile test, high
temperature creep test.

Analytical models have been employed in order to replicate the correct new com-
posite’s behaviour. Ramberg–Osgood and Coffin-Manson have shown excellent results.
A new material’s behavior has been discovered. The ’local hill softening-hardening
phenomenon’ is a time dependent activated damage which occurs during cycling and
quasi static tests at very high temperature.

The composite cu174PH shows an overall good behavior for liquid rocket engine
application, however a heat treatment is strictly necessary in order to improve the
elongation to fracture and the thermal conductivity.
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Chapter 1

A New Space Economy Project

The potential of space exploration for Italy, Europe and the world is enormous. Europe
and the world are facing major global challenges which require equally global responses
and imply responsibilities.

The European economy depends on space infrastructures from the point of view of
national benefits, social and economic impact of public space incentives on GDP (Gross
Domestic Product), on innovation and on the environment.

The space sector needs innovation: reusing space components, such as engines and
launcher stages, is the only way to limit space pollution. This requires a major effort
by the scientific community to find new manufacturing technologies that, together with
new materials, can extend the life of space components.



2 A New Space Economy Project

1.1 Aims of The Project

The present work has different social and technical main goal.

1.1.1 Technical Aims

• New Composite Material for Space Rocket Application: The main technical
objective of this study is to investigate if the new Copper-Steel composite-metal-
matrix alloy, developed by Sophia High Tech s.r.l., has an interesting behavior
which purpose is to manufacture a general rocket liquid thrust engine chamber;

• Test the Patented Powers Mixing Process @Sophia High Tech s.r.l.: Sophia
High Tech s.r.l. developed an innovative Powder Mixing Process able to mix two
or more different powder in order make a starting mixed powder for the Additive
Manufacturing SLM process. This study provide a indirect technical analysis of
the Powder Mixing machine since the material has been printed with a starting
mixed powder;

• Material Characterization: In the present work, due to the aim of simulating the
thermomechanical behavior of a rocket liquid engine thrust chamber, a physical,
chemical, thermal and mechanical characterization was mandatory. A massive
test campaign was implemented and organize to provide all properties required
for a non linear high temperature time dependent FEM simulation. Different inter-
national laboratories have been involved because of the requirement of complex
facilities (such as High Temperature Low Cycle Fatigue testing machine);

• New fields of research: This first and brief Master Thesis Final Project could be a
starting point for the implementation of particular composite material in the space
liquid rocket engine recherche fields;

1.1.2 Social Aims

• Science Innovation: The present work shows a new pioneering patented tech-
nologies which could be used for future works and research fields. Furthermore,
the main core of the work is a new composite-metal-matrix material processed by
Additive Manufacturing SLM technology;

• The key role of international research: The cooperation of multiple nation,
different international research centers and to work with people from various
counties is a perfect way to achieve remarkable result;

• Team Work: The present study is a good example of team working. Several dif-
ferent experts have been involved in order to perform the thermal and mechanical
tests and to discuss how the physics behind a complex new materials could works;
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• International recherche Cooperation: This recherche activity has a strong
Italian-French partnership and it proves the remarkable importance of international
cooperation;

• Students’ Power: The project has been created from the author of this manuscript.
Students are the backbone of the University system and have to be more active,
more propositional. Students should have more power face to the decision of their
Final Project Thesis subject;

• Covid-19 Emergency: This work cloud be an example of resilience face to
external not preventable problems. Covid-19 pandemic was declared in May
2020 and just 2 month later this project started. The have been problems and
difficulties due to the pandemic state of emergency, but the team achieve all started
expectations;

• Italian Recovery Found (PNRR): Studying, researching and developing new
technologies, materials, manufactures (such as new space engine cooling channels
geometry) is a good start to a near future research project that could benefit
of the new European Recovery Found. This possibility could improve Italian
National space knowledge and know-how in the domain of space material and
methodologies to improve rocket engines life;

• Space 4.0: Nowadays we are in a new age for venture capital in space sector. It is
know that the Space 4.0 is a real opportunity for all national industry to improve
their scientific power. One of the goal of this research is to perform analysis with
a modern methodology that match with the new space sector’s mentality. This
study is a good way to start surfing the Space 4.0 weave;



4 A New Space Economy Project

1.2 The Project

This pioneering project was born after several attempts to find an innovative industry
ready to invest time and finance in an R&D program with a university partnership. In
may 2021, after a amazing web meeting with Sophia High Tech CEO Antonio Caraviello
and the R&D chief Domanico Borrelli, we decided to start the project by using a new
just processed material.

This material has never been tested, especially for rocket engine application. Due to
the high cost of Additive Manufacturing process both partners, SHT s.r.l. and University,
found a balanced agreement: SHT s.r.l. provided two printing jobs for the recherche and
the Politenico di Torino charged all testing costs.

1.2.1 Main Partners

In order to manage this R&D activity a team of different public and private institution
was build up (Figure1.1). In particular the project involve three different Universities,
five recherche centers, one french start up one Italian Industry and one Italian National
Agency:

Fig. 1.1 Project Main Partners
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• Politecnico di Torino: First public University involved in the project;

– DIMEAS (Department of Mechanical and Aerospace Engineering) Labora-
tory;

– DISAT (Department of Applied Science and Technology) Laboratory;

– J-TECH (Advanced Joining Technologies) Laboratory;

• Sophia High Tech s.r.l.: Italian industry specialised in advanced manufacturing
and R&D technologies for space and aerospace sector.

• Universitè de Tours: Second public University involved in the project;

– CEROC (Study and Research Centre for Cutting Tools) Laboratory: Created
in 2005, it brings together researchers from the Mechanics and Rheology
Laboratory of François-Rabelais University and Sandvik Coromant’s RD
engineers to work on collaborative research projects.CEROC is an R&D
tool open to regional companies, and an innovative training centre, at the
interface between university and business. Combining the mastery of pro-
duction conditions in industrial companies with the laboratory’s expertise in
characterising and modelling the behaviour of materials and surfaces, the
center is a place to optimise its machining concepts and achieve productivity
gains.;

– CERMEL (Centre for Study and Research on Elastomeric Materials) Labora-
tory: Mainly specialised on the caracterization of polymerics materials its
missions range from fundamental and applied research (in support of the Uni-
versity of Tours’ laboratories), to accompanying and supporting companies
in their development and innovation projects. CERMEL is a technological
and scientific platform dedicated to collaborative research on polymer and
composite materials. Its main activities include: characterisation and mod-
elling of the thermomechanical behaviour of materials, fatigue behaviour,
adhesion problems, rheology and polymer ageing;

– AAMS (Advanced Assisted Manufacturing Solutions): The startup was created
by three experts, former employees of the world leader industy in cutting
tools, in November 2019. AAMS provides solutions adapted to the various
cases of industrial applications, while promoting environmentally friendly
strategies, in compliance with your productivity and quality objectives. The
company’s purpose, in France and abroad, is to private and independent in-
dustrial research specialising in technological innovation and the realization
and sale of technical studies and various services in these fields of activity,
particularly for industry and training organizations.

– Slovak University of Technology: Third public University involved
in the project;



6 A New Space Economy Project

1.2.2 Project Organization

During the first project activity, Sohia High Tech s.r.l. and Politecnico di Torino, decided
to start a parallel secondary sub-project: the main goal of the study was to understand
the SLM Additive Manufactured Inocnel718©behavior by changing the energy density.
A DoE (Design of Experiment) has been programmed and several different tests have
been performed in order to provide the propriety distribution respect to different process
parameters and platform position. A BSc. student was tutored and supervised by Matteo
Crachi during the experimental campaign and the numerical simulation activity.

A better schematic representation of both, Master thesis and sub-project is presented
in Figure1.2.

Fig. 1.2 Project schematic organization

1.2.3 Project Progress Logic

The project logical flux implemented in order to achieve all technical goals presented in
Subsection1.1.1 is presented in Figure1.3. The project has been divided into two main
core:

1. Testing Campaign: This first activate was needed in order to know all basic
mechanical, physical chemical and thermal properties of new printed alloy and
implement those into a Commercial FEM Software;

2. Numerical Simulation of the thrust chamber: Via numerical simulation it has been
possible to evaluate the effective real benefits of using an innovative composite-
metal-matrix material for the particular understudy application. In addiction, if
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the target life of the thrust chamber is not reached, it is possible to understand
witch properties should to be enhance and improved;

3. Geometrical optimization: The final process proposed in this study is an iterative
geometrical optimization of the engine cooling channels. Additive Manufacturing
has huge advantages for re-design and re-engineering engine cooling channels by
providing complex structure in order to improve life and performances;

Due to the high cost of the printing Additive Manufacturing SLM activities, the
majority mechanical properties of the new alloy have been tested only in the X-Y
direction. However it is important to underline that for fracture mechanism that mainly
reduce engine’s life, which will presented in subsequent Chapters, can be chartered by
the X-Y direction specimens orientation respect to the printing platform.

Because of the main objective of the present final thesis project is to understand
if a new complex additive manufactured material can be used for a new era liquid
rocket engine the starting thrust chamber geometry has been taken from the SSME
(Space Shuttle Main Engine) project available on literature (NASA achieve). Both, the
convergent-divergent shape and the cooling channels geometries, for these first-study
activities, have been fixed and not more modified. After the massive test campaign and
the standard SSME geometrical implementation, numerical simulations start. For the
engine cycle profile (heat flux and pressure profile) a classic NASA’s test has been used.
After reach all the time dependent profile mapping the same temperature profile has been
used for all mechanical cycling simulation. Every mechanical engine’s cycle has the
same temperature profile. The difference between cycles is the damage that the structure
experience because of the plastic-creep deformation.

The last step of the project logic is to achieve a better engine life by an iterative
procedure which main goal is to use the befits on Additive Manufacturing process to
implement new structural shapes inside engine cooling channels.



8 A New Space Economy Project

Fig. 1.3 Project Progress Logic
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1.3 The New Space Economy

Space has become an important vehicle for achieving objectives in key policy areas
including environment, security, economic development, mobility and resource manage-
ment [29].

According with ESA definitions1 the first era of space, Space 1.0, can be considered
to be the early study of astronomy (and even astrology). The next era, Space 2.0, came
about with space faring nations engaging in a space race that led to the Apollo moon
landings. The third era, Space 3.0, with the conception of the International Space Station,
showed that we understood and valued space as the next frontier for cooperation and
exploitation. Space 4.0 era is a time when space is evolving from being the preserve
of the governments of a few Spacefaring nations to a situation in which there is the
increased number of diverse space actors around the world, including the emergence of
private companies (Figure1.4 shows the growing of private authorised lunches in USA
from 1989 to 2021), participation with academia, industry and citizens, digitisation and
global interaction.

Fig. 1.4 Private industry space race by ISPI (Italian Institute for International Political Studies)

The Organization for Security and Co-operation in Europe (OCSE) provides us with
a definition of Space Economy meaning: "The whole range of activities and use of
resources that create and provide value and benefits to human beings in the course of
exploration, understanding, management and use of space".

1https://www.esa.int/AboutU s/MinisterialCouncil2016/Whatiss pace4.0
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The Space Economy comprises public and private actors involved in the development,
supply and use of space products and services such as R&D, manufacturing and use of
space infrastructures in order to enable applications, as well as enabling the scientific
research generated by them. It follows that the Space Economy goes beyond the space
sector itself as it encompasses the continuous and increasing the space sector itself as it
encompasses the continuing and growing impacts of space.

The present work is directly linked to the New Space Economy age, now days also
called Space 4.0. Thanks to the new space venture capitals and world wild international
incentive to the space sector new technologies, such as the Powder Mixing Machine
developed by Sophia High tech s.r.l. and AVIO s.p.a. used in the present study to process
the starting powder for the SLM printing activities, are under investigations and provide
important new recherche paths.

Europe is developing new investment strategies in order to promote space innovation:
an interesting example is the ESA2 Business Applications offers funding and support to
businesses from any sector who intend to use space (satellite navigation, earth observa-
tion, satellite telecommunication, space weather, space technologies) to develop new
commercial services.

Figure2.12 shows ESA investment in space divided by domains and by member
state contribution in 2021. This pie-chart visualization prove a clearly representation
of the most important European nations involved in the spec sector: France (first fort
investment in 2021) and Italy (second for investment in 2021) take the lead. It is not a
coincidence if the present Master Thesis Final Project work involve Italian and French
recherche centers.

2European Space Agency
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(a) ESA member states investments

(b) ESA domain investments

Fig. 1.5 ESA investment in 2021

Space sector generates knowledge and innovation contributes to Europe’s identity
and capabilities. Europe requires perspectives on how to manage mid- and long-term
challenges in exploiting the full potential that space holds for society. The European
Space Policy Institute (ESPI) responds to these needs through analyses and advices, with
the aim of supporting space as a strategic policy area for Europe by providing different
strategic document. Requirements for considering a country a space power can be found
in a Measuring Space Power Map proposed by the ESPI3 in Figure1.6.

3European Space Policy Institute
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Fig. 1.6 Measuring Space Power

Today, if we use the definition of Space Power proposed by the ESPI, Europe can be
classified as a Spacefaring Nation inside a Space Power Matrix: significant capacity but
limited autonomy (Figure1.7).

(a) Space Power Matrix - General (b) Space Power Matrix - Europe

Fig. 1.7 Space Power Matrix by ESPI

Space 4.0 represents the evolution of the space sector into a new era, characterised
by a new playing field. This era is unfolding through interaction between governments,
private sector, society and politics. Space 4.0 is analogous to, and is intertwined
with, Industry 4.0, which is considered as the unfolding fourth industrial revolution
of manufacturing and services. To meet the challenges and to proactively develop
the different aspects of Space 4.0, the European space sector can become globally
competitive only by fully integrating into European society and economy. This requires
a sustainable space sector closely connected with the fabric of society and economy. For
this to happen, space must be safe, secure and easily and readily accessible, and built on
a foundation of excellence in science and technology – broadly and continuously over
time.



Chapter 2

Introduction: Additive Manufacturing
in the Space Liquid Rocket Engine
(LRE) Industry

2.1 Metal Additive Manufacturing Technology

The American Society of Testing and Materials (ASTM) has defined the Additive
Manufacturing (AM), sometimes also called as 3D printing, as a process of joining
materials to make objects from 3D model data, usually layer by layer, as opposed to
subtracting manufacturing technologies [30].

This definition applies to a broad range of materials, such as polymers, ceramics, and
metals. The interest here, however, is devoted only to metallic materials. Subtracting
manufacturing, also referred as conventional or traditional manufacturing, often begins
with a solid billet of material which is machined down to finished size whereas in AM
the material is deposited layer by layer to form a solid part. AM components generally
require a final machining stage to achieve the desired dimensions, tolerances, and surface
finish [31].

AM’s main strength is removing a lot of the limitations present with traditional
manufacturing techniques and allowing unparalleled design freedom. In particular, AM
designs provide great opportunities for new materials, weight optimization, as well
as to realize complex and customized shapes and geometries that are impossible or
too expensive to create with traditional production techniques [2]. Part consolidation
is another prominent benefit of AM production techniques. Part consolidation is the
act of consolidating multiple components into one piece without assembly operations.
Part consolidation has the primary benefits of reducing the assembly operations and
minimising the usage of joining methods such as bolting, welding, brazing, soldering
and chemical bonding methods. Minimising these operations in the production process
drastically decreases the need for skilled labor throughout resulting in cost reductions.
The tooling necessary to manufacture components through traditional manufacturing
methods is also reduced by using part consolidation through AM techniques. Another
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advantage is the reduced number of components requiring certification and associated
documentation, leading to cost time and cost reduction. Risk mitigation is inherent
in component consolidation as fewer joins and fewer processes are involved in the
manufacturing process [8]. However, compared to parts made with conventional manu-
facturing, additive manufacturing requires a higher level of inspection in order to detect
any potential material flaws like pores or areas of insufficient bonding, which may have
a deteriorating effect on the material properties [32]]

Differently from conventional manufacturing, applying metal additive manufacturing
requires to address the entire manufacturing process chain, not just the printing of the
component. The manufacturing starts with the selection and quality control of the
feed-stock material which is used for the manufacturing process. After the printing,
several processes are available to improve the surface quality of functional surfaces
where needed. Machining steps like the cutting of threads or the milling of sealing
surfaces may need to be adapted. Finally, non-destructive testing of the manufactured
part needs to be performed [33]. Moreover, the layer-by-layer process that characterize
the AM inherently means that not all geometries can be printed in any orientation.

Figure 2.1 shows a unit cost versus production volume and production complexity
identifying economically and technically optimal scenarios further developed in this
monograph [8, 1]. The AM technology can be easy applied to LRE thrust chambers
fabrication process because of the high-complexity and low-production volume of the
component: these scenario is especially valuable.
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Fig. 2.1 Additive Manufacturing (AM) VS Traditional Methodologies (TM), from [1]

In conclusion, AM is still an emerging technology that will not replace conventional
manufacturing methods also because of its increased energy consumption, higher raw
material cost, and initial capital investment. Rather, the two technologies will coexist
[31].
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2.1.1 Selective Laser Melting (SLM)

Selective Laser Melting (SLM), also known under the trade names ”Laser Powder Bed
Fusion (L-PBF)” or ”Direct 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. The entire SLM process cycle
consists of a series of steps from CAD data preparation until the removal of the printed
component from the building platform. Before the data are uploaded to the SLM printer,
the STereoLithography (.STL) files have to be processed by a 3D printing software,
(e.g. Materialize Magics, nTopology, Autofab) to provide support structures for any
overhanging features, inspect the geometry of the part, and generate slice data for laser
scanning of individual layers. A high-density laser, directed by a scanning mirror, is
used to melt selectively regions of metal powder spread across the fabrication bead.
Providing the necessary energy at micro-scale focus, the powder absorbs this energy
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 go on, until a three-dimensional
final shape is achieved (Figure2.2, from [11]). The subsequent removal of the un-melted
powder particles and the support structures can be achieved by different methodologies
(e.g. band saw, EDM1). The deposited layer has a typical height in the range of 20–100
µm. To prevent excessive oxidation of the metal in the melt pool, the SLM process
occurs in an inert environment [2].

Fig. 2.2 Schematics of additive manufacturing (AM) by Selective Laser Melting (SLM) process

The SLM process is the most mature metal AM technology with the ability to produce
complex structures with high resolution. However, besides the great advantages of metal
AM and of L-PBF in particular, a number of issues must be taken into consideration

1Electrical Discharge Machining (electroerosion)
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when choosing this technique. In fact, some of the main drawbacks of SLM are as
follows:

• Variability of the mechanical properties depending of the starting powders, process
parameters, post-processing, size of the build volume, spatial location within the
build volume, scanning strategy [34], etc. This implies that material character-
isation is often lacking and hard to be achieved in sort time and with imitated
cost;

• The as-built parts show a relevant degree of anisotropy in mechanical material
properties ([35],[36]). The object is generally (but not necessarily) weaker in the
direction perpendicular to the build plate;

• Excess porosity and defects often occurs due to unmelted/partially melted powder
particles, lack of fusion between layers, key holes, cracking/delamination, and gas
entrapment;

• Rapid cooling of the molten material (in the vicinity of 10-5 °C/s due to the highly
localized heat input [31] may induce non-uniform precipitate microstructure
phases and consequently unintended residual stresses. In order to eliminate the
non-ideal material microstructure and the residual stresses, post-printing heat
treatment is necessary;

• Relatively high surface roughness that often require post-printing surface finishing;
furthermore, the orientation of surfaces also influences the roughness. This is a
result of the stair-casing shape of the exposed surfaces induced by the selected
layer thickness;

• The design must be adapted to the layered manufacturing process. Consequently,
design is typically constrained by no overhangs with inclination larger than about
45°C with respect to the build direction and by holes with a minimum feasible
size;

• Conventional machining of critical surfaces (interfaces, sealing surfaces, tight fits)
is still required;

• Build envelope size of the current largest printers is limited to less than 1 cubic
meter;

• Large amounts of powder material to fill the powder bed are required, even if a
small part is being built;

• Produces significant waste: spent powder, build plates, failed builds;

• Long build time (that implies low production rate);

• Internal passages cannot be fully inspected;

• Removing powder from small internal passages is not always easy;
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• May not be cheaper than traditional manufacturing;

• Particular materials (especially Copper-based alloy) have important laser reflection
and local optical lens damage can occur [11];

Among the drawbacks mentioned, the inherent variability of SLM material proper-
ties is one of the most important aspects. Consequently, any modification of process
parameters, of the material’s supplier 2, or of the printer used requires a new char-
acterization of the material properties. However NASA’s studies show that the same
machine with the same powder batch has a job good repoductibility on the platform [38].
Another important aspect is the number of remixing process of the not used previous
job powders : a new batch of material will have different properties respect to a first
recycled one, which behaves different from, for example, a third recycled one[39]. This
characterization, consisting mainly of tensile properties, low and high cycle fatigue
life, creep, thermal conductivity, hardness and microstructure (the characterization is
typically evaluated by destructive and non-destructive tests on suitable printed samples).
Material characterization is devoted also to assessing the anisotropy with respect to the
build direction, the variability within the build position, and the effect of the post-printing
heat treatments. The criticality related to this issue is further confirmed by the fact that
each print job is accompanied by a minimum set of samples that are tested to confirm the
expected material properties (in Figure 2.3 it is clearly possible to see printed z-direction
traction specimens [7]).

Fig. 2.3 Example of large-scale NASA GRCop-42 chambers fabricated by SLM

Often, in the initial stage of a new material or new component definition, the L-PBF
process parameters that optimize the mechanical properties, and possibly the surface

2Same material can be provided by the powder supplier with different atomization process from one
batch to another (the supplier could change the atomization process for several different reason). By
changing the atomization process the material behavior could completely changes [37]
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quality, are assessed by proper preliminary studies. The main process parameters that
impact the material properties are: the laser power, the laser spot size, the laser timing,
the laser scan strategy, the scan speed, the layer height, the hatch spacing/overlap, the
contour spacing/overlap (Figure 2.4, from [40]), the type of re-coater arm, the placement
of parts on the build plate, and the build chamber environment [2]. An optimal set of
parameters and machine configuration exists to achieve minimal porosity and the most
favourable mechanical properties for the core material. In addition, a different set of
parameters for contouring can be found to optimize the surface finish [2]. It is worth
noting that minimization of porosity reduces the associated stress concentration and
thus the possibility of crack propagation while minimization of the surface roughness
improves the fatigue behavior. Further minimization of the porosity can be achieved
by post-printing heat treatments while further minimization of the surface roughness
can be achieved by post-printing surface treatments. However, minimization of the
surface roughness by proper selection of process parameters is important for parts with
inaccessible internal surfaces, where post-printing surface treatments cannot be applied.

Fig. 2.4 Illustration of Selective Laser Melting main process parameters

Heat treatments play an important role in modifying the microstructure and mechan-
ical properties of SLM parts, particularly when made of heat-treatable alloys. In fact, a
post-printing thermal treatment is often required, including stress relief, homogenization
and hardening, and hot isostatic pressing (HIP) [31]. 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 strongly reduces the number and size of the internal pores, bringing to near 100%
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density. The HIP process further aids with homogeneity of the AM material [2]. Since
heat treatment operations such as HIP can sinter powder, a proper removal of the excess
powder from the internal cavities (Figure 2.5) is an essential post-build procedure[2].

Fig. 2.5 Examples of fully and partially blocked internal channels shown in Computed Tomogra-
phy, from [2]

Surface treatments should be considered for L-PBF produced parts because they are
susceptible to a high surface roughness compared to machined alternatives. This can
reduce fatigue life due to crack initiation locations in addition to a negative impact, in
case of fluid-dynamic components, on fluid pressure drop [2]. The surface roughness
resulting from L-PBF printing is highly dependent on the material, geometry, post-
processes, and machine selected. In particular, there is a strong dependency on the
build angle on surface finish. The best surface finish is typically found parallel and
perpendicular to the build plate, whereas over-hang structures result in a significant
increase in roughness [2].

The verification of the requirements of the SLM components is obtained, as well as
by sample tests for the evaluation of the material properties, by means of non-destructive
tests on the built component. Several non-destructive techniques exist that can be
applied to the AM components. One of the most common evaluation techniques is the
Computed Tomography (CT) scanning, which determines changes in density to highlight
subsurface defects/pores and can be used to verify that the internal volumes are clear
of excess powder. This technique has the advantage of revealing defects, even when
surfaces are not physically accessible. An alternative technique to reveal subsurface
defects for well-accessible surfaces is ultrasonic testing. Other techniques may include
traditional or digital X-rays, borescope inspections, in-situ monitoring, and infrared
flash thermography. Moreover, to verify dimensional accuracy, the method of structured
light or 3D laser scanning may be used [2].
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2.2 Metal Additive Manufacturing in the aerospace sec-
tor

The aerospace sector relies heavily on machined forged and billet structures. This
conventional manufacturing methodology provides high certainty in final component
quality, as billet materials are readily certified for porosity and microstructure, but adds
substantial direct manufacturing costs and induced costs due to high production lead
times. Forging requires the expensive design, manufacture and trialling of preforming
dies and billet machining is inherently expensive with typical buy-to-fly ratios estimated
at 20:1 [8].

The fundamental opportunities for metal additive manufacturing in aerospace ap-
plications include: significant cost and production-time reductions, novel materials,
unique design solutions with high degree of geometrical complexity, mass reduction,
and minimization of traditional joining processes. A further advantage of the additive
manufacturing applied in the aerospace sector is the possibility to improve the design
process of a new component. In fact, due to the high cost and complexity of aerospace
hardware, it is often common practice to delay the procurement and testing of compo-
nents when applying conventional manufacturing processes. This reduces the risk of
a redesign or costly failure during test. Also, for parts that were traditionally cast the
time invested to develop the casting often does not allow for multiple design iterations.
Additive manufacturing, thanks to its low cost and quick turnaround times, allows the
construction and testing of hardware from the earliest stages of a project development.
This positively affects the design and analysis of a new system [41].

At present, AM has a limited role in the production of aerospace parts mainly because
of the difficulty in modeling the manufacturing process and predicting the properties of
printed parts. This leads to a lack of standardization and therefore limited use of AM
in the aerospace industry [42]. Concerning the sole space sector, the design freedom
afforded by AM, as well as the potential mass and time savings, is ideal for the space
industry, where part production is low volume and highly customized. Consequently,
there is a strong push to research these new manufacturing technologies. However,
massive use of AM in the space industry has not occurred yet though [42].

The described opportunities of metal-AM are being applied in a range of high-profile
aerospace applications, the most notable being heat exchangers, turbomachinery, and
liquid-propellant rocket engines. Concerning the heat exchangers, they are characterized
by complex designs and internal features. Manufacturing these devices through AM
allows for vast improvements in part count reduction, lead time reduction, light weighting
and cost reduction [8].

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. The possible cost redaction with AM technologies is about 1/3
[2] respect to traditional processes (Figure 2.6).
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Fig. 2.6 Comparison of traditional manufacturing to additive manufacturing evolution (cost in
US$, 2020 equivalent), from [2]

Concerning the turbomachinery of both aircraft and rocket engines, they are com-
posed of static and rotational components that are subject to both extreme performance
requirements and harsh environments such as elevated pressures, temperatures, and
corrosive or embrittlement conditions. These performance requirements often lead to
highly complex geometries and special materials being used. Since components such as
compressor blades, turbine blades, inducers and impellers have highly complex geome-
tries, AM can be used to increase their performance. In fact, AM technology enables
more designer freedom from geometric constraints commonly found using traditional
manufacturing techniques allowing for more intricate final components. However, there
are limitations of the AM process in producing some of these geometries in build angles
and also rougher surfaces than traditional machining [8].

Finally, although there are only very few certified-for-flight AM rocket engines,
additive manufacturing of such devices, with particular emphasis on the thrust chamber
assembly, is one of the main areas of research and development in the aerospace industry.
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2.2.1 Additive Manufacturing of liquid rocket engine thrust cham-
ber assembly

The size of a typical rocket engine is much bigger than the now days available maximum
printing volume of common SLM machines (Figure 2.7).

Fig. 2.7 Additive Manufacturing imitated scale machine technologies respect to common size
liquid rocket engine, from [3]

Due to this technological limitation it is possible to only produce separate main
engine components. Figure 2.8 shows NASA’s use of Additive Manufacturing respect to
almost 80% of the entire engine (it is important to know that not all highlight components
are processed by SLM AM: the nozzle is a DED3 example).

Fig. 2.8 Additive Manufacturing used across all components on liquid rocket engines, from [3]

The thrust chamber assembly of a liquid rocket engine is composed of two main
components: the injector and the thrust chamber. The injector, having the aim to inject
the propellants within the thrust chamber, is composed of propellant manifolds and a
proper number of injector elements that are designed and distributed in such a manner
to guarantee homogeneous propellant flow from the injector manifolds to the thrust

3Direct Energy Deposition
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chamber, with the desired mass flow rate. The thrust chamber, being the component
where the propellant is mixed, burnt, and accelerated, has a convergent-divergent shape
and is often composed of suitable cooling channels.

From a design and manufacturing point of view, a liquid rocket engine’s injector
is one of the most demanding subsystems of a liquid rocket engine. The injector
is subjected to extreme temperature and pressure gradients: during startup, in many
applications the propellant manifolds of the injector cool down to cryogenic temperatures
within seconds, whereas the injector face plate has to withstand the thermomechanical
load induced by the combustion, which takes place at temperatures above 3000 K and a
pressure level of up to 200 bar [4]. In today’s rocket engines, an injector typically consists
of hundreds of individually manufactured components with precise tolerances that must
be joined together by welding or brazing. The integration process is characterized
by numerous manual working steps, inspections and checks and thus significantly
contributes to the overall manufacturing cost of a rocket engine [4]. The injectors are
particularly attractive devices to additively manufacture due to their complex geometries
and intensive fabrication. AM can greatly reduce part count and joints associated with
multi-element injectors, as they may be composed of very few AM parts.

A good example of a AM injector head is the AVIO S.p.A. effort to develop new
concept for the new cryogenic engines development for Vega-E application. The research
activity was born to exploits the new benefits coming from the new manufacturing
technology, overcoming some of the limits that have been always met in the past history
of rocket engine development [43].

Fig. 2.9 Full-scale manufacturing demonstrator for liquid rocket engine application, from [4]

The reduction in part count also increases the reliability of the component. Fewer
parts and assembly steps reduce the likelihood for error during assembly and streamlines
the fabrication and assembly procedures. Eliminating welds and braze operations
by combining parts, also eliminates the required inspections after the processes are
performed [41]. Additionally, additive manufacturing allows to optimize the design of
the injector’s reducing the weight of the component. In fact, a conventional injector
is typically milled from a cast raw part and the manufacturing steps to minimize the
wall thickness or locally remove material where it is not needed are skipped, as the
potential weight savings cannot balance the additional cost of manufacturing [4]. Some
of the specific disadvantages of using AM for injector fabrication, such as poor size
resolution and excessive surface roughness, are an active area of development within the
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industry and their influence has diminished over time and can be expected to diminish
further. Another current disadvantage in injector manufacture, that applies when using
AM processes based on powder feed stock, is the necessity to remove residual powder
from internal passages where the part may have limited access. Removing all the powder
prior to any heat treatment (even stress relief) is necessary because trapped powder can
become sintered, making it difficult or impossible to remove later [7].

Thrust chambers of liquid rocket engines are conventionally fabricated using nu-
merous manufacturing methods. The most common methods for chamber fabrication
include tube-wall design and channel wall design. In any case, for efficient cooling the
wall structures in contact with the hot gas in thrust chambers should have minimal wall
thickness (0.25mm - 1mm range. Figure2.10 from [6]) and require materials that can
withstand the high thermal stresses that occur during hot-fire operations.

Fig. 2.10 Tubular-wall design used on relatively low chamber pressure thrust chambers or nozzle
extensions

Copper alloys have a high thermal conductivity and therefore a relatively low wall
temperature for a given heat flux, but they lose mechanical strength at a relatively
low temperature. Nickel or iron superalloys have a much lower thermal conductivity,
and therefore a high wall temperature for a given heat flux, but are able to maintain
mechanical strength at higher temperatures than copper alloys [44].

With conventional approaches, the thrust chambers are manufactured using a series
of wrought forming and assembly methods that include forging, machining (Figure
2.12a), electroplating or electrodeposition (Figure 2.12b), welding, brazing (Figure
2.12c), and casting, among several other techniques. 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 [2]. Figure 2.11
shows a schematic representation of one of the most common thrust chamber fabrication
procedure.
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Fig. 2.11 Typical fabrication procedure is shown, where the laying of a thermal barrier coating,
usually composed by Yttiiria-stabilizied Zirconia[5], and a Nichrome layer, to protect from
oxidation, are included , from [5]

Also in this case, metal additive manufacturing opens new opportunities from both a
technical and economical perspective, thanks to greatly reduced production time and
more competitive thrust chamber designs that are not feasible by conventional methods
[2]. For example, an AM thrust chamber can integrate both the coolant manifolds and
the cooling channels in a single component. However, the selection of the material is a
critical choice. In fact, while copper alloys are preferred from a thermo-mechanical point
of view, especially for thrust chambers operating at high combustion pressure (that is,
with high heat flux to the chamber wall), AM is more mature with other materials, like
nickel-based or iron-based alloys. These latter materials, being capable of withstanding
extreme temperatures while maintaining a good mechanical strength, can be considered
acceptable for an AM thrust chamber, as long as the combustion pressure is not too high.
Of course, AM production of thrust chambers has the same drawback described for the
injector, like poor size resolution, excessive surface roughness, and powder removal
from internal passages.
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(a) Machining process

(b) Electrodepositeted close out
and machined inner wall (c) Brazed cooling channels

(d) Different cooling channels
manufacturing arrangement in
the same engine

Fig. 2.12 Conventional rocket thrust chambers manufacturing technologies, from [6]

2.3 Materials for Liquid Rocket Engine (LRE) Thrust
Chambers

The extreme High-pressure, high-temperature and high-oxidation operating environment
of Liquid Rocket Engine components can be defines as a challenging recherch domain
for material science. Due to this complex condition a regeneratively-cooled LRE thrust
chambers and nozzles require very thin-walls for the channels. LRE has key requirements
that must be considered for material selection [45]:

• Thermal Conductivity: The primary driver of wall temperature in regenerative-
cooling is conduction through ribs and the hot-side wall. A higher thermal
conductivity allows use of higher hot-side wall thickness to achieve same hot-side
wall temperature. From a different point of view: the higher is the conductivity
the higher is the heat flux (by assuming constant wall thickness), therefore we can
achieve hot-side wall lower temperature;

• Low Cycle Fatigue (LCF): The most frequently observed failure mechanism
is the Low Cycle Fatigue rupture. A common thrust chamber goes through
cycles including start-up and shutdown transients that stress the structure by
mainly loading the hot-side wall. A good material for LRE application needs
an excellent high/low temperature Low Cycle Fatigue behavior. NOTE:In the
past, regeneratively cooled rocket engine thrust chambers have been required to
sustain one, or in some instances only several, hot operating cycles. However,
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the current requirements of reusability for standard cycle applications such as the
Space Shuttle or the Space Tug engines have introduced the problem of low cycle
thermal fatigue [26];

• Yield Strength: The entire thrust chamber is not only exposed to cycling stress.
The static presser is terribly high, therefore a material with a remarkable strength
is required to react loads from internal pressures, transient side loads, and thrust
chamber assembly thrust loads;

• Elongation: Because the cycling behavior of the engine is not elastic, but primarily
plastic, ductility is very important. Both locally (hotwall, channels, backside walls)
and globally: a common to high fragile material has not compatible Low Cycle
fatigue endurance;

• Hydrogen Embrittlement: The high-pressure hydrogen environment is a ordi-
nary coolant cryogenic fluid in nozzle. A Hydrogen embrittlement material is
necessary;

2.3.1 Common Materials for Liquid Rocket Engine (LRE)

The historical advent of the Space Shuttle has brought a new era in the design and
fabrication of rocket nozzles. The requirement of re-usability and high-performance
coupled with weight and volume limitations have led to the development of several
new candidate materials. For example, the SSME nozzle had the requirement that it be
capable of operating for 300 major thermal cycles for a total duration of 10 hours.

