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Additive manufacturing (AM) particularly metal 3D printing via powder bed fusion (PBF),
enables the production of complex components with geometries and functionalities
unattainable by conventional manufacturing methods. Despite its growing use, research on
the performance of PBF fabricated metals under cryogenic conditions remains limited. This
study investigates oxygen-free copper components produced by PBF printing, focusing on
thermal conductivity, vacuum helium leak tightness and the effects of post-processing
treatments, particularly hot isostatic pressing (HIP).

Commissioned by Bluefors Oy the research combines literature review, analytical
assessment and experimental testing to evaluate material behaviour in ultra-low temperature
environments. Experimental results demonstrate that HIP post-processing significantly
enhances thermal conductivity, since the residual resistivity ratio (RRR) increased from 57
in as-printed sample to 186 in HIP treated sample, indicating increased electron transport at
cryogenic temperatures. Vacuum helium leak tests further suggest that the as-printed PBF
components are sufficiently dense, with no significant leakage detected in the tested samples.
These findings highlight the importance of post-processing for optimising PBF copper
performance and provide practical guidance for engineers designing high-performance
components for cryogenic applications. Which supports broader adaptation of additively
manufactured components in the industry.
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Metallien 3D-tulostus, erityisesti jauhepetitekniikalla (PBF), mahdollistaa monimutkaisten
komponenttien  valmistuksen  geometrioilla ja  toiminnoilla, joita perinteiset
valmistusmenetelmédt eivdt pysty saavuttamaan. Kyseisen valmistusmenetelmin
yleistyminen ei ole kuitenkaan vield heijastunut tutkimuksien yleistymiseen, joissa kohteena
olisi tulostettujen metallien suorituskyky kryogeenisissd olosuhteissa. Tédssd tutkimuksessa
tarkastellaan hapetonta kuparia, joka on valmistettu PBF tekniikkaa hyddyntéen.
Tutkimuksessa keskitytddn tulosteiden ldmmonjohtavuuteen ja heliumtiiveyteen, seki
jalkikasittelyn vaikutuksiin. Jalkikésittelyssd painopiste on kuumaisostaattipuristuksessa
(HIP).

Bluefors Oy:n toimeksiannosta toteutettu tutkimus yhdistdd kirjallisuuskatsauksen,
analyyttisen arvioinnin ja kokeelliset testit materiaalin kdyttdytymisen arvioimiseksi erittdin
matalissa ldmpotiloissa. Kokeelliset tulokset osoittavat, ettd HIP-jdlkikésittely parantaa
merkittavasti kuparin ldmmonjohtavuutta. Jddnndsvastussuhde (RRR) nousi 57:std
tulostetussa néytteessd, 186:een HIP-késittelyssd ndytteessd, mikd viittaa parempaan
elektronien kulkuun kryogeenisisséd olosuhteissa. Tyhjiovuototestit viittaavat liséksi siithen,
ettd tulostetut PBF-ndytteet ovat riittdvdn tiheitd, eikd testatuissa ndytteissd havaittu
merkittavid vuotoja. Tulokset korostavat jélkikdsittelyn merkitystd PBF valmistetun kuparin
suorituskyvyn optimoinnissa ja tarjoavat kdytdnnon ohjeita mekaniikkasuunnittelijoille,
jotka suunnittelevat korkean suorituskyvyn komponentteja kryogeenisiin sovelluksiin,
tukien samalla 3D tulostettujen komponenttien laajempaa kayttda teollisuudessa.



SYMBOLS AND ABBREVIATIONS

Roman characters

A

We

Wi

Wio

surface area

layer thickness

thermal conductivity

distance

heating power

temperature

electron-defect interaction

residual deviation term in W;
electron-phonon interaction
interaction term between Wy and W;

upskin angle

Greek characters

B

AT

Constants
Lo

P;

proportionality constant
temperature difference
step height difference
downskin angle

electrical resistivity

Lorents number

Parameter from experimental data

pum

W/m-K

2.443 x 10 W-Q-K?



Abbreviations

AM

CAD

CVD

DfAM

EB

HIP

HV

LB

LD

LOP

LPS

PVD

RRR

R&D

PBF

SI-units

UHV

Additive Manufacturing
Computer Aided Design
Chemical Vapour Deposition
Design for Additive Manufacturing
Electron Beam

Hot Isostatic Pressing

High Vacuum

Laser Beam

Leak Detector

Lack of Fusion

Liquid-Phase Sintering

Physical Vapour Deposition
Residual Resistivity Ratio
Research and Development
Powder Bed Fusion

The International System of Units

Ultra High Vacuum
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1 Introduction

Additive manufacturing (AM), particularly metal 3D printing, has transformed the way
complex components can be designed and produced, enabling geometries and
functionalities that are challenging for traditional manufacturing. Powder bed fusion (PBF)
has emerged as leading method due to its precision and ability to produce high-
performance metal components. Understanding the behaviour of PBF fabricated
components under extreme conditions, such as cryogenic temperatures, is increasingly
important as industries demand reliable, high-performance solutions for specialized

applications and rapid prototyping.

Previous studies have shown that in some cases, PBF components can achieve
microstructures and mechanical properties comparable to conventionally manufactured
metals and that post-processing treatments like annealing or hot isostatic pressing (HIP)
can further enhance performance. However, most research has focused on room
temperature properties or general engineering applications, leaving a gap in knowledge

regarding performance in cryogenic environments.

This study aims to address these gaps by investigating the performance of PBF fabricated
oxygen-free copper components under cryogenic conditions, focusing on their thermal
conductivity and gas permeability, as well as the influence of post-processing treatments.
The study combines literature review, analytical work and experimental evaluation to

provide insights that support broader use of PBF in cryogenic systems.

1.1 Case company

Bluefors Oy is a Finnish high-technology company founded in 2008 and headquartered in
Helsinki, Finland. The company specialised in development and manufacturing of cryogenic
systems capable of reaching ultra-low temperatures close to absolute zero. These systems
are primarily used in scientific research and quantum technology applications, particularly

in the development of quantum computers.
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Bluefors is best known for its cryogen-free dilution refrigerators and modular cryogenic
measurement systems. Its solutions are designed to provide stable, reliable and user friendly
ultra-low temperature environments tor research institute and high-tech companies. Over the
years, the company has grown from a small university spin-off into a global market leader
within the cryogenic industry. Today Bluefors operates internationally, serving customers

across Europe, North America and Asia.

Bluefors is the commissioner of this study and also provides the funding, facilities and

equipment required for the conduction of the experimental research.

1.2 Research problem

The usage of 3D printed metal components in products associated with cryogenic
applications has been quite low, due to general lack of knowledge of materials performance
capabilities at ultra-low temperatures. This translates into unfamiliarity of the manufacturing

process and its possibilities and limitations from design point of view.

The aim of this study is to provide clear understanding of metal PBF as an additive
manufacturing method, by creating a section about the topic into internal design handbook
for design engineers. While PBF is increasingly used for high-performance metal parts,
designers often face uncertainties regarding process limitations, material behaviour and the

effects of post processing treatments.

A set of specific research questions were developed to address the challenges described

above.

1. What process limitations should be considered when designing metal components

using PBF process?

2. How effectively do PBF fabricated copper components conduct heat at cryogenic

temperatures?

3. What post-processing treatments improve the thermal conductivity of PBF

components in cryogenic application?

4. How effectively do PBF fabricated components maintain vacuum helium leak

tightness?
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1.3 Scope and research methods

While many metal additive manufacturing methods exist today, this study focuses
specifically on PBF process which is currently the most widely used technique for metal
components. This focus was chosen due to the accessibility of PBF manufactured
components in Finland, which allows for relatively easy acquisition of parts for testing and

evaluation.

The scope of this study also defined by the material examined. Oxygen-free copper is
selected as the primary material because its high purity provides excellent thermal

conductivity, making it particularly well suited for cryogenic applications.

The research methodology combines literature review, analytical work and experimental
investigation. The literature review aims to gather and analyse existing knowledge about
PBF process, material behaviour, post-processing treatments and design considerations
relevant to cryogenic applications. Sources include scientific journals, industry publications,

databases, educational publications and reputable online resources.

The analytical and experimental components focus on validating theoretical findings and
generating practical data. Experimental work includes the measurement of thermal
conductivity at ultra-low temperatures and vacuum helium leak tightness for PBF fabricated
copper components, as well as assessment of the effect of HIP post-treatment. Together these
approaches ensure that the study provides both theoretical foundation and practical guidance

for engineer working with PBF metal components in cryogenic systems.
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2 Cryogenics

Cryogenics is a branch of science that refers to the production of ultra-low temperatures that
are below approximately —150°C. The word cryogenics originates from Greek language,
where kryos means “frost” and genic means “to produce”. The laws of thermodynamics play
an important role in the cryogenic science, since one of the laws directly dictates what is
theoretically the lowest possible temperature that can be achieved. This concept is known as
absolute zero and it is equal to —273.15°C. In cryogenics as in many scientific fields, it is
accustomed to use International System of Units (SI), which for temperature uses Kelvin
scale. On the Kelvin scale an absolute zero is 0 K and 0 °C equals to 273.15 K. At absolute
zero temperature the molecules are at their lowest energy state, which means that there is no
thermal motion. It is impossible to reach an absolute zero temperature, since the input power

required to achieve this state approaches infinity.

In the production of cryogenic temperatures, the expansion and compression of permanent
gases is utilized. Permanent gases such as helium, hydrogen, nitrogen and oxygen do not
liquefy easily due to having a very low boiling point. This means that a very low
temperatures and/or high pressures are required to liquify them. These types of liquids are

known as cryogens. The boiling point of these cryogens can be seen from table 1.

Table 1 Normal boiling point for permanent gases.

Cryogen Boiling point [K] Boiling point [°C]
Oxygen 90.2 —183.0
Nitrogen 77.4 —195.8

Hydrogen 20.3 -252.9
Helium 4.2 -269.0

In the typical liquification process the permanent gas is first compressed, which increases
the temperature of the gas, and then cooled with the help of heat exchangers. Once the
desired temperature is achieved the gas is depressurized back into the atmospheric pressure,
which causes further cooling of the gasses. This expansion liquifies portion of the gas and

the rest of the gas returns back to the compression cycle. Depending on the type of gas that
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is used, several stages of expansion may be required, such as for helium. (Zohuri, 2018, pp.