Due to the restricted material requirements for LRE application, two main historical
alloys have been employed in order to make rocket engines:

* Copper Alloys: Excellent thermal conductivity, excellent elongation, good LCF
life, low high temperature resistance, low resistance to oxidation, very-low yield
strength;

* Nickel-base Alloys: Excellent yield strength, excellent high temperature resistance,
good LCF life, good resistance to oxidation, low elongation, very-low thermal
conductivity;

In order to support the aforementioned data, Figure 2.16 shows recent AM combus-
tion chambers hot-fire testing activities by NASA MSFC. Is it possible to see that the
AM SLM is the main process and that Copper and Nickel Alloys are the only material
used for thrust chambers fabrication.
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Fig. 2.13 Summary of Additive Combustion Chamber Hot-fire Testing by NASA MSFC (Mar-
shall Space Flight Center) from 2013 to 2018, from [7]

Various L-PBF thrust chambers across the propulsion industry have been demon-
strated in a variety of materials. A generally observed trend is that most companies
rely on either a Nickel-superalloy or a highly conductive copper-alloy chamber design.
Nickel-superalloy were common prior to 2015 before the copper alloys were fully
developed and characterized using L-PBF.

Examples of Traditional Processed Copper-based alloy for LRE thrust chambers

- OFHC Copper: It is a oxygen free grade of essentially pure copper. The material
has very high electrical and thermal conductivity combined with a high melting
point. The material is readily hot or cold worked and the strength of the material
increases with the amount of working. In the annealed condition the material has
a relatively low strength. Also at cryogenic temperatures the material exhibits
high ductility [23];

- Electroformed Copper: Electroformed copper is essentially pure copper ob-
tained from an electro-chemical process. The technique involves the deposition
of copper ions from a sulfate electrolyte onto a mandrel. The copper deposits
may be bonded to or sandwiched between other deposits to provide integral heat
sinks. The material can be joined to other materials using the same methods that
would be employed for wrought copper. The electroformed copper has very high
electrical and thermal conductivity, relatively low strengths, and is non-magnetic
[23];

- Amzirc: It is a copper base alloy containing a nominal 0.15 percent zirconium.
This zirconiumcopper alloy combines high electrical and thermal conductivity
with good strength retention at high temperatures. The alloy is readily cold worked
in the solution-annealed condition. The strength of the material increases with the
amount of cold working without sacrificing ductility or conductivity [23];

- NARIoy Z: It is a copper base alloy containing a nominal 3-percent silver and 0.5
percent zirconium. The silver-zirconium-copper alloy combines high electrical
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and thermal conductivity with moderate strength retention at high temperatures.
The alloy is strengthened by heat treatment and is normally used in the solution
annealed and aged condition [23];

- Cu-Cr-Nb Alloys: This alloys possessed exceptional high temperature strength
and creep resistance while maintaining good electrical and thermal conductivity.
Common Cu-Cr-Nb NASA’s Alloys were GRCop-84, GRCop-84 Zr and GRCop-
42;

Examples of Traditional Processed Nickel-based alloy for LRE thrust chambers

- Electroformed Nickel: It is obtained from an electro-chemical process involv-
ing the deposition of nickel ions from an electrolyte onto a mandrel. A sulfa mate
bath is used to obtain nickel deposits with low internal stresses. The nickel de-
posits can be bonded to or sandwiched between other material deposits to provide
integral heat sinks in an almost unlimited range of regular and irregular configura-
tions. Mechanical properties of electroformed nickel can be varied over a wide
range by the methods of deposition and by the composition of the plating bath.
The metallurgical structure is characterized by high-purity, needle-like crystals
aligned perpendicular to the mandrel.

- NASA HR-1: It is a high-strength Fe-Ni superalloy designed to resist high pressure,
hydrogen environment embrittlement, oxidation, and corrosion. NASA HR-1
was originally developed at NASA in the 1990’s and derived to increase strength
and ductility in high-pressure environments. The NASA HR-1 chemistry was
formulated to meet requirements for liquid rocket engine applications, specifically
components used in a hydrogen environment [45];

Examples of Additive Manufacturing Copper-based alloy for LRE thrust chambers

- Cu-Cr-Nb Alloys: The focus of these alloys developments is for high heat flux
applications such as combustion chambers with complex internal coolant passages
that would otherwise require difficult and expensive manufacturing operations, if
they were even possible to produce. NASA has observed the growing need for AM,
specifically SLM, fabrication of copper-alloys for liquid rocket engine components.
Because of excellent performance of Cu-Cr-Nb NASA’s Alloys, such as GRCop-
84 and GRCop-42, the same materials is used for the AM processes.GRCop-84
(Cu-8 at.% Cr-4 at.% Nb) is the most common alloy having completed substantial
process and property development using SLM under the Low Cost Upper Stage
Propulsion (LCUSP) program started in 2014. In particular GRCop is a preferred
material for use in combustion chambers due to [24]:

* Oxidation and blanching resistance with thermal and oxidation-reduction
cycling;
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* High use temperatures to above approximately 760 °C, depending upon
strength and creep requirements, for sustained duration;

* Material strength at high use temperatures;

* Established powder supply chain;

* Mature AM process that meets property minimums

Examples of Additive Manufacturing Nickel-based alloy for LRE thrust chambers

- Inconel 718: This Nickel-based alloys are popular for their high temperature
corrosion resistance, excellent mechanical strength at elevated temperature and
excellent weldable nickel superalloy, when compared to the nickel-base super
alloys hardened by aluminum and titanium. It is able to improve its strength
and creep-rupture properties mainly by precipitation hardening phases and solid-
solution hardening effect of the refractory metal elements as niobium (Nb) and
molybdenum (Mo) in a nickel-chromium based matrix;

- HR-1: Recent developments using additive manufacturing (AM) have made this
material an attractive option for channel-cooled nozzles under the Rapid Analysis
and Manufacturing Propulsion Technology (RAMPT) NASA’s program and other
liquid rocket engine component applications [45];

2.3.2 The role of Inconel alloys in AM LRE thrust chambers

L-PBF additive manufacture of aerospace components has been demonstrated using
several nickel alloys, most commonly with Inconel 625 and 718. Nickel alloys are
often selected because of their capability of withstanding extreme temperatures while
maintaining good mechanical strength. Further strengths of these materials are the
ability to resist to creep and corrosive environments. The processing of nickel alloys
using L-PBF is now a consolidated technology that allows obtaining components of
more than acceptable quality in terms of dimensional and mechanical characteristics.

However, only few examples of aerospace components realized in such a way are
operative in flight while many examples under research and development are under
study for possible use in the future. This apparent slowness of penetration of additive
manufacturing in the aerospace sector is mainly due to the intrinsic long time required to
introduce new technologies in this sector, where caution is exercised in replacing critical
components and new systems or missions become operational only after long phases of
design, development, and qualification. Among the few examples of operational fling
components realized in nickel alloy with SLM, it is worth mentioning the following
examples:

■ The SpaceX’s SuperDraco (Figure 2.14) rocket engine entered service in 2013 [31].
The SuperDraco engines are used for the mission-critical launch escape system
designed to carry astronauts to safety if an emergency occurs during the launch
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sequence of the Dragon spacecraft. Featuring an AM built engine chamber made
of Inconel 718 that includes integral cooling channels, the SuperDraco is one of
the earliest applications of crucial AM built components aboard human-occupied
spacecraft [8];

Fig. 2.14 Right: SpaceX AM built Superdraco rocket engine. Left: SuperDraco Test Fire by
SpaceX, from [8]

■ SpaceX have successfully developed and launched a main oxidizer valve used in
the Falcon 9 rocket engines [42].

■ The Orion Crew Module RCS engine nozzles (Figure 2.15) utilize nozzle exten-
sions made of Inconel 625, which are welded onto wrought nozzles. AM design
incorporated features that can’t be conventionally produced [9];

Fig. 2.15 Orion Crew Module RCS engine nozzles, from [9]

■ The NASA rover Perseverance, which is currently operative on Mars, carries 11
components fabricated using metal AM techniques. Of these 11 components,
6 are AM built heat exchangers used in the Mars Oxygen In-Situ Resource
Utilization Experiment, or MOXIE. These heat exchangers are exposed to the
Martian atmosphere and must withstand temperatures of over 800 °C for extended



2.3 Materials for Liquid Rocket Engine (LRE) Thrust Chambers 33

periods of time. This resulted in nickel-based superalloys being used for the
heat exchanger structures which simplified and improved the capabilities of the
MOXIE system compared to if they were built using conventional techniques [9].

Concerning the many research and development activities that are based on the
consolidation of the L-PBF technology for aerospace components in nickel alloys, here
we focus on those related to rocket engines. Indeed, the scientific and technical literature
shows that the most promising efforts are focusing on this application. This is the result
of the great opportunities that additive manufacturing can offer to the improvement
and production of rocket engines, whose high development costs and time justify the
introduction of new disruptive technologies. The most notable activities and projects
made by space agencies and large private companies are presented below:

■ One of the first rocket engine component realized in AM and successfully hot-fire
tested is a gas generator discharge duct of the engine J-2X. Such component was
manufactured in Inconel 625 by NASA Marshall Space Flight Center (MSFC)
[46]. Because of the inherent complexity of the conventional manufacturing in
realizing a component that is characterized by a relatively high ratio of the wall
thickness to bending radius of the duct, AM resulted a very promising alternative.
In fact, the conventional component required the welding 3 separate 60-degree
duct sections;

■ NASA demonstrated multiple applications of AM to rocket engine injectors made
of nickel alloys (Inconel 625, 718, and Monel K-500) since 2013 that significantly
reduce part count and lead time. One such example demonstrates a reduction
from 162 parts to 2 parts (Figure ??) and tested at full operational conditions with
high performance equivalent to traditional manufacturing [10]. NASA completed
several injector hot-fire test programs and accumulated thousands of seconds of
time, including a sub-scale injector with over 7,200 seconds [7];

Fig. 2.16 AM power to reduction a component from 162 parts to 2 parts, from [10]

■ NASA realized and hot-fire tested a thrust chamber made of Inconel alloy in 2015
[7]. Such demonstrator component had fully integrated cooling channels eliminat-
ing the need of a separate inner layer with outer close-out. However, because the
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operative conditions that NASA foresees for such component require larger heat
transfer capability, Inconel has not been considered for the subsequent realized
thrust chambers. Copper alloys, having a much larger thermal conductivity than
nickel, is now considered by NASA for the thrust chamber realized in AM [7];

■ NASA and Aerojet Rocketdyne partnered to perform hot-fire testing of a sub-scale
rocket engine thrust chamber with features of the full-scale rocket engine RL10
[47]. The injector was made of AM nickel alloy and the thrust chamber out of AM
copper alloy. Nineteen tests were performed in total with four different engine
configurations;

■ NASA realized and tested nozzle extensions made of Inconel 625 with L-PBF
technology [7]. One of such nozzles has a complex design characterized by
integrated cooling channels and a film cooling ring. However, because of the
typical large dimension of the nozzle extensions, NASA is developing new additive
manufacturing techniques to help solve the scale issues. In particular, a technology
based on Direct-Energy-Deposition is selected because it provides sufficiently
large build volume;

■ AVIO selected L-PBF additive manufacturing of Inconel 718 for the injector and
thrust chamber of the engine M10 that will thrust the upper stage of the launcher
Vega-E that is under development for the European Space Agency. A sub-scale
and a full-scale engine have been tested successfully [44, 48];

■ The injector of the gas generator of the engine Vulcain 2 for the first stage of
the European launcher Ariane 6 is a fully integrated piece made of Inconel 718,
including feeding pipes, manifolds, cavities, and injection elements. The single
piece AM injector replaces 150 individually machined components assembled
with multiple conventional manufacturing and joining processes and associated
inspections [49]. Associated to the injector, the gas generator chamber is also
realized in Inconel 718 with SLM. Such assembled gas generator (injector and
chamber) was successfully hot fire tested;

■ The injector of the engine Vinci for the second stage of the European launcher
Ariane 6 is manufactured in Inconel 718 as a single component instead of 248
traditional single components, all while reducing the mass of the injector head
[33];

One of the merits of additive manufacturing is the easy access of this technology
by realities such as start-up companies or universities that typically do not have the
manufacturing capability required by traditional methods due to financial limits or
institutional purposes, respectively. Focusing on the L-PBF technology of nickel alloy
components for aerospace applications, a number promising projects is carried-out by
such entities. Some examples are described below:

■ Two different start-up companies, Cellcore and Hyperganic, have demonstrated
the ability to produce a complex thrust chamber assembly in Inconel 718. Both
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implemented non-conventional cooling system: Cellcore opted for integrated
lattice internal cooling channels, while Hyperganic (Figure 2.17) opted for multi-
layer cooling channels [8];

Fig. 2.17 Hyperganic prototype rocket nozzle featuring internal cooling channels and an external
lattice, from [8]

■ The Airborne Engineering company has used a nickel alloy that has been specif-
ically developed for LPBF manufacturing. Such alloy is particularly suited for
rocket engine thrust chambers because it maintains strength up to 900 °C, demon-
strating an increase in temperature capability over Inconel 718 of about 100°C
[44]. A small thrust chamber demonstrator made of such alloy and characterized
by helical cooling channels and integrated coolant inlet and outlet manifolds has
been hot-fire tested successfully;

2.3.3 From Inconel to Copper: modern AM LRE thrust chambers

A copper alloy, mainly because of the super high conductivity, is the best material for
facing the thermal high stressing condition of a LRE regenerative thrust chamber. The
main problem of such materials is the low Young module and the very low Yell strength.
In addiction to this intrinsic material behaviour, in order to process copper by Additive
Manufacturing, the laser beam mirrors suffer of optical damage (Figure 2.18) due to the
high reflectivity on laser in molten state and liquid state [11].

Fig. 2.18 The damage of a common SM SLM optical mirror, from [11]

In general, in order to achieve a mature knowledge of best process parameters for
a new AM interesting material for a specific industrial sector, a high number of DoE 4

4Design of Experiment
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test activities have to be performed. This long and high-cost necessary procedure lead
the Additive LRE thrust chamber manufacturing to use Inconel alloys, mainly because
AM Inconel alloys have been developed much more then copper alloy because of their
more interesting versatility (e.g. aerospace applications: impellers, turbines, turbojet
engines, oil and gas valves, ecc). Therefore a higher number of recherch project had
allowed a very high level awareness respect to the process parameter: Inconel alloys
were already mature when the space rocket industry decided to use AM for build LRE
thrust chambers;

However, thanks to daily reduction of AM R&D activities, now day copper alloy are
beginning to be more considered and the scientific community are focusing much more
recherch programs on this subject, respect to the past. A good example is the NASA
Low Cost Upper Stage Propulsion (LCUSP) project: GRCop-84 has been an ideal
material suited for the SLM processing. This NASA-led project has matured the process
significantly and also made process parameters and characterization data available to
industry to enable commercial supply chains. Through a variety of complementary
projects to the LCUSP program, NASA has designed, developed and tested combustion
chambers using the SLM process.

The goal of the present study is to follow this modern research path and envelop a
new high performing copper-based alloy processed by AM SLM technologies for LRE
thrust chambers instead of using a heavy and low conductivity materials, such as Inconel
alloy.



Chapter 3

Introduction: Liquid Rocket Engine
(LRE)

A thrust chamber has a key role inside a Liquid Rocket Engine system. This complex
component is reasonable for the injection, atomization, mixing, and burning the liquid
propellants in order to generate hot gaseous reaction products and thus thrust. Inside the
typical De Laval convergent-divergent geometry all combustion products are accelerated
to achieve supersonic velocities.

3.1 Cooling Techniques for Rocket Engines

The high temperature produced by the heat coming from the engine hot exhaust gases
make metal materials impossible to use without a proper cooling system design. Several
different cooling systems have been developed and successfully tested. The sever
temperature conditions (2500 K to 3600 K [50]) and the high heat transfer rates from
the hot-gas to the chamber wall (1 MW/m2 to over 160 MW/m2 [50]) of the under study
component lead to a properer cooling system design. The primary objective of a cooling
system is to prevent the chamber and nozzle walls from reaching such temperature that
they will no longer be able to withstand the imposed loads or stresses, thus causing the
chamber or nozzle to fail. Therefore the cooling thus reduces the wall temperatures to
an acceptable value, which depends on the material used [51].

In order to chose the correct cooling system for a rocket engine, more than a single
criteria have to be evaluated: there are many considerations that have to be under
investigation. As for every new pioneering component design there are no particular
rules. However, a shortlist of main factors that influence the selected design approaches
can be identified as [50]: propellants, chamber pressure, propellant feed system, thrust-
chamber construction material.

A shortlist of must employed cooling systems is presented [52]:

• Heat sink cooling: The most straightforward technique to limit the internal surface
temperature is to create a thick enough chamber or nozzle wall with enough heat



38 Introduction: Liquid Rocket Engine (LRE)

capacity to absorb the heat transferred during the firing time. The thrust chamber
never reaches thermal equilibrium, and temperatures continue to rise as time goes
on. The maximum duration of the hardware is determined by its heat absorption
capacity. The rocket’s combustion must be halted just when any of the exposed
walls reaches a critical temperature that could cause it to fail. The materials with
the highest specific heat, thermal conductivity and density values are the best
for this sort of cooling. In any instance, as the needed running period for an
uncooled motor increases, the required motor weight increases to the point that it
is no longer practicable to use. As a result, even though the heat-sink method has
the advantages of simplicity and low cost of manufacture, it results in a weight
penalty for duration higher than 10 to 20 seconds [53].It’s typically used with low
chamber pressures and poor heat transfer rates.

• Regenerative cooling and dump cooling: The most extensively used approach
is regenerative cooling, which involves injecting cryogenic propellants into the
combustion chamber through openings in the thrust chamber wall. This cooling
mechanism enables combustion chambers and nozzles to be made of light, thin
metal. The "dump cooling" approach is a variation of this method in which a small
amount of the propellant, like as hydrogen in a LO2/LH2 engine, is delivered
via tunnels in the thrust chamber wall for cooling before being thrown overboard
through apertures in the nozzle skirt. This approach has only limited utility due to
inherent issues such as performance losses [50];

• Film cooling and transpiration cooling: Film cooling is an effective strategy
for ensuring long-term safe operation of liquid rocket engines with increased heat
flux densities. Film cooling and transpiration cooling are supplemental cooling
techniques that are occasionally employed in conjunction with regenerative cool-
ing to improve its cooling capacity locally. A thin film of coolant or propellant
supplied through orifices around the injector perimeter or through manifolded
orifices in the chamber wall near the injector (and sometimes in several more
planes toward the throat) protects the wall surfaces from excessive heat in the film
cooling method [54]. Transpiration cooling is essentially a sort of film cooling in
which a coolant (either gaseous or liquid propellant) is delivered through porous
chamber walls at a pace adequate to keep the combustion-gas-side chamber wall
at the required temperature;

• Ablative cooling: To dissipate heat, the combustion-gas-side wall material is
sacrificed through melting, vaporization, and chemical reactions. As a result,
comparatively cool gases flow across the wall surface, lowering the temperature
of the boundary layer and contributing in the cooling process. Furthermore, the
ablative substance is usually a good thermal insulator, reducing heat transfer
to the exterior structure to a minimum. Ablative cooling has been effectively
used in a variety of designs, primarily for solid-propellant systems, but also for
short-duration and/or low-pressure liquid systems[50];

• Radiation cooling: Heat is radiated away from the surface of the outer thrust
chamber wall using this mechanism. It has been effectively applied to very small,
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high-temperature material combustion chambers as well as low-heat-flux portions
like nozzle extensions (i.e. diverging nozzle exhaust sections beyond an area ratio
of around 6 to 10) [50]];

All the presented advanced cooling systems can be employed separately or together
(Figure 3.1).

Fig. 3.1 RS-68 rocket engine: two different cooling system

3.2 LRE Regenerative Cooling

The term "regenerative cooling" refers to the fact that the heat collected by the coolant
propellant is not squandered, but rather adds to the propellant’s starting temperature
and energy level prior to injection. Regenerative cooling is the most prevalent cooling
mechanism in large liquid rocket engines. One or both of the propellants used in the
rocket engine are pushed via a jacket around the combustion chamber and/or nozzle.
The heated coolant can then be utilized to power the turbine or fed straight into the
combustion chamber, resulting in a more efficient combustion due to the propellant’s
increased initial energy content prior to injection (Figure 3.2 and Figure 3.3).



40 Introduction: Liquid Rocket Engine (LRE)

Fig. 3.2 Schematic representation of the SSME (Space Shuttle Main Engine) global system

Fig. 3.3 Schematic representation of the VULCAN Engine global system, from [12]
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The feed pressure of the fuel must be equal to the sum of the chamber pressure, the
injector pressure drop, the cooling channel pressure drop, and any other pressure losses
inherent in the system, which is a drawback of regenerative cooling. In large liquid
propellant rocket engines, typically turbopump-fed engines, a surprisingly substantial
pressure drop is frequently available for chamber cooling.

A material with excellent thermal conductivity and a thin wall design will reduce
thermal strains in regeneratively cooled thrust chambers with high performance and
high heat transfer. Extended surfaces, known as fins or ribs (Figure 3.4), can be used to
reduce the wall temperature on the hot side of the cooling channels in a regeneratively
cooled combustion chamber by increasing the coolant side surface area compared to the
hot-gas side surface.

Fig. 3.4 Schematic of a regenerative thrust chamber cross section nomenclature, from [13]

Cooling channels can have different arrangement along the combustion convergent-
divergent chamber (Figure 3.5a). In addiction to this, cooling channels shape, usually,
is not constant respect to the axisymmetric axis and could change both geometry or
dimension (Figure 3.5b). An increase in the number of passages, and therefore the
surface area of the passages that circumferentially line the outer wall of a combustion
chamber, necessarily increases their aspect ratio [52]. High aspect ratio cooling channels
(HARCC) have demonstrated a high potential for influencing both the temperature field
and pressure loss in a beneficial way [55]. This intriguing and practical geometry is not
found in round tubes [56].

(a) LRE cooling channel typical arrange-
ment, from [50]

(b) LRE cooling channel possible shape variation,
from [50]
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3.2.1 Additive Manufacturing unconventional and innovative ge-
ometries for Liquid Rocket Engine (LRE) cooling channels

Additive Manufacturing allows designer to achieve complex and unconventional geome-
tries. A modern trend way to perform a new component via AM is to use generative
and bio-inspired generative design ([57]) in stead of optimization algorithms: these are
typically used for weight optimizations conventional components. Generative design
algorithm, in stead, are able to build links and structures by assuming only base con-
straints bodies of the target structure[58]. With this new design mindset future LRE
cooling channels could better perform in terms of heat transfer and structural resistance.

AM has created a world of opportunity to redesign heat exchangers in pioneering
forms, shapes, and sizes [59]. From this scientific recherche area regenerative cooled
LRE can take advantage of different studies: the cooling channels can be considered
ad a cryogenic liquid complex heat exchanger. Indeed there are already interesting
tested LRE cooling channels characterized by particular lattice or foam structure inside
the channels [14, 60]. However this innovative design has a remarkable disadvantage:
the pressure drop rise up (Figure 3.6) and this could be an important problem for LRE
applications [14].

Fig. 3.6 LRE cooling channels filled with copper metal foam, from [14]

In conclusion, in order to proof that AM lattice structure inside LRE cooling channels
are under study, Figure 3.7 show the particular structure arrangement proposed by AVIO
s.r.p.. The patented geometry has ”the inner and outer walls being spaced apart from
each other in radial direction and delimiting at least one guiding conduit of a cooling
fluid therebetween; a plurality of bar-shaped elements extending into the guiding conduit,
which form a grid for perturbing the cooling fluid, stiffening the casing and increasing
the heat exchange Surface; the grid being part of a body made in one piece and of a
single material along with the inner and outer walls” (quotation from [61]).



3.3 LRE Regenerative Cooling Fracture Mechanism 43

Fig. 3.7 AVIO s.p.a. United States Patent Application Publication No.: US 2017/0122258 A1

3.3 LRE Regenerative Cooling Fracture Mechanism

The modern demand for high performance and re-usability rocket engines has created
major design problems. One of the critical aspects of the nozzle design is the fatigue
life analysis. This has become a major design problem since a portion of the nozzle,
particularly the throat section, is subjected to cyclic plastic strain due to the high
temperature differential between the hot inner wall and the relatively cool outer shell
during the engine start-stop transients as well as during steady state operation. This has
a major impact on nozzle life and creates the need to accurately predict when an engine
may fail.

As already explained, to contain chamber pressure and transmit thrust load, the liner
is normally closed out with a nickel jacket. To disperse heat more efficiently, a higher-
conductive material is utilized for the inner wall sacrificing strength and resistance. This
common material difference between inner and close out wall is reflected to different
thermal expansion properties. In addiction, the different thickness of the inner wall
respect to the close out wall leads to very different thermo-structural behaviour: the
inner wall, more conductive, with low thickness and with a high thermal dilatation, can
rapidly achieve a major volume respect to the close out which has a higher resistance
but a low thermal conduction and therefore a lower thermal dilatation.

The outer wall constrains the inner wall through the ribs. In particular when the
inner wall is hotter than the outer wall during engine start-up and continuous firing,
compressive plastic strains of the order of a few (up to 3%) percent are induced in the
inner wall as the hot inner wall wants to expand but is restricted by the cold outer wall.
On the other side, when the engine is turned off, the inner wall cools faster than the
outer wall, causing tensile plastic strains in the inner wall (Figure 3.8). The largest and
minimum temperature discrepancies occurs during the start-up and shut-down transient
phases. In fact, because the inner wall is thinner than the outer wall, which is also farther
away from the hot gas and often constructed of a less thermally conductive material, the
inner wall is more thermally conductive and therefore it is able to cool down quicker the
the outer wall.
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(a) Typical behavior of the hot-gas-side and backside
wall temperatures and their difference for a regenera-
tively cooled thrust chamber, from [13]

(b) Typical cyclic stress–strain behavior of the
hot-gas-side wall for a regeneratively cooled
thrust chamber, from [13]

Fig. 3.8 Regenerative thrust chamber strain behavior

When the engine is fired repeatedly, the plastic deformations in the inner wall
accumulate cyclically, and the thrust chamber’s life is determined by low cycle fatigue
behavior. The consequent strain range ∆εtot accumulated in a duty cycle has a significant
impact on thrust chamber life, since the larger the strain range, the shorter the cyclic life.
If the strain range is roughly estimated as ∆ε = 2α∆Ttotalwallrange it is possible to state
that the high is the difference between inlet and close out wall temperature, the lower is
the engine life [5].

The main combustion chamber (MCC) of the SSME is a typical state-of-the-art
regeneratively cooled thrust chamber. The hot-gas-side wall is nominally at 867 K
during steady-state operation in the most thermally solicited portion near the engine
throat, and the resultant heat flux is 160 MWm2, whereas the outside wall is at 172 K.
The total structure reaches roughly 33 K before and after the engine starts and stops.
Furthermore, the internal pressure of the coolant hydrogen in the throat region during
engine firing is 434 bar, which is roughly 300 bar higher than the hotgas pressure of 145
bar [15]. This is a clear example of the harsh thermomechanical environment in which a
high-performance liquid rocket engine’s thrust chamber operates.

3.3.1 Thermally induced deformations of regenerative thrust cham-
bers

The main fracture mechanism is due to thermal induced deformation of the cooling
channels. Therefore the main problems is not the prefer difference between hot-gases
and cooling system, but the temperature difference of cooling channels.

The estimated strain range value, assuming a nominal and fixed chamber geometry,
is used in conjunction with results from uniaxial, isothermal fatigue tests done in a
laboratory to determine chamber life. Typically, this method fails because the chamber



3.3 LRE Regenerative Cooling Fracture Mechanism 45

material degrades sooner than intended. The SSME-MCC is a good illustration of how
the engine’s actual life has reduced its reusability and, as a result, its ongoing cost.
In fact, the need was reduced to 50 missions [5] from an earlier aim of 100 missions
with an overall run duration of around 8 hours [18] due to inappropriate life design
and prediction criteria (Figure 3.9). After experiencing a different life behavior than
planned, the main injector’s design was updated to include film cooling to protect the
chamber wall from overheating [15]. In practice, none of the 46 SSMEs constructed has
flown more than 20 times (on average nine times), and the SSME-MCC liners have been
polished to minimize hot-gas-side roughened areas as a result of the effect of degradation
of the inner wall finishing [62].

Fig. 3.9 Throat section of SSME - MCC showing channel rupture, from [15]

In general, experimental data reveal that as the cycles accumulate, the inner wall
thins and bulges incrementally throughout the heating and cooling cycles associated
with each firing, eventually failing [5]. As a result, channel wall thinning is the most
important element in determining how long regeneratively cooled thrust chambers may
be reused. The analysis and comprehension of such phenomena is further complicated by
the fact that a detailed analysis of the failure site reveals that roughening of the hot-gas
side wall may occur [5], that the hot-gas wall surface may be subjected to oxidation1

(i.e., the blanching effect2 [64]), and that a rupture may occur via low-cycle fatigue
(crack rupture) or plastic instability (tensile ductile rupture), depending primarily on the
time-dependent3 behavior of the material.

Figure 3.10a shows a detailed shot of a typical failure site of a cyclically fired thrust
chamber tested at NASA in the 1970s [65]. This phenomenon is known as the "doghouse
effect" because of the shape of such a deformed building. Another clear example is
presented in Figure 3.10b [66]. The thinning and bulging of the inner wall can be seen
clearly at these types of failure locations. The considerable, thermally induced plastic
strains that develop in the hot-gas-side wall during cyclic firing, as well as the biasing

1Japan Aerospace Exploration Agency develop an interesting replica oxidation method that employs a
rapid setting silicone rubber molding agent [63]

2Blanching is caused by a cyclic oxidation and reduction of copper. The ensuing surface layer becomes
white and flaky. Blanching combined with abrasion increases surface roughness and reduces the thickness
of the hot-gas wall. Because of combustion instabilities, strong blanching has been seen. The local
species concentration varies dramatically during a combustion instability. As a result, an oxidizing and
deoxidizing atmosphere alternates.

3visoplastic phenomenon, as creep for instance, are relevant only for long faring
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coolant-to-hot-gas pressure differential across the wall, are related to the deformation
of the inner wall [5]. It is important to remake that, because compressive stress cannot
generate the cracks seen in the studies (Figure 3.10a and 3.10b), the chambers normally
do not break during engine firing, but rather near the conclusion of the cycle, when the
tension becomes tensile.

(a) Typical thrust chamber tested at NASA in the 1970s,
from [65]

(b) Standard ’Dog House’ fatigue failure
in OFHC copper liner, from [66]

Fig. 3.10 ’Dog House’ effect Examples

Generally, in case of coolant leakage due to fracture, different prevention method
are used:

• High coolant pressure: Because coolant is fed into the combustion chamber in
regenerative thrust chambers, coolant pressure is higher than hot gas pressure.
This also ensures that in the event of a channel rupture, hot gas does not enter the
cooling circuit, and coolant leakage shields the chamber wall via a film cooling
effect;

• Coolant counter flow: Coolant and hot-gas flows are typically counter-flow
because of the reduced required tubing (i.e., the coolant outlet manifold is closer
to the injector). The co-flow configuration, on the other hand, is safer in the
event of a channel rupture because the coolant leakage can protect the area of the
chamber wall where there is no cooling channel flow;

• Fuel as coolant: Because of the risk of tube wall oxidization or even ignite if
an oxidizer is employed as a coolant, fuel is usually used. Furthermore, oxidant
leakage into the generally fuel-rich combustion gas can be disastrous;

3.3.2 Low Cycle Fatigue VS Creep-Fatigue Fracture

Very low cycle life of LRE thrust chambers has long been considered the critical points
for such engines [5]. However, the unmatch between estimated life by assuming only
Low Cycle Fatigue as fracture mechanism and the real tested engines life is leading
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researchers to a new, still under study now days, particular fracture mechanism: creep-
fatigue.

Fig. 3.11 Liquid rocket engine (left), schematic of the combustion chamber (middle) and crack
at the combustion chamber wall (right), from [16]

JAXA4 has been working on the LE-9 engine for the H3 Rocket(Figure 3.11), which
requires excellent reliability and cheap costs. It has a double shell structure with an
inner cylinder made of copper (Cu)-chromium (Cr)-zirconium (Zr) alloy and an exterior
cylinder built of a heat-resistant nickel alloy. Cooling channels for liquid hydrogen can
be found in the inner cylinder (LH2). During start-up and shut-down processes, the
groove wall is exposed to 3000°C burning gas and -250°C LH2, resulting in massive
temperature swings and considerable thermal strain (Figure 3.12).

4Japan Aerospace Exploration Agency
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Fig. 3.12 Results of 3D-FEM simulation for one engine-combustion cycle: (a) temperature–time
profile and (b) strain/stress–time profiles, from [16]

Around the crack on the combustion chamber wall, the JAXA Engineering Digital
Innovation Center performed a three-dimensional finite element study. It was discovered
that the temperature of the combustion chamber rapidly rises to over 500°C shortly
after start-up, then stabilizes for 270 seconds before rapidly dropping after shut-down.
During the start-up and shut-down processes, the chamber wall would be subjected to
compressive and tensile deformation reaching the plastic region, as well as extremely
low speed tensile deformation (tensile creep deformation) due to the slowly rising
temperature of the outer cylinder during stable combustion (Figure 3.12).

According to the results of the 3D-FEM analyses shown, the conditions of the engine
thrust chamber were determined with a combined creep-fatigue tests. The engine cycle
condition was replaced with creep–fatigue consisting of strain-controlled fatigue and
a stress-holding creep in tension under a constant temperature equal to that during
the steady-state combustion (753 K). However, in order to have a benchmark, also
independent creep and fatigue test have been done. Results shows that creep-fatigue life
of the specimen is much lower than the simple fatigue life (Figure 3.13).
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Fig. 3.13 (Fist image) Comparison between the accumulative creep curve of the creep–fatigue test
and the creep curve of the simple creep test; (Second image) comparison between the maximum
and minimum stresses in each cycle in the creep–fatigue test and the simple fatigue test, from
[16]

The study shows that the fracture mechanism is a complex combining of Low Cycle
Fatigue cracking, stated from the external surface, and a creep void mechanism far away
from the surfaces (Figure 3.14).

(a) Schematic of the proposed damage propagation process
under the creep–fatigue conditions: (a) earlier term (N/Nf =
0.4), (b) intermediate term (N/Nf = 0.6), and (c) later term
(N/Nf = 0.8), from [16]

(b) High-magnification SEM
micrography of the crack tip
in a creep–fatigue tested spec-
imens interrupted at the 15th cy-
cle, from [16]

Fig. 3.14 LCF-Creep fracture mechanism, from ([16])



Chapter 4

LRE thrust chambers predictable life
methods

4.1 LRE thrust chambers physical test methodologies

Very few experimental investigations on combustion chamber life and associated failure
mechanisms have been carried out. The reason for this is due to the high cost associated
with such investigations. During history several different real physical test methodologies
have been developed in order to achieve the desired life cycles LRE thrust chambers. Is
is possible to present two different main test typologies which are different each other
for costs, quality of real phenomenon representation and complexity.

4.1.1 Cylindrical thrust cambers

The NASA actions documented by Hannum and Quentmeyer [67] in the development
and characterisation of the SSME-MCC still provide a unique and available experimental
library of thrust chambers cyclically tested up to failure.

At NASA’s Lewis Research Center, a low-cost, sub scale rocket engine test apparatus
was developed to screen materials, provide data for model creation, and assess innovative
design concepts (LeRC). The schematic for this device is shown in Figure 4.1b. An
injector, a test portion in the outer cylindrical chamber1 and a water-cooled center-body
make up the device. The particular chamber is normal cooled with liquid hydrogen
separately and is perfect for cyclic life tests since it can be thermally cycled from 28 K
to 800 K throat wall temperature and back to liquid hydrogen temperature in about 3.5
seconds. Figure 4.1a shows the complexity of the entire cryogenic system.

1NOTE: this in not a scaled convergent-divergent chamber
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(a) Schematic of cylindrical thrust chamber assembly, from [67]

(b) Schematic of test facility, from [67]

Fig. 4.1 Cylindrical thrust chambers system facility

There are also University project such as Beihang University [68] and Purdue
University [69] that use similar NASA’s test facilities with cylindrical thrust chambers.

However, NASA also developed more real convergent-divergent test thrust chambers
(Figure 4.2) in order to validate different FEM or algebraic models, such as the one
implemented by Hannum [70] or Miller [17]. The system facility was approximately
the same used for the cylindrical thrust chambers but with a difference in the geometry
tested component.
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Fig. 4.2 Convergent-divergent typical test thrust chamber [17]

4.1.2 TMF panel

Small actively cooled parts of the hot-gas wall of a regeneratively cooled liquid rocket
engine are represented by thermomechanical fatigue panels. The panels are used in
conjunction with cyclic laser heating to evaluate fatigue life as well as thinning and
bulging phenomena (the so-called doghouse effect) without the requirement to test
a full-scale engine (Figure 4.3). This type of gadget is utilized to imitate real-world
thrust chamber circumstances at a minimal cost while maintaining exact and repeatable
operative settings. Some issues regarding the relation to actual thrust chambers can
be raised since the wall temperature distribution on the panel surface is not uniform.
Indeed, both the computational forecasts and the one experimental test case provided
reveal that the rupture that occurred was not typical of those seen in cyclically tested
thrust chambers.



4.2 LRE thrust chambers numerical test methodologies 53

(a) Photograph of a) the TMF test cell and b) schematics of the
TMF test bench, from [71]

(b) TMF panel with five cooling channels, laser-heated area,
and critical cross section (shaded), from [71]

Fig. 4.3 Thermo Mechanical Pannel facility

DLR, the German Aerospace Center, recently designed and tested a tiny, actively
cooled panel heated cyclically by a laser [71]. Another example is the TMP developed
by [66], with interesting results.

4.2 LRE thrust chambers numerical test methodologies

Numerical predictions of combustion chambers life and structural behavior have been
performed since the very beginning of the concept design of the SSME-MCC by using
simplified algebraic models [15] or more accurate Finite Elements Analyses (FEA) [70].

In any case, because the role and the importance of the wall deformation that
accumulates cycle after cycle were not fully comprehended at that time (and thus
material viscoplastic effects were not included in the models), the chamber life was
largely over predicted. Basically the first NASA approach (Figure 4.4) to the problem,
by assuming a linearity summable Low Cycle Fatigue and Creep damage [18], was not
correct. Deguchi [16] studies show that the creep–fatigue life is much shorter than that
predicted by the linear cumulative damage rule: the common model where material
fractures occur when summation of the creep damage (Φcreep) and fatigue damage
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(ΦLowCycleFatigue) reaches unity (Φcreep + ΦLowCycleFatigue = 1) shows an approximately
the double of the value tested with the creep-fatigue experiment.

Fig. 4.4 SSME life analysis logic, from [18]

However, more recently, FEM including increasingly accurate viscoplastic models
of the inner-wall material (basically, including the yield criterion, the flow rule, the
hardening model, and the time-dependent phenomena as creep) has been proposed since
the 1990s.

4.2.1 Algebraic models

Because of the inherent complexity of finite element approaches, simple methods for
quickly estimating structural behavior and the resulting expected life of regeneratively
cooled thrust chambers are critical, particularly at the stage of engine design and op-
timization when a massive analysis with variable parameters (such as geometric con-
figurations, material properties, pressures, and temperatures) is required. Even though
the comparison to experimental data was limited, algebraic models with simplified
viscoplastic material behavior were proposed to account for inner-wall deformation
(thinning and bulging) to improve the predictions [72, 73].

A great modern examples of algebraic model (sketch presented in Figure 4.5) is the
one proposed by Pizzarelli [13]: a procedure based on simplified algebraic models for the
estimation of the stresses and strains that affect the thrust chamber as well as the resultant
cyclic life. Life is assessed using appropriate models culled from the literature and
rearranged. It’s worth noting that such models account for the accumulation of inner wall
deformation over time (the life-limiting doghouse effect). Low-cycle fatigue and tensile
ductile rupture by plastic instability are also thought to be plausible failure mechanisms.
The proposed simplified approach has a good agreement with the experimental life
data, showing that it may be used to predict the thrust chamber’s life without doing
a comprehensive finite element study. However, analyzing examples that are notably
different from the simulated ones may necessitate additional parameter calibration. The
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few predictions that have been made have been shown to be 15–25% correct. This isn’t
much better than what the proposed Pizzarelli’s algebraic model achieves (for the vast
majority of the reproduced data). In fact, the average prediction error for thrust chamber
life is less than 20%.

Fig. 4.5 Sketch of the thrust chamber structure and its structural modelling (circular symmetry is
not shown), from [13]

4.2.2 Numerical models

The typical performed analysis, which can be assessed for the most solicited chamber
section using two-dimensional or for the whole chamber using three-dimensional for-
mulations, includes an evaluation of the hot-gas and coolant heat transfer coefficients
during the steady-state hot-run phase, which are eventually assessed by the use of the
computational fluid dynamics analysis, a transient heat transfer analysis in the solid
structure during one duty cycle and, finally, a structural analysis during one or more duty
cycles by means of quasi-static FEA computations.

First LRE numerical analysis generally considered the proposed method reliable if
they were able to qualitatively reproduce the doghouse effect. Arya and Arnold [74] are
generally considered to have first introduced the use of unified viscoplastic models - into
a LRE thrust chamber numerical analysis - that is, simultaneously accounting for all the
inelastic strains (i.e., plastic, relaxation, and creep) and their interactions.

Khul et al. used the maximum deformation accumulated after one cycle to determine
the longevity in Ref. [75]. This method allows them to quickly estimate the life of the
product and is consequently utilized for design optimization. Unfortunately, a one-cycle
simulation does not reveal the dog-house effect. In fact, the greatest deformation is
identified incorrectly beneath the rib on the hot-gas side, rather than under the cooling
channel, where the crack actually occurs.

Schwarz et al. [76] later shown that, cycle after cycle, the inner wall deforms in such
a way that the maximum damage flows from the coolant/rib corner to the hot-gas side
under the cooling channel, employing the notion of continuum damage mechanics.

More recently, Song and Sun [77], using a nonlinear kinematic hardening model,
numerically demonstrated that the failure of the thrust chamber may be dominated
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by low-cycle fatigue or tensile ductile rupture, depending on the material viscoplastic
behavior. This is in line with the experimental evidence of Refs. [[5],[17]], which showed
that pure copper chambers generally exhibit tensile ductile rupture, while chambers
made of reinforced copper alloys are more prone to fail under low-cycle fatigue.



Chapter 5

Cu-17 4PH: a new innovative
metal-matrix-composite material

The new innovative composite-metal-matrix material have never been characterised.
This study provide a fist thermo mechanical characterization of the material in order to
understand if the design idea made from Sophia High tech s.r.l. can be proposed for a
future re-usable rocket engine design.

The idea is to achieve a good thermal conductivity while having an excellent tensile
resistant. These two properties have been taken over by pure copper and a stainless
common processed steel in the world of additive manufacturing: maraging 17 4 PH
steel.

5.1 Powders Data

5.1.1 Pure Copper by Legor Powmet

PM-CU101P is a gas atomized copper powder, specifically developed for laser melting
applications. Legor Powmet declare that the material is carefully prepared by using
a special atomizing process, that guarantees spherical powder particle geometry and
maximizing the powder quality’ and that the ’composition and size distribution have been
designed to maximize energetic absorption from laser beam during the laser melting
process’. The as build mechanical properties are not available. The declared chemical
co position is 99.9% copper.

Powder particles size (Figure 5.1) is: D10=5µm, D50=10µm and D90=17µm. The
nominal size declared range is 5µm-25µm [78].
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Fig. 5.1 Scanning electron microscopy (SEM) image of the Legor Powmet pure Copper Powder,
from [19]

5.1.2 17-4 PH by Carpenter Additive

PowderRange 17-4 AR (17 4PH named from Carpenter Additive) stainless steel
is a martensite precipitation/age-hardening stainless-steel offering high strength and
hardness, along with excellent corrosion resistance, up to 600°F (316°C) [19]. It has good
fabricating characteristics and can be age-hardened by a single-step, low-temperature
treatment, which can be chosen to achieve specific strength and toughness combinations.
The chemical composition provided by the powder supplier is presented in Figure 5.2.
The powder atomization process is a: Vacuum Induction Melted with Argon Gas.

Fig. 5.2 Carpenter Additive 17-4 PH Powder Chemical Composition, from [19]

Due to this balanced combination of performance and ease of use in AM, Powder-
Range 17-4 PH has been chose from Shpia High Tech s.r.l. as a perfect material for
achieve a high yield strength. Mechanical as-build and heat treated mechanical proper-
ties provided by the powder supplier are presented in Figure 5.1. The powder supply
define an overall Good corrosion residence of the powder. This aspect is particular
relevant because of the oxidation provided by the LRE combustion hot gas.
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Orientation 0.2% Teld Strength
[MPa]

Ultimate Strength
[MPa]

Elongation % Hardness
[HRB]

As-Build
X and Y 758 1136 15 35
Z 747 1145 15

Sol
X and Y 1209 1342 17

42
Z 1208 1343 15

HIP/Sol
X and Y 1207 1338 18

42
Z 1207 1340 17

Table 5.1 Carpenter Additive 17-4 PH as-build and heat treated mechanical properties, from [19]

The spherical powders have average dimension is not available from official Carpen-
ter Additive 17-4 PH Data Sheet: however from Figure 5.3 is it possible to evaluate a
minimum size of 15 µm and a maximum size of 45 µm.

Fig. 5.3 Scanning electron microscopy (SEM) image of the Carpenter Additive 17-4 PH
Powder, from official Carpenter Additive 17-4 PH Data Sheet

5.2 Powder Mixing Process

The experimental activities started with the innovative patented Additive Manufacturing
powder mixer developed by Sophia High Tech srl: it consist in a new technology
developed in order to mix two or more additive manufacturing powder with an inert
gas (Figure 5.4). Because of the possibility of density instability during mixing an
acoustic field is used to break all electrostatic forces to ensure a stochastic distribution of
the mixed powder composed by the different starting powders on the printing machine
platform.
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Fig. 5.4 Patented powder mixing process logic

With the goal of a industrialisation of advanced metal powder mixing process for
the additive manufacturing sector (Cold Spray, SLM, etc.) the POWMIX project is a
program co-funded by the Region CAMPANIA1.

The acoustic field-assisted mixing technique consists of the dual action of a pres-
surised gas and a sound pressure field. These actions mix and amalgamate mixtures of
metal powders to be used for the production of objects, characterised by a high level
of customisation in terms of both shape and material, using additive technologies such
as Cold Spray and 3D printing. The final objective of the POWMIX project was to
design and produce an industrial-scale mixer capable of producing homogeneous mixes
(on a micrometric scale) of metal powders defined by customer’s requirements and the
operating specifications of the component to be manufactured.

The mixing system integrates the fluid bed mixing technique with that of the acoustic
field, which acts as a forcer supplying energy to the fluid phase in order to allow and/or
optimise the separation and aggregation between the different powder clusters, thus
guaranteeing the homogeneity of the mixture created.

The advanced pulse mixing plant consists of:

• Reactor: It is the main element of the entire plant, inside which are the elemental
powders to be mixed;

• Support structure: It constitutes the frame of the plant and guarantees the
movement of the reactor for loading/unloading the powders;

• Acoustic field generation and propagation system: It supplies the bed of
powders with the acoustic waves (forcing) to carry out the process;

• Management and monitoring system: The interface of the plant and allows
continuous quality control over the process;

Figure 5.5a shows the machine with the control unit on the right side. On the bottom
of the structure a inert gas system provide the mechanical kinetic energy to the powders.
The powders movement can be described by a ’random-boiling’ mixing process (Figure
5.5b).

1FESR 2014-2020 - DECREE N°225 of 07/08/2018 - CUP: B32C18000070007 - SURF:
17048BP0000024 - EUROPEAN UNION | European Regional Development Fund
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(a) POWMIX mixing machine

(b) Instant photo of the ’random-boiling’ mix-
ing process of the custom Cu17-4PH powder

Fig. 5.5 Powder Mixing Process

To carry out the fluidisation and mixing of the powders, nitrogen is insufflated from
below into the fluidisation reactor. The flow rate of the process fluid is continuously
monitored by an MFC (Mass Flow Controller) sensor. The pressure drop of the nitrogen
flow is measured by pressure transducers placed upstream and downstream of the bed.

The acoustic field generation and propagation system consists of:

• Wave generator: It is able to produce a signal of the desired shape, amplitude
and frequency;

• Signal amplifier: Is can provide a signal of about 150 dB intensity;

• Loudspeaker: It is installed on the head of the reactor to reproduce the acoustic
signal;

• Microphone: Via this object it is possible to monitor the sound field supplied to
the dust bed;

Feedback on the composition of the clusters (homogenisation of the mixture) is
obtained by means of optical sensors located inside the fluidisation chamber. The plant
designed in this way can process more than 100 kg of metal powders for the production
of custom blends.



62 Cu-17 4PH: a new innovative metal-matrix-composite material

One of the most intriguing and recent research fields in metal AM concern the
aforementioned powder-based mixing processes to generate parts with custom materials
[79]. This is due for two main reasons: take advantage of the enhanced properties of the
resulting material, trying to maximize the sum of the benefits of the individual materials
and, on the other side, combine the previous aspect with the complexity-for-free-design
of AM.

The machine was used in a 36 months project (started in January 2017). AMMEP
[Additive Manufacturing by Mixing Elemental Powders] was a research and development
project co-financed by the Italian Ministry of Economic Development2 which objective
was the production of the combustion chamber for the VEGA-E space launcher, by means
of the Additive Layer Manufacturing process, using advanced mixing technologies to
obtain a custom metal powder.

During the aforementioned activity the process of mixing Inocnel 718 and Cop-
per powders was successfully tested [80]. Different DoEs test campaign have been
performed in order to better understand the mixing process parameters [81].

In this scenario, the research contributions are still poor. Some authors investigated
the mixing of IN718 with Cu for critical application such as hot components for gas
turbine engines [57]. More specifically, the most notable scientific contributions were
provided by B. Onuike [82], who studied the LENS3 process to develop a IN718-Cu
bimetallic structure, and by A. El Hassanin that investigated the feasibility of pre-mixed
IN718-Cu powders[22].

2Prog. n. F/050320/02/X32 - CUP: B38I17000430008 - COR: 309480
3Laser Engineered Net Shaping
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5.3 Additive Manufacturing Process Parameters

The custom powder mixed by the POWMIX machine is a 65% copper - 35% 17-4 PH.
The Additive Manufacturing machine is a Concept Laser M2 presented inf Figure 5.6
(specification in Table 5.2).

(a) Concept Laser M2 machine

(b) Left: powder charging chamber, Middle: laser printing chamber, Right: laser chamber system

Fig. 5.6 Powder Mixing Process

Value Unit
Working Volume 250 x 250 x 250 mm (X,Y,Z)
Layer Thickness 20 - 80 µm
Accouracy +/- 0.05 mm
Building Velocity 2 - 20 cm/h
Schanning Velocity Max 7 m/s
Power 200 - 400 w
Spot Laser Diameter 50 - 200 µm
Laser System Fibre laser 0.7
Atmospher nitrogen or argon

Table 5.2 Concept Laser M2 Specigications

The process parameters are presented in Table 5.3. Because the pre-mixed material
is a new one for the industry no Design of Experiment have been done in order to
optimize the process parameters. Sophia High Tech s.r.l. decide to adopt this parameters



64 Cu-17 4PH: a new innovative metal-matrix-composite material

based by the internal know-how in Additive Manufacturing and by the previous work on
Inconel718-Cu pre-mixed recherche project.

General Body Contour
Fusion Strategy Island (5mm length)
Layer Thickness t [mm] 0.03
Hatch Distance h [mm] 0.105
Spot Size ϕ [mm] 0.15
Velocity ν [mm/s] 253 400
Power P [W] 200 180
Beam Compensation δ [mm] 0.075
Overleap Factor A1 0.7

Table 5.3 Job 1 and Job 2 parameters: nomenclature from Figure 2.4

Note that the Overleap Factor A1 is the overlapping between two parallel laser traces
(Figure 5.8): Laser Spot Overlap (Hatch Overlap) = Overleap Factor A1 x Spot Diameter
= 0.7 x 0.150 mm = 0.105 mm; the Beam Compensation is the distance betweed the
trace of the laser and the CAD contour of the object.

Fig. 5.7 Laser Spot Overlap (Hatch Overlap), from [20]

More details about printing time and number of layers are presented in Table 5.4.

Job 1 Job2
Layers Number 833 433
Printing time t [days] 5days 4h 45min 2days 2h 13min

Table 5.4 Job 1 and Job 2 additional in formations
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The island scanning strategy has been employed in the present study. This strategy
divides each layer into smaller islands that are scanned in a random order, maintaining
perpendicular the scanning vectors of the neighboring islands. While printing subsequent
layers, the islands are shifted with a random θi angle (Figure 5.8) in both x and y
directions [83]. A scheme of the strategy can be seen in Figure 5.9.

Fig. 5.8 Layer random island strategy

In particular the random algorithm implemented inside the machine controller chose
an arbitrarily region to start melting the first island and do not goes on in a precise order
but randomly (Figure 5.10). In addiction, this random strategy do not perform the same
printing islands order layer by layer: every new powder layer have a random melted
island path. The advantages of this strategy can be identified in the capability to shorten
the scan vector and to reduce the residual stress [84, 85, 83, 86, 87].

Fig. 5.9 Island strategy

The main reason of this advantages is the better cooling dissipation: the intrinsic ran-
dom way islands are melted allows a random heat cooling that statistically do not make
particular and repetitive thermal gradient with a consequent microstructure gradient. An
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homogeneous miscosctructe is not simple to achieve in Additive Manufacturing but it
allows a very good repetitively of mechanical properties.

Fig. 5.10 Random island algorithm: study Job 1

As already decided for the process parameters, also object’ supports do not have
been optimised. Different studies shows the different impact of typology, dimension,
number and height of Additive Manufacturing supports [88]. However no optical evident
strain gradients have been observed. In the same printed job it is possible to see two
different support strategies (Figure 5.11):

• Laid down cylindrical specimens’ support: The strategy is a filling vertical
0.3 diameter cylindrical columnar supports, adopted in order to have a better
cylindrical shape of the cylindrical specimens: this was necessary because of the
better fit in the CNC4 machining post process. The disadvantage of this method is
that requires more time (respect to a direct printing strategy) because it has two
main steps (Figure 5.12): Step A) pre-melting every single circular support; Step
B) Melting process.;

• Square specimens’ supports: The strategy is a full material filling support.
No particular supports are printed between the platform and the component.
This strategy is used because these specimens do not required particular lathe
mechanical machining. In addiction, this strategy requires less time respect to the
0.3 diameter cylindrical columnar supports;

4Computer Numerical Controlled milling machine,
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Fig. 5.11 Two different supports strategies adopted

Fig. 5.12 Step A) (left) pre-melting and Step B) (right) Melting process

On the same way, not blade material optimization have been done. A common
silicon blade have been employed. The available literature shows that the material and
the shape of the blade coating system can change the powder distribution on the printing
platform.

The coder system employed in the present study has a right to left side movement
(Figure 5.13): i) the powder system moves the storage platform up in order to supply the
correct amount of powder to the bald5; ii) the blade system moves from right to left: this
path allows the blade to collect the powder from the storage platform and spread it to
the printing platform; iii) the blade stops its motion and the surplus powder fell into a
re-cycle storage tank; iv) the laser melt the powder in order to solidify the layer; v) the
printing platform moves down by the amount equal to the height of the layer; vi) the
baled system moves to the right and start again the process.

5NOTE: the amount of power that the blade spread to the printing platform is twice the building layer
hight parameters. This is due to a conservative methodology used by Sophia High Tech s.r.l.. The powder
surplus is re used for future jobs.



68 Cu-17 4PH: a new innovative metal-matrix-composite material

Fig. 5.13 Logical scheme of the Concept Laser M2 power coating system

5.3.1 Platform Calibration Strategy

The printing 250 x 250 mm platform is CNC machined in order to achieve a perfect
plenary, however due to machine wearing the system responsible for the up and down
movement of the platform can be slightly offset. Sophia High tech s.r.l. bypass the
problem using a simple strategy. When the first few layers of powder are dropped on the
platform it is possible to see (Figure 5.14a) that not all the area receive the same mount
of powder: therefore the first layer is replicated for few times and used to flatten the
main printing surface. The result is a starting base for the job better aligned, ready to
star the real job printing process (Figure 5.14b).
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(a) First few layers (time t0)

(b) Better platform plenary achieved after
several layers (time t0 +1=. After this pro-
cess the job can start)

(c) (d)

Fig. 5.14 Platform Calibration Strategy

5.4 Printing Jobs and Cost Analysis

The Additive Manufacturing printing process has been divided in two main jobs (Figure
5.15). This is due to the high number of specimens required to characterize the mechani-
cal and thermal material properties. In particular the Low Cycle Fatigue test campaign,
because of the time dependent life behavior, required more than 35 specimens, thus all
printing platform.
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(a) Job 1 - Virtual representation (b) Job 1 photo after printing process

(c) Job 2 - Virtual representation

(d) Job 2 photo after printing process

Fig. 5.15 Job 1 and Job 2

All technological specimens inside Job 1 (Fgiure 5.15a, yellow dots: specimens to
investigate the maximum angle achievable for the engine cooling channels; green dot:
specimen printed in order to investigate different achievable cooling channels shapes)
have been printed at the end of the platform. The powder coating blade moves from right
to left respect to the X-axe of the plan view in Fgiure 5.15a, therefore if the machine
would not be able to print the component (e.g. because of a not achievable angle) the
other platform specimens would not have been damaged from unmelted particles/rejects.

Another important technique for failing to a successful printing job have been
performed: the two columns of cylindrical specimens (Figure 5.15c) have been shifted
each other respect to the moving blade axe. This technique, on a similar way the one
adopted for the technological specimens, avoids unintentional wrong-melted particles to
destroy other specimen’ integrity.
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(a) Residual dust removing procedure

(b) Saw blade oil cooled cutting machine

Fig. 5.16 Printing platform removing procedures

After cleaning the platform from residual dust (Figure 5.16a) the cutting process
uses a saw blade oil cooled cutting machine (Figure 5.16b). After this procedure all
cylindrical columnar supports have been manually removed before starting the CNC
machine operations (Figure 5.17).

(a) Specimens after saw cutting (b) Specimens after manual supports re-
moving procedure

Fig. 5.17 Example of manual supports removing procedure

A brief cost analysis in presented in Table 5.5.
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JOB 1 JOB 2 Additional Informations
Height 25 13 mm
Printed Volume 1562500 812500 mm^3
Powder overdosing 200% 200%
Custom POWMIX powder 16.659 8.662 Kg
Nitrogen 3 2 Standard 50 liters tank
Cutting procedure 1 1
Man working hours 12 12 h
Specimens number 54 35
TOTAL COST 7518.73 4777.34

Euro
Average Specimen cost 138

Table 5.5

Before the printing process a very careful hand made machine cleaning procedure
has been performed in order to avoid particles contamination from previous different
materials jobs.

(a) (b)

Fig. 5.18 Hand made machine cleaning procedure



Chapter 6

Experimental Set-Up: Materials and
Method

Typically asymmetric geometry are processed by Additive Manufacturing in a vertical
way: the axisymmetric axe is parallel to the building direction (frequently the Z-axe).
The LRE thrust chamber is a perfect example of a axisymmetric object almost always
processed in a vertical way. This is due to two main reason: first of all, because of the
thermal gradient between the first layer and the last one (the first layer material spent
the entire building process time inside the camber while the last layer just few seconds)
is not recommended to lay down an axisymmetric component. This could produce
microstuctural remarkable difference around the structure. It is preferable to have a
Z-direction mechanical inhomogeneity in stead of a fraction of the axisymmetric part.
Secondly the support and the powder arrangement on the edge of the circular object is
not optimal if the component is laded down. For this reasons LRE thrust chambers are
frequently manufactured in a vertical orientation (Figure 2.3).

The fracture mechanism of LRE regenety cooling thrust chambers (Section 3.3) is
a combination of LCF and plastic instability induced by thermal compression-tensile
behavior because of the temperature difference during start-up and shut-down operation
of the engine. Therefore the cracks opening mechanism (Figure 6.1) do not shows up in
the XY plane, but in the z-axisymmetric plane (ZX or ZY plane).
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Fig. 6.1 Typical LRE z-axisymmetric plane fracture, from [12]

Because of the exposed scientific evidences the present study has analysed all
mechanical properties (except for the hardness tests and the compression test) only in
the X or Y direction. This choice have been done in order to better replicate the fracture
mechanic 6.2. An AM material can be defined as a transversely isotropic material: X
and Y direction behave in the same way, this is not true for the Z-direction. By testing
tensile and Low Cycle Fatigue specimens printed in the XY plane we are able to perform
a more representative analysis.

Fig. 6.2 LRE fracture mechanism and uni-axial Low Cycle Fatigue specimen replication. Orange
Arrows: uni-axial Low Cycle Fatigue test loading displacement direction; Blue lightning:
spacemen XY plane in where uni-axial fracture occur
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In addiction, because AM costs are relevant and the present project is a first R&D
characterisation of the new material, by limiting the overall printing high to a 25 [mmm],
a more manageable costs is achieved.

Table 6.1 shows the overall test plane.

Z
Direction

X/Y
Direction

High
Temperature

Heat
Treatment

Additional
Notes

Technological Tests
Technological
shapes

V

Technological
maximum angle

V

Lattice Structure V
Physical/Chemical Properties Analysis

Roughness V V
Optical Micrography V V V Optical Microscope
SEM Micrography V V SEM Microscope
Chemical Composition
(SEM)

V V
EDS

(SEM Microscope)

Porosity analysis V V
Image

Post Process
Void distribution V V CT scan

Thermal Properties Analysis
Thermal conductivity V V V Hot Disch
Linear Thermal
Expansion Coefficient

V HP TMA

Thermal Capacity V HP DSC
Mechanical Analysis

Hardness V V Vickert Indentation
Micro Hardness V V Vickert Indentation
Traction V HP V Traction Machine
Compression V V V Compressione/

Traction
Machine

Lattice Structure
Compression

V

Low Cycle Fatigue V V ETMA Machine
Creep V V Creep Machine
Ratcheting V V ETMA Machine

Fracture Surface Analysis
Traction V V SEM Microscope
Low Cycle Fatigue V SEM Microscope
Low Cycle Fatigue
3D Morphology

V V
3D Optical

Reconstruction
Low Cycle Fatigue
Micrography

V Optical Microscope

Lattice V
Optical Microscope
Qualitative Analysis

Table 6.1 Test Planning
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6.1 Technological Tests

All technological tests are not performed with a particular methodology. The only
important criteria was to not damage accidental miss-printed areas of the particulars
specimens on the printing platform, as already described in Chapter 5.

A low magnification microscope is used in order to identify miss-printed areas or
technological problems. However a better analysis could be done by CT scan by a proper
comparison between CAD file and 3D reconstruction: this analysis in a common non
destructive methodology which allows researchers to understand if dimensional and
geometrical tolerances are observed [2, 89].

6.2 Physical/Chemical Properties Analysis

6.2.1 Roughness

The external surface quality is directly linked to the contour process parameters of the
Additive Manufacturing Process (Table 5.3). Because the surface contour parameter
are the same for both, internal and external surfaces, in order to analyse the surface
roughness only external surface have been tested. With this assumption the technological
specimens do not have been cut neither transversely nor longitudinally.

No particular polishing have been done on the surface. A basic hand soft brush
process for powder removing after the printing jobs followed by a hand compressed air
procedure.

The machine is a linear one-direction RPT-80 rugosimeter composed by the diamond
head touch probe and the control unit located in DIMEAS laboratory of Politecnico di
Torino, Italy. The machine has been calibrated with the recommend plate before using
(Figure 6.3a,6.3b). The specimen has been constrained on a specific platform and the
test is performed.

Another machine has been employed to analysis the roughness of the Low Cycle
Fatigue specimens after CNC machining. The standard linear rugosimeter do not perform
acceptable results when a high curvature component is analysed. Therefore, in CEROC
laboratory of Univesitè de Tours, France, a Veeco Wyko NT1100 Optical Profiling
System (Figure 6.3c) have been used for acquiring the 3-Dimensional profile, thus
the roughness, only for the Low Cycle Fatigue specimens. This particular machine is
provides non-contact surface topography thanks to the Wyko Vision32 analysis Software.
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(a) RPT-80 rugosimeter and cal-
ibration plate (b) RPT-80 control unit (c) Veeco Wyko NT1100 Opti-

cal Profiling System

Fig. 6.3 Roughness test facilities

6.2.2 Optical Micrography and Porosity analysis

A specific metal-analysed optical vertical reversed microscope is the main machine
employed in order to analyse the metal micrography located in the DISAT laboratory of
Politecnico di Torino, Italy. Another more general-use optical microscope has also been
used: It is a Keyence VHX located in the CEROC laboratory of Universitè de Tours,
France.

The procedure adopted for analysis the metal micrography is similar for every
samples. For specimens analysed in CEROC laboratory (one random specimen from
the vertical cylinders, marked with a Blu Cyan dot in Figure 5.15a from Job 1) the
cutting procedure is performed by the professional Struers cutting tool from CEROC
laboratory(Figure6.4a), the encapsulation by the Struers LaboPress-3 inf Figure 6.4b
(no specific resins are used, deepens on the availability of the laboratory stocks at the
moment) and the final surface polishing with the automatic Struers TegraPol-11 (Figure
6.4c) with a Struers precis grinding procedure recommend for Copper-base alloys. No
chemical attacks have been done.

On the other side, for the specimens analysed in the DISAT laboratory of Politecnico
di Torino (one random specimen from the cube marked with a Yellow dot in Figure
5.15a from Job 1), the cutting process is performed by hand, the surface polishing
with different granulometry sandpapers, from 300 to 2500, a Leco PR-36 encapsulating
machine (no specific resins are used, depends on the availability of the laboratory stocks
at the moment) and finally a 5 seconds acid attack with ferric nitrate (Fe(NO3)3) in
order to corrode copper.
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(a) Struers cutting tool (b) Struers LaboPress-3 (c) Struers TegraPol-11

Fig. 6.4 Micrography analysis of the CEROC Laboratory of Universitè de Tours, France

The optical Keyence VHX microscope has a powerful post processing software
which has allowed a clear porosity analysis: a contrast path is proposed by the software
and the operator can manually change parameters in order to include/exclude fake
porosity identification. It is import to highlight that this porosity analysis, as the majority
porosity analysis available in literature, is manual and it is highly dependent from the
operator choices.

6.2.3 SEM Micrography and Chemical Composition

The sample analysed for the optical micrography have been analysed for a SEM mi-
crography characterization, therefore the method adopted is exactly the same on already
presented. The machine is located in the DISAT laboratory of Politenico di Torino, Italy.

In addiction to this, a SEM-EDS chemical analysis has been done on the specimens.
Is is a non-destructive analytical technique which requires a polished sample. Electrons
are irradiated into the sample material,and the energy emissions are converted into
varying-intensity spectral peaks, yielding in a spectrum profile that identifies the various
inorganic components contained in the sample. The research is qualitative rather than
quantitative. The X-ray intensity (the size of the spectrum peaks) is related to the
element concentration in the sample. The SEM-EDS machine report provides: a visual
representation of the chemical composition, the spectra and a resuming tabular data. This
EDS can characterize a surface area (so called map-analysis) or a 1x1x1 micron cube on
the surface (so called spot-analysis), allowing for very precise and specific investigation
of specific areas of interest: both analysis strategies results will be presented in this
study.

Note that the EDS analysis is not reliable for elements position under sodium: an
element such as carbon is not very well detected via EDS.

6.2.4 Void distribution

The void distribution is a different analysis from the one of porosities. This analysis
is a computational tomography which allows to understand the specific location of the
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macro voids. While by the evaluation of a micrography we are able to study a random
local scale Additive Manufacturing process quality, with a CT scan it is possible to map
the macro voids inside a component. The “computed tomography”, or CT, refers to a
computerized x-ray imaging procedure in which a narrow beam of x-rays is aimed at the
specimen, producing signals that are processed by the machine’s software to generate
cross-sectional images. The study has been used a RX Solution EasyTom machine
(Figure 6.5a) is a CT system with in 3D X-ray which can test sample from X, Y, and Z
direction, located at CERMEL Laboratory of Universitè de Tours, France.

(a) RX Solution EasyTom machine, CER-
MEL Laboratoy of Universitè de Tours,
France

(b) Placement of the specimen for the CT
scan

Fig. 6.5 CT scan test, Laboratory of Universitè de Tours, France

Both transversely and longitudinally cross section results will be presented. The
specimen is a vertical cylinder one marked with a Blu Cyan dot in Figure 5.15a. It has
been laid on the machine vertical support and grabed to it with a non metallic glue 6.5b.

Because of low time available, the high test time and the heavy computational time
for images post processing a proper optimization of image quality, unfortunately, do
not have been performed. However the images quality is high enough to identify macro
porosity location among the analysed specimen.

6.3 Thermal Properties Analysis

6.3.1 Thermal conductivity

The thermal conductivity test facility is a Hot Disk Thermal Constants Analyser located
in the DISAT Laboratory of Politecnico di Toirno.

When performing a measurement, a plane Hot Disk sensor is fitted between two
pieces of the sample, each one with a plane surface facing the sensor (Figure 6.6). By
running an electrical current, strong enough to increase the temperature of the sensor
between a fraction of a degree up to several degrees, and at the same time recording
the resistance (temperature) increase as a function of time. The Hot Disk sensor is used
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both as a heat source and as a dynamic temperature sensor. The all structure in merged
in a thermostatic 23° C pool and after thermal equilibrium the test is started.

Fig. 6.6 Hot Disk machine and sensor

The Hot Disk sensors is a TPS1 2500 with Kapton insulation. The TPS 2500 system
is based on a specially designed Wheatstone bridge with the Hot Disk sensor in one
of the arms. A DC power supply unit generates a constant voltage across the bridge.
Before the measurement, the bridge is automatically balanced and as the resistance of
the sensor increases the bridge becomes increasingly un-balanced. A digital voltmeter
equipped with a scanner or multiplexing card records the un-balance voltage. From
these recorded voltages it is possible to determine the temperature increase of the sensor
and consequently the thermal transport properties of the material under test.

Hot Disk TPS 7 software has been employed for experimental data post processing.
The specimen is a cylinder according with normative UNI 22007-2 which specify that
the thickness of a sample should preferably not be less than the radius of the hot disk
sensor: 5 mm height 1 inch diameter. Is has been cut from the 1 inch diameter vertical
and horizontal printed specimens in the Job 1 (violet dots, Figure 5.15a). The simple
preparation has only one peculiarity: the two planes with respect to which, in the nominal
direction the thermal conductivity is calculated, have to be planar otherwise the sensor is
not able to touch the surface in the correct way. In order to achieve this result a surface
polishing has been performed.

The basic assumption in the calculations is a relation between diffusivity, measure-
ment time and radius of the sensor. The sampling rate of the Hot Disk TPS2500 is such
that the minimum experimental time has been set to 1 second. However, in order to get
good conductivity and diffusivity values for high conducting materials, the measuring
time should not be less than 5 seconds using the isotropic method.

The solution of the thermal conductivity equation is based on the assumption that the
sensor is located in an infinite material, which means that the total time of the transient
recording is limited by the presence of the outside boundaries or the limited size of the
sample. In other words, the “thermal wave” or “thermal penetration depth” generated in

1Transient Plane Source
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an experiment must not reach the outside boundaries of the sample pieces during the
transient recording. An estimation of how far this thermal wave has proceeded in the
sample during a recording is the so-called probing depth, defined as:

∆p = 2
√

kτ (6.1)

Where K is the thermal diffusivity and t is the measuring time of the experiment and
the constant 2 has been determined so that the influence of external sample boundaries
on the temperature of the sensor cannot be detected when the probing depth is limited to
within the sample boundaries. A consequence of this equation is that the distance from
any point of the sensor to any point on the surface of the two sample pieces must exceed
if the total measuring time is.

The relation between the probing depth and the total measuring time of the exper-
iment indicates that it is easier to make measurements on larger samples. In order to
determine both the thermal conductivity and thermal diffusivity with good accuracy, the
thickness of a flat sample should not be less than the radius of the hot disk sensor. It is
important to realise that the shortest distance from the sensor to the outside sample sur-
face defines the available probing depth. Examples are presented in Figure 6.7 regarding
two different scenarios.

Fig. 6.7 Hot Disk - Minimum distance from sensor to boundary surface

Theoretically, it has been shown that an optimal measurement time of between one
third and one whole characteristic time gives best stability in both thermal conductivity
and thermal diffusivity results. The aim is to acquire a suitable total temperature increase,
typically 2-5 K when using a TPS 2500 S.