2-3)

Once the gas is liquefied it can be used to cool down the required equipment. The simplest
way is to utilize the latent heat of vaporization. This simply refers to the phenomenon where
the heat of the liquid does not increase during the boiling process. Instead, the incoming heat
energy increases the kinetic energy of the molecules, and once it is enough to overcome the
attractive forces between them, the liquid is able to change phase into the gas form. (Zohuri,

2018, p. 147)

This type of utilization usually requires a continues supply of cryogens which has over the
past few decades been gradually replaced by cryogen-free alternatives. Especially helium
based systems benefit from this development due to the limited availability and high costs
of helium. In these systems helium is confined within closed cycle and reused rather than

consumed.

2.1 Material behaviour of metals

A thorough understanding of the material behaviour of metals at ultra-low temperatures is
essential for the design and construction of efficient cryogenic equipment. Variations in
physical properties such as thermal expansion, specific heat capacity, magnetic
characteristics and thermal conductivity can significantly influence design decisions and

overall system performance.

For example, when designing joints composed of dissimilar materials with different
coefficients of thermal expansion, thermal mismatch must be considered. Cryogenic systems
are often exposed to repeated thermal cycles, which can cause excessive stresses in material
interfaces. These stresses may accumulate over time and lead to mechanical failure. Such
failures are particularly critical in applications where vacuum integrity is required, as any
compromise in vacuum tightness may severely affect systems functionality at ultra-low

temperatures. (Ventura & Risegari, 2008, p. 72)

Even when joining materials of the same type, inadequate consideration of thermal contact

can lead to significant performance issues. In such cases, heat transfer between the
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components may no longer be limited by the thermal resistivity of the bulk material, but

rather by the contact thermal resistance at the interfaces. (Ventura & Risegari, 2008, p. 94)

At ultra-low temperatures, the mechanical and electrical properties of most metals undergo
significant changes, and certain mechanical properties may exhibit a non-linear behaviour.
At specific transition temperatures some metals lose their electrical resistance and enter a
superconducting state. (Ventura & Mauro, 2014, p. 11) In this study the main focus will be

on the thermal and electrical properties and their relationship to one another.

2.1.1 Thermal conductivity

Heat flow through the material occurs when there is temperature difference within it. Heat
naturally moves from warmer region to the colder region, and this temperature difference
drives the transfer of thermal energy. The rate at which this heat is transferred depends on
the materials thermal conductivity, so it describes how easily heat can pass through material.
Materials with high thermal conductivity transfer heat efficiently, resulting in a larger heat
flow for a given temperature difference. While materials with low thermal conductivity resist
heat transfer and exhibit a smaller heat flow under the same conditions. (Ventura & Mauro,

2014, pp. 141-142)

The relationship between heat flow and temperature difference is described by the Fourier’s
law of heat conduction. According to the law, the heat flux, which is the amount of energy
passing through a unit area per unit time, is proportional to the temperature gradient within

the material.

2.1.1 Electrical conductivity

When an electric field is applied to the metal, it generated both an electric current and the
generation of heat. This phenomenon indicates strong relationship between electrical and
thermal conductivities in metals. Electrical conductivity describes how easily a material
allows the flow of the electric charge. The opposite phenomenon of conductivity is
resistance, which describes how strongly a material opposes the flow of electric current.

(Ventura & Mauro, 2014, p. 131)
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In metals, electric current is carried by the free electrons that move through the crystal lattice
structure of the metal. As these electrons drift under applied field, they encounter obstacles
in their path, which causes resistance to the flow. There are two main sources of obstacles,
the thermal vibrations of the crystal lattice (electron-phonon) and structural imperfections
within the lattice such as impurities, dislocations and grain boundaries (electron-defect). The
scattering of electrons by these mechanisms increases the materials resistivity and reduce its

electrical conductivity. (Zohuri, 2018, p. 503)

The electrons responsible for electrical conduction also carry thermal energy. At cryogenic
temperatures the electron-phonon scattering is greatly reduced so both thermal and electrical
conductivities of pure metal increases. In contrast, electron-defect scattering becomes the
dominant limitation, which is why metal alloys typically exhibit lower conductivities

compared to the pure metals. (Ventura & Mauro, 2014, p. 135)

This relationship between electrical conductivity and thermal conductivity can be explained
by Wiedemann-Franz law, which states that materials that have high electrical conductivity
generally also have high thermal conductivity. The connection between these two properties
results in having similar electron scattering processes. (Ventura & Mauro, 2014, p. 144) This
principle allows electrical conductivity to be estimated from thermal measurements, which
is particularly useful in cryogenic applications, where thermal measurements are much easier

to achieve.

2.1.2 Residual resistivity ratio

Electrical resistivity is a property of a material that quantifies how strongly it opposes the
flow of electric current. Unlike electrical resistance, which depends on the dimensions of
specific conductor, resistivity describes the material itself and is determined by its internal

structure and the mechanisms that scatter electrons as they move through lattice.

The residual resistivity ratio (RRR) is a key parameter used to characterize the purity and
quality of metals, particularly at cryogenic temperatures. It is defined as the ratio of the
electrical resistivity at room temperature 273 K to the resistivity at the 4.2 K temperature, as

shown in equation below,
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RRR = P23 (1)

P42

where p is electrical resistivity at specific temperatures. (Ventura & Mauro, 2014, p. 135)

Although the ultra-low temperature resistivity varies strongly with material purity, the
resistivity at room temperature is nearly identical for different high-purity metals with
different RRR values. At approximately 273 — 300 K it can be treated as a constant value
largely independent of impurity concentration. In contrast, at 4.2 K the resistivity differs
significantly depending on the amount of defect and impurities present in the material. As
purity increases the residual resistivity decreases, resulting at higher RRR values. This
behaviour is illustrated in figure 1, where resistivity curves for different purity levels

converge at room temperature but separate at lower temperatures.
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Figure 1 Electrical resistivity as a function of temperature for copper of different purity
levels. (Zohuri, 2018, p. 504)
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Matthiessen’s rule provides a practical way to estimate the total resistivity of a metal when
multiple scattering mechanisms are present, such as electron-phonon and electron-defect.
This means that the overall resistivity is approximately equal to the sum of the resistivity

that would exist if each scattering mechanism acted alone. (Zohuri, 2018, p. 503)

2.1.3 Permeability

Permeability describes the ability of a material to allow a substance or physical field to pass
through it. Depending on the context the permeability can refer to the transmission of fluids,
gases or magnetic fields through material. In material engineering, permeability often refers
to the transport of gases or liquids through solid materials due to diffusion or flow through

microstructural features such as pores, grain boundaries or other defects.

In sealing and vacuum applications, gas permeability is particularly important. Gas
permeability describes the rate at which gas molecules can pass through a material driven by
a pressure difference. This transport may occur through atomic diffusion in the material
lattice or through microscopic defects and porosity. Materials with dense and homogeneous
microstructures generally exhibit low gas permeability, while materials containing pores or

microcracks allow gases to pass more easily. (Rethwisch & Callister, Jr., 2013, p. 571)

Gas permeability is especially relevant in cryogenic systems, where maintaining high
vacuum levels and preventing gas leakage is critical for system performance. In these
environments even a small leak can lead to reduced insulation performance or increased

thermal loads.



18

3 Metal 3D printing

3D printing is a general term used to describe a method of object fabrication through the
deposition of a material using print head, nozzle or another printer technology. It is an

additive manufacturing method which is described in ISO/ASTM 52900 standard as follows.

“A process of joining materials to make objects from 3D model data, usually

layer upon layer, as opposed to subtractive manufacturing methodologies.”

According to the previously mentioned standard the AM method includes the following

processes.
e Binder jetting (BJT)
e Direct energy deposition (DED)
e Material extrusion (MEX)
e Material jetting (MJT)
e Powder bed fusion (PBF)
e Sheet lamination (SHL)
e Vat photopolymerization (VPP)

There are many methods for joining material units to create a single component. Various
materials are bonded at the atomic level through different types of bonds: metals generally
rely on metallic bonds, polymers are usually connected by covalent bonds, ceramics are
typically held together by ionic and/or covalent bonds, and composites may involve a mix
of these bonding types. The nature of these atomic bonds plays a crucial role in determining
how each material type can be effectively joined in an AM process. Due to this only the
DED, PBF, SHL and BJT are suitable processes for metal components. (SFS-EN ISO/ASTM
52900, 2021, p. 21)
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3.1 Powder bed fusion

Powder bed fusion is described in the previously mentioned standard as follows.

“Additive manufacturing process in which thermal energy selectively fuses

regions of powder bed.” (SFS-EN ISO/ASTM 52900, 2021, p. 3)

There are two sub-categories under the PBF, which are separated based on the thermal
energy source: laser beam (LB) and electron beam (EB). The type of sub-category used
should be identified in the acronym as follows: PBF-LB or PBF-EB.

Understanding standard based terminology is important since there are many commercial
names for this process. Some of the most well-known terms are: selective laser melting
(SLM), laser metal fusing (LMF), direct metal laser sintering (DMLS) and direct metal laser
melting (DMLM). (Yadroitsev, et al., 2021, pp. 16-18)

In the PBF process, components are manufactured from fine metal powder which is
selectively fused with the help of a thermal energy source such as laser. Once the laser source
has fused the layer, printed component is lowered by a pre-determined amount. This
displacement creates space for the next powder layer deposition. The powder is deposited
from the powder storage container with the help of a coater. This sequence of manufacturing
steps continues until the desired geometry of the component is achieved. Simplified

schematics of the PBF machine can be seen from figure 2.