The experiment gives back 4 different chart. All of them are important and have to
be well interpret in order to have a physically significant result:

• Temperature drift: The temperature stability is normally recorded for 40 s
immediately before the transient measurement is performed. The temperature
drift recorded is automatically adjusted by the software with a subtraction post
procedure. If the drift is very small the software automatically do not perform the
post processing procedure. The lower the drift is the better the measures are;
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Fig. 6.8 Hot Disk - Temperature drift example

• Transient measure:The transient curve must show a continuous temperature
increase, and should be free of sudden jumps or discontinuities. The curve depend
on the power choice by the operator in order to achieve the 2-5 degrees increment;

Fig. 6.9 Hot Disk - Transient measure example

• Calculated fitting curve: It is a temperature vs. F(tau) graph showing the line
fitting. From this curve, via an automatic software post processing (Appendix D),
the thermal conductivity is calculated. This graph should show a straight line if
the calculation is good;

Fig. 6.10 Hot Disk - Calculated fitting curve example

• Residual: The chart shows the residual between calculated and measured data. A
successful measurement and calculation will yield a random scatter. The residual
graph presents the difference between the measurement data and the fitted data.
In the ideal case the residual plot should be a random scatter around a horizontal
line.
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Fig. 6.11 Hot Disk - Residual example

The thermal conductivity is calculated by the program following the steps presented
in Appendix D. Briefly, the thermal conductivity is given by the slope of the line in the
graph presented in Figure 6.10.

Because the thermal conductivity is not highly depend from the building direction of
the specimens the isotropic method has been used for this experiment. However evidence
from comparing Z thermal conductivity and the XY one has proved that the assumption
of testing both Z and XY thermal conductivity by assuming a isotopic behavior was
correct.

6.3.2 Linear Thermal Expansion Coefficient

Linear Thermal Expansion Coefficient has been calculated with a SETSYS Evolution
Thermo Mechanical Analysis (TMA) machine (Figure 6.12a) at DISAT Laboratory of
Politecnico di Torno, Italy.

(a) SETSYS Evolution TMA machine

(b) SETSYS Evolution TMA
schematic working system

Fig. 6.12 CT scan test, Laboratory of Universitè de Tours, France
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Thermomechanic analysis is a technique that measures the deformation of a sample
free from stress when subjected to a temperature program in a controlled atmosphere.
The displacement transducer on the SETSYS Evolution TMA model (Figure 6.12b) has
an accuracy variations in movement as small as 0.01 micron which can be detected with
such a transducer. The temperature is measured by a thermocouple near the sample.

A Specific SETSYS software has been used in order to provide accurate measurement
of the coefficient of expansion in the materials. A calibration curve, in the form of a
polynomial, introduced into the computer, guarantees the accuracy of the coefficient of
expansion measured. With such software the SETSYS Evolution TMA can be used as a
dilatometer.

Before testing the target specimen a Blank test has been done without any specimens
in the machine. This procedure gives the base dilatation the instrument displacement
kinemantism: the curve will be substrate form the one obtained from the Cu174PH
simple.

A cuboid 5mm x 5mm section size and 10.35 mm height has been cut from a random
not-tested2 traction specimen and polished in order to obtain a plenary between the two
planes respect to the X direction in Figure 6.13. The linear thermal expansion coefficient
of the material has been tested respect to the same direction of all traction and Low
Cycle Fatigue tests, thus respect to the 10.35 mm height (Figure 6.13).

Fig. 6.13 TMA specimen orientation respect

This choice has been done since the most important dilatation/compression thermal
behavior of a common LRE thrust chamber is the one respect to the circumferential
direction, which is responsible for the fracture of the cooling channels (Figure 6.1).

22 traction specimens out of 12 do not have been tested because of CNC machine errors
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6.3.3 Thermal Capacity

The apparatus used in this study for differential scanning calorimetry (DSC) is a Perkin-
Elmer Pyris 1 Heat-Flux differential scanning calorimeter (Figure 6.14a).

Differential Scanning Calorimetry, or DSC, is a thermal analysis technique that looks
at how a material’s heat capacity (Cp) is changed by temperature. A sample of known
mass is heated or cooled and the changes in its heat capacity are tracked as changes in
the heat flow.

A 0.083 [g] specimen from a foil sheet 2 [mm] x 2 [mm] plane section and about
1 [mm] of high has been used. The DSC simple has the same cutting and orientation
procedure of the TMA specimen. After weighting procedure (Figure 6.14b) the simple
is pressed inside the specific aluminium melting pot (Figure 6.14c) and entered in the
machine (Figure 6.14d). The same test process has been done for a pure copper and
pure steel specimens in order to have a benchmark. Also for this experiment a Blank
curve has been performed for subtract the aluminium melting pot thermal capacity from
the final result. This is a standard operation build in the test process: every time a new
test is performed both, the empty aluminium melting pot and the aluminium melting pot
with in the material under study are simultaneously tested.
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(a) Perkin-Elmer Pyris 1 Heat-Flux differential scan-
ning calorimeter

(b) Weighting procedure

(c) Weighting procedure

(d)

Fig. 6.14 DSC set up

In order to have reference value both, pure copper and pure iron have been testes
with the same set up used for the Cu-174PH material. In particular a heating step
ramping of 10° [C/s] has been employed and a 1 [min] waiting time for each steps is
performed (Figure 6.15). The machine has been set up with a waiting time of 1 [min] at
an isothermal temperature of -50° [C] before starting the test.
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(a)

(b)

Fig. 6.15 DSC test

6.4 Mechanical Analysis

6.4.1 Hardness and Micro Hardness

Known as an extrinsic material property, hardness can be defined as the resistance
presented by a material respect to plastic deformation due to the penetration of an
indenter tool [90, 91].

Hardness and micro-hardness have been evaluated at the DIMEAS Laboratory of
Politecnico di Torino. The used durometer is an INOVATEST NEMESIS 9000 (Figure
6.16a) integrated with the IMPRESSIONS™ tester control and workflow software. The
used micro-durometer is an INNOVATEST NOVA 130 (Figure 6.16b) also integrated
with the IMPRESSIONS™ tester control and workflow software.
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(a) INOVATEST NEMESIS 9000 hardness
machine

(b) INNOVATEST NOVA 130
micro-hardness machine

Fig. 6.16 Hardness testing machines, DIMEAS Laboratory at Politecnico di Torino

Vickers test was chosen. Vickers hardness is related to the measure of the diagonal
of the square plastic indentation obtained by a diamond pyramid indenter pressed against
the investigated surface with a given load L, after elastic recovery. A preliminary study
has been performed to choose a correct load able to perform the lower possible standard
deviation linked to the largest available plastic deformation.

Data acquisition is obtained according to Standard EN ISO 6507. Two different
surfaces of every sample were tested and 10 repetition for each measuring configuration
were acquired at room temperature; the average of the 10 measures was assumed as the
hardness value. Indent sizes were measured using the machine implemented software
(impressions©) with a manual selection of 4 vertices. Two random 20x20x20 mm cube
specimens have been tested (yellow dots in Figure 5.15a).

Additive Manufacturing processes provide different mechanical properties between
the printing base plane (xy plane) and the building job direction (z). Then, hardness and
micro-hardness were evaluated in both planes: horizontal slices (xy-plane) and vertical
cross-sections (xz or yz plane). Difference between bottom, centre and top location of
the plane analysed respect to X, Y or Z axe has not been considered: for XY plane only
the top one, far away from the support that links the specimens to the platform, has been
tested. For YZ/XZ plane a random one has been selected.

The Standard applied to perform hardness was designed for standard fabrication
processes. Currently no Standards describe procedures dedicated to Additive Manufac-
tured surface hardness measurements. J. Slotwinski [92] prove that standard procedures
to measure the material properties of a bulk materials can be applied alto to additive
manufacturing materials. Keist and Palmer [93] demonstrated that Vickers test hardness
procedure can be applied for Additive Manufacturing SLM processed materials as Ti-
6Al-4V alloys but it results in a large result scattering due to different phase orientation
because of the AM manufacturing process.

For reliable hardness measures, the surface finish state is critical. A flat surface
is indicated and for accurate penetration the surface roughness must be minimized
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according to BS EN ISO 6507. The applicability of ISO 6507 for testing AM materials
is linked to the requirements ‘to meet surface finish specification’. Surfaces obtained by
means of Additive Manufacturing present a rough surface, and surface roughness changes
according to the investigated (side or front with respect to growth direction) surface. In
addition to this, the contour layer are not representative of material mechanical properties
because of different process parameters. This remarkable difference could cause a high
porosity that makes indentation test difficult and measure unreliable. Polishing surfaces
allows avoiding this influence from the hardness measurement.

Once fabricated, each coupon was removed from build plate. The sample preparation
was performed by means of machining removal, for XY plane tests, of the down-skin
and, for the XZ/YZ plane, of the Contour Layer skin (Figure 6.17). Mechanical polishing
with a sander machine (Grit size 320, 800) and water coolant.

Fig. 6.17 Common cuboid specimen skin schematic representation

6.4.2 Traction

INSTRON 8801 hydraulic 100 kN machine located at DIMEAS Laboratory of Politec-
nico di Torino has performed all room temperate tensile test. The machine is equipped
with a bi-axial INSTRON extensometer: this tool will provide the Poisson ration. A
general test velocity of 2mm/min is used. Room temperature test have been performed
with a vertically 25mm gauge length, and a traversal 6 mm gauge length (specimen
width). High temperature test have been performed with a 25mm vertically gauge length.
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(a) (b)

(c) Hydraulic power supply (right side)

Fig. 6.18 INSTRON 8801 machine, DIMEAS Laboratory, Politecnico di Torino

The specimen geometry was imposed by the unique particular grips for the high
temperate machine. Sample geometry is presented in Figure 6.19, according with ISO
ISO 6892, ASTM E8 and ASTM E21. The starting geometry is a parallelepiped with a
of 18mm + 5mm of direct full support. The specimen thickness have been selected after
an optimization study in order to have a good compromise between CNC machining
available grips and a maximum filling on the Job 1 platform.
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Fig. 6.19 Room and high temperature tensile test specimens geometry

The Zwick Roell Z050 electromechanical 50 kN machine, located at the J-Tech
Laboratory of Politecnico di Torino is a high temperature traction tensile machine. It
has been employed for the high temperature traction test campaign. The machine has a
3-independent-areas insulated induction furnace controlled by a logarithmic ramping
adjustment PID control systems (Figure 6.20a). The PID acquire thermal data from three
1cm equi-spaced thermocouples which make contact with the specimen. This system
allows to have a perfect temperature balance along the sample (ISO 6892 requires a
maximum difference of +/- 5 degree between 2 thermocouples, Figure 6.20b). The
machine use a no-contact laser extensometer.
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(a) 550°C traction test specimen temperature profile: ramping, waiting and test time

(b) 550°C traction test specimen temperature during the waiting time

Fig. 6.20 550°C traction test specimen temperature profile

The test velocity has been set at 2mm/min and a 20 min waiting time before starting
the test is required in order to have a good temperature homogenisation. Note that the
20 min waiting time starts after the time that the machine require in order to achieve the
target temperate. During the heating time the machine has been set with a load control:
the target was 0 N. This methodology ensures the thermal dilatation compensation. If
none of this control typology is applied a buckling compression instability can occur,
especially at the 650 high temperature. Finally, just before the tensile test start, a pre-load
of 5 MPa have been applied in order to compensate the possibility of a mechanical grip
instability during the loading.
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(a) Compression grips, DIMEAS Labora-
tory, Politecnico di Torino

(b) Zwick Roell Z050 machine, J-Tech
Laboratory, Politecnico di Torino

Fig. 6.21 High temperature tensile test facilities

6.4.3 Compression

Compression test have been performed according to the ASTM E209. A cylindrical
specimen is used: 20 mm height with a 10 mm diameter. The specimens have been
removed from the platform CNC machined in order to archive plenary between plane. A
hand lateral surface polishing have been done.

Ambient temperature test have been completed with the same INSTRON machine
used for room temperature traction tensile test, with different grips. Two parallel massive
cylindrical platform havve been used.

(a) Compression grips, DIMEAS Labora-
tory, Politecnico di Torino

(b) INSTRON 8872 machine, CERMEL
Laboratory, Universitè de Tours

Fig. 6.22 Compression test facilities

The high temperature compression test have been performed with a electromechani-
cal INSTRON 8873 at CERMEL laboratory of Universitè de Tours, France. However,
because of the limited 25kN loading cell, only the linear elastic compressive module
has been successfully evaluated. The oven is an inductive retroactive controlled furnace.
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A manual remote controller is used to provide the target temperature. After the target
temperature is reached, as done for all mechanical test already described, a 20 min
waiting time with the specimen inside the furnace is applied before starting the test. The
test velocity is the same of the tensile test (2mm/min).

6.4.4 Low Cycle Fatigue

INSTRON Electro-Thermal Mechanical Testing II

The high room and high temperature fatigue tests have been performed via the innovative
(and rare, just 3 machie in Europe) INSTRON Electro-Thermal Mechanical Testing II
(ETMT II) located in the CEROC Laboratory of Universitè de Tours, France.

(a) (b) Zoom inside the void chamber of the
ETMT II

Fig. 6.23 INSTRON Electro-Thermal Mechanical Testing II of CEROC Laboratory, Universitè
de Tours, France

The ETMT II is a compact table-top testing system that is developed to perform
accelerating high-temperature research. The machine exploits the Joule effect in order
to achieve the target temperature. It is a direct resistance heating machine. Rather than
common indirectly heating systems (as the oven induction systems used for the traction
tensile tests and the compression tests), this particular facility use the miniaturised
section of the specimen in order to achieve a high temperature in few seconds. The
system is capable of achieving fatigue loading rates up to 1000 N/s with heating and
cooling rates of 200°C/s and 100°C/s, respectively. The system is designed for full
reverse stress loading to 5000 N. It is capable of delivering specimen temperatures of up
to 1500°C.

The machine logic control is divided in two main channels: axe 1 (8800:1) with is
the mechanical control (it is responsible for the displacement and the load control) and
the axe 2 (8800:2) which is responsible for the current control.

The upper bar is responsible for the motion transmission via a ball screw system and
an eclectic motor equipped with an encored in order to monitoring the upper vertical
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bar3 displacement. However this control, especially for Low Cycle Fatigue, can not be
used because of the multiple different stiffness elements between the control system and
the specimen. The lower vertical bar is stationary and it is responsible for the loading
control via a 5 kN load cell. The machine can be equipped with one or two LVDT4

transducers: one is responsible for the displacement control and the other one, located
on the other side of the grips, can be used to evaluate the possible occurrence of bending
movement along the specimen during the test or, if set up on reverse-mode, it allows to
quantify the lower rob deformation. Both LVDT are linked with a screw system to the
specimens grips.

(a) Second LVDT parallel configuration (b) Second LVDT fully reversed configu-
ration

Fig. 6.24 Second LVDT possible configurations

Instron ETMT testing system is supplied with a FastTrack 8800MT digital controller
(Figure 6.25 a)), which is capable of running static and high-frequency dynamic tests.
The 8800MT controller is integrated into the ETMT system features SCM modules for
control of the axial loading axis and the DC direct resistance heating system (Figure 6.25
b)), and provides support to Instron software such as Fast Truck Console, MAX Wave
and ETMT II (Figure 6.25 c)). The system offers a high integrity enclosure which allows
vacuum evacuation (via a vacum pump, Figure 6.25 d)) with subsequent gas back-filling
(Figure 6.25 e)), opening opportunities to testing under vacuum or back-filled gas purge
with facility for inert gas supply built in. The machine can be manually remote controlled
(Figure 6.25 f)) or actuated by a custom program that the operator can set up with the
specific software.

3the motor moves the ball screw system which is linked to a vertical bar. The vertical bar is that
attached to the machine cooled grips which also receive the electricity power. Finally the machine grips
are linked to the specimen grips.

4Linear Variable Displacement Transducer
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Fig. 6.25 ETMT II system components

The machine is water cooled. The cooling system allows high temperature test
without grips dilatation/deformation. The cooling channels are machined inside the
machine’s grips but do not enter inside the specimens grips (Figure 6.26).The water and
gas flow rate can be adjusted via a manual control system (Figure 6.25 g)).

Fig. 6.26 ETMT II water cooling system
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(a) hand-carried ther-
mocouple

(b) SimuLink program

Fig. 6.27 Second thermocouple system facilities

The same machine set up has been employed for the creep realization and the
ratcheting tests.

Specimens and Custom Grips

The specimens grips are a critical feature of the experimental set up. A minimum miss
alignment between the axe screw thread of the upper and lower grips and the specimen
is exposed to bending. In order to avoid this problem a new set of grips have been make
from AAMS industry CNC machining manufacturing process with CAM5.

Grips are made of the available a Inox Z6CN18-09 steel. This particular selection
have been done because of the needs of a high temperature resistant alloy. The two grips
have a M6 screw thread and 4 holes each where the mounting screws pass through in
order to fix the specimen’s grips to the machine grips.

Fig. 6.28 LCF specimen’s grips and custom hexagonal screws

Fist test suffer from a vertical very slight backslash therefore an improvement has
been done in order to assure a perfect fixed specimen: two small M6 hexagonal screws
have been made ad used for the purpose. With those additional elements the threading

5Computer-aided manufacturing
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has been packed manually by screwing the hexagonal screws to the top and to the bottom
of the specimen, after grips screwing (Figure 6.29).

Fig. 6.29 Custom M6 hexagonal screws system

From Job 2 all raw 7 diameter mm x 90 height mm cylinders have been CNC
machined by Sophia High tech s.r.l. and the final geometry is achieved (Figure 6.30).
The specimen’s shape has been selected according to the Low Cycle Fatigue ASTM E
606 and ISO 12106 Normatives, to the machine maximum 5kN loading cell and to the
buckling resistant minimum section (Appendix A).

Fig. 6.30 LCF specimen

Because this material is a custom-mix-powder new alloy in this study a first time
CNC machining processes has been made. The need for cost and time saving do not have
allowed a machining process optimization. Therefore the Low Cycle Fatigue specimens
do not have achieved the recommended, but not mandatory, Ra = 0.2 roughness surface
finishing of the ASTM E 606 and ISO 12106 Normatives. In order to have such a
polished surface a hand made process should have been done. Due to the aforementioned
situation the specimen’s surface roughness was measured with the Veeco Wyko NT1100
Optical Profiling System: the result is a Ra = 2.45 roughness. The 3D profile and optic
high magnification is presented in Figure 6.31.
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Fig. 6.31 LCF specimen’s roughness: 3D profile reconstruction and optical magnification

By analyzing the optical magnification it is possible to see that there are also micro
superficial crack. This phenomenon in probably due to the high temperature local
gradient induced by the CNC lathe tool. Because the alloy is a AM bi-material matrix
composite, probably, the surface porosity, the difference between the two material
hardness and the slight difference between the material’s thermal dilatation produce the
presented micro crack. However, as will be presented in this study, the real LRE cooling
channels roughness is higher than the LCF specimens one. Therefore a Ra = 2.45
roughness batterer represent the real surface initialization crack phenomenon.

Temperature Control System and Current Calibration

The ETMT II way to control the temperature is a PID controller. The SCM DC direct
resistance heating system receives signal from a thermocouple directly welded on
the specimen. The temperature is display on the SCM unit box and on the software.
Unfortunately, due to technical problems, the PID did not not work: only manual
temperature control was working. Therefore a manual calibration has been performed:
via the software a gradually increment of current is defined ad the temperature on the
SCM display is manually acquired in an Excel sheet. With this manual procedure it is
possible to know the current needed to archive a target temperature.

A spot werding machine is used to fabricate the thermocouple (Figure 6.32). The
thermocouple used is a type R with one pure platinum 0.35 mm wire and a platinum-
13%rhodium 0.35 mm wire welded together. Then the thermocouple is welded to the
specimen with the same machine. The machine was also able to acquire the potential
difference across the specimen subjected the imposed DC current: for this reason two
more wire are welded to the specimen. The result is presented in Figure 6.33. This
method was not able to have good reputability and several specimens have been wasted6.
Probably this is due to the high sensibility of the thermocouple welding process on

6NOTE: because of a microstructure change, especially at high temperature, every new calibration test
have to be performed with a new specimen
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the specimens or to the electronics of the SCM unit responsible for the electrical post
processing of the R thermocouple’s signal.

Fig. 6.32 Spot welding machine

Fig. 6.33 First thermocouple system

In order to achieve the required repeatability of the current need to reach the target
temperature a self made facility has been build. In particular, since it was decided that
the welding process and the SCM unit were blamed for the lack of repetitiveness, both
system have been replaced. The new system uses two different thermocouple in contact
(and not welded) to the specimen: a support structure (Figure 6.34) was responsible for
keeping in contact the thermocouples to the specimen. One temperature sensor was a
K thermocouple wired to a signal post processing unit linked to an external computer
with a simple SimuLink program (Fgiure 6.35b) which acquire the live signal from the
post processing unit ad display the live temperature of the specimen (Fgiure 6.35c). The
second system was a simple external hand-carried thermocouple (Fgiure 6.35a): is has
been used just for a double check.
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Fig. 6.34 Second thermocouple system (the one from which the result are used)

(a) hand-carried ther-
mocouple

(b) SimuLink program
(c) Post processing
unit linked to the K
thermocouple and to
the computer

Fig. 6.35 Second thermocouple system facilities

By manually ramping the current and simultaneously acquiring the achieved temper-
ate from the PC programs the current VS temperature calibration have been successfully
accomplished. The process was followed five times with a very high repeatability. Two
representative Temperature/Current VS Time calibration test are presented in Figure
6.36. In order to avoid thermal inertial effect due to the mass of the spaceman ad to
the low temperature water cooled grips, a low step ramp current (1 A/s) is used and a a
reasonable waiting time is employed.
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(a) Calibration test A

(b) Calibration test B

Fig. 6.36 Temperature VS Current Calibration

The target temperatures were 150°C, 350°C and 550°C: a summary is presented in
Figure 6.37a. Figure 6.37b shows the thermal dilatation acquired by the LVDT1 during
the calibration procedure.

(a) Temperature VS Current: calibration test A and B

(b) Temperature VS Displacement: calibration test A and B

Fig. 6.37 Temperature VS Current Calibration
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Test procedure

The test procedure can be summarised in the following steps:

1. Specimen grips assembly;

2. Secure the specimen with the hexagonal screws;

3. Mount the specimen respect to the bottom machine grips;

4. Manual displacement of the upper machine bar in order to fix the upper specimen’s
grips to the upper machine grips;

5. Lock by hand ( 8 Nm ) the 8 screws that fix the specimen’s grips to the machine’s
grips;

6. Activate the 0 N loading control ad wait for the thermal equilibrium of the
machine+specimen system (the machine grips are water cooled and typically
at 16°C respect to the 24°C room temperature of the specimen’s one);

7. Close the machine vacuum box door and starting the void process;

8. When the void is archived open the Argon gas supply;

9. When the machine chamber reach the target 1 atmosphere+epsilon the security
venting valve process start: It is the time to stop the argon supply, the chamber
now full of argon gas;

10. Always with the 0 N loading control on the current is set manually in order to
achieve the target temperature (after calibration the current need to have a specific
temperature is known);

11. After 20 min waiting time at the target current the LVDT is reset to 0 mm;

12. The test can be now started and the software takes the control of the system. All
test parameters cam be set up by the dialog box of Fast Track and MAW software
(Figure 6.38).
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(a) FastTrack dialog box

(b) MAX dialog box

Fig. 6.38 Software used for the set up of all LCF tests

Test Parameters

The Low Cycle Fatigue Test have been performed with a 0.5 Hz frequency. The displace-
ment control7 was applied with a sinusoidal curve (Figure 6.39a). The displacement
controls work via a PID system control: a target signal is generate by the machine ad
the PID is responsible for make a curve that is as overlapping as possible the virtual one
(Figure 6.39b).

7Remember that the control system is a displacement one, therefore a post processing in required to
have the common sigma-epsilon LCF hysterical curves.
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(a) 0.5 Hz sinusoidal LCF curve

(b) Red curve: virtual target signal, Green curve: real LVDT
acquired signal

Fig. 6.39 Sinusoidal LCF curve

The LVDT PID controller has been calibrated via the INSTRON calibration dialog
box. The parameters used for all LCF test are presented in Table 6.2.

PID
Proportional 22 dB
Integral 1 m/s
Derivative 0 m/s

Table 6.2 PID controller parameters

6.4.5 Machine troubleshooting

Figure 6.39a shows a displacement vs time LVDT1 signal from a on going LCF. It is
possible to see that wen the displacement cross the 0 line and It revers its motion an
slight instability is recorded. This is due to the fact that the ETMT II INSTRON machine
has been fixed from a huge damage that was present and that had never been fixed.

When this activity started the machine had a high number of problems:
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• No argon links between the machine and the tank;

• Few gas loss because of different o-ring problems;

• Wrong arrangement of all pins for the LVDT1 and LVDT2 connections: a manual
tin soldering process have been done;

• Loading cell not calibrated;

• LVDT1 and LVDT2 not calibrated: manual mV/V calibration process have been
done fort both transductors;

• Water cooling system blocked;

• No link for vacuum pomp;

• No M6 grips;

• Wrong thermocouple arrangement;

All this problem have been fixed without an official INSTRON technician. The
planned stay at CEROC was 3 weeks and because of all these problems, and an additional
one that will be shorty presented,it was extended to almost 2 months.

In addiction to this starting problems, the LCF test were impossible to start because
the LVDT1 signal (Green in Figure 6.40) was not able to follow the virtual target one.
At the beginning the problem was blamed to the PID control system but after several
days it has been found, by analysing the sinusoidal curve, that the platò of both the
displacement signal and the load signal was impossible to be caused by control bug. The
only possible way was a mechanical problem.

Fig. 6.40 LVDT1 (left) and Load (right) signal problem

Therefore the entire machine has been disassembled (Figure 6.41) and finally the
problems has been found: the ball screw damage was damage. The machine was not
able to recovering the backlash generated by the damage of the balls path on the ball
screw (Figure 6.42).
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Fig. 6.41 INSTRON ETMT II disassembly procedure

Fig. 6.42 Ball screw damage

Because INSTRON didn’t had the new component in stock and the waiting for the
likely delivery was 13 weeks (yes, 13 weeks) there were two opportunities: 1) there
will be no LCF test 2) Try to fix the problem some way. The result was excellent: the
problem was by passed by moving down the whole vertical bar linked to the ball screw
and move the transverse main top beam up in order to have the distance needed for the
specimen between the machine’s grips. Therefore the LCF tests have been done, even
though a slight not relevant backlash is was always present (Figure 6.39a).

6.4.6 Creep

The specimens for the creep test are the same used and presented for the Low Cycle
Fatigue tests, according with ASTM E139 Normative. The machine is MTS 370.02
located at Slovak University of Technology, Slovakia. The electrical induction system
is a home made one composed by a electrical inductor, a thermocouple and a Arduino
control unit (Fgiure 6.43).
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(a) Induction system system (b) MTS 370.02 machine and the home
made control system

Fig. 6.43 Creep machine, Slovak University of Technology, Slovakia

6.5 Fracture Surface Analysis

A Tescan VEGA SEM microscope (Fgiure 6.44) located in the DIMEAS laboratory of
Politenico is the machine adopted in order to analyse the 3D fracture surface of Low
Cycle Fatigue and traction with a high magnification.

(a) Tescan VEGA SEM microscope

(b) Specimen positioning inside the SEM
chamber

Fig. 6.44 SEM at DIMEAS Laboratoy, Politecnico di Torino

However, also an optical analysis of the fracture surfaces have been done with
a particular lighting optional tool for the already presented optical Keyence VHX
microscope. This particular optional uses a multi light orientation in order to acquire
multiple images of the fracture surface and giving back a 3D rendered image that has
been used for profile analysis.



Chapter 7

Experimental Results: Technological
Tests

Additive Manufacturing is a very parameter-dependent process. Since the material was
never processed before technological specimens have been printed in order to understand
the material-process capability to:

• Be able to achieve the typical LRE thrust chamber cooling channels shapes and
the common 1 mm - 0.5 mm ribs and hot gas side wall thickness;

• Be able to successfully achieve high Z angle respect to the XY plane: this test has
been performed since the thrust chamber is a convergent-divergent object;

• Be able to print a simple lattice structure;

Figure 7.1 clearly shows the island algorithm.

Fig. 7.1 Island scanning algorithm

7.1 Cooling channels

The cooling channel replica specimen is a parallelepiped with a rectangular 10 mm x 60
mm base and a height of 25 mm. Inside this box there are tree different technological
test (Figure 7.2): i) two identical rectangular holes test with dimensions from 1.0 mm
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to 0.2 mm, 0.1 mm steps; ii) one row of different shape channels with 0.5 mm ribs and
hot-gas side wall; iii) one row of same shape channels with a 1 mm ribs and hot-gas side
wall. The different shape channels are composed by: n.4 of 1 x 4 mm rectangles, n.4 of
1 x 4 mm slotted shapes with o.5 radium connections, n.4 of 1 x 4 mm triangles, n.4 of 1
x 4 mm triangles with o.2 radium connections.

Fig. 7.2 Cooling channel replica specimens

All cooling channels have been successfully printed with both, 1 mm and 0.5 mm
ribs and hot-gas side wall. On the other hand, as expected, not all holes have been
successfully printed. In particular it is possible to see that the outside melted laser
contour has a different behaviour respect to the under layers. It is possible to evaluate
this particular behavior by comparing top left images from Figure 7.2 and Figure 7.3.
Figure 7.2 shows the unpolished surface and 2 holes seems to be blocked, however
after a 2 mm materials removing (from bottom - printing platform - to top) procedure
followed by a preliminary polishing process it is possible to see that the starting situation
is completely different. This is probably due to the contour particular interaction this
the unmelted powder. The irregularity of the surface change with Z direction, therefore
for analysing small holes and more particular features it is important to analyse the
component not only by a human visual process.
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Fig. 7.3 2mm z-direction material removed specimen followed by a coarse surface polishing

This test shows that with this body and contour parameters (Table 5.3) a no-
destructive test should by performed in order to compare the CAD geometry to the
printed one. Future studies could be performed in order to optimise the contour parame-
ters.

7.2 Channels angle

Different angle building direction have been tested. The specimens have a vertical 10
mm base and that the angular orientation is made for 15 mm. The tested angle, respect
to the z-direction (build direction), are: 35°, 45° and 55° (Figure 7.4). All tree shapes
are made with a 1mm and a 0.5 mm wall thickness, with the same rectangular replica
cooling channel already presented for the replica cooling channels specimen.
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Fig. 7.4 Sloping specimens on the building platform

All specimens have been successfully printed with no particular difference (Figure
7.5). All specimens does not use supports on the sloping segment. The experiment
evidence that also the 35° specimens, with no supports, have been properly printed.

Fig. 7.5 Sloping specimens surface quality

However It is possible to see that the surface quality decreases as the angle decreases.
This is due to the fact that the lower the angle is and the more the laser spot is in contact
with the bed powder (Green lines in Figure 7.6) instead of the already melted layer (read
lines in Figure 7.6). The laser side out of the previous layer is need in order to achieve
the CAD contours: the result is that the under powder bad is not well melted and several
different spot melted bubbles come out [94],[21].
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Fig. 7.6 Schematic illustration of the SLM manufacturing process of the angular z-direction
build, from [21].

7.3 Lattice Structure

Lattice structure with simple cubic cells have been tested (Figure 7.7). In particular a 0.3
mm and a 0.5 mm links diameter, both with a 1 mm links length. The horizontal 1 mm
links do not seams to have structural instability. However, with a more relevant length,
such as the 3 mm links from the cubic 17 4PH lattice structure successfully printed
by Bertocco et al. with the same Concept Laser M2 machine [94], failure due to the
restlessness of the powders bed support could occur.

Fig. 7.7 Lattice Structure



Chapter 8

Experimental Results:
Physical/Chemical Properties Tests

8.1 Roughness

Figure 8.2 shows the evolution of Ra as a function of the analyzed directions (Figure
8.1) for the side and top surfaces of the replica cooling channels technological specimen.
The roughness is performed only for this straight simple (slope technological specimens
have not been tested). The experimental outcomes was that all of the samples had a
roughness that is typical of L-PBF products (7 - 25 µmRa)[95].

Fig. 8.1 Roughness tests

In particular the XY plane has a average measured Ra of 11.6 µm. Considering the
standard deviation of this result it is possible to state that the average measured Ra of
the ZX plane respect to the X (or Y) direction, which is 11.8 µm, is very similar. On the
other hand the test performed on the ZX plane, but respect to the Z building direction,
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is slightly greater, with an average value of Ra of 13.1 µm. This result is according
with the typical SLM behavior [80]: since the powder bad layers are overlaided respect
to the Z building direction a lower contour quality is achieved. This is due to the fact
that the XY pane X or Y direction test analyse the island algorithm, and therefore the
body parameters. On the other hand, the ZX/ZY plane Z direction analyse the contours
parameters. The fully roughness analysed parameters are presented in the Appendix B.

Fig. 8.2 Roughness tests results

A SLM pure copper Ra between 16 -25 µm average can be a target reference value
[96]. However AM component roughness deepens on a huge number of factors such as
the AM SLM machine, the laser spot, contour parameters, powders dimension, layer
thickens ecc.

Respect to the LRE application the cooling channels roughness is a very important
parameter for both, fluid dynamics and Low Cycle Fatigue field of recherche. While the
external surface can be easily machined and therefore a better surface finishing can be
achieved, for the internal cooling channel surface it is impossible to machine directly:
only high pressure water charged with particular high-hardness particles can improve
roughness. However even if no optimization studies have been performed respect to the
contour parameter, the achieved roughness is a good start for this new material.

A possible cause of surface high roughness is the flexible re-coating method. As
illustrated in Figure 8.3a, the flexible blade was hampered by the small ball and contami-
nants during the re-coating process. Re-coating with powder causing the ripple to appear
on the powder bed, resulting in layer instability, and finally the surface a lower part
quality [97]. The flatness of powder distribution, the stability of effective laser power,
and the oxygen concentration in the chamber are all important factors to consider while
ensuring manufacturing stability [97].
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(a) Flexible re-coating method
(b) Effect of the silicon blade (flexible re-
coating method) on job 1

Fig. 8.3 Re-coating method

8.2 Optical Micrography

In order to better understand the following Section results the pure copper miscibility
with pure iron is presented (Figure 8.4). By analysing the Fe-Cu phase diagram it is
possible to observe that the Copper miscibility into the Fe matrix is much lower than the
65% of the under study composite material: the result is an island structure.

Fig. 8.4 Copper-Iron phase diagram

8.2.1 XY plane

Images from XY plane slices of different specimens are presented and analysed: a
500 µm magnification (Figure 8.5) and a 500 µm magnification with a acid attack
(Figure 8.6). The 65% Cu - 35% 174PH custom powder material shows a bi-metal-
matrix-composite microstructure. The material has a very high conpenetrated bi-material
matrix. In particular it is not correct to name this structure as an alloy since the two
different materials do not create a real unique material but a more complex composite
bi-structure of two different alloys: pure copper and 17 4PH.
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(a) (b)

Fig. 8.5 Optical micrography

(a) (b)

Fig. 8.6 Optical micrography with acid attack

The composite is copper based and therefore it is possible to see that the main matrix
is composed by copper. The 17-4PH is presented such a island shape. Since copper has
a lower melting point respect to the 17-4PH, is has been successfully well melted. A
possible hypothesis is that during the solidification copper process the copper, due to his
higher thermal conductivity, it solidifies before the 17-4PH generating the basic matrix.
Subsequently the iron, which is ’floating’ on the sea of copper, solidifies with a more
proper form. This process make this complex composite material. In addiction to the
aforementioned main hypothesis, another hypothetical phenomenon that make possible
such a structure is that copper has a greater capacity to flow in the liquid state because it
has no alloying elements and therefore slips into the gaps created by iron which, being
highly alloyed, flows more slowly.

The XY microstructure shows that the custom mixed powder is homogeneously
spread along both, X and Y direction: the powder mixing process is able to achieve
a very good powder distribution. The most interesting and innovative result from this
analysis is that the material has two main region that are independently melted and one
well mixed region (Figure 8.7):
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Fig. 8.7 Cu174PH microstructure

• Copper matrix: A copper base matrix is clearly visible (orange color) in Figure
8.7. This is the main structure of the composite material;

• 17-4PH islands: 17-4PH islands are visible (bright blue) in Figure 8.7;

• Dotted matrix: This third particular areas are a high densified mixture of cooper
and 17-4PH. However, also in this particular areas, the copper is the base compo-
nent, without a standard shape, and the 17-4PH is presented with more spherical
shapes inside the copper matrix. In particular there are two different sub-areas:
one with a low rate of 17-4PH spherical spots (Figure 8.8) and a second one with
a very high rate of spherical spots (Figure 8.9).

(a) (b)

Fig. 8.8 Optical micrography of a common low rate 17-4PH spherical spots area

An interesting feature of the very high rate 17-4PH spherical spots area is that all
around the 17-4PH islands there is a very thin circumnavigating layer of copper
(Figure 8.9a).
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(a) (b)

Fig. 8.9 Optical micrography of a common very high rate 17-4PH spherical spots area

The classic Additive Manufacturing SLM laser track are not visible in this particular
material. The adopted island-like scan strategy is almost never visible. The typically
encountered laser scanning pattern is never evident. This is probably due to the fact that
the non-interaction behavior of the two materials do not generate a proper path while
the laser progress in his main straight motion. A previous Sophia High Tech s.r.l. work
concerning a Inconel718-Cu material shows a completely different XY microstructure
[22]: this is due to the fact that the material has at maximum a 20% of copper and
therefore the two different materials had more communication skills.

A better analysis of the surface interface between the copper and the 17-4PH should
be performed. C. Tan at al. [98] shows that an important inter-diffusion region at the
boundary interface between 316L steel and copper. Another similar work has been
performed by L. Liu et al. [68], S. Osipovich et al. [99] propose an interesting study
which goal was to analyse the gradient transition zone structure in a steel–copper sample
produced by double wire-feed electron beam additive manufacturing: the transition zone
is very similar to the microstructure observed in the present study. In particular a multi-
island area with different shapes, respect to the Cu concentration, is presented. They
state that the composite structure make very good ’continuous interdendrite boundaries’.
The new Cu174PH composite material seems to have a qualitative similar structure.

The microstructure of the Cu174PH seems to have a liquid-phase separation. This
behavior has been tested by Xiaosi Sun ae al. [100]. A specific characterization of
the solidification process is presented ad the experiment reveals that steel, during the
liquid-to-solid solidification, tries to decouple from copper.

Particularity: rare laser track

The majority of the XY plane surface analysed do not shows the common scanning laser
tracks that are always present in a AM SLM alloy. The lase track can be also identified in
the Inconel718-20%Cu pre-mixed custom powder tested in the aforementioned previous
Sophia High tech s.r.l. study (Figure 8.10, [22]).
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Fig. 8.10 Laser Track of a custom Inocnel718-Cu%20, from [22]. Same scanning strategy of the
under study Cu-174PH composite material.

However in certain areas there is a statistic higher concentration of 17-4PH. In this
particular and very rare areas, because the concentration of copper is very low, a laser
track shows up.
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(a) (b)

(c)

(d)

Fig. 8.11 Very rare Laser tracks

8.2.2 ZX/ZY plane

The energy transfer from the laser beam to the powder bed, and the subsequent melting
and solidification of the material, is a critical step in SLM AM processes. The process
feasibility and the qualities of the printed items are governed by the molten pool creation
and heat and mass transfer inside the molten pool. Two separate welding modes can be
produced when a laser beam interacts with a metal substrate, either a powder bed or a
solid layer: conduction mode and keyhole mode. The establishment of one or the other
is mostly determined by the laser beam’s power density [101–104] (if you are new to
Additive Manufacturing molten pool dynamics please see Appendix C).

In the experiments reported in this work the amount of energy adsorbed by the powder
bed under the energy input produced by the 251 [W] laser power was insufficient to
activate the keyhole mode (Figure 8.27).Typically this phenomenon is more pronounced
when adopting an higher layer thickness because more material is simultaneously
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processed. As a consideration for further work, low layer thickness values should be
used when powder mixtures are used as starting material [22].

(a) (b)

(c) (d)

(e) (f)

Fig. 8.12 Z plane microstructure

The material does not show evident melting pools. Also the layer by layer stratifica-
tion is not evident since the material is composite by two different alloys.
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A particular behavior of the composite material is the complex melting pool. When
is possible to see a melting pool (almost never) the shape is concave respect to the Z
building direction (face up curved) as all common AM SLM materials. The particularity
is that some times the ’base’ of the melting pool is made by copper, some times by the
17-4PH alloy (Figure 8.13). A possible hypothesis for the copper based melting pool is
that, since copper powders are smaller that steel one and since copper is slightly heavier
that steel, during the melting process copper is encouraged by gravity and fluidity to go
down and, therefore, steel floats above copper.

Fig. 8.13 Complex melting pool: top image shows a copper base melting pool, bottom image
shows a more 17-4PH base melting pool
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(a) (b) (c)

(d)

(e)

(f)

Fig. 8.14 Z plane melting pools

Particularity: rare key-hole melting pool

Even though the main melting mechanism is the conductive one, a very rare key hole
mechanism sometime can be identify. In particular Figure 8.15b shows an interesting
behavior: tree key holes on the same Z axe but not in consecutive layers. The same
mechanism is shows in Figure 8.15a with four key hole. It is possible to identify also the
a vortex solidification behaviour at the around a particular rare key hole in Figure 8.15c.
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(a) (b)

(c)

Fig. 8.15 Rare key-hole melting pool

Particularity: Z direction columnar grain

The typical Z building direction micrography do not shows any columnar grain. However
Figure 8.16 shows a very particular and not easy to explain columnar grain close to the
boundary contour surface.
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(a) (b)

Fig. 8.16 Optical micrography of a rare columnar grain

Particularity: Island inside Island

Some times, in the building Z direction, it is possible to see a strange phenomenon
(Figure 8.17: a dotted matrix (identical to the one presented for the XY or Z direction)
inside a 17-4PH island.

Fig. 8.17 Island inside Island example

8.2.3 Defects

The process parameters employed for this first printed 174PH-Cu composite material
shows an exceptional cohesion between the interface of the two alloys. However three
common Additive Manufacturing SLM defects can be found:
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• Lack of fusion porosity: Different number of lack of fusion porosity are spread
around the campsite matrix. An interesting method for predicting the presence
and location of lack of fusion porosities can be found in the study proposed by
Coeck at al.[105].

Fig. 8.18 Lack of fusion porosity example

• Gas captured porosity: This porosities are spread around the campsite matrix but
not very common as the lakes of fusion. This phenomenon is due to the interaction
of the vapor gas produced by the laser in the melting pool and the solidification
speed. Since copper is a high conductivity material, come times vapor gas are not
able to evaporate way from the melting pools before solidification. This is a very
common defect of AM SLM copper alloys [11, 106, 22, 81].

Fig. 8.19 Gas captured porosity example
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• No melted powder: This defect is very rare inside the material matrix, only few
example has been found. By analyse the image it is possible to see that all around
the unmelted spherical powder there are several different porosity, and a lake of
fusion.

Fig. 8.20 No melted powder example
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8.3 SEM Micrography

From the SEM micrography performed respect to the z direction, there are no particular
difference/additional information from the optical analysis.

(a) (b)

(c) (d)

Fig. 8.21 SEM Z building direction micrography.
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8.4 Chemical Composition

8.4.1 Overall material chemical composition

The weight chemical composition of the mixed custom powder before the Additive
Manufacturing process is: 65% Copper - 35% 17-4PH. On random cubic specimen
has been tested in both, middle XY plane and middle Z plane (Figure 8.22). The EDS
analysis has been performed with a MAP and a spot analysis: the MAP evaluate the
chemical composition inside the target area, the spot analysis is a 1 µm3 more precise
analysis. In order to obtain a proper spot analysis the identification of the spot is very
important: since the spot is a 1 µm3 area the operator have to perform the analysis in
locations where it is possible to be sure that in 1 µm depth the material matrix is the
same one of the one visible in the surface.

Fig. 8.22 Chemical composition specimen location

The general composite composition have been tested respect to the XY plane with
the same 848 µm FoV1. This is the most accurate plane to obtain the average overall
chemical composition. However, also the Z chemical composition have been tested
respect to three different FoV areas have been analysed: 548 µm, 224 µm and 57 µm.
Results, respect to the orientation analysed, are presented in Table8.1. The over all
composition is presented in Table 8.2.

1Field of View: by changing the zoom it si possible to obstain duifferent scale images. Inparticular
the more the FoV is high the less the inmage is zoomed. Frequentily, in order to give a representing FoV
value, the scale of the image is associated to the FoV.
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Weight chemical
composition

Average

Region FOV Cu Fe Cr Ni Si C Cu Fe Cr Ni Si C

XY plane
1 848 µm 54.93 35.25 7.59 1.75 0.48 //

56.9 33.59 7.31 1.69 0.48 0.032 848 µm 55.61 34.67 7.5 1.7 0.5 0.01
3 848 µm 60.19 30.84 6.85 1.63 0.46 0.004

Z palne
1 548 µm 59.21 32.51 6.84 1.44 // //

58.9 32.49 6.97 1.63 // //2 224µm 59.15 32.12 6.96 1.79 // //
3 57µm 58.34 32.84 7.11 1.7 // //

Table 8.1 Material XY and Z pale SEM EDS chemical composition

Fig. 8.23 EDS spectrum of XY plane (one example out of three tests)
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Fig. 8.24 EDS spectrum of Z plane

Overall
Region FOV Cu Fe Cr Ni

XY plane
1 848 µm

57.90
DV.ST(2.13)

33.03
DV.ST(1.64)

7.14
DV.ST(0.32)

1.66
DV.ST(0.32)

2 848 µm
3 848 µm

Z palne
1 548 µm
2 224µm
3 57µm
Table 8.2 Material overall SEM EDS chemical composition

8.4.2 17-4PH phase chemical composition

In addiction the the result presented, also a more accurate spot analysis have been done
respect to the 17-4PH phase in both, XY (Table 8.3) and Z (Table 8.4) direction. The
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main aim of this analysis is to understand, after the SLM process, the amount of copper
inside the 17-4PH.

Weight chemical
composition

Region FOV Spot Fe Cr Cu Ni Si C

1 42.6

1 72.33 14.72 7.94 4.1 0.8 0.1
2 72.53 15.06 7.42 4.01 0.82 0,16
3 73.51 14.96 6.68 3.91 0.84 0.1
4 73.57 14.89 6.96 3.61 0.8 0.17
5 72.34 15.13 7.65 3.88 0.91 0.09

2 57.1

1 73.44 15.29 6.41 3.89 0.83 0.14
2 72.58 14.51 8.5 3.55 0.75 0.11
3 72.64 14.46 8.08 3.86 0.84 0.12
4 73.22 14.72 7.36 3.73 0.82 0.15
5 69.01 14.2 12.37 3.42 0.82 0.19
6 72.97 14.68 7.77 3.53 0.85 0.19
7 69.67 14.06 11.92 3.39 0.81 0.15

3 50.7

1 75.6 14.56 6.17 2.74 0.77 0.16
2 74.24 14.51 7.12 3.09 0.81 0.22
3 75.23 14.89 5.52 3.44 0.75 0.17
4 73.2 15.17 7.08 3.46 0.93 0.16
5 74.03 14.79 6.77 3.48 0.8 0.13
6 74.34 14.53 6.5 3.66 0.84 0.14
7 73.83 14.22 7.18 3.75 0.86 0.15
8 75.08 14.52 6.19 3.28 0.78 0.15

Average 73.16 14.69 7.57 3.58 0.82 0.14
DV.ST 1.62 0.33 1.72 0.32 0.04 0.03

Table 8.3 17-4PH phase chemical composition - XY plane
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(a) 17-4PH XY plane phase region 1 - spot 1 to 4

(b) 17-4PH XY plane phase region 2 - spot 1 to 7

(c) 17-4PH XY plane phase region 2 - spot 1 to 8

Fig. 8.25 17-4PH XY plane phase EDS analysis

Weight chemical
composition

Region FOV Spot Fe Cr Cu Ni Si C

1 11.2

1 72.67 15.19 8.5 3.19 0.44 0
2 73.64 15.32 6.97 3.48 0.45 0.14
3 73.36 15.34 7.28 3.44 0.47 0.11
4 73.35 15.21 7.11 3.7 0.5 0.14

2 29.8

1 73.22 15.5 6.8 3.88 0.58 0.02
2 72.76 15.17 7.04 4.01 0.92 0.1
3 73.37 15.05 6.85 3.78 0.84 0.12
4 73.15 15.06 6.91 4.12 0.71 0.06

Average 73.19 15.23 7.18 3.7 0.61 0.08
DV.ST 0.32 0.15 0.55 0.31 0.18 0.05

Table 8.4 17-4PH phase chemical composition - Z plane
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(a) 17-4PH Z plane phase region 1 - spot 1 to 4

(b) 17-4PH Z plane phase region 2 - spot 1 to 4

Fig. 8.26 17-4PH Z plane phase EDS analysis

Both XY and Z plane analysis does not shows a difference in the chemical com-
position within the 17-4PH phase: no experimental evidence have found a chemical
composition gradient from the contour to the center body of all 17-4PH islands tested.
Every spot has a very similar chemical composition.

From this analysis it is possible to evaluate the 17-4PH chemical composition after
the Additive Manufacturing SLM process. Table 8.5 compare the start powder chemical
composition declared by the powder supplier to the melted powder which made the
layer. In particular the experiments result highlight a lower weight % of Chromium and
Nickel, and a higher weight % of Copper inside the 17-4PH phase. Therefore a weight
% of Chromium and Nickel, after the melting process, is inside the copper islands and a
weight % copper is inside the 17-4PH islands.

17-4PH Weight % chemical composition
Fe Cr Cu Ni Si C

Average of XY and Z
plane measurement

73.47 14.9 7.11 3.64 0.76 0.13

Average
Supplier Composition

74.75 16.25 4 4 1 0.07

Supplier Composition balance 15-17,5 3-5 3-5 1 0,07
Table 8.5 17-4PH islands chemical composition: Start powder VS Melted powder

8.4.3 Copper phase chemical composition

The data presented in Table 8.2 shows the measured real average chemical composition
of the composite material respect to the spaceman location and section. If a compari-
son between experimental data obtained by the average chemical composition of the
composite material and the one obtained from the declared 65%Copper - 35%17-4PH
pre custom power mix is performed it is possible to notice that in order to have the
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experimental tested chemical composition the pre custom power mix should have been
more something like 57,5%Copper - 42,5%17-4PH as presented in Table 8.6.

Premixed Power VS Real Powder measurement
Alloy Powder % Fe Cr Cu Ni Si

Pre-Mixed composition
17-4 PH

(from supplier analysis)
0.65 74.75 16.25 4 4 1

Pure Copper 0.35 100
Expected chemical composition Cu 17-4 PH composite 26.16 5.69 66.40 1.40 0.35
Analysed chemical composition
(From Table 8.2 )

Cu 17-4 PH composite 33.04 7.14 57.91 1.66 //

Pre-Mixed composition to obtain the
analysed chemical composition

17-4 PH
(from supplier analysis)

0.425 74.75 16.25 4 4 1

Pure Copper 0.575 100

Table 8.6 Pre-custom Cu-174PH powder % composition and the experimental % powder compo-
sition

From this result (which is based on the experimental observed chemical composition)
it is possible to evaluate the chemical composition of the copper alloy: Table 8.7.

Weight % chemical composition
Fe Cr Cu Ni Si

17-4PH islands measured chemical
composition(spot test EDS)

73.47 14.90 7.11 3.64 0.76

17-4PH phase fraction 0.425 0.425 0.425 0.425 0.425
Element quantity in the 17-4PH islands
inside the composite

31.22 6.33 3.02 1.55 0.32

Composite measured average
chemical composition

33.04 7.14 57.91 1.66

Element quantity in the Cu islands
inside the composite

1.81 0.81 54.88 0.12

Cu phase fraction 0.575 0.575 0.575 0.575 0.575
Cu islands calculated
chemical composition

3.15 1.41 95.45 0.20

Table 8.7 Copper islands chemical composition

This experimentally result shows that more than one elements has migrated, after the
melting process, from the 17-4PH alloy to the pure copper. An additional experimental
evidence is provide in order to support the aforementioned thesis. It is possible to see
this migration phenomenon by analysis the Z colored EDS maps in figure 8.27. This
image shows that the all alloys component of the 17-4PH phase have been spread all
around the composite matrix.
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(a) General Z plane SEM image - FOV 535 µm

(b) Iron Map (c) Copper Map

(d) Chromium Map (e) Nickel Map

Fig. 8.27 Z plane EDS SEM map chemical composition map analysis
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8.4.4 Hypothetical explanation of the mismatch between pre-custom
Cu-174PH powder % composition and the experimental %
powder composition

A possible explanation of the difference measured chemical composition of the compos-
ite (57,5% Cu - 42,5% 17-4PH Table 8.7) respect to the starting 65% Cu - 35% 17-4PH
pre-mixed powder cold be the vertical movement of the powder supplier tank and the
horizontal movement of the blade system which scatters the powder into the printing
platform.

During all printing process supplier tank hold the pre-mixed custom powder. In
order to create the new powder layer the tank moves up and the printing platform goes
down. This movement is actuated by a step mechanical mechanism. This step-by-step
movement create a vibration which allows copper powder to go down respect to the
Z moving direction of the supplier pre-mixed power tanks. This phenomenon make
possible a powders gradient concentration along the Z axe of the powder tank. In
addiction, this gradient is not constant during the printing process because every new
layer there is an additional vibration which store more copper powder to the bottom of
the tank highlighting the separation of the two originally mixed powders (Figure 8.28).

Fig. 8.28 Gradient concentration along the Z axe of the powder supplier tank

This first phenomenon could generate an opposite gradient concentration on the
printing platform respect to the Z building direction. The more the building grows the
more the building platform goes down and the tank powder supplier goes up, therefore
the copper concentration at the end of the job will be slightly greater at the top respect
to the bottom (Figure 8.29).

Fig. 8.29 Gradient concentration along the Z axe of the printing platform
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This powder behaviour is in addition to the most relevant hypothesis: the horizontal
blade movement generate a sliding (flowing ) movement between the particles loaded
on the blade which promotes the fall of the heaviest and smallest particles (copper) at
the beginning of the spreading process. If this hypothesis is correct, and experimental
results agrees with this state, the end of the printing platform, respect to the X spread
direction of the blade, has a greater 17-4PH concentration of powder and the starting
deposition area has an higher concentration of copper powder (Figure 8.30).

(a)

(b)

Fig. 8.30 Powders distribution on the platform

The higher 17-4PH chemical concentration evaluated by the EDS chemical analysis
could be due to the location of the tested specimen, which is on the bottom of the
printings platform respect to the X axe (the blade moves from right to left respect to the
X axe in Figure 8.31).

Fig. 8.31 Chemical composition specimen location on the printing platform
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A first preliminary analysis has been performed on the top building direction surface
of a random traction tensile test specimens (before the test): the z hypothetical chemical
concentration gradient has not been analysed. On the other hand the more relevant
chemical gradient is the one on the blade spread powders direction. Figure 8.32 shows
the analysed sit for the result presented in Table 8.8.

Fig. 8.32 Chemical composition gradient analysis - specimen location on the printing platform

Chemical composition gradient analysis

Cu % Fe% Cr % Ni %
Start site 63.55 29.00 6.49 0.97
End site 55.51 35 7.90 1.56

Table 8.8 Chemical composition X-direction gradient analysis

This first analysis could be a starting point of a more detailed study. By analysis the
results it is possible to observe that the Copper concentration is higher at the beginning
of the platform and about 10% lower at the meddle of the platform. Results according
with the hypothetical theory exposed at the beginning of the present Section.

EDS maps of results exposed in Table 8.8 are presented in Figure 8.34 (attention:
unfortunately the program has performed the analysis of same elements with different
colors, from one analysis site to the another one).
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Fig. 8.33 Chemical composition map analysis - Start location on traction specimen - XY direction

Fig. 8.34 Chemical composition map analysis - End location on traction specimen - XY direction
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8.5 Porosity analysis

The present study has been done on 3 random areas for the XY plane and 3 random areas
for the Z building direction plane. The analysis has been done respect to two different
magnification: 500 µm and 10 µm range. The porosity analysis shows a low porosity
level. Figure 8.35 and Figure 8.36 are used to obtain results presented in Table 8.9.

(a) Image A (b) Image A - Porosity highlighting

(c) Image B (d) Image B - Porosity highlighting

(e) Image C (f) Image C - Porosity highlighting

Fig. 8.35 XY plane porosity highlighting
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(a) Image A
(b) Image A - Porosity highlighting

(c) Image B
(d) Image B - Porosity highlighting

(e) Image C (f) Image C - Porosity highlighting

Fig. 8.36 Z plane porosity highlighting
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Diameter
Value Max µm Min µm

XY Plane

Image A
Averageµm 8,2 4,2
Max 2796,4 1467,0
% 99,6

Image B
Averageµm 7,11 4,22
Max 30,64 18,28
% 99.63

Image C
Averageµm 5,41 3,18
Max 26,85 15,85
% 99,42

Z Plane

Image A
Averageµm 0,6 0,2
Max 335,1 33,1
% 99,8

Image B
Averageµm 3,85 2,31
Max 88,46 53,11
% 99,53

Image C
Averageµm 11,63 7,01
Max 139,95 83,92
% 99,48

Table 8.9 Porosity analysis

8.6 Void distribution

A qualitative analysis of void (mainly lake of fusion porosity) distribution is presented
by the CT scan images in Figure 8.37 and Figure 8.38, for Z direction plane and XY
plane respectively.The specimen analysed was a cylindrical compression one (cyan blue
dots in Figure 5.15a).
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(a) Slice 289/1743 (b) Slice 892/1743

(c) Slice 137/1743 (d) Slice 1548/1743

Fig. 8.37 CT scan Z direction images
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(a) Slice 260/1348 (b) Slice 329/1348

(c) Slice 456/1348 (d) Slice 550/1348

(e) Slice 670/1348 (f) Slice 714/1348

(g) Slice 859/1348 (h) Slice 935/1348

Fig. 8.38 CT scan XY plane images
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The result presented shows that the void are randomly spread all around the compo-
nent respect to both, Z and XY plane. The test do not revealed particular denitrification
at the center rather than to the edges of the specimen. It is important to remake that,
while the porosity concentration is very low, synonymous of very good local process
parameters, the void concentration is very high: this is due to the high number of lake of
fusion. A process parameters optimization is recommended.



Chapter 9

Experimental Results: Thermal
Properties Tests

9.1 Thermal Conductivity - Hot Disk

The Hot Disk method has been employed in order to indirectly1 evaluate the Cu-174PH
thermal conductivity. Random disk have been cut from the thermal conductivity cylinder
specimens and from the cube specimens, both printed in Job 1. Both XY disk and
Z direction disk have been successfully tested (Figure 9.1). Note that the thermal
conductivity is tested respect to the normal direction of the section plane, therefore the
XY section plane gives back the Z direction conductivity and vice versa.

Fig. 9.1 Thermal Conductivity specimens location - Job 1

9.1.1 Z direction thermal conductivity

The first Z direction 10 test set up had a slight high probing depth because of the sine-like
residual curve shape (one maximum and one minimum, Figure 9.2d). However the
residual sine-like curve could also be generated by a slight (mK) sample temperature

1This test is not a direct measure of the specific heat capacity of a material: there is a post processing
and a calibration procedure
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instability during the tests: this behaviour could be explained by the presence of random
porosity that could not allow a perfect symmetrical thermal wave propagation. Another
possible explanation could be the bi-metal matrix of the tested new material.

(a) Temperature drift (b) Transient measure

(c) Calculated fitting curve (d) Residual

Fig. 9.2 Z direction thermal conductivity test - 4.5 mm Probing Depth - 10 tests

Z Direction Thermal Conductivity - 4.5 mm Probing Depth

Test
Number

Starting
Temperature

[C]

Total
Temperature

Increase
[K]

Probing
Depth
[mm]

Heating
Power
[mW]

Measurement
Time

[s]

Thermal
Conductivity

[W/mK]

Average
Thermal

Conductivity
[W/mK]

DV.ST

1 23 3.92 4.56 736,65 1 31.4

31.41 0.09

2 23 3.81 4.57 736,65 1 31.42
3 23 3.87 4.56 736,65 1 31.49
4 23 3.84 4.55 736,65 1 31.34
5 23 3.90 4.56 736,65 1 31.38
6 23 3.92 4.56 736,65 1 31.32
7 23 3.94 4.56 736,65 1 31.55
8 23 3.84 4.57 736,65 1 31.58
9 23 3.86 4.57 736,65 1 31.36

10 23 3.88 4.55 736,65 1 31.33

Table 9.1 Z direction thermal conductivity results - 4.5 mm Probing Depth

In order to have a better residual respect to the one presented in Figure 9.2d, the
probing depth has been lowed to 4.0 mm. A different samples has been tested 10 times.
The results is a better theoretically fitting curve. However, the reality shows that no
remarkable difference between 4.5 and 4.0 mm probing depth.
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(a) Temperature drift

(b) Transient measure

(c) Calculated fitting curve

(d) Residual

Fig. 9.3 Z direction thermal conductivity test - 4.0 mm Probing Depth - 10 tests

Z Direction Thermal Conductivity

Test
Number

Starting
Temperature

[C]

Total
Temperature

Increase
[K]

Probing
Depth
[mm]

Heating
Power
[mW]

Measurement
Time

[s]

Thermal
Conductivity

[W/mK]

Average
Thermal

Conductivity
[W/mK]

DV.ST

1 23 3.81 4.04 736,65 1 32.86

32.66 0.21

2 23 3.78 4.05 736,65 1 32.88
3 23 3.80 4.02 736,65 1 32.65
4 23 3.79 4.02 736,65 1 32.62
5 23 3.81 4.03 736,65 1 32.64
6 23 3.83 4.00 736,65 1 32.19
7 23 3.83 4.02 736,65 1 32.67
8 23 3.84 4.04 736,65 1 32.88
9 23 3.85 4.05 736,65 1 32.80

10 23 3.84 4.01 736,65 1 32.43

Table 9.2 Z direction thermal conductivity results - 4.0 mm Probing Depth
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9.1.2 XY direction thermal conductivity

Same procedure has been employed in order to test the XY direction thermal conductivity.
Because of the specimen bigger surface and depth a higher probing depth has been used
(5 mm). Because of the very high repeatability (low standard deviation) of all Z direction
10 test (for both, 4.0 mm and 4.5 mm probing depth), just 6 tests have been done for the
XY direction characterization.

(a) Temperature drift

(b) Transient measure

(c) Calculated fitting curve

(d) Residual

Fig. 9.4 XY direction thermal conductivity test - 5.0 mm Probing Depth - 1 test out of 6
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XY Direction Thermal Conductivity

Test
Number

Strating
Temeprature

[C]

Total
Temperature

Increase
[K]

Probing
Depth
[mm]

Heating
Power
[mW]

Measurement
Time

[s]

Thermal
Conductivity

[W/mK]

Average
Thermal

Conductivity
[W/mK]

DV.ST

1 23 5.03 4.99 736,65 1 31.35

31.45 0.17

2 23 5.16 5.01 736,65 1 31.66
3 23 5.09 4.98 736,65 1 31.23
4 23 5.17 5.00 736,65 1 31.33
5 23 5.13 5.00 736,65 1 31.57
6 23 5.16 5.00 736,65 1 31.60

Table 9.3 XY direction thermal conductivity results - 5 mm Probing Depth

9.1.3 Z direction thermal conductivity: 700° C heat treatment

The chemical composition of the copper matrix, evaluated in Section 8.4.3, has a
3.15 weight % of Iron inside (Table 8.7). A first-tray experimental heat treatment has
been performed to a Z direction thermal conductivity specimen in order to evaluate
the possibility of a relevant improving of thermal conductivity. Since no remarkable
difference of thermal conductivity between Z and XY directions have been found, only
Z direction thermal conductivity after the heat treatment has been tested.

The target temperature has been chose in order to have the minimum iron weight %
available inside the copper matrix, according with the Fe-Cu phase diagram reported in
Figure 8.4. A 16h 700° annealing heat treatment have been done. A slow cooling inside
the oven have been used.

The results presented in Table 9.4 shows that the thermal conductivity has an im-
provements of about 100%: from 32 W/mK to about 60 w/mK proving that the copper
has been detoxified by impurities. A better conductivity can be surely achieve after heat
treatment optimization via step-by-step EDS chemical analysis.

(a) Temperature drift (b) Transient measure

(c) Calculated fitting curve (d) Residual

Fig. 9.5 Z direction thermal conductivity Heat Treated test - 4.9 mm Probing Depth - 5 tests
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XY Direction Thermal Conductivity

Test
Number

Starting
Temperature

[C]

Total
Temperature

Increase
[K]

Probing
Depth
[mm]

Heating
Power
[mW]

Measurement
Time

[s]

Thermal
Conductivity

[W/mK]

Average
Thermal

Conductivity
[W/mK]

DV.ST

1 23 4.68 4.86 736,65 1 57.24

57.52 0.79

2 23 4.57 4.85 736,65 1 56.78
3 23 4.68 4.85 736,65 1 56.99
4 23 4.65 4.87 736,65 1 57.13
5 23 4.64 4.91 736,65 1 58.19
6 23 4.69 4.94 736,65 1 58.80

Table 9.4 Z direction thermal conductivity Heat Treated results - 4.9 mm Probing Depth

9.1.4 Thermal conductivity comparison

A brief resume of thermal conductivity for the new Cu-174PH tested material is presented
in Table 9.5. Respect to available common and SM processed materials in rocker engine
industry, must of the time the measured Cu-174PH thermal conductivity lower. However
the mechanical properties much higher than common alloys.

Cu-174PH Thermal Conductivity
Thermal Conductivity

[W/mK]
DV.ST % increment

XY direction 31.45 0.17 reference
Z Direction 32.66 0.21 + 3.8
Z Direction
Heat Treated

57.52 0.79 + 82.89

Table 9.5 Cu-174PH Thermal Conductivity

Respect to the historical NASA common processed materials (Figure 9.6) the Cu-
174PH thermal conductivity is a qualitative average 10%. After the heat treatment is can
almost reach the 17%.
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Fig. 9.6 Cu-174PH Thermal Conductivity comparison with LRE historical NASA materials, data
from [23]

The average situation slightly improves when Cu-174PH composite is compared
with the new NASA’s AM SLM alloys: in particular Cu-174PH thermal conductivity is
a qualitative 12% of the average new NASA’s alloys. It is interesting to highlight that
the AM SLM process of the NASA’s new copper alloys lower the thermal conductivity
respect to the same alloy processed with common manufacturing processes (SLM alloys
have a thermal conductivity which is an average 70% of the same alloy processed with
standard processes).

Fig. 9.7 Cu-174PH Thermal Conductivity comparison with modern LRE AM NASA materials,
data from [24]

Finally a comparison with a common C18150 copper alloy is presented in Figure
9.8.
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Fig. 9.8 Cu-174PH Thermal Conductivity comparison with AM C18150 copper alloy, data from
[25]

9.2 Specific Heat Capacity - DSC

The DSC (Differential Scanning Calorimetry) method has been employed in order to
indirectly2 evaluate the Cu-174PH specific heat capacity. Simple preparation has been
presented in Section 6.3.1. The test shows successfully result for the temperature range
from -40°[C] to 350° [C].

By applying the isothermal step temperature ramping (Figure 6.15) the specific heat
capacity have been calculated. Result from test post processing of Cu-174PH, pure
copper and pure iron materials is presented in Figure 9.9.

Fig. 9.9 Cu-174PH Specific Heat Capacity vs Temperature

2This test is not a direct measure of the specific heat capacity of a material: there is a post processing
and a calibration procedure
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Two different correction have been used: the standard ASTM E1269 method and the
NIST Temperature-correction method.

The standard method consist on evaluating the variation of the effective heat power(specimen
heat power minus the black heat power), ∆Q, during the isothermal 1 min step and di-
viding it by the heating rate (10 C/min = 0.16 K/s). In order to obtain the specific heat
capacity the result is divided by the specimen’s weight. Figure 9.10 shows a schematic
representation of the process. By repeating the same process for every isothemal curve
is is possible to obtain the specific heat capacity vs temperature curve. However this
first result have to be corrected by a calibrated constant, as ASTM E1269 prose.

Fig. 9.10 Delta heat power evaluation example

The calibrated correction has been calculated from a calibration procedure from the
iron tested sample. The NIST method propose a different calibration related to a more
complex polynomial fitting correction.

9.2.1 Specific Heat Capacity comparison

Respect to the historical NASA common processed materials (Figure 9.11) the Cu-
174PH specific heat capacity have no particular qualitative difference .
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Fig. 9.11 Cu-174PH specific heat capacity comparison with LRE historical NASA materials,
data from [23]

The comparison with a common C18150 copper alloy is presented in Figure 9.12. It
is possible to see that the trend of the Cu-174PH is the same of the C18150 copper alloy:
a temperature raising is followed by a specific heat capacity increase.

Fig. 9.12 Cu-174PH specific heat capacity comparison with AM C18150 copper alloy, data from
[25]

9.3 Coefficient of Linear Thermal Dilatation - TMA

The TMA (Thermomechanical Analysis) method has been employed in order to directly3

evaluate the Cu-174PH coefficient of linear thermal dilatation.

The result of the TMA test is the linear displacement vs temperature presented in
Figure 9.13.

3This test is a direct measure of the coefficient of linear thermal dilatation of a material: there are not
particular calibration procedures
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Fig. 9.13 Linear displacement vs temperature test results

Using the simple ∆L = α L0 ∆T relation the α coefficient of linear thermal dilatation
is calculated for every temperature increment and reported in Figure 9.14. There is no
remarkable time dependent behavior, as expected.

The manual post process gives back a coefficient lower than the one automatic post
processed (with a specific machine proprietary correction) by the machine software.
This slight difference could be due to the particular matrix of the material, which is
bi-metallic, and to the Additive Manufacturing process (porosity, defects, lakes of fusion,
ecc).

Fig. 9.14 Cu-174PH Coefficient of Linear Thermal Dilatation vs Temperature

The final result and a basic cooperation with some common LRE thrust chamber
materials is presented in Table 9.6.

Coefficient of Linear Thermal Dilatation
Value

Value DV.ST
Cu-174PH average
(Machine post processing)

12.92 2.38

Cu-174PH average
(Manual post processing)

8.95 2.66

General Copper 17
General Iron 12
AMZIRC Copper alloy - NASA 17.2
NARloy-Z Copper alloy - NASA 17.2
OFHC Copper - NASA 17.2
EF Copper - NASA 17.2

Table 9.6 Cooperation of different materials coefficient of linear thermal dilatation



Chapter 10

Experimental Results: Mechanical
Properties Tests

10.1 Hardness and Micro-hardness

Hardness test has been used in order to characterize two different Cu-174Ph properties,
one technological and the other one mechanical: i) with a good repeatability of the test
it is possible to state that the powder mixing process (POWMIX) allows a homogeneous
Cu and 17-4PH distribution on the printing platform; ii) the test allows to have an
extrinsic material property, hardness, which is the resistance presented by a material
respect to plastic deformation due to the penetration of an indenter tool; iii) by analysis
the result from Z plane and XY plane it is possible to evaluate the anisotropy of the
mechanical properties of the composite material; iv) by a proper observation of the
indentation shape it is possible to evaluate the compression/tension residual stresses
after the AM SLM process.

Two different random cube specimen have been tested for hardness characterization
(procedure described in Section 6.4.1). For every specimen’s surface analysed 10 test
have been performed in a random order all around a centred 15mm X 15 mm square
inside the 20 x 20 mm specimen’s surface. The average value and the relative standard
deviation will be presented.

In order to evaluate the interior1 mechanical behavior free from surface roughness
effect, both XY and Z planes of both, A and B samples, have been polished. Result from
polishing employed for the micro-hardness tests is presented in Figure 10.1. For the
hardness test a less time-expensive polishing has been performed.

1Read Section 6.4.1
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(a) Specimen A roughness (b) Specimen B roughness

Fig. 10.1 Roughness analysis

10.1.1 Indentation Size Effect Evaluation

A preliminary hardness test results are plotted in Figure 10.2 for different applied loads,
run on the A specimen on two different surfaces, parallel and perpendicular to deposition
direction. In the same plot the data scattering, i.e. standard deviation, is reported. Every
different load has been tested 4 times respect to both, Z and XY planes. The average
of 4 tests is reported with the standard deviation. It can be observed that increasing the
load no particular decreases of the scattering is performed. HV20 has been identified
as the optimal method for hardness properties mainly because of the lowest standard
deviation respect to the other tested load.