Laser —\ /— X-y scanner

4‘ Solidification
Part ([~ A /"_ zone
Coater —* Y = \ , !
Powder storage ——f—_| f e | Support
container [= =R Ri| M L—1 structure
e T = | L Overflow
[EESssssnmmnmnmnsnsn ] i
. container
\ ™~ Build platform
/_[z 1 [ Se—————1— Retractable
7 = — table

Figure 2 General layout of the PBF system. (Lachmayer, et al., 2024, p. 14)



20

3.1.1 Fusion mechanisms

PBF processes use four different fusion mechanisms for powder particles: solid-state
sintering, chemically induced binding, liquid-phase sintering (LPS) and full melting. For
metal components only the solid-state sintering, LPS and fully melting mechanisms are used.
In the solid-state sintering the powder particles are fused together without melting. This
means that the powder particles are diffused together with the help of metallic bond but still
preserving their original grain structure. When particles fuse together the total surface area

decreases, but some porosity is still left within structure, this can be seen from figure 3.

Unsintered

Increased
a particle b Neck

Necking
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Figure 3 Solid-state diffusion phases between the powder particles. (Gibson, et al., 2015, p.
113)

Even though the diffusion rates increase exponentially with temperature the solid-state
sintering remains the slowest mechanism for selectively fusing powders within PBF process.
The faster the fusion process is capable of forming a layer the more economically
competitive it is. Although there are some use cases where solid-state sintering is the best

option, for example when highly porous results are desirable.

LPS process utilizes powder that consists of binding and structural materials. The binding
material becomes molten during the process and binds the structural material together. This
allows the high temperature particles to be bound together without the need for melting or

sintering. LPS process is used for example to produce cemented carbide cutting tools where
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cobalt is used as binding material for tungsten carbide particles which function as structural
material. There are three different ways of how the binding and structural material can be

combined in powder particles: separate, composite or coated.

In the fully melted fusion process the thermal energy is applied so that the melting depth
exceeds the thickness of applied powder layer. This method creates well-bonded and high-
density structures by re-melting a portion of previously solidified layer. (Gibson, et al., 2015,

pp. 112-120)

3.1.2 Powders

Currently there are many types of metals available in powder form, they are divided into
different product classes such as: aluminium, cobalt chrome, copper, nickel alloys, steels,
titanium and refractory metals. Each product class contains several powder options with
varying chemical compositions to accommodate for specific applications needs. (EOS

GmbH, 2025)

Each powder provides its own physical properties to the component, changing any of the
properties of the powder changes the materials properties of the component. PBF-LB process
uses powder with smaller particle size compared to the PBF-EB. LB process uses 15 — 45
um and EB 60 — 100 pm, but a wider range can also be accepted. This can be seen from the

particle size distribution (PSD) chart which is shown in figure 4.

Directed Energy
Deposition

Laser Powder Bed

Fusion
Electron Beam

Powder Bed Fusion

Binder Jetting

1pm Sum 15um 45um 60um 80um 100um 150um

Figure 4 Powder particle size ranges for different AM processes. (Yadroitsev, et al., 2021,
p. 492)
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Continues lines indicate the desired particle size for specific AM process and dashed lines
the less desirable but acceptable additional range. This additional range is useful since
powder degrades after each use session. There are numerous ways for powder to degrade.
Changes in particle morphology due to melting of adjacent particles, this means that the
shape and size of the particles is less uniform compared to the unused powder.
Contamination due to debris or human handling which can introduce oxygen and humidity
to the powder. Also, contamination can happen due to previous builds done in the same

chamber using different powders. (Yadroitsev, et al., 2021, p. 515)

Powders designated for LPS process use differ from standard powders, since it includes
binding and structural materials. As mentioned before, the LPS process powder particles
may be produced in three different ways: separate, composite and coated. Separate particles
are a mixture of binder and structural powder particles, where binder particles are generally
smaller in size compared to the structural particles. This size difference helps the binder

particles to flow between the structural particles during the fusion process.

Composite particles on the other hand contain both binder and structural material within one
powder particle. Compared to the separate particles the benefits are typically higher density

and better surface finish.

Coated particles are similar to composite particles as they have both binder and structural
material within the same powder particle, except the structural material is coated with binder
material. This method allows the powder particle to retain its spherical shape, which helps
with smoothness of powder spreading techniques. The benefit of using the coated particles
1s the control of heat absorption for the binding material instead of structural. Compared to
the separate or composite powder particles the coated particles tend to have a much even
distribution of binder to structural material ratio. Which helps to overcome the overheating
of structural material, since applied energy needs to pass through coating first. (Gibson, et

al., 2015, pp. 117-119)

High quality powders with uniform morphology are created with the help of atomisation. In
this process the material is atomised with the help of high pressure, which is supplied with
stream of water, air or inert gas. Particle size can be controlled by adjusting the flow. Finer
powder particles are achieved with higher pressure, although the drawback is more

misshapen form. Other method of producing powders is via grinding, although this method
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does not produce as fine or as smooth surfaced spherical shape particles. (Lachmayer, et al.,

2024, p. 106)

3.2 Design phase

Every manufacturing method has its own restrictions which have to be taken into account
during the design phase of the component. Considering these restrictions in the early stages
of the design allows for the selected geometry to be manufactured more efficiently and with
higher dimensional accuracy. For AM methods there is concept known as design for additive

manufacturing (DfAM).

There are different types of restrictions when considering DfAM which can be divided into

following groups.
e Placement
¢ Dimensioning
e C(leaning
e Support

Understanding the concepts of downskin D and upskin U surface areas in AM helps to define
restrictive ranges and limits of different manufacturing phenomena. The distinction between
the downskin and upskin surfaces can be made with the help of the vector n, which is placed
perpendicularly to the surface in question. If the vector points in the negative z-direction it
1s downskin surface area and if it points in the positive z-direction, it is an upskin surface
area. Both skin surfaces have their own designation for angle between the skins surface and
build platform. For downskin the angle designation is é and for upskin angle it is Y, this is

shown in more detail in figure 5. (Lachmayer, et al., 2024, p. 92)
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Figure 5 Designation of downskin and upskin location. (Lachmayer, et al., 2024, p. 92)

3.2.1 Placement

Designed component must fit into the build volume of the machine with all of its support
structures. Larger parts may need to be designed and manufactured in segments and
manually assembled later. Component must be designed in a way that it can facilitate the
assembly process. Nontraditional interlocking mechanism can be designed to facilitate this

need.

Even components that can fit into the build volume of the machine may benefit from being

built in multiple segments, such as the structure shown in figure 6.

Figure 6 Single component with support structures on the /eft and the same structure in
segments on the right. (Gibson, et al., 2015, p. 58)
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Drawbacks of building this part as a single unit are longer build time, need for support
structures, higher manufacturing cost, decreased surface quality and strength properties on
the upper part of the structure due to stair-stepping. These drawbacks can be mitigated by
building this component in segments, that could be joined together with the help of glue or
welding. Joined segment would be weaker compared to the single unit version, but individual

segments may be stronger due to anisotropy. (Gibson, et al., 2015, pp. 57-58)

Load-bearing properties of the design must be taken into account during the design phase
due to anisotropy. Anisotropy is when a components material properties change depending
on the observed direction. This means that components material behaves differently along
the build direction (z-direction) than in-plane (x- or y-direction) due to how layers are melted
and solidified. It is generally preferred for the force to act in the in-plane direction. This is
due to adhesion between the layers, since the stress due to applied force has to travel through
many layer interfaces. Making the interlayer adhesion critical. If the force travels in-plane
direction the stress travels within the layer. This means that the cohesion or the internal

bonding of the material plays a critical role. (Lachmayer, et al., 2024, p. 93)

Anisotropy of the material is also critical when considering cryogenic applications, where
many components are required to have great heat conduction properties. Since consideration
of electron-scattering mechanisms is critical in ultra-low temperatures the heat flow direction
in the in-plane is preferable over the along the build direction. The interlayer boundary may

function as an electron-defect scattering mechanism.

Stair-stepping happens when components geometry has angled or curved surfaces, which
are difficult to manufacture with high imaging quality with layer-by-layer method.
Geometry ends up being approximated to the component’s nominal geometry with
individual layers. Imaging quality of the build increases when a layer thickness decreases.
Actual geometry ends up having volumetric error compared to the targeted nominal

geometry, which can be seen from figure 7.
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Figure 7 Correlation between the stair-step effect and selected layer thickness 4.
(Lachmayer, et al., 2024, p. 91)

Increased stair-stepping effect decreases the surface quality of the build but increases the
production time. As in most manufacturing cases increased quality increases the cost of the

component. (Lachmayer, et al., 2024, p. 90)

3.2.2 Dimensioning

As 1n any manufacturing process the PBF process has its own limitations on what it can
achieve when considering the dimensioning of the component. This is especially visible in
corner and thin-walled geometries where laser beam diameter plays a crucial role. The heat-
affected zone (HAZ) due to heat input from the laser beam is greater in size than the laser
beam diameter. This results in the true size of the melting path consisting of original laser

focus area, HAZ and partially fused powder grains, which can be seen from figure 8.
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Figure 8 True size of the melting path area. (Lachmayer, et al., 2024, p. 94)

During the imaging process the conversion errors may occur, due to the shape and size of
the laser beam. In case of sharp corners, the geometric deviation occurs by omitting the
corner area. Thin-wall geometry that is smaller than the laser beam diameter will be omitted
by the imaging or created with geometric deviation, where the width of the wall ends up
being the width of a molten path. Such thin-walled geometries will face stability issues as
well during the building process, since the quality of the structure will be affected by coater
and the scattering of the powder particles. Illustration of omitted corner area and thin-wall

geometry solutions can be seen from figure 9. (Lachmayer, et al., 2024, pp. 94-95)
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Figure 9 Imaging path solutions for corner and thin-walled geometries. (Lachmayer, et al.,
2024, p. 95)
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3.2.3 Cleaning

Components manufactured in powder bed need an additional feature for powder removal.
This is especially true for hollow structures that will trap the powder within themselves,
unless an opening is added. Also structures like ducts and channels must have dimensions

so that powder can be removed. (Lachmayer, et al., 2024, pp. 88-89)

3.2.4 Support

Support structures are needed for many different reasons; some are necessary for every

component that is build and others are dependent on the component’s geometry.

All components need a structure that connects the component to the build platform. This
connection helps to hold the component still in the build space, since it may be subjected to
some unexpected forces from the coater. Additionally, the same support is used for a heat
conduction, since the adjacent powder cannot dissipate the heat input, it is conducted through

the supports into the build platform.

Support structures may also be utilized during the post-processing. This may include
additional geometries that help clamping the component with complex geometry to the
milling or turning machine. Or a support that prevents thin and long geometries from

vibrating during the machining.

Geometry dependant support structures are needed to achieve an accurate representation of
the component. Leaving out supports can produce defects caused by step-height difference
Az between the regions. Which is the result of a density difference between the molten
material and powder lying underneath it. This step-height difference is most prominent in

the geometries that have overhangs, ceilings or islands which can be seen from figure 10.
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Figure 10 Effect of step-height difference and distinction between overhangs, ceilings and
island geometries. (Lachmayer, et al., 2024, p. 92)

In case of overhang and ceiling geometries the support structures are generally needed,
unless the unsupported geometry is quite small. For the third case the support structure is
needed since during the building process the critical area is not connected to the rest of the
component. That is where the case gets its name, when viewed mid building phase an island
1s visible and the bridge between the island and the rest of the geometry is not yet build and
hence not visible. Unless the island is supported in the same way as the base of the rest of
the geometry it will sink into the powder. For other cases where the geometry is for example

at an angle the need for a support structure is defined by the downskin angle.

It is important to note that the support structures are not part of the final component
geometry, which means that the machinery or tooling used for support structure removal

must be taken into account during the design phase. (Lachmayer, et al., 2024, pp. 87-93)

3.3 Manufacturing

During the manufacturing process several critical factors must be carefully considered,
including the development of residual stresses, presence of porosity, surface roughness
characteristics and the effectiveness of quality control throughout all stages of production.

Properly accounting for these aspects is essential when aiming to produce high-quality
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components that accurately meet the requirements and specifications defined in initial

design.

These factors become particularly critical at cryogenic temperatures. Residual stresses may
lead to distortion or even cracking due to thermal contraction, as many materials exhibit
reduced ductility at low temperatures. Porosity can act as stress concentration and
significantly degrade both mechanical strength and thermal conductivity. Surface roughness
may influence heat transfer, especially in application involving thermal interfaces of fluid

contact.

3.3.1 Residual stresses

Residual stresses are internal stresses of the component that are present even if there are no
external forces present on the component. These internal stresses are balanced in way where
if one part of the component has a tensile stress acting on it, other part of the component will
balance this out by being subjected to compressive stress. The main source of residual
stresses are non-uniform plastic deformations through the cross-section of the component.
This plastic deformation can be caused during mechanical processing, thermal gradients and
phase transformations. When dealing with mechanical processing residual stresses can be
introduce for example through drilling where material removal is present. Thermal gradients
are caused when component is unevenly subjected to the heating or cooling and phase

transformations are present when material is sufficiently heated up.

Residual stresses are present in all metal manufacturing methods. In AM process residual
stresses are generated due to deformations during processing, temperature variations,
shrinkage and phase transformations. If not mitigated with thermal post-processing the end

product will have impact on its quality characteristics. (Yadroitsev, et al., 2021, p. 247)

In PBF-LB process fast moving laser beam produces rapid heating and cooling cycles when
melting and solidifying the powder particles. Some of the most common defects due to
residual stress that are present in the process are macro- and microcracking, deformation and
delamination from the base plate or support structure. Part may act as a spring if contact with

coater occurs during the build process. In this case the part relaxes into its balanced form
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and simultaneously moves the powder particles that surround it. This distortion results in a

defected end product or disrupts the process altogether.

Process parameters and imaging approaches vary for different areas of the component’s
geometry. This means that the shape of the melt pool will vary as well as the amount of
material involved. When the melt pool cools of it solidifies and shrinks, the level of
shrinkage may differ between the different areas of the component. This causes uneven
deformation along the tracks and layers making residual stress and distortion depending on
the build direction. This makes predicting the effect of residual stresses on the component
quite difficult since in addition to the geometry of the component the process parameters
play a crucial role. A simple residual stress development and its effects on the component

can be seen from appendix 1. (Yadroitsev, et al., 2021, pp. 251-253)

Residual stresses may also create shrink lines in the build. They are born in the designs where
geometries of the component have their own residual stresses instead of a uniform one. This
happens when geometry of the component is such that the build process creates areas on the
build plate that are not connected with one another. When these geometries are connected a
shrink line occurs due to a large and sudden change in cross-sectional area. The connection
of two different components with their own residual stresses causes a deformation. Machine
continues to scan the following layer according to the CAD geometry without compensation,
which deforms the component even further. An example of this phenomenon is illustrated

in figure 11.

Amount of deformation
4 depends on geometry

DESIGNED MODEL VERTICAL BUILD HORIZONTAL BUILD DEFORMATION OPTIMIZED ORIENTATION

Figure 11 Cause of shrink lines. ( 3D Systems Inc., 2025, p. 12)
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In the example geometry above a solution of this issue is an optimized orientation of the
geometry. This placement allows the geometries to diverge from one another instead of
converging, in the build direction. Allowing the geometry to have a uniform residual stress

throughout the build. ( 3D Systems Inc., 2025, p. 12)

3.3.2 Porosity

Porosity refers to the material that is not fully solid internally but contains pores and voids
within its structure. It can be measured as a ratio of solid material volume to the pores and
voids volume. Porosity can be desired feature or a defect. When porosity is desired, it has a
uniform and consistent structure, and it is controlled by selected parameters. Porosity that is
not controlled and is unexpected is considered a defect. This type of porosity is common
issue in the AM processes, since they negatively influence mechanical properties of the

manufactured components. (Yadroitsev, et al., 2021, p. 156)

Load bearing geometry may have reduced capabilities due to reduced effective area. Pores
can also be the initial location for the crack formation. Although it has been found that a
widespread porosity of up to 1% does not strongly influence the static strength of the parts.
Other mechanical properties that are affected due to porosity is ductility of the material, and
corrosion resistance and fatigue life. Ductility of the material declines sharply when porosity
of the material increases. In the corrosion resistance porosity is important factor, since high
amount of porosity lead to higher amount of corrosion rates. This is due to pores acting as

corrosion sites.

Fatigue life is hard to estimate when dealing with a porous material, even tested values
produce a wide scatter of a fatigue life results (Sanaei & Fatami, 2021). In most fatigue cases
the surface level pores are more critical than the internal ones. Initial crack usually forms on
the surface of the part and spreads to the nearby pores until total failure is achieved. In
addition to the amount of porosity and its size and location there are other crucial factors
such as the morphology of the pore. Pores with irregular shapes and sharp edges are generally

much harmful to the mechanical properties. (Yadroitsev, et al., 2021, p. 171)

PBF-LB process produces mainly two types of pores: lack of fusion (LOF) and keyhole.

LOF porosity happens when there is insufficient melting that is a result of too low laser



33

power or too high imaging speed for the chosen layer thickness. LOF pores can be
recognized from irregular shape and size. They can also contain unmelted powder particles
and have sharp edges. Keyhole pores occur when the laser power is too high, and the imaging
speed is too slow. High enough power and prolonged exposure to it can vaporize the material
and create a vapour cavity. This cavity generates a depression on the surface that can
penetrate deeply into the melt pool. Once the melt pool moves the cavity can become
unstable and collapse which causes it to get entrapped into the solidifying track. Keyhole
pores are generally quite round in shape which makes them less critical from the mechanical
properties point of view compared to the LOF pores. The cross-section view of the LOF and

keyhole pores can be seen from figure 12 and a 3D representation of the pores in figure 13.

Figure 12 Cross-section of the LOF (eft) and a keyhole (right) pores. (Yadroitsev, et al.,
2021, p. 158)

Figure 13 3D representation of a LOF (left) and a keyhole (right) pores. (Yadroitsev, et al.,
2021, p. 159)
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Pore formation can be controlled and reduced if suitable parameters are used during the
building process. To reduce the LOF porosity some systems can utilize rotation of the hatch

tracks. (Yadroitsev, et al., 2021, pp. 158-160)

3.3.3 Surface roughness

There are many factors during the manufacturing process that affect the surface roughness
of the component. These factors can be divided into three groups: pre-process parameters,
process parameters and post-process parameters. Pre-processing parameters include such
factors as powder particle size, particle distribution, built-plate preheating and chosen
chamber environment. Processing parameters include imaging speed and strategy, laser
power, hatch spacing and layer thickness. Post-processing parameters include heat-treatment

and material removal process.

Chosen parameters can have effect on such phenomena as thermofluidic behaviour of the
melt pool during the building process. One of such thermofluidic behaviours of the melt pool
is spattering of satellite particles, which happens when particles are ejected from the melt
pool and its surrounding area. These satellite particles attach themselves to the upskin

surface of the component.

Other phenomena are also present which are not as tightly tied to the selected parameters
such as the effect of the supporting powder bed. This phenomenon is more tied to the
geometry of the component, and it affects only the downskin surface of the component. This
is due to downskin surfaces being in constant contact with the powder bed during the melt
pool solidification, which causes residual particles to adhere to said surfaces. The steeper the
downskin angle is to the build plate the more residual particles adhere to it. This phenomenon
is illustrated and photographed in more detail in figure 14 and figure 15. (Yadroitsev, et al.,

2021, pp. 180-181)
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Figure 14 Residual particles adherence to the downskin surface of the component.
(Yadroitsev, et al., 2021, p. 181)
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Figure 15 Electron microscopy of the typical surface feature for three different angles for
upskin and downskin surfaces. (Yadroitsev, et al., 2021, p. 182)
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3.3.4 Quality control

Powder quality control has a very important role in material costs and resource savings. To
some extent the powder materials can be reusable. It requires the powders to be sieved after
the manufacturing process to remove melts and clumps produced by surrounding area of the
actual build. Compared to the unused powders there will always be reduced quality.

(Lachmayer, et al., 2024, p. 108)

Reduced quality of a powder can be seen as increased level of impurities and decreased level
of powder flowability. Chemistry changes are also possible, since material can be reactive
or vaporize in partial melting conditions. Approaches to the powder re-usage are listed

below.

1. No reuse — for critical components that require best quality possible. Powder is used

once and then disposed.