Fig. 10.2 Indentation Size Effect Evaluation - Cu-174PH

The result shows that no relevant Indentation Size Effects are reported. If by raising
the load the hardness do not rise then it follows that the elastic behavior is not relevant
for the hardness calculation: the Cu-174PH material (as the present work will show) has
a low elasticity, close to pure copper. On the other hand, more fragile materials, such
as Inconel718 (which has an elasticity 2-3 times the copper one), for lower loads the
elastic springback is definitely more relevant and therefore an ISE is presented. This
aforementioned theory has been directly proved by a parallel work, performed by the
same team of the present study, on AM SLM Inconel718 (Appendix E). A particular
ISE of Inconels718 is presented in Figure 10.3.
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Fig. 10.3 Indentation Size Effect Evaluation - Inconel718

The Inconel718 experimental results presented reveal that specimens exhibit a strong
non asymptotic Indentation Size Effect (ISE). For hardness test, this phenomenon was
not expected because the elastic deformation is negligible respect to the plastic one.
However, the specimens’ majority shows an ISE effect. In particular it is possible to
identify, for lower loads, an ISE and, for higher loads, a Reverse Indentation Size Effect
(RISE). On the other hand, for general micro and nano-hardness testing, the ISE effect
is present and often it is a dominant aspect of the study [107–109]. This particular non
asymptotic Indentation Size Effect (combination between ISE and RISE) it is probably
due to the particular arrangement and movement of dislocation in materials produced by
SLM Additive Manufacturing processes.

10.1.2 HV20 hardness results

The result of indentation test respect to specimen A is presented in Figure 10.4 (full
results in Appendix F). The random sequence of the repeated indentations is attached
within the results. The test repeatability, and a low standard deviation, prove that the
powder has been homogeneously spread around the platform: no relevant difference
from 1 to 10 position of the test have been reported. The most important result is the
very low difference between XY and Z plane values. The Cu174PH composite behaves
more like a isotopic material, rather then the classic Additive Manufacturing SLM
anisotropic material behavior (mechanical properties of AM SLM Inconel178 have a
strongly dependence from the printing direction, AppendixE).
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(a) Specimen A hardness

(b) Specimen A hardness XY footprint (c) Specimen A hardness Z footprint

Fig. 10.4 HV20 Hardness Tests - Specimen A

No particular difference from specimen B respect to specimen B have been reported
(full results in AppendixF).
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(a) Specimen B hardness

(b) Specimen B hardness XY footprint (c) Specimen B hardness Z footprint

Fig. 10.5 HV20 Hardness Tests - Specimen B

The indentation shape of plane XY is very similar to the one respect to the Z plane
(Figure 10.6). It is possible to state that, since footprints does not shows diagonal
deformations, the compression/tension residual stresses after the AM SLM process
are not predominant. A clear analysis of Copper indentation morphology of Vickers
indentation has been presented by P. Zhang et al. [57]. By the aforementioned work is is
possible to understand that the indentation morphology of the Cu174PH is not the classic
’sink-in’ one but more close to the ’pile-up’ profile. An example of residual stress, and
thus hardness test diagonal deformation, is presented in the Inconel718 parallel work in
AppendixE.
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(a) Specimen A hardness XY footprint magnifi-
cation

(b) Specimen A hardness Z footprint magnifica-
tion

Fig. 10.6 HV20 Hardness Tests - footprint magnifications.

A brief resume is presented in Table10.1.

HV20 hardness results

Value DV.ST

A specimen
XY plane 175.06 1.52
Z plane 153.64 7.87

B specimen
XY plane 163.58 3.42
Z plane 152.34 5.42

Average
XY plane 169.32 //
Z plane 152.99 //

Table 10.1 HV20 Hardness Tests

10.1.3 HV0.2 micro-hardness results

Micro-hardness have been tested with a HV0.2. The value have been chose in such a
way that a 100 scale factor is present respect to the HV20 (full results in AppendixF).
No particular differences from HV20 result except for the slight Indentation Size Effect
and for a higher standard deviation due to the intrinsic micro-hardness footprint diagonal
evaluation.
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Fig. 10.7 Specimen A micro-hardness

Fig. 10.8 Specimen B micro-hardness

A brief resume is presented in Table10.9.

(a) Specimen A micro-hardness XY footprint
magnification

(b) Specimen A micro-hardness Z footprint
magnification

Fig. 10.9 HV0.2 Micro-hardness Tests - footprint magnifications.NOTE: Images are not in
proportion to real scale
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HV0.2 micro-hardness results

Value DV.ST

A specimen
XY plane 189.03 5.34
Z plane 181.98 11.8

B specimen
XY plane 179.34 8.09
Z plane 175.25 13.22

Average
XY plane 184.18 //
Z plane 178.61 //

Table 10.2 HV0.2 Micro-hardness Tests

10.1.4 Yield strength-Hardness relation

Both the yield strength and tensile strength of classic processed steel material exhibited
a linear correlation with the hardness. Empirical relationships are provided that enable
the estimation of strength from a bulk hardness measurement [110–112, 93].

There are different available model on the literature for material processed with
common methodologies. In particular, E.J. Pavlina et al.[110] propose a model where
hardness values as well as yield and tensile strength values were compiled for over 150
nonaustenitic steels.

Yeld Strengh =−90.7+2.876∗HV (10.1)

S. Chenna Krishna et al.[112] analysed several different copper alloys and developed a
very accurate model for tree different hardness steps: High, Medium and Low.

Yeld Strengh = 2.594∗HV (10.2)

M. Tiryakioğlu at al. [111] propose successfully tested relation for Al 7010 alloys.

Yeld Strengh = 0.383∗HV −182.3 (10.3)

On the other side, for Additive Manufacturing processes, not relevant and consistent
study have been done on this subject. One of the available complete works is the one
proposed by Jayme S. Keist et al.[93] on Titanium alloys.

Yeld Strengh =
HV (MPa)

3.34
−56 (10.4)

All the aforementioned models has been used in order to evaluate the most accurate Yield
strength of the Cu174PH composite (Table 10.3). In future sections, after mechanical
tensile tests, a more accurate estimation of the results will be possible.
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Table 10.3 Hardness/Micro-hardness VS Sigma estimation
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10.2 Tensile Traction

Because of very high cost of both, copper and 17-4PH, powders and because of the
uncertainty about the success of the new material (the present work is a preliminary
study which mean goal is to understand if this new alloy is suitable for LRE thrust
chamber applications), the choice of processing only XY tensile test specimens has been
taken into account. The traction specimens are the longest one and therefore would have
been the most expensive to print. Therefore all tensile specimen have been printed only
respect to the XY direction (Figure 5.4).

However it is important to remake that, as already shown in Figures 6.1 and 6.2,
the most important mechanical load of a LRE thrust chamber generates tensile and
compressive stresses in the direction of the test, i.e. the XY direction (more precisely,
the most important tensions are the circumferential tensions, normal to the direction of
printing, thus the one on the XY plane).

Since the specimens is printed in the XY plane of the reference printing platform
system (Figure 10.25a) the traction test has been performed respect to the ’fiber main
orientation direction’. The micrography in Figure 10.25a represent the microstructure
orientation of the tensile test specimen.

Fig. 10.10 Traction tensile test direction

Room temperature and high temperature tests have been repeated two times each.

10.2.1 Poisson Ration

Room temperature tensile tests have been tested with a bi-axial extensometer, therefore
the Poisson’s ration is available. The result are presented in Figure 10.11.
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The first test shows a correct stabilization of the Poisson’s ratio before the inelastic
behavior. The second test, instead, shows a very small stabilised gap just before the
yield strength. In addiction, respect to pure copper (0.34-0.38, from [113]) and common
steel (0.3-0.32, from [113]), the Poisson’s ratio of Cu174PH is higher than the expected
one.

This two particular behaviors are strictly related to the Additive Manufacturing
process. Since the Poisson’s ration can be defined as the measure of the Poisson effect,
the deformation (expansion or contraction) of a material in directions perpendicular
to the specific direction of loading, the presence of a high number of porosities and
lake of fusion drastically modify the behavior of the the material. Porosity generates
random vacuum areas inside the material matrix, thus: i) the material is able to reduce
his traversal section more than a classic processed material, therefore is shows a higher
Poisson’s ratio; ii) the random coalescence and union of porosity do not allows the
material to exhibit a constant reduction of area, thus the Poisson’s ratio, respect to the
linear stretch, is not constant. Concerning the Poisson’s ratio of AM material, there is
little experimental evidence in the literature. However a established trend demonstrate
that the Poisson’s ration in higher the bulk material [114].

(a) Test 1

(b) Test 2

Fig. 10.11 Poisson Ration - Room Temperature

A higher reduction of the traversal section, respect to bulk materials, could be
thinking about a more necking effect. However the experimental evidences of the
traction tests do not shows necking (Section 10.2.2). This mean that the union of a
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high Poisson’s ratio and a very low elongation do not show an evident reduction of the
section.

Table 10.4 shows the experimental results of Poisson’s ratio evaluation during
traction test 1 and 2 a t room temperature.

poisson’s Ration Cu174PH (Room T.)

Value Average
Test 1 0.4

0.425
Test 2 0.45

Table 10.4 Poisson’s Ration Cu174PH (Room T.)

Another relevant consideration is that the Poisson’s ratio, in Additive Manufacturing
processes, is highly linked to the printing direction of the specimens [114]. Therefore
a future investigation of traction tensile properties respect to the Z building direction
should by performed.

10.2.2 Young Module

Porosity leads to a non-perfect linear behaviour in the rigid section. Because of this
the Young Modules at different temperatures have been calculated in different range of
stress (Table 10.5). The general trend shows that the more the temperature rise the lower
the Young Modules are. A previous work of copper alloys, from Wnlong et al. [115],
shows a similar non-perfect-linear rigid behavior.

Young Module - Cu174PH

E [GPa] E [GPa] E overall [GPa]
Stress Range
[MPa]

20
40

50
100

100
200

200
300

50
200

100
300

50
200

100
300

Room
1 137 119 128

131.5
2 143 126 135

150°C
1 116 78 97

107.5
2 129 104 118

350°C
1 109 84 95

93
2 115 81 91

550°C
1 84

83
2 82

650°C 1 33
Table 10.5 Young Modules VS Temperature - Cu174PH

Figure 10.12 is an example of the non-perfect linearity of the rigid section. Full
Young Module results and calculation methodology is provided in Appendix G.
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Fig. 10.12 Young Module non-linearity - Traction test 150°C n.1

10.2.3 Tensile Traction test

Traction tensile engineering tests at different temperatures are presented in Figure
10.13 and the relative properties resume in Table 10.6. No strain rate affect have been
investigated, all traction tensile tests have been performed with a 2mm/min velocity.

The tests logic was to apply a raising 200°C temperature step, but after the results of
the 550°C a 100°C increment has been applied. By analysing the result at 650°C the
material behavior seems to be inelastic and therefore the limit for rigid behavior of the
Cu174PH composite has been target an achievable temperature of maximum 550°C.

Fig. 10.13 Traction tensile test - engineering % deformation
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Tensile Properties

σs

[MPa]
σr

[MPa]
σmax

[MPa]
Elongation %

min max average overall

Room
1 415 426 420

428
517 524 11.6

2 430 442 436 524 529 9.7

150°C
1 356 381 368.5

369.7
421 436 7.35

2 366 376 371 416 433 7

350°C
1 267 278 272.5

269.5
300 312 4.24

2 263 270 266.5 293 303 4.35

550°C
1 163 163

169
157 177 2.44

2 175 175 176 191 2.09
650°C 1 79 79 79 17 91 4.75

Table 10.6 Tensile Properties VS Temperature - Cu174PH

The overall repeatability of tensile tests at different temperatures is very good. No
necking effects have been observed. Indeed the traction slope is almost positive for the
entire test. This is probably mainly due to the in-homogeneity of the material. In the
literature there is a common results form additive manufacturing Copper alloys necking
behavior and no evident necking is present [116, 115, 24, 28, 117]. However is in
important to remark that Copper alloys, especially the most recent SLM AM GRCop-42
and GRCop-84 from NASA [24, 117], after heat treatment shows an evident necking
behavior. On the other side, pure copper alloys, processed via AM, shows a quite
common evident necking [118].

The Cu174PH composite shows a high reliance from temperature. Respect to a
common copper alloy, because of the low elongation to feature of the tensile tests, is
is possible to state that the Cu174PH is a fragile composite, however a more detailed
surface fracture analysis shows a 45° fracture. Therefore the fracture mechanism is
an hybrid between a ductile behavior and a fragile one (in-depth study of the fracture
surface will be presented in Section 13.1).

An overall tensile properties VS temperature chart is proposed in Figure 10.14.
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Fig. 10.14 Engineering Traction properties VS Temperature

10.2.4 Ramberg Osgood Model

The real stress - real strength post processed traction test is presented in Figure 10.15.

Fig. 10.15 Traction tensile test - real % deformation

Ramberg and Osgood proposed one of the most common model in order to model a
correct plasticity behavior. The model has been successfully applied to the Cu174PH
composite with excellent results (Figure 10.16, real strain-real deformation curve VS
R.O. model, 350°C, test n.1). The entire R.O. results are collected in Appendix H.

The relevant aspect of the aforementioned outcomes is that the R.O. models can
be applied also for this particular metal composite material. However the model has
some difficulty representing the curve at very high temperatures (650°C), when the
material becomes visco-plastic. In particular there is a slight underestimation of the
plastic behavior after the yield strength (Appendix H).
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Fig. 10.16 Ramberg - Osgood model - Test 1 T350

The R.O. model parameter for the Cu174PH composite are reported in table 10.7.

Ramberg - Osgood relationship - Cu174PH

K n
Value Average Value Average

Room
1 707.95

715.35
0.102

0.099
2 722.76 0.097

150°C
1 575.44

568.89
0.082

0.078
2 562.34 0.074

350°C
1 389.05

384.615
0.057

0.057
2 380.18 0.057

550°C
1 199.53

206.66
0.031

0.028
2 213.79 0.025

650°C 1 120.23 120.23 0.073 0.073
Table 10.7 Ramberg Osgood Parameters - Cu174PH

10.2.5 Comparison with competitors

A comparison with historical NASA common processed LRE thrust chambers copper-
based materials is presented in this section and, when available, also more recent copper
alloys, such GRCop NASA family, are presented.
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Fig. 10.17 NASA historical [23] and modern [24] Copper alloy VS Cu174PH - yield strength
(respect to temperature)

By analysing Figure 10.17 the new composite material under study has a better yield
strength almost for all the temperature range related to the LRE application, except
for the Amzirc alloy which after the physical limit of 200°C behaves better than the
Cu174PH.

Fig. 10.18 NASA historical Copper alloy [23] VS Cu174PH - Young Module (respect to temper-
ature)

On the other side, the Young Module seems to be lower that the competitive NASA
materials (Figure 10.18). In addiction to this common copper alloys shows a better
overall rigidity in terms of temperature stability. In particular the slope of the rigidity
VS temperature curve is significantly less aggressive respect to the one of the Cu174PH.
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Fig. 10.19 NASA modern Copper alloy [24] VS Cu174PH - Elongation to fracture (respect to
temperature)

The low elongation to fracture of the Cu174PH composite is a clear demonstration
the fragile behavior of the material. This is in contrast with the Young Module results.
The fragile behavior could by target to the complex conpenetrated bi-metallic matrix of
the material: dislocations could have great difficulty in navigating between islands of the
two different materials (Figure 10.20). The edges of islands and the dotted-matrix areas
(Section 8.2.1) behave exactly like a stop-movement firewall (in addiction to porosity,
lake of fusion and layers stratification).

Fig. 10.20 Hypothetical dislocation block mechanism

An interesting comparison with room temperature elongation to fracture of AM
NASA copper alloys in presented in Table 10.8. NASA AM SLM alloys are in according
with the elongation presented of the Cu174PH. However after HIP heat treatment
properties of SLM NASA alloys are completely different to the as-building one, with
particular reference to the elongation to fracture [24, 28].
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NASA AM Copper alloy VS Cu174PH (Room T.)

Sigma_s
[MPa]

Elongation %

AM GRCop-84 Vertical 391 15.4
AM GRCop-84 horizontal 471 16.6
AM GRCop-42 general 290 14
Cu174PH 428 10

Table 10.8 NASA AM Copper alloy VS Cu174PH (Room T.), from [28] and [24]

Unfortunately the Cu174PH behaviour at cryogenics temperature is not steel avail-
able. In general also AM materials shows a more fragile behavior when tensile test are
performed at very low temperature [47].

In general Cu174PH composite shows a drastically decrease of tensile properties
when temperature rise: important mechanisms are activated inside the material matrix
as the temperatures increase.

10.2.6 Z direction estimated tensile properties

Additive Manufacturing processes are characterised by a strong and remarkable anisotropy
[25], [35]. To fully exploit the design potential of metal AM, particularly for load-bearing
structural components, a complete understanding of the anisotropic and heterogeneous
microstructure (successfully provided in Section 8.2) and mechanical characteristics that
frequently exist within metal AM parts is required. Unfortunately the Z tensile test are
not available for the Cu174PH.

In general it is possible to link hardness properties to the tensile one, as proved
in Section 10.1.4. Before choosing the more accurate model for estimate the tensile
properties respect to the Z building direction from hardness Z plane tests of Cu174PH,
a particular consideration is presented. Since NASA’s AM GRCop-84 does not shows
difference in hardness between horizontal and vertical specimens [28] and since the
alloy has a similar hardness behavior of the Cu174PH under study, is is possible to
state that because of low hardness difference between Z and XY plane on the Cu174PH
(approximately 15 Vickers points of difference which is about the 10%, Table 10.1) the
tensile Z and XY direction properties of this composite should not behave differently. On
the other hand As-build AM SLM GRCop-84 has a vertical yield Strength of 391 [MPa]
and a 471 [MPa] transversal one [28]: this proves that a AM copper alloy, also if does
not shows difference in horizontal and vertical hardness, has a remarkable difference in
the yield strength. In addiction to this, the aforementioned NASA’s materials are copper
alloys and not composite, therefore Cu174PH could present a strong anisotropy.

After this brief hypothetical warning presented foreword, the models that best feet for
our composite material is the on presented by Pavlina et al. [110] using micro hardness
(and not hardness) value. The choice has been done because of the high reliability of the
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hardness-yield strength relation for the tensile tested XY direction. Table 10.9 shows the
estimated Z tensile properties of the Cu174PH composite material at room temperature.

Estimated Cu174PH Z direction tensile properties (Room T.)

σs

[MPa]
σs

offset
σr

[MPa]
σr

offset
Cu174PH XY direction 428 // 540 //
Estimated Cu174PH XY direction 423 1.4% 567 5%
Estimated Cu174PH Z direction 439 not available 587 not available

Table 10.9 Estimated Cu174PH Z direction tensile properties

Is very important to remark that the XY hardness tests are related to the Z direction
traction tensile properties, and the ZX or ZY hardness tests are related to the X or
Y tensile properties. Thus the estimated Z direction traction properties have been
evaluated via the XY hardness test. Figure 10.21 shows a schematic representation of
the indentation plane and the indentation axe: it is the axe hardness penetration direction
which is linked to the tensile properties, and not the indentation plane.
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Fig. 10.21 Hardness-Tensile direction relation

Results presented in Table 10.9, according to the hardness results, shows a higher Z
overall estimated traction properties respect to the XY direction tested one. This is due
to the fact that since the XY hardness tests (thus with a Z penetration axe) has higher
hardness value the Z traction tensile properties are better than the XY direction one.

This result is in contrast with common Additive Manufacturing materials. This
is probably due to the fact that for common non-composite Additive Manufacturing
materials the keyhole melting pool is correctly achieved and therefore the indentation
process respect to the ZX or ZY plane, and thus respect to the Y or X axe, have more
difficulties to footprint the material. In the Cu1174PH, on the other side, the melting
pool seems not to be achieved and therefore the indentation process has less problems to
be performed respect to the X or Y direction (ZY or ZY planes).

The Inconel718 parallel work, presented in Appendix E, proves that in common AM
alloys the XY plane present a lower hardness value and it is related to the Z direction
tensile properties. Figure 10.22 shows the XY and the ZX/ZY hardness of the Inconel
718 Design of Experiment work: it is possible to proof, by compare the hardness results
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with the traction tensile results (Figure 10.23), the aforementioned common Additive
Manufacturing behavior.

Fig. 10.22 Color scale-based hardness representation for as-build Inconels 718 specimens: a) x-y
plane; b) x-z or y-z plane

Fig. 10.23 As-build traction tensile tests - Inconel 718

10.3 Compression

Compression tests, because of the maximum specimens high of 20mm, have been
performed for both, Z and XY direction. In addiction the Z direction compression
module of elasticity has been characterized also at 150°C and 240°C (No XY results are
available).

10.3.1 Compression Young Module

The elastic section of the engendering stress - engendering deformation compression
curve do not shows a perfect linearity (Figure 10.24). A similar behavior was already
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presented for the tensile Young Module, but with a lower relevance respect to the
compression one.

Fig. 10.24 Pre-yield elastic region

Due to this slight non-linearity the Young Module has been calculated as an average
of the different linear slopes (same method employed for the traction tests). Different
Additive Manufactured alloys shows a similar behavior. In particular Ponnusamy et al.
tested a SLM 17-4 PH stainless steel under compressive loading and a qualitative similar
non-linear slope was found [119]. Fashanu et al. evaluated the effect of SLM build
parameters on the compressive properties of a 304L stainless steel and the pre-yield
region of the stress-strain curve was not linear [120]. Also CuCrZr copper alloys, as
tested by Yuchao et al. [40], shows the same particular behavior during compression
tests.

(a) Compression Young Module - Test 1 XY
direction

(b) Compression Young Module - Test 1 Z di-
rection

Fig. 10.25 Compression Young Module

The stress-strain curve’s pre-yield region of a bulk material is frequently linear.
Additive Manufacturing materials, on the other hand, are heterogeneous, complicated,
and anisotropic materials that does not act like completely elastic materials. As a result,
it has been demonstrated to exhibit non-linear behavior, notably in the lower portion of
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the pre-yield elastic area of the stress-strain curve, which is likely owing to abnormalities
in the specimen. In particular this first portion is the region where ’less material’ is able
to sustain the load because of porosity. The non linear behavior of this first section is
probably due to the non-identical size of void and to the random arrangement inside the
material matrix.

The compressive Young Module is much lower then the traction one. This is, one
more time, due to the non homogeneity of the matrix: porosity are one more time
governing the physical material’s behavior.

Compression test at 150°C and 250°C provide an interesting quasi non-dependence
of the compression Young Module from temperature (Figure 10.26). This is another
relevant difference respect to the traction tests, where the material elasticity from room
temperature to 150°C was decreased of qualitative 30%.

(a) Compression Young Module - Test Z direc-
tion 150°C

(b) Compression Young Module - Test Z direc-
tion 240°C

Fig. 10.26 Compression Young Module at high temperature

Young Module result are presented in table 10.10. All calculation procedure can be
found in Appendix I.

Compression Young Module

E [GPa] E [GPa] E overall [GPa]

Stress Range
[MPa]

100

200

200

300

300

400

100

400

100

300

100

400

Room XY direction
1 39 37 28 35

36.5
2 42 35 38

Room Z direction
1 23 22 18 21

21
2 21 22 18 21

150°C Z direction 19
240°C Z direction 20

Table 10.10 Compression Young Module

XY and Z direction Young Module are different. From hardness test this behavior
was not expected. However a difference between Young Module for Z and XY direction



10.3 Compression 183

has been found also in other recent works [120]: it seams to be a common results in
Additive Manufacturing.

10.3.2 Compression test

The compression tests have been repeated two times for both, Z and XY direction
at room temperature. Figure 10.27 present the full engineering stress - engendering
deformation % curve. A good repeatability of results is achieved.

Fig. 10.27 Compression Tests

After yielding, non-uniform plastic deformation was observed in test 1 Z direction
sample at high strains. This non-uniform local plastic deformation starts at ε = 25% and
is seems to be fully recovered at ε = 40%.

The most relevant result concern the elongation to fracture. Z and XY direction
provide a very high anisotropy. Common AM Z direction specimens have lower traction
tensile properties and elongation to fracture. Results from compression test prove an
opposite behavior for this material in compression mode respect to the traction one: Z
direction specimens show very high elongation to fracture respect to the XY direction
one. In addiction XY direction specimens have a higher compressive Young Module,
thus this result agrees with the compression elongation to fracture: the more the material
is fragile (high compressive Young Module) the less the elongation to fracture is.

A hypothetical first explication of the high anisotropy behavior of the Cu174PH
composite is the layer arrangement. Unlike the traction test, during compression the
XY specimens suffers from layer detachment. The phenomenon is presented in Figure
10.28a: during compression the material is prone to barrel-shaped deformation and
therefore the layers connections are not strong enough to sustain the same load that the
material is able to do in the XY direction (Figure 10.28).
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(a) XY compression behavior
(b) Z compression behavior

Fig. 10.28 Schematic compression behavior

Table 10.11 present a brief resume of the compression properties at room temperature.
The best orientation, because of the higher elongation to fracture and therefore the best
plastic behavior, is the Z building direction.

Compression Properties - Room Temperature

σs

[MPa]
σr

[MPa]
Elongation %

min max average overall

XY direction
1 420 460 440

447.5
616 6.2

2 440 470 455 646 10.4

Z direction
1 420 470 445

445
868 46.8

2 420 470 445 860 44
Table 10.11 Compression Properties - Room Temperature

10.3.3 Lattice structure Compression test

The Z direction printed 0.3 mm and 0.5 mm lattice structure have been successfully
tested at room temperature. The 0.3 mm lattice shows a clear instability under load
(Figure 10.29a), the 0.5 mm one a more misaligned one (Figure 10.29b).
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(a) Z compression behavior (b) XY compression behavior

Fig. 10.29 Lattice Compression Test fractures

The overall behavior during the compression tests is presented in Figure 10.30.

Fig. 10.30 Lattice Compression Tests - Room temperature



Chapter 11

Experimental Results: Low Cycle
Fatigue Tests

During the low cycle fatigue tests, at least 100 points were collected for each cycle in
order to describe its shape on the stress-strain plane correctly. All tests were carried out
until the specimen fractured (except for two room temperature low deformation tests).
The same temperature levels of the tensile tests have been preformed for each strain
amplitude used. All stain amplitude are centred cycles: the same amount of tensile
deformation has been applied for the compression deformation. Unfortunately only few
550°C tests have been repeated. Table 11.1 present a summary of all Low Cycle Fatigue
results.

LCF high temperature and room temperatures Tests

εeng.% Stress eng. [MPa]
Stress [MPa]
50% cycles

Re-testing

∆εeng.% Cycles to Fracture Max Min Max Min Max Min Delta Cycles to Fracture Difference

T_amb

0.5 >6000 0.25 -0.25 200 -131 184 -94 278
1.4 >6000 0.71 -0.70 346 -279 318 -269 588
2.0 4180 1.01 -1.00 422 -393 382 -384 767
2.8 635 1.41 -1.40 487 -470 460 -469 930
3.6 136 1.81 -1.80 530 -529 517 -520 1037

T_150
2.0 1447 1.01 -1.00 369 -335 338 -334 672
2.8 271 1.41 -1.40 418 -403 394 -392 787
3.6 63 1.80 -1.80 446 -440 429 -413 842

T_350
2.0 795 1.00 -1.00 287 -350 280 -283 564
2.8 33 1.41 -1.40 352 -342 339 -338 677
3.6 14 1.80 -1.79 362 -364 354 -350 704

T_550

1.0 1539 0.50 -0.50 162 -164 160 -156 316
1.4 546 0.70 -0.70 183 -187 178 -184 362 430 21.24%
2.0 144 1.00 -1.00 203 -210 200 -207 407
2.8 39 1.40 -1.40 250 -255 247 -252 499 30 23.07%
3.6 12 1.81 -1.80 232 -229 231 -228 459

Table 11.1 LCF high temperature and room temperatures Tests

The effect of a main amplitude does not have been investigated. In addiction, also
th effect of the strain rate does not have been studied. This last one is not trivial and
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negligible as demonstrated by NASA’s studies for bulk copper alloys [27]. The effect of
strain rate on the low-cycle fatigue behavior of the Narloy-z alloy at 538°C was studied
using strain rates of 4 x 10-4 , 1 x 10-2 and 5.2 x 10-2 Hz. A comparison of these data
indicates a definite increase in the fatigue life as the strain rate is increased.

11.1 LCF Results: Room temperature

Cu174PH composite hysteresis loops at room temperature are presented in this section
together with the plots of the highest and minimum peak stress for each cycle acquired
until stabilization to better understand the material’s cyclic hardening or softening
behavior during the transient phase. The room temperature tests have been performed
also for lower ∆ε range respect to the high temperature experiments. This is due to
the fact that the strain range has been increased step by step because of the unknown
material properties.

(a)

(b)

Fig. 11.1 LCF room temperature ∆ε = 0.5%

The first room temperature LCF test at ∆ε = 0.5 shows a strong general hardening
behavior. The max-min stress chart in Figure 11.1b shows a rising maximum stress and
minimum respect to time (cycle number) increasing. The non perfect linear shape of the
curve, for both maximum and minimum plots, is probably due to the non homogeneity
of the interior material structure.

The presence of voids create a clear up and down curve shape. In particular when
the local slop is positive the material is hardening (the stress in increasing) and therefore
the rigidity of material is higher than the starting one (the more the material is stiff the
more the behavior is hardening): this is probably due to the local voids coalescence and
union. The more the voids collapse or combine the less available resistant area there is
and therefore the materials try to reply with an hardening behavior.
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Fig. 11.2 Local hill phenomenon

On the other hand when the local slop is negative the material is softening (the stress
in decreasing) and therefore the rigidity of material is getting lower than the previous
maximum of the hills. This is the a growing voids phase. Porosity are stretching on
the axial traction direction without combine each other: the local resistant area do not
change and therefore for the same required deformation the material is able to better
strain with less stress. After the local softening phase is is possible to observe a little flat
curve.

However, after few cycle, voids (different shape, dimension and location) start a new
coalescence: this phenomenon is repetitive and the experimental evidence of cycling
local softening and hardening can be observed.

This particular hypothetical phenomenon can be observed only for low deformation.
This could be due to the fact that, probably, there is a characteristically time for activate
the phenomenon. By observing the following higher strain and higher temperature LCF
tests this phenomenon does not show up, therefore there is a threshold limit for the
combination of strain and the temperature over which it is not possible to observe this
phenomenon.

(a)

(b)

Fig. 11.3 LCF room temperature ∆ε = 1.4%
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(a)
(b)

Fig. 11.4 LCF room temperature ∆ε = 2.0%

(a)

(b)

Fig. 11.5 LCF room temperature ∆ε = 2.8%

(a)

(b)

Fig. 11.6 LCF room temperature ∆ε = 3.6%

All other tests at room temperature, above the ∆ε = 0.5 strain one, shows a general
softening behavior without a specific local hill phenomenon. An starting predominant
softening can be notice for every room temperature test. However after an average
of 1000 cycles the more the strain is high the less the softening is dominant, after the
aforementioned starting phase. It can be observed that in the middle of the tests the
maximum/minimum stress shows a flat behavior. Finally close to the fracture ultimate a
second relevant softening behavior shows up. The more the strain is high the more this
three steps softening-flat-softening phenomenon is remarkable.
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11.2 LCF Results: 150°C

Cu174PH composite hysteresis loops at a temperature of 150°C are presented in this
section together with the plots of the highest and minimum peak stress for each cycle ac-
quired until stabilization to better understand the material’s cyclic hardening or softening
behavior during the transient phase.

The more relevant difference respect to the room temperature test, except for the
bigger area inside the hysteresis loop due to the higher energy of deformation acquired
from the material, is the non-symmetrical softening behaviour: the traction phase seems
to softening more that the compression one. This behavior was slightly showed up also
in the room temperature tests, but it was not so relevant. Also for this set of LCF tests it
can be observed that in the middle of the tests the maximum/minimum stress shows a
flat behavior.

(a)

(b)

Fig. 11.7 LCF 150°C ∆ε = 2.0%

(a)

(b)

Fig. 11.8 LCF 150°C ∆ε = 2.8%
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(a)

(b)

Fig. 11.9 LCF 150°C ∆ε = 3.6%

11.3 LCF Results: 350°C

Cu174PH composite hysteresis loops at a temperature of 350°C are presented in this
section together with the plots of the highest and minimum peak stress for each cycle ac-
quired until stabilization to better understand the material’s cyclic hardening or softening
behavior during the transient phase.

(a)

(b)

Fig. 11.10 LCF 350°C ∆ε = 2.0%

The maximum/minimum of the LCF 550°C test at ∆ε = 2.0 (Figure 11.10b) shows
two particularity: i) a starting hardening behavior is present for several cycles (about 20
cycles); this attitude has already been observed in LCF Narloy-z NASA’s bulk copper
alloy [27]; ii) a double evident breakdown can be observed; The first stress failure is
came up slightly after the 300th cycle and the second one around the 600th cycle (Figure
11.11).
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Fig. 11.11 Double stress breakdown

(a)

(b)

Fig. 11.12 LCF 350°C ∆ε = 2.8%

(a)

(b)

Fig. 11.13 LCF 350°C ∆ε = 3.6%

Also the overall LCF test at 350° are governed by a general softening behavior but,
in contrast with the experimental evidences of room temperature and 150°C LCF tests,
in the middle of the the maximum/minimum stress chart no flat behavior is observed.
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The temperature raising is starting to governing the matrix behavior and to have more
influence with respect to the phenomenon of elongation and coalescence of voids.

11.4 LCF Results: 550°C

Cu174PH composite hysteresis loops at a temperature of 550°C are presented in this
section together with the plots of the highest and minimum peak stress for each cycle ac-
quired until stabilization to better understand the material’s cyclic hardening or softening
behavior during the transient phase. LRE thrust chamber can easily achieve temperature
between 750-850 K, therefore this set is the most relevant one.

By analysing all 550°C tests is clearly visible that the behavior is completely dif-
ferent respect to the lower temperature tests: the material shows an hardening attitude
after a starting very little softening activity. Only the ∆ε = 2.0 LCF test a flat max-
imum/minimum stress behavior can be observed. The cyclic deformation behaviour
and the fatigue life of metallic materials depend critically on the stability of the mi-
crostructure during cyclic loading and on the cyclic slip mode both of which in turn,
and depending on temperature and testing mode, govern the cyclic hardening/softening
and the mode of fatigue crack initiation and propagation [121]: in this case the new
Cu174PH composite material manifests an evident temperature change on the microstruc-
ture which leads to an hardening behavior instead of the softening one observed at lower
temperatures. A more detailed investigation should be performed in future.

(a)
(b)

Fig. 11.14 LCF 550°C ∆ε = 1.0%

Figure 11.15 shows a particular random1 tensile and compression stress breakdown.
In particular there is a local failure of the composite matrix which is probably caused by
an instantaneous crack propagation which increases cycle after cycle. When the growing
voids phase end the material starts hardening until the final fracture starts.

1The phenomenon could shows up for a different range of ∆ε
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Fig. 11.15 Stress breakdown phenomenon

(a)
(b)

Fig. 11.16 LCF 550°C ∆ε = 1.4%

The ∆ε = 1.4% and the ∆ε = 2.0% LCF Cu174PH 550°C tests shows a common
result from LCF test of historical NASA’s copper alloys: a cusp at the compression
minimum stress NASA studies from Esposito et al. [23], according with conwaynarloy et
al. [27], on LCF 538°C ∆ε = 3.5% Narloy-z copper alloy tests show that the formation
of cusp indicate the presence of a crack (Figure 11.17). The same behavior can be
observed at a similar temperature (550°C) and a different strain amplitude (∆ε = 1.4%)
also for the Cu174PH meaning that the fracture mechanism of this complex metal-matrix-
composite does not seems to be so different from common copper alloys (Figure 11.18).
This observation must be viewed as only tentative, however, until this phenomenon can
be studied in more detail.
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Fig. 11.17 NASA Narloy-z copper alloy LCF R-24-17 test at 538°C - Cusp behavior after N
cycle

For this type of cycling the presence of a crack leads to the formation of a cusp near
the compression tip of the hysteresis loop. While the cusp is well-developed in this
illustration, the very first indication of a point of inflection in the compression portion
of the hysteresis loop can be assumed to represent the crack initiation point at the first
cusp-behave cycle, which is the 539th out of 546. Therefore the point occurs just slightly
before end-life over the entire strain range regime employed in this test.