2. Reuse only — a batch of an unused powder is used consecutively, until there is no

more powder left to build with, or its specified reuse limit is reached.

3. Top up — recovered powder from a build is sieved and topped up with an unused
powder from the same batch. This continues until there is insufficient amount of

powder left, or the specified reuse limit is reached.

4. Top up and blending — recovered powder from a build is sieved and topped up with

an unused powder from another batch or recovered powder from another build.

Selected approach is dependent on the service providers choices and the wishes of the
customer, if they know what they are asking for. Each approach has its own trade-offs in
cost, material traceability, consistency of chemistry and flowability of the powder.

(Yadroitsev, et al., 2021, pp. 624-625)

3.4 Post-possessing

After the build-cycle the component may still not have the desired properties, which means
that additional work must be done. This additional work may include thermal, mechanical

or chemical work, but is not limited to these.
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3.4.1 Thermal

Thermal work is essential part for many components manufactured from metal. Some of the
most common thermal work are stress relief annealing, hardening and hot isostatic pressing
(HIP). Stress relief annealing is one of the most common thermal works done on the
component, since residual stresses are often present. In this work the component is often
annealed while the component is still attached to the base plate with all of it support
structures. Support structures help to hold the component in its original shape and help to

prevent the residual stresses warping it.

HIP process helps to reduce the porosity and anisotropic material properties of the
component. Component is uniformly compressed at high temperatures which homogenises
the material properties of the component. Additionally, this procedure increases the strength
and durability of the component, since it removes the internal defects and voids in the part.

Porosity reducing effect can be seen from figure 16.
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Figure 16 Before and after HIP process. (Yadroitsev, et al., 2021, p. 174)
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Thermal work can also increase the electrical conductivity in the material, since more
universe structure reduces the scattering of the free electrons. (Lachmayer, et al., 2024, pp.

97-98)

3.4.2 Mechanical

Mechanical work is necessary at least when removing support structures from the
component. This work can be done manually with the help of pliers if the support structures
are quite sparse or mechanically with the help of the machinery. The support structure
fractures left behind due to complex geometry are often sandblasted or glass bead blasted
away. Blasting may provide other beneficial properties to the component, since it can
improve the surface roughness of the material by removing non-fused or partially fused

powder from the surfaces. (Lachmayer, et al., 2024, p. 96)

Since metals are great at thermal conduction this causes some issues during the PBF process.
Manufactured components have an additional layer on their surface which is generally
referred as “part growth”. This additional part growth is the result of thermal conduction
from the part being formed to the adjacent loose powder particles. Generally, this adjacent
area may be at an elevated temperature for a long period of time, which causes fusion to the
part due to solid-state sintering. These unmolten particles create a “skin” or “coat” to the
part, with density and porosity becoming increasingly uneven the farther the examined

surface is from the component original geometry. (Gibson, et al., 2015, p. 114)

This skin can also be removed with the help of the vibratory grinding and improve the
components surface roughness as well. Reduced surface roughness increases the service life
of dynamically loaded components. Since there are less imperfections to initiate the initial

fatigue crack. (Lachmayer, et al., 2024, p. 96)

3.4.3 Chemical

Chemical work that can be done on any other metal component can also be done on the

additively manufactured metal component. Chemical work may include coating and
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polishing technologies. This includes processes such as electroplating, anodizing, physical
vapor deposition (PVD) and chemical vapor deposition (CVD). Coatings can provide
corrosion resistance protection, add a conductive or non-conductive coatings. (Lachmayer,

et al., 2024, p. 98)

In cryogenic applications where high reflectivity due to radiative heat is often a goal, metal
surfaces are often gold plated. Gold is easy to polish due to its malleability, and it is an

excellent coating to avoid oxidation. (Ventura & Risegari, 2008, p. 109)
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4 Material testing

The aim of the material testing was to establish important material properties of copper
manufactured with PBF process for cryogenic application. These important material

properties are thermal conductivity and gas permeability.

Thermal conductivity measurements were performed for establishing a RRR value for the
oxygen-free copper, which serves as an indicator of material purity and overall suitability
for cryogenic application. Since thermal performance is critical in cryogenic systems,

accurate evaluation of thermal conductivity is essential.

Permeability was investigated because it directly affects materials vacuum-compatibility. In
cryogenic environment, vacuum integrity is crucial for thermal insulation and system
performance. Helium was selected as a tracer gas because of its small atomic size and
widespread use in cryogenic applications, making it particularly suitable for detecting

vacuum leakage and assessing materials leak rate performance.
4.1 Sample pieces

The sample pieces used in this study were designed using Creo Parametric 8. Two distinct

geometries were developed to meet the requirements of the two experimental tests.

The sample pieces were manufactured by Delva Oy, fabrication was carried out using an

EOS M290 system equipped with 1 kW laser.

A virgin copper powder, EOS Copper CuCP, was used. According to the manufacturer’s
datasheet, which can be found from appendix 2, this powder is specifically designed to
achieve excellent conductivity properties. The material has nominal purity of 99.95%
copper, with a maximum oxygen content of 0.04%. The PSD ranges from 15— 53 um and a

layer thickness of 40 um was applied during the printing process.
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4.1.1 Sample piece for thermal conductivity

The sample piece intended for thermal conductivity measurement was designed with
uniform cross-section and flat contact surface with fastening features. A uniform cross-
sectional area simplifies data analyses, as no correction for geometrical variation along the
heat flow is required. The length of the sample piece was determined based on the special
requirements of two thermal sensors and one heater element, each with predefined

dimensions.

A square cross-section was selected for better thermal contact for sensors and heater. The
flat base surface of the sample enables effective thermalization to the cooling system, so that
the base measurement temperature could be achieved. A hole pattern feature was added to
the flat base surface to allow secure mechanical attachment to the cooling system. Final

geometry, its dimensions and printing direction can be seen from figure 17 and figure 18.
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Figure 17 Final geometry and dimensions of a sample piece for thermal conductivity
testing.

AW

Figure 18 Printing direction of the sample, red indicates support structures required for the
base attachment and yellow as a layer direction.
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4.1.2 Sample piece for gas permeability

For vacuum testing a sample piece with internal chamber structure and a hole at the bottom
for an inlet interface was designed. This type of a design solution was selected to reduce the
possible leak points. A secondary purpose of choosing an internal chamber design was to
showcase the feature requirement needed for supportless design, since removing supports
from inside the chamber would be very challenging if not impossible. Supportless design
requires the top the chamber to be at a minimum angle of 45°. The inlet interface was
dimensioned to be compatible with a Swagelok VCR 1/8 in. weld gland. The final geometry,

its dimensions and printing direction can be seen from figure 19.
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Figure 19 Final geometry and its dimensions for gas permeability sample testing.
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4.2 Thermal conductivity

To determine the thermal conductivity of the copper sample pieces, a temperature gradient
was established using a heater element and an active cooling system. This gradient was
measured along the heat flow in the sample using low temperature Cernox sensors. For this
purpose, a cryogenic measurement system at Bluefors Oy was used to cool the sample piece
to approximately 4K. Two sample pieces were tested, one in the as-printed condition and the

other after HIP post-treatment.

The HIP post-processed sample piece underwent treatment at VIT Oy, where it was heated
to 850 °C and subjected to 200 MPa isostatic pressure using argon gas for duration of 2

hours.

4.2.1 Experimental set-up

Both sample pieces were tested using the same experimental setup, although measurements
were conducted during separate system cooldown cycles. Identical measurement equipment
was used for both samples to ensure comparability of the results. The distance between the
temperature measurement points L, was 81.5 mm for the as-printed sample and 65.0 mm for

the HIP post-treated sample.

Prior to measurement the system was cooled overnight to reach the designated base
temperature of approximately 4 K. The samples were directly mounted to the 4 K stage to
ensure proper thermal anchoring. After achieving thermal stability, power was supplied to
the resistive heater element in a stepwise manner. During each step a temperature at each

sensor location was recorded.

Temperature measurements were performed using Cernox sensors, which are specifically
designed for high-sensitivity measurements at cryogenic temperatures. The heater element
consisted of a 23.5 Q resistor and the applied electrical power ranged from 0.5 — 5 W. A
simplified schematic representation of the experimental setup is shown in figure 20, while a

photograph of the actual experimental setup is shown in figure 21.
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Figure 20 Visualisation of test set-up.

Figure 21 Actual test set-up.
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4.3 Vacuum tightness and leak testing

To determine the gas permeability of the oxygen-free copper sample with an internal
chamber design, a vacuum tightness and a leak testing was performed according to SFS-EN
ISO 20485 standard using a group A.3 technique. In this technique an object desired to be
tested, is connected to the leak detector (LD) and evacuated. Areas subjected to testing are
sprayed with a tracer gas, which flows into the object due to external pressure. Using this
method leaks can be localized, but it is not possible to determine a total leak rate for the

tracer gas. (SFS-EN ISO 20485, 2018, p. 7)

This testing technique is highly sensitive method for detecting and qualifying leaks in sealed
components. Due to its small atomic size, helium is an ideal tracer gas for vacuum tightness

evaluation and vacuum leak rate estimation.

A portable vacuum based helium leak detector equipped with KF16 inlet flange was used.
To ensure a compatibility between the detector and the sample piece, an inlet fitting was
directly brazed onto the copper sample piece. This additional feature enables secure

attachment to the test system.

Experiment was conducted in room temperature which is generally considered to be a
sufficient method for vacuum tightness testing for metallic components used in cryogenics.
This is due to nature of gases diffusion through material, where gas molecules move through
the molecular structure of the bulk material. Because diffusion in solids is thermally
activated, decreasing temperature reduces the diffusion coefficient and therefore decreases

gas permeability. (O'Hanlon, 2003, p. 60)

4.3.1 Brazing inlet

A stainless steel 316 inlet connection, a Swagelok VCR 1/8 in. weld gland with a male nut
was used and brazed directly onto the sample piece. The brazing process proved to be
challenging due to the high thermal conductivity of the copper and the specific

microstructure of the additively manufactured material. The high heat dissipation required
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uniform heating of the entire component to reach the necessary brazing temperature, which

made precise control of the filler material more difficult.

To achieve proper bonding the sample piece had to be heated to a temperature high enough
to cause visible color change of the sample, as shown in figure 22. After successful brazing
process a post-treatment cleaning was required to remove residual flux from the surface of
the sample piece. An ultrasonic cleaning bath was used for this purpose. After which the
sample piece was allowed to dry for several days to ensure complete evaporation of any
residual moisture, to prevent water vapor from influencing vacuum and leak testing

measurements.

e

Figure 22 Color change of the sample due to heat.

4.3.2 Experimental set-up

A schematic of experimental test set-up can be seen from figure 23, where for an LD a
portable Leybold Phoenix system is used, which can detect presence of helium through mass

spectrometer.
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LEAK DETECTOR

Figure 23 Schematic of experimental test set-up. (Leybold, 2024, p. 12)

A Leybold Phoenix portable helium leak detector was used for the measurement. An adapter
piece was installed between the detector and the sample piece to enable mechanical
connection and compatibility between the interfaces. However, this configuration introduces
two additional potential leak points due to the selected fittings. The assembly of the sample
and its connection to the detection system with possible leak points due to fittings is shown

in figure 24.
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Figure 24 Sample piece attached to the helium detection system, with possible leak points
due to fitting connections marked with green arrows.

After reaching a stable internal pressure under vacuum conditions, helium was carefully
applied to the suspected leak points at the fittings using medical syringe. This localized
helium application was performed to verify the integrity of the connections and to exclude
leakage result from improper fitting selection or assembly. Given the high sensitivity of the
leak detection system, uncontrolled helium exposure can easily saturate the detector signal,

making it difficult to identify the actual source of a leak.

Once the tightness of all connections points was confirmed, the entire sample piece was

exposed to the helium, in order to evaluate the overall permeability of the material.
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4.4 Results

This section presents experimental results obtained from the thermal gradient measurement
and vacuum tightness through leak testing performed on the oxygen-free copper sample

pieces.

4.4.1 Temperature gradient measurements

The measured data from the thermal gradient measurement experiment for both samples are
summarized in table 2 and table 3. Each table includes the input power applied to the heater
element and the corresponding temperature values recorded along the heat flow path. The
temperature sensors are designated as Th and T¢, where Ty refers to the sensor positioned
closer to the heater element and T, refers to the sensor located near the 4K flange, which
actively dissipates heat. The recorded time indicates the moment at which the temperature
values were captured. This dataset provides necessary information to evaluate the

temperature gradient across the samples and serves as the basis for the calculation of thermal

conductivity.
Table 2 Temperature measurement from as-printed sample.
Time [hh:mm] Power [W] T [K] Tn [K]
14:23 0 3.499 3.513
14:38 0,5 6.314 6.999
14:31 1,0 7.872 8.935
14:46 2,0 10.147 11.807
14:58 3,0 11.891 14.045
15:13 3,5 12.922 15.278
15:08 4,0 13.848 16.397

Table 3 Temperature measurement from HIP post-processed sample.

Time [hh:mm] Power [W] T.[K] Tn [K]
11:00 0 3.270 3.290
11:58 1,0 8.933 9.170
12:03 2,0 11.240 11.650
12:56 3,0 12.960 13.530
13:01 4,0 14.720 15.450
13:07 5,0 16.350 17.230
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4.4.2 Vacuum tightness

The vacuum tightness testing demonstrated that the sample, including all connection points,
was able to achieve stable internal vacuum pressure of 1.1 x 1072 mbar. The given leak rate
value under these conditions was 1.00 x 107'® mbar-L/s. The result is also illustrated in the

photograph of the helium leak detector screen shown in figure 25.

FIME
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Figure 25 A screen of an LD showing the leak rate and internal pressure.

4.5 Calculation of RRR

This analysis focuses on calculating the thermal conductivity values and subsequently
determining the RRR value of the samples through nonlinear curve fitting based on the

measured thermal behaviour.

4.5.1 Thermal conductivity

Thermal conductivity value of the samples can be calculated using an equation below which

is derived from a Fourier’s law of heat transfer,

PxL (2)
A * AT

k =
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where £ is thermal conductivity, P is input power of the heater element, L is the distance
between the temperature measurement points, A4 is the cross-sectional area of the sample

piece and AT is the temperature difference measured between the Trand T values.

Based on this equation a thermal conductivity can be calculated for both samples, which can

be seen from table 4.

Table 4 Calculated values for thermal conductivity for both sample pieces.

P [W] Sample 1 (3D) Sample 2 (3D + HIP)
AT [K] k [W/m-K] AT [K] k [W/m-K]

0.5 0.684 595.41 - -
1.0 1.063 766.99 0.237 2742.62
2.0 1.660 981.93 0.411 3163.02
3.0 2.154 1135.10 0.571 3415.06
3.5 2.356 1210.74 - -
4.0 2.549 1278.93 0.730 3561.64
5.0 - - 0.885 3672.32

4.5.2 Nonlinear curve fitting for RRR value

For estimating the RRR value based on the measurement data a nonlinear curve fitting is
used. A Wiedemann-Franz law states that electrical and thermal conductivity are both
dependent on the same electron scattering processes. This dependency can be written in the
equation where the ratio of the thermal conductivity to electrical resistivity is proportional

to the absolute temperature,

k ©)

where p is the electrical resistivity, 7'is the absolute temperature and Ly is the Lorenz number

2.443 x 103 W-Q-K2,
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At cryogenic temperatures the resistivity of the metal is mostly due to internal impurities
and defects, since the electro-phonon scattering becomes very small. This causes the thermal
conductivity to behave non-linearly at cryogenic temperatures, which requires a curve fitting

process for obtaining a RRR value.

A National Institute of Standards and Technology (NIST) has conducted an internal
technical report NBSIR 84-3007 that reviewed experimental data and produced a

mathematical approach for estimating thermal conductivity for specific RRR value.

Thermal conductivity can be calculated when components of electrons interactions are

known,

k=Wy+W; +Wy)™! 4)

where W) is electron-defect interaction, /¥; is electron-phonon interaction and Wy interaction

term between the previously mentioned interactions.

Electro-defect interaction can be calculated using following equation,
p )
T

where f is proportionality constant and it can be calculated using following equation.

_P (6)
F=1
Electro-phonon interaction can be calculated using following equation,
P, T?" (7)

Wi: P +VVC
P 6
1+P1P3TP2+P4exp[—(T5) ]
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where P;’s are parameters determined from experimental data shown in table 5 and W, is

residual deviation term in W;.

Interaction term between the electro-defect and electro-phonon interactions can be

calculated using the following equation,

Wi Wo ®)

Wi = B v,
i 0

where parameter P7 can be calculated from this equation.

0.838 )

EEY W] (10)
7 =—0.000121n(L> exp |- M _0,000161n<l) exp |- In (g7)
¢ 420 0.7 73 0.45

2

1 (l)
—0.000021n<1)exp B avivi
18 0.5

Table 5 Parameters determined from experimental data.

Parameter Value
P; 1.754 x 108
P> 2.763
Ps 1102
Py -0.165
P5 70
Ps 1.765
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For estimating the RRR value for both samples a solver add-in was used in Microsoft Excel.
Based in the experimentally measured thermal conductivity values, the electron scattering
contribution was determined by iteratively adjusting an initial RRR estimate until the
calculated thermal conductivity matched the measurement data. A room temperature
resistivity value of 15.4 nQ2-m was assumed in the calculations, which was obtained from
the NIST technical report that was mentioned before. For the temperature input the average
of the measured sensor readings was used. The detailed calculations procedures and

intermediate values can be found from appendix 3.

For the as-printed sample, designated as sample 1, the measured thermal conductivity data
correspond to a curve associated with an RRR value of approximately 57. For the post-
treated sample which was designated as sample 2, exhibited thermal conductivity values
consistent with and RRR of approximately 186. The corresponding curve-fitting results are

presented in figure 26.

Sample 1vs Sample 2
10000
A‘.‘
Fd .
=
-]
S
= = 'y
c * A%
o E 1000 " RRR 57
0B =
== x RRR 186
E A
E 4 Sample 1{3D)
=
- A Sample 2{3D+ HIP)
100
1 10 100
Temperature
K

Figure 26 Curve fitting of measured thermal conductivity values for both samples.
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5 Discussion

This section reviews the main findings of the study and discusses its limitations and possible
topics for future research. Study includes literature review, discussion with experts and
material testing. Key discussing points are analysis of the results, its limitations and possible

topics for future research.

5.1 Analysis of the literature review

Literature review was mainly sourced from educational sources aimed to be used for
educational purposes in universities. The main reason for this decision was to gather
information that is generally considered to be highly peer-reviewed and precise.
Additionally, publish date was critically examined of the said sources to make sure that
provided information is up to date with current industry. This type of information is perfect
for usage in company’s internal design handbook. After reviewing collected literature review
a reader of the handbook should be familiar with the PBF process and understand its general
limitations and what should be considered during the design and manufacturing phase of the

components.

Based on the reviewed literature there are several process limitations that must be considered
when designing components that are manufactured with PBF process. Main limitations arise
from layer-by-layer manufacturing method and the associated thermal effects. Key
constraints include geometrical limitations such as overhead angles requiring support
structures, minimum size of certain features and effective powder removal from internal
parts of the component. Additionally, dimensional accuracy and surface quality may be
affected by surface roughness and residual stresses. Material related factors such as powder
characteristics can affect the mechanical performance of the designed component, especially
in cryogenic applications. Successful component design for PBF process requires that
design, manufacturing and post-processing constraints are considered during the initial

design phase of the component.
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5.2 Analysis of RRR results

Obtained results for thermal conductivity measurements showed that sample piece that
underwent HIP post-processing treatment resulted in higher RRR value compared to the as-
printed sample piece. For as-printed sample pieces calculated RRR value is 57 and for the

HIP post-treated sample piece it increased to 186.

HIP post-treatment has two simultaneously acting mechanisms that increase the thermal
conductivity of the sample. During the treatment the sample is subjected to high pressure,
which helps to reduce the internal defects such as LOF and keyhole pores and unmolten
powder particles within them. Which behave as insulating voids and hence reduce the
thermal conductivity. Reduction of this type of defect reduces the electron-scattering in the

post-treated sample, which increases the thermal conductivity.