Fig. 11.18 Cu174PH ∆ε = 1.4% LCF test at 538°C - Cusp behavior after the 539th cycle out of
546 total cycle to failure

On the other hand NASA [27, 23] noted the cusp formation was in the hysteresis
loops in the region close to half-life for all the testing except those in which the strain
rates were greater than 0.2 Hz. In these higher strain rate tests the cusp formation
appeared much later than half-life. Since the LCF Cu174PH LCF tests have been
performed at 0.5 Hz, and since the cusp shows up slightly before end-life, this results is
according to the NASA tests at a strain rate higher than 0.2 Hz [27], even though the
strain total amplitude at which the cusp shows up in different for Cu174PH respect to
the NASA’s Narloy-Z copper alloy.



196 Experimental Results: Low Cycle Fatigue Tests

(a) (b)

Fig. 11.19 LCF 550°C ∆ε = 2.0%

The ∆ε = 1.4% and the ∆ε = 2.0% shows a remarkable final traction stress non-
symmetric breakdown behavior. The way the voids affect the traction stresses seems
predominant on the same effect respect to the compression stresses.

(a)
(b)

Fig. 11.20 LCF 550°C ∆ε = 2.8%

(a)
(b)

Fig. 11.21 LCF 550°C ∆ε = 3.6%
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11.5 LCF Results: Deformation VS Temperature Analy-
sis

A comparison of multiple stabilised (50% cycles to fracture) cycles for 3 different strain
amplitudes is provide in Figure 11.22,11.23, 11.24, for ∆ε = 2.0%, ∆ε = 2.8% and
∆ε = 3.6%, respectively.

Fig. 11.22 LCF ∆ε = 2.0% vs temperatures

The ∆ε = 2.0% tests shows a remarkable difference between curves below the 550°C
temperature and the one at 550°C. Therefore it is possible to state that the capability of
the material to dissipate energy do not change drastically until the 550°C for a ∆ε = 2.0%
amplitude.

Fig. 11.23 LCF ∆ε = 2.8% vs temperatures
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On the other hand, when a ∆ε = 2.8% is applied, the temperature seems to less affect
the hysteresis curve shape. However at 550°C there still is a slightly breakdown and a
overall bigger hysteresis curve.

Fig. 11.24 LCF ∆ε = 3.6% vs temperatures

The higher ∆ε = 3.6% strain amplitude demonstrates, instead, that for very high
strains the temperature does not affects the mechanical behavior of the Cu174PH as
was appending for lower amplitudes. In this particular case it is possible to state that
the mechanical load is predominant respect to the temperature effects on the material’s
matrix.

11.6 LCF Results: Cyclic Curve

The cyclic behaviour of the material subjected to increasing strain cycles can be rep-
resented by a cyclic curve which relates the amplitude of the total real strain cycle to
the real stress variation for stabilised hysteresis cycles. The construction of the curve is
based on the envelope of the vertices of the stabilised hysteresis cycles at various strain
levels.

The cyclic curve can be expressed in the same way as the monotonic tensile curve was
expressed using the Ramberg-Osgod model (Appendix H). The only difference respect
to the monotonic model is the exponent and coefficient of hardening are computed in
order to fit the experimental cycling curve. Figure 11.25 shows the different cycling
curves for temperature from room to 550°C.
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(a) Room temperature (b) 150°C

(c) 350°C (d) 550°C

Fig. 11.25 LCF Cyclic Curve

The R.-O. has been employed for the cycling curve models and the results are
presented in Figure 11.26. It is possible to observe that the model has a very high
accuracy and it seems to be able to well replicate the experimental real results. Therefore
it is possible to state that the model can replicate the behaviour of an AM SLM bi-metallic
composite material with excellent results.

Fig. 11.26 R.-O. Cyclic Curve
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Table 11.2 present the exponent and the coefficient of cycling hardening at different
temperatures (Appendix J).

Ramberg - Osgood Cycling curve relationship

K’ n’
Room 4265.79 0.48
150°C 2187.76 0.37
350°C 1737.8 0.37
550°C 1122.01 0.35

Table 11.2 Ramberg - Osgood Cycling curve relationship

The monotone curve is always located above the cyclic curve (Figure 11.27). This
is a common result for softening materials. Therefore an evidence of the softening
attitude of the Cu174PH is successfully presented, according with the NASA’s softening
copper alloys for LRE applications [23]. However the 550°C test shows slight hardening
behavior, probably due to a microstructure modification.

The different attitude observed between quasi-static traction tensile R.-O. model and
the Low Cycle Fatigue Cyclic curve R.-O- models is due to the fact that the traction
test is an elastic-plastic behavior and the cycling curve is an elastic-visco-plastic model
because of the time dependent mechanism.

Fig. 11.27 Cyclic Curves and Tensile Traction Curves

11.7 LCF Results: Coffin Manson Model

The following chart shows the amplitude range vs cycle to fracture of the Cu174PH
composite at different temperatures. It is possible to observe (Figure 11.28b) that at low
temperatures such as room and 150°C no remarkable differences respect to the slope of
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the curves are qualitatively visible. There is a qualitative linear proportion between room
temperature and 150°C tests: for a given strain amplitude life increases or decreases by
a quasi-constant amount (Table 11.1 for numerical tabular results).

On the other side, at higher temperature, such as 350°C and 550°C the material’s
behavior change: for 350°C Cu174PH shows a lower life at high strain ampitudes ad a
higher life at lower amplitudes, respect to the 550°C.

(a)

(b)

Fig. 11.28 LCF life

A brief comparison with common historical and modern bulk NASA’s copper alloys
at different temperatures is presented in Figure11.29.
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Fig. 11.29 Cu174PH and historical NASA’s copper alloys life comparison, NASA’s data from
[26], [24] and [27].

Unixial damage models purposefully designed to process experimental data from
test campaigns on standard specimens can be used to estimate the low cycle fatigue life
of materials. The goal is to discover a number of fatigue parameters for the material.
Furthermore, the calibration of uniaxial damage models is the foundation for applying
multiaxial damage criteria, which allows complicated component fatigue life to be
predicted [122]. The plastic strain component has been thoroughly explored by two
independent pioneering research on low cycle fatigue of ductile metals [122] carried
out by Manson and Coffin in 1954. As a result, the Coffin-Manson model, which is
an empirical model based on the strain-partitioning technique, has been successfully
employed for the Cu174PH LCF unixial life.

The model shows that the fatigue life, in terms of number of cycles to fracture Nf,
can be connected to the plastic strain range ∆εp% by a simple exponential relationship,
similar to the one already proposed by Basquin for High Cycle Fatigue, presented as
follows:

∆ε

2
= ε

′
f Nc

f (11.1)

where, the fatigue ductility coefficient ε
′
f and the exponent c are material parameters.

Table 11.3 shows the parameter of the model (full calculations in Appendix K). A
log-log chart representation of the model vs reality is presented in Figure 11.30.
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Coffin-Manson equation Parameters

ε
′
f c

Room 8.31 -0.173
150°C 7.76 -0.188
350°C 4.78 -0.130
550°C 6.76 -0.240

Table 11.3 Coffin-Manson equation Parameters

Fig. 11.30 Cu174PH Coffin Manson Model vs Experiments results

11.8 Ratcheting tests result

The damage phenomena of ratcheting and fatigue due to cyclic loading may occur
simultaneously in the low cycle fatigue regime. There is a strong interaction and a
separation of the damage processes is impossible. Furthermore, each phenomenon
alone is characterised by different aspects. The accumulation of plastic strains is one
phenomenon of cyclic plasticity failure of LRE thrust chambers. The gas hot wall side
of LRE thrust chamber shows ratcheting strain cycle after cycle and the interaction
with fatigue phenomenon is still today under study, especially at high temperature.
Experimental evidence [5] has shown that, as the cycles accumulate, the inner wall
exhibits progressive incremental thinning and bulging during the heating and cooling
cycles associated with each firing: up to failure [5]. Consequently, channel wall thinning
is the dominating factor in defining the reusable life of regeneratively cooled thrust
chambers and a first characterization of the Cu174PH behavior is provided.

The following result are just a simple ratcheting characterization in order to under-
stand if the ratcheting strain is linear, as for common bulk materials, or not. Table 11.4
shows a brief result presentation. Note that the ∆σ260MPa test and the ∆σ330MPa test
have been stopped at 1500 cycle and at 350 cycle, respectively because of ratcheting
strain stabilization.
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Ratcheting test - 550°C

∆σeng. 260 330 400
Cycles to Fracture test stopped at 1500 test stopped at 350 120

0% Cycle εeng.%
Max 0.42 0.63 0.90
Min -0.44 -0.54 -0.76

25% Cycle εeng.%
Max 0.35 0.89 1.28
Min -0.44 -0.29 -0.53

50% Cycle εeng.%
Max 0.29 0.93 1.80
Min -0.46 -0.20 -0.115

75% Cycle εeng.%
Max 0.24 0.90 2.31
Min -0.49 -0.18 0.32

100% Cycle εeng.%
Max 0.22 0.85 3.37
Min -0.50 -0.21 0.99

Table 11.4 Ratcheting test - 550°C

The ratcheting test preformed at the lowest stress amplitude of 230 Mpa do not
shows ratcheting.

Fig. 11.31 Ratcheting tests - 550°C 130 MPa

The ratcheting test preformed at the stress amplitude of 330 Mpa shows a first
ratcheting behavior. However after about 170 cycle an hardening attitude seem to govern
one more time the phenomenon.
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Fig. 11.32 Ratcheting tests - 550°C 160 MPa

The ratcheting test preformed at the stress amplitude of 400 Mpa shows a fully
developed ratcheting behavior. A remarkable experimental evidence is the non-linearity
of the ratcheting strain (Figure 11.34).

Fig. 11.33 Ratcheting tests - 550°C 200 MPa
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Fig. 11.34 Cu174PH ratcheting analysis
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Experimental Results: Creep Tests

Creep tests have been performed respect to two different temperatures, 300°C and 500°C.
Unfortunately, because of the high processing costs only 3 specimens have been creep
tested. In addiction all tests have been stopped after 100 h because of the need to use the
machine for other research projects (and therefore the tertiary creep phenomenon can
not be observed).

Cu174PH is a new innovative material and therefore the creep behavior was com-
pletely unknown: the main objective of the 300°C test was to have a first trial test
in order to better understand the mechanical visco-plastic attitude of the under study
composite. The 300°C test have been performed with a stress load which allowed the
material to exhibit at least a plastic deformation. Therefore, by analysing the traction
tensile test, a stress of 270 MPa, at 300°C, have been chosen in order to target a 0.5 %
total strain and therefore to be sure that the plastic domain was achieved.

On the other hand, the 500°C, have been performed because of the more close
temperature condition of a common LRE thrust chamber. The same logic was applied
in order to achieve a 0.5 % total strain, thus a 170 MPa stress has been applied. The
second 500°C test have been performed with the purpose of providing a strain rate for
a different stress load at the same temperature, and therefore obtaining a strain rate vs
stress trend profile.

12.1 Creep tests

Result from creep test shows a remarkable primary creep and a low rate secondary creep,
as expected for a low elongation to fracture material, such as the under study Cu174PH.
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Fig. 12.1 Cu174PH Creep tests results

A logarithmic representation is provided in Figure 12.2. The secondary creep is
clearly distinguishable from the primary phenomenon. The logarithmic time representa-
tion allows to observe the general behavior of the Cu174PH respect to an instantaneous
load: by monitoring the creep typology transition point it is possible to observe that there
is a no direct starting point for the secondary creep. After evident primary non-linear
creep a hump is present and then a slight creep relaxation phenomenon comes up, thus
the strain decreases with time. After this first decline phase and the local flat stabilization,
the secondary creep phenomenon starts.

This particular hump-behavior is evident at 500°C independently from the load range
and it seems to be negligible for the lower 300°C temperature.

Fig. 12.2 Cu174PH Creep tests results in a Log-Log representation

The strain rate ε̇ has been evaluated with a linear regression respect to the more
linear as possible largest time range. In particular all tree creep tests strain rates have
been calculated in the range between 50000 [s] and 300000 [s], corresponding to a total
70 [h] range.
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Fig. 12.3 Cu174PH Creep Strain rate

The chart presented in Figure 12.4 shows the time-stress vs strain rate behavior of
the Cu174PH composite, the modern bulk GRCop-84 and GRCop-42 NASA’s copper
alloys [24]. It is possible to observe that the Cu174PH has a very low creep strain rate
dependence respect to stress. This is due to the mail fragile behavior of the composite.

Fig. 12.4 Cu174PH and modern bulk NASA’s copper alloys Creep strain rates VS stress and
temperature dependence

12.1.1 Breakdown Limit Effect

The Low cycle Fatigue tests have proved that after a precise amount of time the Cu174PH
composite shows a local hill phenomenon (Section 11.1 and Section 11.3). During creep
tests is is possible to observe a very similar behavior, thus there is an other addiction
experimental evidence of the aforementioned hypothesis about the relation between the
material matrix and porosities.

In particular, in Figure 12.5 it is possible to observe two main material breakdowns
in both, 500°C@117MPa and 300°C@270MPa tests, thus the phenomenon do not
seems to be highly dependent on stress and temperature loads. This phenomenon occurs
approximately at the same time for all tree tests. The same behavior can be observed
also in the 500°C@170MPa creep test.
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Fig. 12.5 Cu174PH Breakdown phenomenon

A proof that the phenomenon is not due to an experimental control problem is
provide by the load vs time development in Figure 12.6. The load is constant and there
were no particular problems during all the test time. By analysing a more detailed
magnification (Figure 12.7) of a generic creep test load (300°C@270MPa) is is possible
to see a local micro instability: this is normal and is due to the PID controller. However
the local micro variation of respect to the load are not able to produce a strain breakdown
magnitude as the one observed during creep tests.

Fig. 12.6 Cu174PH Creep 300°C@270MPa and 500°C@117MPa tests loads



12.2 Creep Model 211

Fig. 12.7 Cu174PH Creep tests loads magnification

Another remarkable fact that has been revealed by the observation of all creep test
is that the multiple strain breakdown phenomenon requires a precise activation time
(Figure 12.8). Therefore before a qualitative amount of 2 hours there are no noticeable
strain breakdowns. This ’breakdown limit’ do not seems to be load of temperature highly
dependent. The exactly same ’limit’ behavior was found during the LCF tests, where
before a certain number of LCF cycles no ’hill local phenomenon’ was observed.

Fig. 12.8 Cu174PH Breakdown Limit

This particular creep experimental evidence, observed for a second time (first time
during LCF test), can be an additional proof of the remarkable problems caused by
porosity in Additive Manufacturing processes.

12.2 Creep Model

The common creep power law [123] represents a preliminary model for represent the
temperature and stress dependence of secondary creep rate which are described by,
respectively, Arrhenius’s and Norton’s laws. In the present work the power low is used
as a first try model for the composite matrix Cu174PH material:
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• Arrhenius’s Law: As the strain rate, ε̇ , increases with increasing the temperature,
T, a straight line relationship can be obtained when plotting ln(ε̇) against 1/T, thus:

ε̇ ∝ exp(
−Qc

RT
) (12.1)

where Qc is the activation energy for creep and R is the gas constant;

Fig. 12.9 Arrhenius’s creep activation energy determination

• Norton’s Law: As the strain rate, ε̇ , increases with increasing the stress, σ ,
another straight linear relationship can be obtained when plotting ln(ε̇) against
ln(σ ):

ε̇ ∝ σ
n (12.2)

where n is the stress exponent;

Fig. 12.10 Norton’s creep exponent determination

Unfortunately there are not sufficient data available for the Arrhenius’s Law. On
the other hand, the Norton’s Low has been successfully implemented for the 500°C
secondary creep behavior by the determination of the Norton’s exponent in Figure
12.11. A more in-depth study should be performed also if LRE thrust chambers, because
of the low firing time (aprox. 200-300 s), do not shows a relevant creep behavior.
However, since strain during firing phase is relevant a visco-plastic creep model should
be implemented. The creep or not creep models implementation on a structural LRE
thrust chamber analysis is still today, for common alloys, under investigation.
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Fig. 12.11 Norton’s creep exponent

12.3 Creep (traction) Relaxation tests

A first creep relaxation test have been performed at 550°C with a 1.4 % strain. This test
will be important to better characterise the material visco-plastic behavior during numer-
ical calibration procedure. The test consist in applying a certain constant deformation
(end not a stress, as for the ’classic’ creep tests) and acquire the stress response of the
material during time.

Is is possible to observe that after amount 100 s from the starting allayed load, no
more strain can be observed.

Fig. 12.12 Cu174PH Creep Relaxation tests

After the first strain test other increasing strains have been applied in order to evaluate
the material response.
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Fig. 12.13 Cu174PH Creep Relaxation tests history



Chapter 13

Experimental Results: Fracture surface
analysis

13.1 Tensile traction tests

The traction tensile tests shows a fragile overall behavior due to the low elongation to
fracture, but on the other hand the surface fracture angle (respect to the axial loading
direction) seems to be close to a 45°C, thus a ductile fracture mechanism. This particular
and unexpected behaviour could be the result of the bi-metal matrix of this particular
composite. The angle of the fracture could by linked to the pure copper behavior and
the fragile elongation to fracture to the 174PH.

By analysis fractures at room temperature, 150°C and 350°C it is possible to observe
that a slight reduction of the central section (necking is visible). In addiction, this three
test temperature shows a 45° fracture. On the other hand the 550°C fracture appears
more horizontal and thus fragile.

(a) Room temperature (b) 150°C traction tensile test

Fig. 13.1 Optic images of the tensile traction fracture surfaces - part A
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(a) 350°C traction tensile test (b) 550°C traction tensile test

Fig. 13.2 Optic images of the tensile traction fracture surfaces - part B

The 550°C has a particular brittle behavior: a multi cracks - multi directions mecha-
nism can be clearly observed. In particular the traction specimen, after fracture, presents
several cracks all around the fracture area. This different multi cracks distribution, site
nucleation and propagation proof the fragile behavior of the material: a more ductile
material nuclears the crack in a specific site and than the instantaneous failure of cracks
allows the fracture of the material. In this case, even though the fracture is a 45° one,
there are multi crack and therefore the nucleation of the fracture is not focused in one
point. A multi nucleation mechanism can be clearly observed.

Fig. 13.3 Optic images of the tensile traction fracture surfaces - Top side of the 550°C traction
specimen

On the top side of the 550°C traction specimen there is a clear surface nucleation and
an in-body propagation of a 45° crack (Figure 13.3, red arrows = propagation direction,
blue arrows = traction test direction). On the other hand, by analysis the bottom site
of the same specimen, the proof of others multiple surface cracks is presented. The
propagation cracks, in this case, seems to be horizontal (Figure 13.4, red arrows =
propagation direction, blue arrows = traction test direction).
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Fig. 13.4 Optic images of the tensile traction fracture surfaces - Bottom side of the 550°C traction
specimen

13.1.1 Tensile test - Room temperature (SEM)

A more detailed SEM image allows to better understand the external surface nucleation
of the fracture and the in-body propagation. The central body of the fracture (blue
lines, Figure 13.5b) has a jagged surface which cloud be linked to a quicker fracture
propagation respect to the external body surface (red lines, Figure 13.5b). The bounding
surface, indeed, is smoother that the central one.

(a) (b)

Fig. 13.5 SEM image of the tensile traction crack propagation - Room temperature test

The room temperature fracture surface seems to have a porosity/lack of fusion growth
and a no coalescence of porosities (Figure 13.6a). This not-union behavior can be due
to stop action performed by the 174PH islands. When a porosity/lack of fusion tries
to open a crack path the less ductile and more resistant 174PH islands do not allows
movements.

In addiction, sometimes it is possible to observe entire spherical 174PH island almost
completely detached foam the copper matrix (Figure 13.6b). This is an example of
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behavior already presented in the micrography analyse Section. The laser density is able
to correctly melt Copper, which create the base matrix of the composite. On the other
hand not all the 174PH achieve a correct melting dynamic and therefore it is able to float
inside the copper ’see’. This phenomenon create a copper matrix with melted/unmelted
174PH islands.

(a) (b)

Fig. 13.6 SEM image of the tensile traction fracture surface - Room temperature test

It is possible to observe that there are two different fracture typologies: one is ductile
and is linked to the Copper matrix, the other one is fragile and is due to the detachment
of the interface between Copper and 174PH.

Fig. 13.7 SEM magnification of the tensile different material’s traction fracture - Room tempera-
ture test
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13.1.2 Tensile test - 150°C (SEM)

The SEM magnification of the tensile traction 150°C test fracture surface (Figure 13.27)
shows that a relevant amount of porosity expanded but do not join together until fracture.
The surface nucleation and smooth propagation of the cracks is not clear as for the room
temperature specimens (the elongation to fracture is starting to getting lower).

(a) (b)

Fig. 13.8 SEM image of the tensile traction fracture surface - 150°C test

Fig. 13.9 SEM magnification of the tensile traction fracture surface - 150°C test

Via a more detailed image, presented in Figure 13.9 the surface can be better observed
and the presence of four different mechanism can be better detected:
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• Dimples fracture: A dimple fracture morphology corresponding to the areas in
where the pure copper amount is dominant (same mechanism observed at room
temperature);

Fig. 13.10 Copper vs 174PH fracture mechanism at 150°C

• Flat fracture: A more flat area where probably the 174PH detachment of the
interface surface is dominant (same mechanism observed at room temperature).
This area, however, is not an evident fragile fracture, as expected for the 174PH.
This particular behavior is due to the fact that the copper island are all around the
174PH one and therefore when the fracture starts proceed on its way around the
174PH island a small amount of copper remains attached to the 174PH island. A
more clear explanation will be presented in the following section;

• Porosity fracture: Around prosodies is is possible to observe a cusp shape. This
is a clear proof that porosities do not seem to grow during the fracture propagation.



13.1 Tensile traction tests 221

Fig. 13.11 Porosity fracture

• Circumnavigation fracture: A clear net line shape of fracture can be sometimes
observed. This is probably due to the fact that cracks can easier pass around
islands rather that through;

Fig. 13.12 Circumnavigation fracture



222 Experimental Results: Fracture surface analysis

13.1.3 Tensile test - 550°C (SEM)

Since the 350°C tensile test fracture does not has particular observation, the 550°C
is directly presented. The overall fracture surface do not seems to have any smooth
propagation of the cracks (Figure 13.13).

(a) (b)

Fig. 13.13 SEM image of the tensile traction fracture surface - 550°C test

The 550°C fracture surface proof that, also at very high temperature, the X (or Y)
traction direction is not able to expand porosities and lacks of fusion. Figure 13.14a do
not shows a growing behavior of the lack of fusion. This experimental evidence can
be observed for all lack of fusions. A tensile test performed respect to the Z building
direction will probably open lacks of fusion: however, since parasites are spherical, and
since proprieties does not seem to grow in the X or Y tensile traction test, there are no
reason why in the Z direction tensile test they should grow as should happen for lakes of
fusion. Another interesting aspect is the presence of very rare 174PH fractures. These
mechanisms have been observed only on the 550°C tensile fractures surfaces (Figure
13.14b).
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(a) No growing behavior of lack of fusion (b) Rare 174PH fractures

Fig. 13.14 SEM image of the tensile traction fracture surface - 550°C test

A clear Copper-174PH interface link has been successfully identified. By analysing
Figure 13.15 is is possible to understand that the copper matrix achieve a inter granular
fracture, while the 174PH do not seems to fracture.

(a) Broken copper-174PH interface

(b) Broken copper-174PH interface chemical
EDS map

Fig. 13.15 SEM image of the broken copper-174PH interface - 550°C test

Also at 550°C is is possible to observe particular areas, all around the fracture
surface, where spherical 174PH are completely detached from the copper matrix (Figure
13.16).
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Fig. 13.16 SEM image of the broken copper-174PH spherical interface - 550°C test

13.2 Low Cycle Fatigue tests

The general LCF fracture mechanism can by observed by a transverse section of a LCF
specimen presented in Figure 13.17. The fracture path circumnavigate the 174PH islands
and pass through the copper matrix. However the crack propagation seems to prefer to
taring to pass around the islands, rather than through the copper.

(a) (b)

(c) (d)

Fig. 13.17 LCF transverse magnification of the fracture surface - general room temperature test
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Fig. 13.18 LCF circumnavigation fracture

A magnification of the trans-copper can be related to the dimples fracture already
presented for the tensile test (Figure 13.19). On the other hand, also the more planar
fracture, related tho the circumnavigation the entire 174PH islands, has been successfully
identified on the Low Cycle Fatigue fracture (Figure 13.20). This experimental evidences
shows that no relevant differences between the tensile traction fracture and the Low
Cycle Fatigue one.

Fig. 13.19 Trans-copper general Low Cycle Fatigue fracture

Fig. 13.20 174PH circumnavigation general Low Cycle Fatigue fracture
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13.2.1 Room temperature fracture surfaces

The LCF surface shows two different areas of fracture. The first one is the tilted area
of the fracture surface which is the place where the fracture progress from the external
surface to the inside of the material. The other areas is the central one which is the place
where the resistant material is no more able to sustain the deformation and therefore an
instantaneous fracture mechanism, similar to the tensile test one, shows up.

As already observed for the tensile test fracture, also the fatigue fracture shows an
angle close to the 45°C, thus the fracture seems to be ductile.

(a) (b)

Fig. 13.21 LCF ∆ε = 1.0% room temperature test fracture surface

(a) (b)

Fig. 13.22 LCF ∆ε = 1.0% room temperature test fracture surface

The SEM analysis (Figure 13.23) do not shows a classic evident crack nucleation
side and propagation direction.
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(a) (b)

Fig. 13.23 SEM LCF ∆ε = 1.0% room temperature test fracture surface

No remarkable difference have been observed with a larger ∆ε%.

(a) (b)

Fig. 13.24 LCF ∆ε = 1.8% room temperature test fracture surface

(a) (b)

Fig. 13.25 LCF ∆ε = 1.8% room temperature test fracture surface

The SEM analysis (Figure 13.26) shows a more clear crack nucleation site (external
surface) but steel no propagation direction have been observed.
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(a) (b)

Fig. 13.26 SEM LCF ∆ε = 1.8% room temperature test fracture surface

13.2.2 150°C fracture surfaces

The high temperature analysis have not been performed because of the local arc spot
welding phenomenon which happen during the fracture: the INSTRON ETMT II
machine achieves high temperature thanks to the Joule effect. Since the current control
did not work well the current was not stopped when the fracture occurred and therefore
the fracture surfer of every LCF tests at high temperature has been locally welded.

(a)

(b)

Fig. 13.27 LCF ∆ε = 1.4% 150°C test fracture surface

However a qualitative shape analysis of the ∆ε = 1.4% has been performed. The
angle of the fracture and the mechanism does not seems to be different from the one at
room temperate presented above. The surface has a central flat area and a lateral sloping
area of about 30° (Figure 13.28).
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Fig. 13.28 LCF ∆ε = 1.4% 150°C test angle of fracture surface
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Conclusion

The present work has been developed in order to understand the a new innovative, never
tested, Additive Manufacturing composite material was able to be used for future Liquid
Rocket Engine application. In addiction, the pre-mixing patented manufacturing process
by Sophia High Tech s.r.l. has been employed and tested for the second time (first time
was previous work on a composite made by Cu and Inconel718 powders).

The present work involved several public entities: Poltecnico di Torino (Italy), Italian
Space Agency (ASI), Université de Tours (France), Slovak University of Technology
(Slovakia) and Sophia High tech srl industry (Italy). Thanks to the effort of all different
teams the results achieved have been evaluated as scientifically relevant. Therefore three
papers are under writing.

The experimental campaign do not only achieve the room temperature mechanical
characterization, but also several high temperature static and dynamics tests. Further-
more, because the remarkable importance of the thermal behavior of the material respect
to the thrust chamber application, a thermal characterization (within a first-try heat
treatment) has been performed. The chemical composition have been analysed and
interesting microstructures have been discovered.

This project has required two different printing jobs in order to obtain the correct
shape and amount of specimens for the test activity. The starting Cu and 174PH stainless
steel have been mixed with the patented new Sophia High tech srl technology, the
POWMIX. In particular 54 specimens have been processed and a massive post machining
activity has been made: the Standard shape according to ISO/ASTM regulation has been
achieved for every mechanical/chemical or thermal test.

Results from all Technological tests shows a good capability to reproduce Liquid
Rocket Engine cooling channels with different geometries. No particular problems have
been identified. Both straight and curved junction have been successfully printed. All
tested angles respect to the z-direction (build direction) were able to be printed without
particular supports structures.

The contour parameters, responsible for the surface roughness, function of the
analyzed directions, have made an overall results typical of L-PBF products.
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The 65% Cu - 35% 174PH custom powder material shows a bi-metal-matrix-
composite microstructure. In particular the composite is copper based and therefore it is
possible to see that the main matrix is composed by copper. The 17-4PH is presented
such a island shape. The XY microstructure shows that the custom mixed powder is
homogeneously spread along both, X and Y direction: the powder mixing process is
able to achieve a very good powder distribution. The Z-direction microstructure shows
a non-key-hole melting pool phenomenon, therefore an more detailed optimization of
the energy density should be performed. No relevant gas parasites have been found,
evidence of an overall good melting temperature. On the other hand, several lake of
fusion have been identified.

The chemical composition analysis, via SEM EDS, highlight a lower weight %
of Chromium and Nickel, and a higher weight % of Copper inside the 17-4PH phase.
Therefore, after the melting process, more than one elements has migrated from 17-4PH
alloy to the pure copper.

Thanks to a more detailed analysis respect to the specimens location on the platform
a slight powder distribution problem has been identified. Because of the micro vibration
of the powder supplier electromechanical system, and because of the high powder
dimension difference between Copper and 174PH, an average 8% chemical composition
difference between the starting and the ending platform points have been found.

The overall thermal behavior of the composite have to be improved via a heat
treatment. Thermal conductivity does not show a relevant difference between XY and
Z direction. After a first-try heat treatment the thermal conductivity is able to double
the stating value. Specific heat capacity according whit general metal materials. On the
same side, the coefficient of linear thermal dilatation exhibits a slight fluctuation which
could be due to the particular matrix of the material, which is bi-metallic, and to the
Additive Manufacturing process (porosity, defects, lakes of fusion).

Experimental result from hardness demonstrate the quasi-isotropic behavior of the
composite. NO particular Indentation Size Effect have been found. Furthermore, since
footprints does not shows diagonal deformations, the compression/tension residual
stresses after the AM SLM process are not predominant. The high prove of the indenta-
tion test proves that the copper and 174PH powder have been correctly spread respect
to the platform. Mico-hardness tests presents similar results. An interesting hardness-
tensile properties has been employed in order to evaluate the Z-direction mechanical
properties (because of costs and time no Z-direction tensile test have been done).

The tensile properties present a very high tensile and compressive yield strength
but a very low elongation to fracture, especially at high temperatures. This is probably
due to the different materials indie the composite. An hypothetical dislocation block
mechanism has been presented. Ramberg and Osgood proposed one of the most common
model in order to model a correct plasticity behavior. The model has been successfully
applied to the Cu174PH composite with excellent results.

Low Cycle Fatigue (LCF) test at room and high temperatures have been successfully
performed. Results hows a general slight softening behavior, except for the 550°C
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tests, where a more hardening effect can be clearly observed. Furthermore, also a cusp
behavior has been found, similar to the one presented for the NASA’s copper alloys.
The material behavior respect to cycling fatigue seems to be governed by the amplitude
for room, 150°C and 350°C environments, and from temperature at 550°C: at high
temperature the influence of high strain amplitude is less important than the rising of
temperature it self. A particular and never-analysed stress breakdown time-activation
phenomenon has been identified and named as ’local hill phenomenon’. The cycling
curve model has been correctly employed in order to have an analytical model for cycling
at different temperature. Finally, Coffin-Manson damage models has been correctly
adopted for life prediction analysis. The overall LCF attitude of the under study material
can be classified as interesting respect to the new NASA’s alloys because of the better
life at middle strain amplitude at high temperatures. This results shows that the Cu17PH
composite can have an interesting and remarkable role in future Liquid Rocket Engine
applications, since the main failure mechanism is the Low Cycle Fatigue one.

Finally, creep tests have been performed at different temperatures and stress levels.
Also during the visco-plastic analysis the breakdown limit effect has been identified. The
experimental results prove a very low creep-rate of the Cu174PH, as expected because
of the complex material matrix. This is an additional positive behavior because of the
low capability to strain respe to time.

No particular differences between the Low Cycle Fatigue ans the traction tensile
fracture surface can be observed. Both fracture mechanisms seems to be rare mixed
ductile-fragile failure. Copper is responsible for the ductile fracture, 174PH for the
more fragile one. Porosities and lakes of fusion do not seem to grow during fracture.
Eave if a clear 45°C fracture might suggest that the fracture is ductile the immediately
separation of Copper from 174PH generates also micro horizontals fragile cracks. The
most relevant results is that the higher the temperature the more brittle the fractures are.
Therefore the fracture surfaces analyses prove the aforementioned general temperature
hardening behavior.

In conclusion, the present study is a firs thermo-mechanical characterization of the
new Cu174PH material, developed with Sophia High Tech s.r.l.. A process parameters
optimization should be performed ion order to achieve a better density and a specific
heat treatment have to be developed to increase the elongation to fracture and the thermal
conductivity. Unfortunately, due to Covid-19 emergency, several delays in supplies and
machine technical problems (example: the France Low Cycle Fatigue experimental
campaign was expected to be performed in 3 weeks, but since the machine does not
worked, the overall experience in CEROC laboratory have taken more than 1 month an
a half), the numerical implementation of the constitutive models and the subsequent
geometrical optimization do not have been performed. This last point can be a starting
point for a Ph.D. program.
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Appendix A

LCF specimen buckling instability
analysis

The minimum available section for the LCF specimens have been evaluated in order to
perform the LCF test also in compression mode. The Eulero’s low have been successfully
applied. The maximum calculated compression stress available for the LCF specimens is
962 MPa. Since the material maximum compression yield strength at room temperature
is above 962 MPa (it is about 700 MPa), no problems for buckling instability have been
found.

The LCF test is a constrained-constrained rod problem: the Eulero constant is
therefore K=0.5.

σcr =
Fcr

A
= 962MPa (A.1)

Fcr =
π2EI
kL0

(A.2)

I =
π

64
D0 (A.3)



Appendix B

Roughness test

A detailed overview of all roughness test result is presented in Figure B.1 and Figure
B.2.

Fig. B.1 Roughness tests results - part A

Fig. B.2 Roughness tests results - part b



Appendix C

Molten pool dynamics: AM SLM
Conduction and Keyhole mode

In conduction mode, the beam sends energy to the substrate’s top surface, then conduc-
tion from the surface provides heat to build a molten pool in the material, generating a
superficial and regular-shaped molten pool [104]. On the other side a deep and narrow
vaporized metal channel is created in keyhole mode. Following that, the laser’s energy
is absorbed by the keyhole’s wall and transferred to the metal[124].

A scheme of the molten pool dynamics for both the welding mechanisms is reported
in Figure C.1.

Fig. C.1 Different molten pool dynamics, from [22]

Conduction welding occurs when the laser power density is low, allowing the metal
to be heated with little or no evaporation. The upper surface of the metal absorbs the
majority of the laser energy in this case. Increasing the laser density up to critical values
that mainly depend on the processed material, the metal directly exposed to the center of
the laser beam can be vaporized, leading to the formation of a keyhole that will penetrate
deeply through the molten pool [124]. During L-PBF, gravity also plays a key role in
this mechanism. Due to the gaps between the unmelted powders, the melted powders
will flow down to fill the gap, and the molten pool’s upper surface will be lower than the
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top surface of the loose powders. Following that, under the influence of gravity, the new
molten particles will flow towards the initial molten zone. In general, The keyhole mode
can process a thicker powder layer than the conduction mode.

When the real powder layer thickness is greater than the printed one, the powders
at the bottom of the consolidated layer cannot be entirely melted, causing entrained
porosities. Due to the extra energy input, if the actual powder layer thickness is less than
the printable one, part of the substrate or the previously printed layer is re-melted. In the
conduction mode, the temperature distribution during multiple-track printing is more
uniform than in the keyhole mode, resulting in a more uniform microstructure. This
shows that adjusting laser parameters like as power, scanning speed, and hatch spacing
can aid in adjusting the temperature distribution in the molten pool and, as a result, the
production of a homogeneous and defect-free microstructure in AM products.

The vapour cavity is surrounded by molten material when the keyhole is formed, and
it is maintained through an equilibrium between opening forces arising from material
ablation and plasma formation, i.e. recoil pressure, and closing forces arising from the
surface tension and hydrostatic pressure of the molten pool. New material is gradually
melted at the leading edge of the molten pool as the beam scans the loose particles layer,
and it flows around the deep penetration cavity to the pool’s rear, where it solidifies.
The scan speed must be carefully managed to preserve this equilibrium; otherwise, high
speed causes the keyhole to collapse, while excessive low speed causes the weld bead to
droop.



Appendix D

Transient Plane Source technique (ISO
22007-2)

Based on the theory of the Transient Plane Source technique (recognized in ISO 22007-
2), the Hot Disk Thermal Constants Analyser utilises a sensor element in the shape
of a double spiral. This Hot Disk sensor acts both as a heat source for increasing the
temperature of the sample and as a ”resistance thermometer” for recording the time-
dependent temperature increase. In most cases the sensor element is made of a 10 µm
thick Nickel-metal double spiral, with precisely designed dimensions (regarding width,
number of windings and their radii). This spiral is supported by a material to protect its
particular shape, to give it mechanical strength and keep it electrically insulated. The
polyimide ”Kapton” is such a material, which can be used throughout the temperature
range from 10 K to 500 K.

The encapsulated Ni-spiral sensor is then sandwiched between two halves of the
sample (solids), or embedded in the sample (powders, liquids). During a pre-set time,
200 resistance recordings are taken, and from these the relation between temperature and
time is established. A few parameters, like the Heating power to increase the temperature
of the spiral, the Measurement time for recording 200 point and the size of the sensor
are used to optimise the settings for the experiment, so that thermal conductivities from
0.005 W/mK to 1800W/mK can be measured.
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Fig. D.1 Transient recording of the thermal transport properties of the material surrounding the
sensor.

Measurements on standard materials ranging from Polystyrene to Aluminium metal
show that the accuracy over the whole range of Thermal Conductivities is within +/- 5%
and the reproducibility is within +/- 2% [125]. There are many types of instruments
available today, based on different principles (listed below). To mention a few, the
Guarded Hot Plate, a steady state method, is very often used for highly insulating
materials. It is an ASTM-standard and gives quite accurate values. However, it takes
a long time toprepare and in most cases requires large samples. Another principle is
evinced in the Laser Flash methods, where a disc-shaped sample is irradiated on one
side for a short period with a laser pulse, creating a temperature increase in the sample.
The variable temperature is then measured on the other side by either a thermocouple
that is soldered to the sample surface, or recorded by an IR-sensor placed at a certain
distance from the sample. In both cases a temperature versus time relation is obtained,
and the thermal diffusivity is calculated. In order also to obtain the thermal conductivity,
however, it is necessary that one know the heat capacity of the sample from separate
measurements with other experimental techniques. For this method, although fast
enough during the measurement proper (a flash and response comes within seconds), the
painstaking sample preparation required (precise dimensions, soldering, black surfaces
etc.) makes the total time, effort and cost involved rather considerable. While generally
working well at high temperatures in different atmospheres, it can only be applied to
rather dense materials.

To theoretically describe how the Hot Disk behaves, the thermal conductivity equa-
tion has been solved assuming that the Hot Disk consists of a certain number of concen-
tric ring heat sources located in an infinitely large sample. If the Hot Disk is electrically
heated, the resistance increase as a function of time can be given as:

R(t) = R0 (1+α [∆Ti +∆Tave(τ)]) (D.1)

R0 is the resistance of the disk just before it is heated or at time t = 0, α is the Tem-
perature Coefficient of the Resistivity (TCR), ∆Ti is the constant temperature difference
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that develops almost momentarily over the thin insulating layers which are covering
the two sides of the Hot Disk sensor material (Nickel) and which make the Hot Disk
a convenient sensor.∆Tave(τ) is the temperature increase of the sample surface on the
other side of the insulating layer and facing the Hot Disk sensor (double spiral).

From Equation D.1 we get the temperature increase recorded by the sensor:

∆Tave(τ)+∆Ti =
1
α

(
Rt

R0
−1

)
(D.2)

Here ∆Ti is a measure of the ”thermal contact” between the sensor and the sam-
ple surface with ∆Ti = 0 representing perfect ”thermal contact” closely realised by a
deposited (PVD or CVD) thin film or an electrically insulating sample.

Fig. D.2 Sensor and sample temperature increase curves

In Figure D.2 the blue curve indicates the temperature increase of the sensor itself
and the red one shows how the temperature of the sample surface is increasing.

∆Ti becomes constant after a very short time ∆Ti which can be estimated as:

∆Ti =
δ 2

ki
(D.3)

where δ is the thickness of the insulating layer and ki is the thermal diffusivity of
the layer material. The time-dependent temperature increase is given by the theory as:

∆Tave(τ) =
P0

π
3
2 a Λ

D(τ) (D.4)

where P0 is the total output of power from the sensor, a is the overall radius of the
disk, Λ is the thermal conductivity of the sample that is being tested and D(τ) is a
dimensionless time dependent function with:

τ =

√
t
Θ

(D.5)



248 Transient Plane Source technique (ISO 22007-2)

In this equation t is the time measured from the start of the transient recording, and
Θ is the characteristic time defined as:

Θ =
a2

k
(D.6)

where k is the thermal diffusivity of the sample.

Now by making a computational plot of the recorded temperature increase versus
D(τ) , we obtain a straight line, the intercept of which is ∆Ti and the slope is P0

π
3
2 a Λ

using experimental times significantly longer than ∆ti.

Since k and hence Θ are not known before the experiment, the final straight line
from which the thermal conductivity is calculated is obtained through a process of
iteration. Thus it is possible to determine both the thermal conductivity and the
thermal diffusivity from one single transient recording.



Appendix E

Energy Density DoE of Additive
Manufacturing Inocnel 718 for Space
Rocket application

E.1 Introduction

For SLM process there is a high number of parameters directly linked to the quality of the
finished part. It is an important and difficult challenge to understand the physics of this
process and to develop a control strategy with more than 50 process parameters [126].
The most common parameters used to optimize the process in SLM are the hatching
distance, the scanning speed, and the laser power. All these parameters influence the
volumetric energy density that affect the mechanical properties and the surface roughness
of the components[126]. Moreover, if the process parameters generate an insufficient
energy, some typical defects are produced on the part. For example a low hatch distance
results in porosities in the part, and a low laser power associated with a high scanning
speed and large layer thickness usually causes the so-called balling phenomenon[126].

Parameters like energy density and scanning strategy, influence the temperature
profile during the building process and consequently the resulting hardness. The rapid
heating and cooling during the SLM process increase the hardness of AM Inconel™
718 more than conventional processes [127]. Aim of the research it the investigation
on influence of deposition parameters on mechanical hardness structural property of
Inconel 718.

E.2 Background - VICKERS test

Known as an extrinsic material property, hardness can be defined as the resistance
presented by a material respect to plastic deformation due to the penetration of an
indenter tool [128], [129]. Hardness test is non-destructive (or semi-destructive) and
hardness measure results to be linearly proportional with mechanical properties of
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materials as Young module, tensile strength and yield strength [128], [110]. A good
understanding of the relationship between measured hardness values and the mechanical
properties would allow for hardness to be used as a predictive tool for mechanical
properties and help streamline the qualification and inspection protocols for structural
components. The advantage of this method is its applicability to a wide range of
materials: metals, ceramics, composite, plastics [130]. Meyer [131] gives an alternative
definition of hardness based on the projected area of the impression rather than the
surface area. The mean pressure pm between the surface of the indenter is defined equal
to the applied load L divided by the projected area of the indentation Ai. Meyer proposed
that this mean pressure should be taken as the measure of hardness. It is referred to as
the Meyer hardness. An advantage of the Meyer test is that it is less sensitive, respect to
theories that use the effective real area, to the applied load [132].

pm =
L
Ai

(E.1)

Meyer also proposed an empirical relation between the load and the size of the
indentation. This relationship is called Meyer’s law [131]. Meyer’s law range of validity
is related to material properties.

P = kdn
′

(E.2)

Where:

• P is the applied load [Kg];

• d is the diameter of indentation [mm];

• n
′
is a material constant related to strain hardening of metal;

• k is a material constant expressing the resistance of metal to penetration;

Vickers test is a perfect application of the Mayer’s law. Vickers hardness is related
to the measure of the diagonal of the square plastic indentation obtained by a diamond
pyramid indenter pressed against the investigated surface with a given load L, after
elastic recovery (ISO 6507).

Rockwell [133] and Brinell [134] hardness test, characterised by a conical and a
spheroidal indenter respectively, usually require modifying either the load or the indenter
at some point in the hardness scale. Because of this a measurement of a high number of
specimens with different load cannot be compared. On the other hand, the impressions
made by the pyramid indenter are geometrically similar and independent of load making
Vickers test, for this study, more suited.

The Standard ISO 6507, applied to perform hardness, was designed for standard
fabrication processes. Currently no Standards describe procedures dedicated to Additive
Manufactured surface hardness measurements. In [92] a procedure to measure the
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material properties of additive manufacturing materials is proposed. For reliable hardness
measures, the surface finish state is critical. A flat surface is indicated and for accurate
penetration the surface roughness must be minimized according to BS EN ISO 6507.
The applicability of ISO 6507 for testing AM materials is linked to the requirements ‘to
meet surface finish specification’.

Surfaces obtained by means of Additive Manufacturing present a rough surface, and
surface roughness changes according to the investigated (side or front with respect to
growth direction) surface. In addition to this, the contour layer is not representative of
material mechanical properties because of different process parameters. This remark-
able difference could cause a high porosity that makes indentation test difficult and
measure unreliable. Polishing surfaces allows avoiding this influence from the hardness
measurement.

Keist and Palmer [93] demonstrated that Vickers test hardness procedure can be
applied for Additive Manufacturing SLM processed materials as Ti-6Al-4V alloys, but
it results in a large result scattering due to different phase orientation because of the AM
manufacturing process.

E.3 Materials and methods

A Design of Experiment method was planned to evaluate hardness and micro hardness
properties of Inconel718 processed by SLM. The particular arrangement of all specimens
has been used for evaluating the mechanical properties distribution on the printing
platform and the material response to seven different energy densities.

Twenty-eight specimens for hardness testing, made of Inconel718 alloy, were
printed by means of a SLM Concept Laser M2 Series printer, with a build volume
of 250x250x280 mm (x, y, z), in Inconel718 powder by Carpenter Additive. The chem-
ical composition of the powder is presented in Table 1. Table 2 shows sieve analysis,
laser size diffraction, hall flow and apparent density of the powder. The sieve analysis
was characterized according to ASTM Standard B214 [135]. Laser scattering particle
size analysis is performed to ASTM Standard B822 [136]. The powder hall flow anal-
ysis outputs the flow rate (FR), that has been certified as the standard output for hall
flowmeter testing techniques, as explained in ASTM Standard B213 [137]. The apparent
density is measured according to ASTM Standard B212 [138].
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Fig. E.1 Powder Chemical composition

Fig. E.2 Powder properties

The specimens have a cubic shape, with 20 mm edge. Each cube is rotated by an
angle of 15 deg on the building platform respect to recoating blade in order to avoid
that the force of the blade could cause the part detachment from the building platform
[84]. The printing platform is divided in 4 quadrants with 7 specimens in each. Given a
polar reference angle θ centered in the center of the platform, this disposition makes
possible to evaluate the influence of the polar angle, on the mechanical properties of the
specimens, Figure E.3. Each specimen is named with a letter and a number. Letters A,
B, C, D indicate 4 different quadrants of the building platform. The numbers from 1 to 7
refer to the different AM process parameters used, and the ones named with the same
number are positioned at the same distance from the center of the platform.
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Fig. E.3 Building platform and coordinate system

In specimen manufacturing, the main process parameters used for the body and
contour of the part are listed in Figure E.4.

Fig. E.4 Main body and contour process parameters

In the investigated case study, the modified process parameters are the laser power
and the scanning speed. The processing parameters values included in the DOE range
around the values indicated by the printer supplier for Inconel 718 (192 W laser power
and 600 mm/s scanning speed). The DoE parameters (laser power, scanning speed and
energy density) of every specimen are indicated in FigureE.5. A pure nitrogen inert gas
has been used for the painting chamber requirements and a silicon cluster is used for the
powder bad deposition.

Fig. E.5 DoE process parameters
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The scanning strategies used to melt each layer affects the properties of the specimen,
because of the different thermal gradients generated. The main scanning strategies
includes zig-zagging tracks, arrays of parallel stripes, spirals, contours from the external
edges to the center of the part [139], [140]. In this study the scanning pattern chosen
is called “island scanning”. The advantages of this strategy are that it shortens the
scan vector and reduces the residual stress [85], [83], [86]. This strategy divides each
layer into smaller islands that are scanned in a random order, maintaining perpendicular
the scanning vectors of the neighboring islands. While printing subsequent layers, the
islands are shifted in both x and y directions [83]. A scheme of the strategy can be seen
in Figure E.6.

Fig. E.6 Island scanning strategy

SLM process parameters affect material density and consequently the material
properties [141]. It is known that four main parameters can be combined in the Energy
Density (ED): Laser Power [P], Scanning Speed v [mm/s], Layer Thickness d [mm]
and Hatch Distance h [mm] [142] (Figure E.7). ED expresses the amount of energy
delivered per unit volume of powder deposited and it is defined as follows [143]:

ED =
P

vdh
[

J
mm3 ] (E.3)

Fig. E.7 ED parameters

ED is related to density, porosity and defect formation mechanism [141]. In this
research, the relative density of each specimen is measured with an Archimedes’ scale
and presented in Figure E.13 and Figure E.14.

The Inconel™ 718 under investigation is a weldable nickel superalloy, able to im-
prove its strength properties mainly by precipitation hardening phases and solid-solution
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hardening effect of the refractory metal elements as niobium (Nb) and molybdenum
(Mo) in a nickel-chromium based matrix. Depending on the manufacturing methods and
heat treatment, different types of precipitates (γ ′, γ ′′, δ ), carbides (MC, M6C, M23C6)
and secondary phases can be present inside the microstructure. The precipitation of the
secondary phases is induced by heat treatment in the temperature range of 620 °C-760
°C. For such a metallurgical reaction to properly take place, the aging constituents (Al,
Ti, Nb) must be dissolved in the matrix. Nickel-based alloys are popular for their high
temperature corrosion resistance and excellent mechanical strength at elevated tempera-
ture are the general characteristics because Inconel™718 is so popular. To evaluate the
effects of a standard thermal treatment [144], hardness test was performed on thermal
treated specimens too. The treatment has been performed with a simple industrial oven
without pressure and atmosphere controls (Figure E.8). The chart presented in Figure
E.9 shows the temperature vs time treatment cycle.

Fig. E.8 Thermal treatment furnace with specimens

Fig. E.9 Thermal treatment cycle

Once fabricated, each coupon was removed from build plate using a band saw.
The Average Surface Roughness (Ra) was 9,6 m, with a standard deviation of 1,5 m.
Because contour parameters of all DoE specimens do not change (only body parameters
changes) the average Ra is independent from the difference samples’ process parameters.
The sample preparation was performed by means of machining removal, for XY plane
tests, of the down-skin (Figure E.10) and, for the XZ/YZ plane, of the Contour Layer
skin. Mechanical polishing with a sander machine (Grit size 320, 800, 2500) and
water coolant. The average surface roughness (Ra) of the polished specimens is 0,06
m, standard deviation 0,04 m. This procedure assure that the hardness analysis is
performed respect to the in-skin material in order to avoid uncommon behaviour due to
the contour-skin, up-skin or down-skin, especially after the non-controlled atmosphere
heat treatment.
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Fig. E.10 Sample preparation

E.4 Hardness testing

Hardness and micro-hardness have been evaluated at the DIMEAS Laboratory of Politec-
nico di Torino. The used durometer is an INOVATEST NEMESIS 9000 integrated with
the IMPRESSIONS™ tester control and workflow software. The used micro-durometer
is an INNOVATEST NOVA 130 also integrated with the IMPRESSIONS™ tester con-
trol and workflow software. Data acquisition is obtained according to Standard EN
ISO 65074. Two different surfaces of every sample were tested and 5 repetition for
each measuring configuration were acquired at room temperature; the average of the
5 measures was assumed as the hardness value. Indent sizes were measured using the
machine implemented software (impressions©) with a manual selection of 4 vertices.

Fig. E.11 Example of indentation print

Additive Manufacturing processes provide different mechanical properties between
the printing base plane (xy plane) and the building job direction (z). Hardness was
evaluated in both planes: horizontal slices (xy-plane) and vertical cross-sections (xz or yz
plane). Figure E.12 shows a schematic representation of measured surfaces. Difference
between bottom, centre and top location of the plane analysed respect to X, Y or Z axe
has not been considered: for XY plane only the bottom one, close to the support that
links the specimens to the platform, has been tested. For YZ/XZ plane a random contour
one has been selected. Different studies reported a homogeneity hardness distribution
from the bottom to the top of the specimens respect to the printing direction [145]. On
the other hand others show that the hardness decreases through the build height [146].
The higher hardness at the bottom of the builds was attributed to enhanced precipitation
hardening due to the repetitive heating cycles experienced by the bottom region of the
builds during the AM process [147].
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Fig. E.12 Measured surface

The xy plane analysed in the present paper in the bottom slice of the specimen close
to the machine printing platform. It is the xy surface the closest to supports used to link
the specimen to the machine printing platform. The 5 indentations are located in the
centre [130] (inside a 5 mm radius circle) of the analysed surface because of the better
stability of the sample while load is applied.

Due to large literature available on hardness data for Inconel™ 718 processed by
SLM technology [148],[11],[149],[150],[151],[152],[97] Vickers test was chosen. A
preliminary study has been performed to choose a correct load able to perform the lower
possible standard deviation linked to the largest available plastic deformation.

E.5 Results

E.5.1 Density measurements

The results of relative density measurements are reported in Figure 8. Density ranges
from 96,96% to 100,08%. In Figure E.13 and E.14 the plot of the relative density vs the
ED of the different specimens is reported.

Fig. E.13 Relative density vs ED
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Fig. E.14 Relative density vs ED

E.5.2 Preliminary hardness measurements

Preliminary hardness testing results are plotted in Figure E.15 for different applied
loads, run on A1 specimen on two different surfaces, parallel and perpendicular to
deposition direction. In the same plot the data scattering, i.e. standard deviation, is
reported. It can be observed that increasing the load decreases the scattering as the effect
of local roughness is averaged according to increasing area of the imprint. HV20 has
been identified as the optimal method for hardness properties because of low standard
deviation in Hardness measurements on both surfaces.

Fig. E.15 Preliminary hardness testing results

The experimental results presented in Figure E.15 reveal that DoE’s specimens
exhibit a strong non asymptotic Indentation Size Effect (ISE). For hardness test, this
phenomenon was not expected because the elastic deformation is negligible respect to
the plastic one. However, the specimens’ majority shows an ISE effect. In particular it is
possible to identify, for lower loads, an ISE and, for higher loads, a Reverse Indentation
Size Effect (RISE). On the other hand, for general micro- and nano-hardness testing,
the ISE effect is present and often it is a dominant aspect of the study [153],[148]. This
particular non asymptotic Indentation Size Effect (combination between ISE and RISE)
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it is probably due to the particular arrangement and movement of dislocation in materials
produced by SLM Additive Manufacturing processes.

E.5.3 Hardness results: as built specimens

The results of the hardness data processing of the as-built specimens are reported in
Figure E.16 with a common [154] representation that shows the hardness value respect
to the printing platform for both, XY and ZY/ZX planes. The values represent the
average of the 5 measures evaluated on every specimen both on the x-y surface and on
the perpendicular ones (x-z/x-y planes). The average measures are reported related to
the position on the platform where specimens were manufactured, a coloured palette
is also applied. Referring to the x-y plane results, the hardness ranges from 279 HV
(C3 specimen) to 304 HV (D1 specimen). On this plane, there is not a great variation
in terms of hardness by changing the process parameters and the platform quadrant.
Referring to the vertical direction (x-z or y-z plane), the measured hardness range is
wider. The average hardness ranges from 288 (A7 specimen) to 402 HV (A5 specimen).

Fig. E.16 Color scale-based hardness representation for as-build specimens: 1a) x-y plane; 1b)
x-z or y-z plane

If the hardness measured on the two surfaces are compared, in Figure E.17 the colored
specimens have the same hardness on the x-y and x-z/y-z direction. The specimens are
defined then isotropic if the hardness value measured on one surface is included in the
standard deviation range of the other. Furthermore, the different colors distinguish the
4 different quadrants of the platform. On the A Quadrant, the only isotropic specimen
is A7, whose hardness is 286 HV on the x-y plane and 288 HV on the x-z/y-z plane.
On the B quadrant, the isotropic specimen is B2, whose hardness value is 283 HV on
the x-y plane and 291 HV on the x-z/y-z plane. The last isotropic specimen is on the
D quadrant. It is the D1 specimen, that presents a hardness value of 304 HV on the
x-y plane and of 302 HV on the x-z/y-z plane. On the C quadrant no specimen can be
considered isotropic.
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Fig. E.17 Specimens isotropy: as-build samples

In Figure E.18 the specimens printed with the same process parameters, but in
different quadrants, showing the same hardness are pointed out. The different colors
represent the different process parameters and the analysis refers on both x-y and z-x/z-y
planes. Referring to the specimens described by number 1, all the specimens have
different hardness values. The specimens described by number 2 have the same hardness
values on the quadrant A and C (A2 and C2 specimens), measuring respectively 286,
288 HV (x-y plane) and 364, 367 HV (x-z/y-z plane). The number 3 specimens have
the same hardness on the A quadrant (A3) and on the C quadrant (C3). A3 and C3
specimens’ hardness measure respectively 287 HV and 279 HV on the x-y plane and 345
HV and 339 HV on the x-z/y-z plane. The number 4 specimens have the same hardness
on all the quadrants, expect from quadrant D. Respectively, the A4, B4, C4 specimens’
hardness measure 284 HV, 296 HV, 281 HV on the x-y plane and 398 HV, 384 HV, 393
HV on the x-z /y-z plane. The number 5 specimens have the same hardness on the C
and D quadrant. C5 and D5 measure 286 HV and 287 HV on the x-y plane and 376 HV
and 383 HV on the x-z/y-z plane. The number 6 specimens have the same hardness on
A and C quadrants. Respectively, the A6 and C6 specimens’ hardness measure 282 HV,
286 HV on the x-y plane and 314 HV, 315 HV on the x-z/y-z plane. Finally, number 7
specimens have the same hardness on the B and C quadrant. Respectively, B7 and C7
measure 294 HV, 281 HV on the x-y plane and 316 HV, 318 HV on the x-z/y-z plane.
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Fig. E.18 Similitude between different quadrants: as-build specimens

E.5.4 Hardness results: heat treated specimens

In Figure E.19, E.20 and E.21 the corresponding results are reported for heat treated
specimens. In Figure E.19 the average hardness measurements are reported, obtained
on x-y surface (left) and y-x ans x-z surfaces. Heat treated specimens present a greater
overall hardness HV20 value.

Fig. E.19 Color scale-based hardness representation for heat treated specimens: 1a) x-y plane;
1b) x-z or y-z plane

Respect to the x-y plane results, the hardness ranges from 467 HV (C6 specimen)
to 487 HV (B3 specimen). On this plane, on the same way presented for the as-build
specimens, the variation in terms of hardness by changing the process parameters is
close to be negligible respect to all the platform quadrant. Referring to the vertical
direction (x-z or y-z plane), there is a higher hardness variation than the horizontal one.
The average hardness ranges from 481 (D4 specimen) to 541 HV (A4 specimen).
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The material isotropy on the build platform after heat treatment is presented in Figure
E.20. The heat treatment effect can be clearly in Figure E.20: 15 specimens that can be
considered very close to isotropy, respect to only 3 for the as-build previous presented
case. In addition to this all quadrants have at least 3 isotropic samples.

Fig. E.20 Specimens isotropy: heat treated samples

Figure E.21 The specimens described by number 1 have the same hardness values
on the quadrant A and C (A1 and C1), measuring respectively 470, 474 HV (x-y plane)
and 524, 525 HV (x-z/y-z plane). The number 2 specimens have the same hardness on
the A quadrant and on the C quadrant (A2 and C2). A2 and C2 specimens’ hardness
measure respectively 474 HV and 479 HV on the x-y plane and 530 HV and 532 HV
on the x-z/y-z plane. Specimens number 3 have the same hardness on all the quadrants,
expect from quadrant D. Respectively, the A3, B3, C3 specimens’ hardness measure 485
HV, 487 HV, 474 HV on the x-y plane and 485 HV, 480 HV, 477 HV on the x-z /y-z
plane. The number 4 specimens have the same hardness on the C and D quadrant. C4
and D4 measure 474 HV and 472 HV on the x-y plane and 527 HV and 539 HV on the
x-z/y-z plane. The number 5 specimens have the same hardness on A,C and D quadrants.
Respectively, 477 HV, 474 HV and 472 on the x-y plane and 538 HV, 527 HV and 539
on the x-z/y-z plane. Specimens number 6 present same hardness value on all quadrants
except for quadrat B. Respectively, for x-y plane the hardness value is 474 HV, 467 HV,
475 HV and for x-z/y-z plane 478 HV, 474 HV, 474 HV. Specimens number 7 have the
same hardness on the A, C and D quadrant. Respectively, 473 HV, 471 HV, 482 HV on
the x-y plane and 482 HV, 478 HV, 486 HV on the x-z/y-z plane.
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Fig. E.21 Similitude between different quadrants: heat treated specimens

E.6 Discussion

E.6.1 As build specimens

The present test campaign shows that the energy density modifies hardness properties of
Inconel 718 with a remarkable effect to the ZX/ZY plain and a negligible on to the XY
plane. It is known that input energy density in AM process modifies the temperature
profile during additive manufacturing and therefore the resulting hardness [148]. In
particular increase in the input energy decreases the Nb that phase need to shows up
with a consequently modification of hardness [147].

In addition, this study shows that the analysed plane has the major influence on the
mechanical properties in all specimens for A, B, C, and D platform areas. However,
while tensile [153], fatigue crack growth [155] and Low Cycle Fatigue [153] properties
of XY and ZX/ZY specimens are different, a negligible difference for hardness in planes
parallel and perpendicular to the building direction has been reported in different studies
[147],[155],[145].

A first clear analysis of results presented in SECTION AA can be performed respect
to the influence of the printing process parameters. It is possible to prove that plane XY
shows negligible hardness variation between specimens printed in the same area with
different process parameters (Figure E.22). On the other side, plane ZX/YX has a strong
dependence from printing parameters (Figure E.23).

All XY specimens with same process parameters in all 4 areas present a high
similarity hardness. Therefore, it is possible to state that plane XY mechanical properties
are not influenced by the position of the component on the platform and from the process
printing parameters. For almost all mechanical application it is strongly required that
a component do not behave in a different way if they are printed in A, B, C or D
platform areas. A clear example is the behaving of specimens A2, B2, C2 and D2 (same
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parameters, different platform position) that present an almost perfect repeatability of
XY hardness value. On the other hand (Figure E.23) ZX/ZY hardness value do not
shows a good repeatability in all different A, B, C, and D areas of the printing platform.
For instance the behaving of specimens A2, B2, C2 and D2 (same parameters, different
platform position) do not figure out am acceptable repeatability of hardness value.

The present study shows another remarkable behaviour of ZX/ZY plane mechanical
properties: centre, respect to the perimeter, of the printing platform do not shows a
better repeatability of hardness value from experimental tests. Normally standard AM
processes have a good repeatability in the centre of the platform because the laser beam
is more perpendicular to the platform and therefor there is a better relation between
coded processes parameters and real ones measured during the printing processes.

All as build specimens, except A7, B2 and D1, have a strong anisotropy because
of the notable important difference between hardness measurement respect to XY and
ZX/ZY planes. To better understand the behaving of mechanical property analysed in
this DoE study hardness vs energy density representation is proposed in Figure xx for
all A, B, C, and D platform areas. As-build specimens presents a general increase of
hardness respect to the energy density raising. Plane XY has not a particular dependence
from the energy density. All for platform areas present same hardness with no changes
with the energy raising. On the other hand, plane ZX/ZY shows a strong dependence
from the energy density: the more energy density increases the more Vickers hardness
value rises. This is true for all platform areas A, B and C, but not for D.

Fig. E.22 Hardness vs Energy Density - Specimens A
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Fig. E.23 Hardness vs Energy Density - Specimens B

Fig. E.24 Hardness vs Energy Density - Specimens C

Fig. E.25 Hardness vs Energy Density - Specimens D

E.6.2 Heat treated specimens

Heat treated specimens present a general higher hardness value in both, XY and ZX/ZY
planes. This is a common properties transformation for Inconel 718 post heat treatment
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[152], [156]. In addiction it is present a better mechanical properties homogeneity all
around the platform (Figure E.19).

The maximum value of hardness for as built specimens is 304 HV20 and 402 HV20,
respectively for XY plane and ZX/ZY one. The maximum value of hardness for heat
treated specimens is 487 HV20 and 541 HV20 , respectively for XY plane and ZX/ZY
one. The heat treatment reduce the maximum hardness gap between different planes
of the material under study form 99 to 54: this particular result shows that, in order to
achieve a better isotopy behavior, it is necessary to introduce a strong microstructure
modification via a heat treatment: normally [156] no melting pool, better grain links
and especially no grain size difference between XY and ZX/ZY plane are responsible a
better mechanical isotropy of the AM Inconel 718.

Figure 5 is a representation of the better isotropy of specimens after heat treatment:
the as built test campaign present only 3 (out of a total of 28) isotropy simples (Figure
E.18) versus 15 after the treatment process. Therefore, it is possible to state that the heat
treatment can perform a strong mechanical modification to more than 50% of specimens.

In addition to a better isotropy behavior, the heat treatment process introduces a
good platform repeatability. It is possible to understand, by analyzing Figure 6 respect to
Figure E.18, that the number of specimens that can be considered with similar hardness
value between A, B, C and D areas evolve from a number of 13 for the as build study, to
a number of 18.

The difference between hardness value respect to the energy density is drastically
reduced by the heat treatment. Figure XX shows that all A, B, C and D both, XY and
ZX/ZY samples, are slightly influenced by an increasing of the energy density.

Fig. E.26 Hardness vs Energy Density - Specimens heat treated A
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Fig. E.27 Hardness vs Energy Density - Specimens heat treated B

Fig. E.28 Hardness vs Energy Density - Specimens heat treated C

Fig. E.29 Hardness vs Energy Density - Specimens heat treated D



Appendix F

Hardness and Micro-hardness full
results

A full presentation of hardness value is presented in Figure ?? and Figure ??, form
specimen A and B respectively.

Fig. F.1 Hardness full results - Specimen A

Fig. F.2 Hardness full results - Specimen B

A full presentation of micro-hardness value is presented in Figure F.3 and Figure
F.4, form specimen A and B respectively.
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Fig. F.3 Micro-hardness full results - Specimen A

Fig. F.4 Micro-hardness full results - Specimen B



Appendix G

Tensile Test full results

G.1 Tensile Traction test - Room Temperature

Fig. G.1 Traction Test 1 - Room Temp
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(a)

(b)

Fig. G.2 Young Module Traction Test 1 - Room Temp

Fig. G.3 Traction Test 2 - Room Temp



272 Tensile Test full results

(a)

(b)

Fig. G.4 Young Module Traction Test 2 - Room Temp

G.2 Tensile Traction test - 150°C

Fig. G.5 Traction Test 1 - 150°C
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(a)

(b)

Fig. G.6 Young Module Traction Test 1 - 150°C

Fig. G.7 Traction Test 2 - 150°C
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(a)

(b)

Fig. G.8 Young Module Traction Test 2 - 150°C

G.3 Tensile Traction test - 350°C

Fig. G.9 Traction Test 1 - 350°C
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(a)

(b)

Fig. G.10 Young Module Traction Test 1 - 350°C

Fig. G.11 Traction Test 2 - 350°C
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(a)

(b)

Fig. G.12 Young Module Traction Test 2 - 350°C

G.4 Tensile Traction test - 550°C

Fig. G.13 Traction Test 1 - 550°C
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(a)

Fig. G.14 Young Module Traction Test 1 - 550°C

Fig. G.15 Traction Test 2 - 550°C

(a)

Fig. G.16 Young Module Traction Test 2 - 550°C
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G.5 Tensile Traction test - 650°C

Fig. G.17 Traction Test 1 - 650°C

(a)

Fig. G.18 Young Module Traction Test 1 - 650°C



Appendix H

Tensile Test Ramberg-Osgood
relationship calculation procedure

The relationship between stress and strain in the plastic field, i.e. for, can be described
by the Ramberg-Osgood law (R.-O: Model):

σ = K ε
n
p (H.1)

where:

• εp is the plastic deformation;

• σ is the stress respect to the applied plastic deformation;

• n is the hardening ratio exponent (material’s constant);

• K is the strength coefficient (material’s constant);

By expressing the εp from Equation H.1 as a function of σ we obtain:

εp =
(

σ

K

) 1
n

(H.2)

By expressing the elastic and the plastic deformation, εtot can be remodelled as:

εtot = εe + εp =
σ

E
+

(
σ

K

) 1
n

(H.3)

After calculating the actual deformation and stress from the experimental data, the
parameters of the R.O. relationship can be derived by formulating the equation for
the plastic part in logarithmic terms. In a Log-Log diagram the plastic relationship is
presented as a straight line whose angular coefficient is the hardening ratio exponent (n).

log10(σ) = log10(K)+n log10(εp) (H.4)
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The strength coefficient (K) is instead calculated at εp = 1. In reality, no structural
engineering material achieves such a high plastic deformation: the value is purely
theoretical.

log10(σ) = log10(K) (H.5)

From the Log-Log chart it is possible to evaluate log10(σ) and therefore K:

K = 10log10(σ) (H.6)

H.1 Ramberg-Osgood model VS real deformation-real
stress curve

Fig. H.1 Ramberg - Osgood model - Test 1 Troom

Fig. H.2 Ramberg - Osgood model - Test 1 T150
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Fig. H.3 Ramberg - Osgood model - Test 1 T350

Fig. H.4 Ramberg - Osgood model - Test 1 T550

Fig. H.5 Ramberg - Osgood model - Test 1 T650
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H.2 Log-Log Ramberg-Osgood relationship chart

(a) Test 1 (b) Test 2

Fig. H.6 Ramberg-Osgood relationship - T room

(a) Test 1 (b) Test 2

Fig. H.7 Ramberg-Osgood relationship - T 150°C

(a) Test 1 (b) Test 2

Fig. H.8 Ramberg-Osgood relationship - T 350°C
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(a) Test 1 (b) Test 2

Fig. H.9 Ramberg-Osgood relationship - T 550°C

(a) Test 1

Fig. H.10 Ramberg-Osgood relationship - T 650°C



Appendix I

Compression Test Young Module
calculation procedure

(a) (b)

Fig. I.1 Young Module XY - test 1

(a) (b)

Fig. I.2 Young Module XY - test 2
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(a)
(b)

Fig. I.3 Young Module Z - test 1

(a) (b)

Fig. I.4 Young Module Z - test 2



Appendix J

Ramberg - Osgood Cycling curve
relationship

The procedure is the same presented on appendix H. Results of first fitting curves are
presented in Figure J.1.

Fig. J.1 Ramberg - Osgood cycling model - First parameters attempt

However no PFC real replication behavior was achieved (Table J.1), therefore a
second manual modification has been performed (Table J.2), with very good results.
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Ramberg - Osgood Cycling curve relationship - First attempt Parameters

K’ n’
Room 4265.79 0.52
150°C 2187.76 0.40
350°C 1737.8 0.39
550°C 1122.01 0.36

Table J.1 Ramberg - Osgood Cycling curve relationship - First attempt Parameters

Ramberg - Osgood Cycling curve relationship - Correct Parameters

K’ n’
Room 4265.79 0.48
150°C 2187.76 0.37
350°C 1737.8 0.37
550°C 1122.01 0.35

Table J.2 Ramberg - Osgood Cycling curve relationship - Correct Parameters



Appendix K

Coffin - Manson parameters

The procedure is the same presented on appendix H. Results of first fitting curves are
presented in Figure K.1.

Fig. K.1 Coffin - Manson Log-log parameters
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