Second mechanism is the subjection to high temperature which affects the microstructure of
the oxygen-free copper, by creating more homogeneous grain structure. After printing the
material often displays characteristic melt-pool structure formed during rapid melting and
solidification. Within each melt-pool there is a sub-microstructure which increases the
electro-phonon scattering within the material and hence can reduce the thermal conductivity
of the sample. During the high temperatures the recrystallization occurs, and new grains
nucleate and grow. (Rethwisch & Callister, Jr., 2013, p. 236) This microstructural uniformity

increases the thermal conductivity of the sample.

For cryogenic applications there is no range for acceptable RRR values, since design
geometry often dictates the required material properties. Although there are clear benefits in
having a higher RRR value, since less material can be used to achieve similar heat flux.
Higher RRR value also usually comes with the trade-offs, since manufacturability in form
of machining is harder due to materials being softer. The softness of material comes from

bigger grain structure, which is great for thermal conductivity but bad for machinability.

5.3 Analysis of gas permeability

When estimating gas permeability of metal components fabricated with PBF process, it is

important to understand what type of gas permeability is most likely present. The examined
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gas permeability was aimed to evaluate the microstructural features of the material,
especially porosity. In materials with pores, grain boundaries or micro-defects gas can move
through these pathways which behave like permeability at macroscopic level. In these cases,
gas transport is dominated not by atomic diffusion, but by flow through interconnected pores

and defects.

When estimating vacuum tightness of such material, it is important to understand that no
system can ever be completely vacuum-tight. There will always be some degree of leakage,
the main goal is to have a leak rate that is acceptable to the system. In general, it must be
sufficiently low to ensure that the operating pressure, gas balance and ultimate pressure

within the vacuum container remains unaffected.

Quantitatively, the leak rate is measured in the mbar-L/s and it represents the rate at which
pressure increases or decreases per second in a volume of 1 L. (Leybold, 2024, p. 7) For the
cryogenic applications the acceptable leak rate depends on the area where the component is
used. For example, if the component is used in or near cryogenic pumps or other critical
systems, a ultra-high vacuum (UHV) class of leak rate must be used. (O'Hanlon, 2003, p.
406) If on the other hand a component is used in cryostat and is not subjected to critical
systems a lower class of high vacuum (HV) is often acceptable. These ranges are for UHV

1.0 x 107 = 1.0 x 107'2 mbar and for HV 1.0 x 10~ — 1.0 x 10”" mbar. (Edwards, 2021)

Since the aim of the experiment was to evaluate vacuum tightness through leak testing, the
chosen set-up cannot give a true helium leak rate value through material. Although it is
possible to say that no major leak pathways are present in the sample piece, due to sensitivity
of the LD system. Even when the sample piece was fully saturated with helium, there was
no significant changes in the leak rate value, which generally spikes when a direct leak is
present. Throughout the whole experiment the leak rate value stayed between approximately

1.0x 10— 1.0 x 10°'° mbar-L/s.

5.4 Limitations

Despite the insights gained from this study, several limitations should be acknowledged.
These include the limited availability of existing research for direct comparison, dependency

on supplier-provided materials and associated quality control constraints and inherent
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measurement uncertainties that introduce margin of error in reported values. In addition, the
small sample size may affect the statistical robustness of results and further validation with

additional experiments would strengthen the reliability of the findings.

5.4.1 Existing research availability

Literature review resulted in limited availability of the existing experimental research for the
selected topic. Several factors may affect this result, such as insufficient range of consulted
databases, which may result in exclusion of relevant research. Another factor may be related
to authors limited experience with the subject and the usage of the databases. This factor
may have resulted in suboptimal search queries, reducing the number of studies found.
Additionally, the technology required for this study has only recently become more
accessible to research institutions and industry, which may contribute to the limited finding

of published studies in this area.

5.4.2 Supplier dependency and quality control

The copper samples used in this material study were sourced from Delva Oy, which, at the
time of writing, is the only commercial supplier of copper PBF components in Finland.
Similarly, post-processing of some sample pieces were done at Teknologian tutkimuskeskus
VTT Oy which is currently the only provider in Finland of HIP services. This supplier
dependency may introduce possible quality and consistency issues. Any variability in the
suppliers’ processes, handling or quality control could directly influence the experimental
results, which potentially affect their reliability and reproducibility. The reliance on a single

supplier also limits the ability to cross-verify material properties.

5.4.3 Margin of error

During data analysis no margin of errors was considered, so it is impossible to estimate the
accuracy of the results. There was also no consideration of sensor accuracy, although they

are generally calibrated for experimental research. General faith in the measured results is
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due to similar testing done for other projects which have produced similar results, which are

generally considered trustworthy within the company.

Additionally, the temperature sensor distance variation between the samples may cause some
errors to the results, especially when the average temperature between the samples was used

as a base for the thermal conductivity value.

5.4.4 Sample size

One of the limiting factors for this study is the small number of oxygen-free copper samples
used for thermal conductivity testing. Although the thermal conductivity of each sample was
measured in different set-ups, there may still be uncertainties or errors associated with the
measurements themselves. The limited number of samples, combined with potential

measurement variability means that results should be interpreted with caution.

5.4.5 Result validation

Validating the results of the thermal conductivity measurements in this study proved
challenging due to absence of similar experiments in the literature. Without comparable data
it 1s difficult to benchmark the findings and asses their consistency. Similar measurements
and testing have been made within the company, which provide some degree of reliability

to the results.

5.5 Future research

Future research could include a thermal conductivity measurement of a sample piece that is
heat treated without high pressurization as in HIP process. Annealing is a standard procedure
for traditionally manufactured copper components used in cryogenic applications. Powder
suppliers recommend heat treatment of 1 h at ~1 000 °C with slow cooling. This research
would give a valuable insight into cost benefit of using HIP process, especially if annealing

produces similar improvement to the RRR value compared to the as-printed sample.
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Additionally, the influence of build orientation on thermal conductivity represents a
promising direction for future research. In the PBF fabricated components, the
microstructural anisotropy introduced by layer-by-layer fabrication process may
significantly affect heat transfer behaviour, particularly in cryogenic temperatures. In the
present measurements, heat flow was oriented parallel to the printed layers. Which causes
electrons to move within individual layers rather than across the interlayer boundaries. Since
interlayer regions may act as barriers due to microstructural discontinuous, LOF defects or
oxide inclusions, evaluating thermal conductivity perpendicular to the build direction would
provide valuable insight into the degree of anisotropy and its impact on cryogenic heat
transfer performance. This aspect is particularly relevant in practical applications, as the
printing direction is often dictated by geometric constraints, support structure requirements
or other manufacturing considerations rather than the intended direction of heat flow in

service.

Another interesting future research topic would be to see the effect of gas permeability on a
thinner walled structure. Since it is possible that leakage would be present in situations where
there is not as much material present, and the effect of porosity may be highly relevant.

According to the powder supplier the minimum wall thickness for used powder is 0.7 mm.
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6 Conclusion

This research was conducted in collaboration with Bluefors Oy, a company specializing in
the design and manufacture of cryogenic systems capable of reaching ultra-low
temperatures. The primary objective of the study was to evaluate the suitability of metal PBF
fabricated components for use in cryogenic environments. In addition, the work includes a
general review of the PBF process, which is incorporated into Bluefors’s internal design
handbook for engineering applications. The purpose of this handbook is to provide up-to-
date, source-based information on the PBF process, including its technological limitations,

material behaviour and the effects of various post-processing treatments.

The results of this study indicate that the use of PBF fabricated components in cryogenic
systems may be a viable solution, provided that appropriate post-processing treatments are
applied. A significant increase in thermal conductivity was observed in the copper sample
subjected to HIP post treatment. However, it remains unclear whether a conventional
annealing treatment, commonly applied to cast mentals in cryogenic applications, would be

sufficient to achieve comparable improvements in the PBF fabricated components.

Furthermore, the PBF fabricated copper sample demonstrated adequate vacuum helium leak
tightness in the as-printed state, without the need for additional heat treatment. However,
further investigation is required to assess the performance of thin-walled structures, where

defect sensitivity may be more critical.

This study addressed the primary research questions and demonstrated that PBF fabricated
oxygen-free copper components can exhibit heat transfer and gas permeability properties
comparable to those of cast materials. Although this work focused primarily of high-purity
copper, ongoing powder material development may facilitate broader adaptation of PBF
technology within cryogenic industry. Continued research and material specific feasibility

studies are necessary as new commercially available powders emerge.
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Appendix 1. Development of residual stresses (Yadroitsev, et al., 2021, p. 254)
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Appendix 2. EOS Copper CuCp

A
Ty
o
o
=}
w
@
1
=
o
=)

1a

Commerc




EOS Copper CuCP

Commercially pure copper for the EOS M 290 1kW and AMCM M 290 1kW
- designed to reach excellent conductivity properties. Suitable for a wide
variety of applications.

Main Characteristics: Typical Applications:
—> Commercially pure copper —> Electrical motors
[>99.95 % purity) — Inductors
— E"CEHe”_t §\ectrica\ and heat —> Variety of industry applications
conductivity requiring excellent conductivity
properties

The EOS Quality Triangle

EQS uses an approach that is unique in the AM industry, taking each

of the three central technical elements of the production process into
account: the system, the material and the process. The data resulting
fram each combination is assigned a Technology Readiness Level (TRL)
which makes the expected performance and production capability of the
solution transparent.

b Process
ropertics

EQS incorporates these TRLs into the following two categories:

System

— Premium products (TRL 7-9): offer highly validated data, proven
capability and reproducible part properties.

— Core products (TRL 3 and 5): enable early customer access to

newest technology still under development and are therefore less
mature with less data.

All of the data stated in this material data sheet is produced according to
EQS Quality Management System and international standards.



Powder Properties

Powder chemical compaosition (wt.-%)

Element Min. Max.

Cu R

Powder particle size

Generic particle size distribution 15 - 53 um

S0um
ra

SEM image of powder



EOS Copper CuCP for
EOS M 290 1kW & AMCM M 290 1kW | 40 pm
Process Information

The EOS Copper CuCP process contains two exposure sets.
One exposure set with Technology Readiness Level 5 for
general use and bulkier parts and an application specific
exposure set targeted for inductors.

Core

System set-up EQS M 290 1kW

EQSPAR name CuCP_Core040_M294_1X

AMCM M 290 TkW

CuCP_040_M291_1kW_200

EOSPRINT 2.15 or newer

Software reguirements FOSYSTEM 219 or newer

Powder part no.

Recoater blade

8030-0006

EOSPRINT 2.13 or newer
FOSYSTEM 2.17 ar newer

HSS, silicon or brush

Nozzle
Inert gas

Sieve

EOS grid nozzle

Argon

63 pm

Additional information

Layer thickness 40 um

Volume rate 5.4 mm3fs

Minimal wall thickness 0.7 mm




Chemical and Physical Properties of Parts’

Chemical composition of printed parts matches the
chemistry of EQS Copper CuCP powder, but can vary due
to different oxygen levels in the process, depending on
the machine and use level of the powder,

Defects Result

Average defect percentage 0.4 %"

Density, 1503369 = 8.90 gfcm3

*lesting with virgin £EOS Copper CuCP powder Micrograph

Typical mechanical properties

As manufactured Yield strength Tensile strength Elongation at Modulus of
Rp“ [MPa] R, [MPa] break A [%0] elasticity [GPal

40 pm horizental 155 230 45 150

40 pm vertical 160 725 48 150

Tensile testing as per 150 6892-1. Maodulus of elasticity testing according to EN IS0 6892-1 Method A, Range 1 (0.0000/ 1/s).

Heat Treatment

Heat treatment of parts built with EQS Copper CuCP is only optional, but can
ensure maximum conductivity and uniform structure.

Hold 1h at ~1000°C, slow cooling. Treatment done in heavy argon flow or in
vacuum furnace.



Additional Data’

Surface Roughness

as manufactured Upskin flow direction as manufactured Upskin against flow

as manufactured Downskin flow dircction as manufactured Downskin against flow
120 .

10
100
90
80
70
60 °
50

40

Surface roughness S, [pm]

30 45 60 75 40

Manufacturing angle of the specimen



Effects of Powder Reuse

The effects of powder reuse are investigated by running multiple test jobs, until
the powder amount was consumed. After every test job, electrical conductivity
and porosity were examined, to link powder aging effects to solid part quality.

Electrical conductivity and average
defect percentage of parts built with
EQS Copper CuCP is depended on the
use level of powder and position on Electrical conductivity avg. 100./ |ACSAe
the building platform. The electrical
conductivity can be maximized by
heat treating the final parts.

As manufactured

Testing with virgin EQS Copper CuCP powder and according ASTM E1004-17, Eddy Current

Clectrical canductivity Variation

10
100.5
100
EELS
99

98.5

Electrical conductivity IACS %

98

Virgin powder 1streuse  2ndreuse  3rdreuse  Sthreuse  Bthreuse  7threuse  Bthreuse  10th reuse

Electrical conductivity |IACS% over multiple powder re-uses. The samples were as manufactured and taken from middle of building
platform. There were no measurements after the 4th and 9th reuse. Results may vary over the building platform. Testing according
ASTM E1004 17, Eddy Current

Average defect percentage Variation

0.600
0.500
0.400
0.300
0.200

0100

Average defect percentage o

0.000

Virgin powder 1streuse  2nd reuse  3rd reuse Sth reuse BLh reuse 8th reuse  10th reuse

Average defect percentage % over multiple powder reuses, The samples were as manufactured and taken from middle of bullding
platform. There were no measurements after the 4th and 9th reuse. Results may vary over the building platform.



EOS Copper CuCP for AMCM M 290 1kW | 40 pm
Exposure Set for Inductors Core
Physical Properties of Parts'

The EQS Copper CuCP process contains of two exposure
sets. The application specific exposure set is targeted for
inductors.

Average defect percentage 0.5%
Minimum wall thickness 07 mm 1mm
M,
Micrograph
Typical mechanical properties
Yield strength Tensile strength Elongation at break
R,q, MP2] R, MPa] A [l
as manufactured 155 2720 55
Typical conductivity
As built surface Grinded (P180)
[0alACS] [oolACS]
Without heat treatment™ 974 - 100.2 100.1 - 101.6
Heat treated” 98.4- 1014 101.5 - 102.6

*Canductivity has been measured by eddy current meter, Results are depending on
surface orientation.



Appendix 3. Thermal conductivity and RRR calculations
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Thermal gradient values for RRR 57

Temperature

K
1
10
20
30
40
50
60
70
80
a0
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300

Thermal conductivity
W/m*K

20
892
1538
1559
1226
907
696
572
502
462
439
426
417
412
409
407
405
404
403
402
401

400
399
398
397

396
395
394
394

P 1,54E-08
L, 2,443E-08
RRR 57
Po 2,70E-10
B 1,11E-02
Br 3,69E+01
P1 1,754E-08
P2 2,763
P3 1102
P4  -0,165
P5 70
P6 1,765
P7 0,46

We
2,03133E-37
3,26112E-17
5,35926E-13
6,17141E-11
1,17506E-09
9,06163E-09
4,10223E-08
1,31394E-07
3,31034E-07
7,00289E-07
1,29831E-06
2,17241E-06
3,35014E-06
4,83524E-06
6,60742E-06
8,62502E-06
1,08297E-05
1,31517E-05
1,55157E-05
1,78455E-05
2,00685E-05
2,21187E-05
2,39389E-05
2,54822E-05
2,67124E-05
2,76042E-05
2,81424E-05
2,83211E-05
2,81428E-05
2,76173E-05
2,67601E-05

W,
1,754E-08
1,016E-05
6,899E-05
2,112E-04
4,595E-04
8,018E-04
1,180E-03
1,524E-03
1,795E-03
1,988E-03
2,118E-03
2,205E-03
2,263E-03
2,302E-03
2,330E-03
2,351E-03
2,367E-03
2,380E-03
2,392E-03
2,402E-03
2,412E-03
2,421E-03
2,430E-03
2,438E-03
2,446E-03
2,454E-03
2,461E-03
2,468E-03
2,475E-03
2,481E-03
2,487E-03

Wﬂ
1,11E-02
1,11E-03
5,63E-04
3,69E-04
2,76E-04
2,21E-04
1,84E-04
1,58E-04
1,38E-04
1,23E-04
1,11E-04
1,01E-04
9,22E-05
8,51E-05
7,90E-05
7,37E-05
6,91E-05
6,51E-05
6,14E-05
5,82E-05
5,53E-05
5,27E-05
5,03E-05
4,81E-05
4,61E-05
4,42E-05
4,25E-05
4,10E-05
3,95E-05
3,81E-05
3,69E-05

Wlll
8,073E-09
4,635E-06
2,823E-05
6,180E-05
7.945E-05
7,980E-05
7,338E-05
6,589E-05
5,908E-05
5,327E-05
4,838E-05
4,426E-05
4,076E-05
3,776E-05
3,517E-05
3,290E-05
3,091E-05
2,915E-05
2,757E-05
2,616E-05
2,488E-05
2,372E-05
2,267E-05
2,170E-05
2,082E-05
2,000E-05
1,925E-05
1,855E-05
1,789E-05
1,729E-05
1,672E-05



Thermal gradient values for RRR 186

Temperature Thermal canductivity P L,54E-08

K Wim*K Lo 2,443E-08 W w, W, Wip

1 295 RRR 186 2,03133E-37 1,754E-08 3,39F-03 9,826E-09
10 2820 Po  828E-11 3,26112E-17 1,016E-05 3,39E-04 5,528E-06
20 3761 B 3.39E-03 535926E-13 6,899E-05 1,69E-04 2,747E-05
30 2737 B, 1,13E+01 6,17141E-11 2,1126-04 1,13E-04 4,123E-05
40 1711 P1 1,754E-08 1,17506E-09 4,595E-04 8,47E-05 4,008E-05
50 1105 p2 2,763 9,06163E-09 8,018E-04 6,78E-05 3,501E-05
60 789 P3 1102 4,10223E-08 1,180E-03 5,65E-05 3,020E-05
70 625 P4 -0,165 1,31394E-07 1,524E-03 4,84E-05 2,629E-05
80 538 P5 70 3,31034E-07 1,795E-03 4,24E-05 2,319E-05
90 489 P6 1,765 7,00289E-07 1,988E-03 3,77E-05 2,070E-05
100 261 P7 0,56 1,29831F-06 2,118E-03 3,39E-05 1,869E-05
110 444 2,17241E-06 2,205E-03 3,08E-05 1,702E-05
120 433 3,35014E-06 2,263E-03 2,82E-05 1,563E-05
130 427 4,83524E-06 2,302E-03 2,61E-05 1,444E-05
140 422 6,60742E-06 2,330E-03 2,42E-05 1,342E-05
150 419 8,62502E-06 2,351E-03 2,26E-05 1,254E-05
160 217 1,08297E-05 2,367E-03 2,12E-05 1,176E-05
170 415 1,31517E-05 2,380E-03 1,99E-05 1.108E-05
180 M3 1,55157E-05 2,392E-03 1,88E-05 1,047E-05
190 411 1,78455E-05 2,402E-03 1,78F-05 9,919F-06
200 410 2,00685E-05 2,412E-03 1,69E-05 9,427E-06
210 409 2,21187E-05 2,421E-03 1,61F-05 8,981E-06
220 408 2,39389E-05 2,430E-03 1,54E-05 8,576E-06
230 406 254822E-05 2,438E-03 1,47E-05 8,205E-06
240 405 2,67124E-05 2,446E-03 1,41E-05 7,865E-06
250 404 2,76042E-05 2,454E-03 1,36E-05 7,553E-06
260 403 2,81424E-05 2,461E-03 1,30E-05 7,264E-06
270 402 2,83211F-05 2,468E-03 1,26E-05 6,996E-06
280 401 2,81428E-05 2,475E-03 1,21E-05 6,748E-06
290 400 2,76173E-05 2,481E-03 1,17E-05 6,516E-06

300 399 2,67601E-05 2,487E-03 1,13E-05 6,300E-06
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